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The field of endocrinology, like most aspects of medi-
cine, is changing rapidly. With this edition of Endocri-
nology: Adult and Pediatric, we are keeping pace with 
this revolution in medicine by gathering an international 
group of expert authors to provide the latest information 
about endocrine diseases and physiology. This text, now 
in its seventh edition, has been an authoritative source 
of information for nearly half a century. As in the six 
previous editions, we provide a comprehensive, contem-
porary textbook that spans basic and clinical aspects of 
endocrinology. The book is organized largely around the 
major glands that regulate the endocrine system. How-
ever, throughout the book, readers will recognize a focus 
on the clinical presentations of disease and an emphasis 
on multi-hormonal integration of endocrine function, a 
prime example of “systems biology.”

With each edition of the book, there are advances in 
genetics; the discovery of new hormones, new medica-
tions, and new assays; and revised clinical guidelines. 
As leaders in their subspecialty areas, and as experts in 
the management of particular diseases, our authors take 
pride in providing the latest information and expert opin-
ions when data are still evolving.

In this edition, we have made a special effort to expand 
the coverage of pediatric endocrinology to provide a ref-
erence source that is applicable for all patient age groups. 
After all, many endocrine disorders, such as type 1 diabe-
tes mellitus, affect both pediatric and adult populations. 
Chapters that are almost entirely relevant to pediatrics, 
such as precocious puberty, have their titles highlighted. 
Specific pediatric text in other chapters is also shaded to 
call attention to this material.

Another major change is the introduction of color fig-
ures, which enhance the content as well as the readability 
and appearance of the book. An additional new feature is 
a list of Key Points in each chapter to summarize some of 
the highlights for the topic.

While all chapters have been updated, a few are new to 
the book, reflecting expanding dimensions to the field of 
endocrinology. For example, a new chapter on bariatric 
surgery reviews the indications, efficacy, and physiologic 
basis for this important treatment option for obesity. A 
new chapter on endocrine disruptors reviews how envi-
ronmental agents and medications interact with the 
endocrine system to alter physiology, sometimes causing 
disease. A chapter on performance enhancing hormones 
highlights this increasingly recognized dimension to endo-
crinology and society.

We also aspire to make the text interesting to read, 
pertinent to basic and clinical endocrinology, and acces-
sible in practice settings. We continue to streamline the 
content, focusing the scope of content within two vol-
umes. The hardcover version is now supported by a tablet 
version that is more portable and by an online version 
(www.expertconsult.com) that allows access from mul-
tiple settings and updates between editions. The online 
version also provides direct links to original reference 
sources.

The editors express their gratitude to the several 
hundred authors who have balanced their many other 
obligations to prepare truly masterful chapters for this 
seventh edition. We are also indebted to our assistants 
Katie Kincaid and Anita Rodriguez, and to our profes-
sional colleagues at Elsevier, especially Helene Caprari, 
Janice Gaillard, and Clay Broeker, who have contributed 
immensely to the style and international reach of this 
book.

J. Larry Jameson, MD, PhD

Leslie J. De Groot, MD

PREFACE

http://www.expertconsult.com
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DEFINITION AND SCOPE OF ENDOCRINOLOGY
The term endocrine was coined by Starling to contrast 
the actions of hormones secreted internally (endocrine) 
with those secreted externally (exocrine) or into a lumen, 
such as the gastrointestinal tract.1 This terminology con-
tinues today but makes the specialty somewhat opaque to 

the general public, who are more familiar with the term 
hormone and with particular disorders of the endocrine 
system. The term hormone is derived from the Greek verb 
hormao, which means “to set in motion.” This phrase 
captures the dynamic properties of hormones and their 
ability to elicit a cascade of physiologic responses by act-
ing on specific target tissues. Reminiscent of Newton’s 

K E Y  P O I N T S

 •  The term hormone is derived from the Greek verb hormao, which means “to set in 
motion,” capturing the dynamic properties of hormones and their ability to elicit a 
cascade of physiologic responses by acting on specific target tissues.

 •  Hormones can be divided into five major classes: (1) amino acid derivatives such as 
dopamine, catecholamines, and thyroid hormone; (2) small neuropeptides such as 
GnRH, TRH, somatostatin, and vasopressin; (3) large proteins such as insulin, LH, 
and PTH produced by classic endocrine glands; (4) steroid hormones such as cortisol 
and estrogen that are synthesized from cholesterol-based precursors; and (5) vitamin 
derivatives such as retinoids (vitamin A) and vitamin D.

 •  As a rule, amino acid derivatives and peptide hormones interact with cell-surface 
membrane receptors, which in turn activate second messenger signaling pathways. 
Steroids, thyroid hormones, vitamin D, and retinoids are lipid soluble and interact 
with intracellular nuclear receptors, which act predominantly by modulating gene 
transcription.

 •  The principle of negative feedback regulation holds that hormones have a particular set 
point that is controlled by downregulating stimulatory pathways when the set point is 
exceeded and upregulating stimulatory pathways when hormone levels fall below the 
set point.

 •  Most hormones exhibit rhythms that are influenced by the external environment 
including circadian light cycles, feeding, and stress. In addition, many hormones 
are released in a pulsatile manner, reflecting minute to minute sensing of neural and 
hormone inputs.
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third law of motion, “For every action, there is an equal 
and opposite reaction,” hormone action is typically coun-
teracted by physiologic responses that restore the system 
to equilibrium.

The major physiologic processes controlled by hor-
mones include (1) growth and maturation, (2) interme-
diary metabolism, and (3) reproduction. However, the 
clinical specialty of endocrinology is most clearly delin-
eated by diseases that afflict the classic glands, that is, 
hypothalamus, pituitary, thyroid, parathyroid, pancreatic 
islets, adrenal gland, testis, and ovary. In various parts 
of the world, additional clinical disorders, such as hyper-
tension, nutrition, obesity, osteoporosis, and hyperlipid-
emia, also fall within the scope of endocrinology.

The basic science of endocrinology has evolved from 
studies of hormone identification and structure to a 
greater focus on hormone action. Concepts of receptors 
and intracellular signaling, as well as many aspects of 
transcriptional regulation, remain an essential compo-
nent of the field. Endocrinology is ultimately the study of 
intercellular communication. In some cases, communica-
tion occurs within the same tissue, as exemplified by auto-
crine and paracrine actions of insulin-like growth factor-1  
(IGF-1). More classically, hormones mediate communica-
tion between organs, as exemplified by the actions of para-
thyroid hormone (PTH) on bone or kidney. In this era of 
genomics, proteomics, and metabolomics, the traditional 
lines that separate endocrinology from other physiologic 
disciplines are becoming blurred. Erythropoietin is a clas-
sic hormone. Because it is produced by the kidney and 
regulates erythrocyte production, erythropoietin’s clinical 
role is relevant primarily to the fields of nephrology and 
hematology. Similarly, blood cell–stimulating factors such 
as granulocyte colony-stimulating factor (G-CSF) are stud-
ied and used by hematologists and oncologists. The recep-
tors for colony-stimulating growth factors such as G-CSF 
and granulocyte-macrophage colony-stimulating factor 
are, however, members of a superfamily that includes the 
growth hormone (GH) and prolactin (PRL) receptors. 
These receptors share similar intracellular signaling sys-
tems, including the JAK-STAT pathways. Growth factors 
with more pleomorphic functions, such as cytokines, are 
being investigated and used in almost every specialty.

Principles of endocrinology are readily transferable to 
other clinical disciplines. For example, hormones play a 
crucial role in blood pressure maintenance, intravascu-
lar volume regulation, and peripheral vascular resistance 
tone in the cardiovascular system. Angiotensin II, cate-
cholamines, endothelins, and other vasoactive substances 
act via specific receptors to mediate dynamic changes in 
vascular tone. The heart produces hormones, such as 
atrial natriuretic peptide, in response to volume overload, 
resulting in compensatory natriuresis. The gastrointesti-
nal tract is a remarkably rich source of peptide hormones, 
such as ghrelin, gastrin, glucagon-like peptide, cholecys-
tokinin, secretin, and vasoactive intestinal peptide, among 
many others. Some of these factors, such as ghrelin and 
cholecystokinin, modulate appetite and perform local 
actions in the gastrointestinal tract; others, such as gas-
trin and secretin, act mainly in the gastrointestinal tract 
to induce physiologic responses to meals.

With the discovery of new hormones (e.g., parathy-
roid hormone–related peptide, leptin, ghrelin, activin, 
atrial/brain natriuretic peptide, fibroblast growth factor 
21, fibroblast growth factor 23), the scope of investiga-
tive and clinical endocrinology continues to expand. In 
addition, many areas of traditional endocrinology have 
been “spun off” and transformed into other disciplines. 
For example, although hypothalamic regulation of the 
pituitary gland remains a core element of endocrinol-
ogy, neuroendocrinology is rapidly becoming a distinct 
discipline. Similarly, calcium regulation is inextricably 
linked to bone metabolism. Some bone disorders, such 
as osteoporosis or rickets, are treated mainly by endocri-
nologists, whereas others, such as renal osteodystrophy 
or phosphate wasting disorders, are often managed by 
nephrologists. Reproductive endocrinology has become 
a subspecialty of gynecology and urology, primarily 
because of the skills needed to perform procedures related 
to the evaluation and treatment of infertility. Ovulation 
induction protocols and various forms of assisted repro-
ductive technology are increasingly used to manage infer-
tility, which affects 10% to 15% of reproductive-age 
couples. Intracytoplasmic sperm injection has revolution-
ized the approach to male infertility. A new discipline of 
“oncofertility” addresses the need for fertility preserva-
tion in women, as well as men, with cancers that occur 
during the reproductive time frame. Common endocrine 
diseases, such as autoimmune thyroid disease and type 
1 diabetes mellitus, are caused by abnormal regulation 
of immune surveillance and tolerance. Less common dis-
eases, such as polyglandular failure, Addison’s disease, 
and lymphocytic hypophysitis, also have an immunologic 
basis. Although immunology is an independent discipline, 
the interface with endocrinology is important for under-
standing the pathogenesis of these disorders. Cytokines 
and interleukins have profound effects on the functions 
of the pituitary, adrenal, thyroid, and gonads. Thus, the 
boundaries of endocrinology change constantly, spawn-
ing new disciplines and expanding into new scientific 
realms.

HISTORICAL PERSPECTIVES
Although concepts of fertility and reproduction can be 
traced to ancient times, most of our current understand-
ing of endocrinology has evolved during the past 150 
years.2 The structures of the major glands and ducts were 
initially captured in drawings by Renaissance anatomists 
and artists. The publication of De Humani Corporis 
Fabrica in 1543 by Vesalius provided a turning point in 
studies of human anatomy. Fallopio, also of the Padova 
School, published Observationes Anatomicae in 1561, 
which included a detailed description of the “slender and 
narrow seminal passage that arises from the horn of the 
uterus.”

A timeline for selected advances in endocrinology is 
depicted in Figure 1-1. Berthold recorded the physiologic 
consequences of castration in 1849. He demonstrated 
that castration of a cock caused regression of secondary 
sex characteristics and mating behavior. Transplanta-
tion of the testes into the abdominal cavity restored these 
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features, proving a role for the gonads in sexual differ-
entiation and illustrating basic principles of hormone 
withdrawal and replacement. In 1855, Claude Bernard 
noted that the liver produced two secretions, an external 
secretion (bile) and an internal secretion (glucose), which 
passed directly into the circulation. This concept was later 
extended by Bayliss and Starling, who discovered that 
secretin, a substance extracted from duodenal mucosa, 
induced pancreatic exocrine secretion after intravenous 
injection. This observation distinguished the properties of 
circulating hormones from physiologic reflexes mediated 
by the nervous system.

In the late 1800s, the clinical manifestations of many 
endocrine disorders were described. The Report on Myx-
edema by the Clinical Society of London (1888) is a 
remarkable example of the power of astute clinical obser-
vation. In addition to recognition that the adult disorder 
of myxedema shared certain clinical features of cretin-
ism,3 a tenuous connection to thyroid gland dysfunction 
was proposed. The plates shown in Figure 1-2 illustrate 
some of the clinical manifestations of hypothyroidism as 
described by William Ord, who coined the term myxedema 
(mucinous edema).4 Several years later, George Murray 
tested the role of the thyroid gland in myxedema by dem-
onstrating that repeated subcutaneous injections of sheep 
thyroid extract corrected the disorder.5 This was prob-
ably the first example of successful hormone replacement 
and spawned parallel efforts for other glandular diseases. 
By the turn of the century, the clinical manifestations of 
Graves’ disease, acromegaly, Addison’s disease, diabetes 
mellitus, and pheochromocytoma were well established. 
Hormone isolation and replacement strategies became a 

major research effort, culminating in the characterization 
of corticosteroids, thyroid hormones, and sex steroids. 
The history of endocrinology is replete with colorful ren-
ditions of hormone isolation and discovery. A recurring 
theme is teamwork and parallel observations by different 
teams working on the same problem—a testimony to the 
impact of scientific communication and the need for tech-
nology to drive advances.

The discovery of insulin in 1921 has been chronicled 
extensively and is a true inflection point in endocrinol-
ogy.6 The pancreatic islets are clusters of endocrine cells 
that are embedded within the exocrine pancreas. Early 
experiments in dogs by Minkowski7 showed that pan-
createctomy caused diabetes, demonstrating the pancreas 
as the organ responsible for regulating glucose. Banting 
and Best set out to isolate insulin, a process that was 
greatly aided by the expertise of Collip, a protein chemist 
who isolated several other peptide hormones, including 
parathyroid hormone.8,9 Despite erratic initial results in 
diabetic dogs, Banting and Best soon achieved unequivo-
cal success using partially purified insulin. At the time of 
insulin isolation, children with type 1 diabetes had no 
treatment options aside from starvation therapy, which 
could not prevent their ultimate demise from hypergly-
cemia and ketoacidosis. The initial insulin treatment 
results were stunningly successful, providing immediate 
clinical benefits soon followed by the ability to achieve 
long-term management with repeated use of insulin injec-
tions (Fig. 1-3). This dramatic treatment strategy was 
stymied initially by the limited supply of purified insu-
lin, a problem that ultimately was solved by the develop-
ment of recombinant human insulin. In this current era, 

Figure 1-1 Timeline of selected advanc-
es in endocrinology. ATDs, Antithyroid 
drugs; CAH, congenital adrenal hyperpla-
sia; DA, dopamine; I-, iodine; OCPs, oral 
contraceptive pills; pheo, pheochromocyto-
ma; RAI, radioactive iodine; Rx, treatment; 
Sms A, somatostatin analogues.
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pancreas and islet transplantation represent alternative 
treatment approaches. However, limited human donor 
tissue and ongoing challenges with immunosuppression 
have restricted the use of transplantation to patients with 
severe type 1 diabetes. There is hope, however, that stem 
cell biology or the ability to regenerate pancreatic islet β 
cells, might ultimately overcome these limitations.

Recognition that the hypothalamus produces a vari-
ety of pituitary regulatory factors was another major 
advance. In addition to establishing a link between the 
brain and the “master gland,” the hypothalamic- pituitary 
system underscored the critical importance of anatomic 
proximity and vascular delivery for the regulation of 
hormone action. It is now appreciated that discrete 
pulses of hypothalamic gonadotropin-releasing hormone 
(GnRH), growth hormone– releasing hormone (GHRH), 

thyrotropin-releasing hormone (TRH), and corticotro-
pin-releasing hormone (CRH) act locally on the pituitary 
gland and exert little, if any, physiologic effect at more 
distal sites in the body.

Following the isolation of many steroid and peptide 
hormones during the first half of the twentieth century, 
a conceptual framework was outlined for mechanisms of 
hormone action. For peptide hormones, Sutherland estab-
lished the idea of a second messenger system in which 
a hormone binds to a membrane receptor, thereby acti-
vating intracellular second messenger pathways such as 
cyclic adenosine monophosphate (cAMP).10 For steroid 
and thyroid hormones, Tata established the concept of 
hormone action at the nuclear level, acting via intracel-
lular receptors that altered gene expression, which in turn 
caused changes in protein levels.11 The development of the 

A

REPORT
OF A

COMMITTEE OF THE CLINICAL SOCIETY OF LONDON

SUPPLEMENT TO VOLUME THE TWENTY-FIRST

NOMINATED DECEMBER 14, 1883

LONDON:

1888
LONGMANS, GREEN, AND CO.

TO INVESTIGATE THE SUBJECT OF

MYXEDEMA

B

General Society Report on Myxedema (1888)

From Photographs Danielsson&Co., lith

Plate 1 Plate 2 Plate 3

Figure 1-2 A, Cover page from the 1888 Clinical Society of London Report on Myxoedema. B, Clinical manifestations of myxedema. Plates taken 
from serial photographs of a woman with untreated hypothyroidism. Plate 1, At 21 years of age, before onset of myxedema. Plate 2: At 28 years of 
age, showing early features of myxedema. Plate 3, At 32 years of age, illustrating overt features of myxedema. (Source: Clinical Society of London 
report on myxedema. Boston: Francis A. Countway Library of Medicine, 1888. Photographs originally published in Ord WM: On myxoedema, a 
term proposed to be applied to an essential condition in the “cretinoid” affection occasionally observed in middle-aged women. Medico-Chirurgical 
Trans. 1978;61:57-78.)
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radioimmunoassay (RIA) by Berson and Yalow revolu-
tionized endocrine physiology and diagnosis by allowing 
accurate measurement of minute amounts of circulating 
hormones.12 The impact of RIA on physiology, endocri-
nology, and clinical medicine cannot be overemphasized. 
RIA and related assays are now used routinely for almost 
all hormone measurements and have replaced many less-
sensitive chemical methods and bioassays. RIA was once 
the province of specialty endocrine laboratories but has 
gradually become automated and integrated into clinical 
pathology laboratories. Mass spectroscopy methods are 
being used increasingly as a means to measure steroids 
and peptides. These methods not only are sensitive and 
highly quantitative but do not necessarily depend upon 
antibodies to detect specific molecules.

Important advances in therapeutic modalities have 
accompanied our improved understanding of endocrine 
diseases. Hormone replacement strategies have been 
refined along with advances in surgical approaches for 
endocrine tumors. Many hormone excess syndromes are 
primarily managed surgically, including transsphenoidal 
surgery for pituitary tumors or excision of parathyroid, 
adrenal, and pancreatic tumors. Many glandular sur-
geries are now performed via minimally invasive tech-
niques, such as laparoscopy or video-assisted resection 
through very small incisions. In addition to hormonal 
replacements, important medical therapies that have 
been developed include the use of radioactive iodine13 
and antithyroid drugs14 for hyperthyroidism, dopamine 
agonists for prolactinomas,15 somatostatin analogues for 
acromegaly, oral hypoglycemics for diabetes,16 gonadal 
steroids as contraceptives,17 and somatostatin analogues 
for tumors of the gastrointestinal tract.18

In recent years, the tools of molecular genetics have 
dramatically accelerated our understanding of endo-
crinology. DNA sequences encoding hormones such as 
somatostatin,19 growth hormone,20 insulin,21 and chori-
onic gonadotropin22 were among the first human com-
plementary DNAs (cDNAs) cloned. Recombinant DNA 
techniques are now used routinely to identify new hor-
mones and receptors and to elucidate hormone function.

Hormone genes have provided important models for 
understanding mechanisms of transcriptional regula-
tion. Hormones typically are expressed in a cell-specific 
manner (e.g., growth hormone, thyroglobulin), provid-
ing prototypes for identifying transcription factors (e.g., 
Pit-1, TTF-1) that restrict expression to particular cells 
or tissues. Hormone-regulated pathways have provided 
experimental variables that can be switched on or off, 
thereby revealing highly regulated target genes that can 
be used as experimental models. Thus, studies of the 
cAMP signaling system have unraveled the protein kinase 
A cascade and transcription factor targets, such as cAMP 
response element binding protein (CREB). Nuclear recep-
tor pathways have been particularly illuminating. In addi-
tion to identifying target genes regulated by hormones 
such as estrogen, glucocorticoid, or thyroid hormone, 
detailed analyses of these pathways have helped to define 
how DNA binding specificity is encoded in promoters 
and how transcription factors suppress or enhance gene 
expression by recruiting corepressor or coactivator com-
plexes. Transcription by nuclear receptors is arguably the 
best understood paradigm for how transcription factors 
initiate transcription, assemble a transcription complex, 
and renew the process to ensure multiple rounds of RNA 
synthesis. The genetic basis for several hundred endocrine 

Figure 1-3 Treatment of type 1 
diabetes mellitus with insulin. Ted-
dy Ryder was one of the first pa-
tients treated by Dr. Banting. After 
undergoing “starvation treatment” 
(left panel), which was the only 
therapy available at the time, he 
began insulin treatment at 5 years 
of age (July 10, 1922) (right pan-
el). One year later (July 10, 1923), 
he is seen “cured.” Teddy Ryder 
lived to 76 years of age. (Source: 
Adapted with permission from 
the University of Toronto Librar-
ies Discovery and Early Develop-
ment of Insulin online collection, 
http://digital.library.utoronto.ca/
insulin/.)
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disorders has been determined through the use of molecu-
lar biological approaches, and these tests are being used 
increasingly in clinical practice (see Chapter 4).

In addition to technical advances such as RIAs and 
recombinant DNA technology, endocrinology has 
contributed disproportionately to pivotal conceptual 
advances in science and medicine. Almost every aspect 
of physiology is tied to rhythms. The endocrine system 
has provided models for rapid rhythms such as luteinizing 
hormone (LH) or GH pulsatility, circadian rhythms such 
as cortisol or vasopressin production, and longer rhythms 
such as the menstrual cycle or bone remodeling. Concepts 
of hormone-receptor interaction and second messengers 
established signal transduction paradigms that prolifer-
ated into innumerable signaling networks. Polypeptide 
precursors, such as Pro-opiomelanocortin (POMC), pre-
proglucagon, preproparathyroid hormone, and others, 
established pathways for protein processing, transport, 
and secretion. Studies of growth factors helped to refine 
concepts of autocrine and paracrine action, which can be 
viewed as an extension of classic endocrine action. Hor-
mone replacement formed the foundation for the use of 
biologic agents such as factor VIII, G-CSF, and erythro-
poietin. The genetic basis for cancer has been elucidated 
by studies of the multiple endocrine neoplasia syndromes, 
types I and II.

PRINCIPLES OF HORMONE ACTION
The principles of hormone action include fundamental 
concepts such as hormone biosynthesis and secretion, 
feedback regulation, hormone-receptor binding, and 
initiation of intracellular signaling. These principles are 
broadly applicable and can be applied to the physiology 
of other subspecialties.

Hormone Biosynthesis and Secretion
Hormones can be divided into five major classes: (1) 
amino acid derivatives such as dopamine, catechol-
amines, and thyroid hormone; (2) small neuropeptides 
such as GnRH, TRH, somatostatin, and vasopressin; (3) 
large proteins such as insulin, LH, and PTH produced 
by classic endocrine glands; (4) steroid hormones such as 
cortisol and estrogen that are synthesized from choles-
terol-based precursors; and (5) vitamin derivatives such 
as retinoids (vitamin A) and vitamin D. As a rule, amino 
acid derivatives and peptide hormones interact with cell-
surface membrane receptors. Steroids, thyroid hormones, 
vitamin D, and retinoids are lipid soluble and interact 
with intracellular nuclear receptors.

Many peptide hormones are produced from precursor 
polypeptides. Characteristic signal or leader sequences 
target these peptides for extracellular transport via secre-
tory granules. Some precursors, such as the POMC or 
preproglucagon, encode multiple biologically active pep-
tides that are generated by specific processing enzymes; 
other precursors, preproinsulin, and vasopressin, encode 
single hormones that are excised from larger proteins. 
The secretion of peptide hormones is tightly controlled 
by intracellular signals that regulate vesicle transport and 
fusion with the plasma membrane, resulting in hormone 

release into the extracellular milieu (see Chapter 3). Ste-
roid hormones such as progesterone, cortisol, and tes-
tosterone are synthesized from cholesterol derivatives 
through a series of enzymatic steps. These enzymes are 
expressed specifically in steroidogenic tissues such as the 
adrenal gland and gonads. Their enzymatic activities are 
regulated in response to trophic hormones such as adre-
nocorticotropic hormone (ACTH), LH, or follicle-stim-
ulating hormone (FSH). Thyroid hormone is produced 
by modifications (iodination) of tyrosines in thyroglobu-
lin. Vitamin D and retinoic acid are derived in part from 
dietary sources but can also be generated and activated by 
endogenous synthetic pathways.

Feedback Regulation
The elucidation of negative feedback has had a profound 
impact on endocrinology. This principle holds that hor-
mones have a particular set point that is controlled by 
downregulating stimulatory pathways when the set point 
is exceeded and upregulating stimulatory pathways when 
hormone levels fall below the set point. Probably every 
hormone is regulated in this manner, although the regula-
tory pathways might not be immediately evident for new 
hormones. These regulatory loops are well illustrated 
by the major hypothalamic-pituitary-hormone axes and 
include both stimulatory (e.g., TRH stimulates thyroid-
stimulating hormone [TSH]; TSH stimulates T4/T3 
production) and inhibitory components (e.g., T4/T3 sup-
press TRH and TSH) (Fig. 1-4). Feedback regulation also 
occurs for endocrine systems that do not involve the pitu-
itary gland. For example, calcium feeds back to inhibit 
PTH, glucose inhibits insulin secretion, and leptin acts on 
hypothalamic pathways to suppress appetite. Although 
these feedback mechanisms oversimplify the complex 
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Figure 1-4 Feedback regulation of the hypothalamic-pituitary axis.



91 PRINCIPLES OF ENDOCRINOLOGY

physiologic pathways that regulate hormone levels, they 
provide useful insight into endocrine testing paradigms. 
For example, hypothyroidism is characterized by elevated 
TSH, an appropriate physiologic response to deficient thy-
roid hormone levels. Dexamethasone suppression of the 
CRH/ACTH axis is used to diagnose Cushing’s disease, 
which is characterized by impaired negative feedback reg-
ulation. A deficient adrenal response to exogenous ACTH 
is used to document primary adrenal insufficiency.

Paracrine and Autocrine Regulation
Whereas feedback mechanisms control many classic endo-
crine pathways, local regulatory systems, often involving 
growth factors, play critical roles in all tissues (Fig. 1-5). 
Paracrine regulation refers to factors released by one cell 
that act on an adjacent cell in the same tissue. For exam-
ple, somatostatin secretion by pancreatic islet delta cells 
inhibits insulin secretion from nearby β cells. The oocyte 
produces growth and differentiation factor-9 (GDF-9), 
which acts on adjacent granulosa cells to stimulate the 
transition of primary follicles to secondary follicles. The 
anatomic relationships of cells have an important influ-
ence on paracrine regulation. Seminiferous tubules are 
exposed to a very high testosterone concentration from 
the interstitial Leydig cell compartment. On the other 
hand, the Sertoli cell product, androgen-binding protein 
(ABP), helps to retain high local testosterone concentra-
tions. Activin exerts paracrine effects in the pituitary 
gland, where it stimulates FSH production. However, 
activin also exerts biologic activity in many other tissues, 
perhaps explaining why it is regulated locally and is neu-
tralized by binding proteins such as follistatin. Autocrine 
regulation describes the action of a factor on the same cell 
from which it is produced. IGF-1 acts on many cells that 
produce it, including chondrocytes, breast epithelium, 

and gonadal cells. Intracrine regulation refers to effects 
within a cell. The term is not commonly used but cap-
tures the important concept that many signaling and 
enzymatic pathways are influenced by other pathways 
or by substrate or product concentrations. For example, 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase, the rate-limiting enzyme in cholesterol biosyn-
thesis, is inhibited by the end product, cholesterol.

Hormonal Rhythms and Pulsatility
Hormonal rhythms are used to adapt to environmen-
tal changes, such as seasons of the year, the daily light-
dark cycle, sleep, meals, and stress. In many species, 
reproduction is seasonal, presumably a mechanism to 
ensure survival of the offspring. In the extreme north-
ern and southern hemispheres, calcium absorption and 
bone remodeling decline during winter, when vitamin 
D production is reduced. The human menstrual cycle is 
repeated on average every 28 days, reflecting the time 
required for follicular maturation and ovulation. In some 
species, estrus cycles are intimately linked to mating 
behavior induced by behavioral cues and the production 
of pheromones. Essentially all pituitary hormone rhythms 
are entrained to sleep and the circadian cycle, which in 
turn is dictated by sunlight exposure. The hypothalamic-
pituitary-adrenal (HPA) axis, for example, exhibits char-
acteristic peaks of ACTH and cortisol production before 
dawn and a nadir between late afternoon and midnight. 
Recognition of these rhythms is important for endocrine 
testing and treatment. Patients with Cushing’s syndrome 
exhibit inappropriately increased midnight cortisol levels. 
The HPA axis is more susceptible to suppression by glu-
cocorticoids administered at night because they blunt the 
early morning rise of ACTH. Understanding this diurnal 
rhythm provides the basis for increased physiologic hor-
mone replacement through the use of larger glucocorti-
coid doses in the morning than in the afternoon.

Although circadian rhythms were identified initially in 
the context of sleep cycles and hormonal rhythms, there is 
mounting evidence for circadian periodicity at the level of 
organs and individual cells.23 For example, a number of 
genes in hepatocytes, such as Rev-Erb, exhibit rhythmic 
expression, thereby exerting epigenetic regulatory effects 
on metabolic pathways such as gluconeogenesis and lipid 
biosynthesis.

Many peptide hormones are secreted in discrete pulses, 
often reflecting regulation by the nervous system. For 
example, hypothalamic GnRH induces LH pulses once 
every 1 to 2 hours. Intermittent hypothalamic GnRH 
pulses are required to maintain pituitary gonadotrope 
sensitivity, whereas continuous GnRH exposure causes 
desensitization. This feature of gonadotropin regulation 
serves as the basis for using long-acting GnRH agonists to 
treat central precocious puberty or to decrease testoster-
one levels in the management of prostate cancer.

The pulsatile nature of hormone secretion and the 
rhythmic pattern of hormone production have important 
implications for the measurement of circulating hormone 
levels, as levels can change dramatically over several 
hours. For some hormones, integrated markers have 
been developed to circumvent hormonal fluctuations. 

Factor X      Receptor X

Factor X      Receptor X

Autocrine

Paracrine

Receptor Y      Factor Y

Figure 1-5 Autocrine and paracrine regulation. Many growth factors 
act locally to regulate cell growth, differentiation, and function. Auto-
crine regulation describes the action of a factor that acts on the same 
cell, whereas paracrine regulation describes a circumstance in which the 
product of one cell acts on a different cell type.
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For example, a 24-hour collection of urinary free cortisol 
integrates cortisol production throughout a diurnal cycle. 
IGF-1 provides a relatively stable biologic marker of GH 
action. Glycosylated hemoglobin (HbA1c) is used as an 
index of long-term (weeks to months) circulating blood 
glucose, which is linked covalently to hemoglobin in a 
concentration-dependent manner.

Hormone Transport and Degradation
The level of a hormone is determined by its rate of secre-
tion and its circulating half-life. After protein biosynthe-
sis and precursor processing, peptide hormones are stored 
in secretory granules. These granules undergo progressive 
maturation and sequential translocation before arriv-
ing at the plasma membrane for imminent release into 
the circulation. The stimulus for hormone secretion is 
typically a releasing factor or neural signal that induces 
rapid changes in intracellular calcium concentration, 
which leads to secretory granule fusion with the plasma 
membrane, and releases its contents into the extracel-
lular environment and bloodstream. In contrast, steroid 
hormones usually diffuse into the circulation as they are 
synthesized. Thus, their secretion closely mirrors rates of 
synthesis. For example, ACTH and LH induce steroido-
genesis by stimulating the activity of steroidogenic acute 
regulatory (StAR) protein, which transports cholesterol 
into the mitochondrion. In parallel, ACTH and LH stim-
ulate other rate-limiting steps in the steroidogenic path-
way such as the cholesterol side-chain cleavage enzyme 
(CYP11A1).

Hormone-binding proteins can affect volume of dis-
tribution, level of unbound or “free hormone,” and rates 
of hormone clearance. Most steroid hormones and many 
peptide hormones circulate in association with binding 
proteins. T4 and T3 bind to thyroxine-binding globu-
lin (TBG), albumin, and thyroxine-binding prealbumin 
(TBPA). Similarly, cortisol binds to cortisol-binding glob-
ulin (CBG), and androgens and estrogens bind to sex hor-
mone–binding globulin (SHBG). IGF-1 and IGF-2 bind 
to multiple IGF-binding proteins (IGFBPs). GH interacts 
with GH-binding protein (GHBP), a circulating fragment 
of the GH receptor extracellular domain. Abnormal bind-
ing proteins can significantly alter total hormone con-
centrations but usually have little clinical consequence, 
as the regulatory feedback systems respond to unbound 
or “free” hormone levels. For example, TBG deficiency 
greatly reduces total thyroid hormone levels, but the free 
concentrations of T4 and T3 remain normal. Liver dis-
ease and medications can also influence binding protein 
levels (e.g., estrogen increases TBG). Nonetheless, these 
abnormalities can create diagnostic confusion, and some 
alterations (e.g., increased SHBG) may shift ratios of hor-
mones (e.g., testosterone, estradiol) that bind with differ-
ent affinities.

Knowledge of hormone half-life is important for 
achieving physiologic hormone replacement, as the fre-
quency of dosing and the time required to reach steady 
state are determined by rates of hormone decay. T4, for 
example, has a half-life of about 7 days. Consequently, 
more than 1 month is required to reach a new steady state, 
and single daily doses are sufficient to achieve constant 

hormone levels. T3, in contrast, has a half-life of about 1 
day. Its administration is associated with more dynamic 
serum levels, and it must be administered two to three 
times per day to generate more constant blood levels. 
Synthetic glucocorticoids vary widely in their half-lives. 
Analogues with a longer half-life (e.g., dexamethasone) 
are associated with greater suppression of the HPA axis. 
Most protein hormones (e.g., ACTH, GH, PRL, PTH, 
LH) have relatively short half-lives (<20 minutes), lead-
ing to sharp peaks of secretion and decay. These dynamic 
hormone fluctuations must be considered in analysis of 
hormone levels, which may vary widely over short time 
intervals and between patient visits. Although frequent 
hormone sampling can trace these pulses, this is not 
practical outside of a research setting. In some instances, 
clinicians elect to pool several samples to obtain a more 
representative hormone level. More often, clinicians 
recognize that the normal ranges are relatively wide, in 
part because of hormonal pulses. Rapid hormone decay 
is useful in certain clinical settings. Because PTH has a 
short half-life, intraoperative PTH can be used to con-
firm successful removal of a parathyroid adenoma. This 
is particularly valuable diagnostically when there is a 
possibility of multicentric disease or parathyroid hyper-
plasia, as occurs with multiple endocrine neoplasia or 
renal insufficiency.

HORMONE ACTION THROUGH RECEPTORS
Hormone receptors can be divided broadly into mem-
brane receptors and nuclear receptors. Membrane recep-
tors primarily bind peptide hormones and small molecules 
that cannot traverse the plasma membrane (e.g., catechol-
amines, dopamine). Nuclear receptors bind small, lipid-
soluble molecules that diffuse or are transported across 
the cell membrane (e.g., thyroid hormone, steroids, vita-
min D). Hormones bind to both classes of receptors with 
specificity and high affinity. These characteristics are 
often described by Scatchard plots, which allow estima-
tion of equilibrium dissociation constants (Kd) and maxi-
mum binding (Bmax) (Fig. 1-6).

Binding affinity generally coincides with the concen-
tration of circulating hormones and is typically in the 
subnanomolar range. Receptor occupancy at any given 
moment is a function of hormone concentration and the 
receptor’s affinity for the hormone. Receptor numbers 
vary greatly in different target tissues, providing one of 
the major determinants of specific cellular responses to 
circulating hormones. For example, ACTH receptors are 
located almost exclusively in the adrenal cortex, and FSH 
receptors are found predominantly in the gonads. In con-
trast, insulin and thyroid hormone receptors are widely 
distributed, reflecting the need for metabolic responses 
in all tissues. Tissue-specific knockouts of insulin recep-
tors have revealed distinct metabolic actions of insulin in 
various tissues.24 For example, deletion in muscle causes 
increased free fatty acids and adipose tissue, whereas insu-
lin receptor deletion in adipose tissue reduces fat mass 
and enhances insulin sensitivity. Deletion of the receptor 
in pancreatic islet β cells impairs insulin secretion, appar-
ently because of reduced islet cell mass.
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Membrane Receptors
Membrane receptors can be divided into several major 
groups (Fig. 1-7): (1) seven transmembrane domain G pro-
tein–coupled receptors (GPCRs), (2) tyrosine kinase recep-
tors, (3) cytokine receptors, and (4) transforming growth 
factor-beta (TGF-β) family serine kinase receptors. There 
are several hundred GPCRs.25 They bind a broad array of 
hormones, including large proteins (e.g., TSH, PTH), small 
peptides (e.g., TRH, somatostatin), catecholamines (epi-
nephrine, dopamine), and even minerals (e.g., calcium). 
These receptors possess seven transmembrane-spanning 
regions composed of hydrophobic α-helical domains that 
are connected by extracellular and intracellular loops. 
After the receptor binds a hormone, these transmem-
brane domains undergo conformational changes that alter 
interactions with intracellular G proteins. The G proteins 
provide a link to intracellular signaling pathways such 
as adenyl cyclase, phospholipase C, mitogen-activated 

protein kinases (MAPK), and others. G proteins form a 
heterotrimeric complex that is composed of various Gα 
and Gβ-γ subunits. The α subunit contains the guanine 
nucleotide–binding site and hydrolyzes GTP to GDP. Gα is 
active when GTP is bound and inactive after hydrolysis to 
GDP. The β-γ subunits modulate activity of the α subunit 
and mediate their own effector-signaling pathways. A vari-
ety of endocrinopathies result from G protein mutations 
or from mutations in receptors that modify their interac-
tions with G proteins. For example, McCune-Albright syn-
drome is caused by somatic mutations in Gα that prevent 
GTP hydrolysis, thereby causing constitutive activation 
of the Gα-signaling pathway. Selected mutations in the 
transmembrane domains of GPCRs can mimic hormone-
induced conformational changes, leading to activation of 
G proteins independent of hormone binding. This type of 
mutation in the TSH receptor accounts for a significant 
fraction of solitary autonomously functioning thyroid 
nodules. Activating mutations in the LH receptor cause 
LH-independent precocious puberty in boys.

Tyrosine kinase receptors transmit signals for insulin 
and a variety of growth factors, such as IGF-1, epidermal 
growth factor, platelet-derived growth factor, and fibro-
blast growth factors. Ligand binding induces autophos-
phorylation, leading to interactions with intracellular 
adaptor proteins such as Shc and insulin receptor substrates 
(IRS). Depending on the receptor and adaptor complexes, 
one or more kinases, including the Raf-Ras-MAPK and the 
Akt/protein kinase B pathways, are activated. The tyrosine 
kinase receptors play a prominent role in cell growth and 
differentiation, as well as in intermediary metabolism.

The GH and PRL receptors belong to the cytokine 
receptor family. Ligand binding induces receptor interac-
tions with intracellular kinases such as the Janus kinases 
(JAKs), which phosphorylate members of the signal 
transduction and activators of transcription (STAT) fam-
ily, and other signaling pathways (Ras, PI3-K, MAPK). 
The activated STAT proteins translocate to the nucleus 
and stimulate expression of target genes.

The TGF-β receptor family mediates the actions of 
TGF-βs, activins, Müllerian inhibiting substance (MIS; also 
known as anti-Müllerian hormone), and bone morphogenic 

Figure 1-6 Plots of ligand-receptor interac-
tions. Left panel, Theoretical equilibrium satu-
ration plot. As increasing amounts of labeled 
hormone are added, the amount of receptor-
bound hormone increases until the binding sites 
are saturated (total binding). The addition of a 
large amount of unlabeled hormone allows de-
termination of nonspecific or unsaturable bind-
ing. The hormone concentration at which half-
maximal binding occurs provides a measure 
of binding affinity. Right panel, Theoretical 
Scatchard plot. The x-axis represents specific 
binding, and the y-axis denotes specific bind-
ing divided by free radioligand concentration. 
Maximal binding is estimated by the x-intercept 
(Bmax), and the dissociation constant (Kd) is es-
timated as the negative reciprocal of the slope.
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2001.)
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proteins. This receptor family consists of type I and II sub-
units, which undergo autophosphorylation after ligand 
binding. The phosphorylated receptors bind intracellular 
Smads (named for a fusion of terms for Caenorhabditis ele-
gans sma + mammalian mad). Like the STAT proteins, the 
Smads serve a dual role of transducing the receptor signal 
and acting as transcription factors.

Nuclear Receptors
The nuclear receptor superfamily can be divided into 
receptors with known ligands (type I and II) and so-called 
orphan nuclear receptors, for which ligands have not 
been identified or might not exist.26 Type I nuclear recep-
tors include classic steroid receptors (e.g., glucocorticoid, 
estrogen, progesterone, androgen, mineralocorticoid) that 
bind to DNA as homodimers. Type II nuclear receptors 
bind to DNA as heterodimers, typically using the retinoid 
X receptor as a partner. Type II receptors bind a vari-
ety of molecules, including thyroid hormones, vitamin 
D, retinoic acid, and bile acids. Many orphan receptors 
bind DNA as monomers. Nuclear receptors have a highly 
conserved central zinc-finger DNA binding domain (Fig. 
1-8). The carboxyterminal domain is more variable and 
includes a ligand-binding pocket, dimerization surfaces, 
and transcription-activating motifs. The aminoterminal 
domain varies greatly in length and in some receptors 
contains transcription-activating domains.

Nuclear receptors act primarily by altering rates of 
gene transcription, although there is growing evidence for 
interactions with other cellular signaling pathways, such 
as the mitogen-activated protein kinase (MAPK) path-
way. Hormone binding induces conformational changes 
that induce receptor interactions with transcriptional 
cofactors. For type I receptors, ligand binding creates a 
bend in the extreme carboxyterminus (AF-2 domain) such 
that a hydrophobic cleft is created, providing a docking 
site for coactivators (e.g., steroid receptor coactivators 
[SRCs]). For type II receptors, hormone binding induces 
similar conformational changes. However, in the absence 
of hormone, corepressors are bound and silence gene 
transcription. Hormone binding induces the dissociation 

corepressors and the recruitment of coactivators (Fig. 
1-9). Consequently, gene expression can shift from being 
silenced in the absence of hormone to being stimulated in 
the presence of hormone.

ROLE OF THE CLINICAL ENDOCRINOLOGIST
Clinicians are often attracted to the field of endocrinology 
because it integrates physiology, biochemistry, and cell 
signaling with patient care. The fact that many endocrine 
disorders are amenable to cure or effective treatment also 
makes the practice of endocrinology especially satisfying.

As medicine becomes more specialized, physician roles 
are changing. Many general medicine inpatient services 
are now managed by hospitalists, who work in conjunc-
tion with primary care physicians and consultants. Inpa-
tient length of stay continues to decrease, and this setting 
is now rarely used for extensive endocrine evaluation and 
testing. In fact, many endocrine pathways are perturbed 
by the stress associated with acute illness or hospitaliza-
tion (e.g., sick euthyroid; false-positive dexamethasone 
suppression tests). These changes have resulted in a shift 
of an endocrinologist’s activity to the outpatient setting.

Clinical endocrinologists serve three main roles: (1) to 
serve as consultants for patients who present with clini-
cal endocrine conundrums that stretch the knowledge 
base and expertise of general internists or physicians in 
nonmedical specialties; (2) to provide specific short-term 
services for the treatment of endocrine disorders such as 
Graves’ disease, management of a thyroid nodule, or eval-
uation and treatment of hyperparathyroidism; and (3) to 
provide long-term management of challenging disorders 
such as brittle diabetes mellitus, congenital adrenal hyper-
plasia, or hypocalcemia. For many years, endocrinolo-
gists developed and performed specialized tests, including 
radioimmunoassays. In addition to performing appropri-
ate stimulation or suppression protocols, special expertise 
was required to run and interpret these hormone assays. 
However, sensitive immunoradiometric assays, such as 
those for TSH, PTH, and most other hormones, are now 
commercially available. In some countries, these changes 
have influenced reimbursement, in that hormone testing 
generated revenue and compensated for other services, 
such as diabetes education. In the United States, endocri-
nologists are currently reimbursed primarily on the basis 
of evaluation and management coding, which takes into 
account the diagnosis and complexity of the evaluation. 
Endocrine procedures include thyroid aspiration biopsies, 
bone density measurements, and radioiodine treatment. 
However, wide institutional variation is seen in terms of 
who performs these procedures.

In addition to these classical roles, clinicians often 
make important contributions by recognizing new dis-
eases or variants of old themes. For example, thyroid 
hormone resistance, lack of the GH receptor, and leptin 
deficiency states were identified in clinical practice. Often 
this role is played by the physician who sees patients and 
is involved in research: the clinical investigator.

Although practices vary considerably, the most com-
mon disorders seen by most endocrinologists are diabe-
tes mellitus, thyroid disorders, metabolic bone disease, 
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Figure 1-8 Nuclear receptor structure. The central zinc-finger DNA 
binding domain is highly conserved among nuclear receptors. The car-
boxyterminus includes regions involved in ligand binding, transcrip-
tional repression and activation, and dimerization. The aminoterminus 
is highly variable in length and, for some receptors, contains transcrip-
tional regulatory sequences.
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pituitary disorders, and reproductive abnormalities and 
infertility.27 Pediatric endocrinologists also see a large 
number of patients with growth deficiency, pubertal 
delay, and a variety of inherited endocrine diseases such 
as congenital adrenal hyperplasia and Turner’s syndrome. 
Many academic centers have begun to structure multidis-
ciplinary clinics for the management of diabetes mellitus, 
pituitary tumors, disorders of sex determination, and thy-
roid nodules.28

Increasingly, the clinical challenge is to identify endo-
crine disorders at their earliest stages, before clinical 
manifestations are obvious. Terms such as subclinical 
hypothyroidism, impaired glucose tolerance, and inci-
dental adrenal or pituitary adenoma have crept into our 
vocabulary and have changed our approach to patients. 
Similarly, endocrine disorders such as osteoporosis, 

hyperparathyroidism, hypertension, or hyperlipidemia 
rarely present with specific symptoms or signs. Because 
the clinical features of subclinical endocrine disorders 
are subtle or absent, laboratory testing takes on added 
importance as we attempt to diagnose more subtle forms 
of disease.

Available treatment options strongly influence the 
practice of endocrinology. Many new drugs have been 
discovered and approved during the past decade. Type 
2 diabetes now can be treated by using drugs that influ-
ence insulin sensitivity (thiazolidinediones, metformin) 
and by administering agents that enhance insulin release 
(sulfonylureas, exenatide, repaglinide). Insulin deriva-
tives with altered pharmacokinetics (lispro, aspart, glu-
lisine, insulin glargine, detemir) facilitate intensive blood 
glucose control with a reduced risk for hypoglycemia. 
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Bisphosphonates provide a novel mechanism for inhibit-
ing osteoclast function and are widely used to treat osteo-
porosis and hypercalcemia. PTH analogues are being used 
to stimulate osteoblast function to enhance bone mass. 
Medical therapy for prolactinomas with dopamine ago-
nists established a new paradigm for nonsurgical man-
agement of pituitary tumors. More recently, somatostatin 
analogues were developed, including depot formulations, 
for adjunctive or primary treatment of acromegaly. Pegvi-
somant is a novel GH analogue that blocks the GH recep-
tor and is highly efficacious for reducing IGF-1 levels in 
patients with acromegaly. A variety of new formulations 
are available for delivering sex steroids. These include 
estrogen and testosterone patches. Testosterone gels and 
gum patches are also available. Building on the observa-
tion that tamoxifen exhibits mixed agonist/antagonist 
activity in various tissues, an active search is under way 
for additional selective estrogen receptor modulators 
(e.g., raloxifene) that exhibit unique profiles of estrogen 
action. It is expected that similar drugs might be iden-
tified for androgen, glucocorticoid, thyroid, and other 
nuclear receptors. Inhibitors of enzymes such as aroma-
tase (anastrozole, letrozole) and 5α-reductase (finasteride) 
allow selective reduction of steroid levels. The potential 
for producing recombinant hormones has been fully real-
ized, providing unlimited supplies of uncontaminated 
hormones or their derivatives. Examples of recombinant 
hormones in general use include insulin, GH, TSH, LH, 
and FSH. There is now great interest in the activities and 
clinical use of a variety of others, including leptin, GLP 
1-37, YY 3-36, ghrelin, and others.

MAJOR UNSOLVED PROBLEMS
Despite many impressive advances in endocrinology, 
a surprising number of fundamental problems remain 
incompletely solved. Although it is not possible to review 
all of these, it is provocative to identify a few, if only as a 
matter of perspective.

What is the basis of variability in normal ranges of hor-
mones? The normal range for most hormones is remark-
ably broad. Testosterone, for example, varies between 
300 and 1000 ng/dL, and total T4 ranges between 4 and 
12 ng/dL. However, for any given individual, hormone 
levels are relatively constant, suggesting a defined set 
point. Some of this variability results from pulsatile or 
rhythmic hormone secretion. In some cases, differences in 
plasma-binding proteins account for variability. It seems 
likely that tissue responses, mediated by receptors and 
signaling pathways, also may define set points. From a 
practical perspective, the wide normal ranges create chal-
lenges for determining when subtle changes in hormone 
levels occur for a particular individual.

How should we optimally deliver hormone replace-
ment? We currently have reasonable hormone replace-
ments for most glandular deficiency syndromes. 
However, hormone replacement does not perfectly 
recapitulate normal physiology in any case. In type 1 
diabetes, ideal insulin replacement would always main-
tain euglycemia without hypoglycemia. This challenge is 
underscored by the sometimes dramatic improvement in 

metabolic control after pancreatic islet transplantation. 
Thyroid hormone replacement, because of its relatively 
long half-life, approximates physiologic replacement, at 
least as assessed by TSH levels. Nonetheless, controversy 
about the need to replace T3 and T4 is ongoing. Glu-
cocorticoid replacement is notoriously challenging, and 
patients often exhibit mild cushingoid features to avoid 
adrenal insufficiency. Ideally, we would use a physiologic 
marker, analogous to TSH, to assess adequate adrenal 
replacement. Similar issues exist for sex steroid replace-
ment. Testosterone and estrogen replacement has been 
improved with the advent of patches and gels, but these 
delivery systems remain nonphysiologic. GH replacement 
in GH hormone–deficient children rarely completely cor-
rects height or even growth velocity. This might reflect 
relatively late diagnosis, or we might not have optimized 
hormone administration such that it mimics physiologic 
GH secretion or integrated actions with other hormones 
such as sex steroids. Many possible solutions to these 
challenges, including modified hormones and new for-
mulations to alter absorption or pharmacokinetics, have 
been identified. In addition, careful clinical studies will 
be needed to correlate the physiologic effects of various 
hormone regimens.

How can osteoporosis be prevented? Currently, osteo-
porosis is identified after a fracture or on the basis of 
markedly reduced bone density. Treatment strategies can 
prevent further bone loss or can induce modest increases 
in bone mass. Clearly, it would be preferable to generate 
greater maximum bone mass early in life and to identify 
those who are at risk for accelerated bone loss.

What causes common autoimmune endocrinopathies 
such as type 1 diabetes mellitus, Hashimoto’s thyroiditis, 
Graves’ disease, and Addison’s disease? Treatments are 
available for these disorders, but they are not directed 
at the underlying autoimmune process. If effective treat-
ments could prevent, interrupt, or suppress the autoim-
mune process without causing significant side effects, the 
lifelong consequences of these disorders might be avoided. 
For autoimmune diseases associated with significant mor-
bidity, such as type 1 diabetes, strategies directed toward 
immune tolerance should be considered, even if they are 
associated with moderate risk for complications or side 
effects.

What causes nodularity in endocrine glands? One 
or more nodules develop in the thyroid, pituitary, and 
adrenal glands in about 25% of patients when assessed 
at autopsy or with the use of sensitive techniques such 
as ultrasound or magnetic resonance imaging. The detec-
tion of “incidentalomas” is becoming commonplace as 
imaging methods are used more widely. Although these 
nodules are rarely malignant, they may produce excess 
hormones. Rarely, somatic mutations are found in nod-
ules, and these may cause clonal expansion. More com-
monly, the nodules are polyclonal, and the causes are 
unknown. Understanding this process is likely to provide 
fundamental insight into neoplasia and create novel treat-
ment approaches.

What regulates appetite and energy expenditure set 
points? The current obesity epidemic underscores the 
importance of understanding these metabolic processes 
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to develop risk profiles and new treatments. The hypo-
thalamic control of appetite is gradually being dissected, 
largely on the basis of mutations associated with severe, 
early-onset obesity (e.g., MC4R, leptin receptor)29 and 
the identification of new appetite-regulatory hormones 
such as ghrelin. These pathways are potential targets 
for drugs that suppress appetite and/or increase energy 
expenditure.

As we look at the last 150 years of endocrinology and 
consider likely advances over the next decade, we have 
every reason to expect the pace of discovery to accel-
erate. Many advances have been driven by new tech-
nologies such as RIAs, recombinant DNA technology, 
and imaging. Current technology focuses on genomics, 

proteomics, metabolomics, nanotechnology, epigenetics, 
bioinformatics, and the use of computerized informa-
tion systems in clinical practice. As scientists and clini-
cians, we will harness these and other technologies to 
tackle the many unanswered questions that remain in 
endocrinology.
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Synthesis of hormones and other biologically active sub-
stances requires gene expression. Peptide and polypep-
tide hormones are encoded directly by a gene or genes, 
whereas biogenic amines and steroid hormones are 
indirect products of several genes that provide enzymes 
necessary for their biosynthesis. In some instances, 
more than one peptide hormone can be derived from 
the expression of a single gene, further underscoring 
the complexity of their synthesis. Furthermore, ensur-
ing synthesis of the right amount of hormone at the 
right time requires that gene expression be regulated. 

Finally, hormones also regulate gene expression. This 
includes expression of non–hormone-encoding genes as 
well as genes that encode hormones. Some hormones 
even exert an autologous feedback on their own cog-
nate gene. Because the regulation of gene expression 
plays such a pivotal role in the synthesis of hormones 
and their subsequent action, it is fitting that this chapter 
will focus largely on the basic principles underlying this 
process. However, we would be remiss if we omitted 
a brief description of the effects polypeptide and pep-
tide hormones have on protein secretion. In considering 

K E Y  P O I N T S

 •  DNA, tightly compacted into chromatin, contains genes that have all necessary 
information to support conversion of DNA into RNA, leading to the production  
of functional protein.

 •  Genes are composed of a 5’ untranslated region, a coding region, and a 3’  
untranslated region.

 •  The promoter of a gene contains a start site that directs correct initiation  
of transcription and additional response elements where transcription factors  
bind to regulate transcription of RNA from DNA.

 •  Posttranscriptional modifications alter the newly transcribed RNA into mature  
mRNA, regulate transcript stability, and can create splice variants producing  
related proteins from a single gene.

 •  Translation can occur in either a cap-dependent or a cap-independent manner, 
converting RNA into protein.

 •  In some cases, posttranslational modifications, such as removal of signal sequences  
or adding residues to amino acids, are required to create fully functional proteins.
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both the synthesis and action of hormones, we propose 
extending the term gene expression to include the entire 
process required for production of a biologically active 
substance that acts at a distance.

THE CENTRAL DOGMA OF MOLECULAR BIOLOGY 
REVISITED
Expression of genes encoding proteins follows the cen-
tral dogma of molecular biology that was first outlined 
by Francis Crick.1-3 Genetic information is stored in the 
cell as DNA, a macromolecule that serves as a template 
for its own replication. When this genetic information 
is expressed in a cell, it flows from DNA to messenger 
RNA (mRNA) (transcription) to protein (translation). 
This dogma states that once information is transferred to 
protein, that information cannot go in the reverse direc-
tion, back into DNA or RNA, or sideways into another 
protein. However, it has become clear that the scope of 
this process is far more complicated than was envisioned 
by its early proponents.

As we will describe in more detail later in the chap-
ter (see the section entitled “Transcription: Creating 
the Template for Protein Synthesis”), the first transfer 
of genetic information occurs in the nucleus, where a 
gene residing within the chromatin mass undergoes tran-
scription and yields a large precursor RNA, historically 
referred to as heterogeneous nuclear RNA (hnRNA).3 
This large precursor undergoes 5′, 3′, and internal modi-
fications to generate the mature form of mRNA that is 
transported from the nucleus to the cytoplasm (see the 
section entitled “Posttranscriptional Modification of 
mRNA”). The second transfer of genetic information 
occurs in the cytoplasm, where the mature mRNA inter-
acts with ribosomes and other protein synthesis machin-
ery to encode a protein through the process of translation 
(see the section entitled “Translation: Regulated Protein 
Biosynthesis”). During translation, several ribosomes 
composed of structural RNAs and associated proteins 
produce a convoy of nascent polypeptide chains as they 
move in a 5′ to 3′ direction along the mRNA template. 
This complex structure, designated the polyribosome, 
resides either freely in the cytoplasm or tightly attached 
to the endoplasmic reticulum (ER), which transmits the 
nascent polypeptide chains down a path that typically 
leads to their secretion from the cell. For polypeptide 
hormones, this vectoral transport is an essential compo-
nent of their synthetic life cycle.

In short, gene expression begins when structural 
changes in chromatin are activated, allowing for the 
initiation of gene transcription, processing of the emer-
gent RNA transcript, transport of mature RNA to the 
cytoplasm, and translation of the encoded polypep-
tide. It is important to note that a translated protein 
may require posttranslational modifications before it 
acquires normal biologic activity (see the section enti-
tled “Posttranslational Modifications”). The ensuing 
sections will highlight additional conceptual details for 
each of these aspects of gene expression and protein 
biosynthesis. We will also summarize how hormones 
function to regulate each stage.

CHROMATIN: ACCESSIBILITY OF DNA TO CONTROL 
FACTORS
The DNA from an individual haploid human cell con-
tains approximately 3 × 109 base pairs (bp),1 approach-
ing a length of 2 meters if extended end to end. Since the 
nucleus of a eukaryotic cell is less than 10 μm in diame-
ter, fitting long, linear DNA into this small space requires 
several ordered steps of compaction, the culmination of 
which are mitotic and meiotic chromosomes that are vis-
ible by light microsopy4. Most of the cell cycle, however, 
is dominated by interphase, a period of time that allows 
the cell to carry out most of its function, as well as pre-
pare for mitosis and meiosis1.

Chromosomal DNA during interphase is much less 
compacted with characteristic 10-nM fibers readily visu-
alized by electron microscopy. Ten-nM fibers are consid-
ered the building blocks of chromosomes and represent 
the least compacted state. These fibers resemble a series 
of “beads on a string.” The beads are composed of DNA 
and a class of highly basic proteins referred to as histones. 
The DNA wraps around a protein octamer consisting of 
two copies each of four core histone proteins (H3, H4, 
H2A, and H2B) (Fig. 2-1).1-6 The surface of the histone 
octamer contains two left-hand turns of DNA that span 
146 bp.2,5,7 This complex of DNA and histones defines a 
nucleosome. The length of DNA that links two nucleo-
somes varies between 8 and 114 bp and itself is com-
plexed with another histone (H1).1,5,6,8 It is the ordered 
periodicity of histone octamers that yields the classic 
“beads on a string” appearance. Ultimately, nucleosomes 
become covered by nonhistone chromosomal proteins, 
the largest and best characterized group of which are the 
high-mobility group proteins.5,6,9,10

Chromatin also contains 30-nM fibers that form as 
the histone H1 induces tighter wrapping of DNA around 
the nucleosome. This tighter wrap packs nucleosomes 
on each other allowing chromatin to achieve the next 
state of compaction (see Fig. 2-1),2,5,8 where the DNA is 
less accessible to DNA-binding proteins and dependent 
enzymes such as RNA polymerase.

The topologic problem becomes even more complex as 
the 30-nM fibers compact DNA even further by forming 
40- to 90-kb loops that tether to a proteinacous material 
referred to as the nuclear or chromosome scaffold4. These 
loops present a formidable barrier that must be overcome 
for gene expression to occur. Euchromatic regions of 
chromatin are areas of active transcription where regions 
of the 30-nM fiber most likely unfold to expose a 10-nM 
fiber or even naked DNA. In contrast, heterochromatin 
is a highly compacted form that makes DNA sequences 
structurally inaccessible to the transcription machinery, 
resulting in functionally inactive genes.

In sum, nucleosomes may be randomly or very spe-
cifically located over the bulk of chromosomal DNA 
and provide an important conceptual framework for 
fully understanding how hormones regulate gene tran-
scription. The structure of chromatin is dynamic, with 
the state of the nucleosome core playing a pivotal role 
in governing the transcriptional competence of the tar-
geted genes. Consequently, acetylation (associated with 
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activation) and deacetylation (associated with repres-
sion), as well as methylation (associated with both activa-
tion and repression depending on the residue modified) 
of histone proteins, represent important steps that must 
be accommodated in a mechanistic model that defines 
hormone action.5 Indeed, both DNA methylation and 
histone modifications have been shown to regulate lutein-
izing hormone receptor11 as well as inhibin α12.

FUNCTIONAL ANATOMY OF A GENE
Within the vast amount of DNA from each eukaryotic 
cell, it is currently estimated that there are approximately 
20,000 to 25,000 protein-coding genes in the human 
genome. Although Gregor Mendel called them particu-
late factors instead of genes in 1865,1 he clearly charac-
terized their essential attributes. Strictly defined, a gene 
is the region of DNA transcribed by RNA polymerase.1,5 
Regions of the transcribed gene found in mature mRNA 
are referred to as exons, short for expressed regions of 
DNA (Fig. 2-2). The precursor hnRNA exons are inter-
rupted by intervening sequences (introns) that are excised 
as the nascent transcript is processed to its mature form.

The region immediately upstream of the first tran-
scribed nucleotide is referred to as the 5′-flanking region 
(see Fig. 2-2).1,2,5 Within this region lies the promoter, 
which contains all the information necessary for specify-
ing the correct initiation of transcription and regulates 
the efficiency of transcription. Typically, the nucleotide 

where transcription begins is designated +1. Conse-
quently, most portions of a promoter are denoted by a 
negative numbering system of nucleotides, indicating the 
upstream positioning of the domain. Achieving accurate 
initiation of transcription is essential for ensuring con-
stancy of the reading frame used for translation of the 
transcribed mRNA. Modulating the efficiency of tran-
scription gives cells the capacity to produce more or less 
protein as the need arises.

Since a gene is typically defined as the region tran-
scribed by RNA polymerase, all transcribed regions 
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Figure 2-2 Functional anatomy of a gene. Regions of the structural 
gene that are retained in mature mRNA are known as exons, while the 
intervening sequences that are excised are called introns. The 5′ and 3′ 
sequences of all introns are conserved, encoding the splice donor (gt) 
and splice acceptor (ag), respectively. The region immediately upstream 
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cally located in the 5′-flanking region, allowing for the correct initiation 
and efficiency of transcription. The nucleotide where transcription be-
gins is designated +1.



192 CONTROL OF HORMONE GENE EXPRESSION

downstream of the +1 nucleotide fall within this func-
tional domain. Most genes encoding mRNA begin with 
a purine, either A or G (Fig. 2-3). However, defining the 
end of a gene transcribed by RNA polymerase II is more 
problematic. Unlike prokaryotic genes, there is no fixed 
site that specifies termination of transcription.1 Instead, 
posttranscriptional addition of a homopolymeric tail of 
adenine nucleotides (poly A) signifies the end of the pre-
cursor hnRNA that will be further processed to generate 
mature mRNA.1-5,13 The region of the gene that extends 
beyond the site of polyadenylation is referred to as the 
3′-flanking region.

In most mRNAs transcribed by RNA polymerase II, 
the start codon that specifies the beginning of the transla-
tion reading frame (ATG) is located between 5 and 100 bp 
downstream from the 5′-end of the transcribed mRNA.1,3 
Thus the region between the 5′-end of the mRNA and 
the translation start site is referred to as the 5′-untrans-
lated region. Similarly, the codon that defines the end of 
the translation reading frame (UAG, UAA, or UGA) is 
usually followed by a relatively long run of nucleotides 
before reaching the hexanucleotide sequence that defines 
the site for polyadenylation (see Fig. 2-3). This region is 
referred to as the 3′-untranslated region.

The processing of the precursor mRNA (hnRNA) will 
be described in more detail in a subsequent section (see 
the section entitled “Posttranscriptional Modification of 
mRNA”). However, before we treat this subject, it is use-
ful to note that the exact functional significance of introns 
remains unclear. In some cases, microRNAs (miRNAs) 
are produced from the intronic region of a gene (as dis-
cussed in the section entitled “RNAi Regulation of Gene 
Expression”). In other cases, some mRNAs can undergo 
alternative processing. When this occurs, a specific tran-
scribed segment can either be retained and act as an exon 
or can be excised and act as an intron. Introns that can 
act as exons when retained contain long open reading 
frames that encode a polypeptide fragment. The unique 

duality of this type of intron may allow for the shuffling 
of functional units to create families of related products 
from a single gene.1,3

FUNCTIONAL ANATOMY OF THE PROMOTER-
REGULATORY REGION
In general, a promoter contains two functional domains. 
The core region of the promoter is defined as the minimal 
5′-flanking region that is required for accurate initiation 
of transcription. The second promoter domain usually 
resides immediately upstream and contains one to several 
regulatory elements that regulate the level of transcription 
in various cell types and in response to extracellular sig-
nals. Since these elements are physically linked to the gene 
they regulate, they are referred to as cis-acting regulatory 
elements. However, the functionality of these elements 
emerges only on the binding of a specific transcription 
factor that is almost always encoded by a different gene. 
Hence, cis-acting elements bind trans-acting factors.

Transcription factors are modular and contain at least 
two functional domains: one that binds specifically to a 
given cis-acting element and one that directly or indirectly 
either influences correct initiation or modulates the efficiency 
of transcription. The boundaries of cis-acting elements are 
defined by the region of DNA that is actually contacted by 
the DNA-binding domain of a specific trans-acting factor 
and are usually less than 20 bp in length.1,2 Frequently they 
contain a core recognition sequence of 8 to 10 bp that is 
often palindromic,1,2 reflecting twofold symmetry of tran-
scription-factor binding as dimers composed of the same 
subunit (homodimers) or different subunits (heterodimers).

The core promoter usually consists of an initiator 
element (Inr) that encompasses the transcription start 
site and a TATA box that is typically located 25 to 35 
bp upstream of the transcription start site in higher 
eukaryotes and binds TATA-binding protein (TBP) (Fig. 
2-4).14,15 TBP is a key component of transcription factor 

Figure 2-3 Transcription by RNA polymerase II cre-
ates the template for protein synthesis. Messenger RNA 
is the single-stranded molecule that transfers the genetic 
information from DNA in the nucleus to the cytoplasm, 
where proteins are translated. Mature mRNA is “capped” 
by addition of 7-methylguanosine to the 5′ end through a 
triphosphate linkage formed between its 5′-hydroxyl and 
the 5′-hydroxyl of the terminal residue in the untranslated 
region (5′ UTR) of the initial transcript. The 3′ ends of 
growing transcripts are cleaved between the polyadenyl-
ation sequence and sequences rich in guanine and uracil 
found in the 3′ untranslated region (3′ UTR). Following 
this cleavage event, poly-A polymerase enzyme adds 200 
to 250 adenine residues. Both modifications of the mRNA 
confer mRNA stability, translational efficiency, and play 
a role in exportation of the mature mRNA from the nu-
cleus to the cytoplasm.
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(TF) IID, a general transcription factor that binds DNA in 
a sequence-specific manner.3,5,14 TBP binds in the minor 
groove of the DNA double helix and forms the founda-
tion of the preinitiation complex. Native TFIID is a large 
multi-subunit protein (>700 kD) consisting of TBP and at 
least eight TATA-associated factors (TAFs).14,15

Once TFIID binds, several other general transcrip-
tion factors follow in an ordered succession, forming an 
extremely large core transcription complex (see Fig. 2-4). 
TFIIA, composed of three subunits (14, 19, and 34 kD), 
binds TFIID and DNA upstream of TBP, although this 
event is not DNA sequence-specific.2,5,14 TFIIA stabilizes 
TFIID and causes a conformational change in TBP that 
may displace a negative component in the native TFIID.12 
TFIIB, a single 35-kD subunit, binds to and stabilizes the 
TFIID-IIA complex. TFIIF, consisting of two polypeptides 
(30 and 74 kD), forms a molecular bridge with TFIIB 
between RNA polymerase II (Pol II) and TBP.5,14 Both 
TFIIB and TFIIF appear to function in start-site selection. 
RNA polymerase II consists of 10 polypeptides, rang-
ing in size from 10 to 240 kD, the largest of which con-
tains an unusual carboxyl terminal domain (CTD) that 
is extensively phosphorylated.14,16 The unphosphorylated 
form of Pol II (Pol IIA) preferentially associates with the 
committed complex relative to the phosphorylated form 

(Pol IIO). TFIIE, which functions as a tetramer (two cop-
ies each of 34 and 56 kD subunits), binds TBP, TFIIF, 
Pol IIA, and TFIIH, the next protein to bind the growing 
complex.17 TFIIH (at least eight subunits totaling 200 to 
300 kD) is the only general transcription factor to show 
catalytic activity, including CTD kinase activity that is 
regulated by TFIIE.14,17 Additionally, TFIIH appears to 
function as a helicase and a DNA-dependent ATPase.14,17 
TFIIJ is the last factor to enter the preinitiation complex. 
Although it is known that TFIIJ is required, the function 
of this factor has not been characterized. It is the forma-
tion of this core transcription complex that determines 
the accurate initiation of transcription.

A newer player on the transcriptional scene is a com-
plex called Mediator. This complex is composed of 
up to 30 subunits in mammals and has been found to 
be involved with formation of the preinitiation com-
plex. It can function in the basal expression of genes, 
as well as in both activator-dependent transcription and 
the repression of transcription. Mediator is as critical 
for transcription as polymerase II itself. It binds to the 
unphosphorylated CTD of the largest subunit of RNA 
polymerase II and is thought to be involved during 
assembly of the preinitiation complex, either during the 
recruitment of Pol II, TFIID, and other general transcrip-
tion factors or by increasing the efficiency and rate of 
the preinitiation complex. Mediator disassociates from 
RNA polymerase II when the CTD becomes hyperphos-
phorylated, upon the start of transcriptional elongation. 
There are four distinct modules that make up the Media-
tor complex: the head, middle, tail, and CDK. It appears 
there is a core complex that enables additional compo-
nents to be added to allow for cell-specific changes to 
external signals.18 Mediator also has a functional role in 
chromatin remodeling. It has been shown to be involved 
in gene silencing of neuronal genes in extraneuronal cells 
by interaction with G9a histone methyl transferase and 
RE1 silencing transcription factor (REST).19 Transcrip-
tional initiation requires not only the core transcription 
complex but also the mediator complex and nucleosome-
modifying enzymes.

Although TFIID is capable of recognizing several non-
consensus TATA sequences, some promoters clearly lack 
a TATA box.2,20 This is especially true for promoters in 
some housekeeping genes such as the gene encoding an 
enzyme that catalyzes the formation of adenosine mono-
phosphate from adenine and phosphoribosylpyrophos-
phate.1 This protein acts as a salvage enzyme for recycling 
of adenine into nucleic acids. Preinitiation complex assem-
bly on these TATA-less promoters is mediated through 
the Inr, the consensus sequence of which is pyrimidine-
pyrimidine-A-N-T/A-pyrimidine-pyrimidine, A being the 
transcription start site at 1.20 In these cases, Pol II recog-
nizes and binds the Inr directly and nucleates the binding 
of the other factors in the preinitiation complex.21

One to several cis-acting elements are located in close 
proximity and 5′ to the TATA box (Fig. 2-5). These acces-
sory elements set the basal transcriptional tone of the pro-
moter by increasing the efficiency of transcription. The 
trans-acting factors that bind these elements are generally 
ubiquitous, including Sp1 and NF-Y, which bind GC-rich 
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Figure 2-4 Assembly of the basal transcription machinery. The first 
step in formation of the preinitiation complex is the recognition and 
binding of TFIID (TBP plus 8 TAFs) to the TATA box. The second step 
consists of the coupling of TFIIA to TFIID, stimulating and stabilizing 
TFIID binding. The third step involves TFIIB binding to either TFIID 
or the TFIID/TFIIA complex. Fourth is the association of the unphos-
phorylated form of RNA polymerase II (Pol IIA) with the growing com-
plex. The fifth step consists of the sequential binding of TFIIE, TFIIH, 
and TFIIJ to form the preinitiation complex. The sixth step involves 
the enzymatic activities of TFIIH allowing the phosphorylation of RNA 
polymerase II (Pol IIO), melting of the DNA duplex at the transcription 
start site, and the release of TFIIE, TFIIB, and two subunits of TFIIH. 
Finally, TFIIA and TFIID remain bound to the promoter while Pol IIO, 
TFIIF, and one subunit of TFIIH move to form the elongation complex.
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regions and CCAAT boxes, respectively.1,2,22 The binding 
of these factors to DNA results in protein-protein interac-
tions with the basal transcription machinery to increase 
or decrease transcription in a non–tissue-specific manner. 
Given the ubiquitous presence of factors such as Sp1 and 
NF-Y, it is not surprising that their corresponding cis ele-
ments are located on promoters of many genes, including 
housekeeping genes that provide basic functions needed 
for maintenance of all cell types.

Given their close proximity and direct interaction 
with the core transcriptional machinery, accessory ele-
ments are position and orientation dependent. This is in 
contrast to enhancers, another class of promoter regu-
latory elements (see Fig. 2-5), which are located farther 
upstream from 100 bp to several thousand bp or even 3′ 
to the gene they regulate.1-5 When assayed for activity by 
attachment to a heterologous core promoter, activities of 
enhancers display considerable distance, orientation, and 
position independence. Nevertheless, the trans-acting fac-
tors that bind this class of regulatory elements must also 
make contact with the core transcriptional machinery. 
Although the distance between an enhancer and TATA 
box may be considerable, this contact may occur through 
looping of the DNA.1-3

Enhancers represent a broad class of elements that are 
capable of binding a variety of transcriptional factors. 
Some of these are tissue or cell specific and thus confer 
this property to the promoter they regulate. In addition 
to increasing transcription, enhancers can also repress 
transcription, depending on the nature of the protein they 
bind. While some enhancers act alone, others are rep-
resented by tightly packed arrays of cis-acting elements 
and are designated as composite enhancers.1 In fact, it is 

not uncommon to find that tissue- or cell-specific expres-
sion is determined by the concerted action of composite 
enhancers that bind both ubiquitous and tissue- or cell-
specific proteins.

In addition to housing elements that determine basal 
transcriptional tone and spatially restricted expression, 
promoter regulatory regions also contain cis-acting ele-
ments that confer responsiveness to a wide variety of 
homeostatic agents, such as hormones, and to an equally 
wide array of environmental cues and insults. These ele-
ments are referred to as response elements. Like the ele-
ments noted earlier, response elements can bind proteins 
that are either ubiquitously expressed or have relatively 
cell-type–specific expression. One such inducible factor, 
presumably activated by stress, is the heat shock tran-
scription factor (HSTF) that binds heat shock elements 
(HSEs).1 Normally, this factor exists in cells but is inac-
tive. When cells are insulted by a sudden increase in tem-
perature, HSTF becomes active and binds HSEs located 
in the promoters of genes that encode proteins. This aids 
in cell survival at higher temperatures. Later in the chap-
ter, we will explore how hormones bind response ele-
ments and either induce or repress transcription of the 
genes they regulate (see the section entitled “Hormonal 
Control of Gene Expression”).

TRANSCRIPTION: CREATING THE TEMPLATE  
FOR PROTEIN SYNTHESIS
Although DNA is the genetic material, it does not func-
tion as the scaffold for protein synthesis. Messenger RNA 
is the single-stranded intermediate molecule that transfers 
the genetic information from DNA in the nucleus to the 
cytoplasm, where it serves as a template in the forma-
tion of polypeptides. RNA is quite similar in structure 
to DNA; in fact, a single strand of RNA can even form 
a double-stranded hybrid helix with a DNA strand. 
One minor difference between RNA and DNA involves 
the pentose sugar of RNA.1,2 It contains an additional 
hydroxyl group (ribose as opposed to deoxyribose). In 
addition, uracil (U) replaces T in RNA. Despite these 
subtle differences, organisms have evolved mechanisms 
allowing for a smooth transition from DNA to RNA 
through transcription.

Transcription is the first step in which genetic informa-
tion is converted from DNA into RNA and proteins. It 
is also the major point at which gene expression is regu-
lated. A eukaryotic gene can be classified on the basis of 
the enzyme that drives its transcription. RNA polymerases 
are multisubunit enzymes that synthesize RNA using a 
DNA template. The most active of the RNA polymerases 
is RNA polymerase I, which resides in the nucleolus and 
is responsible for transcribing genes encoding ribosomal 
RNA (rRNA), a major component of ribosomes.1,3,5 
RNA polymerase II, or Pol II, as mentioned earlier, is 
also a highly active nuclear enzyme that is responsible for 
synthesizing hnRNA, a precursor to mRNA.1,3,5 The final 
RNA polymerase, RNA polymerase III, transcribes trans-
fer RNA (tRNA), an adapter molecule involved in trans-
lation. This chapter will remain focused on genes whose 
expression is transcribed by Pol II.
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Figure 2-5 Functional anatomy of the promoter-regulatory region. 
The core region of the promoter, defined as the minimal 5′-flanking re-
gion required for accurate initiation of transcription, is typically made 
up of the initiator element (Inr), which encompasses the transcription 
start site, and a TATA box. The second domain resides in close proxim-
ity to the core promoter and contains one to several accessory elements 
that modulate the efficiency of transcription. Enhancers are another 
class of promoter regulatory elements that are usually located further 
upstream from the gene to which they regulate. Contact between trans-
acting factors that bind enhancers, accessory elements, and the basal 
transcription machinery occurs through looping of the DNA. All tran-
scription factors that bind regulatory elements contain a domain that 
binds specifically to a given cis-acting element and another domain that 
directly or indirectly influences transcription.
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POSTTRANSCRIPTIONAL MODIFICATION OF mRNA
During synthesis, immature mRNAs are covalently modi-
fied at both their 5′ and 3′ ends (see Fig. 2-3). Almost 
immediately following initiation of precursor mRNA 
synthesis, the 5′ end of the molecule is “capped” by addi-
tion of a methylated guanosine.1,3,5 7-Methylguanosine is 
attached through a triphosphate linkage formed between 
its 5’-hydroxyl and the 5’-hydroxyl of the terminal resi-
due in the initial transcript. This cap plays a role in 
nuclear transport of the mRNA. Additionally, the 5′ cap 
is essential for most mRNA translation because it facili-
tates binding of the translation machinery to the 5′ end of 
the mRNA.1,3 This modification also protects the fragile 
mRNA from degradation as the unique 5′ to 5′ phospho-
diester bond of the cap makes it intrinsically resistant to 
general ribonucleases.23

The 3′ ends of growing transcripts are cleaved at a 
point 10 to 30 bases downstream of the polyadenylation 
signal sequence, AAUAAA (see Fig. 2-3). This sequence is 
found in nearly all eukaryotic mRNAs and is one of the 
most conserved elements known.1,3,5,13,24 Other elements, 
containing GUGU and UUUCU sequences, are located 20 
to 40 bases downstream of the cleavage site. Immediately 
following cleavage of the nascent transcript, poly-A poly-
merase enzyme adds 200 to 250 adenylate residues.1,13,24 
Like the 5′ cap, this modification confers mRNA stabil-
ity, promotes mRNA translational efficiency, and plays 
a role in mature mRNA export from the nucleus to the 
cytoplasm.1,3,24

Many mRNA precursors in the nucleus are much larger 
than their cytoplasmic mRNA counterparts associated 
with ribosomes. Excision of the intronic, or noncoding, 
sequences (Fig. 2-6) is the most significant modification 
that mRNA undergoes before the mature form is trans-
ported to the cytoplasm. Each intron contains conserved 
sequences at the 5′ and 3′ ends, known as the splice donor 
(GU) and acceptor (AG), respectively.1,3,5 An array of 
small ribonucleoproteins and associated nuclear proteins 
form a complex known as the spliceosome, which recog-
nizes the ends of the intron and brings them together.1,3,5 
The immature mRNA is cleaved immediately upstream of 
the splice donor at the 5′ end of the intron, and the termi-
nal G covalently links to an A found near a pyrimidine-
rich region that precedes the splice acceptor, forming 
a lariat structure.1,3,5 The lariat is cleaved immediately 
downstream of the splice acceptor, and the intron is rap-
idly degraded while the adjacent two exons are joined 
together.

Alternative splicing of precursor mRNAs is a common 
mechanism whereby cells exploit the splicing mechanism 
to generate multiple related proteins from a single gene.25 
Once thought to be an exception to the rule (one gene, 
one protein), alternative splicing is now estimated to 
occur in at least 1 of every 20 genes.25 One example of a 
single gene that is alternatively spliced is α-tropomyosin, 
which encodes seven tissue-specific variants of the mus-
cle protein that associates with actin in the rat.3,5 This 
gene consists of “constitutive” exons that are found 
in all transcripts of the gene, “cell-specific” exons that 
appear only in transcripts produced in certain tissues, 

and exons that show variable expression. The mecha-
nism of splice site selection and the interaction between 
multiple cis-acting elements and corresponding protein 
factors during these alternative splicing events remain 
to be determined. Another type of alternative process-
ing involves the inclusion or removal of various intronic 
sequences. Such is the case for the bovine growth hor-
mone gene, in which the last intronic sequence may be 
retained in a fraction of mRNA and transported to the 
nucleus, allowing for production of a variant form of the 
hormone.26-29 Additionally, the use of alternative poly-
adenylation signals from a single transcript increases the 
diversity of its biological responses, as with the hormone 
calcitonin, which is produced in the thyroid gland, and 
calcitonin gene-related peptide, which is produced in the 
hypothalamus.2,24,27,30,31 Both hormones are the products 
of a single gene that undergo alternative processing and 
polyadenylation of its RNA transcript.

TRANSLATION: REGULATED PROTEIN BIOSYNTHESIS
Transport of mature mRNA from the nucleus to the cyto-
plasm requires an export competent mRNA resulting 
from modifications that are bridged between transcription 
and posttranscriptional events. Production of an export 
competent mRNA creates a checkpoint to ensure that 
protein coding messages exit out of the nucleus through 
a nuclear pore32,33. Nucleotides present in this mature 
mRNA carry the genetic message that determines the 
specific amino acid sequence composing a protein. Each 
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Figure 2-6 Splicing is a posttranscriptional modification of mRNA. 
Splicing involves the excision of intronic sequences from the mRNA be-
fore the mature form is transported to the cytoplasm. Immature mRNA 
is cleaved immediately upstream of the splice donor (GU) at the 5′ end 
of the intron, and the terminal G nucleotide covalently links to an A 
residue found near a pyrimidine-rich region near the 3′ end of the in-
tron, forming a lariat structure. A large array of small ribonucleopro-
teins and associated nuclear proteins identified in the box to the left 
form a complex known as the spliceosome, which recognizes the ends of 
the intron and brings them together. This lariat is cleaved immediately 
downstream of the splice acceptor (AG), and the adjacent two exons are 
joined together while the intron is degraded.
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amino acid is represented in the mRNA by a sequence of 
triplet nucleotides called codons, which are arranged in 
a contiguous reading frame. The first codon, or “start” 
codon, in mRNA is usually AUG. It encodes methionine 
and is most often used to initiate translation. The 3′ end 
of the reading frame contains one or more specific “stop” 
codons, serving as signals to terminate extension of the 
polypeptide chain.2

Amino acids are delivered to the mRNA via an adapter 
molecule, the cloverleaf-shaped tRNA. Each tRNA con-
tains a trinucleotide sequence, an anticodon, complemen-
tary to the codon sequence of the amino acid to which it 
is covalently linked. The anticodon allows each tRNA to 
recognize the appropriate codon sequence in the mRNA 
through complementary base pairing, which occurs in 
conjunction with ribosomes. Ribosomes are compact 
ribonucleoproteins comprising two subunits (40S and 
60S) whose mass consists primarily of rRNAs that con-
trol the recognition between a codon of mRNA and the 
anticodon of tRNA.1 Protein synthesis requires synchro-
nized involvement of all the above-listed RNA species and 
is generally considered in three stages: initiation, elonga-
tion, and termination.

To initiate eukaryotic protein synthesis, the ribo-
some must first bind to the mRNA, forming the initia-
tion complex and delivering the first amino acid. This 
step usually determines the rate of synthesis of a given 
protein.1,3 In cap-dependent translation, binding of the 
ribosome 40S subunit to the mRNA requires the pres-
ence of methionine-tRNA and several initiation factors, 
including proteins that recognize the 5′ methylated cap on 
mRNA. Once bound, the 40S subunit migrates along the 
mRNA until it identifies the start codon, as well as a con-
served sequence around the initiation codon, GCC(A/G)
CCAUGG.1,3,5 When the 40S subunit is joined by the 60S 
subunit, ribosome binding is stabilized at the initiation 
site. Cap-independent translation occurs at an internal 
ribosome entry site (IRES). This site is located internally 
within the 5’ region and allows for ribosomes to bind at 
the site rather than first scanning from the 5’ end after 
recognition of the methylated 5’ cap.

The elongation phase of protein synthesis begins once 
the complete ribosome is formed at the start codon. Ribo-
somes have two sites for tRNA binding. Peptidyl-tRNA, 
the most recent addition to the nascent polypeptide chain, 
occupies the P (or donor) site, and aminoacyl-tRNA, the 
next amino acid to be added, enters the A (or acceptor) 
site.1,5 Constituents of the ribosomal 60S subunit cata-
lyze peptide bond formation when the polypeptide chain 
carried by the peptidyl-tRNA is transferred to the amino 
acid carried by the aminoacyl-tRNA. After the bond 
forms, a deacetylated tRNA devoid of an amino acid 
occupies the P site, and a peptidyl-tRNA now occupies 
the A site, while the peptide chain has increased in length 
by one amino acid. The ribosome translocates, advancing 
three nucleotides and moving the deacetylated tRNA out 
of the ribosome by expelling it directly into the cytosol; 
the new peptidyl-tRNA moves into the P site, while the 
next codon lies in the A site, waiting for the appropriate 
aminoacyl-tRNA to enter. An elongation factor mediates 
entry of the next aminoacyl-tRNA to the A site.1,5

The final stage of translation is termination, which 
encompasses the steps necessary to release the completed 
polypeptide chain from tRNA and allow for dissociation 
of the ribosome from mRNA. Three stop or termination 
codons, UAG, UAA, and UGA, known as amber, ochre, 
and opal, respectively, do not encode an amino acid but 
function to end protein synthesis.3,5 These codons are rec-
ognized directly by protein factors that signal the termi-
nation of protein synthesis, which involves the release of 
the completed polypeptide from the last tRNA. This reac-
tion is analogous to the peptidyl-tRNA transfer, except 
that water enters instead of the aminoacyl-tRNA. Follow-
ing termination and release of the polypeptide, the ribo-
some must be released from the mRNA, allowing for the 
recycling of posttermination complexes. This occurs as a 
result of contributions by the factors eIF3, eIF1, eIF1A, 
and eIF3J.34 In this model, eIF3, along with eIF3J, eIF1, 
and eIF1A, separate posttermination ribosomes into 60S 
subunits and tRNA- and mRNA-bound 40S subunits. 
This is followed by the release of P-site deacylated tRNA 
by eIF1, followed by eIF3J mediating the dissociation of 
mRNA.

Translation rates can be regulated by various fac-
tors including hormones. For example, gonadotropin-
releasing hormone (GnRH) treatment has been shown to 
increase cap-dependent translation in gonadotrope cells 
that produce luteinizing hormone35.

POSTTRANSLATIONAL MODIFICATIONS
Many secreted peptide hormones are biosynthesized as 
larger precursor species.5,31 These precursor species are 
converted by proteolytic processing to a final hormone, 
as is the case for the biosynthesis of parathyroid hormone 
(PTH). Pre-pro-PTH, an initial product of synthesis by 
ribosomes, is converted to pro-PTH during polypeptide 
transport into the cisterna of the rough ER. The function 
of the “pre-” sequence that is cleaved is to facilitate the 
insertion of the nascent peptide into the membrane of the 
rough ER. The resulting pro-PTH is further cleaved by 
another specific peptidase to form PTH, the mature form 
of the hormone, which is packaged into secretory gran-
ules in the parathyroid gland.27

As mentioned earlier, alternative splicing allows an 
exception to the “one gene, one protein” hypothesis in 
molecular biology, since more than one transcript can be 
derived from a single gene. Another exception to this rule 
is found in the pathway of gene expression and protein 
biosynthesis—that is, alternative protein processing, a 
process by which a single gene is transcribed into a sin-
gle mRNA and translated into a large precursor protein 
molecule that is fragmented into several functional units. 
Pro-opiomelanocortin (POMC) undergoes this type of 
posttranslational processing.

Corticotroph cells of the anterior lobe of the pituitary 
gland, melanotroph cells of the intermediate lobe, and 
specific loci of the brain synthesize the precursor glyco-
protein molecule known as POMC. However, process-
ing of the pro-poly-hormone varies, depending on its 
cellular site. In the anterior lobe, the majority of POMC 
is processed to adrenocorticotropic hormone (ACTH), 
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β-lipotropin, γ-lipotropin, and β-endorphin.27,31 Pro-
cessing of POMC is different in the intermediate lobe of 
the pituitary gland, where peptide bonds in the ACTH 
sequence are broken to produce mainly α-melanocyte-
stimulating hormone (α-MSH) and a corticotropin-like 
peptide called CLIP. In the brain, the major products are 
ACTH, β-endorphin, and α-MSH.27,31

Many newly synthesized polypeptides undergo major 
modifications as they mature to functional proteins: for-
mation of disulfide bonds; protein folding, including 
possible formation of multichain proteins; proteolytic 
cleavage; and addition and modification of carbohydrates, 
phosphates, and lipids. All of these events are regulated 
functions, although the magnitude of their importance is 
variable.31

Ghrelin, a hormone found in gastric extracts, modu-
lates food intake and functions as a growth hormone–
releasing peptide as well as having many other functions. 
It is subject to both alternative splicing and posttransla-
tional modifications, including acylation. Multiple tran-
scripts and peptides exist, which produce ghrelin, desacyl 
ghrelin, and obestatin, as a result of different splicing 
or processing events. Obestatin has been suggested to 
oppose the action of ghrelin on increasing food intake, 
although there is conflicting evidence as to the presence 
of circulating obestatin in the human body.36

Another mode of regulation is the unfolded protein 
response (UPR) pathway in the ER that adjusts the syn-
thesis capacity of the ER relative to the amount of pro-
tein needed and keeps a check on the amount of proteins 
that are misfolded. If too many proteins are unfolded 
due to cell stresses, the pathway will signal for the cell 
to undergo apoptosis. Recently, GnRH was shown to 
have an effect on the UPR of gonadotrope cells ensur-
ing appropriate protein synthesis, a result of the increase 
in demand for hormone secretion that comes from treat-
ment with GnRH37.

REGULATED SECRETION OF PROTEINS
Translation occurs free in the cytosol unless there is a 
signal sequence that directs its synthesis elsewhere. The 
sequence of many proteins begins with approximately 20 
amino acids that function as a signal sequence, target-
ing the protein to its proper destination within the cell. 
For example, the signal sequence of secretory proteins, 
which is composed mostly of hydrophobic amino acids, 
is bound by a complex of ribonucleoproteins called the 
signal recognition particle (SRP). The SRP directs ribo-
some attachment to an SRP receptor site on the cytosolic 
face of the ER. As the newly synthesized protein enters 
the cisternal space of the ER, a complex of five proteins 
(i.e., the signal peptidase) cleaves off this signal sequence 
as translation of the protein continues. In essence, the cell 
utilizes signal sequences as a general mechanism to dis-
patch proteins to specific sites.1,5,27,31

Many proteins leave the ER wrapped in transport 
vesicles, budded from the transitional ER, to the cis face 
of the Golgi apparatus, which modifies and/or stores 
proteins until they are eventually shipped to the cell sur-
face or other destinations. Mature proteins exit the trans 

faces of Golgi within the lumen of budding membranous 
vesicles that eventually fuse with the plasma membrane, 
allowing for protein secretion.1,31 The stored polypep-
tides remain in these vesicles, the secretory granules, 
until the appropriate extracellular signals (e.g., interac-
tion of a hormone with cellular membrane receptors) 
produce secondary and tertiary messengers that trigger 
the release of such stored proteins. Such signals may 
activate specific intracellular kinases that phosphorylate 
other proteins within the cell, which then interact with 
the secretory granules to participate in release of their 
stored contents.1,27,31

RNAI REGULATION OF GENE EXPRESSION
An emerging field of study proving to change the way 
gene expression is viewed is the discovery of increasing 
numbers of small RNA molecules capable of regulating 
gene expression. As has been covered in a review by Wil-
son and Doudna, 30% of human genes are targets for 
greater than 1000 miRNAs produced from potentially 
5% of the genome38. miRNAs can regulate gene expres-
sion by degrading transcripts, inhibiting translation, or 
modifying chromatin. Some of these small RNA mole-
cules are produced from introns of genes, whereas oth-
ers are located within the genome in clusters with other 
miRNAs.

The production of miRNAs first begins with the tran-
scription of the primary miRNA (pri-miRNA) by RNA 
polymerase II, followed by polyadenylation and cap-
ping of the often several-kilobases-long transcript (Fig. 
2-7). This pri-miRNA is then processed by Drosha and 
DGCR8 to produce the stem-loop precursor miRNA (pre-
miRNA), which is then transported into the cytoplasm 
from the nucleus by way of the Ran-guanosine triphos-
phate (GTP)–dependent nuclear transmembrane protein 
Exportin 5. In the cytoplasm, the small RNA molecule is 
further processed by an enzyme called Dicer to produce 
a small, double-stranded miRNA. Strand selection then 
occurs as one strand binds to Argonaute, part of the RISC 
complex, while the other strand is discarded. The final 
miRNA consists of only one of these strands, owing to 
the degradation of the other strand.38-40

These mature miRNAs then function to degrade a 
specific mRNA, cause deadenylation of a particular tran-
script, or repress translation. To repress translation, it is 
hypothesized that the miRNA imperfectly complements 
the mRNA, thus resulting in the repression, whereas deg-
radation of mRNA is proposed to occur by the perfect or 
near-perfect base pairing of siRNA with the transcript, 
resulting in the cleavage of the mRNA, also known as 
RNA interference (RNAi).39 Translational repression has 
been found to occur first before deadenylation and decay 
of the transcript in at least one instance41. In a differ-
ent case, miRNAs have been found to actually upregu-
late translation upon cell-cycle arrest, even though they 
repress translation in proliferating mammalian cells.42 
miRNAs regulate the insulin-signaling pathway in the 
mouse by modulating IrsI, a vital mediator in the meta-
bolic pathway, and RasaI and Grb2, players in connect-
ing the insulin and Ras pathways.43 Another miRNA has 
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been found to target production of myotropin protein, 
a protein that induces exocytosis of insulin granules,44 
thereby regulating the release of insulin.

HORMONAL CONTROL OF GENE EXPRESSION
From this general overview, it is clear that there are mul-
tiple potential sites of hormone regulation as information 
flows from the gene to the secretory granule during poly-
peptide biosynthesis. However, only the regulation of 
transcription initiation is common to all hormones. For 
example, polypeptide hormones regulate transcription 
and secretion. In contrast, steroid hormones generally 
regulate transcription but not protein secretion. There-
fore, this section will focus on this one property that is 
common to the action of all hormones.

All hormones act on distant cellular targets.31 To regu-
late transcription, hormones must transduce their signals 
from outside the cell to the nucleus and ultimately to a set 
of specific gene targets (Fig. 2-8). All hormone-respon-
sive cells must harbor a receptor that is specific for the 
incoming hormone. Additionally, all hormone-responsive 
genes must contain a specific hormone response element 
(RE) that binds a cognate DNA-binding protein. Tran-
scription factors that interpret the hormone signal can 
be regarded as a subclass of DNA-binding proteins that 
regulate transcription. Thus they contain at least two 
modular domains shared by all transcriptional factors: a 
DNA-binding domain and a domain required for tran-
scriptional activation.

All polypeptide and peptide hormones, along with 
some biogenic amines such as epinephrine and norepi-
nephrine, bind receptors that reside on the cell surface 
(see Fig. 2-8).31 Since these hormones cannot enter cells 
to initiate their biologic actions, they instead rely on 
an indirect mechanism for communicating with their 
hormone-responsive DNA-binding proteins. The signal 
transduction event begins when this class of hormones 
binds their cell-surface receptors with great specific-
ity and high affinity. Binding induces a conformational 

change in the receptor that converts it from an inactive 
to active state.1,2,5 The activated receptor directly or indi-
rectly activates or inhibits a cascade of molecular effec-
tors that culminates in the posttranscriptional activation 
of a specific hormone-responsive DNA-binding protein.

There are four general classes of cell-surface hormone 
receptors. The first types of cell-surface receptors are in 
fact effectors, since binding of agonist directly activates 
the effector function.31,45 Enzymatic function is activated 
when the ligand binds to the receptor, as exemplified by 
the epidermal growth factor and insulin receptors, which 
are tyrosine kinases.31,45 However, cytokine receptors, 
such as the growth hormone and prolactin receptors, do 
not have intrinsic kinase activity but can activate intracel-
lular kinases.37 Another family of receptors with intrinsic 
enzymatic activity on ligand binding is the serine/threo-
nine kinase receptor class, which binds transforming 
growth factor-β and related proteins.45

There are also activated receptors that couple through 
GTP-binding regulatory proteins to activate effectors. 
These receptors, known as G protein–coupled recep-
tors, include receptors for epinephrine, thyroid-stim-
ulating hormone, and glucagon.31,45 These membrane 
receptors, when bound by agonist, lead to increases 
in intracellular second messengers such as adenosine 
3′,5′-monophosphate (cyclic adenosine monophosphate 
[cAMP]), phosphoinositides, diacylglycerol, and cal-
cium.45 This signaling triggers serine kinase cascades 
and phosphorylation of resident nuclear transcription 
factors, leading to activation and/or inhibition of gene 
transcription.

Generally, DNA-binding proteins that transduce sig-
nals from polypeptide hormones retain their binding 
specificity in the absence of hormone. Thus signal trans-
duction along this pathway generally involves a series of 
kinases that lead to the phosphorylation and subsequent 
activation of the target transcription factor. Examples 
of hormone-responsive DNA-binding proteins include 
members of the bZip family of transcription factors: 
cAMP response element binding protein (CREB) and 

Figure 2-7 Processing must occur to form a function-
al mature miRNA. This begins with the processing of 
pri-miRNA into pre-miRNA by Drosha and DGCR8. 
The pre-miRNA molecule is transported by Exportin 5 
out of the nucleus to the cytoplasm, where it is further 
processed by Dicer, followed by degradation of one of 
the strands to form the mature miRNA molecule. The 
miRNA molecule then goes on to bind to complemen-
tary transcript sequences that either inhibit translation or 
cause degradation of the mRNA transcript.
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c-Jun/c-Fos in the protein kinase A and C signaling sys-
tems, respectively.5,46,47

Though necessary, activation of the transcription fac-
tor is often not sufficient for subsequent transduction of 
a signal that requires communication with components 
of the downstream core transcription complex. A large 
nuclear “integrator” provides the bridge serving to func-
tionally integrate the signal from the hormone-responsive 
transcription factor to the basal transcription complex 
(see Fig. 2-8). One of these integrators, known as CREB-
binding protein (CBP), belongs to a distinct subclass of 
transcription factors, known as coactivators, that do not 
bind directly to DNA but bind to other proteins that bind 
DNA.48 CBP was originally identified as a coactivator 
of the transcription factor CREB. However, CBP and its 
homologue p300 have multiple domains that are capa-
ble of interacting with the transactivation domains from 

several different hormone-responsive DNA-binding pro-
teins. In fact, an array of transcription factors are able to 
form stable physical complexes with, and respond to the 
coactivating properties of CBP/p300, including CREB, 
MyoD, c-Jun, c-Fos, c-Myb, NF-kB, nuclear receptors, 
and numerous others.48,49 The p300 and CBP integrators 
bind multiple factors simultaneously with their protein-
binding domains and assist in the “recruitment” of basal 
transcription machinery as well as other coactivators. 
CBP/p300 also has domains that are required for inter-
acting with members of the core-transcription complex.

Multiple coactivators have been identified, including 
the integrator, defined as a protein that interacts with 
the DNA-bound transcription factors and the basal tran-
scription machinery, forming a functional connection 
between the two to enhance transcription.49-51 Besides 
this bridging function, CBP/p300 has intrinsic histone 
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Figure 2-8 Steroid and peptide hormone control of gene expression. Free steroid hormones diffuse through the cellular membrane and associate 
with the ligand-binding domain (LBD) of intracellular nuclear receptors found in the cytoplasm, causing phosphorylation of the receptor, dissociation 
of several receptor-associated proteins, and exposure of a cysteine-rich zinc-finger DNA-binding domain (DBD). This “activated” receptor, which 
is itself a transcription factor, translocates to the nucleus and binds specifically to its cognate hormone response element (HRE). The transcription 
factor typically associates with the CBP integrator indirectly via an additional coactivator, such as steroid coactivator-1 (SRC-1), that binds both 
the activation domain (AD) of the steroid receptor and a glutamine-rich region in CBP. In contrast, some steroid hormones function through the 
binding of corepressors that interact with extrinsic factors, including histone deacetylases that function to tighten the chromatin structure, providing 
a barrier to transcription by making nucleosomes more stable. Peptide hormones, on the other hand, bind receptors (R) located on the cell surface, 
inducing a conformational change in the receptor that converts it to an active state. This starts a signal transduction cascade, culminating in the post-
transcriptional activation of a specific hormone-responsive DNA-binding protein, which binds to specific response elements (RE) in the 5′-flanking 
region of the promoter from the hormonally responsive gene. The CBP integrator has intrinsic histone acetyltransferase (HAT) activity, which acts 
to relieve the nucleosome barrier to transcription, providing the bridge to functionally integrate the signal from the transcription factor to the basal 
transcription complex.
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acetyltransferase activity and the capacity to interact with 
extrinsic histone acetyltransferases.7,48-50,52 As histones 
become hyperacetylated, they dissociate from DNA and 
generate a more open chromatin structure that allows for 
increased transcription.5,7,53 In addition to these critical 
roles, CBP/p300 can also acetylate transcription factors 
directly, which may result in stimulation of their DNA-
binding activity. Indeed, a rich network of communica-
tion encompassing various signaling pathways results in 
abundant molecular cross-talk. Additionally, increasing 
evidence indicates that this integrator molecule appears 
to transduce signals from virtually all steroid and poly-
peptide hormones studied to date.

In contrast to polypeptide hormones, steroids are 
hydrophobic molecules that usually circulate in the serum 
bound with low affinity to nonspecific carrier proteins. 
Because steroid hormones are lipophilic, free hormone 
can easily diffuse through the cellular membrane and bind 
with high affinity to intracellular nuclear receptors that are 
themselves transcription factors (see Fig. 2-8).31,49 These 
nuclear receptors are members of a superfamily of func-
tionally and structurally related transcription factors that 
have a third domain required for ligand-specific binding 
(LBD). Indeed, steroid hormone receptors were among 
the first transcription factors to be cloned and character-
ized. Members of this superfamily include receptors for 
steroid hormones such as estrogen, androgens, proges-
terone, glucocorticoids, and aldosterone, as well as hor-
monal forms of vitamins A and D, thyroid hormone, and 
others, many of which have not yet been identified.31,49

Unlike the DNA-binding proteins that transduce the 
signal from polypeptide hormones, most of the members 
of the nuclear receptor family reside in the cytosol in the 
absence of hormone (see Fig. 2-8). Initiation of the hor-
mone response is triggered on the noncovalent, reversible 
association of the steroid receptor with its ligand.5,31,51,54 
Generally, steroid receptors become phosphorylated, and 
several receptor-associated proteins, including heat shock 
protein 90, are dissociated.55 This “activated” receptor 
translocates to the nucleus via a nuclear localization sig-
nal.5,31 A cysteine-rich zinc-finger DNA-binding domain 
permits the ligand-occupied steroid receptor to bind spe-
cifically to its cognate hormone RE.5,31,54

Nuclear receptors can be subclassified according to 
the sequence and spatial relationship of the cis-acting ele-
ments to which they bind. These steroid hormone REs 
are organized as two partially palindromic half-sites that 
are separated by a specific number of nucleotides.49,54 For 
example, the consensus glucocorticoid (G) RE is AGAA-
CAnnnTGTTCT, where the three “n” bases can be any 
nucleotide, but the spacing is invariant. The configuration 
of other hormone REs is quite similar to that of the GRE, 
but slight variations in sequence, orientation, and spac-
ing between the half-sites allows for specificity of receptor 
binding. Alteration of these sequences may result in loss 
of hormonal responsiveness.

In contrast to the hormone-responsive DNA-binding 
proteins that mediate the action of polypeptide hor-
mones, ligand-occupied steroid receptors, although 
capable of interacting directly with the integrator CBP 
molecule, typically exhibit an indirect interaction through 

the bridging of additional cofactors (see Fig. 2-8).49,50 
These nuclear receptor coactivator proteins, which func-
tionally link the hormone-responsive DNA-binding pro-
tein to the integrator, do not bind directly to DNA but 
instead bind specifically to the transactivation domains 
of the hormone-responsive DNA-binding proteins and to 
specific domains found within CBP.49,51 The yeast two-
hybrid system and Far Western blotting have been used 
to identify several cofactor proteins that interact with 
members of the nuclear receptor superfamily.50,51 The 
first functional coactivator, steroid receptor coactivator-1 
(SRC-1), appears to be a general enhancer of transactiva-
tion of steroid hormone–dependent target genes.49,51 Sub-
sequently, many more coactivators have been identified, 
including other SRC family members56,57 and TRAPs/
DRIPs.58,59 CBP functionally interacts with the steroid 
hormone receptor coactivators to synergistically enhance 
transcription of steroid hormone–responsive genes.

The activity of some members of the nuclear receptor 
superfamily is not regulated by coactivators but rather 
is regulated through relief of tonic inhibition by core-
pressors.50 For example, in the absence of thyroid hor-
mone, thyroid hormone receptors repress transcription 
of many genes; and in the presence of thyroid hormone, 
thyroid hormone receptors activate transcription of those 
same genes.51,60,61 In the unliganded state, thyroid hor-
mone receptors interact with one of several corepressor 
proteins. These proteins interact with extrinsic factors, 
including histone deacetylases, which function to tighten 
chromatin structure; thus nucleosomes become more sta-
ble and provide a barrier to transcription. The binding of 
thyroid hormone to the thyroid hormone receptor elicits 
a conformational change that causes the release of the 
corepressor and recruitment of coactivator proteins.

Although the mechanism by which steroid and pep-
tide hormones ultimately regulate transcription is similar, 
polypeptides work through second messengers, whereas 
generally, steroid hormones directly activate the target 
DNA-binding receptors (see Fig. 2-8). Consequently, 
much higher concentrations of steroid hormones are 
required to achieve a transcriptional response, since there 
is no amplification of the hormonal signal. For example, 
a single polypeptide hormone can interact with a recep-
tor on the cell surface. Each activated receptor in turn 
can interact with several downstream effectors. Each acti-
vated effector generates a large number of second messen-
gers, which activate protein kinases. Each protein kinase 
may phosphorylate and thereby activate other enzymes, 
producing a large number of product molecules contrib-
uting to the cellular response. In contrast, each steroid 
receptor must be bound by ligand to elicit the active con-
formation of each individual trans-acting factor.

It has long been suspected that many steroids have 
another mechanism of action, since some rapid responses 
cannot be explained by intracellular receptors functioning 
as transcription factors.62 One exception to the genomic 
actions of steroid receptors and their family members that 
has recently been uncovered is the existence of cell-sur-
face estrogen receptors that have been shown to stimulate 
intracellular signaling events on ligand binding.63 This 
suggests that estrogen can function much like peptide 
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hormones at cell-surface receptors and that estrogen may 
perform transcription-independent functions.64

Although focus has been directed to events occurring 
at the gene transcriptional level, it is evident that other 
sites of the protein synthesis pathway may be points at 
which hormone regulation may occur. For example, 
estrogen has been shown to stabilize chicken liver vitello-
genin mRNAs, and prolactin has been shown to increase 
the half-life of casein mRNAs in breast tissue. RNA 
splicing may also be hormonally regulated. In addition 
to tissue-specific RNA-splicing events that have already 
been described, it is possible that such processes are hor-
monally regulated, not only to yield different mRNAs by 
alternative exon and polyadenylation site choice, but also 
to alter the expression of one versus another mRNA by 
alternative promoter choice. Estrogen has many effects 
on cells and has been found to alter expression of vari-
ous miRNAs in zebrafish.65 In addition, it is possible that 
transcription elongation and termination may be other 
foci for hormonal regulation. Furthermore, translation 
and protein processing are also likely to be hormonally 
regulated.

FUNCTIONAL GENOMICS AND PROTEOMICS
Great advances have been made with the passing of the 
Industrial and Computer Revolutions. The next great 
era, the Genomics Revolution, is upon us.66 The term 
genome, first used by Hans Winkler in 1920, was created 
by merging the words gene and chromosome and refers 
to an organism’s complete set of chromosomes and their 
genes.67 The term genomics was coined much later (1986) 
by Thomas Roderick to describe the scientific discipline 
of mapping, sequencing, and analyzing genomes and was 
consequently the namesake for a scientific journal that 
was initiated at that time, Genomics.67,68 In essence, the 
goal of genomics is to make biological and functional 
sense of raw genetic information.

Structural genomics represents an initial phase of 
genomic analysis that is the construction of a high-reso-
lution genetic map of an organism. The Human Genome 
Project (HGP), which emerged in 1990, was a coordi-
nated effort to characterize all human genetic material by 
determining the complete sequence of the human genome 
using Sanger sequencing. The year 2003, which com-
memorated the fiftieth anniversary of the discovery of 
the double-helical structure of DNA,69-71 marked another 
landmark event: completion of a high-quality, compre-
hensive sequence of the human genome.72 With comple-
tion of the genetic map, it is estimated that 20,000 to 
25,000 protein-encoding genes exist, thereby making up 
only 1% to 2% of the 3 billion base pairs of DNA in the 
human genome.72 Further information pertaining to the 
HGP can be accessed via the National Human Genome 
Research Institute at www.genome.gov. It is becoming 
more evident that the nonprotein-encoding regions of 
DNA are important for miRNA production.

Advances in sequencing technology with the advent 
of next-generation sequencing (reviewed in 73) now 
allows for much more rapid sequencing at a lower cost. 
The speed at which sequencing can now be performed 

makes genome information much more attainable to help 
answer the question of the role of genetics in disease. The 
vast amount of information obtained has created an issue 
with data storage, requiring a greater focus on creating 
file types that compress data into tighter packages to 
reduce the necessary amount of storage.74

Already the field of genomics has expanded from the 
mapping and sequencing of the genome to include an 
emphasis on genome function,68 allowing for a better 
understanding of the function of human genes and their 
roles in health and disease.75 In fact, technology and 
resources promoted by the HGP have made a profound 
impact on biomedical research and promise to revolution-
ize the wider spectrum of biologic research and clinical 
medicine. Increasingly detailed genome maps have aided 
researchers in seeking genes associated with many genetic 
conditions, including myotonic dystrophy, fragile X syn-
drome, neurofibromatosis types 1 and 2, inherited colon 
cancer, Alzheimer’s disease, and familial breast cancer.

The human genome contains more than 2000 tran-
scription factors.45 Mutations in transcription factors 
have been associated with numerous genetic endocrine 
disorders. Hence, it is not surprising that the HGP, by 
identifying thousands of new genes, many of which 
encode transcription factors, will ultimately provide the 
building blocks necessary to identify the causes of many 
genetic diseases. Additionally, in connection with the 
shift to functional genomics, the study of gene expression 
involved with genetic disorders has become invaluable; 
important therapeutic strategies are based on an under-
standing of how the promoter regulatory elements drive 
or inhibit expression of specific genes.

While the complete sequencing of an organism’s 
genome is an amazing accomplishment, it pales in com-
parison to the task that awaits scientists who must put 
meaning to these base pairs.67 Functional genomics 
makes use of the vast amount of information provided by 
structural genomics to develop experimental approaches 
to assess gene function and has been defined as the con-
tinuum from a gene’s physical structure to its role in the 
context of the biology of the whole organism.75,76 The 
“new science” that is functional (or physiologic) genom-
ics has been among us for many years, although its name 
was coined only a few years ago, corresponding with the 
HGP initiative.

The field of functional genomics has focused on eluci-
dating the function of proteins encoded by genes that have 
been identified and understanding the pathways in which 
these genes participate.77 The concept of one gene caus-
ing one phenotype is rapidly giving way to the apprecia-
tion that many human diseases are genetically complex, 
with the phenotype reflecting the combined contribution 
of many genes. In fact, there is growing appreciation that 
any perturbation of a cell has a global impact affecting 
the expression of many genes that ultimately define the 
homeostatic response.

Functional genomics can be subdivided into two com-
plementary approaches: measurement of transcriptomes 
and proteomes. Transcriptome refers to all the mRNAs 
expressed by a specific cell in a given physiologic state. 
This type of measurement can be accomplished using a 

http://www.genome.gov
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genomewide array of specific DNA probes,78-81 although 
this technique is limited to prior knowledge of potential 
transcripts. Current advances have made it possible to 
sequence the entire transcriptome by performing RNA-seq 
with next-generation sequencing. Similarly, a proteome 
describes all proteins associated with a specific physiologic 
state.82-84 Resolving these complex mixtures of proteins 
can be accomplished via two-dimensional gel electropho-
resis and mass spectrometry using a procedure known as 
mass profiling.82-85 Even with these emerging subdisci-
plines, there is a growing awareness for the need to develop 
mathematic models and other bioinformatic tools. This 
will allow contributions of kinetic parameters that govern 
biological processes to be included in the analysis of tran-
scriptomes and proteomes. In short, phenotypes are the 
net result of complex interactions and rate processes that 
occur among members of a specific pathway.

Interactions of a single protein with the genome can 
be studied by ChIP-on-chip analysis, a combination of 
chromatin immunoprecipitation and microarray analysis, 
allowing the identification of genomewide regulations of 
that particular protein.86 This technique uses an antibody 
to a specific protein to isolate that protein and any associ-
ated DNA, followed by microarray analysis to identify 
the associated DNA. A more recent advance is ChIP-seq, 
which uses next-generation sequencing to sequence the 
DNA that binds to a specific protein, aiding the discov-
ery of genes controlled by specific transcription factors. 
These are great tools in the discovery of the regulated 
promoters of a single transcription factor and can also 
be used to determine sections of DNA that are bound by 
a specifically modified histone to help determine not only 
the regions of DNA that contain modified histones but 
also the potential function of these modifications.

High-throughput data obtained from microarrays and 
next-generation sequencing are being used to develop 
transcriptional regulatory networks. These circuits 
include all combinations of transcriptional regulators 

with the DNA sequences they bind. It is particularly nec-
essary to include noncoding RNAs in these networks, 
given their great importance to regulating transcription 
as well as the induction, processing, and stability of tran-
scripts.87 Gene expression as a whole is controlled not 
only by the regulatory proteins that act on their specific 
DNA sequences but also by the location of each chromo-
some in the nucleus and the chromatin remodeling that 
occurs.87 Assaying gene expression enables the genome-
wide identification of the output products of the cell.

Rapid progress in genome science and a glimpse into 
its potential applications have spurred observers to pre-
dict that mathematically based biology, bioinformatics, 
will be the foremost science of the twenty-first century.88 
With all of the sequencing information now available to 
researchers, the emphasis is now on bioinformatics, as 
the information obtained needs to be analyzed. Tech-
nology and resources generated by the HGP and other 
genomics research are already having a major impact on 
research across the life sciences. On the horizon is a new 
era of molecular medicine characterized less by treating 
symptoms and more by looking to the most fundamental 
causes of disease.88 Rapid and more specific diagnostic 
tests will make earlier treatment of countless maladies 
possible. Medical researchers also will be able to devise 
novel therapeutic regimens based on new classes of drugs, 
immunotherapy techniques, avoidance of environmental 
conditions that may trigger disease, and possible augmen-
tation or even replacement of defective genes through 
gene therapy.76,88
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MORPHOLOGY OF PEPTIDE HORMONE–SECRETING 
ENDOCRINE CELLS AND THE REGULATED 
SECRETORY PATHWAY
Like other cell types (e.g., acinar pancreatic) dedicated 
to the synthesis of secretory proteins, peptide hormone–
secreting endocrine cells are endowed with an abundant 

rough endoplasmic reticulum (ER), a stack of Golgi 
cisternae, and an array of dense-core secretory granules, 
which are components of an anterograde pathway for 
conveying secretory proteins to the extracellular space 
(Fig. 3-1). Classic morphologic and autoradiographic 
studies established the sequence for trafficking of secretory 
proteins consisting of their initial synthesis in the ER, 

K E Y  P O I N T S

 •  All cell types utilize Golgi to plasma membrane vesicle trafficking to externalize and 
secrete proteins (constitutive pathway). Peptide-secreting endocrine and neural cells 
have a specialized route from the Golgi to the cell surface (regulated secretory pathway) 
that utilizes dense-core secretory granules.

 •  Prohormones, enzymes and granin proteins are sorted into immature secretory granules 
at the trans Golgi network (sorting by entry) and at later steps (sorting by retention) 
involving the retrieval of mistargeted proteins from immature secretory granules.

 •  Proteolytic processing of prohormones catalyzed by prohormone convertases is initiated 
in Golgi-derived immature granules upon acidification. Mature secretory granules 
contain very high concentrations of peptides, proteins, nucleotides, and calcium that 
can be co-secreted. Proteomic studies indicate several hundred proteins and peptides as 
contents.

 •  Membrane proteins cover the surface of secretory granules. Many of these are required 
for granule functions including transport and movement in the cell, cytoskeletal 
interaction, docking at the plasma membrane, and fusion in exocytosis. Others play 
more dedicated roles in neurotransmitter uptake, peptide cargo interactions, ion 
and proton transport, oxidation-reduction reactions, and lipid and carbohydrate 
metabolism.

 •  The fusion of secretory granules with the plasma membrane is regulated by cytoplasmic 
calcium. Membrane fusion is mediated by SNARE protein complexes between the 
vesicle and plasma membrane. The assembly of SNARE complexes to prime granules 
for fusion is controlled by a number of soluble factors (CAPS, Munc13, Munc18) 
recruited to exocytic sites. Priming enables granules to undergo calcium- and 
synaptotagmin-dependent fusion (regulated secretion).
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segregation into the ER cisternal space, intracellular trans-
port to the Golgi stacks, concentration in Golgi-derived 
secretory granules (or dense-core vesicles), intracellular 
storage of granules, and, finally, granule discharge and 
protein secretion by exocytosis upon cellular activation.1 
Proteins synthesized on bound polyribosomes in the ER 
have several cellular destinations, with critical protein-
targeting events occurring in late Golgi cisternae or in the 
trans-Golgi network (TGN), where proteins are sorted to 
the endosome-lysosomal system or to the cell surface.2 
Multiple post-Golgi pathways mediate protein transport 
from the Golgi to the plasma membrane and extracellular 
space.3,4 All cells continuously replenish plasma membrane 
proteins and export proteins to the extracellular space 
via constitutive secretory pathways with the use of sev-
eral types of small (40 to 100 nm), clear, Golgi-derived 

transport vesicles or tubulovesicular elements that trans-
locate to and fuse with the plasma membrane.4 Delivery 
of secreted proteins to the extracellular space by the con-
stitutive pathway is rapid5 (half-life of about 20 minutes), 
and protein secretion is rate-limited by the biosynthetic 
rates of the proteins rather than by regulated trafficking 
steps within the pathway.

By contrast, specialized secretory cells such as pep-
tide hormone-secreting endocrine cells contain an addi-
tional pathway from the TGN to the cell surface, known 
as the regulated secretory pathway (see Fig. 3-1), which 
allows for the storage and the acute regulated export of 
high concentrations of secretory proteins.5 Proteins are 
sorted to dense-core vesicles or secretory granules that 
form by budding from the TGN with condensed luminal 
contents.5,6 Newly formed immature secretory granules 
may fuse with the plasma membrane in some endocrine 
cells.7,8 In addition, the immature secretory granules that 
form from the TGN undergo maturation, during which 
clathrin-coated vesicles form on the immature granule 
and sort out excess membrane and soluble contents for 
constitutive-like secretion or for recycling to endosomal 
and Golgi compartments9-11 (see Fig. 3-1). Proteins that 
have been missorted to the immature granules (lysosomal 
enzymes) or that may function in maturation steps of gran-
ule-granule fusion (e.g., furin, synaptotagmin4, VAMP4, 
syntaxin6) are sorted from the immature granules, 
which converts immature granules to fusion-competent  
mature secretory granules.11-14

Mature granules are stored in the cytoplasm for con-
siderable periods (t½ >10 hours) in the absence of stimu-
lation,5,6 which enables endocrine cells to accumulate 
secretory products over an integrated period of biosyn-
thetic activity. Endocrine cells accumulate a large number 
of secretory granules (Fig. 3-2), which can constitute 10% 
to 20% of the cellular volume and are filled with high 
(millimolar) peptide concentrations.15 Secretory granules 
discharge their contents only when an appropriate physi-
ologic stimulus to the cell activates exocytotic fusion of 
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Figure 3-1 Schematic diagram of the anterograde secretory path-
way in a peptide hormone–secreting endocrine cell. Secretory proteins 
synthesized in the endoplasmic reticulum (ER) are transported to and 
through Golgi stacks. Within the trans-Golgi network (TGN), proteins 
are sorted to either constitutive or regulated secretory pathways. Im-
mature secretory granules formed in the TGN are subject to additional 
sorting events during which clathrin-coated vesicles (dashes) divert con-
stitutive membrane and soluble proteins back into the constitutive se-
cretory pathway or to endosomes or Golgi. During exocytosis, mature 
secretory granules fuse with the plasma membrane, which is activated 
by increases in cytoplasmic calcium levels. Processing intermediates for 
a prepropeptide (such as preproinsulin) secreted by the regulated path-
way are shown on the left and include cleavage of the N-terminal signal 
sequence (filled) in the ER and cleavage of the proregion (stippled) in the 
TGN-immature secretory granule stage.

m

n

Figure 3-2 Transmission electron micrograph of a bovine adrenal 
medullary chromaffin cell prepared by cryofixation. Pleomorphic dense-
core secretory granules with a mean diameter of 356 ± 91 (SD) nm are 
dispersed throughout the cytoplasm. Of approximately 22,000 granules 
per cell, very few (∼500) are in close proximity to the plasma membrane, 
possibly in a docked state. The scale bar corresponds to 1 μm. (From 
Plattner H, Artalejo AR, Neher E. Ultrastructural organization of bo-
vine chromaffin cell cortex-analysis by cryofixation and morphometry 
of aspects pertinent to exocytosis. J Cell Biol. 1997;139:1709-1717.)
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the granule with the plasma membrane (see later), a pro-
cess that is rapid (seconds to minutes) and triggered by 
rises in cytoplasmic calcium levels initiated through signal 
transduction events.16 Thus, an accumulated biosynthetic 
cargo can be rapidly discharged into the bloodstream at 
relatively high concentrations. The large size and con-
densed state of the contents of dense-core secretory gran-
ules are probably features of a specialized branch of the 
secretory pathway that coevolved with the development 
of an expanded circulatory system and the need to deliver 
adequate concentrations of signaling peptides into the 
bloodstream.

SYNTHESIS, PROCESSING, AND SORTING OF 
PREPROHORMONE PRECURSORS
Secretory peptide precursors contain an N-terminal leader 
or signal peptide sequence to direct their synthesis in the 
ER and vectorial transfer into the cisternae of the ER-
Golgi pathway17 (see Fig. 3-1). After transfer from the 
ER to the Golgi, most peptide hormone and neuropep-
tide precursors exist as prohormones from which mul-
tiple peptides are excised by proteolytic processing at sites 
usually marked by pairs of basic amino acid residues.18-20 
The endoproteases responsible for precursor maturation 
belong to a prohormone convertase (PC) family of serine 
proteases related to bacterial subtilisin, which has sev-
eral members20 (furin, PACE4, PC1, PC2, PC4, PC6A/B, 
and LPC). PC1 and PC2, whose expression is restricted 
to tissues of neuroendocrine lineage, undergo sorting to 
dense-core vesicles formed in the TGN and are the major 
proteases essential for the initial proteolytic maturation 
of neuropeptide and peptide hormone precursors.18-20 
Although proteolytic cleavage of hormonal precursors 
may be initiated in the TGN,21 most of the cleavage 
occurs after entry into immature granules22 in the low-
pH, high-calcium environment required for optimal PC 
activity (see Fig. 3-1). Mature secretory granules contain 
a “cocktail” of multiple peptides derived from a prohor-
mone precursor that is discharged upon exocytosis, and 
the multiple bioactive peptides can exert concerted physi-
ologic regulation.19,21,23 Sorting events in the immature 
granule also result in constitutive-like secretion of some 
of the peptide products (such as the C peptide of pro-
insulin).10,24 In some instances, mature peptides from a 
common precursor are segregated into distinct secretory 
granules, which may involve initial proteolysis before 
sorting in the TGN,21 or, alternatively, different mecha-
nisms for sorting into dense-core vesicles.25 Production 
of distinct dense-core vesicles (e.g., those for prolactin 
and growth hormone in mammosomatotrophs) also can 
occur for proteins that are separate gene products.26

The biogenesis of immature secretory granules is closely 
linked to the condensation and sorting of prohormones 
in the TGN.9,19,21 Cellular mechanisms used for sorting 
to the regulated pathway appear to be similar in neural, 
endocrine, and probably exocrine cell types as inferred 
from the finding that peptide hormone precursors, as well 
as pancreatic prozymogens, expressed by DNA trans-
fection are properly sorted to the regulated pathway in 
neuroendocrine and exocrine cells.5,6 Because in many 

cases expressed protein chimeras containing prohormone 
sequences are properly targeted to the dense-core vesicles 
of the regulated secretory pathway in neuroendocrine 
cells, it was thought that prohormonal precursors con-
tain sorting “signals” that are recognized by “sorting 
receptors” in the TGN (sorting by entry).25 Alternatively, 
sorting of dense-core vesicle constituents may occur by 
their selective retention in immature granules during 
post-Golgi sorting events that remove constitutive pro-
teins from immature granules (sorting by retention).9,10 
In either case, a common sorting motif for propeptides or 
other granule constituents and a common sorting recep-
tor have been difficult to identify. Instead multiple over-
lapping sorting mechanisms that detect distinct protein 
features appear to be responsible for targeting proteins 
into the regulated secretory pathway.

A sorting-by-condensation model proposes that sort-
ing in the TGN is mediated by protein aggregation that 
is promoted at low-pH and high-calcium concentrations 
in the TGN cisternae.25,27-29 Chromogranin B, an acidic 
granule protein (granin) ubiquitously expressed in neu-
roendocrine cells, aggregates under these conditions and 
associates with membranes.30,31 Other granin proteins 
(chromogranin A and secretogranin II) aggregate as well 
as incorporate bioactive peptides into the aggregates.32 
Expression of granin proteins can result in the genera-
tion of structures morphologically similar to dense-core 
vesicles.33-36 The property of some regulated (e.g., growth 
hormone, prolactin, follicle-stimulating hormone, PC2) 
but not constitutive (e.g., IgGs, albumin) secretory pro-
teins to self-aggregate, as well as to aggregate hetero-
philically20,37 under TGN luminal conditions, provides a 
potential basis for sorting prohormonal aggregates away 
from constitutive secretory proteins. Aggregates would 
need to be targeted to specific membrane domains in the 
TGN around which vesicle budding would occur.27,29

Precursors for adrenocorticotropic hormone, enkepha-
lins, and insulin were proposed to contain a sorting signal 
that consists of similarly spaced acidic and hydrophobic 
residues on the surface of an amphipathic loop.38 Such 
regions were reported to interact with carboxypepti-
dase E (CPE), a hormone-processing enzyme that was 
proposed to be a sorting receptor.38,39 Aspects of this 
model have been discussed,24,25 and alternative sorting 
receptors have been proposed. Secretogranin III, another 
granin protein, interacts with chromogranin A as well as 
with CPE, and is targeted to cholesterol-rich membrane 
domains.32 Indeed, many granule constituents including 
PC1/3, PC2, chromogranin A, and CPE associate with 
cholesterol-rich membrane domains in the TGN utilizing 
amphipathic α-helical regions for sorting to dense-core 
vesicles.25,40-43 It has also been suggested that the diba-
sic protease cleavage sites in some prohormone precur-
sors may mediate sorting by interacting with the PCs that 
act at these sites.44 In summary, the diverse “signals” on 
soluble proteins that are sorted to the regulated secretory 
pathway appear to consist of protein segments that medi-
ate association/co-aggregation with processing enzymes 
or granins that associate with cholesterol-rich membrane 
microdomains. The “receptors” that decode these signals 
for sorting or retention consist of prohormone processing 
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enzymes or granin proteins. Alternatively, many granule 
cargo proteins may be targeted directly by association 
with cholesterol-rich microdomains.32,43 However, to 
assemble a dense-core vesicle in the TGN, membrane-
spanning proteins are needed to couple cargo loading to 
the membrane budding process.

The targeting of transmembrane proteins to the 
regulated secretory pathway is mediated by cytoplas-
mic sequences that interact with cytosolic adaptor pro-
teins.45-49 Several membrane-spanning proteins have been 
suggested to play a role in cargo sorting to the regulated 
secretory pathway. Phogrin (IA-2β, an autoantigen in 
insulin-dependent diabetes mellitus) is a transmembrane 
protein on secretory granules whose luminal N-terminal 
domain interacts with CPE.50 Phogrin and CPE sorting 
to secretory granules were mutually dependent on this 
interaction. Phogrin targeting was also dependent on  
C-terminal cytoplasmic signals that mediate adaptor pro-
tein-1 (AP-1) interactions.51 By associating with CPE, 
phogrin may mediate sorting of multiple granule con-
stituents. Sortilin, a membrane-spanning VPS10 family 
protein best known for its role in sorting hydrolases to 
a lysosomal destination, has also been implicated in sort-
ing to the regulated secretory pathway. A prohormonal 
form of brain-derived neurotrophic factor (BDNF) binds 
to the luminal domain of sortilin and is sorted to dense-
core vesicles,52 but further evaluation of sortilin is needed 
to determine its range of cargo binding.

For vesicle budding at several sites in the anterograde 
secretory pathway, transmembrane proteins link cargo in 
the vesicle lumen to the cytosolic components (e.g., coat 
proteins) required for vesicle formation, which provides 
a mechanism for coupling vesicle generation with con-
tent filling.53,54 It is unclear whether similar events occur 
during the formation of secretory granules in the TGN 
because transmembrane cargo receptors and protein 
coats have not been definitively identified. Recent stud-
ies revealed a role for AP-3 in sorting with the use of an 
endosomal VPS41 coat protein,55 but the precise site of 
involvement of these remains to be established. Aspects of 
immature granule biogenesis in the TGN were originally 
elucidated by studies of cell-free budding reactions.56-60 
Granule formation in vitro requires adenosine triphos-
phate (ATP) and cytosolic protein factors. One of the 
required cytosolic factors is phosphatidylinositol transfer 
protein (PITP), which interacts with membrane phos-
phoinositide lipids. PITP may assist in altering the phos-
pholipid composition of the Golgi membrane to facilitate 
budding60 as well as promote the phosphorylation of 
phosphatidylinositol (PI) by a PI 4-kinase (PI4K).57,61 The 
latter could account for the ATP dependence of vesicle 
formation. Phosphorylated inositides such as Golgi phos-
phatidylinositol 4-monophosphate (PI4P) are known to 
regulate membrane events by promoting protein recruit-
ment to membranes62,63 or by serving as essential cofac-
tors for membrane enzymes such as phospholipase D,64 
which converts phosphatidylcholine to phosphatidic 
acid. Two of the four mammalian PI4Ks (PI4K IIβ and 
PI4K IIIα) play a dominant role in Golgi sorting and 
budding.65,66 Immature secretory granules contain PI4K 
IIα and PI4P, which may be required for subsequent 

maturation or priming events in preparation for fusion 
at the plasma membrane.67 Recent studies in Drosophila 
suggest that this enzyme functions to maintain faithful 
targeting of secretory granule constituents.68

The small guanosine triphosphate (GTP)-binding pro-
tein ARF1 (ADP [adenosine diphosphate] ribosylation 
factor), which is required for recruitment of adapter 
proteins to generate other Golgi-derived transport vesi-
cles,53 is also required for secretory granule formation.58 
Brefeldin A, which inhibits an ARF1 guanine nucleotide 
exchange factor, blocks immature granule formation.69 
ARF1 functions in concert with PI4P to recruit adapter 
proteins such as AP-1 and GGAs (Golgi-associated,  
γ-ear–containing and ARF-binding) to the Golgi.66 For 
secretory granule budding, these may function to recruit 
unidentified coat proteins, cytoskeletal constituents, or 
enzymes such as phospholipase D and protein kinase D 
(PKD).59,63,70,71 Recent studies identified PKD-mediated 
phosphorylation of Arfaptin-1, a regulator of ARF1, as 
a critical control point in the TGN budding of insulin 
granules.71 While the TGN budding process that gener-
ates immature granules resembles other vesicle-budding 
events in their requirement for ARF proteins and factors 
that alter membrane phospholipids,64 the budding pro-
cess does not appear to involve AP-1-mediated clathrin 
recruitment.72 Instead, ARF1 is responsible for recruit-
ing AP-1 onto immature secretory granules for sorting.73 
Missorted proteins from the Golgi (e.g., furin, carboxy-
peptidase D, syntaxin-6, VAMP-4, mannose-6-phosphate 
receptor) are retrieved in a clathrin-dependent budding 
process that employs ARF1-dependent recruitment of 
AP-1 and GGA proteins.74

COMPOSITION OF MATURE SECRETORY GRANULES
Mature secretory granules in endocrine and neural cells 
consist of a membrane bilayer that surrounds an elec-
tron-opaque dense core consisting of condensed secretory 
materials such as peptide hormones, granin proteins, and 
processing enzymes. In some endocrine cells, such as β 
cells in the islets of Langerhans, the contents are crystal-
line and consist of insulin hexamers chelated by zinc.75 
Proteolytic processing of proinsulin in the immature 
granule is required to form this crystalline deposit in 
some species.76 Dense-core vesicles vary widely in proper-
ties from one endocrine cell type to another and range in 
size from 50 nm in the sympathetic nervous system to 200 
nm in pituitary corticotrophs and gonadotrophs, and up 
to 1000 nm in pituitary mammotrophs or neurohypophy-
seal cells.

Mature secretory granules engage in multiple cellular 
functions, including vectorial transport of small mol-
ecules into the luminal space (nucleotides, divalent cat-
ions, protons, and neurotransmitters), translocation of 
the granules through the cytoplasm and their anchorage 
to cytoskeletal elements, docking of the granules at the 
plasma membrane, and their calcium-dependent exocy-
totic fusion at the plasma membrane. These functions 
require an array of organelle-specific proteins exposed 
on the cytoplasmic face of the granule. Analyses of puri-
fied secretory granules have been undertaken to identify 
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proteins that participate in aspects of the granule life 
cycle. The chromaffin granules of adrenal medullary tis-
sue are best studied (see Fig. 3-2) because individual adre-
nal chromaffin cells contain 10,000 to 30,000 granules 
with a mean diameter of 350 nm,77,78 which has enabled 
extensive purification at yields of 2 to 3 mg per bovine 
adrenal gland.

The adrenal chromaffin granule possesses a number of 
general features likely to be representative of other secre-
tory granules consisting of approximately 20% lipid and 
about 42% protein (percent dry weight). The membrane 
of the chromaffin granule exhibits a lipid composition 
similar to that of other cellular membranes but is notable 
for its high cholesterol content characteristic of late Golgi-
derived membranes.79 As noted previously, cholesterol-
rich domains in the granule membrane play an important 
role in targeting and retention of granule contents. A high 
concentration of lysophosphatidylcholine is also present 
in the membrane, but this is not a general feature of secre-
tory granules,79 and its role is unknown. Chromaffin (and 
other) granules contain, like many cellular membranes, 
2% to 5% PI, a phospholipid that is a precursor for the 
formation of PI4P and PI(4,5)P2, which are required in 
membrane fusion mechanisms (see later).

Although the initial characterization of chromaffin 
granule proteins was anticipated to identify constituents 
that mediate general functions of dense-core vesicles, 
including exocytosis, instead it mainly revealed special-
ized constituents unique to the function of these catechol-
aminergic and peptidergic granules.78 The composition 
of chromaffin granules is dominated by abundant pro-
teins that catalyze catecholamine synthesis or the post-
translational processing of neuropeptides. About 75% 
of the protein is soluble in the lumen. Luminal contents 
are dominated by the acidic, heat-stable glycoprotein gra-
nins (chromogranin A and secretogranins I and II) and 
their proteolytic products. As noted previously, granins 
function in the aggregative sorting of peptide hormone 
precursors to the regulated pathway and are general con-
stituents of neuroendocrine secretory granules from the 
parathyroid, pituitary, thyroid, and pancreas, as well as 
of sympathetic neurons.80 Granins are also precursors 
for a variety of bioactive peptides such as pancreastatin, 
vasostatin, parastatin (derived from chromogranin A), 
and secretoneurin (derived from secretogranin II).77,78,81 
Other chromaffin granule luminal proteins are glycopro-
teins (glycoprotein III), neuropeptides (enkephalins and 
neuropeptide Y), and enzymes for catecholamine synthe-
sis (dopamine β-monooxygenase), neuropeptide proteo-
lytic cleavage (carboxypeptidase E/H, PC1, and PC2), and 
peptide amidation (peptidylglycine α-amidating monoox-
ygenase). Recent mass-spectroscopic analysis of chromaf-
fin granule soluble contents identified 371 constituents, 
with a large number of prohormonal precursors and neu-
rohumoral factors (∼18), proteases (∼26), neurotransmit-
ter enzymes (∼9), receptor fragments (∼14), and many 
other proteins.82,83 The dense core of chromaffin granules 
observed by transmission electron microscopy is attrib-
uted to the high luminal content of granin proteins and 
neuropeptides in the millimolar concentration range.78 
Small–molecular-weight constituents are also abundant 

and consist of catecholamines (∼0.6 M), ATP (∼0.15 M), 
ascorbic acid (∼0.02 M), and calcium (∼0.02 M). Other 
endocrine dense-core vesicles contain high concentrations 
of ATP and calcium.84

The membrane protein composition of chromaffin 
granules is dominated by membrane-bound dopamine 
β-monooxygenase and cytochrome b5, both dedicated 
constituents that function in the oxidation of dopamine 
to norepinephrine.78 Other membrane proteins found 
are the subunits of the chromaffin granule proton pump 
(H+-ATPase), lysosome-associated membrane proteins 
(LAMP-1 and LAMP-2), and neuropeptide-processing 
enzymes that are present in soluble and membrane-
anchored forms (PC1, PC2, carboxypeptidase E/H, 
peptidylglycine α-amidating monooxygenase).77 Immu-
nochemical detection also identified catecholamine trans-
porters (vesicular monamine transporters VMAT1 and 
VMAT2) as chromaffin granule membrane constituents.85 
A large number of more minor but functionally impor-
tant membrane protein constituents have been identi-
fied immunochemically on chromaffin granules through 
the use of antibodies to proteins initially discovered on 
the compositionally simpler neuronal small clear synap-
tic vesicles (Fig. 3-3). Several of these proteins, which 
are also found on other neural and endocrine dense-core 
vesicles, function in regulated exocytosis (synaptotag-
min, synaptobrevin/VAMP [vesicle-associated membrane 
protein], Rab3, cysteine string proteins). Proteins with 
regulatory roles (Go, SV2, synaptophysin) have also been 
identified.86 A variety of Rab proteins (Rab3, Rab27, 
Rab14, Rab21, Rab35, plus 13 others) and putative Rab-
binding  effector proteins (rabphilin, Slac2c/MyRIP, Slp4a/
granuphilin) are present on granules, as are proteins that 
mediate actin-based granule translocation such as myosin 
V.87-90,83 Additional membrane constituents detected by 
activity include K channels,91 N-type calcium channels,92 
and a phosphatidylinositol 4-kinase.93 Mass spectro-
scopic analysis indicated 384 constituents on the chro-
maffin granule membrane in considerable (∼69) overlap  
with soluble constituents.82,83

SEQUENTIAL STAGES OF THE REGULATED 
SECRETORY PATHWAY
In most endocrine cells, a majority of dense-core vesicles 
are cytoplasmic, with only a small portion in direct con-
tact with the plasma membrane in a docked state (see  
Fig. 3-2). Dense-core vesicles undergo rapid translocation 
from their site of biogenesis in the TGN to sites in the corti-
cal cytoskeleton, which occurs by kinesin-mediated move-
ment on microtubules followed by myosin V- catalyzed 
transport via actin filaments.94-96 Docking of dense-core 
vesicles on the plasma membrane leads to a state of relative 
immobility,97 but there are multiple substates.98 Vesicle-
plasma membrane interactions reported to mediate dock-
ing involve Rab27/rabphilin/SNAP-25,99 Rab27/Slp4a/
munc-18/syntaxin-1,100 myosin V/syntaxin-1,94 synapto-
tagmin-1/SNAP-25/syntaxin-1,20 or VAMP2/SNAP-25/
syntaxin-1 complexes.101 The most recently arrived gran-
ules that dock at the plasma membrane are used for cal-
cium-triggered exocytosis in preference to older granules, 
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which are largely cytoplasmic.102 Peptide hormone secre-
tion upon cellular activation is believed to proceed by the 
rapid exocytotic fusion of a portion of the docked gran-
ules (release-ready pool), which subsequently are replen-
ished by priming of additional docked granules and the 
recruitment of new granules to the plasma membrane 
from a cytoplasmic recruitment pool.103 Current views 
suggest a sequential pathway in which granules transit 
through recruitment, docking, and exocytotic fusion steps 
(Fig. 3-4), but the docked state may be very short-lived in 
a stimulated cell.104,105 In insulin-secreting β cells, several 
nondocked “newcomer” pools of granules are thought to 
contribute to biphasic glucose-induced insulin secretion 
employing different isoforms of syntaxin.106,107

Evidence for a sequential model for granule exocytosis 
in chromaffin cells is provided by rapid kinetic studies of 
exocytosis by patch clamp electrophysiologic methods, in 
which increases in membrane capacitance reflect expan-
sion of the surface membrane area after exocytosis,108,109 
and by amperometry studies, which use carbon fiber elec-
trodes to detect secreted oxidizable granule constituents 
such as catecholamines.110 Combining these techniques 
in a single pipette revealed that catecholamine content 

release can occur during transient reversible fusion of the 
granule with the plasma membrane.111 Cellular activation 
to elevate cytoplasmic calcium levels results in multipha-
sic increases in secretion (Fig. 3-5) that consist of at least 
two components—an ultrafast component within the first 
100 msec, followed by slower components over the ensu-
ing 1 to 10 seconds. These are interpreted to represent 
the sequential fusion of secretory granules in a docked 
release-ready state, followed by fusion of granules that 
require recruitment into the release-ready pool.108-112 The 
size of the burst phase or release-ready pool (correspond-
ing to 100 to 300 granules in chromaffin cells) is smaller 
than the number of docked granules (500 to 1000 gran-
ules in chromaffin cells; see Fig. 3-2) detected morpho-
logically by electron microscopy, indicating that docked 
granules may exist in several functional states.97,108,113 
Numerous docked granules appear to be incapable of 
stimulated fusion and are probably older granules.104,105 
The release-ready pool represents a very small fraction 
of the cellular granule complement of 10,000 to 30,000. 
Under physiologic stimulation conditions (i.e., splanchnic 
nerve stimulation), catecholamine secretion correspond-
ing to 1% to 2% of the adrenal granule pool is mobilized, 
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which indicates that the docked pool of granules in a 
release-ready pool is sufficient to mediate physiologic 
responses with short latency.114 Fractional release during 
physiologic stimulation is observed in other endocrine tis-
sues, although more sustained secretory responses (e.g., 
biphasic insulin secretion) utilize a recruitment pool of 
granules.107,115-117

Technical developments have allowed the study of 
secretory granule movement in living neuroendocrine 
cells (Fig. 3-6). Fusion proteins consisting of prohormone 
peptides with green fluorescent protein at the carboxyl 
terminus undergo proper sorting to dense-core vesicles 
when expressed in neuroendocrine cells.118,119 Confocal 
fluorescence, or evanescent-wave fluorescence micros-
copy, has enabled the tracking of individual granules dur-
ing their cytoplasmic translocation, docking at the plasma 
membrane, and exocytosis.97,118-120 Granule movement 
to the plasma membrane is a directed process that occurs 
at speeds of approximately 50 nm/sec, followed by immo-
bilization at the plasma membrane by a docking process 
that can reverse or immediately culminate in exocyto-
sis if calcium levels are elevated.97,119,120 New granules 
move to the plasma membrane and replenish the pool 
of docked granules within several minutes.90 Sustained 
stimulated secretion entails a cytoplasmic pool of mobile 
granules.118 The actin cytoskeleton serves as a barrier to 
the plasma membrane recruitment of granules, but also 
mediates granule recruitment to the plasma membrane 
via myosin V, an actin-based motor that is present on 
secretory granules, which also may play a direct role in 
docking.90,94,95

ESSENTIAL PROTEIN MACHINERY FOR DENSE-CORE 
GRANULE EXOCYTOSIS
Regulated dense-core vesicle exocytosis is mediated by 
protein machinery that is the neural/endocrine counter-
part of a universal core apparatus generally involved in 
membrane fusion events.121-123 The key proteins are the 
SNARE (soluble NSF [N-ethylmaleimide-sensitive factor] 
attachment protein receptor, or SNAP receptor) proteins 
syntaxin-1, SNAP-25, and synaptobrevin/VAMP2. Syn-
aptobrevin/VAMP was identified122,123 as a brain synap-
tic vesicle and a Torpedo cholinergic vesicle protein of 
approximately 18 kD that spans the vesicle membrane 
with a short luminal C-terminal tail (see Fig. 3-4). It is 
ubiquitously expressed in neural and endocrine secretory 
tissues and localizes to large dense-core and small clear 
synaptic vesicles. Syntaxin-1 was identified as a plasma 
membrane protein of 35 kD in a complex with synaptic 
vesicle proteins, and it has a membrane topology similar 
to that of synaptobrevin/VAMP.122 SNAP-25 (synapse-
associated protein of 25 kD) was discovered as a synapse-
specific protein of 25 kD by screening for brain-specific 
cDNAs.124 The plasma membrane association of SNAP-
25 is mediated by palmitoylation at four central cyste-
ine residues. The central importance of SNARE proteins 
for calcium-dependent vesicle exocytosis is indicated by 
the finding that these three proteins constitute the major 
substrates for clostridial neurotoxins,125,126 which are 
highly specific proteases that enter nerve cells by receptor-
mediated endocytosis.31 Eight members of this bacterial 
neurotoxin family act to proteolytically cleave the three 
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SNARE proteins at seven distinct cleavage sites, which 
results in strong inhibition of neurotransmitter release.27 
Peptide hormone secretion is strongly inhibited by clos-
tridial neurotoxins if the toxins are directly delivered into 
cells.112,127 SNARE protein complexes were isolated by 
affinity chromatography of brain detergent extracts on 
immobilized NSF/α-SNAP,128 which linked the charac-
terized role of NSF/α-SNAP proteins in Golgi membrane 

fusion to the function of neural proteins involved in syn-
aptic vesicle exocytosis.121

SNARE proteins assemble into stable heterotrimeric 
complexes.129,130 Structural studies of the central por-
tion of the complex revealed it to consist of a four-helix 
bundle containing α-helical regions in parallel register with 
one helix contributed by the C-terminal segment of syn-
taxin-1, one helix from the central region of synaptobrevin/
VAMP, and two helices from N- and C-terminal regions 
of SNAP-25.131,132 SNARE complexes that form in trans 
across vesicle and plasma membranes are the key media-
tors of vesicle fusion in regulated exocytosis (see Fig. 3-4). 
Direct support that SNARE complexes mediate membrane 
fusion reactions was indicated by the ability of proteoli-
posomes containing syntaxin and SNAP-25 to fuse with 
synaptobrevin/VAMP liposomes.133 The assembly proper-
ties of the SNARE proteins in vitro and their distribution 
on vesicles or the plasma membrane led to a proposed role 
for SNARE complexes in vesicle–plasma membrane dock-
ing interactions.121,122,128,129 Early neurotoxin inhibition or 
genetic deletion studies suggested that SNARE complexes 
per se were not involved in synaptic vesicle docking,134 but 
more recent studies indicate that Munc13-1, a protein that 
promotes SNARE complex assembly, is required for syn-
aptic vesicle docking.135 For neuroendocrine dense-core 
vesicles, several vesicle proteins are suggested to mediate 
docking through interactions with syntaxin-1/SNAP-25 
complexes including synaptobrevin/VAMP in SNARE 
complexes.98-101,136 SNARE proteins are essential for the 
subsequent calcium-triggered fusion that follows granule 
docking.127,137-140 The formation of SNARE helix bundles 
contributed by proteins in trans mediates the close appo-
sition of membrane bilayers to drive bilayer mixing and 
fusion (see Fig. 3-4).

An additional set of biochemical reactions are essential 
for the late steps in regulated dense-core vesicle exocyto-
sis that precede fusion, which are termed priming103,141 
(see Fig. 3-4). Vesicle priming reactions are important 
for establishing the size of a ready-release pool of dense-
core vesicles, which determines the magnitude of a rapid 
secretory response. Of equal importance, priming reac-
tions dictate rates of vesicle replenishment for fusion after 
the ready-release pool has been rapidly depleted during 
stimulation. Some endocrine cells have very small ready-
release pools, so the secretory response is dependent 
upon priming reactions that are stimulated by calcium 
rises. ATP is required for the regulated secretion of hor-
mones,137,108,112 and roles for ATP-dependent processes 
in priming have been described.142 ATP is required for the 
action of the ATPase NSF, which disassembles SNARE 
complexes before as well as following fusion.143 ATP is 
also needed to maintain phospholipid phosphorylation 
reactions.144,145 PI4P conversion to PI(4,5)P2 is catalyzed 
by PI4P 5-kinase137,145 (see Fig. 3-4). PI(4,5)P2 is synthe-
sized to serve a signaling role on the plasma membrane for 
recruitment or activation of proteins for vesicle priming 
and calcium-triggered fusion reactions.62 PI(4,5)P2 acts 
to activate CAPS (calcium-dependent activator protein in 
secretion), a neural/endocrine-specific PI(4,5)P2-binding 
protein that is required for the calcium-triggered exocy-
tosis of dense-core vesicles.146-149 CAPS plays a role in 
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Figure 3-5 Multiple kinetic components of dense-core vesicle exocyto-
sis in mouse chromaffin cells. Capacitance measurements with a patch 
clamp pipette in the whole-cell configuration (second panel in A) and 
amperometric current determinations with a carbon fiber electrode 
(third panel in A) were obtained simultaneously from a mouse adrenal 
medullary cell that was stimulated by elevating calcium levels to ∼27 
μΜ (upper panel in A) by flash photolysis with a photolabile calcium 
chelator. A rapid (exocytotic burst) component and a slow component 
were detected, and the burst component was further kinetically resolved 
into a ready-release pool (RRP) and a slow-release pool (SRP). In this 
particular case, recordings were from wild-type and CAPS-1/CAPS-2 
knockout mice. CAPS proteins were essential for maintaining the size 
of the RRP and the sustained rate of exocytosis, which requires priming 
of recruited vesicles into the RRP (panel B). (From Liu Y, Schirra C, 
Stevens DR, et al: CAPS facilitates filling of the rapidly releasable pool 
of large dense-core vesicles. J Neurosci. 2008;28:5594-5601.)
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assembling SNARE complexes before fusion occurs.149 
Studies in pancreatic β cells indicate that priming reac-
tions involving PI(4,5)P2 synthesis and CAPS activation 
are regulated by ADP, which may function as a metabolic 
sensor in the β cell for insulin secretion to regulate the 
size of the ready-release pool of dense-core vesicles.67,150 
Mouse knockout studies identified a central role for 
CAPS in regulating dense-core vesicle exocytosis in adre-
nal chromaffin cells151 and pancreatic β cells.152

Munc18-1 and Munc13 proteins are also required 
for the priming reactions that precede calcium-triggered 
fusion (see Fig. 3-4). Munc18-1 functions to mediate 
dense-core vesicle docking and fusion through interac-
tions with syntaxin-1.153,154 Munc13, which exhibits 
sequence relatedness to CAPS, also functions to promote 
assembly of SNARE complexes prior to fusion.155,156 
Munc13 function is regulated by calcium through inter-
actions with calmodulin and by PI(4,5)P2 interactions, 
which allow increased rates of dense-core vesicle priming 
during strong stimulation.157,158 Neuronal and endocrine 
isoforms of Munc13 are also regulated by diacylglycerol, 
which mediates the direct modulation of vesicle priming 
reactions by cell-surface receptors that promote PI(4,5)P2 
to diacylglycerol conversion159,160 (see later).

REGULATION OF EXOCYTOSIS BY CALCIUM
The neuronal SNARE proteins that are essential for regu-
lated exocytosis are the neuroendocrine counterparts of 
a protein superfamily whose members are required for 
membrane trafficking and fusion reactions in the consti-
tutive secretory pathway.121,122 A unique feature of neural 
synaptic vesicle and endocrine dense-core vesicle exocy-
tosis is its tight regulation mediated by cytoplasmic cal-
cium.137,123,161 As studied in permeable neuroendocrine 
cells or by controlling calcium levels in intact cells, regu-
lated dense-core vesicle exocytosis is completely calcium 
dependent and is activated by calcium ion concentra-
tions in the micromolar range.103,161 The basal hormone 

secretion in intact endocrine cells that is detected in the 
absence of secretagogues, which is mediated by exocyto-
sis of dense-core vesicles rather than by constitutive vesi-
cles,162 may arise from excursions of cytoplasmic calcium 
that exceed the threshold for activating exocytosis.

Although numerous mechanistic similarities can be 
found between the dense-core vesicle-mediated release 
of peptide hormones and biogenic amines in neuroen-
docrine cells and the synaptic vesicle-mediated release of 
neurotransmitters such as acetylcholine and glutamate in 
nerve cells, these two processes exhibit significant differ-
ences in their physiologic regulation. Dense-core vesicle 
exocytosis exhibits a longer latency (∼10 msec) between 
calcium entry and fusion than does synaptic vesicle exo-
cytosis, in which latencies shorter than 1 msec have been 
reported.103,110 Most of the delay between calcium entry 
through calcium channels and hormone release is attrib-
uted to the diffusion delay for calcium because of a lack 
of colocalization of dense-core vesicles and calcium chan-
nels.163 Conversely, the short latency observed for evoked 
neurotransmitter release is thought to involve SNARE 
and other protein-mediated tethering of synaptic vesicles 
near calcium channels.164 In addition to differences in 
latencies, dense-core granule exocytosis is triggered by 
calcium concentrations that may be lower (1 to 30 μΜ) 
than those required for synaptic vesicle exocytosis at some 
synapses.103,134,161,165-168 Dense-core vesicle exocytosis is 
also triggered by cytoplasmic calcium rises resulting from 
inositol triphosphate–induced mobilization from the ER, 
which have been estimated to be lower than 5 μΜ, even 
at cisternal sites close to granules.169

Regulation of the dense-core vesicle exocytotic path-
way by calcium occurs at multiple sites, including granule 
recruitment, priming, exocytosis, fusion pore dilation, 
and endocytic membrane retrieval. Release-ready gran-
ules are depleted by strong stimulation, and replenish-
ment of the release-ready pool occurs within minutes 
after depletion.103,170 Rates of pool replenishment depend 
on cytoplasmic calcium at concentrations lower than the 
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Figure 3-6 Exocytosis of dense-core vesicles in hippocampal cells recorded by evanescent-wave fluorescence microscopy. Cultured hippocampal 
neurons expressing ANF-EGFP were imaged by total internal reflection fluorescence microscopy to visualize the fluorescent vesicles in an optical sec-
tion of about 200 nm. Images were captured before (left) and after (right) 20 seconds of depolarization with high K buffer. Following stimulation, a 
large number of dense-core vesicles in the soma of the neuron release ANF-EGFP, which is evident by a strong reduction in the number of fluorescent 
puncta or a reduction in their intensity. A general elevation of diffuse fluorescence near the cell represents released ANF-EGFP diffusing from sites 
of exocytosis. Evoked dense-core vesicle exocytosis in neurons is similar to that in endocrine cells. (From Xia X, Lessmann V, Martin TF: Imaging 
dense-core vesicle exocytosis in hippocampal neurons reveals long latencies and kiss-and-run fusion events. J Cell Sci. 2009;122(Pt 1):75-82.)
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threshold for exocytosis.171 Calcium-dependent pool 
replenishment may be mediated through calcium activa-
tion of protein kinase C and Munc-13.157,170,172

The calcium regulation of vesicle exocytosis is medi-
ated by the synaptotagmins, abundant secretory vesicle 
proteins with tandem C2 domains that bind calcium 
ions.123,173,174 Genetic studies showed an essential role 
for synaptotagmin-1 in evoked rapid synchronous neu-
rotransmitter release via synaptic vesicle exocytosis.173,174 
Mutations that affect calcium-dependent properties of 
synaptotagmin-1 correspondingly affect probabilities of 
synaptic vesicle fusion.175-177 Multiple isoforms of the 
17-member synaptotagmin protein family participate in 
the calcium regulation of dense-core vesicle exocytosis. 
Calcium-dependent secretion was abolished in rat adre-
nal PC12 cells that lacked synaptotagmins-1 and -9.178 
Burst and sustained components of dense-core vesicle 
exocytosis were substantially reduced in mouse chro-
maffin cells from synaptotagmin-1/7 double knockout 
mice.179 Synaptotagmins-1, -7, and -9 have been impli-
cated in calcium-triggered dense-core vesicle exocytosis 
in pancreatic β cells.180,181 Synaptotagmins-1, -4, -7 and 
-9, which are expressed in many endocrine cells, exhibit 
distinct calcium-binding properties.182 Although synapto-
tagmin-4 fails to bind calcium, it was shown to modulate 
vesicle exocytosis in neurohypophyseal terminals.183 Cal-
cium-binding synaptotagmin isoforms exhibit calcium-
dependent interactions with acidic phospholipids in the 
plasma membrane, as well as promote curvature of the 
membrane.184,185 In addition, synaptotagmins exhibit cal-
cium-dependent interactions with the plasma membrane 
SNARE proteins syntaxin-1 and SNAP-25 and with 
SNARE protein complexes.173 Membrane and SNARE 
binding by synaptotagmin is essential for the calcium-
triggering of dense-core vesicle exocytosis.185,186

The molecular basis for differences in the calcium 
sensitivity and kinetics of vesicle exocytosis is unclear. 
Multiple synaptotagmin isoforms that differ in calcium 
sensitivity are present on different classes of vesicles, and 
distinct compositions may confer different calcium sen-
sitivities.187 Synaptotagmins-1, -7 and -9 on dense-core 

vesicles would likely mediate distinct kinetic responses to 
calcium elevations.182,188 Synaptotagmin-1 exhibits low-
affinity but fast calcium binding compared with the higher 
affinity slow binding exhibited by synaptotagmin-7.173,174 
Rat adrenal PC12 cell granules contain synaptotagmins-1 
and -9,178 but synaptotagmin-7 overexpression increases 
the calcium sensitivity of dense-core vesicle exocytosis, 
consistent with the idea that the synaptotagmin isoform 
composition on dense-core vesicles shapes the response 
to calcium rises.189 In addition to synaptotagmins, 
other calcium-binding C2 domain–containing proteins 
such as Doc2 contribute to calcium-sensing for vesicle 
fusion.190,191

After fusion, the rate of dilation of the fusion pore 
is regulated by calcium levels.192 Studies indicate that 
synaptotagmin proteins participate in fusion pore for-
mation and dilation.186,193,194 Beyond fusion, retrieval 
of the dense-core granule membrane by endocytosis is 
stimulated by calcium in a calmodulin-dependent pro-
cess.195 In synaptic vesicle endocytosis, calcineurin, a 
calcium-activated, calmodulin-dependent protein phos-
phatase that dephosphorylates several proteins involved 
in endocytosis (dynamin, amphiphysin, synaptojanin), 
may mediate the calcium regulation of retrieval.196,197 A 
similar mechanism may underlie calcium regulation of 
endocytic retrieval of the dense-core granule membrane, 
whose components are trafficked back to the Golgi.2 Syn-
aptotagmin-1 has also been reported to mediate aspects 
of calcium-regulated endocytosis.198,199

Imaging of dense-core vesicles containing fluorescent 
soluble or membrane-bound constituents has revealed 
diverse modes of granule fusion that may differentially 
release small and large luminal molecules (Fig. 3-7). In 
pancreatic β cells, the release of an islet amyloid pep-
tide–green fluorescent protein was substantially delayed 
(1 to 10 sec) beyond initial fusion pore formation, indi-
cating a size dependence on the exodus of vesicle con-
tents.117,200 In PC12 cells, a large luminal constituent 
(tPA) was retained in the granule, while a smaller pep-
tide (NPY) was released quickly.201 Dense-core vesicles 
exhibit at least three modes of exocytosis: full merger  

Figure 3-7 Diverse modes of fusion 
pore dilation. Membrane fusion gen-
erates a pore that connects the lumen 
of the vesicle with the extracellular 
space. Three modes of fusion pore 
opening have been detected. The fu-
sion pore can rapidly reseal without 
dilation (kiss and run, lower), or 
dilate to a limited extent and per-
sist for variable times followed by 
closure (middle), or fully dilate (full 
fusion, upper). The secretion of low–
molecular-weight constituents such 
as monoamines (small circles) would 
occur earlier and to a greater extent 
than secretion of larger peptide hor-
mones (curved lines), dependent on 
the degree of fusion pore dilation, the 
size of the constituent, and its solubil-
ity within the matrix of the granule.

Full fusion

Pore dilation
with reclosure

Pore reclosure
without dilation
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with the plasma membrane and complete fusion pore 
dilation202; limited but long-term fusion pore open-
ing followed by fusion pore closure201; and tran-
sient fusion pore opening with reclosure (“kiss and 
run”).117,201,203,204 This indicates that exocytosis can 
result in the differential release of granule constituents 
depending on their size and rate of solubilization from 
the luminal matrix. Monoamines such as norepineph-
rine may be released by some granule fusion events 
without accompanying peptide hormone release. Thus, 
the fusion pore machinery is an important site for the 
physiologic regulation of hormone secretion.

MODULATION OF CALCIUM-DEPENDENT HORMONE 
SECRETION BY PROTEIN KINASE C
Because the proximal regulator of dense-core granule 
exocytosis is cytoplasmic calcium, receptor mechanisms 
that mobilize intracellular calcium through inositol tri-
phosphate generation or that promote calcium influx 
will determine the rates of hormone secretion. However, 
many other signal transduction pathways exert signifi-
cant modulatory effects on calcium-dependent hormone 
secretion. In virtually all endocrine cells that have been 
examined, phorbol ester activators of protein kinase C 
enhance hormone secretion.205 In some cases, phorbol 
ester stimulation of hormone secretion may be indirect 
and mediated through ion channel regulation that alters 
calcium entry.206 However, stimulatory effects of phor-
bol esters are also seen at sites distal to calcium entry. 
In some cases, phorbol ester stimulation is observed at 
a low resting cytoplasmic calcium concentration207,208; 
in other cases, phorbol ester treatment synergistically 
enhances the stimulation of secretion by cytoplasmic 
calcium elevation.209,210 Although phorbol ester-binding 
proteins other than protein kinase C (e.g., Munc13) 
mediate some of the actions of phorbol esters (see later), 
a stimulatory role for protein kinase C on exocytosis has 
been directly demonstrated in studies of calcium-depen-
dent hormone secretion in permeable neuroendocrine 
cells.211,212

Protein kinase C regulates hormone secretion at sev-
eral sites in the exocytotic pathway. The strong enhancing 
effects of phorbol esters on constitutive secretion at steps 
between the ER and Golgi or at vesicle-budding reactions 
in the TGN213-215 are likely mediated by protein kinase 
D.63 Stimulation of rate-limiting steps early in the secre-
tory pathway alters the transit of proteins to both regu-
lated and constitutive secretory pathways (see Fig. 3-1). 
In addition, protein kinase C activation stimulates steps 
in the regulated pathway close to exocytosis. Phorbol 
ester treatment enhances the recruitment and docking of 
dense-core vesicles in chromaffin and PC12 cells.172,216-219 
In addition, the direct stimulation of calcium- dependent 

exocytosis by protein kinase C at a postdocking step has 
been observed in permeable neuroendocrine cells.211

Many protein substrates for protein kinase C have 
been identified in endocrine cells, and efforts have been 
directed toward identifying substrates that mediate the 
stimulatory effects of protein kinase C on hormone secre-
tion.220-222 Of identified proteins that function at a late step 
in regulated exocytosis, two (Munc18-1 and SNAP-25)  
have been shown to be direct substrates for protein 
kinase C–mediated phosphorylation.222-224 SNAP-25 is 
phosphorylated by protein kinase C at Ser187,225 and 
phosphomimetic SNAP-25 mutations were reported to 
enhance secretory granule recruitment into the ready-
release pool in chromaffin cells.217,226 In insulinoma 
cell lines, expression of the phosphomimetic Ser187Glu 
SNAP-25 precluded stimulation by phorbol esters.227 
It was suggested that the enhancing effects of SNAP-25 
phosphorylation at Ser187 on vesicle exocytosis may 
be mediated by increased binding of SNAP-25 to syn-
taxin to increase SNARE dimer formation on the plasma 
membrane.226

Munc18-1 is phosphorylated by protein kinase C at 
Ser313.228 Effects of expressing phosphomimetic mutants 
of munc18 on the kinetics of exocytosis229 or on prim-
ing vesicles230 have been reported. Phosphorylation of 
Munc18 at Ser313 reduces its interactions with syn-
taxin, but it is unclear whether this effect is responsible 
for observed effects on dense-core vesicle pools. Overall, 
phosphorylation of SNAP-25 and Munc18 by protein 
kinase C does not fully account for the stimulatory effects 
of protein kinase C activation on secretion, which indi-
cates that other relevant protein substrates remain to be 
identified.222

The stimulatory effects of phorbol esters on secretion 
via dense-core vesicles appear to be mediated by both 
protein kinase C–dependent and –independent mecha-
nisms.218 Munc13-1 contains a phorbol ester–binding 
C1 domain that has been shown to mediate the augmen-
tation of neurotransmitter release via synaptic vesicle 
exocytosis by phorbol esters.231 Some of the phorbol 
ester stimulation of hormone secretion in endocrine cells 
is mediated by Munc13-1 since this factor plays a role 
in priming dense-core vesicle exocytosis in pancreatic 
β cells.232,233 Facilitation of dense-core vesicle exocyto-
sis mediated by Munc13-1 promoted by endogenously 
generated diacylglycerol also has been demonstrated in 
chromaffin cells.234
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K E Y  P O I N T S

 •  Genetics involves the study of individual genes, their role and function in disease, and 
their mode of inheritance. Genomics refers to the genetic information, the genome, of 
an organism as well as the function and interaction of the genome with the environment 
and nongenetic factors, such as lifestyle.

 •  The characterization of the human genome and advances in molecular biology have 
led to an improved understanding of the molecular basis of physiologic and disease 
processes. This has a direct impact on diagnostic genetic testing, genetic counseling, and 
therapeutic interventions (e.g., recombinant proteins, targeted therapies).

 •  The customization of medical decisions to an individual patient, personalized medicine, 
relies heavily on genetic information. For example, distinct activating mutations in 
the RET gene result in differences in the clinical expression of multiple endocrine 
neoplasia type 2 (MEN 2) syndrome, and they are therefore classified into different risk 
categories.

 •  Careful clinical evaluation in combination with selected ancillary biochemical and 
imaging studies remain the primary means of unraveling the underlying pathogenic 
mechanisms of a disease. The family history is of great importance in recognizing the 
possibility of a hereditary component.

 •  Benign and malignant tumors can be viewed as genetic disorders since somatic 
mutations in genes controlling cell growth, apoptosis, and differentiation are key in the 
pathogenesis of neoplasia. Moreover, many cancers are associated with predisposing 

Continued
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THE HUMAN GENOME PROJECT  
AND ITS IMPACT ON MEDICINE
The Human Genome Project (HGP) was launched in 
the mid-1980s and, after completion of a draft human 
sequence in 2000, culminated in the completion of the 
DNA sequence for the last of the human chromosomes 
in 2006.1,2 The completion of the structural analysis of 
the human genome (structural genomics) and advances in 
molecular biology have been paralleled by an impressive 
increase in the understanding of the molecular basis of 
physiologic and disease processes that impact all areas of 
medicine including endocrinology.3,4 A recurring theme 
throughout this book is the synergism derived by com-
bining information from traditional studies focusing on 
clinical pathophysiology with new insights from molecu-
lar biology, genetics, and genomics. This is illustrated, for 
example, by inherited endocrine disorders such as MEN 
1 and MEN 2 (see Chapters 148 and 149)5,6 or complex 
disorders that are defined by the interaction of genetic 
factors involving multiple genes and lifestyle factors, such 
as diabetes mellitus type 2 (see Chapter 38).7 MEN 2 is 
an excellent example of personalized medicine, the cus-
tomization of medical decisions based on genomic infor-
mation because the distinct mutations in the RET gene 
are associated with differences in phenotype and aggres-
siveness (see Chapter 149). Therefore, the mutations are 
classified into different risk categories, and this has direct 
impact on clinical management.8 Genomic information 
can also be used to select therapies targeting mutated or 

overexpressed signaling molecules, and to predict effi-
cacy, adverse events, and drug dosing of selected medica-
tions (pharmacogenetics).

In addition to providing a new means for the diagno-
sis of inherited disorders, the identification of mutations 
in numerous genes has greatly enhanced our understand-
ing of pathophysiologic mechanisms in endocrine disor-
ders.9-11 Mutations have been described at multiple steps 
in endocrine pathways. There are numerous examples of 
mutations in transcription factors involved in the develop-
ment of endocrine glands, hormones, hormone receptors, 
second-messenger signaling pathways, and the transcrip-
tion factors that transduce hormone signals. Genetic 
testing is available for a broad spectrum of monogenic 
disorders, and the availability of comprehensive sequenc-
ing and genotyping technologies has a growing impact on 
clinical medicine.11,12

The completion of the structural analysis of the human 
genome and the development of high-throughput plat-
forms for genomic analyses has now led to a focus on the 
pathogenesis of complex disorders,13,14 and “postgen-
omic” disciplines are concerned with the biological func-
tion of gene products (functional genomics).10,15 These 
disciplines include the comprehensive analyses of gene 
transcripts (transcriptomics), proteins and their secondary 
modifications and interactions (proteomics), epigenetic 
modifications of DNA and chromatin proteins (epigenom-
ics), metabolites and their networks (metabolomics), 
and characterization of the genomes of microorganisms 
populating specific compartments (metagenomics). The 

hereditary germ line mutations. Secondary modifications of DNA or histone proteins, 
referred to as epigenetic alterations, also play an important role in the pathogenesis of 
malignancies.

 •  Mutations have been described at multiple different steps in endocrine pathways. 
They can affect all cells of an organism (germ line mutation), or they can be limited to 
neoplastic tissue (somatic mutation). Mosaicism refers to the presence of two or more 
genetically distinct cell lines in various tissues of an individual.

 •  Genetic testing is available for many endocrine disorders. It should only be performed 
after obtaining informed consent. Mutational analysis can be limited by the possibility 
of locus heterogeneity (same phenotype caused by mutations in distinct genes requiring 
the analysis of multiple genes), allelic heterogeneity (multiple mutations in a disease-
causing gene requiring analysis of large genomic regions), and the possibility of 
mosaicism. Next-generation sequencing techniques are facilitating the concomitant 
analysis of multiple candidate genes. For example, panels analyzing multiple candidate 
genes are now available for the mutational analysis of pheochromocytomas and 
paragangliomas.

 •  The Genetic Information Nondiscrimination Act (GINA), signed into law in 2008, 
protects asymptomatic individuals against the misuse of genetic information for health 
insurance and employment. However, it did not protect the symptomatic individual. 
Provisions of the Patient Protection and Affordable Care Act, implemented in the 
United States in 2014, now fill this gap and prohibit exclusion from or termination 
of health insurance based on personal health status. The emerging integration of 
genomic data into electronic medical records, compelled disclosures of health records, 
and direct-to-consumer genetic testing pose new challenges and emphasize the need 
for ongoing attention to potential ethical and legal problems associated with genomic 
medicine.
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ultimate goal is the integration of these complementary 
data into a systems biology that reflects the complex phys-
iologic interactions and pathophysiologic perturbations.16

Numerous comprehensive databases provide access to 
information about the human genome, nucleotide and 
polypeptide sequences, genetic disease, and genetic test-
ing (Table 4-1). These electronic resources are linked to 
multiple other databases, and they contain tools for the 
analysis of sequences and structures. Detailed tutorials 
facilitate the use of these important and continuously 
evolving databases (see Table 4-1).17,18

STRUCTURE OF THE HUMAN GENOME
The human genome consists of about 3 billion base pairs 
(bp) of DNA per haploid genome. It is contained in the 23 
chromosomes, including 22 autosomes (numbered 1 to 
22) and the X and Y sex chromosomes. DNA is formed by 
a double-stranded helix composed of four different bases: 
adenine (A), thymidine (T), guanine (G), and cytosine 
(C). Through the formation of hydrogen bonds, adenine 
pairs with thymidine, and guanine pairs with cytosine. 
The double-stranded nature of DNA and its feature of 
strict base-pair complementarity permit faithful replica-
tion during cell division, and the complementarity allows 
the transmission of genetic information from DNA to 
RNA, which is then translated into protein.

Genes are functional units that are regulated by tran-
scription and encode an RNA product, which is most 
commonly, but not always, translated into a protein that 
exerts activity within or outside the cell (Fig. 4-1). Genes 
account for only 10% to 15% of DNA. The remaining 
DNA consists of sequences, often of highly repetitive 
nature, that have structural and regulatory functions that 

are still incompletely understood. The human genome 
contains about 21,000 genes. A gene contains upstream 
regulatory regions, promoter sequences, a 5′-untranslated 
region, introns, exons, and a 3′-untranslated region (Fig. 
4-2). Exons designate the sequence regions that are even-
tually spliced together to form messenger RNA (mRNA), 
and introns refer to the spacing regions between the 
exons that are spliced out of precursor RNA. Alterna-
tive splicing of a gene, together with the use of alternative 
promoters, often create diverse transcripts (isoforms) that 
subsequently result in diverse proteins.

In addition to protein-encoding mRNAs, the genome 
generates thousands of noncoding transcripts, RNAs of 
various length such as microRNAs and long noncoding 
RNAs. They function, at least in part, as transcriptional 
and posttranscriptional regulators of gene expression.

The genome contains roughly 10 million single-nucle-
otide polymorphisms (SNPs), variations of a single base 
pair in the DNA (see Fig. 4-2). These occur on average 
every 100 to 300 bases and are a major cause of genetic 
heterogeneity. SNPs that are in close proximity are 
inherited together (i.e., they are linked) and are referred 
to as haplotypes (Fig. 4-3). The HapMap describes the 
nature and location of these SNP haplotypes in different 
populations. This information is of great importance for 
Genome-Wide Association Studies (GWAS), which are 
performed for the characterization of polygenic disorders.

Certain blocks of the genome can be duplicated or 
deleted on certain chromosomes. These so-called copy 
number variations (CNVs) are relatively large (1 kb to 
several Mb) and typically contain numerous genes.19 
They are thought to play an important role in normal 
human variation.20 When comparing the genomes of 
two individuals, approximately 0.4% to 0.8% of their 

TABLE 4-1 Selected Databases

Site Content URL

National Center for Biotechnology  
Information NCBI

Access to genomic databases, PubMed, OMIM
Links to educational online resources
Information for the use of genomic databases

http://www.ncbi.nlm.nih.gov/

Online Mendelian Inheritance in Man OMIM Online catalog of Mendelian disorders and human 
genes causing genetic disorders

http://www.ncbi.nlm.nih.gov/omim/

European Bioinformatics Institute EBI Access to genomic databases and tools for the analysis 
of sequences and structures

http://www.ebi.ac.uk

National Human Genome Research 
Institute

Information about the human genome sequence, 
 genomes of other organisms, and genomic research

http://www.genome.gov/

American College of Medical Genetics Access to databases relevant for the diagnosis, treat-
ment, and prevention of genetic disease

https://www.acmg.net/

GeneTests, GeneClinics Directory of laboratories offering genetic testing http://www.genetests.org/
HapMap Catalog of SNPs in various populations defining genetic 

similarities and differences in humans. Essential tool 
for GWAS.

http://www.hapmap.org/

Human Gene Mutation Database (HGMD) Catalog of mutations responsible for human inherited 
disease

http://www.hgmd.cf.ac.uk/ac/index. 
php

National Organization for Rare Disorders Catalog of rare disorders including clinical presentation, 
diagnostic evaluation, and treatment

http://www.rarediseases.org/

The Online Metabolic and Molecular 
Bases of Inherited Disease (OMMBID)

Online version of the comprehensive text on The 
 Metabolic and Molecular Bases of Inherited Disease

http://www.ommbid.com/

American College of Medical Genetics and 
Genomics

Extensive links to databases relevant for the diagnosis, 
treatment, and prevention of genetic disease

https://www.acmg.net/

American Society of Human Genetics Information about advances in genetic research, profes-
sional and public education, and social and scientific 
policies

http://www.ashg.org

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/omim/
http://www.ebi.ac.uk
http://www.genome.gov/
https://www.acmg.net/
http://www.genetests.org/
http://www.hapmap.org/
http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php
http://www.rarediseases.org/
http://www.ommbid.com/
https://www.acmg.net/
http://www.ashg.org
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genomes differ in terms of their CNVs. De novo CNVs 
have also been observed between monozygotic twins, 
who otherwise have identical genomes. CNVs have also 
been associated with diseases or susceptibility to diseases 
through dosage of either a single gene or a contiguous set 
of genes.21

CATEGORIES OF GENETIC DISORDERS
Although many disorders are transmitted according to 
traditional Mendelian rules, a variety of mechanisms can 
lead to genetic diseases (Table 4-2). Fundamental prin-
ciples of genetic transmission are summarized briefly 
here, and additional information is available in other 
sources.22,23 Disorders of chromosome number or struc-
ture were among the first to be recognized because they 
can be detected using cytogenetic techniques. In endo-
crinology, disorders of the sex chromosomes including 
Klinefelter’s syndrome (XXY) and Turner syndrome 
(XO) are particularly relevant. Molecular cytogenetics, in 
particular the advent of fluorescent in situ hybridization 
(FISH), has led to the identification of more subtle chro-
mosome abnormalities such as microdeletions. The inher-
itance of either two maternal or paternal chromosomes, 

so called uniparental disomy, can be associated with 
endocrine disorders if it involves an autosome that is 
imprinted (see later).

Mendelian disorders are caused by mutations in sin-
gle genes. Information about these genetic disorders is 
available in the OMIM (Online Mendelian Inheritance 
in Man) database (see Table 4-1). The patterns of clas-
sic Mendelian transmission include autosomal-recessive, 
autosomal-dominant, and X-linked disorders (Fig. 4-4). 
The transmission of genes or traits is typically depicted in 
family trees or pedigrees. Analysis of the pattern of trans-
mission, particularly in large families with multiple gen-
erations, can be very valuable for predicting the mode of 
inheritance. This information is useful for genetic counsel-
ing, and it often narrows the differential diagnosis, partic-
ularly when mutations in several different genes can give 
rise to similar phenotypes (nonallelic or locus heteroge-
neity). For example, neurohypophyseal diabetes insipidus 
caused by mutations in the AVP-NPII gene is typically 
transmitted as an autosomal disorder.24,25 In rare cases, 
it can, however, be recessive.26 The nephrogenic form of 
diabetes insipidus can be X-linked due to mutations in the 
AVPR2 receptor, whereas mutations in aquaporin 2 are 
associated with a recessive or a dominant inheritance.27 

SNPs

Genes

STR

Genes

q13

PA X8 Gene

Chromosome 8

q13

113.6 Mb 113.7 Mb 113.8 Mb 113.9 Mb 114.0 Mb 114.1 Mb 114.2 Mb 114.3 Mb 114.4 Mb 114.5 Mb

p2
2

p1
2

p1
1.

21

q1
1.

21

q1
1.

23

q2
1.

11

q2
1.

13

q2
4.

12

q2
4.

13

q2
4.

21

q2
4.

22

q2
4.

23

p2
3.

2

p2
3.

1

p2
1.

3

p2
1.

2

q1
2.

1

q1
2.

3

q1
3.

3

q2
1.

2

q2
1.

3

q2
2.

1

q2
2.

2
q2

2.
3

q2
3.

1

q2
3.

3

q2
4.

3

Figure 4-1 Genes and polymorphic marker density of chromosome 8. The relative numbers of genes and SNPs are shown above chromosome 8. The 
microsatellite markers (short tandem repeats, STRs) and genes located within band q13 are shown below the chromosome. SNPs and microsatellites 
are essential for linkage and association studies. The gene structure of one of the genes in band 13, the paired box transcription factor PAX8, indicates 
that it consists of 10 exons. Alternative splicing of these exons generate multiple variants of PAX8.
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For this reason, when dealing with a genetic disorder, it is 
important to obtain a detailed family history, often from 
several different family members. This information can 
then be combined with laboratory and genetic testing to 
arrive at an accurate diagnosis.

Autosomal-Dominant Disorders
Diseases inherited in an autosomal-dominant manner 
are typically characterized by the presence of one mutant 
allele and a normal allele on the other chromosome. A 
single mutant allele is sufficient to cause the disorder. In 

some instances, such as non-autoimmune familial hyper-
thyroidism, the gene is dominant because the mutations 
in the thyroid-stimulating hormone receptor (TSHR) are 
constitutively active28 (see Chapter 93). In other cases, 
such as thyroid hormone resistance, the mutant gene acts 
in a dominant-negative manner to antagonize the func-
tion of the normal wild-type gene29,30 (see Chapter 94). 
Mutations in one allele may be associated with haplo-
insufficiency, a situation in which a single normal copy 
provides insufficient protein to assure normal function. 
Haploinsufficiency is a frequent mechanism of disease 
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Figure 4-2 Gene structure and single-nuclelotide polymorphisms. A, Structure of a gene. The 5′ regulatory regions contain enhancer elements, 
response elements (RE), and often a CAAT box and a TATA box. The exons (dark blue) are separated by introns (light blue). Alternative splic-
ing may generate distinct mRNA products from a given gene and is an important mechanism generating diversity at the protein level. TATA box, 
TATA-binding protein box; UTR, untranslated region; Met, methionine. B, Single-nucleotide polymorphisms in the TRH gene, which encodes the 
thyrotropin-releasing hormone. The gene is located on chromosome 3q13.3-q21. The transcription of this gene, which contains three exons, occurs 
from left to right. SNPs are found in all regions of the gene, the 5′-untranslated region, the exons, splice sites, introns, and the 3′-untranslated region. 
In the coding region, the SNPs may be synonymous (i.e., the encoded amino acid remains unchanged) or non-synonymous (i.e., the alteration results 
in an amino acid substitution). SNPs are found about every 300 bp throughout the genome.
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associated with mutations in transcription factors,31 or 
rate-limiting enzymes.

In MEN 1, a germ line mutation in the tumor suppres-
sor gene menin is transmitted in a dominant manner6,32 
(see Chapter 148). If the second allele is inactivated by 
a somatic mutation, this will lead to neoplastic growth 
(Knudson two-hit mechanism). Whereas the defective 
allele in the germ line is transmitted in a dominant way, 
the tumorigenic mechanism results from a recessive loss 
of the tumor suppressor gene in affected tissues. Thus, 
the mechanisms by which genes act in a dominant man-
ner are highly variable, even though they share similar 
features of transmission. In dominant disorders, the prob-
ability that an offspring will inherit the mutant gene is 
50%, and individuals can be affected in each generation 
(see Fig. 4-4, A). The disease does not occur in the off-
spring of unaffected individuals. Males and females are 
affected with equal frequency.

Autosomal-Recessive Disorders
In an autosomal-recessive disease, both parents of an 
affected individual are obligate heterozygotes (see Fig. 
4-4, B). The affected individual, who can be of either sex, 
can be homozygous (inherit two copies of the same muta-
tion) or inherit distinct mutations in each copy of the gene 
(compound heterozygote). Heterozygous carriers of a 
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Figure 4-3 Haplotype blocks. The figure shows ten SNPs in the selected genomic region. The associations between these SNPs has been determined 
and is shown graphically. Dark blue indicates the strongest association, and white indicates the lowest association. This analysis reveals that three 
haplotype blocks occur in this region. In order to characterize the region through genotyping, one can rely on so-called Tag SNPs (SNP 2, 6, 9) as 
representatives of the three blocks, rather than genotyping all SNPs. Such information is available for the whole genome and for different ethnic 
groups, and it permits performing Genome-Wide Association Studies (GWAS) more efficiently and at lower cost.

TABLE 4-2 Mechanisms of Transmission of 
Genetic Endocrine Diseases

Transmission Example of Endocrine Disorder

Gene Disorder

Chromosomal XXY multiple genes Klinefelter’s syndrome
Autosomal-recessive CYP21 

(21- hydroxylase)
Congenital adrenal 

hyperplasia
Autosomal- 

dominant
CASR (calcium- 

sensing receptor)
Familial benign hypocal-

curic hypercalcemia
X-linked KAL1 (Kallmann) Kallmann’s syndrome
Y-linked SRY (testis- 

determining factor)
XY sex-reversal

Autosomal- 
dominant

Knudson two-hit 
model

MEN1 (menin) Multiple endocrine 
neoplasia type 1 
(MEN 1)

Mitochondrial tRNA (Leu-UUR) Diabetes-deafness 
syndrome

Mosaic GNAS1 (Gsα) McCune-Albright 
syndrome

Somatic mutation TSHR (TSH receptor) Autonomous thyroid 
nodules

Imprinting GNAS1 (Gsα) Albright hereditary 
osteodystrophy

Multigenic Multiple genes Type 2 diabetes  
mellitus

Contiguous gene 
syndrome

Deletion of several 
genes

DiGeorge syndrome
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defective gene do not usually display phenotypic features 
of the disease. When both parents are heterozygous for a 
mutation, their offspring have a 25% chance of inherit-
ing a normal genotype, a 50% probability of a heterozy-
gous state, and a 25% risk for disease. If one parent is 
heterozygous and one is homozygous, the probability of 
disease increases to 50% for each child, and the pedigree 
analysis may mimic that of autosomal-dominant inheri-
tance (pseudodominance). Most cases of homozygous 
mutations occur in situations of parental consanguin-
ity or in isolated populations in which the gene pool is 
small. The likelihood of compound heterozygous muta-
tions depends on the gene frequency in the population 
for each mutation, which is usually very low. Congenital 

adrenal hyperplasia caused by mutations in 21-hydroxy-
lase is representative of autosomal-recessive disorders 
(see Chapter 104). There are many distinct mutations in 
the 21-hydroxylase gene (CYP21), and the prevalence of 
these mutations is high enough (∼1/100 in most popula-
tions) that it is not unlikely for unrelated parents to be 
heterozygous. As a result, a child that inherits two dis-
tinct mutations in 21-hydroxylase will be affected with 
the disorder. Depending on the degree to which the muta-
tion affects enzyme function, a range of phenotypic sever-
ity can be seen in different individuals.

X-Linked Disorders
A daughter always inherits her father’s X chromosome 
together with one of the two maternal X chromosomes. A 
son inherits one of the maternal X chromosomes and the 
Y chromosome from his father. Thus, there is no father-
to-son transmission in X-linked inheritance, and all 
daughters of an affected male are obligate carriers of the 
mutant allele (see Fig. 4-4, C). Because males have only 
one X chromosome, they are hemizygous for a mutant 
allele, and are therefore more likely to develop the mutant 
phenotype. In females, the expression of X-chromosomal 
genes is influenced by X-chromosome inactivation, which 
leads to random inactivation of most genes on one of the 
two copies. Occasionally, predominant X-inactivation 
of the normal allele can result in a partial phenotype in 
females carrying an X-linked trait, such as nephrogenic 
diabetes insipidus caused by AVPR2 mutations.25,27

Several endocrine disorders including adrenal hypo-
plasia congenita, adrenal leukodystrophy, nephrogenic 
diabetes insipidus, androgen insensitivity, and hypo-
phosphatemic vitamin D–resistant rickets, and one form 
of Kallmann’s syndrome are transmitted in an X-linked 
manner. As expected from the aforementioned mecha-
nism of X-linked transmission, these disorders are much 
more common in males than in females.

Y-Linked Disorders
The Y chromosome carries a small number of genes, and 
there are few Y-linked disorders. One of the Y-chromosomal 
genes, the sex-region–determining Y gene (SRY), which 
encodes the testis-determining factor (TDF), can cause XY 
sex-reversal when mutated.33 Alternatively, translocation of 
the SRY gene to the X chromosome can cause an XX male 
phenotype. Another group of genes on the Y chromosome 
includes the highly repetitive DAZ genes that are important 
for spermatogenesis. (Micro)deletions of these genes, often 
transmitted as a new germ-line mutation, are an important 
cause of azoospermia and male infertility.34,35

RELATIONSHIP BETWEEN GENOTYPE AND 
PHENOTYPE IN GENETIC DISORDERS
Variations in the clinical phenotype in inherited disorders 
are common and can be explained by various mechanisms.

Allelic heterogeneity indicates that multiple different 
mutations can occur in the same gene. In some instances, 
there is a clear genotype-phenotype correlation between a 
specific allele and the phenotype. Certain mutations can 
completely inactivate a protein, whereas others retain 

Autosomal dominant

A

Autosomal recessive

B

C

X-linked

Figure 4-4 Classic patterns of Mendelian genetic transmission. 
A,  Autosomal-dominant transmission. B, Autosomal-recessive trans-
mission. C, X-linked transmission. Males are depicted by squares, and 
females are depicted by circles. Double lines linking parents indicate 
consanguinity. Affected individuals are shown by filled symbols. Half-
filled symbols indicate heterozygous individuals. Dot-filled symbols 
 indicate female carriers of X-linked traits.
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partial function. For example, the phenotype of andro-
gen insensitivity includes a wide spectrum of disorders 
that ranges from severe resistance and complete androgen 
insensitivity (testicular feminization) to partial resistance 
(Reifenstein syndrome).36 Allelic heterogeneity is often a 
problem for genetic testing because one must often exam-
ine the entire gene to exclude a mutation definitively.

Nonallelic or locus heterogeneity designates a situation 
in which a similar disease phenotype results from muta-
tions in different genes. For example, the nephrogenic 
forms of diabetes insipidus can be caused by mutations in 
the X-chromosomal AVPR2 receptor gene, whereas muta-
tions in the aquaporin 2 (AQP2) gene cause either autoso-
mal-recessive or autosomal-dominant nephrogenic diabetes 
insipidus.25,27 Nonallelic heterogeneity can pose problems 
for genetic testing since different genes may have to be con-
sidered along with the possibility of allelic heterogeneity in 
each of the candidate genes. The availability of next-gener-
ation sequencing technologies now permits comprehensive 
and cost-effective mutational analyses of multiple candi-
date genes after selective enrichment. For example, tests 
that sequence all the common genes causing pheochromo-
cytomas/paragangliomas are commercially available.

A phenotype not caused by inheritance of a mutated 
gene that is identical or similar to a genetic trait is called a 
phenocopy. For example, goiter may be the consequence 
of defects in thyroid hormone synthesis, or it can be the 
consequence of nutritional iodide deficiency.37

Sometimes there are marked phenotypic differences in 
individuals carrying the same mutation. If some individuals 
harboring the mutation fail to express the phenotype, the 
trait is said to display incomplete penetrance. Expressivity 
is used to describe the phenotypic spectrum in individuals 
with the disorder. Expressivity is thus dependent on pen-
etrance. The phenotypic variation leading to incomplete 
penetrance and variable expressivity can be explained by 
environmental factors, modifier genes, or sex. The effect 
of gene-gene interactions is commonly referred to as epis-
tasis. Incomplete penetrance in some individuals leads 

to skipping of generations and can confound pedigree 
analysis. Variable expressivity and penetrance illustrate 
that genetic and/or environmental factors may influence 
“simple” Mendelian traits. This has practical relevance 
for genetic counseling, because one cannot always predict 
the course of disease, even when the mutation is known.

Aside from mutations in the sex chromosomes, some 
diseases are expressed in a sex-limited manner because 
of the differential function of the gene product in males 
and females. For example, gain-of-function mutations in 
the LH receptor cause dominant male-limited precocious 
puberty in boys because activation of the receptor induces 
testosterone production in the testis, whereas it is func-
tionally silent in the ovary.38

VARIATIONS IN SIMPLE MENDELIAN INHERITANCE 
PATTERNS
Many diseases display a familial clustering without hav-
ing a clear pattern of classical Mendelian inheritance (see 
Table 4-2). This applies to the complex disorders, which 
underlie the pathogenesis of many congenital defects and 
major health problems such as diabetes mellitus type 2, 
hypertension, obesity, osteoporosis, heart disease, and 
psychiatric disorders. These disorders are thought to 
involve multiple different genes, each of which contrib-
utes partially to the disease phenotype, either directly or 
through gene-gene interaction(s) (Fig. 4-5). Since the con-
tribution of any one these genes is usually relatively weak, 
they are difficult to localize using classical genetic linkage 
approaches in large pedigrees.39,40 Therefore, the genetic 
analysis of complex disorders relies heavily on large, 
population-based GWAS.7,13,40-43 In this approach, one 
can search for genetic variants that occur with increased 
frequency in affected individuals. Alternatively, one 
can search for genetic variants that occur more often in 
affected sib-pairs versus the population at large. These 
analyses are challenging because of the large number of 
individuals who need to be studied (several hundreds 

Figure 4-5 Relationship between al-
lele frequency and effect sizes. Some 
rare alleles can have major effects, as 
illustrated by classic Mendelian disor-
ders. They can be identified by link-
age studies if they occur in a familial 
fashion. Complex disorders require 
the concomitant presence of numer-
ous risk alleles that typically have 
minor effects. Association studies are 
more effective in identifying common 
variants with small to moderate ef-
fects. (Modified from Manolio TA, 
Collins FS, Cox NJ, et al: Finding 
the missing heritability of complex 
diseases. Nature 461:747-753, 2009.)
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to thousands). In addition, the entire genome must be 
searched for candidate genetic markers associated with 
the disease, which is now easily performed with compre-
hensive bead-based or microarray-based genotyping of 
single nucleotide polymorphisms (SNPs) (see Figs. 4-1 
and 4-2). Because many different genes (and environmen-
tal events) contribute to the pathogenesis of these disor-
ders, this type of gene search is most successful when one 
can identify specific subphenotypes that are likely to be 
caused by a relatively small number of genes, or by study-
ing relatively homogenous populations.43,44 For example, 
the sib-pair approach has been used successfully for the 
identification of genetic loci associated with type 1 diabe-
tes mellitus,42 and association studies have identified loci 
that are involved in insulin secretion and action in the 
Amish population.44 A large number of GWAS have now 
validated known genes and identified novel genes and loci 
associated with diabetes mellitus type 2.7,45,46

Each mitochondrion contains several copies of a cir-
cular chromosome, which encodes proteins that are part 
of the respiratory chain, and transfers ribosomal RNAs. 
The mitochondrial genome does not recombine and is 
transmitted exclusively through the maternal line, as all 
mitochondria originate from the oocyte cytoplasm. Thus, 
mitochondrial disorders are only transmitted from mother 
to offspring, and males and females are affected equally. 
Mitochondrial disorders typically have complex clinical 
features that often involve muscle and brain because of the 
high dependence of these tissues on oxidative phosphory-
lation. Moreover, these disorders often have endocrine 
manifestations. For example, the maternally transmitted 
diabetes-deafness syndrome is due to mutations in the 
mitochondrial gene encoding the tRNA for leucine.47

In addition to the inactivation of one of the two X chro-
mosomes in females (X-inactivation), gene inactivation also 
occurs on selected chromosomal regions of autosomes.48 
This phenomenon, referred to as genomic imprinting, leads 

to preferential expression of an allele depending on its 
parental origin and can influence the expression of certain 
genetic diseases. The classical example involves Prader-
Willi syndrome and Angelman syndrome, which are caused 
by genes located on the short arm of chromosome 15. In 
Prader-Willi syndrome, deletions are found exclusively on 
the paternally-derived chromosome. Alternatively, Prader-
Willi syndrome may be caused by the inheritance of two 
maternal copies of chromosome 15, that is, maternal uni-
parental disomy 15. In contrast, patients with Angelman 
syndrome have deletions in the same region of chromo-
some 15, but they occur only on the maternally-derived 
chromosome, or they have paternal uniparental disomy 
15.49 Genomic imprinting is also involved in the various 
clinical presentations associated with mutations in the 
GNAS1 gene encoding the stimulatory Gsα subunit.50-52 
Heterozygous loss-of-function mutations in the GNAS1 
gene lead to Albright hereditary osteodystrophy (AHO). 
Paternal transmission of GNAS1 mutations leads to the 
AHO phenotype alone (pseudopseudohypoparathyroid-
ism) (Fig. 4-6), whereas maternal transmission leads to 
AHO in combination with resistance to hormones such as 
parathyroid hormone (PTH), growth hormone–releasing 
hormone (GHRH), thyroid-stimulating hormone (TSH), 
and gonadotropins, all of which stimulate G-protein seven-
transmembrane receptors (pseudohypoparathyroidism 
type 1A). These phenotypic differences are due to a tissue-
specific imprinting of the GNAS1 gene, which is expressed 
primarily from the maternal allele in tissues such as the thy-
roid gland, gonadotropes, and the proximal renal tubule. 
In most other tissues, the GNAS1 gene is expressed bial-
lelically. In patients with isolated renal resistance to PTH 
(pseudohypoparathyroidism type 1B), an imprinting defect 
of the GNAS1 gene results in decreased Gsα expression in 
the proximal renal tubules.50

Mosaicism refers to the presence of two or more cell lines 
in an individual that differ in their genotype. Mosaicism 

GNAS1 alterationAHOPTH resistance Hypothyroidism
Hypogonadism

Mutations paternal allelePseudo PHP

Mutations maternal allelePHP Ia cAMP ↓ P ↓

GNAS1 imprinting defect

Unknown

Unknown

PHP Ib cAMP ↓ P ↓

PHP Ic cAMP ↓ P ↓

PHP II P ↓

Figure 4-6 Effects of imprinting of the GNAS1 gene. The GNAS1 gene encodes the stimulatory Gsα subunit. Inactivating mutations cause  Albright 
hereditary osteodystrophy (AHO). Maternal transmission leads to AHO in combination with resistance to hormones such as PTH, TSH, and 
 gonadotropins, which all stimulate G-protein seven-transmembrane receptors (pseudohypoparathyroidism type 1A, PHP 1A). Paternal transmission 
of GNAS1 mutations leads to the AHO phenotype alone (pseudopseudohypoparathyroidism). These phenotypic differences are due to a tissue-
specific imprinting of the GNAS1 gene, which is expressed primarily from the maternal allele in tissues such as the thyroid gland, gonadotropes, and 
the proximal renal tubule. In most other tissues, the GNAS1 gene is expressed in a biallelic fashion. In patients with isolated renal resistance to PTH 
(PHP type 1B), an imprinting defect of the GNAS1 gene results in decreased Gsα expression in the proximal renal tubules.50 PHPIc is a heterogeneous 
disorder caused by impaired Gsα function secondary to mutations or abnormal imprinting of the GNAS1 gene; however, in the majority of patients 
with PHP 1c, the underlying pathogenesis remains currently elusive. The molecular basis of PHP PHP 2 remains to be elucidated.
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can result from a mutation that occurs during embryogen-
esis or later in development. The developmental stage at 
which the defect arises will determine whether germ cells 
or only somatic cells are involved. Somatic mosaicism is 
characterized by a patchy distribution of somatic cells 
containing a mutation. For example, activating mutations 
that occur in the Gsα subunit early in development cause 
McCune-Albright syndrome.53 The clinical phenotype var-
ies depending on the tissue distribution of the mutation, 
and it can include ovarian cysts that secrete sex steroids 
and cause precocious puberty, polyostotic fibrous dyspla-
sia, café-au-lait skin pigmentation, pituitary adenomas, 
and hypersecreting autonomous thyroid nodules.

Somatic mutations also play an important role in vari-
ous forms of neoplasia.54,55 Comprehensive genome-wide 
analyses of cancers with high-throughput sequencing 
technologies has led to the detection point mutations in 
novel cancer genes and to the recognition that some can-
cer genomes carry numerous somatic rearrangements.55,56 
When somatic mutations enhance cell proliferation or 
prolong cell survival, they can be associated with the 
clonal expansion of the cell population and the develop-
ment of tumors. Activating mutations in the TSHR or Gsα 
can cause autonomously functioning thyroid nodules (see 
later). In inherited cancer syndromes in which the “first 
hit” has already been transmitted in the germ line, somatic 
mutations in the second allele of the involved tumor sup-
pressor genes play an important role (Knudson two-hit 
model). MEN 1 provides an example of such a disorder.

Trinucleotide repeats are found in several genes, and 
their number varies among healthy individuals (polymor-
phic variants). For example, the number of CAG repeats 
found in the first exon of the androgen receptor (AR) gene 
is lowest in African Americans, intermediate in Cauca-
sians, and highest in Asians.57 An increase in the number 
of repeats above a certain critical threshold is associated, 
however, with the X-linked form of spinal and bulbar 
muscular atrophy, and partial androgen resistance (SBMA, 
Kennedy’s syndrome).58 Several other trinucleotide dis-
orders are frequently associated with endocrine features. 
For example, male patients with dystrophia myotonica 
frequently present with hypogonadism,59 and the risk for 
developing diabetes mellitus correlates with the length of 
the repeat expansion in patients with Friedreich’s ataxia.60

Epigenetics describes the mechanisms and phenotypic 
changes that are not caused by variations in the primary 
DNA nucleotide sequence, but are caused by secondary 
modifications of DNA or histones.61,62 Common modifi-
cations include DNA methylation and acetylation, phos-
phorylation, methylation, and sumoylation of histones. 
These changes in the epigenome typically modify the tran-
scriptional signature of a cell (transcriptome) and hence 
the protein expression profile (proteome). These modifi-
cations can be heritable (i.e., in the case of X-inactivation 
and imprinting), or they can be induced by environmental 
influences such as diet, age, or drugs. X-inactivation refers 
to the phenomenon that one of the two copies of the X 
chromosome present in females is largely inactivated. The 
inactivation process is a dosage compensation that avoids 
females (XX) having twice as many X-chromosomal 
gene products as males (XY). In a given cell, one of the 

X chromosomes is inactivated, but once the maternal or 
paternal X chromosome is inactivated, it will pass on the 
information after cell division and remain inactivated. 
The X-inactivation process is mediated by the X-inactive 
specific transcript (Xist) gene, which encodes a large non-
coding RNA that mediates the silencing of the X chromo-
some from which it is transcribed by coating it with Xist 
RNA.63 The inactive X chromosome is highly methylated 
and has low levels of histone acetylation.

In cancer, the epigenomic alterations include simul-
taneous losses and gains in DNA methylation, as well as 
repressive histone modifications.64 Hypermethylation and 
hypomethylation are associated with mutations in genes 
that mediate and control DNA methylation. Hypermethyl-
ation generally results in the silencing of CpG islands in pro-
moter regions of genes, including tumor suppressor genes. 
Hypomethylation typically is associated with derepression 
of gene expression and can also result in genomic instability.

PRINCIPLES OF GENETIC LINKAGE  
AND ASSOCIATION
Genetic linkage refers to the fact that genes are physically 
attached to one another along the length of the chromo-
some. Consequently, two genes that are close together on 
a chromosome are usually transmitted together, unless a 
recombination event separates them. Recombination, which 
occurs during meiosis, is useful for purposes of mapping 
genes, because it provides a landmark that delineates bor-
ders for the location of a gene. The odds of a crossover, or 
recombination event, are roughly proportionate to the dis-
tance that separates them. Thus, genes that are far apart are 
more likely to be separated by a recombination event than 
genes that are close together. These features make it pos-
sible, given large pedigrees or populations, to calculate the 
genetic distance between two genes. A centimorgan (cM) is 
defined as a recombination frequency between two loci of 
1% and corresponds to about 1 Mb of DNA (see Fig. 4-1).

Linkage is usually expressed as a logarithm of the odds 
(lod) score, which is a ratio that reflects the probability 
that the disease and marker loci are linked rather than 
unlinked.65 Positive numbers favor linkage, and negative 
scores support nonlinkage. Lod scores of +3 are gener-
ally accepted as supporting linkage, whereas a score of 
–2 is consistent with the absence of linkage. When can-
didate genetic regions have been identified by linkage, 
more detailed analyses can be performed using additional 
markers, or if the region is small enough, one can attempt 
to identify the disease gene among the many genes present 
within a particular locus.

The presence of polymorphic variation in DNA is essen-
tial for linkage studies. Genetic variation provides a means 
to distinguish the maternal and paternal chromosomes in an 
individual, as well as providing markers of different regions 
along the chromosomes. Historically, these polymorphisms 
consisted of restriction fragment length polymorphisms 
(RFLPs), in which nucleotide sequence variation altered the 
presence of specific restriction sites in DNA. Thus, when 
combined with Southern blot analysis, RFLPs allow one to 
track the transmission of alleles within a pedigree. Although 
principles of RFLP analysis are useful for understanding 
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disease transmission and gene mapping, the technique has 
been supplanted by other means of polymorphic analysis. 
Initially, short tandem repeats (STRs) or microsatellites, 
consisting of highly repetitive 2-, 3-, or 4-bp sequences, 
were used for linkage studies. The HGP has generated high-
density maps of STRs throughout the entire genome (see 
Fig. 4-1). Now, genotyping of SNPs has replaced the char-
acterization of STRs. An SNP is a single base-pair variation 
at a specific locus and it forms the most common form of 
genetic variation. SNPs occur roughly every 300 bp, and 
are found in noncoding and coding regions (see Figs. 4-1 
and 4-2). SNPs within a coding sequence can be synony-
mous (i.e., not altering the amino acid code) or nonsynony-
mous. There are roughly 3 million differences between the 
DNA sequences of any two copies of the human genome. 
Comprehensive genotyping of up to a million SNPs in the 
genome of an individual can now be performed easily with 
microarray-based and bead-based array technologies, an 
approach that is essential for GWAS.

After the identification of the approximately 10 million 
SNPs that are commonly found in the human genome, the 
International HapMap Project has generated a catalog of 
common genetic variants that occur in individuals from 
distinct ethnic backgrounds (see Table 4-1).66,67 SNPs 
that are in close vicinity are inherited together as blocks 
referred to as haplotypes, hence the name HapMap. These 
haplotype blocks can be identified by genotyping selected 
SNPs, so called Tag SNPs, an approach that reduces cost 
and workload (see Fig. 4-3).

Allelic association designates a significantly increased or 
decreased frequency of an allele with a disease. This can be 
due to a true biological association or linkage dysequilib-
rium, that is, association due to close linkage. Association 
studies compare a population of affected individuals with 
a control population, for example affected individuals and 
matched controls, or affected and unaffected siblings.14,41,45 
Allelic association studies are useful for identifying suscep-
tibility genes in complex disorders. For example, associa-
tion studies have revealed a role for the HLA region, the 
insulin VNTR (variable number of tandem repeats), and 
the CTLA4 (cytotoxic T lymphocyte–associated 4) gene 
in diabetes mellitus type 1 (see Chapter 39). In diabetes 
mellitus type 2, associations have been established with a 
variety of genes, for example TCF7L2 (a transcription fac-
tor regulating the insulin and glucagon genes), PPARγ (a 
nuclear transcription factor that is a target of glitazones), 
KCNJ11 (a potassium channel expressed in β cells), and 
SLC30A8 (a zinc transporter) (see Chapter 40).7,42,45

Next-generation sequencing technologies now permit 
the sequencing of all exons or whole genomes of a rea-
sonably large number of individuals. It is now possible 
to combine these comprehensive sequencing results with 
linkage studies to identify rare causal variants with a 
large effect size.68

METHODS USED TO DETECT GENE DELETIONS  
AND POINT MUTATIONS
Mutations, any change in the primary nucleotide 
sequence, are structurally diverse. They can affect one 
(point mutations) or a few nucleotides, consist of gross 

numerical or structural alterations in individual genes or 
chromosomes, or involve the entire genome. Mutations 
may be located in regulatory regions, introns, or exons. 
Point mutations occurring in the coding region may lead 
to amino acid substitutions (missense mutations), prema-
ture stop codons (nonsense mutations), frameshifts, or 
they can be silent. Mutations in introns can introduce or 
eliminate sequences that are important for proper splicing 
of the precursor RNA to the mature mRNA.

Recombinant DNA approaches that are used to inves-
tigate a particular disorder are usually based on clues 
derived from its clinical and pathophysiologic character-
istics, which in some cases allow one to predict the gene 
that harbors a defect. For example, it was reasonable to 
postulate that selective GH deficiency in several members 
of a family might be due to a defect in the gene encod-
ing GH, GH-releasing hormone (GHRH), or the GHRH 
receptor. In other cases, however, there are no obvious 
candidate genes. For example, in the multiple endocrine 
neoplasia (MEN) syndromes, it was difficult to predict a 
gene that causes proliferation of selected lineages of endo-
crine cells. In this case, the most expeditious approach 
was to localize chromosomal regions carrying markers 
associated with the disease phenotype through linkage 
studies (see earlier). After candidate genes were identified, 
they could be analyzed for mutations in affected patients 
to verify that they cause the disorder.

Detection of Mutations
Previous editions of this chapter have discussed several 
techniques used for the detection of mutations in more 
detail.9,69 Analyses of large alterations in the genome are 
possible using cytogenetics, fluorescent in situ hybridiza-
tion (FISH), Southern blotting, high-throughput genotyp-
ing, and sequencing. More discrete sequence alterations 
rely heavily on the use of the polymerase chain reaction 
(PCR).70 The PCR technique is a very powerful tool for 
molecular diagnostics for the following reasons. First, the 
dramatic amplification of DNA allows diagnostic anal-
yses using very small amounts of initial starting tissue. 
Sufficient DNA for PCR is routinely extracted from lym-
phocytes or from cells present in saliva, hair, amniotic 
fluid, chorionic villi, or other accessible tissue sources. 
Second, because PCR uses short synthetic oligonucle-
otides to prime the reaction, it can be readily applied to 
any known sequence. PCR is also essential for linkage and 
association studies because highly polymorphic sequences 
(microsatellites and SNPs) can easily be amplified.71

In many cases, the PCR is the starting point for more 
detailed characterization of a mutation. In early studies to 
identify a specific mutation, the PCR product is often used 
for DNA sequencing to establish the location and base 
change that is present in the gene. Because the amount of 
DNA provided by PCR is relatively large, automated DNA 
sequencing methods allow direct sequencing of the DNA 
fragment.72 Alternatively, the amplified DNA fragment can 
be subcloned into a plasmid vector to allow subsequent 
DNA sequencing. Direct sequencing has the advantage 
that the sequence analysis is based on a large population 
of amplified DNA molecules rather than individual clones 
that may contain PCR-generated sequence errors (which 
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occur in approximately 1 in 3000 bases). Direct DNA 
sequencing of the PCR product also has the advantage that 
a heterozygous mutation can be detected by the presence of 
two different nucleotides at the mutant position.

After characterization of specific mutations or SNP in 
an index patient, other family members or individuals can 
be easily screened for the presence or the absence of the 
mutation with a variety of techniques, most commonly by 
direct sequencing.9,69

High-Throughput Sequencing Technologies
Several high-throughput sequencing platforms (also referred 
to as next-generation or massively parallel sequencers) 
have become commercially available. The advent of these 
technologies is rapidly changing the scope of genetic and 
genomic analyses. They provide the possibility to sequence 
very large regions, several genes after targeted enrichment, 
the entire exome (all coding exons), or even the entire 
genome at a relatively low cost.73 This allows clinicians 
to identify disease-causing mutations and to character-
ize SNPs at high resolution. Other applications include 
the characterization of RNA expression, noncoding and 
microRNAs, protein-DNA interactions, epigenomic alter-
ations, and metagenomic analyses.74 High-throughput 
sequencing processes millions of sequence reads in paral-
lel. The workflow to produce next-generation sequences 
consists of the following main steps. After the creation 
of a library with fragments of the template DNA, which 
requires only a few micrograms of starting material, these 
fragments are ligated to specific adaptor oligonucleotides 
to both ends of each DNA fragment. These single strand 
fragments are then amplified and sequenced using different 
technologies (pyrosequencing, polymerase-based sequenc-
ing-by-synthesis, ligation-based sequencing), depending 
on the platform. High-throughput sequencers produce 
much shorter read lengths (35 to 250 bp, depending on 
the platform) than capillary sequencers (650 to 800 bp). 
The enormous amount of data generated by a single run 
on a high-throughput sequencer requires intense computa-
tional capacity and sophisticated bioinformatics in order 
to assemble the sequence and to make comparisons to one 
or several reference sequences.75,76 This approach has been 
successful in elucidating the molecular basis of several dis-
orders. For example, in a child presenting with growth 
retardation, developmental retardation, skeletal dysplasia, 
and severe constipation, but only borderline-abnormal 
thyroid hormone levels, whole-exome sequencing resulted 
in the identification of a de novo heterozygous nonsense 
mutation in the gene encoding the thyroid hormone 

receptor alpha (THRA).77 The mutant protein inhibits the 
wild-type receptor in a dominant-negative manner in tis-
sues with predominant expression of the alpha receptor.

Functional Studies of Mutant Hormones and Receptors
Identification of a DNA sequence alteration is not sufficient 
to establish that it is responsible for a specific phenotype. 
First, nucleotide substitutions could represent polymor-
phisms or DNA sequence variations that occur in the pop-
ulation as a whole. If the base change occurs in the coding 
sequence, but does not alter an amino acid, it is most likely 
a polymorphism. Occasionally, however, a seemingly silent 
mutation may affect mRNA stability or splicing mecha-
nisms.78 If a mutation results in an alteration of the amino 
acid sequence, it is still possible that the amino acid substi-
tution is “physiologically silent” and does not significantly 
alter protein function. One approach for addressing the 
issue of polymorphisms is to screen a large number of nor-
mal individuals (e.g., 100) for the putative mutation or to 
screen public databases containing whole-exome sequenc-
ing data of a large number of individuals. If the amino acid 
substitution is found in unaffected individuals, it is by defi-
nition a polymorphism, although it may have subtle func-
tional consequences. Substitution of codons that are highly 
conserved across species (presumably implying functional 
importance) have a higher chance of being disease-causing 
mutations. Finally, mutations tend to segregate with the 
disease phenotype when examined in several family mem-
bers, whereas polymorphisms should sort randomly unless 
they are located close to the disease locus. Although these 
determinations of polymorphisms are not entirely reliable, 
they are of practical importance because the next steps of 
assessing the functional importance of a “candidate muta-
tion” can require significant experimental effort.

Assuming there is evidence against a polymorphism, 
it is frequently possible to assess the effect of a muta-
tion in a functional assay, often using recombinant tech-
niques. As illustrated in Figure 4-7, recombinant mutant 
and wild-type proteins can be expressed in bacteria or 
eukaryotic cells and subjected to a broad spectrum of 
functional assays. For example, transcription factors can 
be expressed in combination with reporter genes that con-
tain a target promoter upstream of the luciferase gene (see 
Fig. 4-7, B).79 The transcription factor subsequently drives 
the transcription of the luciferase gene, and the luciferase 
activity can be determined in the cell lysate. Protein-DNA 
interactions of transcription factors can also be studied in 
electromobility shift assays (see Fig. 4-7, C).80 The pro-
tein binds to specific target sequences, and this leads to 

Figure 4-7 Expression of recombinant hormones for functional assays. The ability to express recombinant hormones, receptors, signaling molecules, 
or transcription factors is an important strategy for testing the effects of putative disease-causing mutations. A variety of expression systems are available 
including E. coli, baculovirus, vaccinia virus, and mammalian cells. The choice of expression system is dictated by a variety of issues including charac-
teristics of the protein, desired production level, and the nature of the bioassay that will be used. A, The cDNA of the gene of interest is cloned into an 
appropriate vector either in its wild type form or with specific mutations. B, This example illustrates a luciferase reporter assay used for the character-
ization of transcription factors. The cDNA encoding the transcription factor of interest is contransfected together with a reporter gene that contains a 
target promoter upstream of the luciferase gene.79 The transcription factor subsequently drives the transcription of the luciferase gene, and the luciferase 
activity can be determined in the cell lysate. C, Protein-DNA interactions of transcription factors can also be studied in electromobility shift assays.80 
The protein binds to specific target sequences, and this leads to slower migration of the radiolabeled nucleotides. Specificity can be proven by controls 
containing an excess of a specific competitor, mutated oligonucleotides, and incubation with an antibody targeting the transcription factor (supershift).
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slower migration of the radiolabeled nucleotides. Specific-
ity can be proven by controls containing an excess of a 
specific competitor, mutated oligonucleotides, and incu-
bation with an antibody targeting the transcription factor 
(supershift). Mutant enzymes such as 21-hydroxylase can 
be analyzed for their ability to bind substrate or to carry 
out catalysis.81 Mutant receptors like the insulin receptor 
have been subjected to an array of functional tests includ-
ing insulin binding, receptor autophosphorylation, recep-
tor internalization, and receptor stability.82 Likewise, 
G protein–coupled receptors containing activating or 
inactivating mutations can be tested for their abilities to 
bind hormones and to signal through second-messenger 
pathways.28,38,83 Nuclear receptors, such as the thyroid 
hormone receptor, can be analyzed both for their abil-
ity to bind thyroid hormone and DNA target sequences 
and for their capacity to function as transcription fac-
tors in transient gene expression assays.77,84 These types 
of studies not only establish whether a given mutation is 
of functional importance, but also provide insight into 
protein structure-function and hormone action. In many 
instances, these “experiments of nature” provide rapid 
identification of critical functional domains because iden-
tification of the mutations is biased by the presence of a 
recognizable clinical phenotype.

OVERVIEW OF INHERITED ENDOCRINE DISORDERS
Molecular biology has transformed the practice of endocri-
nology and will continue to do so.85 In addition to improving 
our understanding of hormone and receptor structure-func-
tion, these techniques allow the production of large quanti-
ties of recombinant insulin (with or without altered kinetics), 

growth hormone, gonadotropins, thyrotropin, and eryth-
ropoietin, among others. For many monogenic disorders, 
molecular testing is now available and has a growing impact 
on clinical management (see Tables 4-1 and 4-3). Genetic 
testing has an established role in the evaluation of families 
with MEN 2,5 and in hereditary and sporadic forms of pheo-
chromocytoma.86-88 The detection of driver mutations in 
several malignancies has been followed by the development 
of targeted therapies. For example, several tyrosine kinase 
inhibitors are now approved for the therapy of patients with 
advanced medullary thyroid cancer and advanced thyroid 
cancers of follicular origin.89 Comprehensive mutational 
profiling of malignancies has increasing impact on cancer 
taxonomy, the choice of targeted therapies, and improved 
outcomes in terms of progression-free survival. Lastly, the 
identification of previously unknown molecules and path-
ways involved in endocrine systems provide novel insights 
into metabolic networks,90,91 as illustrated by the discovery 
of beige adipocytes and irisin, a previously unknown hor-
mone that stimulates the formation of these cells.92

APPROACH TO THE PATIENT
Careful clinical evaluation, in combination with selected 
ancillary biochemical and imaging studies, remains the 
first step in unraveling the underlying pathogenic mech-
anisms of a disease.11 The family history is of great 
importance to recognize the possibility of a hereditary 
component. A detailed pedigree is invaluable for the rec-
ognition of hereditary traits, the assessment of genetic 
risk, and for purposes of genetic counseling.93 Because 
of the possibility of age-dependent expressivity and pene-
trance, the family history should be updated continuously. 
In general, genetic testing should only be performed after 
obtaining informed consent. The patient and the family 
should be carefully informed about the potential conse-
quences of positive results, for example, psychological 
distress and the possibility of discrimination. In the case 
of a positive genetic test result, the clinician must dis-
cuss the potential implications for the affected individual 
and other family members. The patient must be informed 
that it is his or her responsibility to contact relatives who 
should undergo testing because the clinician is prohibited 
from contacting family members without their formal 
permission. Equally important is discussing the meaning 
of a negative result, which should include an explana-
tion of false negative or inconclusive results and technical 
limitations of the tests.

Genetic testing in children poses distinct ethical 
issues.94 In most instances, it should be limited to situa-
tions in which it has an impact on the medical manage-
ment. If there is no apparent benefit, testing should be 
deferred until the patient can consent independently.

Laboratories performing genetic tests can be found 
through the GeneTests website (http://www.genetests. 
org), an international Laboratory Directory (see Table 
4-1). For certain rare disorders, the test may only be avail-
able through research laboratories. If a disease-causing 
mutation is expected in all cells as a result of germ line 
transmission, DNA can be collected from any tissue, such 
as nucleated blood or buccal cells, for cytogenetic and 

TABLE 4-3 Approach to the Patient with a 
Suspected Genetic Disease

Detailed Clinical Characterization

Characterize phenotype.
Consider possible candidate genes based on phenotype.

Determine if There Are Major Deletions or Rearrangements

Cytogenetics or FISH
Southern blot analyses
Genotyping

Disorders Caused by an Unknown Gene

Current approach: Consider analysis of candidate genes and 
whole-exome or genome sequencing.

Traditional approach: Consider linkage with single-nucleotide 
polymorphisms (SNPs) or short-tandem repeats (STRs) and 
cloning of candidate genes.

Small Deletions or Point Mutations

Screen for mutations by direct DNA sequencing.

Determine if the Mutation Alters a Known Function of the Protein

In vitro analyses of mutant proteins
In vivo and transgenic analyses of mutant proteins

Therapeutic Implications

Genetic counseling
Other interventions based on nature of the mutation

http://www.genetests.org
http://www.genetests.org
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mutational analyses. In the case of somatic mutations, 
which are limited to the neoplastic tissue, an adequate 
sample of this lesion is required for the extraction of 
DNA or RNA.

Genetic Endocrine Disorders
Several hundred endocrine disorders exhibit an inheri-
tance pattern suggestive of a primary gene defect (see the 
OMIM and the Human Gene Mutation Database).95,96 
Gene mutations have now been identified in many of 

these disorders (Table 4-4). Some common themes 
emerge from the numerous genetic defects that have 
been elucidated. First, the phenotypic variability that 
characterizes many endocrine diseases is often reflected 
in genetic heterogeneity. Some clinical phenotypes that 
were thought previously to represent distinct diseases 
can now be interpreted as manifestations of different 
types of mutations within a single gene. For example, 
the clinical variants of congenital adrenal hyperplasia 
can be attributed to distinct mutations in 21-hydroxylase 

TABLE 4-4 Selected Examples of Genetic Endocrine Diseases

Endocrine Mutation Disorder
Mode of  
Inheritance

Chromosome
Location

Type(s) of 
Mutation

Reference 
Number

Hormone Mutations
Insulin Hyperproinsulinemia AR 11p15.5 P 107
Growth hormone Dwarfism AR, AD 17q22-q24 D, P 100
POMC Adrenal insufficiency; obesity AR 2p23.3 P 121
PTH Hypoparathyroidism AD 11p15.3-15.1 P 108
TSH TSH deficiency; hypothyroidism AR 1p22 D, P 113
Thyroglobulin Hypothyroidism; goiter AR 8q24.2-q24.3 P 295
LH LH deficiency; hypogonadism AR 19q13.32 P 115
FSH FSH deficiency; hypogonadism AR 11p13 P 116
Vasopressin/neurophysin II Neurohypophyseal DI AD 20p12.21 P 109
Antimüllerian hormone Retained Müllerian ducts AR 19p13.3-p13.2 P 316
Leptin Obesity AR 7q31.3 P 119

Binding-Protein Mutations
TBG Euthyroid hypothyroxinemia XL Xq21-22 D, P 123
Transthyretin Euthyroid hyperthyroxinemia AD 18q11.2-12.1 P 129
Albumin Euthyroid hyperthyroxinemia AD 4q11-q13 P 126

Membrane Receptor Mutations
Insulin receptor Insulin resistance AR, AD 19p13.3-13 P 82
GnRH receptor Hypogonadotropic hypogonadism AR 4q21.2 P 142
GHRH receptor GH deficiency AR 7p15-p14 P 317
TRH receptor Hypothalamic hypothyroidism AR 8q23 P 318
GH receptor Laron dwarfism AR 5p13-p12 P 132
TSH receptor (inactivating) TSH resistance AR 14q31 P 150
TSH receptor (activating) Hyperthyroidism AD, S 14q31 P 83
LH receptor (inactivating) Hypogonadism AR 2p21 P 319
LH receptor (activating) Male precocious puberty AD, S 2p21 P 38
FSH receptor (inactivating) Ovarian failure; decreased spermatogenesis AR 2p21-p16 P 156
PTH receptor (inactivating) Blomstrand’s chondrodysplasia AR 3p22-p21.1 P 320
PTH receptor (activating) Jansen’s chondrodysplasia AD 3p22-p21.1 P 145
ACTH receptor Adrenal insufficiency AR 18p11.2 P 321
Vasopressin V2 receptor Nephrogenic DI XL Xq27-q28 P 137
Calcium receptor (inactive) Hypocalciuric hypercalcemia AD,AR 3q21-q24 P 160
Calcium receptor (activating) Hypoparathyroidism AD 3q21-q24 P 146
AMH receptor Retained müllerian ducts AR 12q13 P 322
Leptin receptor Obesity AR 1p31 P 323
Melanocortin 4 receptor Obesity AD 18q22 P 324

Nuclear Receptor Mutations
Vitamin D Type 2 vitamin D–resistant rickets AR 12q12-q14 P 181
Thyroid hormone RTH beta

RTH alpha
AD
AD

3p24.3
17q21.1

D, P
D, P

325
77

Glucocorticoid Glucocorticoid resistance AR 5q31 P 184
Mineralocorticoid Pseudohypoaldosteronism type 1 AD 4q31.1 P 326
Androgen Androgen resistance XL, S Xcen-q13 D, P 327
Estrogen Estrogen resistance AR, S 6p25.1 P 185

187
PPARγ2 Obesity; insulin resistance AD 3p25 P 328
Steroidogenic factor 1 XY sex-reversal; adrenal insufficiency AD 9q33 P 191
DAX1 Adrenal hypoplasia congenita XL Xp21.3-p21.2 D, P 193

Signal Pathway Mutations
Ras P21 Tumorigenesis S 20q12-13.2 P 329
Gsα Acromegaly S 20q12-13.2 P 161

Gsα AHO AD, imprinting 20q12-13.2 P 165

Continued on following page
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TABLE 4-4 Selected Examples of Genetic Endocrine Diseases (Continued)

Endocrine Mutation Disorder
Mode of  
Inheritance

Chromosome
Location

Type(s) of 
Mutation

Reference 
Number

Gsα McCune-Albright syndrome Mosaic 20q12-13.2 P 53
Giα Tumorigenesis S 3p21 P 161
PTTG Pituitary tumors S 5q33 Overexpres-

sion
330

AIP Familial pituitary tumors AD 11q13.3 P 214
p53 Tumorigenesis; familial and sporadic 

adrenal carcinoma: ADCC
Li-Fraumeni syndrome
Beckwith-Wiedemann syndrome

S 17p13 D, P 331, 
242

Retinoblastoma Tumorigenesis S 13q14 D, P 332
PRAD1 (Cyclin D1) 

 (Parathyroid adenoma)
Tumorigenesis S 11q13 Transloca-

tion
168

BRAF (Papillary thyroid 
 carcinoma)

Tumorigenesis S 7q34 P 333

BRCA1 Breast cancer; ovarian cancer AD, S 17q21 D, P 334
BRCA2 Breast cancer; ovarian cancer AD, S 13q12.3 D, P 335

Transcription Factor Mutations
HNF 1α MODY 3 AD 12q24.2 P 336
HNF 1β MODY 5 AD 17cen-q21.3 P 337
Insulin promoter factor 1 MODY 4 AD 13q12.1 P 223
PIT-1 GH, PRL, TSH deficiency AR, AD 3p11 D, P 209
PROP1 GH, PRL, TSH, LH, FSH deficiency AR 5q P 210
Thyroid transcription factor 1 Congenital hypothyroidism AD 14q13 Underex-

pression
338

Thyroid transcription factor 2 Congenital hypothyroidism AR 9q22 P 217
PAX-8 Congenital hypothyroidism AR 2q12-q14 P 218
SRY translocation XX male XL Ypter Translocation 201
SRY mutation XY female YL Ypter P 339
SOX-9 XY female; campomelic dysplasia AD 17q24.3-q25.1 P 196
Wilms’ tumor Frasier syndrome; Denys-Drash syndrome AD 11p13 P 197
DAZ (RNA-binding protein) Azoospermia YL Yq11 D 34

Endocrine Syndromes
Kallmann’s Hypogonadotropic hypogonadism  

with anosmia
XL (KAL1)
AD (FGFR1)
AR (PROK2)
AR (PROKR2)
Digenic (NELF 

and FGFR1)
AD (SEMA3A)

Xp22.3
8p11.2-11.1
3p21.1
20p13
9q34.3
8p11.2-11.1
7q21.11

D, P,  
Transloca-
tion

340 
258-
263

265

Prader-Willi syndrome Hypogonadism, obesity AD; imprint 15q11 D 341
Von Hippel-Lindau (VHL gene) Pheochromocytoma; renal carcinoma AD 3p26-p25 D, P 342
MEN 1 (Menin gene) Neoplasia: pituitary, pancreas, 

 parathyroid
AD 11q13 P 32

MEN 2 (RET gene) Neoplasia: parathyroid, pheochromocy-
toma, medullary thyroid cancer

AD 10q11.2 P 238

MEN 2b (RET gene) MEN 2 and neurofibromas AD 10q11.2 P 239
Carney complex (PRKAR1A 

gene)
Cushing’s syndrome; acromegaly, 

 myxomas
AD 2p16 P 272

Pendred syndrome (SLC26A4 
gene)

Goiter; deafness AR 7q31 D, P 267

DiGeorge syndrome Hypoparathyroidism; cardiac 
 abnormalities

AD 22q11 D 343

Prohormone convertase 1 ACTH, GnRH, insulin deficiency AR 5q15-q21 P 344
Polyglandular failure type 1 

(AIRE gene)
Polyglandular failure AR 21 q22.3 P 270

Enzyme and Channel Mutations
Glucokinase MODY 2 AD 7p15-p13 P 345
Sulfonylurea receptor Nesidioblastosis AR 11p15.1-p14 P 305
Potassium channel KCNJ11 Nesidioblastosis AR 11p15.1 P 306
Sodium iodide symporter Goiter, hypothyroidism AR 19p12-13.2 P 346
Thyroid peroxidase Goiter, hypothyroidism AR 2pter-12 P 291
21-hydroxylase CAH; androgen excess AR 6p21 D, P 81
17α-hydroxylase Androgen deficiency; hypertension AR 10q24.3 P 278
17,20-lyase activity XY ambiguous genitalia AR 10q24.3 P 279
11β-hydroxylase Androgen excess; hypertension AR 8q21 P 347
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or other enzymes involved in steroid biosynthesis.97,98 
Second, the propensity of certain genes to be frequent 
targets for mutations may be explained in part by gene 
structure and organization. Genes such as growth hor-
mone that have been duplicated to form gene clusters are 
predisposed to undergo recombination and deletion.99,100 
Third, although many of the mutations reported initially 
have been associated with severely affected patients, it 
is now apparent that mutations with less severe con-
sequences can result in a more discrete phenotype and 
that there is often a phenotypic spectrum. For example, 
the phenotype of androgen insensitivity includes a spec-
trum of disorders that ranges from complete androgen 
insensitivity to milder resistance in Reifenstein syndrome 
and other syndromes of mild androgen resistance associ-
ated with gynecomastia and infertility.36 These disorders 
are each caused by mutations in the androgen receptor, 
but the mutations result in different degrees of recep-
tor dysfunction. In some cases, the receptor is deleted 
or mutated in a manner that it is completely inactive. In 
other examples, mutations perturb the amount or stabil-
ity of the receptor, causing partial resistance. Phenotypic 
variation can also be ascribed to environmental influ-
ences and/or the action of other genes, so called modifier 
genes. A further extension of this concept is that genetic 
polymorphisms (DNA sequence variants) in the normal 
population cause subtle differences in hormone or recep-
tor activity, thereby constituting part of the basis for the 
variability that is seen in the normal range of hormone 
levels and activity.

Because a staggering number of mutations in differ-
ent endocrine genes has already been reached,9,10,85 it is 
not practical to describe each of these disorders in a com-
prehensive manner. The interested reader is referred to 
individual chapters and to the references in Table 4-4. In 
addition, these disorders are described in the OMIM, the 
Human Gene Mutation, and the GeneTests databases (see 
Table 4-1). It is, nevertheless, useful to provide examples 
of mutations that occur at different steps in endocrine 

pathways to illustrate the breadth and heterogeneous 
nature of disorders caused by gene defects.

Hormone Mutations
One might have expected that mutations in hormones 
would represent a common molecular basis for endo-
crine disorders. However, this does not appear to be the 
case. For the most part, causes of hormone deficiency 
syndromes remain enigmatic. For example, growth hor-
mone deficiency rarely involves deletions or mutations in 
the growth hormone gene.101 Rather, most cases can be 
attributed to an inherited or acquired hypothalamic defect 
that can involve GHRH, the GHRH- producing neuron, 
the GHRH receptor, or one of the regulatory pathways 
that control GHRH secretion.102 GH deficiency is remi-
niscent of idiopathic hypogonadotropic hypogonadism, 
which is rarely due to a GnRH gene defect, but rather to 
a defect in several genes that control migration or devel-
opment of the GnRH producing neurons (KAL1, FGFR1, 
PROKR2, PROK2, CHD7, FGF8).103

The GH gene is a member of a large gene cluster that 
also includes a GH variant gene as well as several struc-
turally related chorionic somatomammotropin genes and 
pseudogenes (highly homologous but functionally inac-
tive relatives of a normal gene). Because such gene clusters 
contain multiple homologous DNA sequences arranged in 
tandem, they are particularly prone to undergo recombi-
nation, leading to gene duplication or deletion. It has been 
proposed that mispairing of areas with sequence homol-
ogy can lead to unequal crossover during meiosis, with 
resultant gene duplication on one chromosome and gene 
deletion on the other chromosome.100,104 In autosomal-
recessive isolated growth hormone deficiency 1A (IGHD 
1A), deletions of the GH represent one of the best-studied 
hormone mutations101 (see Chapter 23). Southern blot 
analyses of DNA from affected children demonstrated 
homozygous deletions of the GH gene, consistent with 
the autosomal-recessive inheritance pattern for transmis-
sion. Recessive point mutations in the GH gene lead to 

TABLE 4-4 Selected Examples of Genetic Endocrine Diseases (Continued)

Endocrine Mutation Disorder
Mode of  
Inheritance

Chromosome
Location

Type(s) of 
Mutation

Reference 
Number

3β-hydroxysteroid 
 dehydrogenase

CAH; androgen deficiency AR 1p13.1 P 280

Steroidogenic acute regulatory Lipoid CAH AR 8p11.2 P 283
5α-reductase type 2 Male pseudohermaphroditism AR 2p23 D, P 285
Aldosterone synthase Glucocorticoid-remediable hypertension AD 8q21 D, Translo-

cation
287

Amiloride-sensitive Na channel Liddle syndrome; hypertension AD 16p13-p12 P 348
Aquaporin 2 Nephrogenic DI AR 12q13 P 140
PHEX Hypophosphatemia.

Vitamin D–resistant rickets
XL Xp22.2-p22.1 P 303

1α-hydroxylase Type 1 vitamin D–resistant rickets AR 12q14 P 299
MCT8 Elevated T3, TSH.

Quadriplegia, hypotonia, mental 
 retardation

XL Xq13.2 D, P 308

AD, Autosomal-dominant; AHO, Albright’s hereditary osteodystrophy; AIP, aryl hydrocarbon receptor interacting protein; AR, autosomal- recessive; 
CAH, congenital adrenal hyperplasia; D, deletion; DI, diabetes insipidus; FSH, follicle-stimulating hormone; GH, growth hormone; LH, luteinizing 
hormone; P, point mutation; POMC, pro-opiomelanocortin; PTH, parathyroid hormone; PTTG, pituitary tumor transforming gene; RTH, Resistance 
to thyroid hormone; S, somatic cell mutation; TBG, thyroxine-binding globulin; TSH, thyroid-stimulating hormone; XL, X-linked; YL, Y-linked.

Representative references are provided. Many endocrine disorders are not listed, including a large number of metabolic disorders.
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IGHD 1B. In IGHD 2, autosomal-dominant mutations in 
the GH gene encode a misfolded protein that aggregates 
with the normal GH protein, thus exerting a dominant-
negative effect.105,106 These complexes may also be toxic 
to somatotrope cells.

Other mutations that have been described in hormones 
are listed in Table 4-4. The mutations in preproinsulin 
prevent processing of the preproinsulin precursor mole-
cule, causing secretion of biologically inactive insulin mol-
ecules.107 A mutation in the signal sequence of PTH causes 
hypoparathyroidism, even when only one of the two PTH 
alleles is affected.108 It has been shown that this mutation 
interferes with hormone transport and processing, leading 
to the hypothesis that the mutant molecule could interfere 
with the transport of other cellular proteins, including the 
normal PTH protein. Most mutations in the AVP-NPII 
gene, which encodes vasopressin and neurophysin, appear 
to be somewhat analogous to the PTH mutation. An auto-
somal-dominant form of diabetes insipidus is caused by 
heterozygous mutations in the signal peptide or the neu-
rophysin moiety of the AVP-NPII precursor protein.109 
These amino acid changes in the signal sequence and 
carboxyterminal vasopressin carrier protein, neurophy-
sin, suggest that abnormalities in protein processing may 
prevent vasopressin synthesis or result in cellular toxicity. 
In vitro studies demonstrate abnormal processing and cel-
lular toxicity of the mutant forms of vasopressin,24,110 and 
mice carrying one mutated allele show progressive loss of 
arginine-vasopressin (AVP)-producing neurons relative to 
oxytocin-producing neurons,111 explaining the delayed 
onset of the disease.25,112 Very rarely, mutations lead to 
amino acid substitutions in the AVP moiety. In this case, 
the disease is inherited in a recessive manner.26

Homozygous mutations in the TSH-β gene cause 
hypothyroidism. One TSHβ-subunit mutation defines a 
region of the molecule that is required for heterodimer-
ization with the α subunit,113 whereas others either trun-
cate the protein or interfere with its biological activity.114 
An LH-β-subunit mutation defines a region that is critical 
for binding to the LH receptor.115 Interestingly, follicle-
stimulating hormone-beta (FSH-β) mutations have differ-
ent phenotypes in males and females. They cause primary 
ovarian failure in females because of a defect in follicular 
maturation and estrogen synthesis.116,117 In males, FSH-
β mutations do not impair virilization or testosterone 
production, but they cause variable impairment of sper-
matogenesis.118 Mutations in leptin, initially described in 
murine models of obesity, have subsequently been identi-
fied in humans.119,120 Unexpectedly, mutations in POMC 
not only cause adrenal insufficiency, but also lead to 
obesity, apparently because of a role for α-melanocyte–
stimulating hormone (MSH) in appetite control121 (see 
Chapter 28).

In these and other autosomal-recessive disorders, 
there is an opportunity to examine the effect of a “gene 
knockout” in humans. Thus, elimination of functional 
hormones such as GH, LH, FSH, or TSH allows one to 
attribute specific physiologic roles to the hormone that 
may be difficult to discern in normal individuals. For 
example, complete elimination of LH, with retention of 
normal FSH, allows the functions of these hormones to 

be distinguished. Creation of gene knockouts and knock-
ins by homologous recombination in mice, or transgenic 
overexpression, allow the creation of animal models for 
studying hormone and receptor function.

Binding Protein Mutations
The binding protein mutations cause little in the way 
of clinical disease, but if not recognized, they often lead 
to misdiagnosis or unnecessary treatment. As shown in 
Table 4-4, these defects are predominantly confined to 
proteins that bind thyroid hormone (see Chapter 76). 
Thyroxine-binding globulin (TBG) is the major thyroid 
hormone transport protein in the serum. Abnormalities 
in its production are not rare, occurring in approximately 
1 in 2500 male births.122 Complete TBG deficiency is 
X-linked and is clinically apparent in males who are 
euthyroid but have very low levels of thyroid hormone 
in the serum. These patients are often mistakenly treated 
for hypothyroidism. Although large deletions of the TBG 
gene have not been found,123 a number of different point 
mutations can cause functional loss of TBG, either by 
alterations in protein structure or glycosylation.122 TBG 
excess is most commonly due to effects of drugs or hor-
mones, although familial cases with amplification of the 
TBG gene have been reported.124 In the latter situation, 
the total TBG and thyroxine levels are elevated threefold 
to fivefold in hemizygous males, and twofold to threefold 
in heterozygous females.

In addition to TBG, thyroid hormone binds to albumin 
and transthyretin (TTR). Familial dysalbuminemic hyper-
thyroxinemia (FDH) is an autosomal-dominant condition 
in which albumin has an increased affinity for thyroid hor-
mone.125 Most cases are caused by a mutation in codon 
218, in which there is replacement of arginine by histi-
dine126 or proline.127 FDH is characterized by elevated 
levels of total thyroxine (T4) and normal levels of free T4 
and TSH. Another form of the disorder causes a selective 
increase in triiodothyronine (T3) binding.128 The pres-
ence of abnormal binding proteins can be detected using 
electrophoretic analyses of serum thyroid hormone–bind-
ing proteins, or now, by mutational analyses. Occasion-
ally, TTR can be overproduced by pancreatic endocrine 
tumors, or mutant forms may have increased affinity for 
T4.129 The impact of TTR mutations on T4 affinity is vari-
able and can be normal, decreased, or increased. Many of 
them are associated with an autosomal-dominant form of 
amyloidosis, affecting predominantly the peripheral ner-
vous system and the heart.130

Biallelic mutations in the sex-hormone binding glob-
ulin (SHBG) gene can lead to complete deficiency of 
plasma SHBG and low testosterone levels.131 Gonadal 
development and spermatogenesis is, however, normal, 
suggesting a limited role of SHBG in sexual maturation 
and male physiology.

Membrane Receptor Mutations
In Laron dwarfism, a receptor or postreceptor defect were 
proposed because growth hormone levels were high, insu-
lin-like growth factor (IGF) levels were low, and patients 
failed to respond to growth hormone therapy. Consistent 
with this prediction, point mutations have subsequently 
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been identified in the GH receptor.132,133 Such hormone 
resistance is characteristic of many receptor mutations,134 
although alterations in signaling pathways can result in a 
similar phenotype (e.g., pseudohypoparathyroidism).

Mutations in the insulin receptor have been charac-
terized extensively in patients with severe insulin resis-
tance. Multiple missense and nonsense mutations have 
been described in different regions of the receptor, caus-
ing different insulin resistance phenotypes such as lep-
rechaunism, Rabson-Mendenhall syndrome, and type A 
insulin resistance.82,135 The mechanisms of insulin recep-
tor inactivation and their relationship to the above syn-
dromes and others are summarized in Chapter 33.

The X-linked form of vasopressin resistance has been 
attributed to mutations in the vasopressin 2 (V2) recep-
tor gene on the long arm of the X chromosome.136-138 
There are many different vasopressin receptor muta-
tions, reflecting allelic heterogeneity.25,139 A similar phe-
notype (nephrogenic diabetes insipidus) can be caused 
by recessive or dominant mutations in the aquaporin 2 
(AQP2) gene,140,141 providing an example of nonallelic 
heterogeneity.

During the last decade, mutations have been defined 
in most peptide hormone receptors. For the most part, 
the phenotypes are predictable based on the known func-
tion of the hormone pathway. Several exceptions warrant 
emphasis, however. For example, some GnRH receptor 
mutations only partially alter its function.142 Conse-
quently, patients may exhibit an LH response to pharma-
cologic doses of exogenous GnRH, whereas they do not 
respond normally to lower levels of endogenous GnRH. 
These patients usually present with idiopathic hypogo-
nadism. GHRHR mutations cause severe GH deficiency, 
even though other releasing factors theoretically might 
compensate for the defect.143

Among the most important revelations is the finding 
that a subset of mutations in GPCRs can cause consti-
tutive activation of receptor function, whereas other 
mutations cause loss of function. This phenomenon was 
first recognized in adrenergic receptors, in which cer-
tain mutations in the sixth transmembrane domain were 
found to cause constitutive activation of cyclic adenos-
ine monophosphate (cAMP) signaling, in the absence 
of added ligand.144 The ability of mutations to activate 
GPCRs has had a tremendous impact in the field of endo-
crinology. Based on the idea that activating mutations of 
a GPCR could mimic the effects of hormone excess, phe-
notypes for activating mutations have been identified, for 
example, in the TSHR,83 the LH receptor (LHR),38 the 
PTH receptor (PTH),145 and the calcium-sensing receptor 
(CASR).146

Constitutively active mutations in the TSHR are char-
acteristic of this class of mutations. The activating muta-
tions in the TSHR were first identified in autonomously 
functioning thyroid nodules.83 In this case, somatic muta-
tions occur in the thyroid follicular cell, but are not pres-
ent in the germ line. These mutations cause an increase 
in basal production of cAMP by the receptor, indicating 
that it couples to Gsα in the absence of TSH. Because the 
TSHR mediates thyroid cell growth as well as function, 
the mutant receptor leads to the clonal expansion of cells 

harboring the mutation, ultimately resulting in a clinically 
apparent “hot” nodule. In addition to somatic mutations, 
activating TSHR mutations can also occur as de novo germ 
line mutations causing congenital hyperthyroidism.147,148 
Or, they can be transmitted as an autosomal-dominant 
disorder, non-autoimmune autosomal-dominant hyper-
thyroidism, since a mutation in one allele is sufficient to 
cause hyperfunction.28 The locations of these activating 
mutations delineate residues in the TSHR that play a critical 
role in G-protein coupling, either because they are involved 
directly, or more likely because they play a structural 
role in maintaining the receptor in an inactive state.149 
Homozygous inactivating mutations in the TSHR cause 
resistance to TSH.150,151 In these patients, the phenotype 
encompasses a wide spectrum, ranging from isolated TSH 
elevation to severe hypothyroidism, and there is a clear 
correlation between genotype and phenotype. Some of the 
mutations inactivate the receptor only partially, whereas 
others completely eliminate its function (see Chapter 93).

Activating mutations in the LHR cause familial male-
limited precocious puberty.38 The autonomous function 
of the LHR induces testosterone production in the absence 
of LH (prepubertally), causing virilization in boys. Inter-
estingly, females with the mutations exhibit no pheno-
typic abnormalities, presumably because autonomous 
function of the LHR in the ovary does not significantly 
alter steroidogenesis since the receptor is only expressed 
as follicles mature and are normally exposed to high lev-
els of LH. For this reason, pedigrees with LHR mutations 
exhibit an autosomal-dominant pattern of transmission, 
but only males are affected. Analogous mutations in the 
FSH receptor (FSHR) appear to be rare,152 or perhaps do 
not cause a phenotype that is readily recognized. Homozy-
gous inactivating mutations in the LHR cause Leydig cell 
hypoplasia and pseudohermaphroditism in males153,154 
and primary amenorrhea in females.155 Homozygous 
inactivating mutations in the FSHR cause primary ovar-
ian failure in females156 and impaired spermatogenesis in 
males.156 Recessive mutations in the G protein–coupled 
receptor 54 (GPR54) cause nonsyndromic hypogonadism 
or delayed puberty.157,158

The cloning of a GPCR that binds calcium, the calcium-
sensing receptor (CASR), provided unexpected insights 
into the mechanisms of calcium signaling.159 The identifi-
cation of this receptor led to a molecular basis for familial 
hypocalciuric hypercalcemia (FHH), which is caused by 
inactivating mutations,160 as well as one of the familial 
causes of hypoparathyroidism.146 The heterozygous inac-
tivating mutations cause calcium resistance, resulting in 
increased PTH and a new set point for calcium feedback. 
On the other hand, activating mutations of the calcium 
receptor mimic the effects of calcium, leading to suppres-
sion of PTH and low calcium levels. Activating mutations 
in the PTHR cause severe skeletal abnormalities (Jansen’s 
metaphyseal chondrodysplasia), as well as hypercalcemia, 
because autonomous function of the receptor is present 
from early development.145

Signaling Pathway Mutations
Mutations at several steps along signaling pathways can 
alter hormone action or contribute to tumorigenesis. As 
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noted previously, somatic mutations in membrane recep-
tors, such as the TSHR, can lead to constitutive activation 
of downstream signaling pathways, resulting in altered cell 
growth.83 Mutations in G proteins have been described 
in several different types of endocrine neoplasia.161 For 
example, mutations in the Gsα subunit have been iden-
tified in somatotrope adenomas, either at codon 201 or 
227.162 Both of these mutations inhibit GTP hydrolysis 
and thereby cause constitutive activation of the Gsα sub-
unit. Activation of Gsα in this cell type stimulates adenylyl 
cyclase, leading to elevated cAMP levels, a situation that 
mimics GHRH stimulation. As a result, the Gsα mutation 
causes excess GH secretion and contributes to abnormal 
cell growth as well. Gsα mutations are found in approxi-
mately 30% to 40% of somatotrope adenomas.163 Impor-
tantly, these mutations are somatic rather than inherited, 
as evidenced by the fact that G proteins from other tissues 
do not contain the amino acid substitution. Gsα mutations 
have also been identified in autonomous thyroid adeno-
mas.161 It is interesting to note that Gsα mutations identi-
cal to those described in somatotrope adenomas also occur 
in McCune-Albright syndrome.53 In McCune-Albright 
syndrome, mutations occur early in development during 
blastocyst formation and lead to mosaicism explaining 
the pleiotropic, but variable manifestations in the bone, 
endocrine system, and skin. Mutations in the regulatory 
subunit of protein kinase A (PRKAR1A), which is fur-
ther downstream in the same signaling pathway, form the 
molecular basis of Carney complex 1 (see later).

Albright hereditary osteodystrophy (AHO) is also 
caused by a Gsα mutation, although, in this case, the 
mutation eliminates Gsα function rather than causing 
constitutive activity.164 AHO is characterized by short 
stature, obesity, and skeletal abnormalities. Because the 
GNAS1 gene encoding Gsα is imprinted, the phenotype 
varies depending on whether the mutated alleles is inher-
ited from the mother or father (see Fig. 4-6). If the muta-
tion is on the paternal allele, the phenotype is restricted 
to AHO. When the mutation is on the maternal allele, 
the phenotype also includes resistance to several Gsα pro-
tein–coupled hormones such as PTH, GHRH, TSH, LH, 
and FSH because the GNAS1 gene is expressed from the 
maternal allele in these tissues.50,165,166 In patients with 
isolated renal resistance to PTH (pseudohypoparathy-
roidism type 1B), an imprinting defect leads to decreased 
Gsα expression in the proximal renal tubule.

A novel mechanism for tumorigenesis has been pro-
vided by studies of parathyroid adenomas. A subset of 
parathyroid tumors were found to contain rearrange-
ments of the PTH gene.167 Analysis of the translocation 
revealed that the PTH promoter was fused to a member 
of the cyclin D family.168 The translocation involves an 
intrachromosomal rearrangement on chromosome 11. 
The fusion gene is referred to as PRAD for parathy-
roid adenomatosis. Because cyclins regulate progression 
through the cell cycle, it is likely that overexpression of 
cyclin D1 from the PTH promoter, rather than from its 
native promoter, causes abnormal regulation of the para-
thyroid cell.

Endocrine neoplasms are providing important mod-
els for the identification of new oncogenes and tumor 

suppressors, as well as the steps involved in the progres-
sion of tumors from the benign to the malignant phe-
notype. Because many oncogenes involve alterations of 
cellular signaling pathways that have been well character-
ized in hormone-secreting cells, endocrine tumors provide 
important models for the pathophysiology of neoplasia. 
The recognition of mutations in signaling pathways has a 
rapidly growing impact for the targeted design of specific 
inhibitors.169 For example, several (multi)kinase inhibi-
tors targeting RET and BRAF have been approved or are 
in clinical trials for the therapy of advanced medullary, 
papillary, and follicular cancer.169,170 Emerging data from 
The Cancer Genome Atlas (TCGA) on papillary thyroid 
cancer confirm that mutually exclusive driver mutations 
(RAS, BRAF) in the MAPK pathway play a predominant 
role. For more information, visit http://cancergenome.nih. 
gov/newsevents/multimedialibrary/videos/ThyroidGiord
ano2014. Molecular characterization of these neoplasias 
has increasing importance for tumor taxonomy, progno-
sis, and selection of targeted therapies.

Nuclear Receptor Mutations
In addition to the mutations in membrane receptors (e.g., 
LH resistance), hormone resistance syndromes also occur 
as a consequence of defects in nuclear receptors. The syn-
dromes of resistance to thyroid hormone (RTH) caused 
by mutation in the thyroid hormone receptors TRα and 
TRβ are representative of nuclear receptor resistance syn-
dromes (see Chapter 95). Two thyroid hormone recep-
tor genes, designated THRA and THRB, encode highly 
homologous proteins with different tissue distributions. 
RTHbeta is caused by mutations in TRβ and is char-
acterized by elevated circulating levels of free thyroid 
hormone, inappropriately normal or increased levels of 
TSH, and a spectrum of clinical manifestations that can 
include signs of hypothyroidism in combination with 
features of thyrotoxicosis.171 Genetic analyses showed 
linkage between RTH syndrome and the TRβ receptor 
gene locus.29,172 This observation has been confirmed by 
sequencing THRB genes in multiple different families 
with this disorder, which is inherited in an autosomal-
dominant fashion. Affected individuals have mutations in 
one allele of the THRB together with a second normal 
allele.173,174 Interestingly, these and additional mutations 
are clustered in three discrete regions in the carboxyter-
minal ligand-binding domain of the receptor. The mutant 
receptors bind hormone with reduced affinity, or they 
have defects in hormone-dependent transcriptional activa-
tion. Consequently, their ability to modulate target gene 
expression is impaired.175 Because the affected individu-
als possess a second normal THRB allele and two normal 
THRA alleles, the mutant receptor has been proposed to 
inhibit the activity of normal receptors in a dominant-
negative fashion. In support of this concept, the receptor 
mutants have been shown to block the action of wild-type 
receptors in transient gene expression assays, probably 
by binding to DNA target sites, where the mutant recep-
tors function as antagonists.176 It is also notable that the 
mutant receptors retain the ability to bind transcriptional 
corepressors.177 Thus, once bound to DNA target sites, 
they act as repressors of these target genes. Monoallelic 

http://cancergenome.nih.gov/newsevents/multimedialibrary/videos/ThyroidGiordano2014
http://cancergenome.nih.gov/newsevents/multimedialibrary/videos/ThyroidGiordano2014
http://cancergenome.nih.gov/newsevents/multimedialibrary/videos/ThyroidGiordano2014
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mutations in the THRA gene lead to RTHalpha, which 
is characterized by growth retardation, developmental 
retardation, skeletal dysplasia, low basal metabolic rate, 
and severe constipation.77 In these patients, TSH levels 
are normal, total and free thyroxine are low-normal or 
subnormal, and total and free triiodothyronine are high-
normal or elevated. The mutant TRα protein inhibits the 
wild-type receptor in a dominant-negative manner in 
tissues with predominant expression of the alpha recep-
tor. The phenotypic differences between RTHalpha and 
RTHbeta can now be explained by the differential tis-
sue expression of the two thyroid hormone receptors.178 
For example, the levels of serum sex hormone–binding 
globulin (SHBG), a hepatic marker of thyroid hormone 
action, are decreased in RTHbeta and elevated in RTHal-
pha because TRα is the predominant thyroid hormone 
receptor in the liver.

Mutations have also been identified in numerous other 
members of the nuclear hormone receptor family. Syn-
dromes of androgen resistance represent one of the more 
common and well-studied receptor defects.36 These disor-
ders exhibit sex-linked transmission, consistent with the 
location of the androgen receptor on the X chromosome. 
The androgen receptor (AR) gene has been sequenced in 
a large number of affected individuals, although primar-
ily those with severe forms of resistance.36 Many muta-
tions result in premature termination codons, although 
gene deletions and single amino acid substitutions, as well 
as X-chromosome inversion,179 have also been found. 
Completely inactivating mutations lead to severe resis-
tance and the phenotype of complete androgen insen-
sitivity (testicular feminization); partially inactivating 
mutations are associated with Reifenstein syndrome or 
isolated hypospadias or epispadias. No clinical effects of 
the heterozygous condition have been noted in females 
with androgen receptor mutations. In female carriers of 
the mutation, X-inactivation would likely allow expres-
sion of only one of the receptor alleles within a given cell, 
and the dominant-negative activity seen with the thyroid 
hormone receptor may not be possible.

Hypocalcemic vitamin D–resistant rickets (HVDRR) 
is a rare inherited form of rickets that is unresponsive to 
treatment with 1,25-dihydroxyvitamin D.180,181 The dis-
ease has a recessive pattern of inheritance, and most cases 
have involved consanguineous families. A variety of muta-
tions have been identified in different kindreds including 
amino acid substitutions in the zinc-finger DNA-binding 
domains, as well as nonsense mutations that cause pre-
mature termination. The naturally occurring mutations 
in the vitamin D receptor have been useful for providing 
insights into the biological role of vitamin D in skin dif-
ferentiation, hair growth, and lymphocyte function.181,182

In familial glucocorticoid resistance, serum concen-
trations of cortisol are elevated without the character-
istic clinical manifestations of glucocorticoid excess.183 
Adrenocorticotropic hormone (ACTH) levels are inap-
propriately increased, indicating reduced feedback inhi-
bition at the level of the hypothalamic-pituitary-adrenal 
axis. Because ACTH also stimulates adrenal androgens 
and mineralocorticoids, precocious puberty and hyper-
tension can compose features of this syndrome. An 

autosomal-codominant mode of inheritance has been 
suggested in view of the fact that heterozygotes are mildly 
affected.184 Mutations in the mineralocorticoid receptor 
cause a form of pseudohypoaldosteronism type 1, which 
is characterized by neonatal renal salt wasting with dehy-
dration, hypotension, hyperkalemia, and metabolic aci-
dosis, despite elevated aldosterone levels. It is transmitted 
in an autosomal-dominant manner, and it is less severe 
than the homozygous form of pseudohypoaldosteron-
ism, which is caused by homozygous mutations in the 
amiloride-sensitive epithelial sodium channel.

A homozygous estrogen receptor α mutation (ERα) has 
been described in a male.185 In addition to reduced estro-
gen action on the hypothalamic-pituitary-gonadal axis, 
it impaired fusion of the epiphyses, leading to increased 
linear growth. This patient illustrates that estrogen action 
is essential for normal bone development and that disrup-
tion of ERα affects bone growth, mineral content, and 
structure; in contrast, heterozygosity does not appear 
to impair bone mineral density.186 Homozygous muta-
tions in ERα were also identified in a female patient with 
clinical features of estrogen resistance, including elevated 
serum estrogen levels, primary amenorrhea, absence of 
breast development despite oral estrogen treatment, a 
small uterus, and enlarged multicystic ovaries.187 Estro-
gen receptor variants and mutations have been described 
in breast cancers and can be associated with changes in 
the response to endocrine therapies.188

Mutations in orphan nuclear receptors also cause 
endocrine disorders. Steroidogenic factor 1 (SF-1) con-
trols adrenal and gonadal development and it is expressed 
in the ventromedial hypothalamus and pituitary gonado-
tropes.189 SF-1 also regulates the expression of a wide array 
of steroidogenic enzyme genes.190 A heterozygous muta-
tion in SF-1 has been demonstrated in an XY individual 
with adrenal insufficiency and complete male-to-female 
sex reversal.191 A variety of different SF-1 mutations 
cause a spectrum of adrenal and reproductive disorders. 
The orphan nuclear receptor DAX-1 is expressed in the 
same distribution as SF-1 and inhibits its transcriptional 
activity.192 DAX-1 is located on the X chromosome, and 
mutations cause X-linked adrenal hypoplasia congenita 
(AHC), which is characterized by adrenal insufficiency 
and hypogonadotropic hypogonadism.193

Transcription Factor Mutations
One of the final steps in hormone action involves effects 
on gene expression, mediated via transcription factors. In 
principle, the nuclear hormone receptors could be classi-
fied as transcription factors and described under this cat-
egory. Because transcription factors are often expressed 
in various tissues, it is not uncommon to observe a 
syndromic phenotype. Mechanistically, monoallelic 
mutations in transcription factors often cause haploin-
sufficiency, and biallelic mutations may result in a more 
severe phenotype.31 Not surprisingly, some of the other 
transcription factor mutations have involved develop-
mental pathways. Elucidation of mutations in the SRY 
gene provides a dramatic example of one these devel-
opmental mutations.33 The Y chromosome determines 
male sex by virtue of encoding the testis-determining 



62 PART 1 PRINCIPLES OF ENDOCRINOLOGY AND HORMONE SIGNALING

factor (TDF). In the absence of a Y chromosome, ovaries 
form, which results in the development of female exter-
nal genitalia. The SRY gene was located by examining 
rare cases of phenotypic females with an XY genotype. 
It was hypothesized that these individuals might have 
deleted or mutated SRY genes on the Y chromosome. The 
sex-determining region on the short arm of the Y chro-
mosome was delineated by mapping large deletions or 
translocations of the Y chromosome that were associated 
with a female phenotype. Three lines of evidence support 
the view that SRY is the primary testis-determining gene. 
First, in XY females who do not have a large deletion of 
the Y chromosome, mutations are found in SRY that are 
not present in their fathers.33 Second, there is a deletion 
in the mouse homologue of SRY in sex-reversed mice.194 
Third, expression of SRY in transgenic mice is sufficient 
to induce testis development in XX mice.195 Although 
these data indicate that SRY is the critical gene for an 
early step in male sex determination, it is likely that SRY 
is only one of several developmental switches that initiate 
a cascade of sex-specific gene expression. As noted, muta-
tions in SF-1 also preclude normal testis development in 
XY individuals. SOX-9, a factor that is downstream of 
SRY, is also required for testis development,196 and muta-
tions in WT-1 impair development of the testes and the 
kidneys.197 The development of the female gonads, often 
considered as the default pathway, appears to depend 
on the initiation of meiosis and the expression of ovary-
specific genes, such as STRA-8 (stimulated by retinoic 
acid 8).198,199

XX males have been shown to have translocations of 
Y chromosome–specific sequences onto the pseudoauto-
somal region of the X chromosome.200,201 These translo-
cated Y chromosome sequences contain SRY. Sterility in 
XX males may reflect the presence of two X chromosomes 
(analogous to the situation in Klinefelter’s syndrome) or 
the absence of additional Y chromosome sequences that 
are required for fertility.

The pituitary-specific transcription factor 1 (Pit-1) was 
first identified based upon its binding to multiple sites 
in the growth hormone and prolactin promoters.202,203 
Pit-1 expression is restricted to the pituitary gland, and 
the protein is found only in somatotropes, lactotropes, 
and thyrotropes.204 Pit-1 mutations have been identified 
in several strains of mice that have specific deficits of GH, 
prolactin (PRL), and TSH.205 These data confirm a central 
role for Pit-1 in the development of these cell types and/or 
the expression of these genes. Similar patterns of pituitary 
hormone deficiencies have been described in humans with 
mutations in PIT-1 (POU1F1).206 Interestingly, different 
PIT-1 mutations result in autosomal-recessive207,208 and 
autosomal-dominant209 inheritance patterns, suggest-
ing that the distinct mutations have different effects on 
PIT-1 function. The recessive mutations inactivate PIT-1,  
whereas the dominant disorder involves a dominant-
negative mechanism that is analogous to mutations in 
thyroid hormone receptors α and β. Another pituitary 
transcription factor, PROP-1, which acts upstream of 
PIT-1 during pituitary development, causes a more severe 
form of pituitary hormone deficiency that includes GH, 
PRL, and TSH, and occasionally also ACTH.210 Recessive 

mutations in LHX-3, a LIM homeodomain transcription 
factor, also cause CPHD of all anterior pituitary hor-
mones with the exception of ACTH. In addition, these 
patients have a rigid cervical spine and a limited ability 
to rotate the head.211 A syndromic form of CPHD associ-
ated with septo-optic dysplasia can be caused by homo-
zygous mutations in HESX-1 (RPX), a member of the 
paired-like class of homeobox transcription factors.212 A 
similar phenotype was observed in Hesx-1–/– mice. Inter-
estingly, a small proportion of the mice that were hetero-
zygous for a Hesx-1 null allele also had a milder form 
of septo-optic dysplasia. This prompted further screening 
of patients presenting with a wide spectrum of congeni-
tal pituitary dysfunctions, and a subset of these patients 
was indeed found to be heterozygous for HESX-1 muta-
tions.213 Heterozygous HESX-1 mutations result in vari-
ous constellations of pituitary hormone deficiencies, and 
the phenotype is variable among family members with the 
same mutation.

The aryl hydrocarbon receptor (AHR) interacting 
protein (AIP) forms a complex with the AHR, a ligand-
activated basic helix-loop-helix transcription factor. 
Mutations in AIP predispose to familial isolated pituitary 
adenomas (FIPA) including prolactinomas, GH-secreting 
adenomas, and somatomammotroph tumors.214 Germ 
line AIP mutations are typically associated with large 
pituitary adenomas that occur at a young age, predomi-
nantly in children/adolescents and young adults.215

Like transcription factors involved in pituitary devel-
opment, the discovery of factors involved in thyroid 
gland development has provided insight into the molecu-
lar basis of thyroid dysgenesis. Thyroid transcription fac-
tor 1 (TTF-1/NKX-2.1), thyroid transcription factor 2 
(TTF-2/FOXE-1), and paired homeobox 8 (PAX-8) each 
play a key role in thyroid gland development.216 These 
factors are therefore candidates for genetic causes of thy-
roid agenesis, hypoplasia, and ectopy. Although several 
cases of mutations have been reported, the incidence of 
mutations in these developmental transcription factors 
appears to be low.217-220 Monoallelic mutations in TTF-1/
NKX2.1 only lead to transient congenital hypothyroid-
ism, but, consistent with a role of this transcription fac-
tor in brain and lung development, patients can present 
with respiratory failure and neurologic alterations desig-
nated as brain-lung-thyroid (BLT) syndrome.219,220 Other 
mutations in TTF-1/NKX2.1 lead to isolated benign 
hereditary chorea without alterations in pulmonary and 
thyroid function.221 Biallelic mutations in TTF-2/FOXE1 
result in a syndromic form of thyroid dysgenesis associ-
ated with cleft palate, choanal atresia, bifid epiglottis, and 
spiky hair (Bamforth-Lazarus syndrome).217 Monoallelic 
mutations in PAX-8 cause thyroid hypoplasia and hypo-
thyroidism,218 but the penetrance of these mutations is 
incomplete.79

Mutations in genes that are important for the develop-
ment and/or function of pancreatic β cells cause several 
forms of monogenic diabetes mellitus. A subset of these 
defects has been designated as maturity-onset diabetes of 
the young (MODY) and encompasses a group of autoso-
mal-dominant forms of diabetes typically occurring before 
25 years of age and caused by primary insulin-secretion 
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defects. The term MODY refers to the old classification 
of diabetes into juvenile-onset and maturity-onset diabetes 
and should be replaced by the revised etiology-based clas-
sification of genetic defects in beta cell function with a sub-
classification according to the mutated gene involved.222 In 
these and the neonatal forms of diabetes, a mutation with a 
high penetrance in a single gene is sufficient to cause hyper-
glycemia. In contrast, the development of diabetes melli-
tus type 2 requires lifestyle factors in combination with 
multiple susceptibility alleles (Fig. 4-8). Presently, eleven 
different types of monogenic forms of diabetes mellitus 
traditionally classified as MODY have been characterized 
at the molecular level, and the majority of them are caused 
by mutations in transcription factors that are essential for 
normal β cell development and function.222 These nonke-
totic form of diabetes mellitus display some metabolic and 
clinical heterogeneity. For example, MODY 1 is caused by 
mutations in hepatocyte nuclear receptor-4α (HNF-4α), 
which is a member of the steroid/thyroid nuclear recep-
tor superfamily. It is expressed in the liver, but also in 
the kidney, intestine, and pancreatic islets. HNF-4α con-
trols the expression of a wide variety of genes, including 
HNF-1α (which causes MODY 3). HNF-4α is involved 
in the expression of hepatocyte genes as well as certain 
islet genes, including insulin. Mutations have also been 
described in HNF-1β (MODY 5), which is structurally 
related to HNF-1α. HNF-1β can form homodimers or het-
erodimers with HNF-1α. MODY 4 is caused by mutations 
in insulin promoter factor-1 (IPF-1), which is a homeobox 
transcription factor, also referred to as STF-1 or IDX-1. 
It controls development of the pancreas. Homozygous 

mutations cause pancreatic agenesis, whereas heterozy-
gous mutations cause diabetes.223 MODY 2 was the first 
form of MODY to be characterized at the genetic level. In 
contrast to most other forms of MODY, it is not caused 
by a transcription factor mutation. Rather, it results from 
mutations in glucokinase, an enzyme that phosphorylates 
glucose to glucose-6-phosphate.224 This reaction plays a 
key role in glucose-sensing by the pancreatic β cell. As a 
result of glucokinase mutations, increased glucose levels 
are required to elicit insulin-secretory responses. MODY 6 
is caused by mutations in the basic helix-loop-helix tran-
scription factor NEUROD, which is involved in the regula-
tion of the insulin promoter.225 More recently, mutations 
in the transcription factor KLF11 have been associated 
with MODY 7,226 deletions in a repetitive region of the 
carboxyl-ester lipase gene with MODY 8,227 mutations 
in PAX4 with MODY 9,228 and mutations in the insulin 
(INS) and the BLK genes in MODY 10 and 11.229,230

Endocrine Syndromes
The MEN type 1 and 2 syndromes (MEN 1, MEN 2) 
have long been recognized as autosomal-dominant dis-
orders that predispose to endocrine tumor development. 
Both syndromes are associated with hyperplasia and ade-
nomas of the parathyroid glands. However, MEN 1 is 
also characterized by adenomas of the pituitary gland and 
pancreas (see Chapter 148), whereas MEN 2 is associated 
with adrenal (pheochromocytomas) and thyroid C-cell 
(medullary carcinoma) neoplasia (see Chapter 149).

The MEN syndromes represent good examples of the 
experimental approaches that are required to identify and 
characterize unknown genes that cause well-characterized 
syndromes. A critical first step is to determine the chro-
mosome on which a candidate MEN gene resides. Sub-
sequently, the position of the disease-causing gene can be 
more precisely mapped in relation to known genes and 
other DNA markers on that chromosome. For MEN 1 and 
2, candidate genes were mapped to chromosomes 11 and 
10, respectively, using linkage analyses.231,232 The MEN1 
locus was found to be near PYGM, the muscle phosphory-
lase gene, which is known to be located on chromosome 
11, band q13.231,233 After a long search, and a tribute to 
the power of modern genomics, the gene for MEN1 was 
identified within this locus.32 The encoded protein, menin, 
is localized in the nucleus, interacts with multiple proteins, 
and is involved in the physiologic regulation of cell growth, 
control of the cell cycle, and genomic stability.234 It acts like 
a classic tumor suppressor gene, as inactivating mutations 
are found in the germ line of most families with the disor-
der. Subsequently, the second copy of the gene is deleted 
or mutated in tumor tissue, apparently because of acquired 
“second hits” or somatic mutations.235 This scenario is 
analogous to the two-hit model for loss of retinoblastoma 
gene function (Knudson two-hit model), one of the many 
well-characterized examples of a tumor syndrome caused 
by biallelic mutations in a tumor suppressor gene.236

Unlike MEN 1, loss of heterozygosity is not seen at the 
MEN2 locus on chromosome 10, suggesting a different 
pathophysiology for MEN 2.237 In the case of MEN 2, 
affected individuals often have thyroid C-cell hyperplasia 
in childhood before the development of medullary thyroid 
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Figure 4-8 Monogenic forms of diabetes mellitus and diabetes mellitus 
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contrast, the development of diabetes mellitus type 2, a complex disor-
der, requires the presence of multiple susceptibility alleles in combina-
tion with lifestyle factors.
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carcinoma. This observation is consistent with a model in 
which the MEN2 gene predisposes to hyperplastic growth 
with a second and often distinct somatic mutation leading 
to tumorigenesis and clonal proliferation. Mutations in 
the RET proto-oncogene, a tyrosine kinase receptor, have 
been identified as the cause of MEN 2A.238 In multiple 
MEN 2 kindreds, distinct RET mutations were found in a 
cluster of cysteines located at the juncture of the extracel-
lular and transmembrane domains of the protein. These 
mutations appear to induce receptor dimerization, leading 
to constitutive activity. Distinct mutations in the tyrosine 
kinase domain of the RET receptor cause MEN 2B.239 
Interestingly, rearrangements of RET had previously been 
identified in papillary thyroid carcinoma (PTC), leading 
to its designation as a PTC oncogene.240,241 Identification 
of MEN2 gene carriers is particularly important since 
prophylactic thyroidectomy can be performed at an early 
age before developing medullary thyroid carcinoma, and 
endocrine screening permits early detection of pheochro-
mocytomas, whereas individuals without the mutation do 
not require further testing5 (see Chapter 149). Moreover, 
there is a relation between the genotype and the pheno-
type in terms of aggressiveness of the medullary thyroid 
cancer.8 Therefore, the mutations are classified into dif-
ferent risk categories that have implications for clinical 
management.

Adrenocortical carcinoma (ACC) is a rare childhood 
tumor with a high incidence of associated tumors. ACC 
occurs with increased frequency in patients with Beck-
with-Wiedemann syndrome and is a component tumor 
of the Li-Fraumeni syndrome. Germ line mutations in 
the tumor suppressor gene p53 have been identified in all 
familial cases and in a high percentage of patients with 
sporadic ACC.242 Recent data indicate that aggressive and 
indolent ACC can be divided into two distinct molecular 
entities based on different sets of oncogenic mutations.243

Kallmann’s syndrome is a genetically heterogeneous 
disease characterized by hypogonadotropic hypogonad-
ism with GnRH deficiency and partial or complete lack 
of olfactory bulb development resulting in anosmia. Sev-
eral different inheritance patterns have been described, 
including autosomal-recessive, X-linked, and autosomal-
dominant forms with incomplete penetrance.103,244-247  
In contrast to an animal model of this disorder (the hypo-
gonadal mouse) in which there is a GnRH gene dele-
tion,248 all human patients examined to date appear to 
have an intact GnRH gene.249 Furthermore, mutations 
in the sequence of the GnRH gene are uncommon.250,251 
Thus, it appears that IHH in the human, unlike the hypo-
gonadal mouse model, may involve defects in the pro-
cesses that regulate development of GnRH-producing 
neurons or expression of the GnRH gene, rather than 
defects in the gene itself.252,253 Genetic linkage studies 
provided evidence for a first candidate gene on the short 
arm of the X chromosome (Xp22.3) in patients with the 
X-linked form of Kallmann’s syndrome,254,255 and muta-
tions in the KAL1 gene were found in several individuals 
with the syndrome.252,253 Coupled with the finding that 
GnRH neurons migrate into the hypothalamus from the 
olfactory placode,252,256 the product of the KAL1 gene, 
anosmin 1, appears to be involved in migration of the 

GnRH neurons and development of the olfactory tract.257 
These observations are consistent with a model in which 
a defect in this gene causes Kallmann’s syndrome and 
might account for some of its phenotypic variants, in that 
different degrees of developmental aberrations in neuro-
nal migration could lead to isolated anosmia, hypogo-
nadotropic hypogonadism, or both. This view has been 
corroborated by the discovery of mutations in several 
other genes. In the autosomal-dominant form of Kall-
mann’s syndrome, mutations in the fibroblast growth 
factor receptor-1 (FGFR1), which is regulated by anos-
min 1, have been identified.258 In other instances, biallelic 
loss-of-function mutations in the prokineticin (PROK2) 
gene and its receptor (PROKR2)259 result in the same 
phenotype. The combination of biallelic mutations in 
two distinct genes, monoallelic mutations in the fibro-
blast growth factor-8 gene (FGF8)260 and the chromodo-
main helicase DNA-binding protein-7 gene (CHD7) can 
result in Kallmann’s syndrome or normo-osmic hypogo-
nadotropic hypogonadism.261 A monoallelic mutation in 
the nasal embryonic luteinizing hormone–releasing hor-
mone factor (NELF) has also been found in patients with 
 Kallmann’s syndrome,262 and a more severe phenotype 
has been observed in individuals with monoallelic muta-
tions in the NELF and FGFR1 genes.263 The latter digenic 
model may be a partial explanation for the phenotypic 
heterogeneity and spectrum seen in patients with GnRH 
deficiency.263 Upstream of the GnRH pulse generator, 
recessive mutations in the G protein–coupled receptor 
54 (GPR54)157,158 cause nonsyndromic hypogonadism or 
delayed puberty. Normo-osmic hypogonadotropic hypo-
gonadism can also be caused by mutations in the gonad-
otropin-releasing hormone receptor gene (GNRHR),142 
the genes encoding tachykinin-3 (TAC3) and its receptor 
(TACR3),264 and semaphorin 3A (SEMA3A).265

Pendred syndrome is an autosomal-recessive disorder 
characterized by goiter, defective organification of iodine, 
and deafness that is caused by a malformation of the 
endolymphatic system and the cochlea. The genetic defect 
in Pendred syndrome was determined by genetic linkage 
studies in consanguineous families.266,267 The use of short 
tandem repeat markers throughout the genome identified 
a region on chromosome 7q31 in which affected individ-
uals were homozygous for a series of the microsatellite 
markers. Because the same region was localized in several 
different pedigrees, genes within this locus were cloned 
and screened for mutations leading to the identification of 
the PDS/SCL26A4 gene,267 which encodes an exchanger 
of iodide, bicarbonate, and chloride.268

Autoimmune polyendocrinopathy-candidiasis- 
ectodermal dystrophy (APECED) is an autosomal-
recessive syndrome that causes polyglandular failure 
syndrome type 1.269 The disorder usually presents in 
childhood and is characterized by autoimmune destruc-
tion of several glands including the parathyroid glands, 
adrenal cortex, gonads, pancreatic β cells, gastric parietal 
cells, and the thyroid gland. As implied by its name, other 
features include chronic mucocutaneous candidiasis, dys-
trophy of the dental enamel and nails, alopecia, vitiligo, 
and keratinopathy. Although the spectrum of clinical fea-
tures is variable, the most common presentation includes 
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hypoparathyroidism, adrenal insufficiency, and mucocu-
taneous candidiasis. Linkage analysis localized the gene 
for APECED to chromosome 21q22.3. Subsequently, the 
gene, designated AIRE (for autoimmune regulator), was 
cloned and found to encode a 545–amino acid transcrip-
tion factor that is expressed in the thymus, lymph nodes, 
and fetal liver.270 AIRE plays an important role in immu-
nity by regulating the expression of autoantigens and 
negative selection of autoreactive T cells in the thymus.271

Carney complex is an autosomal-dominant syndrome 
characterized by multiple neoplasias, including myxomas 
at various sites, endocrine tumors, and lentiginosis. Com-
mon endocrine manifestations include Cushing’s syn-
drome, caused by pigmented nodular adrenal hyperplasia, 
and acromegaly caused by pituitary tumors. Linkage 
analysis using short tandem repeat markers has localized 
two candidate regions on chromosome 17q23-24 and 
2p16 indicating locus heterogeneity.272 The Carney com-
plex 1 gene on chromosome 17 encodes the regulatory 
subunit of the protein kinase A (PRKAR1A).273

Mutations in the proprotein convertase 1 (PCSKI) 
gene, which is involved in the processing of POMC and 
other neuroendocrine propeptides, results in a complex 
phenotype with small-bowel dysfunction, postprandial 
hypoglycemia, hyperphagia, severe obesity, and hypogo-
nadotropic hypogonadism.274

Defects in Hormone Synthesis
Because hormone biosynthesis and metabolism require an 
intricate series of biochemical steps, it is not surprising 
that multiple defects occur in several hormone pathways 
such as steroid and thyroid hormone synthesis. Distinct 
clinical syndromes may arise depending on the involved 
step and the severity of the mutation.

Congenital adrenal hyperplasia (CAH) is caused by 
mutations in several genes, most commonly 21-hydroxylase 
(CYP21) (see Chapter 104).275 21-hydroxylase is respon-
sible for conversion of progesterone to corticosterone 
in the mineralocorticoid pathway and for conversion of 
17-hydroxyprogesterone to 11-deoxycortisol in the glu-
cocorticoid pathway. Because of decreased cortisol pro-
duction, excess ACTH is secreted, leading to stimulation 
of the adrenal gland and the overproduction of precur-
sor steroids, including adrenal androgens. Deficiency of 
21-hydoxylase encompasses a broad phenotypic spec-
trum. The severe classic form occurs in approximately 
1 in 5,000 to 1 in 20,000 births; less severe nonclassic 
forms occur as frequently as 1 in 30 to 1 in 100 births in 
certain ethnic groups. In females affected with the classic 
form of the disease, hypersecretion of adrenal androgens 
during fetal development causes ambiguous external gen-
italia, whereas in males the classic form is usually recog-
nized because of severe salt wasting and glucocorticoid 
deficiency. In the nonclassic form, prenatal virilization 
does not occur, but virilization of variable severity occurs 
postnatally.

Many of the earlier clinical observations regarding 
CAH are now well explained by the molecular basis 
for the disease.81,98,275 The 21-hydroxylase locus is on 
the short arm of chromosome 6, adjacent to the HLA 
locus, explaining previous findings that HLA typing 

was useful for predicting disease risk (the HLA locus is 
tightly linked to the 21-hydroxylase locus). There are 
two 21-hydroxylase genes, A and B. The 21A gene is a 
functionally inactive pseudogene, whereas the adjacent 
21B gene is the active copy. The 21-hydroxylase genes 
appear to have been duplicated along with the adjacent 
C4A and C4B complement genes. A large number of dif-
ferent types of deletions and point mutations of the 21B 
gene have been described. Large deletions and rearrange-
ments probably occur in 10% to 20% of cases. On the 
other hand, small deletions and point mutations are rela-
tively common. Interestingly, many of the mutations in 
the 21B gene correspond to sequences in the inactive 21A 
gene. These data have been interpreted as evidence for 
gene conversion, a mechanism in which sequences from 
the adjacent 21A gene are substituted for sequences in 
21B, probably as a consequence of chromatid mispair-
ing coupled with a DNA repair mechanism. The inheri-
tance of CAH is autosomal recessive. Heterozygotes are 
clinically unaffected. Biochemical testing is unreliable 
in detecting heterozygous carriers, whereas genetic test-
ing provides an accurate answer for purposes of genetic 
counseling.275 The classic form of the disease is due to 
large deletions or severe mutations of both 21B alleles, 
whereas the nonclassic form of the disease is caused by 
one of several combinations of severe and mildly affected 
21B alleles.97 Thus, the variability in clinical phenotype is 
partly the consequence of a high degree of heterogeneity 
at the genetic level. Prenatal testing for CAH is now pos-
sible using genotyping of the CYP21 gene.276 The admin-
istration of dexamethasone to a mother carrying a female 
fetus can mitigate prenatal virilization, but genetic test-
ing and glucocorticoid therapy are currently regarded as 
experimental and should only be pursued in clinical trials.

Mutations in the 11β-hydroxylase and 17α-hydroxylase 
genes are also classified under congenital adrenal hyper-
plasia because impaired production of cortisol causes 
elevation of ACTH and, consequently, adrenal stimu-
lation. Mutations in 11β-hydroxylase cause androgen 
excess and virilization, but are distinguished clinically 
from 21-hydroxylase mutations by mineralocorticoid 
excess, which causes hypertension in about two-thirds of 
patients.277 By contrast, defects in 17α-hydroxylase cause 
sex steroid deficiency with overproduction of mineralo-
corticoids, resulting in hypertension and hypokalemia. 
Recognition of mutations in the P450c17 gene led to the 
finding that a single protein had two different enzymatic 
activities (17α-hydroxylase and 17,20-lyase) that were 
previously thought to represent different proteins.278,279 
Mutations in 3β-hydroxysteroid dehydrogenase are a 
relative rare cause of CAH.280,281 Because the block in 
steroid synthesis occurs early in the pathway of steroid 
synthesis, it is also associated with androgen deficiency.

A critical step in steroid synthesis actually involves the 
transport of cholesterol into the mitochondrion by ste-
roidogenic acute regulatory protein (StAR).281,282 Muta-
tions in StAR cause lipoid CAH, which is characterized 
by large, lipid-filled adrenal glands and gonads.283 The 
discovery of this protein has provided important new 
insights into how steroidogenesis is rapidly modulated by 
hormones like ACTH and LH.
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The 5α-reductases type 1 and 2 convert testosterone 
to dihydrotestosterone, an androgen that plays an impor-
tant role in the development of male external genitalia. 
Defects in the enzyme 5α-reductase type 2 (SRD5A2), the 
major enzyme in genital tissue, result in a complex pheno-
type of male pseudohermaphroditism.284 These individu-
als have an XY karyotype and are born with ambiguous 
genitalia with pseudovaginal perineoscrotal hypospadias. 
At puberty, there is masculinization with muscle devel-
opment and enlargement of the phallus, but the prostate 
remains small, and beard growth is scanty. In some cul-
tures where the disease prevalence is high, affected indi-
viduals are raised as girls, but change gender identity at 
puberty.284 As with 21-hydroxylase deficiency, a number 
of different sites in the enzyme are mutated in different 
families, and many affected individuals are compound 
heterozygotes.285,286

Glucocorticoid remediable hypertension (GRA) is 
characterized by high levels of abnormal adrenal ste-
roids, 18-oxocortisol and 18-hydroxycortisol, and a vari-
able degree of hyperaldosteronism. Because production 
of these steroids occurs in a region of the adrenal cortex 
that is under the control of ACTH, their production is 
reduced by the administration of glucocorticoids. This 
disorder is caused by an unusual gene rearrangement.287 
The genes encoding aldosterone synthetase and steroid 
11β-hydroxylase are arranged in tandem on chromosome 
8q. Aldosterone synthetase is expressed in the zona glomeru-
losa, where it is involved in aldosterone production, whereas 
11β-hydroxylase is expressed in the ACTH-dependent zona 
fasciculata, as well as in the zona glomerulosa. These two 
genes are 95% identical, predisposing to gene duplication 
by unequal crossing over. Because the fusion gene contains 
the regulatory regions of 11β-hydroxylase and the cod-
ing sequence of aldosterone synthetase, the latter enzyme 
is subjected to an abnormal pattern of expression in the 
ACTH-dependent zone of the adrenal gland, resulting in 
overproduction of mineralocorticoids. A novel autosomal 
dominant form of hyporeninemic hyperaldosteronism that 
does not respond to the administration of glucocorticoids 
has recently been described and is associated with severe 
hypertension and very large adrenal glands.288 This form 
of familial hyperaldosteronism (type 3) is caused by het-
erozygous mutation in the KCNJ5 gene.289

Defects in thyroid hormone synthesis are character-
ized by hypothyroidism and, if untreated, by goiter, due 
to stimulation of the gland by TSH. Defects in thyroid 
hormone synthesis are typically recessive. Normal iodide 
uptake at the basolateral membrane by the perchlorate-
sensitive sodium/iodide symporter (NIS) is a rate-limiting 
step in thyroid hormone synthesis, and several homozy-
gous or compound heterozygous mutations have been 
identified in individuals with hypothyroidism associated 
with impaired iodide uptake.290 Efflux of iodide at the 
apical membrane of thyroid follicular cells is, at least in 
part, mediated by pendrin (SCL26A4).267 Mutations in 
pendrin cause Pendred syndrome and, as a consequence 
of the impaired organification of iodide, some patients 
present with congenital hypothyroidism under conditions 
of low nutritional iodide intake.267 Thyroperoxidase 
(TPO), a glycosylated hemoprotein located at the apical 

membrane facing the follicular lumen, iodinates tyro-
sine residues in thyroglobulin (TG), and the coupling of 
iodinated tyrosines to generate T4 and T3. TPO defects 
are among the most frequent causes of inborn errors 
of thyroid hormone synthesis.291 Monoallelic and bial-
lelic mutations in the oxidoreductase DUOX2, which is 
important for the synthesis of hydrogen peroxide, lead to 
a spectrum of congenital hypothyroidism ranging from 
mild transient forms to a severe phenotype.292 DUOX2 
requires a specific maturation factor, DUOXA2, for 
normal processing of the protein and localization at the 
apical membrane.293 The essential role of DUOXA2 for 
the maturation of DUOX2 has been corroborated by the 
finding of biallelic inactivating mutations in DUOXA2 
in patients with congenital hypothyroidism.292,294 Reces-
sive mutations in the TG gene, an unusually large gene 
spanning more than 300 kb and containing 48 exons, 
have been reported in a number of animal models and 
human patients.295 In many instances, the mutated TG 
protein is retained in the endoplasmic reticulum, result-
ing in a classical endoplasmic reticulum storage disease 
(ERSD). Nonsense mutations in the TG gene also illus-
trate the phenomenon of nonsense-mediated altered splic-
ing.296 Mutations introducing a premature stop codon 
are predicted to result in a truncated protein with at least 
a partial loss of function. There are, however, instances 
in which altered splicing removes the exon harboring the 
premature stop codon, resulting in sufficient amounts of 
a functional transcript and protein.297 Several mecha-
nisms have been proposed to explain nonsense-mediated 
altered splicing. They include removal of the altered exon 
by nuclear scanning, nonsense-mediated mRNA decay of 
the mutant transcript in combination with translation of 
small amounts of exon-skipped isoforms, disruption 
of the secondary structure leading to exon excision, or 
disruption of exonic splicing enhancers by the prema-
ture stop codon.296 In order to release T4 and T3, TG is 
engulfed by the thyrocytes through pinocytosis, digested 
in lysosomes, and then secreted into the bloodstream. In 
contrast, the iodotyrosines monoiodotyrosine (MIT) and 
diiodotyrosine (DIT) are only found in minute amounts in 
the bloodstream because they are deiodinated by an intra-
thyroidal dehalogenase, DEHAL1. Biallelic mutations in 
DEHAL1 are associated with congenital hypothyroidism 
and goiter development.298 Remarkably, affected indi-
viduals may have normal TSH levels at birth and may 
therefore not be recognized on neonatal screening.

Type 1 vitamin D–dependent rickets (also known as 
pseudovitamin D–deficient rickets) is caused by mutations 
in the enzyme, 1α-hydroxylase, which converts 25-vitamin 
D3 to its more active metabolite 1α,25-hydroxyvitamin 
D3.299 In this disorder, patients have low concentrations 
of 1α,25-hydroxyvitamin D3 and normal or elevated con-
centrations of the precursor, 25-vitamin D3. They can be 
treated with physiologic doses of 1α,25-hydroxyvitamin 
D3. An X-linked form of rickets has been referred to as 
hypophosphatemic (XLH) vitamin D–resistant rickets, a 
misnomer because patients are not vitamin D resistant. 
XLH is caused by mutations in the PHEX gene, which 
is thought to metabolize a putative phosphate-regulating 
hormone called phosphatonin.300,301 Inherited disorders 



674 APPLICATIONS OF GENETICS IN ENDOCRINOLOGY

associated with hyperphosphaturia include X-linked 
hypophosphatemia (XLH), autosomal dominant hypo-
phosphatemic rickets (ADHR), autosomal recessive hypo-
phosphatemia (ARHP), and hereditary hypophosphatemic 
rickets with hypercalciuria (HHRH).302 Genetic analyses 
have led to the identification of several novel molecules that 
play key roles in the regulation of renal phosphate han-
dling. These include fibroblast growth factor 23 (FGF-23), 
a protein that is abundantly expressed in bone and which 
has proven to be a circulating hormone that inhibits tubu-
lar reabsorption of phosphate in the kidney. Monoallelic 
mutations in the FGF-23 gene lead to ADHR. Two other 
bone-specific proteins, PHEX and dentin matrix protein 1 
(DMP1), are necessary for limiting the expression of FGF-
23, thereby resulting in appropriate renal conservation of 
phosphate. As noted, mutations in PHEX lead to XLH, 
and inactivation of DMP1 results in ARHP.302,303 HHRH 
is a primary disorder of renal phosphate reabsorption and 
is caused by biallelic mutations in the sodium-phosphate 
cotransporter gene SLC34A3.303,304

Defects in Channels
Closure of adenosine triphosphate (ATP)-sensitive potas-
sium channels in pancreatic islet β cells initiates a cascade 
of events that, in turn, leads to insulin secretion. Potas-
sium currents are reconstituted by the inward rectifier 
Kir6.2 and the sulfonylurea receptor (SUR), a member 
of the ATP-binding cassette superfamily. Homozygous 
mutations in either SUR305 or Kir6.2 can cause persistent 
hyperinsulinemic hypoglycemia of infancy (PHHI; nesid-
ioblastosis) (see Fig. 4-8).306

Cellular uptake of thyroid hormones is mediated 
by channels.307 Point mutations and deletions in the  
X-chromosomal MCT8 gene have been identified in several 
male patients presenting with elevated T3 and TSH levels 
and a severe neurologic phenotype that includes mental 
retardation, spastic quadriplegia, hypotonia, rotary nys-
tagmus, and impaired gaze and hearing.308  Heterozygous 
females have discrete thyroid hormone abnormalities, but 
no neurologic alterations. The abnormal T3 elevation 
may be due to impaired uptake into cells such as neurons 
and recent findings indicate that the neuropathological 
alterations are consistent with severe hypothyroidism at 
the level of the central nervous system. The neurologic 
phenotype associated with MCT8 mutations had been 
recognized earlier and is referred to as Allan-Herndon-
Dudley syndrome.309

CURRENT DEVELOPMENTS
A major focus of current research efforts is directed 
toward the elucidation of the genetic components of 
complex disorders.13,41-43 Technically, these attempts 
are greatly facilitated by high-throughput platforms for 
the genotyping of SNPs, data generated by the HapMap 
project, rapid advances in high-throughput sequenc-
ing, and the ongoing refinement of bioinformatics pipe-
lines.66,73,76 Whole exome and genome sequencing has 
entered the clinical realm and has growing importance for 
the molecular characterization of malignancies and rare 
clinical phenotypes.230 The comprehensive sequencing 

of multiple candidate genes after targeted enrichment; 
e.g., the majority of genes causing pheochromocytomas/
paragangliomas or congenital deafness can now be per-
formed with commercially available kits. In addition to 
sequencing genomic DNA for the detection of mutations 
and variants, high-throughput sequencing technologies 
can be used for the characterization of RNA expression, 
noncoding and microRNAs, protein-DNA interactions, 
epigenomic alterations, and metagenomic analyses.74,230 
Moreover, next-generation sequencing technologies are 
providing a growing understanding of normal human 
genome variation. Information about the genome of an 
individual may lead to more accurate risk profiles,310 bet-
ter pharmacogenomic predictions, and recognition of dis-
ease alleles that permit early interventions.311

The availability of comprehensive sequence informa-
tion continues to underscore the importance of ethical 
and legal concerns about how such information may 
be used by insurers and employers. The Genetic Infor-
mation Nondiscrimination Act (GINA), signed into 
law in 2008, protects asymptomatic individuals against 
the misuse of genetic information for health insurance 
and employment.312 However, it does not protect the 
symptomatic individual. Provisions of the Patient Pro-
tection and Affordable Care Act, implemented in the 
United States in 2014, now fill this gap and prohibit 
exclusion from or termination of health insurance 
based on personal health status. The emerging integra-
tion of genomic data into electronic medical records, 
compelled disclosures of health records, and direct-to-
consumer genetic testing pose new potential threats to 
genetic privacy.313

The impact of genetic testing on health care costs 
remains poorly understood and will probably depend 
on the specific disorder and the availability of effective 
therapeutic modalities. However, for some disorders 
such as MEN 2, genetic testing has a significant impact 
on clinical management, and it is cost-effective. In this 
instance, mutational analysis of the RET gene allows the 
identification of individuals affected by this highly pen-
etrant autosomal-dominant disorder, and prophylactic 
thyroidectomy in early childhood can avoid the devel-
opment of medullary cancer (see Chapter 149).8 More-
over, unaffected individuals can be spared screening 
for pheochromocytoma, medullary thyroid cancer, and 
hyperparathyroidism.

The marketing of genetic testing directly to consum-
ers, consumer genomics, by commercial companies raises 
numerous questions about the accuracy and confiden-
tiality of genetic information, appropriate regulatory 
oversight, and the handling of these results.314,315 While 
the answers to these questions remain pending, it is evi-
dent that genomics has already an important and rapidly 
growing impact on clinical endocrinology.
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K E Y  P O I N T S

 •  The pituitary gland is a prototypic model organ system to study organogenesis, cell type 
determination, and differentiation.

 •  Complex interplay between signaling pathways and transcription factor networks 
directs pituitary ontogenesis, providing instructive insights into the transcriptional 
outcome and signaling of gradients in organogenesis.

 •  Genetic evidence provided by naturally occurring mutations has established the 
hierarchical events in development, mechanistically determining the basis of defects in 
human pituitary function.

 •  Studies of animal models coupled with contemporary global genomic technologies 
elucidate epigenetic molecular mechanisms that underlie pituitary development.

 •  Identification of adult pituitary stem cells and in vitro culture of mouse embryonic 
stem (ES) cells that recapitulates pituitary development suggest in new regenerative 
approaches for pituitary diseases.
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Advancement in genetic and molecular biology techniques 
has significantly increased our understanding of the mecha-
nisms underlying the development of the pituitary gland. 
The pituitary gland serves as an intermediary between the 
brain and the peripheral systems. By means of multiple 
feedback control mechanisms, the pituitary gland integrates 
incoming signals from the peripheral and central nervous 
systems and responds with regulation of production and 
secretion of critical regulatory hormones to target organs. 
The pituitary gland facilitates many critical functions includ-
ing metabolism, growth, reproduction, circadian rhythm, 
and stress responses. The functional regulation of gene 
transcription, pituitary hormone synthesis and secretion, 
and hormone cell proliferation is critical to homeostasis.

ANATOMY AND HISTOLOGY
The pituitary gland, also termed hypophysis, situates in a 
depression on the upper surface of the sphenoid bone, the 
sella turcica. It is composed of anatomically and function-
ally distinct entities: the adenohypophysis, including the 
intermediate and anterior lobes, and the neurohypohysis, 
which is also called the posterior lobe. Functional ante-
rior pituitary contains five main cell types: somatotrope 
cells produce growth hormone (GH) and regulate linear 
growth and metabolism; lactotrope cells produce prolactin 
(PRL), which regulates milk production in females; thyro-
trope cells produce thyroid-stimulating hormone (TSH), 
which controls the secretion of thyroid hormone from the 
thyroid gland; gonadotrope cells produce gonadotropins 
(follicle-stimulating hormone, FSH, and luteinizing hor-
mone [LH]), which regulate reproductive development 
and function; and corticotrope cells produce adrenocorti-
cotropic hormone (ACTH), a product of precursor proopi-
omelanocortin (POMC) cleaved by proteolytic processing, 
which regulates metabolic function through stimulation of 
glucocorticoid synthesis in the adrenal cortex. TSH, LH, 
and FSH are heterodimeric glycoproteins consisting of a 
common alpha subunit (αGSU) and a specific beta subunit. 
In the adult pituitary, GH-producing somatotrope cells 
occupy most of the gland, which weighs less than 1 g in 
humans. The size of the pituitary gland and the prolifera-
tion of each pituitary cell type are regulated according to 
physiologic conditions indicated by feedback regulation.1

These five anterior pituitary cell types are present at 
birth (Table 5-1). Initial expression of distinct pituitary 
hormone genes marks the terminal differentiation events 
of the cell types, which derive from seemingly common 
primordia and are the results of internal programming 

of the pituitary as well as a consequence of its interac-
tion with surrounding organs during development. Evi-
dence suggests the internal programming is dictated by 
the expression of transcriptional regulators, including 
a cascade of homeodomain transcription factors, and 
additional cell type–restricted transcription factors. The 
mechanisms that control the temporal and spatial expres-
sion of these transcription factors include diffusible sig-
nals from developing hypothalamus at the dorsal aspect 
and factors from surrounding structures. These spatially 
distributed signals and gradients of signaling molecules 
are critical in establishing positional pituitary cell type 
commitment events.2,3 Disruption of these apparently 
evolutionarily conserved events underlying proper devel-
opment of the pituitary gland can result in morphologic 
abbreviation and pituitary dysfunction. Through analysis 
of the expression of pituitary hormone genes in human 
cases of hypopituitarism, as well as in genetic models of 
pituitary defects, particularly in mouse models of pitu-
itary dwarfism, a significant amount of knowledge has 
been accumulated regarding the molecular mechanisms 
underlying proper development of the pituitary gland.

PITUITARY DEVELOPMENT

Origin
Phylogenetic studies in several vertebrate species lead to 
the conclusion that the pituitary gland arises from oral 
epithelia. Fate-mapping experiments conducted in these 
animal species trace the origination of the pituitary gland 
back to the neural plate. In studies of grafting quail-chick 
chimeras, the origin of the pituitary had been localized 
to the midline of the anterior neural ridge. By means of 
surgical ablation performed in chick embryos, the rostral 
ridge of the neural plate has been identified as the source 
of cells that give rise to pituitary tissue.4-6 In amphibians, 
tracing experiments have confirmed the neural origin 
of pituitary gland7,8 and similar conclusions have been 
reached about zebrafish.9,10 Additionally, by focalized 
application of a carbocyanin dye DiI into the rostral end 
of the neural plate at the open neurula stage (9.5 days 
postcoitus) in rats, labeled cells could be identified in 
Rathke’s pouch and they could develop into the secretory 
cells of the adenohypophysis in 7 additional days.11 Thus, 
evidence indicates that the anterior neural ridge is the ori-
gin of Rathke’s pouch, which eventually gives rise to cells 
of the pituitary gland. Subsequent to the folding of the 
embryonic head, the anterior neural ridge is displaced 
ventrally to form the portion of the oral epithelium, later 
giving rise to the roof of the mouth and additional struc-
tures including the pituitary gland. Consistent findings in 
many species make it apparent that the process of pitu-
itary development is, for the most part, evolutionarily 
conserved from lower vertebrates to higher mammals.

Ontogeny
In humans, the anterior lobe of the pituitary gland origi-
nates from an invagination of the stomodeal epithelium, 
termed Rathke’s pouch.12 The stomodeal epithelium that 
contains the pituitary primordium is formed by the third 
fetal week. The invagination of the stomodeal epithelium 

TABLE 5-1 Onset of Adenohypophyseal Hormone 
Expression

Hormone Human  
(weeks)

Mouse  
(dpc)

Chick  
(dpc)

Zebrafish  
(hpf)

GH 8 15.5 4.5 42
FSH/LH 8 16 4 —
ACTH 8 12.5 7 24
TSHb 13 13.3 6.5 42
PRL 13 17.5 6 22

dpc, Days postcoitus; hpf, hours postfertilization.
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occurs dorsally to form Rathke’s pouch by the fourth 
week, and the formation of Rathke’s pouch is complete 
and disconnected from the oral epithelium by the end of 
the sixth week of fetal life.13 In parallel, the hypothalamus 
is the first region of the forebrain to differentiate. From 
4 weeks, the hypothalamic sulcus, chiasmatic plate, and 
mammillary bodies are recognizable. These two organs, 
hypothalamus and pituitary, develop interdependently.14

Similar to the ontogeny observed in humans, Rathke’s 
pouch in mice is derived from an anlage that arises as an 
upgrowth from lining of the oral cavity’s roof. At its earli-
est stage, the murine pituitary primordium is defined as an 
intimate point of contact between the neural ectoderm and 
the oral roof ectoderm on embryonic day 8.5 postcoitus 
(e8.5), which marks the first event in the pituitary’s devel-
opment. Organogenesis of the adenohypophysis begins 
as the cells of the pituitary placode in the oral ectoderm 
thicken and invaginate to form the nascent pituitary. This 
anlage can be seen in the e9.5 mouse embryo, located ros-
trally to the oropharyngeal membrane. Dorsal movement 
of the epithelial layer from the roof of the mouth induces 
a cone-shaped intrusion dorsally as the Rathke’s pouch, or 
adenohypophyseal pouch. Before the formation, a devel-
opmentally important molecular marker, Sonic hedgehog 
(Shh), is expressed uniformly in the oral epithelial layer. 
The expression of Shh is excluded before the intrusion of 
pituitary anlagen can occur in the e9 mouse embryo.15 The 
Rathke’s pouch thickens as development proceeds and 
elongates dorsally relative to the oral cavity by the stomo-
dia-adenohypophyseal channel. By e10.5 in the mouse, 
Rathke’s pouch has formed as a rudimentary structure and 
has separated from ventral pharyngeal epithelium.

At the time Rathke’s pouch is pinched off at e11 in mice, 
the first round of accelerated mitotic activity is initiated in 
the anlagen.16,17 In the ensuing patterning period, mitotic 
activity is observed most prominently in the rostral part of 
Rathke’s pouch, with several buds emerging and envelop-
ing areas of vascularized mesenchyme. Progenitors of the 
hormone-secreting cell types arise from the ventral prolif-
eration of cells, and this region of rostral Rathke’s pouch 
eventually gives rise to the anterior lobe, or the pars dista-
lis. The dorsal aspects of Rathke’s pouch, in contact with 
the descending infundibulum processes and rostroventrally 
with the hypophyseal cleft, remain thin and form the inter-
mediate lobe, or the pars intermedia. Anterior pituitary cell 
types are initially positionally determined as they emerge 
from proliferation zones,15,18 with the somatotrope/lacto-
trope cells arising caudomedially and gonadotrope cells 
more rostroventrally, corticotrope cells ventrally, and mel-
anotrope cells dorsally. This pattern of pituitary develop-
ment is generally similar in most mammals.

Cell Lineage Determination
Endocrine pituitary cell types in the adenohypophysis 
are derived from a single population of cells. The initial 
expression of pituitary hormone genes marking the ter-
minal differentiation events of individual cell types occurs 
in a sequential manner. In mice, POMC gene expression 
emerges as the first pituitary marker at e11.5 and can be 
detected in the anterior pituitary by e13.5. However, the 
fate of cells that will give rise to those five different anterior 

pituitary cell types is determined before the initial pituitary 
POMC expression. In tissue culture experiments where 
pituitary anlagen were taken and placed in a culture away 
from the influence of the diencephalons, pituitary anlagen 
taken at e11 were capable of generating cells expressing 
all five anterior pituitary hormone genes, whereas anla-
gen taken at e9.5 required additional growth factors, with 
the exception of corticotrope, which always differentiates 
regardless of the culture medium.19 Critical events have 
occurred at the time that pituitary anlagen become com-
mitted to become pituitary precursors, with the subsequent 
expression of pituitary genes that become regulated in a 
cell autonomous fashion.20 The timing of this commitment 
event is coincidental with the formation of Rathke’s pouch.

As an anlage, Rathke’s pouch is the source of all 
endocrine pituitary cell types. In mice, after the initial 
appearance of corticotrope, expression of Gh gene can be 
detected by e15.5, followed by thyrotropins, gonadotro-
pins, and PRL. Gene expressions of all anterior pituitary 
hormones are detectable by e17.5, with the exception of 
PRL, which can be consistently seen by the time of birth 
(e19 in the mouse). Another early marker of Rathke’s 
pouch is αGsu, and the transcripts are detected through-
out Rathke’s pouch by e9,21 although they are confined to 
the rostral tip of the anterior lobe by e12.5, and they are 
ultimately restricted to thyrotrope and gonadotrope from 
late gestation through adulthood. Following proliferation 
and early organ expansion, a series of different cell types 
arise in a distinct spatial and temporal fashion. Table 5-1 
provides a time line of the initial expression of pituitary 
hormone genes in several species.

TRANSCRIPTION FACTORS AND PITUITARY 
DEVELOPMENT
Parallel to the sequential emergence of pituitary cell 
types, a series of homeodomain family transcription fac-
tors are expressed as the adenohypophysis is becoming 
committed. With improved molecular genetic techniques, 
functional studies of these transcription factors in animal 
models, particularly in mouse models, have established 
molecular mechanisms underlying the development of the 
pituitary gland. The expression profiles of Hesx1, Lhx3, 
Lhx4, Pitx1/2, Prop1, and Pit1 homeodomain factors, in 
addition to the expressions of Tbx19 and GATA2, dic-
tate the commitment, determination, and differentiation 
events of the pituitary gland. These genes were initially 
studied in animal model systems that arose either from 
naturally occurring mutations or were created by reverse 
genetic techniques. Without exception, phenotypes 
observed in each animal model system are also observed 
in human cases with defects in the corresponding orthol-
ogous genes (Table 5-2). The phenotypes observed in 
human cases range from single pituitary hormone defi-
ciency to combined pituitary hormone deficiency (CPHD) 
affecting several pituitary hormones in addition to GH. 
Study of the development of the pituitary gland serves as 
a model of progressive restriction in gene expression, and 
the pituitary gland has become a prototypic model organ 
system to study organogenesis, cell type determination, 
and differentiation.
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Pit1 Gene
The Pit1 gene (POU domain, class 1, transcription factor 
1 [POU1F1]) encodes a 33-kD, 291 amino acid transcrip-
tional activator that is capable of DNA binding and transac-
tivation, and it was initially isolated by its ability to bind to 
the responsive element of the GH gene promoter.22,23 Pit1 
is expressed exclusively in the pituitary gland. In mice, the 
initial expression of the Pit1 gene transcripts can be detected 
by e13.5, exclusively in the anterior ventral pituitary (Fig. 
5-1). The expression of Pit1 persists in adults and colocal-
izes with the expression of GH, PRL, and TSHβ genes. Fur-
ther studies showed that the product of the Pit1 is capable 
of binding to responsive elements in the promoters of the 
GH gene,24 the growth hormone–releasing hormone recep-
tor (GHRHR) gene,25 the PRL gene,26 and the TSHβ gene. 
The Pit1 protein is also capable of binding to the respon-
sive elements of the Pit1 gene itself and is required for the 
continued transcription of the Pit1 gene.27 The structure of 
the Pit1 gene is evolutionarily conserved and is found in 
mouse, human, and all other vertebrate animals examined, 
although Pit1 may play diverse functional roles in different 
physiologic pathways in individual species.

Animal Model
Snell mice28 are a well-studied animal model of pituitary 
function, which arises from a spontaneous single nucle-
otide mutation in the Pit1 gene that results in the sub-
stitution of W261C in the homeodomain, rendering the 
mutant gene product incapable of DNA binding, and 
hence unable to activate potential target genes.29 Mice 
heterozygous for this mutation are phenotypically normal. 
The homozygous offspring of this mutation are dwarf and 
infertile, and they exhibit loss of three pituitary hormone 
cell types, GH, PRL, and TSHβ; whereas the gonadotrope 
and corticotrope cells are unaffected, suggesting that the 
Pit1 is required for terminal differentiation of the somato-
trope, lactotrope, and thyrotrope cell types. In the Pit1Snell 
animal model, where the Pit1 gene is functionally defec-
tive, the initial activation of the Pit1 is unaffected, whereas 
the later transcription of the Pit1 gene is altered, resulting 
in the failed expression of the Pit1 in the adult animal and 
a dwarf phenotype.29,30 The Pit1 lineage can be converted 
to alternative fates before e17.5 but exhibits a cell-auton-
omous commitment after e17.5, when Pit1 gene regula-
tion shifts from a Pit1-independent early enhancer to a 
Pit1-autoregulated later enhancer.31 Pit1Jackson is a second 
mouse model with a defect in the Pit1 gene. The genomic 

structure of the Pit1 gene, located on chromosome 16, 
is grossly rearranged in mutant Pit1Jackson mice, with a 
phenotype very similar or identical to that of the Pit1Snell 
mice.29 In addition, Pit1 mutations result in decreased 
activity of the insulin/IGF1 pathway, which may result in 
physiologic homeostasis consequences that favor longev-
ity32,33 (for reviews see references 34-36).

Related Diseases
The human Pit1 gene has been mapped to chromosome 
3. Lesions in Pit1 have been identified as an etiology of 
CPHD (see Table 5-2). Initial study has shown a homo-
zygous nonsense mutation R172X in the Pit1 gene in a 
patient of consanguineous parents with cretinism caused 
by deficiency of GH, PRL, and TSHβ.37 Many cases of 
CPHD with Pit1 defects have since been reported. It 
appears that the inheritance of Pit1 mutations in humans 
is complex, ranging from autosomal recessive to auto-
somal dominant to imprinting with variable phenotypic 
penetrance.38 Pituitary gonadotropins and corticotropins 
are normal in Pit1-defective patients. Deficiency of GH is 
consistently observed in all Pit1 patients, and deficiency 
for PRL is observed in most patients, whereas the TSHβ 
deficiency usually has a delayed onset and incomplete 
penetrance (see Table 5-2). Different backgrounds may 
be the major contributing factor to the TSH phenotypic 
variation. Alternatively, however, there exists an embry-
onic population of thyrotrope termed rostral tip thyro-
trope. The expression of this embryonic TSH is not Pit1 
dependent, and consequently it may be a contributing 
element to the TSH phenotypic variation observed in the 
Pit1 patients. The presentation of patients with Pit1 dis-
orders varies considerably. At infancy, they usually have 
a protruding forehead, depressed facial structures, and a 
saddled nose, although CPHD is generally not diagnosed 
until growth retardation becomes obvious because of the 
deficiencies of GH and thyroid hormone.39,40

Mechanism
The modular structure of the Pit1 protein can be divided 
into the transactivation and the DNA-binding domains. 
The transcriptional activation domain is located in the 
first 80 amino acids, followed by a POU DNA-binding 
domain at the C terminus. The POU domain is further 
divided into a 75-amino acid POU-specific domain, which 
is conserved among various POU domain proteins, and a 
60-amino acid POU homeodomain with a linker region 

TABLE 5-2 Transcription Factors in Pituitary Hormone Deficiency

HUMAN MODEL SYSTEM

Gene Chr. Inheritance Hormone Deficiency Mutation Pituitary Phenotype

PIT1 3p11 Recessive/dominant GH, PRL, and variable TSH Snell Gh, Prl, and Tsh
PROP1 5q35 Recessive GH, PRL, TSH, FSH/LH, and ACTH Ames Gh, Prl, Tsh, and Fsh/Lh
LHX3 9q34 Recessive GH, PRL, TSH, and FSH/LH K.O. Gh, Prl, Tsh, and Fsh/Lh
LHX4 1q25 Dominant GH, TSH, and ACTH K.O. Reduction of all anterior cell types
HESX1 3p21 Recessive/dominant Variable hormone deficiency K.O. Pouch bifurcations, pituitary absence
PITX2 4q25 Dominant GH, PRL, TSH, and FSH/LH K.O. Gh, Prl, Tsh, and Fsh/Lh
TBX19 1q23 Recessive POMC K.O. Pituitary Pomc transdifferentiation

Chr., Chromosome location; K.O., targeted deletion in mouse.
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Figure 5-1 Expression of selected transcription factors in pituitary development by in situ hybridization. Expression of Hesx1, Pitx1, and Lhx3 are 
detected in Rathke’s pouch (RP) at mouse embryonic stage e9.5 and are maintained at e12.5, after which Hesx1 expression is rapidly extinguished 
whereas Pitx1 and Lhx3 continue to be expressed. Prop1 expression initiates at e10.5, reaches maximum intensity at e12.5, and attenuates at e14.5. 
Pit1 expression initiates at e13.5 and is maintained throughout pituitary development and adulthood. Initial Tbx19 expression can be observed in the 
ventral Rathke’s pouch and ventral diencephalon (VD) at e11.5, and its expression is maintained.
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between them. The POU homeodomain by itself is suf-
ficient for low-affinity DNA binding, although both POU-
specific domain and POU homeodomain are required for 
specific high-affinity DNA binding of the Pit1 responsive 
elements. Pit1 protein is able to bind as a monomer in solu-
tion to the consensus (A/T)(A/T)TATNCAT site, where 
N may be any nucleotide; in most cases, however, Pit1 
binds DNA as a dimer.41 Analysis of data derived from a 
cocrystal study of the Pit1 protein and the PRL proximal 
promoter Pit1-binding element shows that the Pit1 protein 
binds to DNA in a parallel dimer form.42,43 Pit1 protein 
wraps around the DNA molecule with the POU-specific 
domain and the POU homeodomain, binding to the DNA 
molecule in a perpendicular angle in opposite orienta-
tion. The POU-specific domain of one Pit1 molecule inter-
acts with the C terminus of the POU homeodomain of 
the other Pit1 molecule in a dual composition. In addi-
tion, the spacing between the DNA contacts made by the 
POU-specific domain and the POU homeodomain of each 
monomer is critical. Compared to the Pit1 binding site in 
the PRL minimum promoter sequences, two additional 
base pairs spacing are needed to direct restricted GH gene 
transcription based on elements of two Pit1 binding sites 
on the proximal promoter of rat GH locus.44

This dimerization interface is a “hot spot” for debili-
tating mutations. In the case of additional mutations, 
such as in the Pit1Snell mice, a G-to-T mutation results 
(W261C) in the third helix of the POU homeodomain, 
eliminating its DNA-binding ability by altering the con-
tact point of the mutant gene product with the major 
groove of the responsive elements, causing a dwarf phe-
notype in an autosomal-recessive fashion. Similarly, sev-
eral mutations observed in human cases could affect the 
stability and specificity of this protein-DNA interface.45,46

As a transcription factor, Pit1 exerts its effects as a com-
ponent of a transcriptional complex, regulated by coacti-
vator and repressor elements. The Pit1 POU domain can 
associate with coactivator complex of CBP/p300 and P/
CAF, both of which possess histone acetylase activity. 
N-CoR, acting as a corepressor, can bind to the home-
odomain of Pit1 and it actively suppresses transactivation 
by Pit1, and this suppression depends on Sin3, SAP30, 
and histone deacetylase. Thus, the transcriptional activ-
ity of Pit1 may be regulated by the competing binding of 
complexes mediating either acetylation or deacetylation 
events, resulting in activation or repression, respectively.47

In addition to Pit1, the determination of individual 
pituitary cell types may require other molecules. The estro-
gen receptor has been implicated in synergistic activation 
of the PRL gene.48,49 Members of the ETS family of tran-
scription factors can bind to the Pit1 binding sites in the 
PRL promoter and mediate signals from growth factors 
and the Ras/mitogen-activated protein kinase pathway.50 
The transcription factor Gata2 appears to be required for 
the formation of both thyrotrope and gonadotrope cells, 
and the presence of Pit1 represses the gonadotropic phe-
notype and promotes the thyrotrope phenotype. Pit1 can 
inhibit binding of Gata2 to cognate DNA sites important 
for generation of the gonadotrope phenotype. In contrast, 
Pit1 leads to synergistic activation with Gata2 on pro-
moters that contain both Pit1 and Gata2 sites.51

Prop1 Gene
Prop1 (Prophet of Pit-1) is a homeodomain-containing 
transcription factor that is capable of binding to its cog-
nate DNA site and activating its target genes. The expres-
sion pattern of the Prop1 gene has been examined in mice 
and is detected only in Rathke’s pouch. Prop1 expres-
sion is detected initially at e10 in the mouse, when the 
structure of Rathke’s pouch has been established. The 
expression initially is observed dorsally but subsequently 
involves most cells in the Rathke’s pouch. Expression of 
Prop1 reaches a maximum level of intensity at e12 in 
Rathke’s pouch, with the signal diminishing by e14.552 
(Fig. 5-1). It has been shown recently that the Notch sig-
naling is required for maintaining high levels of Prop1 
expression at e12.5, which is mediated by Rbp-J protein 
bound to the evolutionary conserved site within the first 
intron of the Prop1 gene.53 The expression of the Prop1 
gene is required for the activation of the downstream Pit1 
gene.54,55 The integrity of Prop1 is necessary for full-scale 
manifestation of pituitary gonadotrope cells, as well as 
the generation of somatotrope, lactotrope, and thyro-
trope cells (Table 5-2). Mutations in the Prop1 gene have 
been identified as the leading cause of familial CPHD, 
resulting in short stature as a consequence.

Animal Model
The Prop1 gene was initially identified by a positional 
cloning strategy in the naturally occurring Ames mouse 
mutant. The mutant Prop1 allele at the Prop1Ames locus 
harbors a point mutation that results in a single amino 
acid substitution (S83P) in the second helix of the home-
odomain, causing altered progression of nascent pitu-
itary gland and subsequent failed expression of Pit1.52 
Phenotypes of the Prop1Ames mice are transmitted in an 
autosomal-recessive fashion; heterozygous mutant mice 
are normal. Homozygous mutant mice are born grossly 
normal but develop a proportional dwarfism by the time 
of weaning.56 The adult mutant mice are about half the 
size of the wild-type animals. The Prop1Ames mutation 
caused dysmorphogenesis of Rathke’s pouch at e12.5, 
with convolution of the lumen and a failure of expression 
of the Pit1 lineage. The appearance of gonadotrope was 
delayed, but corticotrope appeared as expected. In con-
trast to the complete absence of somatotrope, lactotrope, 
and thyrotrope cells in the Pit1Snell mouse, the Prop1Ames 
mouse pituitary gland contains a small number (<1%)54,57 
of the normal complement of somatotrope cells as well as 
a few lactotrope and thyrotrope cells.57 Prop1Ames dwarf 
mice live twice as long as their wild-type littermates.58

Related Diseases
The human Prop1 coding region has three exons sepa-
rated by two introns and maps to chromosome 5q34. The 
Prop1 gene encodes a polypeptide of 226 amino acids and 
contains a short N terminus, a 60-amino acid homeodo-
main, and a transactivating C terminus. Compared to the 
mouse homologue, the human Prop1 homeodomain is 
highly conserved with only two amino acid substitutions.

Initial reports identified mutations in the human Prop1 
gene in patients with short stature in several families. 
Direct sequencing of polymerase chain reaction (PCR) 
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products of the Prop1 gene showed that all the affected 
patients were harboring mutations in both alleles of the 
Prop1 gene and their parents were heterozygous for the 
respective mutations, suggesting that the mutations in 
the Prop1 gene act in an autosomal-recessive manner, 
causing CPHD in these patients. All of the affected indi-
viduals in this study failed to respond to GHRH, thy-
rotropin-releasing hormone, and LH-releasing hormone 
stimulation, suggesting a defect in hormone-secreting 
cells of the pituitary gland.59 Subsequent reports have 
shown that the Prop1 mutation is a common cause of 
familial CPHD. These alternations in the Prop1 gene 
range from point mutation to deletions, affecting struc-
ture and integrity in the homeodomain of the PROP1 
gene. A 2-bp A301G302 deletion, leading to a frame-
shift and the loss of DNA-binding homeodomain and 
C-terminal transactivation domain of the PROP1 gene 
product, is the most frequently encountered mutation 
among these Prop1 patients, representing a mutational 
“hot spot.”60 Individuals with various Prop1 muta-
tions invariably display severe deficiencies for pituitary 
gonadotropins in addition to the defects of GH, PRL, 
and TSH levels. In human cases with Prop1 mutations, 
many adult patients express ACTH at a normal level; 
however, there are reported cases with a late onset of 
corticotropin deficiency (Table 5-2). The expression of 
ACTH phenotypes is highly heterogeneous; differences 
in genetic background in these patients may contribute 
to the discrepancy of this phenotype.61,62

Mechanism
The Prop1 gene product exerts its actions through bind-
ing to the responsive elements of target genes, with the 
helix-turn-helix motif of the homeodomain providing the 
contact point for protein-DNA interactions. The fact that 
most of the naturally occurring mutations of the Prop1 
gene are located in the homeodomain suggests that the 
Prop1 homeodomain is critical for Prop1 function.

In the Prop1Ames mice, examination of mutant Rathke’s 
pouch showed severe dysmorphogenesis but the pitu-
itary precursor cells were generated. The precursor cells 
of Rathke’s pouch failed to migrate to form the nascent 
pituitary gland, leading to an expansion of the luminal 
structure and a lack of expression of a late pituitary dif-
ferentiation marker: the Pit1 gene. However, proliferation 
of the mutant precursor cells in the Ames mice continued, 
resulting in a normal-sized pituitary glands.52,63 In addi-
tion to Pit1, both Wnt and Notch pathways are affected 
in the Prop1Ames mice.64,65 Later, persistent expression 
of Prop1 under the control of the αGsu promoter caused 
decreased gonadotrope differentiation and increased ade-
nomatous hyperplasia,66,67 indicating that properly extin-
guishing Prop1 also may be an important later step in 
paired-like homeodomain-mediated organogenesis.

Prop1 can bind to its site and activate target genes via 
the C-terminal transactivation domain, whereas the N 
terminus and the homeodomain of Prop1 possess repres-
sion function,52,68 suggesting that Prop1 can act as a tran-
scriptional activator as well as a repressor. Recent studies 
of the pituitary specific inactivation of the β-catenin 
gene show that the Prop1/β-catenin complex acts as 

transcriptional activator for Pit1 and as a repressor for 
Hesx1, depending on the associated cofactors.69

Phenotypic comparisons have been made between the 
Prop1-defective patient and the Prop1 mutant Prop1Ames 
mouse. The deficiencies of GH, PRL, and TSH are consis-
tently observed in both species. All the patients with the 
Prop1 mutations eventually develop the gonadotropin 
deficiency in their adult lives. In the Prop1Ames mice, the 
expression of gonadotropin is observed at birth, but the 
level of expression of the gonadotropin is reduced to one 
quarter of that of the wild-type animals.52 The expression 
of ACTH is apparent during development in the Prop1Ames 
mouse pituitary, and the level of ACTH in the blood is 
normal in adults. In human Prop1 patients, cortisol lev-
els are normal at birth, but some of the patients develop 
cortisol deficiency later in life.70-72 The Prop1 mutation 
may affect all the major cell types in the anterior pituitary 
gland, including the gonadotrope and the corticotrope 
(Table 5-2).

Hesx1 Gene
Hesx1 (homeodomain gene expressed in ES cells) is a 
paired-class homeodomain transcription factor that is 
capable of binding to its cognate DNA site and regulat-
ing its target genes. Mutations in the Hesx1 gene have 
been identified in septo-optic dysplasia and CPHD. In 
mice, the earliest expression of the Hesx1 gene can be 
detected at the embryonic stem cell stage. High levels of 
expression can be detected in the ectoderm, subsequently 
at the anterior extreme of the rostral neural folds, and 
finally restricted to the ventral diencephalon and to the 
thickened layer of oral ectoderm, which will give rise to 
the Rathke’s pouch at e9.0 in the mouse.73,74 Hesx1 gene 
expression can be observed for 2 more days but only in the 
Rathke’s pouch with diminishing intensity at a time that 
coincides with the rise of Prop1 gene expression (Figs. 
5-1 and 5-2). In humans, strong expression of Hesx1 in 
Rathke’s pouch can be detected in a 7-week-old embryo. 
Hesx1 is the earliest molecular marker for the definitive 
pituitary primordium.

Animal Model
The mouse Hesx1 gene is located on chromosome 14, and 
targeted deletion of Hesx1 resulted in mice that exhibit 
variable anterior central nervous system defects with 
reduced prosencephalon and defective olfactory develop-
ment.75 Hesx1 mutants also have defects in the pituitary 
gland with bifurcations in the Rathke’s pouch in most 
cases. By e12.5, multiple oral ectoderm invaginations 
reflecting pituitary glands are observed in most Hesx1 
embryos. Between e13.5 and e15.5, Hesx1 mutants are 
characterized by a dramatic cellular overproliferation of 
all the hormone-producing cell types, leading to a failure 
of the underlying mesenchyme to condense and form the 
sphenoid cartilage that separates the pituitary from the 
oral cavity. In the late stages of pituitary development, 
the terminal differentiation of the hormone-producing 
cell types appear normal in most Hesx1 mutants, with 
overexpression of αGSU, TSHβ, GH, POMC, and Pit1 
by e16.5. Earlier in development, there is a delay in the 
onset of POMC expression both in Rathke’s pouch and 
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Figure 5-2 Ontogeny of signaling molecules and selected transcriptional factors during mouse pituitary organogenesis and mouse ES cell three-
dimensional culture. A, The ventral diencephalon (VD), which expresses BMP4, FGF8/10/18, and Wnt5, makes direct contact with oral ectoderm, 
induces the formation of Rathke’s pouch, and eventually forms the posterior lobe (P). Shh is expressed throughout the oral ectoderm except in the 
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FGF and ventral BMP2/Shh gradients convey proliferative and positional cues by regulating combinatorial patterns of transcription factor gene 
expression. Pit1 is induced at e13.5 in the caudomedial cells of the anterior lobe, which ultimately give rise to somatotropes (S), lactotropes (L), 
and thyrotropes (T). Rostral tip thyrotropes (Tr) are a transient, Pit1-independent population. Corticotropes (C) and gonadotropes (G) arise in the 
most ventral anterior lobe whereas melantropes (M) appear in the intermediate lobe. B, The signaling molecules and transcription factor/cofactor 
network required in precise combinations to direct lineage commitment and terminal differentiation of distinct cell types. Temporal requirements for 
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thyrotropes; Tbx19 and Pax7 in melanotropes; and Tbx19 and NeuroD1 in corticotropes. C, Mouse embryonic stem (ES) cells grown as large cell 
aggregates in the presence of BMP4 and hedgehog agonists form hollow, epidermal spheres that recapitulate in vivo tissue interactions between hy-
pothalamus and oral ectoderm. Further treatment with a Notch signaling pathway inhibitor (DAPT), a Wnt signaling agonist (BIO), or conditioned 
mesenchymal cell media (PA6) produces differentiated corticotropes, Pit-1+ precursors, and gonadotropes or thyrotropes. Further treatment of Pit-1+ 
is with insulin plus either hydrocortisone or oestradiol somatotropes and lactotropes.
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in the developing hypothalamus at e12.5, and there also 
appears to be a dual induction of αGsu expression on both 
the rostral and caudal sides of Rathke’s pouch. Strikingly, 
in occasional Hesx1 gene–deleted mice, the initial thick-
ening of oral ectoderm and minimal activation of Lhx3 
are observed at e12.5, but the embryos exhibit a complete 
arrest of pituitary development and the pituitary gland is 
absent by e18.5. The discrepancy of incomplete pheno-
type penetrance in Hesx1 mutants is likely influenced by 
the actions of the linked modifier genes.76,77

Related Diseases
The human Hesx1 gene contains four exons separated 
by three introns, and it maps to chromosome 3p21. The 
Hesx1 gene encodes a highly conserved polypeptide of 
185 amino acids with a 60-amino acid homeodomain at 
its C terminus. Initial analyses of the Hesx1 mutations, 
performed in kindreds with septo-optic dysplasia, identi-
fied a nucleotide transition that resulted in the substitu-
tion of R160C (in the third helix of the homeodomain) in 
two children with CPHD who were born to a highly con-
sanguineous family. Magnetic resonance imaging showed 
ectopic/undescended posterior pituitary associated with a 
hypoplastic anterior lobe in these two affected siblings.75 
None of the heterozygote parents exhibited features of 
septo-optic dysplasia, consistent with an autosomal-
recessive inheritance. Additional mutations (eg, Q6H, 
S170L, T181A, I26T, and 306/307InsAG-X) have been 
found in the coding region of the Hesx1 gene and are 
associated with variable phenotypes including hypopitu-
itarism ranging from isolated GH deficiency to CPHD. 
It is clear from these reported cases that mutation in the 
Hesx1 gene can cause pituitary hormone deficiency with 
variable phenotypes and with incomplete penetrance.78,79

Mechanism
The Hesx1 gene product can bind to either dimer or mono-
mer DNA sites with high affinity in transient transfection 
assays.80,81 Modular structure analysis showed that in 
addition to the DNA-binding homeodomain, Hesx1 con-
tains two sequences in the N terminus; one is similar to 
the eh1 motif found in Drosophila engrailed and one is 
similar to the WRPW motif found in several helix-loop-
helix proteins, both of which are capable of recruiting the 
Groucho class of corepressors.82,83 Both the N-terminal 
and homeodomain regions of Hesx1 can independently 
act as repressors. Hesx1 is a strong transcriptional repres-
sor that acts by recruiting the mSin3A/B, HDACs 1 and 
2, and the Brg1 complexes to its homeodomain and the 
TLE corepressor to its eh1 domain. The strong associa-
tion between Tle1 and Hesx1 is mediated by a highly con-
served helical motif (FXLXXIL) present in the Hesx1 N 
terminus, which can also be found in Nkx, Six, and cer-
tain Pax homeodomain factors’ family members.84 These 
recruitments are required and sufficient for the repres-
sive actions of Hesx1 in vivo. Forced persistent expres-
sion of Hesx1 and Tle1 resulted in the loss of the Pit1 
lineage and a Prop1Ames-like dysmorphogenesis while the 
expression of Prop1 and Pomc remained. The mutation 
in human Hesx1 (R160C) has a dominant negative effect 
both in vitro and in vivo. This dominant negative activity 

requires the eh1 repression domain, which is also required 
for full-length recombinant Hesx1 dimerization in solu-
tion. This dominant transcription repressor activity may 
help to explain the heterozygous phenotypes observed in 
HESX1 patients.80 Recent identification of a homozygous 
mutation in the eh1 motif (I26T) in a patient with CPHD 
has further underlined that Tle association is an integral 
mechanism for Hesx1 function in vivo.85

Hesx1 and Prop1 share a conserved DNA-recognition 
site. The repression domain in Hesx1 can suppress the 
transcription activation activity of Prop1. The Hesx1 
repressor can heterodimerize with Prop1 and can bind 
to the palindromic site as homodimers or heterodimers, 
with Prop1 acting as an activator and Hesx1 as a repres-
sor, to inhibit Prop1 activation function. The expression 
of Prop1 is elevated in Hesx1-mutant mice, suggesting 
not only that Hesx1 can repress Prop1 activation function 
but also that it is required for proper Prop1 expression.76 
Forced early expression of Prop1 to the uncommitted oral 
ectoderm blocks the formation of Rathke’s pouch, which 
results in the absence of the anterior pituitary gland with 
no initial induction of Lhx3 expression, demonstrating 
that premature expression of Prop1 can block the pitu-
itary organogenesis that phenocopies the effects of Hesx1-
gene deletion15 in contrast to the Hesx1/TLE1 transgenic 
mouse with a Prop1Ames-like phenotype, suggesting that 
the antagonistic repressor complex can suppress Prop1 
activation of expression.69,76 The successive repression and 
activation of a common set of regulatory genes may prove 
to be an underlying strategy in the temporal code of pitu-
itary development, with initial repression a prerequisite for 
organ commitment and proliferation and consequent acti-
vation required for commitment of specific cell lineages.

LHX3 and LHX4 Genes
Lhx3 (LIM homeo box gene 3) is a LIM-type homeodo-
main transcription factor. In addition to a C-terminus 
homeodomain, Lhx3 contains two tandem repeats of LIM 
zinc-binding motifs, each composed of 50 to 60 amino 
acids with a conserved pattern of cysteine and histidine 
residues that form a pair of zinc fingers, separated by a 
linker of 2 amino acids. Expression analysis showed that 
mouse Lhx3 mRNA can be detected in the developing 
nervous system and accumulates in the Rathke’s pouch 
beginning at e9.5 (Fig. 5-1). Lhx3 remains expressed in 
the entire pouch and its expression is maintained through 
e15.5; the expression is particularly strong in the anterior 
and intermediate lobes of the adult pituitary. In addition, 
Lhx3 is expressed bilaterally along the spinal cord and 
the hindbrain at early stages of development.86

Lhx4 (LIM homeodomain gene 4) is structurally closely 
related to Lhx3. The Lhx gene family consists of at least 
12 members; many of them are expressed in the pituitary 
during development including Isl1, Isl2, Lhx2, Lhx3, and 
Lhx4. Lhx3 and Lhx4 have been genetically defined as 
required elements for both the early stages of pituitary 
determination and the later differentiation of pituitary 
cell types. By in situ hybridization, Lhx4 gene is found 
to be expressed transiently in ventrolateral regions of the 
neural tube and hindbrain in the developing mouse. Dur-
ing pituitary development, Lhx4 is expressed throughout 
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the invaginating Rathke’s pouch at e9.5. At e12.5, Lhx4 
expression becomes restricted to the future anterior lobe 
of the pituitary gland, and by e15.5, Lhx4 expression 
diminishes. In the adult pituitary, Lhx4 is found in the 
anterior and intermediate lobes at a much lower level 
than that of Lhx3.87

Animal Model
Using a reverse genetic approach, mice with a targeted dis-
ruption in the Lhx3 gene were generated. Mice heterozy-
gous for the mutation are apparently normal and fertile, 
whereas homozygous individuals are stillborn or expire 
within 24 hours of birth. In these homozygous mice, the 
hindbrain, spinal cord, and pineal gland are grossly nor-
mal, as is the posterior lobe of the pituitary, but the ante-
rior and intermediate lobes of the pituitary are absent. 
During embryonic development, the mutant animal exhib-
its a lack of growth in Rathke’s pouch, and pituitary gland 
development does not progress beyond the Rathke’s pouch 
stage. With the exception of residual corticotrope, other 
anterior pituitary cell types are absent, indicating that 
Lhx3 is required for the appearance of the somatotrope, 
lactotrope, thyrotrope, and gonadotrope cell types.88

Mice homozygous for the targeted deletion of the Lhx4 
gene exhibit an early postnatal death caused by a failure of 
pulmonary maturation.87 Lhx4-deleted mice have a well-
formed Rathke’s pouch but display incomplete pituitary 
development following this stage, and the differentiation 
of pituitary cell types is perturbed. Consequently, by e12.5, 
there exists a miniature Rathke’s pouch and by e14.5, 
the nascent pituitary structure has progressed to a larger 
pouch, but the anterior lobe is discernible only as a slight 
thickening in the ventral region. This hypocellularity of 
the anterior lobe is caused by failure of pituitary precursor 
cells to survive; large numbers of apoptotic cells are evi-
dent throughout the pituitary primordia of Lhx4-mutant 
mice at e12.5.89 In later gestation stages, Rathke’s pouch is 
hypoplastic with an enlarged lumen resulting from reduced 
proliferation of the precursors, and the anterior lobe of 
the pituitary is reduced in size. Expression analyses have 
shown residual amounts of LH- and GNRHR-positive 
cells at e18.5. Thus, Lhx4 is not required for specification 
of gonadotrope cells, but it does support the expansion of 
the cell population. Similarly, all five anterior pituitary-
specific cell lineages are present in the Lhx4-mutant pitu-
itary, but in dramatically reduced numbers. By contrast, 
the intermediate lobe melanotrope cells are undisturbed.

Mice with double deletion of Lhx3 and Lhx4 dem-
onstrated that both genes direct formation of the pitu-
itary gland.90 The early formation of the Rathke’s pouch 
rudiment from pituitary primordium does not depend 
entirely on the function of either Lhx3 or Lhx4 alone, 
but together these genes redundantly control the forma-
tion of the definitive pouch. Lhx3 also controls a sub-
sequent step of pituitary fate commitment, and in these 
early stages, Lhx4 appears to act upstream of the Lhx3 
and Isl1 genes and is required for expansion of Rathke’s 
pouch. Therefore, Lhx3 and Lhx4 dictate pituitary gland 
identity by controlling decision points of organogenesis 
and regulation of the proliferation and differentiation of 
pituitary-specific cell lineages.

Related Diseases
Human Lhx3 shares high degree of homology with its 
mouse orthologue, exhibiting 94% identity at the amino 
acid level. Lhx3 is located on human chromosome 9q34 
and spans a genomic fragment of at least 6 kb that includes 
6 exons.91,92 In a candidate-gene screen based on pituitary 
phenotypes observed in a recessive lethal mutation in mice, 
two mutations in the Lhx3 gene were identified in two 
unrelated consanguineous pedigrees that display CPHD.93 
In one family, affected individuals are homozygous for a 
Y116C mutation located in the highly conserved LIM2 
domain of Lhx3, a domain critical for protein-protein 
interactions. In the second family, affected individuals 
are homozygous for a 23-base-pair deletion in an intra-
genic region, predicting a severely truncated protein that 
lacks the entire homeodomain and rendering it incapable 
of DNA binding. Lhx3-defective patients have deficien-
cies in GH, TSH, PRL, FSHβ, and LHβ, but they display 
intact levels of ACTH, similar to the endocrine profiles 
observed in Prop1 patients (Table 5-2). In addition, these 
Lhx3-defective patients displayed a rigid cervical spine 
that restricted their head rotation. More recently, novel 
6 mutations have been found in the coding region of the 
Lhx3 gene.94,95 All of them are associated with variable 
phenotype of hypopituitarism. Lhx3 mutations are a rare 
cause of CPHD involving deficiencies for GH, prolactin, 
TSH, and LH/FSH in all patients. Whereas most patients 
have a severe hormone deficiency manifesting after birth, 
milder forms can be observed, and limited neck rotation 
is not a universal feature of patients with Lhx3 mutations.

The human Lhx4 gene encodes a 390-amino acid 
protein that contains two LIM domains and a homeodo-
main that shares 99% sequence identity with its mouse 
orthologue. Genomic analysis showed that the human 
Lhx4 gene contains 6 exons and is mapped to chromo-
some 1q25.96 In a large consanguineous pedigree of three 
generations, a G-to-C substitution in the intron preced-
ing exon 5 of Lhx4 generates a mutant protein with per-
turbed homeodomain, which affects its DNA-binding 
function. Patients with this disease have short stature 
with CPHD, which affects GH, thyroxine, and cortisol, 
as well as cerebellar defects and abnormalities of the sella 
turcica. This mutant allele is transmitted in a dominant 
fashion, affecting only the maternal side of the kindred 
with a high phenotypic penetrance.96 More recently, three 
novel mutations in the Lhx4 gene have been mapped.97 
All of them affect DNA binding domain and all of them 
are associated with CPHD.

Mechanism
LIM homeodomain proteins are transcription factors and 
exert their effects by regulating target gene expression. 
Lhx3 binds with high affinity to AT-rich DNA sequences 
(including minor groove interaction) and bend the DNA 
molecule to an angle of 62° in a model system.92 Lhx3 
can activate the regulatory regions of pituitary genes, 
including αGSU, PRL, TSHβ, and Pit1. Lhx3 expres-
sion is partially regulated by the Lhx4 during pituitary 
development. At e12.5, only a few cells express Lhx3 in 
the dorsalmost aspect of the pouch in the Lhx4 mutants. 
However, the normal pattern of Lhx3 expression, 
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including the dorsal-ventral gradient, is established in 
Lhx4 mutants by e14.5.89

Genetic analysis showed that Lhx4 interacts with 
Prop1 to stimulate anterior pituitary lobe expansion. Nei-
ther gene is essential for initiating corticotrope specifica-
tion. However, no POMC or αGsu expression is detected 
in double-mutant mice at e14.5, suggesting that Prop1 
and Lhx4 have overlapping roles in corticotrope and 
gonadotrope development.89 In Hesx1-deleted mutants, 
the domains of Lhx3 and Prop1 expression are increased, 
as well as those of Fgf8 and Fgf10 in the infundibulum, 
which become expanded rostrally.76 These findings indi-
cate that Hesx1 is required for maintaining the proper 
expression of Fgfs, consistent with the notion that Lhx3 
expression can be regulated by FGF signaling.

TBX19 and PAX7 Genes
Tbx19 is a T-box transcription factor family member (the 
T-box in the mouse T [Brachyury] gene) that encodes a 
448-amino acid protein.98 Characterization of elements 
in a critical cis-acting sequence in the POMC promoter 
led to the functional identification of Tbx19. Transcripts 
of Tbx19 can be found only in the anterior and intermedi-
ate pituitary and brain (see Fig. 5-1); Tbx19 is specifically 
required for continued POMC transcription.99,100 Pax7 
is a member of a family of transcription factors contain-
ing highly conserved paired and homeobox domains.101 
Transcripts of Pax7 can be found in several places in the 
organism including brain, muscle satellite cells, and inter-
mediate pituitary.102-104 Pax7 expression in pituitary is 
selectively required for melanotrope differentiation.103

Animal Model
Mice with targeted disruption of the Tbx19 gene have 
very few ACTH positive cells in the pituitary, although 
the initial expression of the POMC gene is undisturbed at 
the Rathke’s pouch stages. The POMC cells are born in 
normal quantities in mutants but are lost or fail to expand 
appropriately, suggesting Tbx19 is not required for POMC 
cell commitment but is important later for ACTH lin-
eage differentiation. In addition, the intermediate lobe in 
mutant mice is populated by gonadotrope and some Pit1-
independent thyrotropes, indicating that Tbx19 normally 
represses pituitary gonadotrope differentiation.105,106

Recently, Pax7 has been identified as an intermediate 
lobe-specific factor.104 Pax7 gene knockout implicated 
Pax7 in regulation of Tbx19 activity in melanotropes 
through Pax7 pioneer function on chromatin. Mice with 
targeted disruption of the Pax7 gene lack melanotropes.103 
Additionally, intermediate pituitary cells lacking Pax7 
adopt a corticotrope fate through the upregulation of 
expression of several cell-type specific factors including 
NeuroD1 and GR.103

Related Diseases
The human Tbx19 gene shares 94% amino acid iden-
tity with mouse Tbx19 and maps to chromosome 1q23-
q24. Several cases of isolated ACTH deficiency have been 
identified in which a recessive, nonsense mutation C-to-T 
transition in exon 6 in Tbx19, results in a truncated gene 
product (R286X).107 In another case of isolated ACTH 

deficiency, a heterozygous C-to-T transition in exon 2 of 
the Tbx19 gene was identified, resulting in a conserved 
amino acid S128F mutation that appears to function as a 
dominant negative.99 A more recent study identified a new 
mutation in Tbx19 gene (missense M86R) that did not 
affect monomer DNA-binding activity per se, but impaired 
homo- and heterodimer (with Pitx1) DNA binding result-
ing in congenital isolated ACTH deficiency.108 Additional 
mutations in the Tbx19 gene have been shown as a cause 
of neonatal death caused by neonatal-onset isolated ACTH 
defficiency.107 Tbx19 defects result in POMC deficiency in 
both humans and mice, establishing Tbx19 as the gene 
required for effective POMC expression in vivo.105,106

The human Pax7 gene maps to the chromosome 
1p36.13. Although, no point mutations in Pax7 have 
yet been associated with human pituitary defects, the 
requirement for Pax7 in melanotrope differentiation 
suggests that it may play a role in the etiology of ACTH 
positive nonfunctioning adenomas and Cushing’s dis-
ease. Indeed, it has been shown that human adenomas 
express Pax7 with varying penetrance,103,104 but the 
possible clinical significance of this finding requires fur-
ther study.

Mechanism
Tbx19 is a transcriptional regulator that interacts with 
target genes through its T-box DNA-binding domain. 
In response to signals elicited by the hypothalamic hor-
mone corticotrope-releasing hormone, Tbx19 functions 
as an activator of transcription by recruiting SRC/p160 
coactivators to its cognate DNA target in the POMC 
promoter.109 Tbx19 can synergize with orphan nuclear 
receptor NGFI-B, serving as part of the transcription reg-
ulatory complex on the POMC promoter in response to 
hormonal stimulation.110 Transgenic expression of Tbx19 
in non-POMC producing regions of the pituitary gland 
results in ectopic POMC expression99 and inhibition of 
αGsu expression in rostral tip cells, gonadotropes, and 
thyrotropes.100 Tbx19 deficiency is permissive for trans-
differentiation of cells normally destined to be cortico-
trope and melanotrope into alternative cell fates, namely, 
gonadotrope and rostral tip thyrotrope, suggesting a role 
for Tbx19 in cell lineage specification. Tbx19 defects 
have no effect on differentiation of Pit1-dependent cell 
lineages (see Figs. 5-1 and 5-2, and Table 5-2).105,106

Pax7 is a transcription factor that can recognize DNA 
through paired and homeodomains. Recent studies have 
shown that Pax7 can affect chromatin accessibility via its 
composite binding sites. It has been shown that, in the 
absence of Pax7, several Tbx19-dependent enhancers are 
not accessible for Tbx19 binding and thus cells cannot 
proceed with differentiation toward a melanotrope cell 
fate and instead become corticotropes.103 It would be 
interesting to know if Tbx19 binding to the corticotrope-
specific enhancers is dependent on other transcription 
factors in the anterior pituitary.

PITX1 and PITX2 Genes
Pitx1 and Pitx2 represent two of the bicoid-related Pitx 
homeodomain transcription factors. They display distinct 
but overlapping patterns of expression and are critical in 
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the development of several organs including the pituitary, 
with Pitx1 required for the gonadotrope, thyrotrope, and 
POMC gene expression111,112 and Pitx2 required for the 
earliest phases of pituitary development for the pattern-
ing and proliferation events within Rathke’s pouch.113-115 
Genetic studies have shown that they are required for cell 
proliferation, survival, and differentiation in a dosage-
sensitive manner, with Pitx2 playing a more prominent 
role than Pitx1. They both function redundantly in con-
trolling Lhx3 expression.115-117

Animal Model
Inactivation of Pitx1 results in defects in hindlimb devel-
opment and craniofacial morphogenesis.112,118 The ante-
rior pituitaries of mutant mice exhibit mild defects with 
decreased expression of FSHβ, LHβ, and TSHβ and 
increased expression of POMC. The Pitx2-/- mouse dis-
plays multiple developmental defects including failure of 
body-wall closure, right pulmonary isomerism, and defects 
in heart, tooth, eye, and pituitary organogenesis.113,119-121 
In the pituitary, a definite pouch forms with the induc-
tion of Lhx3, Hesx1, Pitx1, and αGSU. However, the 
gland fails to progress further with no Pit1 induction and 
only a few POMC-positive corticotropes. Transgenic mice 
overexpressing Pitx2 in the cornea manifest ocular defects 
similar to Rieger syndrome, suggesting that excess Pitx2 
activity can be as deleterious to eye development as is a 
loss of function.122 Overexpression of Pitx2 during mouse 
forelimb development results in severe tendon, muscle, 
and bone anomalies.123 A small fraction of Pitx2 hetero-
zygous mice display some aspects of Rieger syndrome.

Related Diseases
The Pitx2 gene was initially identified as the gene respon-
sible for human Rieger syndrome type I, an autosomal 
dominant condition characterized by variable defects 
including anomalies of anterior chamber of the eye, dental 
hypoplasia, a protuberant umbilicus, mental retardation, 
and isolated growth hormone deficiency.114 Most of the 
mutations in Pitx2 cause defects in DNA binding, trans-
activation, or both, whereas a single hypermorphic allele 
of Pitx2 (V45L) leads to a reduced DNA-binding but 
an enhanced transactivation activity.124,125 To date, no 
mutations within Pitx1 have been described in humans.

Mechanism
Pitx1 was identified based on its ability to interact with the 
N-terminal transactivation domain of Pit1126 and to bind 
POMC promoter.127 Synergistic interactions between  
Pitx1 and Pit-1 activate the PRL126 and the TSHβ genes; 
those with the dimer NeuroD1/E47128 and Tbx1999 acti-
vate POMC expression; and those with SF-1129 and Egr-
1130 activate the LHβ gene. Pitx1 is also able to stimulate  
the expression of genes coding for the gonadotropin-
releasing hormone receptor (GRHR) and Pit-1.131

OTHER TRANSCRIPTION FACTORS
Transcription factors act as activators and repressors, 
and expressed in a coordinated fashion mediate organo-
genesis and cell type specification in the pituitary gland 

(see Figs. 5-1 and 5-2). Sequential expression of the cas-
cade of homeodomain genes represents a model system 
of transcription control of organogenesis and cell type 
determination and differentiation in mammals. Pheno-
typic comparisons in these pituitary loci in both mice 
and humans suggest that the developmental pathways in 
determination of the pituitary gland are highly conserved.

Some of these factors are expressed transiently in the 
Rathke’s pouch, and their reduced expression is likely to be 
required for the progression of specific cell types, as evident 
in the Prop1Ames mutant where the temporal patterns of 
Hesx1, Prop1, and Brn4 gene expression are extended. As 
the lineage-determining transcription factor Pit1 appears, 
certain transcription factors that characterize earlier stages 
of development are gradually eliminated, including Hesx1, 
Pfrk,15 GATA-2,51 Pax6,132 and Brn4.133

The list of pituitary-expressed transcription factors 
implicated in the developing pituitary gland is constantly 
expanding. Several families of factors, including home-
odomain factors (Isl1, Isl2, Oct1, Otx2, Pax6, Pitx3, Six1, 
Six3, and Six6), zinc-finger (Krox24, Gli1, Gata2, Nzf1, 
Sp1, Sp3, Zfhep, and Zn16), nuclear receptor (T3R, SF1, 
ERa, ERb, and Dax), basic HLH domain (AP2, NeuroD, 
Mash1, Nhlh2, and Math3), and others (Sox2, Gli2, 
AP1, Ets1, Foxl2, CBf, Cp1, Rb, Men1, Preb, and Tef) 
(see reviews in references 134 and 135). Multiple mem-
bers of the Six family (Six1, Six6, Six2, and Six3) are also 
expressed in the pituitary. Six6, acting as a strong tissue-
specific repressor in association with dachshund (Dach) 
corepressors, directly represses cyclin-dependent kinase 
inhibitors including the p27Kip1 promoter and regulates 
early progenitor cell proliferation in retinogenesis and 
pituitary development.136 Six1 exhibits synergistic genetic 
interactions with the eyes absent (Eya) family of pro-
tein phosphatases and is required to regulate genes that 
encode growth control and modulating precursor cell 
proliferation. The phosphatase activity of Eya converts 
the function of Six1-Dach from repression to activation, 
causing transcriptional activation through the recruit-
ment of coactivators.137 Evidence suggests that Six3 acts 
upstream of the Wnt pathway, and deletion of Six3 in 
mice resulted in failure of development of the ventral 
diencephalon and, consequently, the development of the 
pituitary.138 Gata2 is involved in establishing molecular 
memory of signaling gradients during pituitary develop-
ment in conjunction with Pit1, and loss of Gata2 is asso-
ciated with failure to differentiate into gonadotrope.51,115 
The orphan nuclear receptor steroidogenic factor 1, Sf1, is 
essential for pituitary gonadotrope.139 Mice with simulta-
neous inactivation of both Gli1 and Gli2 have very severe 
defects in the development of the pituitary gland; about 
half of these mutants completely lack a Rathke’s pouch at 
e12.5. In these mutants, the domains of expression of Shh 
and Nkx2.1 are abnormal, and the loss of Shh signaling 
boundary in the oral ectoderm could be a cause of this 
defect.140 Gli2 is an upstream regulator of Lhx3 (see Fig. 
5-2). One consequence of the Gli2 defect in yot-mutant 
zebrafish embryos was the absence of Lhx3 expression in 
the anterior part of the adenohypophysis anlage.141 In the 
mouse, absence of Lhx3 results in failure of development 
of Rathke’s pouch into the adenohypophysis.



835 DEVELOPMENT OF THE PITUITARY

Sox2 is widely expressed during embryonic devel-
opment in both humans and mice. In the e11.5 mouse 
pituitary, Sox2 is expressed in all cells, is subsequently 
restricted to the dividing cells, and finally is found only in 
scattered cells in the anterior pituitary and some cells along 
the cleft. Sox2 null mice die as early embryos, preventing 
the study of its function in pituitary development.142 How-
ever, analysis of compound heterozygotes143 and targeted 
disruption of Sox2 in pituitary144 showed several deficits 
in pituitary development and function. First, absence of 
Sox2 causes severe impairment of somatotrope and Pit-1 
dependent thyrotrope differentiation, probably because 
of a reduction in Prop1 and Pit1 expression. Moreover, 
it showed that early differentiating cells are not affected 
by Sox2 disruption, and existence of a subpopulation of 
lactotropes is independent of Pit1.144 These studies have 
also demonstrated that naturally occurring mutations in 
human Sox2 are associated with pituitary hypoplasia and 
endocrine deficits with the most common endocrine phe-
notype being profound gonadotropin deficiency.143,144

Otx1 is expressed in postnatal pituitary gland. Cell 
culture experiments have shown that Otx1 may activate 
transcription of GH, FSHβ, βLH, and αGSU. Analysis 
of Otx1 null mice indicates that, at the prepubescent 
stage, they exhibit transient dwarfism and hypogonadism 
resulting from low levels of pituitary GH, FSHβ, and LHβ 
hormones, which in turn dramatically affect downstream 
molecular and organ targets. Nevertheless, Otx1−/− 
mice gradually recover from most of these abnormali-
ties, showing normal levels of pituitary hormones with 
restored growth and gonadal functions at 4 months of 
age. Because the patterns of expression of hypothalamic 
hormone-releasing hormones (GHRH, GnRH) and their 
pituitary receptors (GHRHR, GnRHR) are unchanged, it 
seems that the ability to synthesize GH, FSHβ, and LHβ, 
rather than the number of cells producing these hor-
mones, is affected.145

Because Otx2 null mice exhibit early embryonic lethal-
ity,146 Otx2 protein has been only recently shown to play 
a role in pituitary development. Clinical study of one 
patient has shown a new heterozygous Otx2 mutation 
that is affecting the transactivation domain of Otx2 and 
subsequent lack of activation of Hesx1 and Pit1 promot-
ers in cell culture transfection assay.147 Heterozygous 
Otx2 knockout mice have highly variable brain and 
ocular phenotypes and, although pituitary structure and 
function have not been studied, this recent study might 
implicate more attention for the role of Otx2 protein in 
the pituitary.

Although pituitary cell types in the adult anterior 
lobe do not appear to be stratified, initial appearance of 
these cell types follows a ventral-dorsal pattern. With the 
Rathke’s pouch cleft as the dorsal reference, GH, PRL, 
and TSHβ of Pit1 lineages are located dorsally, whereas 
gonadotrope cells appear ventrally. Several transcrip-
tion factors display vertical gradients, including Pax6, 
which exhibits a dorsal to ventral expression gradient; 
Pax6-mutant mice exhibit an increased number of ventral 
thyrotrope and gonadotrope, at the expense of the more 
dorsal somatotrope and lactotrope cell types.132 Thus, 
Pax6 may functionally oppose Shh signaling to specify 

a dorsal rather than a ventral cell fate. Another pituitary 
transcription factor displaying an initial dorsal-ventral 
gradient is Prop1 (see Fig. 5-1). Prop1-mutant mice lose 
dorsal cell types of the Pit1 lineage, whereas ventral cell 
types of corticotrope and gonadotrope are less affected.

The induction of expression of transcription factors 
in spatially overlapping patterns in the developing pitu-
itary may act as a molecular memory of previous sig-
nals in the positional determination of specific cell types. 
The signaling pathways that dictate expression patterns 
of transcription factor are the focus of current research 
application, with several classes of early morphogenic 
gradients of broadly expressed signaling molecules likely 
to be critical elements of pituitary cell type determination 
and differentiation.

SIGNALING PATHWAYS IN PITUITARY DEVELOPMENT
Vertebrate organogenesis events are coordinated through 
the interplay of highly organized signaling pathways, and 
these developmental signaling systems have proved to be 
remarkably conserved throughout evolution.148 Extrinsic 
signals, in the form of secreted morphogens, create local 
environments for organ patterning and progenitor cell 
type determination. These signals are interpreted through 
the functions of cell type–restricted transcriptional regu-
lators, resulting in various intrinsic or cell-autonomous 
determination events.149 Numerous extrinsic signaling 
molecules have been implicated, including members of 
the HH, transforming growth factor-beta (TGFβ)/bone 
morphogenic protein (BMP), Wingless/Wnt, and fibro-
blast growth factor (FGF) superfamilies, Notch pathway, 
as well as others (reviewed in reference 150).

Influenced by the growth of the forebrain structures, 
the midline anterior neural ridge cells ultimately respon-
sible for the origin of the pituitary gland are displaced 
and eventually become located immediately ventral to the 
diencephalons. The initial extrinsic signaling of murine 
pituitary development requires signals from both the ven-
tral diencephalon and the oral ectoderm. Organogenesis 
of the anterior pituitary gland begins at E9 in the mouse, 
as the cells of the anterior pituitary placode in the oral 
ectoderm thicken and invaginate to form the nascent 
pituitary of Rathke’s pouch.19 Shh, seemingly uniformly 
expressed in the oral epithelia at the time, is excluded from 
the pituitary placode before the initiation of the invagina-
tion.151 The presumptive ventral diencephalon provides 
Bmp4, the first known dorsal signal required for the 
initial formation of Rathke’s pouch.18 Immediately fol-
lowing formation, the dorsal portion of Rathke’s pouch 
directly contacts the midline ventral diencephalon, which 
evaginates on E10 and acts as a key organizing center 
for the patterning and commitment of Rathke’s pouch. 
Opposing dorsal Fgfs/Bmp4 and ventral Shh/Bmp2 gra-
dients provide positional and proliferative signals to 
the pituitary progenitor field, acting to establish posi-
tionally cell types through the induction of overlapping 
patterns of transcription factor expression.15,18 Initial 
proliferation and determination is controlled by sequen-
tial cascades of exogenously and endogenously restricted 
combinatorial signaling, with subsequent attenuation of 
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specific signal events required for the establishment of the 
cellular environment permissive for terminal differentia-
tion (Fig. 5-2).2

Sonic Hedgehogs
Shh, one of three vertebrate homologues of the Drosoph-
ila-secreted protein hh, plays an important role in embryo 
patterning, as well as in the specification of different cell 
types and in the control of the proliferation of numer-
ous cell types.152 In the early embryo, it is expressed in 
Hensen’s node, the floor plate of the neural tube, the pos-
terior of the limb buds, and throughout the notochord. 
The mouse, zebrafish, and human Shh homologues are 
highly conserved,153 suggesting conserved functional 
properties. The human Shh gene encodes a predicted 
protein that is 92.4% identical to its mouse homologue 
and is mapped to chromosome 7q. Many Shh mutations, 
including nonsense and missense, deletions, and insertion 
mutations, are identified throughout the gene in patients 
with holoprosencephaly, the most common forebrain 
defect in humans.

Mouse mutants homozygous for a disrupted Shh gene, 
similarly to the mutations in human patients, revealed 
defects in the establishment of maintenance of midline 
structures such as the notochord and floor plate, and 
cyclopia.154 In mice, Shh is expressed in ventral dien-
cephalons and throughout the oral ectoderm on E8 but 
is excluded from the invaginating Rathke’s pouch. The 
Hh receptor Patched1 is expressed in the developing pitu-
itary, indicating that pituitary progenitors respond to the 
Hh signaling. Transgenic overexpression of hedgehog-
interacting protein (HIP), which acts to attenuate Hh 
function, specifically blocks Hh signaling in the oral ecto-
derm and Rathke’s pouch within the head region, affect-
ing both proliferation and cell type determination, and 
this results in an absence of ventral cell type markers in 
Rathke’s pouch.151 In contrast, a gain-of-function trans-
genic approach to overexpress Shh in Rathke’s pouch 
results in a phenotype of the expansion of ventral cell 
types, with modified levels of Lhx3 gene expression. This 
phenotype is consistent with results derived from an ani-
mal cap explant culture with banded hh in Xenopus laevis, 
in which the expression domains of pituitary-restricted 
factor Hesx1 are expanded,155 supporting a role for Shh 
signaling in control of proliferative events in pituitary 
development.9 Additionally, recent studies demonstrated 
that Shh transcription is directly regulated by Sox factors 
through direct binding to the Shh enhancer.156 This fur-
ther supports the role of Shh in unspecified pituitary cells.

Three related zinc finger transcription factors, Gli1, 
Gli2 and Gli3, acting downstream of the Shh pathway, 
are expressed in the developing Rathke’s pouch.157 In 
zebrafish, Shh produced by neuroectoderm instead of 
notochord or oral ectoderm is crucial for the initial pat-
terning of the pituitary placode.158 Mutations that disrupt 
Hh signaling such as smoothenedsmu and gli2yot result in 
the development of lens tissue from the presumptive pitu-
itary. In addition, in gli2yot mutants, the rostral expres-
sion domains (analogous to the ventral domains in mice) 
of pituitary-specific transcription factors such as lim3 
(Lhx3) and six3 are lost, and other pituitary-restricted 

factors such as nk2.2 are absent.141 This observation is 
consistent with the sequential and cooperative interaction 
that Bmps and Hh exert in limb and neural-tube devel-
opment,159 which Shh acts to induce in the expression 
of Bmps. Overexpression of Shh in zebrafish results in 
expanded adenohypophyseal expression of lhx3, expan-
sion of nk2.2 into the posterior adenohypophysis, and an 
increase in PRL- and somatolactin-secreting cells. In addi-
tion, Hh signaling is necessary between 10 and 15 hours 
postfertilization for induction of the zebrafish adenohy-
pophysis, a time when shh is expressed only in adjacent 
neural tissue. These results suggest multiple and distinct 
roles for Hh signaling in the formation of the vertebrate 
pituitary gland and also suggest that Hh signaling from 
neural ectoderm of ventral diencephalon is necessary for 
induction and functional patterning of the vertebrate 
pituitary gland.9,158

Fibroblast Growth Factors
Fibroblast growth factors represent a large family of 
secreted molecules. When binding to their cognate recep-
tors, FGFs activate signal transduction pathways that 
are required for multiple developmental processes.160,161 
Functions of Fgfs are mediated by four distinct Fgf-recep-
tor tyrosine kinase molecules. Fgf activity and specificity 
are further regulated by heparan sulfate oligosaccharides 
with tissue-specific modifications, in a form of trimo-
lecular complex with receptors.162,163 The Fgf system 
plays significant roles in many biological events includ-
ing pattern formation in many tissues during vertebrate 
embryogenesis. Several members of the Fgf family are 
expressed in the infundibulum and provide proliferative 
and positional cues to Rathke’s pouch (see Fig. 5-2, A). 
Fgf8 and Fgf10 are expressed in a temporally and spa-
tially overlapping manner within the infundibulum as an 
evagination of ventral diencephalon and they make direct 
contact with the dorsal portion of Rathke’s pouch follow-
ing Bmp4 induction.

In mice null for Fgf10 or the Fgfr2 (IIIb) isoform, which 
presumably would abolish Fgf signaling including that of 
Fgf10,164,165 Rathke’s pouch forms but rapidly undergoes 
apoptosis with the pituitary becoming completely absent 
by e14.5, suggesting a critical role in Fgf10 signaling 
for the continued proliferation of the pouch ectoderm. 
A similar observation has been made in transgenic mice 
expressing dominant negative form of Fgfr2(IIIb) suggest-
ing that Fgf10 signaling is essential for cell survival and 
proliferation.

Fgf8 is expressed in the primitive streak of the gastru-
lating mouse embryo, as well as in the visceral endoderm. 
Mice null for Fgf8 lack all embryonic mesoderm- and 
endoderm-derived structures and do not survive beyond 
e9.5,166,167 therefore function of Fgf8 in pituitary develop-
ment is largely drawn from studies of transgenic animals 
and in vitro organ culture. In mice null for a homeodo-
main gene Nkx2.1, which is normally expressed in the 
ventral diencephalons but not in the Rathke’s pouch, Fgf8 
fails to be expressed in the ventral diencephalons, leading 
to a loss of the infundibulum and consequently a loss of 
Lhx3 expression in the Rathke’s pouch and the loss of all 
three lobes of the pituitary gland.168 In transgenic mice 
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misexpressing Fgf8 in the ventral regions of the pituitary 
under control of the regulatory sequences for the αGSU 
gene, most ventral and intermediate cell types are absent 
with dysmorphogenesis of Rathke’s pouch and hyperpla-
sia of corticotrope and melanotropes observed, consistent 
with a role in the positional determination of dorsally 
arising pituitary cell types and pituitary progenitor 
cells.15 In mice null for Hesx1, the most severely affected 
embryos exhibit a complete arrest of pituitary develop-
ment after the initial induction of Lhx3 on e9.5, with 
Fgf8 and Fgf10 ectopically expressed in the oral ectoderm 
to mirror the normal expression in the overlying neural 
ectoderm. In Hesx1 mutants with less severe pituitary 
defects, Fgf expression is abnormally extended rostrally, 
causing formation of multiple Rathke’s pouches. This is 
potentially significant because transgenic misexpression 
of Fgf8 in the oral ectoderm well before the initial invagi-
nation of Rathke’s pouch produces an identical blockage 
of pouch formation, and Hesx1 fails to be expressed in 
the Lhx3-positive rudiment that does form in the trans-
genic embryos. Thus, the dynamic interplay between 
boundaries of Hesx and Fgf8/10 expression76 could sug-
gest a model of reciprocal feedback regulation. This is in 
keeping with the role of Fgfs in committing oral ectoderm 
to the Rathke’s pouch fate.168 These genetic data, in con-
junction with tissue coculture evidence, where the infun-
dibulum is both required and sufficient for the induction 
of Lhx3 gene expression in cultured pouch and infundibu-
lum activity can be replaced with Fgf8 or Fgf2 and inhib-
ited by the Fgf receptor antagonist, suggest an instructive 
role for Fgf8 signaling in pituitary development.2,18,169

Transforming Growth Factors and BMPs
The transforming growth factor-beta superfamily of 
secreted signaling molecules, which includes several 
Bmps, has been demonstrated to play critical roles in pat-
terning and cell type specification in several species.170 At 
least two members of the Bmp family, Bmp2 and Bmp4, 
participate in the development of the anterior pituitary. 
During the early stages of pituitary development, Bmp4 is 
expressed in the ventral diencephalons as the infundibu-
lum makes direct contact with Rathke’s pouch at e9.0. 
Functional evidence with dual explants culture of embry-
onic diencephalon and Rathke’s pouch suggests that 
Bmp4 is one of the early signaling factors required for 
the initial commitment of a subpopulation of oral ecto-
dermal cells to form the pituitary gland.15,18 Deletion of 
the Bmp4 gene causes embryonic death at about e10, in 
which the initial invagination of Rathke’s pouch fails to 
occur.168 Similarly, driven by the regulatory sequences of 
the Pitx1 gene to target the Bmp2/4 antagonist Noggin 
expression to the oral ectoderm including the Rathke’s 
pouch, pituitary development is arrested at e10 with 
a failure of the ventral proliferation of cells from the 
pouch beginning at e11.5 and an absence of pituitary cell 
types.15 The phenotype observed in Pitx1-Noggin trans-
genic mice is similar to the phenotype observed in mice 
with a targeted disruption of the Lhx3 gene critical for 
the determination of most pituitary cell types,88 suggest-
ing a requirement of Bmp4 signaling for the continued 
organ development after pouch formation. Together with 

the ventral diencephalic Fgfs, Bmp4 is required for initial 
pituitary commitment and for continued cell proliferation 
and progression.

Expression of Bmp2 is initially detected at the ventral 
boundary between Rathke’s pouch and Shh, is intrinsic to 
the pouch in the most ventral aspect of the invaginating 
gland at e9.5, and is in a ventral-dorsal gradient at e10.5 
(see Fig. 5-2, A).15 Bmp2 expression expands through-
out the pouch by e12.5. Bmp2 expression is also detected 
in the ventral juxtapituitary mesenchyme, along with 
Bmp2/4 antagonist chordin in the caudal mesenchyme 
(see Fig. 5-2, A), potentially serving to maintain a ven-
trodorsal Bmp2 gradient. After the closure of Rathke’s 
pouch, Bmp2 is expressed in mesenchyme adjacent to the 
pituitary cells expressing ventrally the transcription fac-
tors Gata2, Isl1, and the hormone subunit αGsu. Simi-
larly, cultivation of Rathke’s pouch explants in Bmp2 
is sufficient for the induction of expression of ventral 
markers such as Isl1 and αGsu.18 In the developing pitu-
itary, expression of Bmp2 decreases dramatically after 
E14-E15. Overexpression of Bmp2/4 under the control 
of αGsu regulatory elements in ventral mouse pituitary 
initially leads to a dorsal expansion of the ventral lineage 
markers Isl1 and Msx1 with induction of Gata2 gene 
expression. Proper expression of Bmp2 is therefore criti-
cal for the initiation of the cell fate determination pro-
cess, however, Bmp2 signaling has to be attenuated to 
achieve terminal differentiation.15 These studies suggest 
pouch-intrinsic and ventral signals including Bmp2 con-
tribute to the establishment of the positional identity of 
ventral pituitary cell types of thyrotrope and gonadotrope 
marked by αGsu expression.

Another method of studying the Bmp signaling is to 
address the role of Bmp antagonists during the develop-
ment. In the recent study three antagonists—follistatin-
like 1, Nbl1, and noggin—expression pattern have 
implied a possible role of these proteins during pituitary 
development.171 Of the three, Noggin-/- embryos have 
a pituitary defect that ranges from a lack of a morpho-
logical Rathke’s pouch to the formation of secondary 
pituitary tissue. Noggin attenuates the Bmp4 signal ema-
nating from the ventral diencephalon during the induc-
tion and early patterning of Rathke’s pouch but it does 
not play a role in cell specification in the anterior lobe.171

NOTCHS
The Notch signaling pathway is an evolutionarily con-
served mechanism that controls cellular differentiation, 
proliferation, and death in a broad spectrum of develop-
mental systems.172,173 Multiple ligands and effectors of 
the Notch signaling pathway were shown to be expressed 
in the developing pituitary and series of recent stud-
ies have shown the importance of the pathway in pitu-
itary development.53,65,174,175 First, Notch2 expression 
is almost entirely absent in the Prop1 mutant mice pitu-
itary, suggesting that the Notch signaling pathway may 
play a role in the commitment and lineage-specific differ-
entiation of progenitor cells in the embryonic pituitary, in 
particular, Prop1-dependent cell lineages.65 Accordingly, 
conditional inactivation of Rbp-J, the main mediator of 
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the Notch signaling, using the transgenic Cre line under 
the control of Pitx1 regulatory elements, leads to prema-
ture differentiation of progenitor cells and a conversion 
of the Pit1 lineage into the coricotrophe lineage. Prema-
ture progenitor differentiation is phenocopied in the mice 
deleted for the Hes1 gene whereas the later phenotype 
is largely a result of the significant downregulation of 
Prop1 at e12.5. It has been shown that Rbp-J directly 
binds to the evolutionary conserved recognition site in the 
first intron of Prop1 gene and it is recruited to this region 
during pituitary development. Hence, Notch signaling 
directly regulates Prop1 transcription.53

The function of Notch signaling pathway in pitu-
itary development has also been investigated in Hes1-
deficient mice and in mice conditionally deleted for both 
Hes1 and Hes5 in Rathke’s pouch and ventral dienceph-
alon using the Emx1-Cre mouse line.53,174,176 In addi-
tion to premature corticotrope differentiation, which 
is consistently observed in Rbp-J conditional KO,53 
these mutant embryos lack both the intermediate and 
posterior lobes of the pituitary gland, which is in sharp 
contrast to enhanced intermediate lobe melanotrope 
differentiation detected in Rbp-J conditional KO. The 
discrepancy might be explained by the different target-
ing approaches of these studies. Signals emanating from 
the ventral diencephalon are probably a key aspect of 
this discrepancy: in mice with Rbp-J conditionally inac-
tivated using the Pitx1-Cre transgene, the ventral dien-
cephalon remains intact, whereas in Hes mutants, it is 
also targeted because both Hes1 and the Emx1-Cre are 
each expressed in the diencephalon.

Two independent studies have shown that downregu-
lation of Notch signaling is necessary for terminal dif-
ferentiation of distinct cell lineages in the later phases 
of pituitary development.53,175 Consistently, persistent 
expression of Hes1 in pregonadotropes and prethyro-
tropes prevents their differentiation.174 Because there is 
a feedback loop between Notch signaling and Prop1, it 
would be very interesting to discover what factor down-
regulates Notch pathway during cell differentiation in the 
developing pituitary gland.

WNTs
The Wnt proto-oncogene family contains at least 19 
known members.177 As classical morphogens, the Wnt 
family of signaling molecules induces various cellular 
responses from proliferation to cell fate determination 
and differentiation. The canonic Wnt pathway stated 
that Wnt ligands bind to the Frizzled family of seven-
transmembrane domain receptors, leading to the stabi-
lization and accumulation of b-catenin, which interacts 
with members of the TCF/LEF family of DNA-binding 
transcription factors and changes them from repres-
sors to activators of transcription primarily by displac-
ing the groucho/Tle corepressor to influence target gene 
expression.178,179

Several Wnt-signaling molecules are expressed during 
the development of pituitary.15,69,180 So far, two of them, 
Wnt4 and Wnt5a, have been reported to be specifically 
associated with the developmental events in the anterior 
pituitary. Wnt4 is expressed in the ventral diencephalon, 

and Wnt5a is expressed in the cells of Rathke’s pouch 
(see Fig. 5-2, A). In Wnt4-mutant mice, the pituitary is 
mildly hypocellular, with the ventral cell types showing 
normal differentiation but incomplete expansion. Addi-
tionally, cultivation of Rathke’s pouch with Wnt5a and 
Bmp4 can induce expression of the early cell type marker 
αGsu.15 Wnt5a mutants have expanded domains of Fgf10 
and Bmp expression in the ventral diencephalon and a 
reduced domain of LHX3 expression in Rathke’s pouch. 
As a consequence Wnt5a-/- mice have a morphologically 
distorted pituitary with an enlarged intermediate lobe 
and an increased number of POMC cells.180,181 Double 
Wnt4/Wnt5s knockout mice display an additive pituitary 
phenotype of dysmorphology and mild hypoplasia of the 
anterior lobe and hyperplasia of the intermediate lobe.180 
The phenotype suggests the independent role of those two 
factors. Wnt6 is expressed near the pituitary gland during 
critical times in development; however, examination of 
embryos deficient in Wnt6 showed no obvious pituitary 
malformation.180 The effects of deficiencies of Wnt4, 5a, 
or 6 seem unlikely to account for the consequences of 
deficiencies in the known, critical, β-catenin–regulated 
transcription factors in the pituitary gland. Rather that 
Wnt signaling affects the pituitary gland via effects on 
ventral diencephalon signaling. Other Wnt molecules 
(Wnt2b, Wnt11, Wnt16)180 are also expressed during 
pituitary development, although their role in this process 
awaits further investigation.

In Pitx2-deficient mice, mutant embryos fail to survive 
to term and exhibit developmental arrest of early determi-
nation events in the anterior pituitary gland.113,117,119,182 
Pitx2a has been demonstrated as acting downstream of 
the Wnt signal, and Lef1 and β-catenin have been dem-
onstrated as physically occupying the Pitx2a promoter 
in the context of a pituitary cell line. Pitx2-mutant pitu-
itary glands contained decreased numbers of proliferating 
cells, whereas transgenic overexpression of Pitx2 in the 
anterior pituitary led to increased cell numbers.117 Also 
Pitx2c isoform has been shown to be regulated directly 
by Wnt signaling.183 In a subtraction expression profiling 
analysis of Prop1Ames-mutant pituitary, several members 
of the Wnt signaling pathway are identified including 
the frizzled2 receptor, APC, β-catenin, groucho, and 
Tcf7l2.64 This genetic evidence suggests critical roles for 
the Wnt pathway in pituitary cellular proliferation and in 
cell type determination and differentiation.

Other components of the Wnt/β-catenin signaling path-
way, including Frizzled1-6, Frizzled8, Lef1, Tcf3, Tcf4, 
and others, have been reported to be expressed in devel-
oping pituitary.64,69,180,184 Tcf4 is detectable in early pitu-
itary as well as in surrounding tissues and it is markedly 
downregulated by E13.5.64,185,186 Targeted inactivation 
of Tcf4 results in hyperplasia of the anterior lobe proba-
bly caused by the expansion of FGF and BMP expression 
in the ventral diencephalon, with a concomitant increase 
in the number of progenitor cells that form Rathke’s 
pouch. Thus, Tcf4 may play a role as a repressor to regu-
late growth of Rathke’s pouch by influencing Bmp and 
Fgf signaling.186 Lef1 exhibits biphasic expression, initial 
transiently at E9.0 in Rathke’s pouch and later appearing 
at E13.5 in anterior and intermediate lobes of the gland. 
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Targeted deletion of Lef1 leads to elevated expression of 
Pit1 as well as GH and TSHβ, consistent with the role of 
Lef1 in inhibiting Prop1/β-catenin-mediated Pit1 activa-
tion.69 Those recent studies have shown yet another role 
of β-catenin and Wnt signaling during pituitary devel-
opment. Targeted inactivation of β-catenin in pituitary 
cells using Pitx1-Cre transgenic line results in a smaller 
gand with no Pit1 expression, absence of all three Pit1 
lineages, and a reduced number of gonadotrophes. Sur-
prisingly β-catenin does not exert its role through bind-
ing with its canonical TCF/LEF partners. Induction of 
Pit1 is mediated by direct interaction between β-catenin 
and Prop1, through evolutionary conserved Pit1 early 
enhancer.52,69,187 Moreover, Prop1/β-catenin complex is 
also acting as a transcriptional repressor for Hesx1, ensur-
ing differentiation of the progenitors. Genetic studies 
have demonstrated that proper spatiotemporal activation 
of Wnt/β-catenin signaling is essential for proper pituitary 
development as premature activation of β-catenin leads to 
Hesx1 repression and pituitary agenesis.69

Finally, recent studies implicated nuclear β-catenin in 
the etiology of human craniopharyngioma.188 Using a 
transgenic mouse model, it has been shown that upreg-
ulated levels of nuclear β-catenin result in formation of 
lethal pituitary tumors with 100% penetrance. Further 
analysis shows that accumulation of the β-catenin occurs 
in a subset of Sox2/Sox9 positive cells supporting the stem 
cell hypothesis as an origin of craniopharynginomas.

INTERACTIONS BETWEEN DIFFERENT 
MORPHOGENIC FACTORS

Opposing BMPs and FGFs Signaling Gradients
Analogous to the combinatorial signal regulation in 
organogenesis observed in many organs, physically 
opposing dorsal-to-ventral Fgf8/10/18 and ventral-to-
dorsal Bmp2 gradients appear to be associated with the 
positional determination of specific pituitary cell types.189 
The ability of the infundibulum or Fgfs to induce Lhx3 
gene expression correlates with the restricted expression 
of the Bmp2-induced genes Isl1 and αGsu distal to the 
source of the Fgf signaling.18 The ability of ventralized 
expression of Fgf8 to prevent the appearance of ventral 
cell types in vivo can be attributed to the inhibition of 
ventral Bmp2 signaling.15 Conversely, although cultiva-
tion of Rathke’s pouch with Bmp2/4 initiates the expres-
sion of the ventral markers Isl1 and αGsu, it inhibits 
the expression of more dorsal cell type markers such as 
ACTH in vitro18 and Pit1 in vivo.15 Thus, antagonistic 
and opposing dorsal-to-ventral Fgf8 and ventral-to-dor-
sal Bmp2 gradients appear to be associated with the posi-
tional determination of dorsal and ventral cell types.2,189

INDEPENDENT HH AND FGF SIGNALING  
IN PITUITARY ORGANOGENESIS
Fgf and Shh exhibit complementary expression patterns 
near the developing anterior pituitary. Studies of zebraf-
ish have shown that graded loss of Hh, but not Fgf, led 
to ectopic midline lens formation, with either one or two 
lenses forming depending on the level of Hh signaling. 

Moreover, the results suggest that Hh and Fgf signal-
ing act independently to induce the pattern of endocrine 
cell fates along the anterior/posterior axis of the zebraf-
ish anterior lobe, with high doses of Hh signaling being 
required for the induction of the anteriorly located Pars 
Distalis and high doses of Fgf signaling being required for 
the induction of the posterior Pars Intermedia.190

Other Potential Morphogenetic Factors
Extrinsically derived signals that possibly affect Rathke’s 
pouch arising from ventral mesenchyme beneath the devel-
oping pituitary gland include Indian Hedgehog (IHH), 
Wnt4, and Bmp2, whereas caudal mesenchyme is a source 
of a Chordin signal capable of opposing the function of 
Bmp2.191 Recently, it has been found that blocking EGF/
TGFa signaling, by the expression of a dominant nega-
tive form of EGF receptor, has a profound stage-specific 
effect. Expression of mutated EGF receptor in GH produc-
ing cells of embryonic pituitary results in dwarfism and 
pituitary hypoplasia with reduced numbers of lactotropes 
and somatotropes.192 In addition, little is known about 
the contribution of cytokines, despite the potent ability 
of cytokines such as leukemia inhibitory factor (LIF) to 
maintain mouse embryonic stem cells in an undifferenti-
ated state. A potential role for LIF in pituitary develop-
ment investigated in pituitary-derived cell lines is that LIF 
can activate synthesis of ACTH in combination with the 
hypothalamic peptide corticotropin-releasing hormone.193 
In transgenic animals that express LIF under control of 
αGsu regulatory information, most cell types fail to differ-
entiate properly, and the pituitary is characterized by the 
formation of ciliated cysts of Rathke’s pouch and cortico-
trope hyperplasia,194 suggesting that LIF may contribute 
to the identity establishment of dorsal-cell phenotypes.

In addition to the dorsal and ventral structures, another 
organizer signaling center, the notochord, is located just 
posterior to the developing pituitary gland. The proxim-
ity of these two structures, albeit from different origins, 
suggests a role for the notochord in the initial invagina-
tion of Rathke’s pouch, as indicated by tissue explant 
experiments.19

PITUITARY AND EPIGENETICS
Deep knowledge of physiology and multiple genetic stud-
ies performed in the pituitary gland made the pituitary 
an excellent system to study in details regulation of tran-
scription of pituitary specific genes (for review see refer-
ence 195). Using genetic models, it is possible not only 
to detect the important elements in promoter regions to 
drive expression of the gene in the specific cell type but 
also to detect hierarchy of the importance of those regions 
and detailed molecular mechanism of activation. Here we 
will provide several examples of how the pituitary gland 
served to elucidate the regulation of transcription of the 
specific genes on the molecular level.

Pit1 Locus—Multiple Enhancers Coordinate  
Expression of the Gene
Transgenic studies showed that 14.8 kb of 5’ sequence of 
the Pit1 gene was sufficient to direct the strong expression 
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of a reporter in an identical spatial and temporal pattern 
as endogenous Pit1, whereas its minimal promoter (−327 
bp to −13 bp) was insufficient to drive noticeable reporter 
expression in transgenic mice.31 A distal enhancer located 
at −10.2 kb from the Pit1 transcription start site and con-
taining multiple functional Pit1-binding sites was shown 
to be involved in autoregulation. This element contains 
also a vitamin D receptor binding site and a retinoic acid 
response element that confers Pit1-dependent RA induc-
tion.31 However, the early activation of the Pit1 gene at 
E13.5 in the anterior pituitary requires the cooperation 
of Prop1 and Wnt/b-catenin signaling and is mediated by 
an early enhancer located between at −7.8 kb upstream of 
the transcription start site69 in cooperation with ATBF1—
a giant, multiple homeodomain and zinc finger family 
factor—to the −5.8kb enhancer element.196 Thus, proper 
spatiotemporal expression of the Pit1 gene is assured by 
cooperation of different enhancer elements and require 
Pit1 protein itself—in the dwarf mice, Pit1 expression is 
activated normally but, because Pit1 protein is defective, 
Pit1 expression declines and becomes extinguished in the 
perinatal period.31

Biochemical approaches such as chromatin immuno-
precipitation (ChIP) on chromatin isolated from devel-
oping gland or pituitary cell lines allowed the detection 
of changes in chromatin status of regulatory regions of 
Pit1 gene as the pituitary gland develops.69 At E11.5, the 
H3K4me2, H3K4me3, and H3K9Ac marks of activa-
tion are absent, but H3K9me2 is present on Pit1 regu-
latory elements, consistent with an active repression of 
the Pit1 gene at this time. By e12.5, the H3K4me2 mark 
is selectively present at early enhancer. At E13.5, marks, 
associated with active promoters,197 are present on Pit1 
promoter (H3K4me2, H3K4me3, and H3K9Ac) and 
−7.8kb enhancer (H3K4me2). In the adult, the Pit1 gene 
promoter harbors the histone marks of gene activation 
(H3K4me3 and H3K9Ac), with H3K4me2 now present 
on both the late and early enhancers showing the tem-
poral progression of histone modifications on regulatory 
regions of the Pit1 gene.

Growth Hormone Locus—LCR, Boundary,  
and Histone Code
The growth hormone (GH) gene provides a well-studied 
transcription unit that is highly suited for defining how 
specific chromatin modifications might be responsible for 
the spatial and temporal order of lineage specification 
events in the developing pituitary gland. This region is 
well studied in humans and mice, however important dif-
ferences can be noted between the species.

The human GH locus is represented by a cluster of five 
GH-related genes and their cell type specific expression 
is regulated by a Pit-1– dependent locus control region 
(LCR). Expression of pituitary specific GH gene (hGH-
N) is assured by −500bp promoter that contains binding 
sites for Pit1, Sp1, and zinc finger proteins and is required 
for efficient expression of the gene. The LCR is neces-
sary for proper spatiotemporal expression of hGH-N 
transgene.198 Dissection of the hGH-N LCR showed the 
existence of two Pit1-dependent DNaseI hypersensitive 
sites (HSI and HSII) that are sufficient to activate hGH 

trangene expression.199,200 hGH LCR and the hGH-N 
promoter are encompassed within a 32-kb domain of 
acetylated histones H3 and H4 in pituitary chromatin 
with highest levels of acetylation at HSI,II201 whereas 
the 3mH3K4 modifications at the active hGH transgene 
locus in the mouse pituitary paralleled PolII distribution; 
they extended through the LCR and adjacent CD79b 
region and were separated from the hGH-N promoter by 
an intervening gap of unmodified chromatin.202 In mouse 
transgenic models, selective deletion of the pituitary-
specific HSI results in the loss of both histone acetyla-
tion and methylation throughout the LCR and a marked 
decrease in hGH-N transcription.202,203 This recent study 
also showed that HSI plays an essential role in the estab-
lishment of a complex domain of intergenic transcrip-
tion 5’ to the hGH cluster.203 Insertion of an exogenous 
transcriptional terminator within this domain selec-
tively blocked a subset of downstream LCR transcripts 
and repressed hGH-N transcription without markedly 
affecting histone acetylation and methylation within the 
locus.202,203 More recent studies showed pituitary-specific 
interactions between HSI,II region and the hGH-N pro-
moter, suggesting that noncoding transcripts in the LCR 
region are essential and a probable prerequisite to loop-
ing and gene activation.202

Studies of the cis-acting elements of the rat growth 
hormone gene have shown that the minimal information 
required for the specific expression in somatotrophes but 
not lactotropes resides in proximal 320bp of the promoter, 
with proximal 180bp being capable to target reporter 
in vivo.204 This region contains binding sites for Pit1, thy-
roid hormone receptor (TR), Sp1, a zinc finger protein 
Zn-15, and recently indentified zinc finger-homeodomain 
transcriptional repressor Zeb1.205 Extensive analysis of 
transgenic mice has shown that multiple factors are essen-
tial to mediate GH gene activation in somatotropes (Sp1), 
others for repression in lactotropes (Zeb1), whereas TR 
and Pit1 are required for both activation and repression. 
Interestingly, mutational studies have shown that replac-
ing GH-specific Pit1 binding site with the PRL-specific Pit1 
site results in a loss of restriction from the lactotropes with-
out affecting expression in somatotropes.44 The compara-
tive analysis of cocrystal structure of the Pit1 POU domain 
dimer bound to either GH-specific or PRL-specific sites has 
shown that the spacing between the DNA contacts made 
by the POU-specific domain and the POU homeodomain of 
each monomer is increased by 2bp on the GH-specific site. 
Deletion of these 2bp in this promoter leads to a lack of the 
effective restriction of the reporter gene expression from 
lactotropes. These data suggest that the Pit1 protein con-
formation is critical for its specific activity. The transcrip-
tional repressor Zeb1 is bound to the GH promoter only in 
the lactotropes in the sumoylation-dependent manner and 
it is not recruited to the GH promoter in somatotropes. 
Together with the other two components of the CtBP-
CoREST-LSD1 complex Zeb1 is assembling an LSD1-
containing corepressor complex on the GH promoter 
in lactotropes. At the same time, earlier in development, 
LSD1 is present at the GH promoter in the MLL1-con-
taining complex in the somatotropes which is required 
for activation of the gene.205 Thus machinery controlling 
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chromatin status (eg, methylation of histones) is involved 
in developmental processes such as differentiation.

Another level of complexity of GH regulation in 
somatotropes comes from studies performed in a mouse. 
The murine GH genomic locus is found on mouse chro-
mosome 11 and encompasses five genes. In contrast to 
the human locus, the mouse locus does not contain tan-
dem duplications of the GH gene, and there is no known 
murine LCR. The proximal regulatory sequences are very 
well conserved between mouse and rat. However, spe-
cific activation of the endogenous murine GH gene also 
appears to require a boundary element imposed by an 
upstream SINE B2 repeat.206 This SINE B2 repeat is able 
to produce short, overlapping Pol II, and Pol III-driven 
transcripts that are both necessary and sufficient for its 
enhancer-blocking activity in cultured cells enhancer-
blocking assay. Interestingly, the Pol II-driven transcript 
appears in a temporally regulated manner during pitu-
itary development, concomitantly with translocation of 
the GH locus from condensed heterochromatin territory 
(marked byH3K9me3) to euchromatic area (marked by 
H3K9me2). These studies suggest that active transcrip-
tion of repetitive sequences may represent one of the 
strategies for the establishment of functional chromatin 
domains to control gene expression.

Many mechanisms such as long-range interactions 
(hGH, Pit1), use of multiple enhancers (Pit1, GH), and 
histone modifications have been shown as implicated in 
the regulation of expression of genes during pituitary 
development. Detailed complexes composition helped 
researchers to understand the interplay between activa-
tors and repressors and to decipher the mechanism of 
regulation of spatiotemporal expression of pituitary-spe-
cific genes. Another layer of complexity of regulation of 
the gene expression presents DNA methylation. To the 
date only the POMC promoter has been described to 
have particular DNA methylation code that allows the 
expression of gene in the tissues where its promoter is not 
methylated, and that prevents gene expression when the 
promoter DNA is methylated, although the mechanism of 
regulation of this process is not yet understood.207

STEM CELLS

Adult Pituitary Stem Cells
Adult stem cells have been identified in numerous mam-
malian organs and tissues including the bone marrow, 
central nervous system, hair follicles, muscle, intestinal 
epithelia, and spermatogonia. They reside in restrictive 
tissue microenvironments referred to as niches that pro-
mote their maintenance.208 Since 2007, numerous studies 
have addressed the question of whether or not the adult 
pituitary gland contains a pool of stem cells that may con-
tribute to adult pituitary endocrine function.209 At least 
four classes of putative stem cells have been isolated from 
adult pituitary glands and have been shown to possess 
the capacity to differentiate and express all pituitary hor-
mones. The classes, which comprise the side population, 
nestin-expressing, Sox2+/Sox9-, and GPS cells, are uni-
fied at the molecular level by the expression of Sox2.210 
They also express a variety of other molecular markers 

that include factors that are required for embryonic pitu-
itary development and were previously thought to be 
expressed only before birth.211 The emerging picture sug-
gests that these classes represent different phases of the 
stem cell life cycle—quiescent stem cells, transit-amplify-
ing progenitors, and committed precursors. Although the 
adult pituitary gland has a remarkable ability to adapt the 
number of each of its cell types to changing physiological 
demands, the relative contribution of stem cell matura-
tion to previously documented proliferation of differenti-
ated cells, and/or transdifferentiation of other cell types 
is unclear.212

In Vitro Formation of Functional Pituitary  
from Embryonic Stem Cells
From the clinical point of view, perhaps the most compel-
ling question is whether or not adult pituitary stem cells 
can be differentiated and transplanted to rescue endo-
crine defects. One of the most promising recent develop-
ments in this regard comes from work that was based on 
decades of embryological and molecular genetic studies 
of pituitary development.213 It has been shown that tis-
sue interactions between head ectoderm and the rostral 
hypothalamus known to be required for the develop-
ment of Rathke’s pouch can be recapitulated in three-
dimensional mouse embryonic stem (ES) cell culture 
(Figure 5-2C). Using large cell-aggregation (LCA) culture 
of mouse ES cells in a chemically defined medium lack-
ing extrinsic growth factors (SFEBq), investigators suc-
cessfully generated pituitary organ buds that contained 
functional endocrine cells. Specific molecular markers, 
such as Rx in hypothalamic tissue and Pitx1/Pitx2, Lim3, 
Isl1/2, Tbx19, and Pit-1 in adenohypophysis, were used 
to monitor the temporal steps in development. In addi-
tion, at various stages of organ bud development and 
differentiation, media were supplemented with signal-
ing molecules whose requirements were originally estab-
lished in knockout and transgenic mice. These factors 
included bone morphogenetic protein 4 (BMP 4) and 
hedgehog agonist (SAG) during progenitor proliferation, 
and Notch inhibitor (DAPT), Wnt agonist (BIO), condi-
tioned medium from bone marrow-derived mesenchymal 
cells (PA6), and insulin coupled with hydrocortisone or 
estrogen to stimulate terminal differentiation. After one 
month of culture, multiple differentiated endocrine cell 
types were identified based on expression of ACTH, GH, 
prolactin, LH, FSH, or TSH. Corticotrophs, the most 
abundantly produced cell type, were shown in vitro to 
secrete ACTH in response to corticotrophin-releasing 
hormone (CRH), and in vivo, to rescue ACTH secretion 
in hypophysectomized mice after transplantation into the 
kidney capsule.213 This work highlights the importance of 
continued investigation into the mechanisms that main-
tain adult pituitary stem cell populations and possibly 
drive their differentiation in response to changing physi-
ological needs. Whether adult mouse pituitary stem cells 
could be put through this same protocol to generate a suf-
ficient number of cells for transplant is an open question 
whose answer may be applicable to the long-term goal of 
using human patient-derived pituitary stem cells to rescue 
endocrine defects in the pituitary.



90 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

SUMMARY
Coordinated regulation of cell type determination, dif-
ferentiation, and cell proliferation, is a central feature in 
development of all organs. Organogenesis is controlled 
by sequential and spatially distributed morphogens of 
four major families of signaling molecules including the 
WNT, SHH, TGF/BMP, and FGF. The distal targets 
of regulatory signaling pathways are cell-autonomous 
transcription regulators including many tissue-restricted 
transcription factors, which act to mediate crucial steps 
in organogenesis, and the downstream effects of the sig-
naling pathways result in the preprogramming of target 
cells. Pituitary development has become a model system 
ideal for the demonstration of the principles underlying 
organogenesis (see Fig. 5-2).

Continued advancement in genomic and genetic appli-
cations, particularly genome-based mutagenesis screens 
in mice and in nonmurine model organisms, will identify 
novel genes and pathways that influence the signaling and 
cell-determination events. Additionally, genomic tech-
nologies, including next-generation sequencing (NGS) 
and single-nucleotide polymorphism (SNP) microarrays, 
provide unprecedented opportunities to assess genomic 
variation among human individuals and their correlation 
with human pituitary deficits.214 Finally, biochemical 
approaches, including proteomics techniques, will define 
the signaling-induced alterations in protein-protein inter-
actions and phosphorylation/methylation/acetylation 
essential to these events. Identification of required cofac-
tors and their downstream targets using genome-wide 

approaches including complementary studies in epigen-
etic regulation of chromatin organization and nuclear 
architecture will help to determine molecular mecha-
nisms underlying pituitary development. The description 
of developmental events leading to the formation of the 
pituitary gland will be described increasingly in molecular 
terms as the molecular mechanisms being elucidated. (See 
also the comprehensive recent reviews of pituitary devel-
opment in references 3,195, and 215-217).
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Prolactin (PRL) was identified as a pituitary factor that 
stimulated lactation,1 and it was then the first pituitary 
hormone to be biochemically identified and purified.2 
Hyperprolactinemia, generally caused by hormone-
secreting tumors, is the most common human pituitary 
disease. The physiology and biochemistry of prolactin 
actions have yielded to contemporary analytic methods 

to show a biology that is superficially simple and ele-
gant, but is sublimely complex at a deeper level of under-
standing. In humans, PRL is so closely identified with its 
essential role in lactation that it is easy to overlook the 
fact that PRL has been identified in the pituitary glands 
of members of all vertebrate classes, and has diverse 
effects on osmoregulation, metabolism, reproduction, 

K E Y  P O I N T S

 •  Prolactin regulates functions associated with the postmating phase of reproduction, 
including a primary function driving lactation in mammals.

 •  The prolactin gene duplicated independently in various mammals to produce a variety 
of hormones that have both lactogenic and nonlactogenic activities.

 •  Mammalian prolactin is regulated primarily by dopamine, which provides an inhibitory 
hypothalamic input. In nonmammals, prolactin is regulated primarily by stimulatory 
peptides.

 •  Prolactin receptors are members of the type 1 cytokine receptor family, which signal 
predominantly via activation of the Jak2 tyrosine kinase and Stat5 transcription factor.

 •  Prolactin drives mammary epithelial proliferation by inducing local growth factors 
(RANKL and IGF2).

 •  Extrapituitary prolactin secretion is important during pregnancy and the initiation of 
lactation. Other functions of extrapituitary prolactin may be associated with numerous 
human tissues that express the prolactin gene.  
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metamorphosis, migratory behavior, parental behavior, 
and lactation.3-6 In most species, especially mammals, 
PRL has a specialized role in the postmating phase of 
reproduction. The predominant mammalian actions of 
PRL are stimulation of lactation, inhibition of repro-
ductive function, and support of maternal behavior. 
Associated with the specialization of PRL in mam-
mals, individual lineages have evolved novel genes that 
encode placentally derived PRL-related hormones. PRL 
does not perform any indispensable function for the 
survival of an individual, but gestation and lactation 
lie are essential functions in the mammalian life cycle, 
which place extreme demands on physiology. Adapta-
tions in the control of PRL secretion and its physiologic 
actions have therefore been integral to the biology of 
all mammals, and abnormalities of PRL secretion are 
a relatively common cause of endocrine disease. At a 
molecular level, PRL signal transduction is superficially 
simple, with the receptor connected through tyrosine 
phosphorylation to a predominant downstream media-
tor (Signal transducer and activator of transcription-5, 
Stat5). However, this simple pathway is modulated in 
many ways in different species and tissues. The deepen-
ing understanding of PRL actions on both physiologic 
and molecular levels has facilitated improved thera-
peutic approaches to diseases of PRL secretion and has 
opened opportunities to use the physiology of PRL and 
lactation in new ways.

THE EVOLUTIONARY BIOLOGY OF PROLACTIN

The Prolactin Family
PRL and growth hormone (GH) are related at the pri-
mary amino acid sequence level.7 PRL has been identified 
in all of the vertebrate classes, and it has been inferred 
that the PRL and GH genes arose from a duplication of 
an ancestral gene at least 400 million years ago, at about 
the time of the origin of vertebrates.8 Deeper relationships 
with other hormones are less certain, but erythropoietin 
shares substantial primary sequence similarity with PRL 
and GH, as well a similar three-dimensional structure, 
suggesting that all three of these hormones share an 
ancient common ancestry. In addition to PRL and GH, 
which have been conserved in all vertebrate lineages, a 
wide variety of derivative genes have appeared in specific 
vertebrate groups by duplication of the PRL or GH gene. 
The most familiar of these are the various mammalian 
placental lactogens.9,10

Placental Lactogens
Placental lactogens (PLs) are synthesized during preg-
nancy in most, but not all, eutherian mammals. Species 
that apparently do not produce any placental lactogens 
are distributed among many mammalian families and 
include familiar species such as pigs, horses, and dogs.11 
Primates (including humans) synthesize a PL that is 
encoded by a gene duplicated within the GH locus.8

The GH locus in humans encompasses five genes span-
ning a region of about 50 kb on the long arm (q22-24) of 
chromosome 17. This locus includes two PL or, prefer-
ably, chorionic somatomammotropin (CS) genes (ICSH-1 

and ICSH-2). The ICSH-1 and ICSH-2 genes, although 
slightly divergent at the nucleotide sequence level, encode 
identical proteins, and the genes are coexpressed in the 
placenta during gestation. In nonprimates (e.g., rodents, 
ruminants), the PLs have descended evolutionarily from 
duplications of the PRL gene.8 Multiple PL genes and 
nonlactogenic PRL-like genes have evolved from PRL. 
In mice, placental lactogen-I (PL-I) is synthesized early 
during gestation, appearing immediately after implanta-
tion. PL-I expression is extinguished at about midgesta-
tion and is replaced by PL-II. Both of the mouse PL genes 
are synthesized in trophoblast giant cells. In species that 
synthesize PLs, including humans, the major stimulus to 
mammary gland development during pregnancy is pre-
sumably PLs, rather than pituitary PRL.

PLs cause a degree of insulin resistance that is impor-
tant for reorganizing metabolism to shunt nutrients to 
the fetus during pregnancy.12 This effect is likely to be 
mediated via the GH receptor. Concomitantly, islet β-cell 
growth and secretory capacity are increased in response 
to either PL or PRL, via the PRL-R.13,14 Changes in islet 
cell growth and insulin secretion during pregnancy are 
mediated by both PRL-R and by serotonin,15,16 but the 
relationships between these inputs are not yet known.

PL levels generally rise in correlation with placental 
growth, and their secretion is controlled by both positive 
and negative regulators.17 The loss of PLs and placental 
steroids associated with parturition is accompanied by 
elevation of pituitary PRL secretion and also a corre-
sponding shift to pituitary-dominated regulation of mam-
mary gland function during lactation. The importance of 
this shift is that pituitary PRL is strongly regulated by 
a suckling-induced neuroendocrine reflex, which allows 
nursing activity to determine directly the lactational stim-
ulus to the mammary glands.

Nonlactogenic Prolactin Relatives
The placenta of nonprimates synthesizes nonlactogenic 
members of the PRL gene family. Although the physi-
ologic activities of these PRL-related proteins have not 
yet been established, the expression patterns for some of 
these proteins are tightly regulated during gestation,10 and 
these have been interpreted to indicate that the proteins 
are functionally important. In mice and rats, at least six 
nonlactogenic PRL-like proteins (PLP-A through PLP-F)  
are present. In addition, mice synthesize two proteins, 
namely, proliferin and proliferin-related protein, which 
have been proposed to act as regulators of angiogenesis.18 
Nonlactogenic PRL-like protein genes have been exten-
sively characterized in cattle also.19 One curious feature 
of the PRL-like gene family is the apparently rapid evo-
lutionary divergence of members of this family. These 
proteins generally share less than 25% sequence identity 
with PRL, but all share two pairs of cysteine residues that 
are conserved throughout the PRL and GH superfam-
ily.10 Information regarding receptors for the nonlacto-
genic PRL-related proteins is scant. Proliferin binds to 
the mannose-6-phosphate/insulin-like growth factor-2 
(IGF-2) receptor.20 In mice, some of the nonlactogenic 
PRL relatives are essential for preventing fetal death dur-
ing physiologic stresses, such as hypoxia.21,22 Therefore, 
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the species specificity of PRL relatives may reflect the 
 reproductive stresses that were relevant during the evolu-
tionary divergence of different mammalian groups.

Extrapituitary Prolactin
Many mammalian tissues, including the human mam-
mary gland and uterine decidua, express the PRL gene. 
In addition, various tissues metabolize PRL to alterna-
tive forms that may be biologically active. PRL is synthe-
sized by both the decidua and the uterine myometrium 
in humans.23 High concentrations of PRL are present in 
the amniotic fluid; these can be traced to both decidually 
synthesized hormone and plasma PRL that is transported 
across the placenta into the amniotic fluid. A promoter 
that is distinct from the pituitary PRL promoter con-
trols the synthesis of human PRL in extrapituitary sites. 
Human extrapituitary PRL messenger RNA (mRNA) has 
a distinct 5′ untranslated sequence corresponding to an 
additional exon (exon 1A)24 (Fig. 6-1). Exon 1A and the 
promoter elements associated with it are located about 
8000 base pairs (bp) distal to the initiation site for pitu-
itary PRL transcription. The human PRL gene, including 
the 1A exon and associated promoter, has been used to 
replace the knocked-out PRL gene of mice. These trans-
genic mice express human PRL in numerous extrapitu-
itary tissues in a pattern similar to the human.25

In rodents, the evidence for a distinct extrapituitary 
PRL promoter is less certain than in the human. Recently, 
detailed sequence analysis and functional assays in mice 
have yielded evidence for use of a previously unidenti-
fied promoter, lying more than 50 Kbp upstream of the 
pituitary promoter.26 It is conceivable that rodents use 
other mechanisms, such as growth factors that control 
the conventional pituitary PRL promoter, as well as an 
alternative promoter, to provide for regulation of PRL 
synthesis in extrapituitary tissues.

The mammary gland is an important site of PRL syn-
thesis and secretion. PRL is present in significant con-
centrations in milk, and milk PRL is absorbed by the 
neonatal gut and causes changes in the maturation of the 
hypothalamic neuroendocrine system.27 Pituitary PRL is 
transported out of the circulation, across the mammary 
epithelium, and into the alveolar lumen, and locally syn-
thesized PRL is secreted into milk.23 To date, no disease 
states have been connected to dysregulation of extrapi-
tuitary PRL secretion. The lack of any clear proof that 
symptoms are present that are caused by either hyperse-
cretion of extrapituitary PRL—say, from a PRL-secret-
ing ectopic tumor—or loss of extrapituitary PRL gene 
expression makes it difficult to surmise the normal func-
tional roles of extrapituitary PRL in humans. It has been 
suggested that locally synthesized PRL in the mammary 
gland might act as a growth factor for both normal breast 
epithelium and breast cancer cells.28 Studies using PRL 
knockout mice have shown that local synthesis of PRL 
induces epithelial cell proliferation, terminal differentia-
tion, and secretory activation,29,30 and is therefore impor-
tant for efficient onset of lactation.

In mice, decidual PRL prevents fetal loss late in preg-
nancy by inhibiting the expression of multiple genes that 
are detrimental to pregnancy, including inflammatory 

cytokines.31 A lack of endometrial PRL expression has 
been associated with infertility and repeated miscarriages 
in women.32,33

THE BIOCHEMISTRY OF PROLACTIN
Human PRL is synthesized as a prehormone that is 
encoded by an mRNA with an open reading frame of 
684 bases. The native gene for PRL is divided into five 
exons, and the initiation site for translation is in exon 134 
(see Fig. 6-1). Preprolactin (pre-PRL) is 227 amino acids 
in length, with a deduced molecular weight of nearly 
26,000. Cleaving the signal peptide from the N-terminus 
of pre-PRL results in a mature polypeptide that is 199 
residues in length and has a molecular weight of nearly 
23,000 (23k PRL). Based on the fact that the bacterially 
synthesized recombinant 23k PRL monomer binds to the 
PRL receptor (PRLR) and transduces functional signals, 
it is clear that no additional modifications are essential 
for the core functions of PRL. PRL folds itself into a ter-
tiary structure that includes three intrachain disulfide 
bridges, two of which are conserved in all members of 
the PRL-GH family, and one that links residues 4 and 11 
in the N-terminus, which is unique to PRL and its closest 
relatives.7 Four α-helical domains in PRL are arranged 
so that helices 1 and 2 run antiparallel to helices 3 and 
4. This general molecular architecture of PRL has been 

23k PRL monomer

Helix 2Helix 1 Helix 3 Helix 4
COO-NH2

Extrapituitary
promoter Pit/ER

Exon 1a Enhancer Promoter

Pre-PRL AAA

Transcript
exons 1–5

Figure 6-1 Biosynthesis of prolactin (PRL). The PRL gene is depicted 
at the top of the figure as consisting of five exons (brown rectangles) 
encoding the structural gene for preprolactin (pre-PRL). The translation 
start site in exon 1 is marked by an arrow, and the polyadenylation 
site in exon 5 is marked AAA. The region labeled Promoter includes 
multiple binding sites for the pituitary-specific transcription factor-1 
(Pit-1; brown ellipses), but only three are depicted in the diagram. The 
line that depicts the DNA sequence is broken by two interruptions to 
indicate that the upstream regulatory regions are separated from the 
promoter by several thousand base pairs. A distal regulatory region (En-
hancer) includes binding sites for Pit-1 and other factors, including a 
complex site that binds both Pit-1 and the estrogen receptor (Pit/ER). 
Exon 1a is transcribed in extrapituitary tissues and is controlled by a 
distinct “extrapituitary promoter.” After transcription and translation, 
the PRL protein consists of four α-helical regions, which are labeled 
Helix 1 through Helix 4, and intervening β-strand regions. The protein 
spontaneously folds into a globular structure in which three disulfide 
bridges connect β-strand regions, and this mature structure is depicted 
as the 23k PRL monomer.
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conserved with GH and other homologous proteins and 
also has evolved independently in several families of cyto-
kines.35 The convergent evolution of hormone and cyto-
kine ligand architecture apparently has been driven by 
the properties of receptors that bind these hormones and 
transduce signals to the intracellular space.

A variety of biochemical variants of 23k PRL, which 
appear to have altered functions, have been identified. PRL 
has a tendency to aggregate and form intermolecular disul-
fide bridges spontaneously when in solution at high con-
centrations. High-molecular-weight variants (sometimes 
referred to as “big” PRLs) may arise by virtue of multi-
merization, glycosylation, or cross-linking with other pro-
teins. Only a small fraction of human PRL is glycosylated, 
whereas in some other species, such as swine, glycosyl-
ated PRL represents a large portion of both pituitary and 
plasma hormone.36 Glycosylation may alter the relative 
potency of PRL by changing its receptor-binding character-
istics or by modifying its pharmacokinetic properties in the 
animal (plasma half-life, partitioning between plasma and 
interstitial compartments, etc.). PRL is metabolized by tis-
sue uptake and by proteolysis in the circulation or in cells. 
Proteolysis also produces a 16kDa PRL fragment that has 
been proposed to have antiangiogenic bioactivity.37

The cathepsin-cleaved 16kDa PRL has been impli-
cated as a causative agent in postpartum (or peripar-
tum) cardiomyopathy (PPCM). PPCM is the acute onset 
of heart failure in women during late-stage pregnancy 
or the first several months postpartum. Hilfiker-Kleiner 
and colleagues discovered that PPCM was developed in 
mice with selective deletion of the STAT3 gene in cardiac 
myocytes.38 STAT3 has been shown as a critical factor 
modulating cardiac angiogenesis, an important part of 
the normal cardiac hypertrophy that occurs during preg-
nancy.39 In a series of elegant studies, they demonstrated 
that the absence of STAT3 led to increased production of 
reactive oxygen species, upregulation of cathepsin-D, and 
elevation of the 16kDa fragment of PRL. Treatment of 
these mice with bromocriptine, which reduces secretion 
of 23kDa PRL from the pituitary, resulted in enhanced 
cardiac function and prevention of postpartum mortal-
ity. Preliminary studies have shown that circulating lev-
els of 16kDa are barely detectable in healthy nursing 
women but are elevated in some women with PPCM.38 
A few clinical case reports have found that women 
with PPCM may respond favorably to treatment with 
bromocriptine.38,40-42

Phosphorylated PRL has reduced potency in standard 
bioassays, and it antagonizes the actions of the predomi-
nant unphosphorylated form.43 Actions of kinases or 
phosphatases in either the pituitary or individual target 
tissues may have an important effect on the bioactivity of 
PRL in vivo.

THE ONTOGENY AND PHYSIOLOGY OF PROLACTIN 
SECRETION

Development of Lactotrophs
PRL is synthesized by lactotrophs, which are acido-
philic cells that represent 20% to 50% of the anterior 
pituitary cell population. The lactotrophs are the last 

of the pituitary cell types to differentiate fully and, 
 coincidentally, the most likely to give rise to pituitary 
adenomas. Pituitary PRL mRNA synthesis begins at 12 
weeks in human gestation and is preceded by GH synthe-
sis by at least 4 weeks.8,44 In rodents, the pattern is simi-
lar, with the GH gene being expressed several days before 
PRL, and with dual-functioning somatolactotrophs being 
observed before fully differentiated lactotrophs.45 Con-
trol of pituitary development and lactotroph differentia-
tion depends on the orchestrated expression of a series of 
intrinsic, tissue-specific regulatory molecules that act as 
“molecular switches” to induce the sequence of develop-
mental changes that lead to full pituitary differentiation. 
Many of the intrinsic factors that have been implicated 
in pituitary development are evolutionarily related to 
“homeotic mutation” genes, which were first identified 
by their dramatic effects on development in fruit flies.44 
Some genetic diseases of the pituitary, pituitary tumors, 
and physiologic states of hormone deficiency or excess 
can be attributed to dysfunction of these regulatory 
molecules.

The homeobox transcription factors are a diverse class 
of developmental regulatory proteins that share sequence 
similarities in their DNA-binding regions and are 
sequentially activated during organogenesis. Two pitu-
itary homeobox proteins (Ptx1 and Ptx2) are expressed 
in multiple anterior (head and face) tissues before the 
development of Rathke’s pouch, and they continue to be 
expressed in some differentiated pituitary cells. Rathke’s 
pouch homeobox protein (Rpx) is expressed first in neu-
ral structures associated with the head region and then in 
Rathke’s pouch. During the formation of Rathke’s pouch, 
a subgroup of LIM-related homeobox proteins are syn-
thesized (P-LIM, Lhx3, and Lhx4), and these genes con-
tinue to be expressed in specific regions of the pituitary 
throughout life. Properly timed extinction of expression 
is, for certain genes, as important during development as 
is their appropriate induction. Rpx must be turned off 
after Rathke’s pouch has been formed, so that genes that 
are specific to later stages of pituitary differentiation can 
be turned on. The transcription factor that downregulates 
Rpx expression is PROP-1 (Prophet of Pit-1). PROP-1 
turns off Rpx and turns on Pit-1, leading to differentia-
tion of some of the hormone-producing cells of the pitu-
itary gland, including lactotrophs.46

In the adult pituitary gland, a population of stemlike 
cells provides new progenitors for all of the hormone-
secreting cells, including lactotrophs.47

Pit-1 is essential for differentiation of both PRL- and 
GH-secreting cells, hence its alternative name, GH fac-
tor-1 (GHF-1).48 An early developing subpopulation of 
thyrotrophs is also dependent on Pit-1. The Pit-1 protein 
shares close sequence similarity with two other tran-
scription factors within regions referred to as the POU 
(Pit, Oct, Unc)-specific domain, and the POU-homeodo-
main.49 Pit-1 expression in the developing pituitary gland 
precedes the synthesis of hormones and is necessary for 
the expression of GH, PRL, and thyroid-stimulating hor-
mone (TSH) in fetal pituitaries. Variant forms of Pit-1 
are encoded by alternatively spliced mRNAs and may 
differentially control expression of individual hormones. 
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Pit-1 binds not only to DNA sequences in the GH, PRL, 
and TSH genes, but also to autoregulatory sites in the 
Pit-1 promoter. Autoactivation of Pit-1 transcription is 
one means of preserving phenotypic stability in differen-
tiated pituitary cells. The factors that act after Pit-1 to 
drive the differentiation of lactotrophs from somatotroph 
progenitors are not known. Estrogen receptors synergize 
with Pit-1 to induce PRL, but not GH, gene expression. 
Estrogen therefore may be one of the factors that drive 
the ultimate differentiation of lactotrophs.50-53

Several extrinsic factors are involved in lactotroph dif-
ferentiation. Estrogen is an important positive regulator 
of lactotroph development. Lactotrophs are greater in 
number and contain more PRL per cell in females during 
their reproductive years. Estrogen acts directly on lacto-
trophs to stimulate PRL synthesis and cell proliferation. 
Estrogen-induced galanin secretion from lactotrophs is 
an important mediator of these estrogen actions54,55 and 
involves signaling through the classic estrogen receptor 
isoform alpha (ERα).56 Paracrine factors produced by 
other anterior pituitary cell types include basic fibroblast 
growth factor (B-FGF or FGF-2), which has a specific 
positive stimulatory effect on lactotrophs.57 Likewise, epi-
dermal growth factor (EGF) stimulates lactotrophs and 
may act as a developmental regulatory factor as well as a 
physiologic stimulator of PRL secretion.58 As will be pre-
sented in subsequent sections, the same factors that drive 
vectorial differentiation of pituitary cells can participate 
in regulating the tides of hormone secretion on a physi-
ologic time scale and in disorders of hormone secretion.

Regulation of Pituitary Prolactin Synthesis  
and Secretion
In mammals, PRL secretion is normally restrained by 
the action of dopamine (DA), which is secreted from the 
hypothalamus.59 Although the levels of other pituitary 
hormones are modulated by inhibitory secretagogues 
such as somatostatin, PRL is the only such hormone that 
is secreted at unrestrained high levels when completely 
isolated from the positive trophic influences of the hypo-
thalamus. This unconventional situation is unique to 
mammals. Control of PRL secretion in birds and other 
nonmammals is more conventional in the sense that posi-
tively acting secretagogues are the predominant regula-
tors of PRL secretion.60,61 Lactotrophs are excitable cells 
in that they display spontaneous membrane depolariza-
tions associated with calcium ion influx, and their resting 
membrane potential is influenced by neurotransmitters 
and peptide neuromodulators.

The normal secretory pattern of PRL is a series of daily 
pulses, occurring every 2 to 3 hours, which vary in ampli-
tude so that the bulk of the hormone is secreted during 
rapid eye movement (REM) sleep. REM sleep is the domi-
nant organizer in men and nonparous women and occurs 
mostly during the latter half of the sleep phase. Thus, the 
highest levels of PRL generally occur during the night in 
humans.62 In nocturnal rodents, the relationship to the 
light cycle is reversed, so higher PRL secretion occurs dur-
ing the daytime, which is the inactive phase. It is unclear 
how REM and PRL secretion are linked. Infusion of 
PRL increases REM activity in the electroencephalogram 

(EEG),63,64 suggesting that it is PRL that induces REM 
sleep. This relationship was confirmed in PRL knockout 
mice, which have reduced REM sleep.65 Therefore, REM 
sleep and PRL secretion appear to share a reciprocal, pos-
itive feedback, relationship.

In lactating women, suckling is a potent stimulator of 
PRL secretion. This classic neuroendocrine reflex origi-
nates with the stimulation of sensory nerve endings in the 
nipple and is transmitted via the spinal cord and brain 
stem, ultimately to the hypothalamus. Stress and sexual 
orgasm are also potent stimulators of PRL secretion. 
Stress-induced PRL secretion varies with the duration, 
degree, and modality of the stressor. The relative contri-
butions of PRL releasing (PRF) and PRL-inhibiting fac-
tors to these PRL secretory events remain controversial.

Dopamine
As was mentioned earlier, the major regulatory input 
to lactotrophs is inhibitory, provided in the form of DA 
produced within the hypothalamus. The primary PRL 
regulating DA neurons are the tuberoinfundibular dopa-
minergic (TIDA) cells, which have their cell bodies in the 
arcuate nucleus of the hypothalamus; they release DA in 
the median eminence and the pituitary stalk (Fig. 6-2). 
A secondary tuberohypophysial dopaminergic system 
has cell bodies in the rostral caudate and paraventricu-
lar nuclei, and these neurons release DA in the posterior 
pituitary.48 The type 2 isoforms (D2) of the DA receptor 
mediate the direct inhibitory actions of DA on PRL secre-
tion, synthesis, and cell proliferation. Targeted disruption 
of the D2 receptor in mice leads to a phenotype of PRL 
hypersecretion and lactotroph proliferation.66

Dopamine is synthesized by a two-step reaction in 
which tyrosine conversion to levodopa is catalyzed by 
tyrosine hydroxylase, and levodopa is converted to DA by 
the action of aromatic amine decarboxylase. As is the case 
for catecholamine synthesis in other cells, the momentary 
rate of DA synthesis in the TIDA neurons is determined 

PRF

+−
PRF

Dopamine

PRF

Anterior lobe
Neural lobe

Intermediate lobe

PRL
Stress ↑
Suckling ↑
REM sleep ↑
Estrogen ↑

Figure 6-2 Control of pituitary secretion of prolactin (PRL). Dopa-
mine from the hypothalamus is the predominant inhibitory regulator 
of pituitary PRL secretion. Multiple factors act as PRL-releasing fac-
tors (PRF; see text), and these come from both the hypothalamus and 
the posterior pituitary. Physiologic states that stimulate PRL release are 
listed on the figure. REM, Rapid eye movement.
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by the activity of tyrosine hydroxylase. The negative feed-
back mechanism for controlling PRL release is to increase 
tyrosine hydroxylase activity in the TIDA neurons, thereby 
increasing the amount of DA available for release from the 
median eminence. PRL receptors are located in both the 
arcuate nucleus (site of the TIDA perikarya) and the median 
eminence.67 Therefore, circulating PRL may feed back on 
TIDA neurons at their terminals, which lay outside the 
blood–brain barrier, or systemic PRL may enter the cere-
brospinal fluid via the choroid plexus. The choroid plexus 
expresses high levels of a short isoform of the PRLR, which 
may serve to transport PRL across the blood–brain barrier. 
Levels of PRL in the cerebrospinal fluid reflect changes in 
PRL in the systemic circulation.68 Isolated PRL deficiency 
resulting from targeted gene disruption in the mouse causes 
decreased DA in the median eminence but does not affect 
DA levels in other regions of the hypothalamus.69

Activation of D2 receptors in lactotrophs has at least 
two main actions that result in inhibition of PRL. D2 
receptors are members of the heptahelical G protein–
coupled receptor superfamily, and they activate the αi 
subunits, which leads to inhibition of cyclic adenosine 
monophosphate (cAMP) synthesis.59 In addition, D2 
receptors activate a G protein-coupled, inwardly recti-
fying potassium channel, which instantaneously causes 
hyperpolarization of the lactotroph membrane and closes 
voltage-gated calcium channels.70 Cytoplasmic calcium 
levels fall because of decreased influx of extracellu-
lar calcium, and the reduction in cytosolic-free calcium 
decreases the exocytosis of secretory vesicles.

Dopamine-induced membrane hyperpolarization 
opposes the actions of some stimulatory factors such as 
thyrotropin-releasing hormone (TRH), which acts pre-
dominantly to increase influx of extracellular calcium 
by depolarizing the lactotroph membrane. Inhibition of 
cAMP by DA also opposes the actions of stimulatory fac-
tors such as vasoactive intestinal peptide (VIP), which 
acts via a positive effect on cAMP. This action decreases 
PRL release in the short to intermediate term. Second, 
because cAMP is mitogenic in lactotrophs, as well as in 
other pituitary cells, activation of Gi signaling by DA is 
antimitogenic. Lactotroph proliferation is important for 
physiologic elevation of PRL release during lactation. The 
proliferative action of cAMP on lactotrophs is understood 
to be an important promoter of pituitary tumor growth, 
thereby contributing to pathologic hyperprolactinemia.46

Other hypothalamic factors, as well as DA, and local 
pituitary peptides can inhibit PRL secretion. Somatostatin 
inhibits PRL secretion and acts through both cAMP-depen-
dent and cAMP-independent mechanisms.71 Calcitonin has 
been shown to inhibit PRL secretion and may be secreted 
from the hypothalamus.72 Endothelin-1 is produced by lac-
totrophs and inhibits PRL secretion; transforming growth 
factor-β1 can act as a paracrine inhibitor of PRL.73,74 The 
biologic significance of these factors in pituitary develop-
ment and physiology has not yet been established.

Prolactin-Releasing Factors
A wide variety of stimulatory PRL secretagogues has been 
identified through the years, and it is likely that additional 
PRFs will be identified in the future. Known stimulators 

of PRL secretion include, but are not limited to, steroids 
(estrogen75), hypothalamic peptides (TRH, oxytocin, 
VIP,76,77 pituitary adenylate cyclase activating peptide 
[PACAP],78 and galanin79), and local pituitary factors 
(growth factors such as EGF80 and FGF-2,81 angiotensin 
II,82 and, again, PACAP83 and galanin54).

TRH is a potent and rapid stimulator of PRL release 
in vitro via a set of calcium-mediated pathways activated 
by a Gq-coupled receptor. However, the relative contri-
bution of TRH to physiologic control of lactotrophs is 
not clear. VIP acts through cAMP to stimulate PRL syn-
thesis and release on an intermediate to long-term basis. 
Two types of evidence support the importance of VIP as 
a positive lactotrophic factor. With the use of antibodies 
against VIP, the secretion of PRL can be inhibited to a 
very low level.58 In addition, VIP appears to be the pri-
mary PRF in birds and other nonmammals,84,85 suggest-
ing that this positive mechanism may have been in place 
before the evolution of the dopaminergic inhibitory sys-
tem in mammals. Oxytocin secretion is tightly coupled 
with PRL secretion during lactation, and both are secreted 
in response to nipple stimulation. The potential role of 
oxytocin as a PRF, given that it can reach the anterior 
pituitary through the short portal system, has remained 
controversial. Oxytocin antagonism partially suppresses 
PRL secretion,59 so this peptide is likely to provide some 
portion of the physiologic stimulus for PRL release. 
PACAP stimulates PRL synthesis and release. Galanin is 
synthesized in both the pituitary and the hypothalamus. 
In the pituitary, it colocalizes with PRL in lactotroph 
secretory granules and acts by autocrine and paracrine 
mechanisms to stimulate lactotrophs.54

Searching for ligands that activate an orphan pituitary 
G protein-coupled receptor identified a putative PRL-
releasing peptide (PrRP) from the hypothalamus. The 
mature peptide that was identified from bovine hypo-
thalamus is a 20 amino acid molecule that originally was 
reported to cause rapid secretion of PRL from isolated 
pituitary cells.86 However, subsequent studies have failed 
to confirm that PrRP acts on lactotrophs to stimulate PRL 
release.87 Rather, PrRP may act within the hypothala-
mus to indirectly elevate PRL by inhibiting DA release. 
Antagonists of serotonin or opioid receptors inhibit PRL 
secretion under physiologically meaningful stimuli. Con-
versely, antidepressants that inhibit serotonin reuptake 
(fluoxetine [Prozac], etc.) may increase PRL secretion in 
humans and in laboratory animals. Serotonin and opi-
oids are important indirect regulators of PRL by virtue of 
their actions on DA and releasing factor secretion in the 
hypothalamus.

Lactotrophs display a large degree of functional hetero-
geneity within the anterior pituitary. This heterogeneity is 
manifested as differences in morphology (i.e., secretory 
granule size and density), basal hormone release, electri-
cal activity, and response to releasing and inhibiting fac-
tors. Assay of hormone release from single cells has shown 
not only substantial cell-to-cell variations in function, but 
also marked temporal variations in a single cell.88

Transcription regulators, which control the develop-
ment of the anterior pituitary lactotrophs, also participate 
in controlling PRL synthesis during adult life. Prominent 



976 PROLACTIN

among these factors is the Pit-1 protein. Pit-1 binds to 
two regions of the human PRL gene, the proximal pro-
moter (within 250 bp of the transcription start), and a 
distal enhancer (beyond—1300 bp) (see Fig. 6-1). Multi-
ple Pit-1-binding sites are present in each of these regions. 
Transcription regulators such as cAMP and estrogen 
receptors can control PRL gene expression by influencing 
Pit-1 activity.50,75

PATHOPHYSIOLOGY OF PROLACTIN SECRETION
Normal plasma PRL concentrations in women who are 
neither pregnant nor lactating range from 4 to <20 ng/mL. 
In men, the values, on average, are several units lower. 
Late pregnancy and lactational levels normally range 
from 100 to 200 ng/mL, and the highest levels occur fol-
lowing active bouts of nursing. PRL is normally measured 
by radioimmunoassay (RIA). Although glycosylation 
and other chemical modifications of PRL can affect its 
immunoreactivity and therefore can lead to aberrant RIA 
results,36 RIA generally readily detects pathologic levels. 
The original method for bioassay of PRL involved mea-
suring the growth of the pigeon crop sac mucosal epithe-
lium.89 This method still is used occasionally and serves 
as the basis for the international standardization of PRL 
bioactivity. However, the method has been largely sup-
planted by a simpler bioassay that takes advantage of the 
ability of PRL to stimulate the proliferation of rat Nb2 
lymphoma cells in culture.90

Prolactin Deficiency
When PRL deficiency occurs, it is normally one component 
of a combined pituitary hormone deficiency. However, 
a few cases of PRL deficiency without evidence of other 
pituitary defects have been reported in women. Isolated 
PRL deficiency results in lactational failure and reproduc-
tive difficulty with no other obvious problems.91-94 No 
cases of isolated PRL deficiency have been reported in 
men. These results in a few humans are consistent with 
the phenotype of mice in which the PRL gene has been 
disrupted by a targeted mutation.95 In mice with disrup-
tions of either PRL or its receptor genes, mammary gland 
development is defective; the females fail to reproduce, 
but the males do not have any overt symptoms.69,96,97 
The concordance of these results from humans and mice 
is remarkable, given the possible differences between PRL 
physiology in humans and rodents. One important dif-
ference is that progesterone secretion in the rodent cor-
pus luteum requires PRL, but in the human, it does not. 
This difference in luteal control probably explains why 
women who have isolated PRL deficiency are merely 
subfertile,91-94 whereas PRL-deficient mouse females are 
completely infertile.96,97

Mice with a targeted mutation of the PRL gene 
develop pituitary hyperplasia69 and adenomas98 that 
are more severe in females. Mice with targeted disrup-
tion of the PRL receptor gene also exhibit this lactotroph 
hyperplasia and prolactinoma development.99 Loss of 
PRL feedback in both of these genetic models leads to 
decreased hypothalamic DA, and the deficiency of DA 
leads to poorly restrained pituitary growth. Some forms 

of combined pituitary hormone deficiency have been 
identified in which PRL, GH, and TSH are hyposecreted 
as a consequence of mutations in important developmen-
tal factors. Familial inheritance of defects in the Pit-1 
gene or PROP-1 results in individuals who fail to develop 
lactotrophs, somatotrophs, and thyrotrophs, and conse-
quently are dwarfed and hypothyroid, as well as PRL 
deficient. Two spontaneous mutations that cause dwarf-
ism in mice have been shown to correspond to these 
human conditions. In Snell dwarf mice, a mutation of the 
Pit-1 gene occurs, and in Ames dwarfs, the PROP-1 gene 
is mutated.46,100,101

Hyperprolactinemia
Hypersecretion of PRL is among the most common of 
pituitary disorders. Medications that elevate PRL secre-
tion and may cause hyperprolactinemia include com-
monly used antiemetics, antipsychotics, antidepressants, 
and narcotics. These medications alter PRL secretion 
by antagonizing DA action, or by elevating serotonin 
or endorphin bioactivity. Reserpine and methyldopa 
increase PRL secretion as a result of DA depletion. DA 
receptor antagonists, such as haloperidol and phenyl-
thiazines, increase PRL secretion. Serotonin reuptake 
inhibitors, such as fluoxetine, elevate serum PRL.59 It is 
uncommon for any of these medications to cause clini-
cal signs of hyperprolactinemia, because the levels of PRL 
seldom reach more than 30 to 50 ng/mL with these drugs. 
One might imagine that subtle hormonal effects may be 
noted after long-term treatment.

Hyperprolactinemia that manifests clinical symp-
toms is most commonly a consequence of a lactotroph 
adenoma (see Chapter 22). These tumors may secrete 
high levels of PRL alone or of both PRL and GH. Any 
intracranial mass or trauma that causes compression or 
disruption of the pituitary stalk can cause hyperprolac-
tinemia because of the loss of dopaminergic tone from the 
hypothalamus. Pituitary adenomas have been discovered 
to be much more common than was previously believed, 
with more than 20% of individuals harboring tumors 
measuring at least 3 mm at autopsy.46 Tumors that do 
not hypersecrete hormones are usually of gonadotroph 
or lactotroph origin. Tumor mass effects may cause some 
symptoms of prolactinomas. These include visual field 
defects, associated with pressure on the medial aspect of 
the optic chiasm, and alterations in temperature regula-
tion, feeding patterns, or other effects caused by hypotha-
lamic compression. However, effects associated with the 
physiologic actions of the hormone are the more common 
presenting symptoms.

Galactorrhea (breast milk secretion in an individual 
who is not postpartum) and amenorrhea are the result 
of PRL actions directly on the breast and the hypotha-
lamic-pituitary-ovarian axis. In men, galactorrhea and 
impotence are the most common presenting symptoms of 
a hypersecreting prolactinoma. The causes of impotence 
in hyperprolactinemia, whether hormonal or neurogenic, 
are unclear. Hyperprolactinemia is treated medically by 
administration of DA agonists, including bromocriptine 
and cabergoline, or it is treated surgically by resection of 
the tumor tissue.
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PROLACTIN RECEPTORS AND SIGNAL 
TRANSDUCTION

Receptors
The PRLR is a member of the type 1 cytokine receptor 
family,102 and its nearest relative is the GH receptor. Sev-
eral hematopoietic cytokine receptors, such as those for 
erythropoietin, most interleukins, and granulocyte-mac-
rophage colony-stimulating factor, are also very similar 
to PRL and GH receptors. Other receptors, such as those 
for the interferons, are members of a broader superfamily 
of proteins that includes cell adhesion proteins. Features 
that define the type 1 cytokine receptor family include 
two signature motifs in the extracellular domain and one 
in the intracellular domain. Four cysteine residues in the 
extracellular domain are absolutely conserved among 
all of the type 1 cytokine receptors, and they form two 
disulfide bridges that are essential for the proper tertiary 
folding of the ligand-binding domain. A short sequence, 
which includes a tandem repeat of tryptophan-serine 
interrupted by a single amino acid (the WSXWS motif), 
is the second signature motif in the extracellular domain. 
This sequence is highly conserved near the base of the 
extracellular domain, but the function of these residues 
has not yet been proven with any degree of certainty. The 
structure of the PRLR extracellular domain, like that of 
the GH and other cytokine receptors, has been analyzed 
extensively by x-ray crystallography, as well as by bio-
chemical methods.103 This domain comprises two 100 
amino acid subdomains, which are structurally related to 
the type III repeats of fibronectin. Each of the type III 
subdomains includes a conserved series of seven β-strands 
folded into two β-sheets that run in an antiparallel ori-
entation. These type III subdomains are connected by a 
short, flexible hinge peptide, and the residues that con-
tact the ligand span this connector to include amino acids 
in each of the type III subdomains. Across the vertebrate 
lineages, substantial conservation of the major features 
of the PRLRs is evident, with some notable exceptions. 
In birds (pigeons, chickens), the extracellular domain has 

duplicated and diverged, and in cattle, the distal C-termi-
nus has been truncated, thus eliminating a tyrosine resi-
due that is conserved in other lineages (Fig. 6-3). Neither 
of these evolutionary changes appears to have functional 
significance.104,105

Within the intracellular region of the PRL-R, an 8 
amino acid proline-rich motif, referred to as box 1, is the 
third conserved signature motif that characterizes type 1 
cytokine receptors. These amino acids interact directly 
with the tyrosine kinases that are activated on ligand 
binding to the extracellular domain, and mutations in box 
1 completely disable PRL-R signaling.5 Multiple PRL-R 
isoforms vary in terms of length and amino acid sequence 
of the intracellular domain. The long isoform, which has 
been identified in all species to date, has an intracellular 
domain that is about 350 amino acids in length. Short 
isoforms (<100 intracellular residues) have been identi-
fied in rodents, humans, and several other mammalian 
species. The short forms of the PRL-R include box 1 but 
lack other regions of the intracellular domain that are 
required for signal transduction. In particular, conserved 
tyrosine residues in the distal portion of the long form 
of the receptor are phosphorylated after ligand bind-
ing, and these tyrosines are required for normal signal 
transduction.

Mutations of the conserved tyrosines indicate some 
degree of functional redundancy among these residues, 
but at least one of the conserved tyrosines must be present 
to allow normal receptor signal transduction. A mutant 
PRL-R isoform in rat Nb2 lymphoma cells has a large 
deletion between box 1 and the distal conserved tyrosines, 
and this receptor is able to transduce all of the known sig-
naling functions of the long form. Multiple short isoforms 
of the PRL-R have been discovered in a variety of mam-
malian species. The functional significance of the short 
isoforms is not completely known. Although these could 
provide for signaling diversity, they may act as decoy 
receptors and/or transport molecules. The possibility that 
the short PRL-R isoforms act as PRL transporters is sup-
ported by the observation that the choroid plexus and the 
liver have a preponderance of short-form receptors. The 

Figure 6-3 Prolactin receptor structure and function. Sche-
matic diagram of the linear sequences of representative prolac-
tin receptors. Pertinent structural features are two pairs of cys-
teines, the flexible hinge (double line), and the WS × WS repeat 
in the extracellular region (ECR). The transmembrane-spanning 
sequence (TM) marks the separation between the ECR and the 
intracellular region (ICR). In the ICR, the conserved motifs are 
the proline rich box 1 motif (PRM) and conserved tyrosine resi-
dues. The uppercase Y indicates ubiquitously conserved tyro-
sines, and the lowercase y is a tyrosine that is conserved in all 
known species except cattle. The percentage of identical amino 
acid residues in each region, compared with the human recep-
tor, is labeled above each receptor.

Human
1 WS TMPRM 598

Y Y y

y

y

ECR ICR

cc cc

Cattle
1 68%73% 61% 557

Y Ycc cc

Fish
1 54%61% 30% 604

Y Ycc cc

Bird
1 56%74%46%58% 44% 806

Y Ycc cccc cc



996 PROLACTIN

most likely function of the receptors in these tissues is to 
transport PRL across membranes. It is also conceivable 
that short PRL-R isoforms, acting as decoy receptors in 
some tissues, protect those cells from exaggerated PRL 
signaling during pregnancy and lactation.

Ligand binding appears to facilitate conformational 
changes or dimerization of the PRL-Rs as the first step 
toward signal transduction. The first evidence favoring 
dimeric receptor interactions as a physiologically impor-
tant step in PRL signaling was derived from experiments 
in which antibodies were used to artificially induce pro-
ductive receptor dimmers and consequent signaling in 
PRL responsive cells. Results from this creative experi-
mental approach were ultimately proved correct when 
hormone-receptor complexes for human GH and PRL 
receptors were biochemically and crystallographically 
mapped.5,103,106,107 Formation of stable 1:2 complexes of 
the hormone with its receptor (Fig. 6-4) appears to be the 
essential first step in the transmission of the biologic sig-
nal within target cells. Transcriptional activation requires 
homodimerization of the long-form PRLR. Heterodimers 
of short and long receptors, or short homodimers, do not 
mediate normal signal transduction.108

The PRLR gene, which is located on the long arm of 
human chromosome 5 (p13-14), is composed of at least 
10 coding exons. Multiple transcripts, reflecting alterna-
tive splicing variants and transcription start sites, account 
for some of the variability in PRLR structure and tissue 
distribution.5

Two human mutations in the PRLR gene have been 
identified in patients with benign multiple fibroadeno-
mas.109,110 These mutations encode constitutively active 
forms of the receptor, and it is possible that these recep-
tors mediate benign proliferation in the breast, however, 
breast cancers have not been associated with these variant 
PRL receptors.

Tyrosine Kinase Activation
JAK2 (Janus kinase-2) is a protein kinase that is associ-
ated with the PRLR through binding to the box 1 motif. 
Its activation is the first intracellular event in a complex 

and incompletely understood web of interactions that 
mediate PRL effects within its target cells (Fig. 6-5). 
JAK2 has been shown to be the essential PRL-regulated 
protein kinase by both biochemical and genetic experi-
ments,111,112 but this kinase is also essential for signal-
ing by other cytokines.113 Although it has been presumed 
that JAK2 binds directly to the PRLR, it remains pos-
sible that another protein could mediate this association. 
On ligand-induced dimerization and/or conformational 
changes, JAK2 phosphorylates specific tyrosine residues 
on the receptor intracellular domain and autophosphory-
lates residues within the kinase. These phosphotyrosines 
serve as docking sites for additional signal transduction 
proteins. The actions of the kinase are counteracted by 
multiple tyrosine phosphatases, which rapidly dephos-
phorylate specific proteins and maintain the steady-state 
level of tyrosine phosphorylation at a very low level in the 
absence of hormonal stimulation.

In addition to the signal transduction and activators 
of transcription (STAT)-dependent events triggered by 
JAK2 activation, other STAT-independent signaling path-
ways can be activated when PRL binds to its receptor, as 
shown in Figure 6-5. Src-family kinases may be involved 
in PRL signaling by virtue of their ability to couple to 
multiple signaling intermediates. Phosphotidylinositol-
3′-kinase, mitogen-activated protein kinases (MAPKs), 
and protein kinase C have each been observed to be acti-
vated by PRL in some systems.5 The tyrosine phosphatase 
short heterodimer partner (SHP)-2 is essential for PRL 
signaling.114

STAT-independent pathways have been proposed 
for PRL signaling, but the physiologic relevance of such 
mechanisms is not yet clear. It has been suggested that 
STAT-independent signaling mediates the mitogenic 
actions of PRL.115 This action would be consistent with 
findings in other cytokine-signaling systems, where STAT 
activation determines certain differentiation-related effec-
tor functions, whereas other pathways, such as MAPK 
activation, are involved in mitogenic signal transduc-
tion. However, it is unclear whether this analogy can 
be extended to PRL. In the tissue where PRL has its 

Figure 6-4 Dimerization and con-
formational changes in the prolac-
tin (PRL) receptor cause activation. 
Based on studies described in the 
text, PRL is understood to cause 
receptor interaction between the 
receptors and associated proteins, 
leading to activation of appropriate 
biological actions.
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most important growth-stimulating action, which is in 
the mammary gland, it is now well established that the 
growth stimulus is mediated by local synthesis of growth 
factors rather than being a direct mitogenic effect.42 The 
rat Nb2 lymphoma cell line, for which PRL acts as a 
direct mitogen, expresses a mutated form of the PRL-R, 
which may transduce an unbalanced set of intracellular 
signals that are directly mitogenic.

The primary mechanism by which PRL induces mam-
mary epithelial proliferation is by induction of “receptor-
activator of NFκB ligand” (RANKL), which is a member 
of a large family of growth factors that includes tumor 
necrosis factor-α. The induction of RANKL is absolutely 
dependent on a synergistic relationship with progesterone 
(P4).42,116,117 A second growth factor, IGF2, is induced 
by PRL and accelerates alveolar growth, but, unlike 
RANKL, IGF2 is ultimately dispensable.118,119

Transcriptional Regulation
Analysis of PRL-induced genes led, in 1994, to the iden-
tification of cis-acting elements that bind members of the 
STAT family of transcription factors.35,120 PRL-regulated 
genes were shown to include conserved DNA motifs in 
their promoter regions, and these sequences were bound 
to STAT proteins.121 A novel STAT protein (STAT5) was 
cloned from lactating sheep mammary glands.122 Mammals 
synthesize two STAT5 proteins encoded by closely related 
genes. Genetic studies, making use of targeted gene disrup-
tion in mice, have made it clear that both STAT5a and 
STAT5b are partially responsible for mediating the primary 
PRL effects in the ovaries and mammary glands. STAT5a is 
more important in the mammary glands, whereas STAT5b 
is more important in the ovaries.123-125 The mouse genetic 
studies also have shown a remarkable degree of concor-
dance of the characteristics of animals that lack genes for 
the ligand (PRL), its receptor, or the PRL-regulated STAT5 
transcription factors.97,98 The concordance among these 

studies convincingly demonstrates that known PRLR and 
STAT5 proteins are the primary mediators of the physi-
ologic actions of PRL. However, subtle differences are 
seen among the various animal models, which suggest that 
the STAT5-dependent mechanism might not be the only 
component of PRL signaling in mammalian cells. STAT5 
is phosphorylated by JAK2 on an essential tyrosine resi-
due in its C terminus.126 After its tyrosine phosphoryla-
tion is complete, STAT5 dimerizes through interactions 
between phosphotyrosine and src homology 2 (SH2) 
domains. Dimeric STAT complexes translocate into the 
nucleus, where they interact with specific sites in the pro-
moters of PRL regulated genes, leading to an increase in 
the rate of transcription of those genes. The exact mecha-
nism by which STAT5 is transported into the nucleus is not 
known, nor is it known how this inducible transcription 
factor interacts with basal transcription machinery during 
activation of gene expression. Good evidence suggests that 
the glucocorticoid receptor (GR) collaborates with STAT5 
during milk protein gene induction.127 This positive inter-
action depends on occupancy of the GR by its ligand.

STAT activation by PRL is regulated inside the cell by 
a negative feedback mechanism. CIS (cytokine-inducible 
SH2 protein) and SOCS (suppressor of cytokine signaling) 
are members of a class of proteins that are transcription-
ally regulated by activated STAT proteins. These proteins 
feed back on the receptor complex to inhibit the coupling 
of JAK either to receptor or to STAT.128

Whereas STAT5 appears to be the exclusive media-
tor of the primary physiologic PRL actions in mammals, 
other STAT proteins, such as STAT1, may be activated in 
response to PRL in certain pathophysiologic or pharma-
cologic conditions. In a rat T lymphoma cell line (Nb2), 
PRL induces the expression of the interferon response 
factor-1 (IRF-1) gene. This effect of PRL is mediated by 
STAT1 and, paradoxically, is inhibited by STAT5.129 
Although IRF-1 gene regulation probably is not involved 

Figure 6-5 Intracellular signal transduction by 
prolactin (PRL). Janus kinase 2 (JAK2) is associ-
ated with the PRL receptor and becomes active 
after receptor dimerization. A signal transducer 
and activator of transcription protein (STAT5) 
is phosphorylated (P), dimerizes, associates with 
coactivators (CoA), and binds to appropriate 
genes through prolactin response elements (PRL-
RE). Activation of the JAK2-STAT5 pathway is 
inhibited (asterisk) by suppressors of cytokine 
signaling proteins (SOCS). JAK2 also activates 
other Src-related protein kinases (SH2-PK), and 
these couple with an array of signaling mol-
ecules that can activate cytoplasmic or nuclear 
target molecules, including mitogen-activated 
protein kinases (MAPK).
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in the normal functions of PRL, the regulation of this 
gene through STAT1 in Nb2 cells provides important les-
sons regarding potential derangements in PRL signaling 
that can mediate pathologic changes. Other experimental 
models in which the normal pathways of PRL signaling 
are subverted will provide additional important insights.

THE PHYSIOLOGY AND PATHOPHYSIOLOGY  
OF PROLACTIN ACTIONS IN MAMMALS

Mammary Glands
PRL is essential for lactation in all mammals, although 
the precise temporal dimensions of its actions vary among 
species. The first step in mammary gland organogenesis is 
the prenatal establishment of the mammary ductal rudi-
ment. Parathyroid hormone-related peptide (PTHrP) is 
essential at this first stage of mammary gland develop-
ment, but PRL is not.71,73,130 The epithelial rudiment and 
the fat pad grow isometrically until puberty, at which time 
the epithelial ductal system expands rapidly under the 
influence of estrogen, GH, and IGF-1.131,132 During the 
latter stages of puberty, lobular buds branch off from the 
ductal system under the influence of PRL and progester-
one. As a consequence of the regular cycles of estrous or 
menstrual hormone surges, the complexity of mammary 
ductal branching increases progressively, and the epithe-
lial cells undergo cyclic changes. If the female becomes 
pregnant before lobule budding and maturation are com-
plete, these processes occur during the first pregnancy. As 
a general rule, progesterone induces ductal arborization, 
whereas PRL induces the formation of alveolar progeni-
tors. However, the relative roles of progesterone and PRL 
in the adolescent development of the mammary glands 
have not been completely resolved at the organ level, and 
the genes that are induced by each of these hormones dur-
ing development are not completely known.

During pregnancy, the lobuloalveolar epithelium 
undergoes extensive proliferation under the influence of 
PRL, PLs, progesterone, and local growth factors such as 
RANK-ligand and IGF-2.117-119 During late pregnancy and 
after parturition, progesterone, estrogen, and PLs fall pre-
cipitously, and PRL rises. This combination of hormone 
changes leads to functional lactogenesis and lactation. 
The lobuloalveolar epithelium is converted to a secretory 
phenotype, and the full complement of milk proteins and 
lactogenic enzymes is synthesized. At the end of lactation, 
involution of the lobuloalveolar system occurs in response 
to milk stasis and falling systemic lactogens.133 Accord-
ing to this scheme of development, PRL and PLs, each of 
which binds to the PRL-R, act during three stages of mam-
mary gland development: lobule budding during organo-
genesis, lobuloalveolar expansion during pregnancy, and 
lactational differentiation after parturition.

Pioneering studies using surgical ablation of endocrine 
glands and hormone replacement established specific 
roles for estrogen and GH in ductal development, and for 
PRL, progesterone, and corticosteroids in lobuloalveolar 
development and lactogenesis.134

Transgenic and gene disruption techniques have added 
to our knowledge of hormone actions in mammary gland 
development in vivo. In laboratory mice, complete PRL 

deficiency results in the arrest of mammary organogenesis 
at an immature pubertal state. In this arrested develop-
mental state, the epithelial component of the gland con-
sists of a basic ductal system and terminal end buds but 
not the lobuloalveolar system.

PRL induces the differentiation and growth of alveo-
lar progenitor cells from the ductal epithelium.135,136 This 
development of alveoli from precursor cells in the ductal 
epithelium may involve both clonal growth from com-
mitted precursors and induction of phenotypic changes 
in cells that are near specialized “organizer” cells. PRL 
is also an essential survival factor for lobuloalveolar 
cells during both pregnancy and lactation.137-140 During 
lactation, PRL regulates several secreted milk proteins, 
including the caseins, lactoglobulin (except in rodents), 
lactalbumin, and whey acidic protein. Enzymes such as 
lactose synthetase, lipoprotein lipase, and fatty acid syn-
thase, which are essential for milk synthesis, are induced 
by PRL in the mammary gland.

Female Reproductive Tissues
PRL has two general types of actions on female repro-
duction in mammals. First, high levels of PRL inhibit 
gonadal activity by actions at the hypothalamus, pitu-
itary, and ovary. These antigonadal effects are manifested 
during lactation in humans and in clinical hyperprolac-
tinemia. Second, PRL is an essential luteotropic hormone 
in rodents, although not so in humans or most other 
mammals.

PRL inhibits reproductive function by decreasing the 
hypothalamic drive for pulsatile luteinizing hormone 
(LH) secretion,141,142 inhibiting ovarian folliculogen-
esis,143 and inhibiting granulosa cell aromatase activity, 
which leads to lower estradiol synthesis.144,145 Elevated 
DA levels in the hypothalamus, secondary to high PRL 
levels, are one mechanism for the antigonadal effects of 
PRL. PRL contributes to the breakdown of the corpus 
luteum in many mammalian species, including humans. 
In rodents, however, PRL is essential to corpus luteum 
maintenance in early pregnancy. One of the well-char-
acterized mechanisms of the luteotropic action of PRL is 
inhibition of 20a-hydroxysteroid dehydrogenase activ-
ity.146 This action prevents the conversion of progester-
one to 20a-hydroxyprogesterone and therefore increases 
progesterone secretion from the corpus luteum.

The maintenance of early pregnancy in rodents depends 
on the establishment of a stereotypic pattern of twice-
daily surges of PRL, which are established after coital 
stimulation of the cervix. In laboratory rodents, the luteal 
phase of the estrous cycle is transient, and implantation 
cannot occur unless high levels of PRL maintain the cor-
pus luteum. The cervical stimulus drives a hypothalamic 
reflex, which alters the secretion of a variety of regula-
tory factors, including DA, opioids, and various putative 
PRFs. Although it is clear that diurnal and nocturnal PRL 
surges in early pregnancy are controlled by different sets 
of factors,147 neither the exact circuitry nor the essential 
hypophysiotropic factors that are responsible for each of 
the surges are yet known.

Lactational infertility is one consequence of high PRL 
secretion in women who are breastfeeding. Suckling-induced 
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elevation of PRL can decrease gonadotropin-releasing hor-
mone (GnRH), LH, and estrogen secretion and can cause 
persistent amenorrhea. If ovulatory cycles occur in women 
who are breastfeeding, the luteal phase defect caused by 
luteolytic actions of PRL can prevent conception. Although 
breastfeeding has been promoted as a natural means of 
contraception, it is very unreliable for most women. Most 
studies have shown that frequent bouts of nursing, espe-
cially during the nighttime, are essential to successful lacta-
tional contraception. In some societies where children sleep 
with the mother for many months, birth spacing has been 
strongly influenced by lactational infertility.

Male Reproductive Tissues
High levels of PRL are inhibitory to male reproductive 
function, much the same as they are to female function. 
Common presenting symptoms of human hyperprolac-
tinemia in males are loss of libido and impotence. These 
symptoms may or may not be associated with galactor-
rhea. PRL inhibits GnRH and LH secretion in males as 
well as in females.148 PRL increases LH and follicle-stim-
ulating hormone receptors in the testis, as well as andro-
gen receptors in the prostate.149 The antigonadal actions 
of PRL are the most widely conserved PRL actions among 
mammals and nonmammalian vertebrates.

Male mice with a targeted disruption of either the PRL 
gene itself or the PRLR gene are completely fertile.96,97 
Consistent with this, no reports in the literature describe 
human males with isolated PRL deficiency. The prostate 
gland of PRL-deficient mice is smaller (by about 30%) 
than that of normal mice, and high levels of PRL cause 
prostate hyperplasia in mice.150 PRL secretion therefore 
may be a contributing factor in human prostate disease, 
although no data specifically addressing this possibility 
are yet available.

Ion Balance and Calcium Metabolism
PRL is an essential freshwater survival hormone in many 
species of fish and amphibians, and it has effects on all of 
the osmoregulatory epithelia in these species. Its actions 
include decreasing water permeability in the gills and skin 
and increasing salt reabsorption in the kidney and urinary 
bladder (which is evolutionarily homologous with the col-
lecting ducts of the mammalian kidney).3 Similar actions 
have not been proven in mammals, which is not surpris-
ing, because the osmoregulatory challenges facing terres-
trial mammals are not at all similar to those confronted 
by freshwater fishes. PRL does increase the absorption 
of a variety of minerals in the intestines of mammals,151 
and this effect may be physiologically important during 
pregnancy and breastfeeding, which place large demands 
on water and solute homeostasis.

PRL may include important physiologic actions on cal-
cium metabolism in mammals, and these actions directly 
relate to changes in calcium balance during pregnancy 
and lactation. In the mammary gland, PRL induces the 
secretion of PTHrP, which can act as a local or systemic 
effector of calcium homeostasis.152 Induction of PTHrP 
by PRL is indirect, being mediated by serotonin, which 
is induced by dilation of the alveoli caused by milk secre-
tion.153,154 Induction of PTHrP by serotonin appears to 

be mediated by the 5-HT2B receptor, which signals via 
Gαq/11.155,156

Hyperprolactinemia in humans has been associated 
with decreased bone density, which is normalized when 
elevated PRL levels are corrected medically. Decreased 
estrogen, resulting from the antigonadal effects of PRL, 
may explain part of the bone loss in hyperprolactinemia, 
but there appears to be a component of bone loss that is 
a result of direct actions of PRL independent of estrogen 
loss.157,158 Genetic evidence has shown that the PRLR is 
essential to normal bone formation and calcium homeo-
stasis.158 PRLR-deficient mice displayed reductions in 
bone mineral density and bone mineral content, as well as 
a deceleration in the apposition rate for new bone. Plasma 
total calcium and parathyroid hormone (PTH) were each 
higher in the receptor-deficient mice. The phenotypic 
characteristics of bone growth and calcium homeostasis 
in PRLR-deficient mice argue that there must be multiple 
sites of PRL action that influence calcium metabolism, 
including both direct effects on bone cells and systemic 
actions on other hormones or carriers.159 PRLR mRNA 
levels are very high in bone during development,160 and 
PLs, as well as PRL per se, could contribute to prenatal 
control of bone growth.

Brain and Behavior
The vertebrate brain is a target tissue for numerous PRL 
actions, many of which are related directly to the parental 
care of offspring. The first evidence that PRL is a brain-
regulating hormone was seen in birds, where systemic or 
intracranial PRL infusion stimulates behaviors associated 
with brooding and migration.3,85 In rats, PRL infusions 
increase the intensity of parental attendance to offspring 
or shorten the time required for inexperienced adults to 
begin showing parental behaviors.161 Mice that lack the 
PRLR are profoundly deficient in maternal behaviors.162 
The neuroanatomic and neurochemical substrates that 
mediate the PRL-regulated parental behaviors in mam-
mals are not yet known. However, sensory stimuli are 
clearly important cues for these behaviors, and elevated 
PRL, such as that seen during pregnancy, stimulates neu-
rogenesis in the olfactory lobe of mice.163

Although stereotypic maternal behavior patterns in 
animals such as birds, mice, and rats have been quantified 
and studied objectively, it has not been possible to char-
acterize such behaviors in humans in a way that would 
allow one to determine whether PRL has a similar role 
in human parenting. Human PRL increases DA turnover 
in the nucleus accumbens, corpus striatum, and median 
eminence, but it decreases DA turnover in the substan-
tia nigra, ventral tegmentum, and cingulate nucleus. It 
has been proposed that human hyperprolactinemia can 
be one component of an organic response to psychologic 
trauma (particularly deprivation from parental atten-
tion), and that the behavior patterns associated with high 
PRL levels (a “maternal subroutine”) may be an adaptive 
psychologic response.164

Behavioral actions of PRL that are not directly related 
to parenting, but may be indirectly supportive, include 
stimulation of appetite (orexia), analgesia, and increases 
in REM sleep activity.63,64,165-167 The analgesia caused 



1036 PROLACTIN

by PRL is blocked by naloxone, indicating that the effect 
occurs through an opioid pathway.

Hematopoiesis and Immunoregulation
Several investigators have made a strong case for an 
important immunoregulatory role of PRL. PRLRs are 
found on most immune precursor and effector cells in 
each of the major hematopoietic organs (bone marrow, 
spleen, thymus). PRL can potentiate the growth and 
effector functions of lymphoid and myeloid cells, and 
hematopoietic cytokine receptors and signal transducers 
are closely related to those used by PRL. The Nb2 cell 
line, grown from an estrogenized male rat lymphoma, is 
exquisitely sensitive to growth-promoting and antiapop-
totic effects of PRL and has been widely used as a model 
of PRL actions on immune cells.

In humans, PRL secretion is correlated with disease 
severity in systemic lupus erythematosus, an autoimmune 
disease that primarily affects women of childbearing 
age.168 In a rat model of immunosuppression following 
acute hemorrhagic shock, PRL stimulates immune effec-
tor cell functions as well as normal cytokine secretion.169 
Whereas PRL can act as a positive stimulus for immune 
cells when administered to animals by injection or to cells 
in culture, PRL deficiency does not significantly impair 
immune function or hematopoiesis.96 Elevated PRL can 
block lymphocyte apoptosis, and PRL secretion during 
stress, pregnancy, and lactation may be sufficient to affect 
immune cells.170 It is also conceivable that the higher level 
of PRL secretion in females compared with males is one 
factor that contributes to a sexual difference in immune 
responses.

Metabolism
PRL-Rs are present in the liver, gut, pancreas, and adi-
pose tissue.5 PRL causes splanchnomegaly (gut growth) 
and accelerates liver regrowth after partial hepatec-
tomy.171,172 Bile acid secretion and taurocholate trans-
port in liver are elevated by PRL during lactation.173 

PRL and placental lactogens stimulate growth of pan-
creatic β cells during pregnancy and lactation. Beta 
cell proliferation and increased secretory responses 
appear to involve a complex set of regulatory inputs. 
These include direct effects of PLs and PRL,174 effects 
mediated by serotonin,15,16 and adaptive responses to 
gestational insulin resistance. In general, the actions 
of PRL on organs that control whole-body metabo-
lism are consistent with the metabolic alterations that 
support successful gestation and lactation. Many hor-
mones in addition to PRL contribute to these metabolic 
adjustments.

SUMMARY
PRL, along with PLs in many species, plays a central role 
in ensuring successful reproduction by acting after fertil-
ization to promote a variety of developmental, metabolic, 
and behavioral adaptations (Fig. 6-6). Hypothalamic DA 
inhibits PRL secretion and is the dominant PRL regula-
tor in mammals but not in other species. A wide range 
of physiologic adaptations has accompanied the special-
ization of the mammalian life cycle to include not only 
maternal gestation but also postpartum nurturing of 
offspring. Breast milk secretion in mammals, as well as 
milklike secretions that occur in certain nonmammalian 
vertebrates, are direct responses to PRL. PRL suppression 
of gonadal development and sexual drive in males and 
females is mediated both centrally and peripherally. The 
physiologic actions of PRL are pathologically exagger-
ated in human hyperprolactinemia.
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Figure 6-6 Prolactin target tissues support 
parenting. Prolactin has direct effects both on 
the primary organs associated with parenting 
(brain and mammary glands) and on a variety 
of organs that support parenting through sec-
ondary physiologic processes.
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Nongestational/puerperal prolactin (PRL) hypersecre-
tion is the most prevalent hypothalamic-pituitary dys-
function, and its main cause is PRL-secreting pituitary 
adenomas (prolactinomas). Prolactinomas are the most 
common pituitary tumors, with an estimated prevalence 
of 500 cases/1 million inhabitants.1 These tumors are 
classified either as microadenomas (diameter <10 mm) or 
macroadenomas (>10 mm) and can be enclosed, expan-
sive, or invasive.2 Prolactinomas are more common in 

women, especially microprolactinomas; macroprolacti-
nomas have roughly the same prevalence in both gen-
ders. PRL-secreting pituitary carcinomas are exceedingly 
rare.3 Because hyperprolactinemia usually is associated 
with menstrual disturbances, anovulation, and sexual 
impairment in both genders, and prolactinomas have a 
greater incidence in people in their 20s and 30s, these 
tumors are an important cause of infertility. To make 
the correct diagnosis of prolactinoma, other causes of 

K E Y  P O I N T S

 •  Nongestational/puerperal prolactin hypersecretion is the most prevalent hypothalamic-
pituitary dysfunction, and its main cause is a prolactin-secreting pituitary adenomas 
(prolactinomas).

 •  The differential diagnosis of hyperprolactinemia includes pharmacologic causes (mainly 
antipsychotic and antiemetic drugs), pathologic causes such as stalk disconnection, 
primary hypothyroidism, renal and hepatic failure, and idiopathic hyperprolactinemia, 
as well as macroprolactinemia.

 •  Laboratory diagnosis of hyperprolactinemia should include assessment of 
macroprolactinemia and “hook effect,” depending on clinical characteristics.

 •  Dopamine agonist drugs are the gold-standard for both microprolactinomas and 
macroprolactinomas treatment. Nevertheless, 10% to 15% of patients are resistant and 
may benefit from pituitary transsphenoidal surgery or sex steroid replacement.

 •  Management of aggressive/resistant pituitary macroprolactinomas remains a challenge, 
temozolomide and radiotherapy being the current treatment approaches.
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hyperprolactinemia—physiologic, drug-induced, or 
pathologic—must be ruled out. It also is important to 
be aware of laboratory and imaging pitfalls that can 
mislead the diagnosis and treatment.4 This chapter 
addresses the causes, clinical findings, diagnosis, and 
therapeutic options for prolactinomas and other causes 
of hyperprolactinemia.

HISTORY
“If a woman is neither pregnant nor has given birth, 
and produces milk, her menstruation has stopped.” This 
sentence, attributed to Hippocrates (Aphorisms, Section 
5, #39), shows that the association between menstrual 
disturbances and inappropriate milk secretion has been 
known since ancient times. It was only in the 20th cen-
tury, however, that such disturbances were associated 
with hypersecretion of a pituitary hormone. In 1928, 
Striker and Grueter5 identified a pituitary factor that was 
able to induce milk secretion in rabbits. Early in the 18th 
century, Hunter discovered that “pigeon’s milk,” a sub-
stance secreted by male and female parents to feed the 
young pigeon, is secreted by the crop, and according to 
Hunter, “the crop behaves like the udder of mammalian 
females regarding uterine gestation.” In 1933, Riddle and 
colleagues6 identified the stimulatory effect of a pituitary 
hormone on pigeons’ crop growth and differentiation, 
which also controlled milk secretion in mammals, and 
called it prolactin. The pigeon’s crop model later was used 
for the PRL bioassay. Coincidentally, the association of 
amenorrhea, infertility, and galactorrhea were described 
better around the 1930s.

Afterward, this clinical picture was characterized in 
three different contexts: (1) postpartum without sellar 
enlargement (Chiari-Frommel syndrome),7 (2) non-
puerperal period, also without sellar augmentation 
(Ahumada-Argonz-del Castillo syndrome),8 and (3) 
associated with a pituitary tumor (Forbes-Albright syn-
drome).9 The existence of a human PRL, distinct from 
the growth hormone (GH), remained controversial, 
however, until the development of a specific radioim-
munoassay for PRL in the early 1970s,10 when it was 
shown that all the above-mentioned syndromes were 
linked to elevated serum PRL levels. The development 
of pituitary microsurgery and, later on, of high-resolu-
tion imaging techniques showed that most of the cases 
with normal sella on plain x-rays, described as nontu-
moral, were small pituitary tumors (microadenomas). 
When PRL-secreting pituitary adenomas (prolactino-
mas) were proved to be the main cause of pathologic 
hyperprolactinemia, linked or not to a previous preg-
nancy, the division borne by the three eponymic amen-
orrhea-galactorrhea syndromes became obsolete. There 
are many other causes of hyperprolactinemia that must 
be differentiated from prolactinomas so that a correct 
therapeutic approach can be instituted.

EPIDEMIOLOGY
Hyperprolactinemia is the most prevalent hypotha-
lamic-pituitary dysfunction, with prolactinomas being 

the main cause. These tumors represent roughly 25% 
of surgically removed pituitary adenomas and nearly 
50% of adenohypophyseal tumors in autopsy series.11 
This apparent discrepancy may be due to the excel-
lent results of medical treatment of prolactinomas with 
dopaminergic agonists. Their prevalence is estimated 
at 500 cases/1 million inhabitants, with an incidence of 
27 cases/1 million/year.1 Microprolactinomas (diam-
eter <10 mm) represent about 60% of PRL-secreting 
adenomas and are more common in women than in 
men (20:1), whereas macroadenomas have roughly the  
same prevalence in both genders.12 There are no sex-
related differences in autopsy series. Prolactinomas occur 
in all ages, with the diagnosis made predominantly in the 
20s and 30s in both sexes.12 They are the most frequent 
pituitary adenomas encountered in childhood and adoles-
cence.12 Prolactinomas represent the minority of pituitary 
tumors diagnosed after 70 years of age, however. Pro-
lactinomas are the most prevalent pituitary adenoma in 
multiple endocrine neoplasia type 1 (MEN1) syndrome.12 
Isolated familial prolactinomas (not related to MEN1) 
have been described.13 PRL-secreting pituitary carcino-
mas are exceedingly rare, with about 50 documented 
cases in the literature.3

PATHOGENESIS
Similar to other pituitary adenomas, prolactinomas are 
monoclonal in origin.14 To date, the exact mechanisms 
leading to the development of lactotroph adenomas 
are not well established. Among the candidates are  
the pituitary tumor transforming gene (PTTG)15 
and the heparin-binding secretory transforming gene 
(HST),16 both of which induce angiogenesis through 
fibroblast growth factors (FGF-2 and FGF-4). Estro-
gens seem to play a pivotal role in these mechanisms, 
because estrogen-modulator drugs (e.g., tamoxifen  
and raloxifene) and the anti-estrogen ICI-182780 
inhibit PTTG expression in prolactinomas in vitro 
and their growth in vivo (Fig. 7-1).17 Reduction in the 
expression of the cytokine leukemia inhibitory factor18 
and nerve growth factor19 and the overexpression of 
bone morphogenetic protein 420 and the high-mobility 
group A2 gene (HMGA2)21 are among other events 
that potentially might be involved in prolactinoma 
tumorigenesis.

Studies on the microvascular density of prolactinomas 
show conflicting results. One study by electronic micros-
copy did not disclose differences between vascular density 
of the normal pituitary gland and microprolactinomas, 
but macroprolactinomas exhibited a much lower degree 
of vascularization. A more recent study using immuno-
histochemistry with antibodies for different endothelial 
markers observed that microprolactinomas are less vas-
cular than macroprolactinomas. Additionally, micro-
vascular density was related to tumor invasiveness and 
malignancy.22

The decrease of dopaminergic inhibition seems to 
play a role, at least a permissive one, in prolactinoma 
development. Lesions in the tuberoinfundibular dopa-
minergic neurons in female rats bearing prolactinomas 
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were described.23 Several studies have shown the devel-
opment of prolactinomas in mice with D2 receptor 
knockout, with this phenotype being more severe and 
presenting a faster evolution in females and in ani-
mals treated with estrogens.24,25 To date, no “natural” 
mutations were found in the D2 receptor gene.26 PRLr(–

/–) mice exhibited more intense hyperprolactinemia  
and larger tumors than did age-matched Drd2(–/–) 
mice, and there were cumulative effects in compound 
homozygous mutant male mice. This fact suggests that  
PRL inhibits lactotrophs not only by the activation 
of hypothalamic dopamine neurons, but also directly 
within the pituitary gland in a dopamine-independent 
fashion.

Prolactinomas associated with MEN1 present inacti-
vating mutations characterized by loss of heterozygos-
ity in locus 11q13 and mutations in the menin-codifying 
gene. They tend to be larger and more aggressive than 
their sporadic counterparts.12 Sporadic prolactinomas 
may exhibit loss of heterozygosity but without mutations 
in the menin gene detected to date, suggesting the presence 
of a tumor suppressor gene located within chromosome 

11q13 yet distinct from MEN1.27 The recently described 
inactivating mutations of the gene encoding aryl hydro-
carbon receptor-interacting protein (AIP) on chromosome 
11q13.3 are frequently found in isolated familial pitu-
itary adenomas (mainly somatotropinomas but also pro-
lactinomas)28 but rarely in sporadic pituitary tumors.29 
Finally, mutations in the proto-oncogene ras and in the 
tumor suppressor gene TP53 can be linked to the devel-
opment of the rare PRL-secreting carcinomas.3

PATHOLOGY
The terms microadenoma and macroadenoma, coined 
by Hardy,30 represent pituitary adenomas measuring 
less or more than 1 cm, respectively. Microprolactino-
mas are found mainly in young women, usually located 
in the lateral portions of the pituitary gland. They are 
generally enclosed within a pseudocapsule but also can 
be invasive.31 Macroprolactinomas also can be enclosed 
but usually expand to the optic chiasmal region or invade 
local structures such as the cavernous sinus or the sel-
lar floor and sphenoid sinus.31 Histologically, there are 
no differences between microprolactinomas and mac-
roprolactinomas, which are usually “chromophobic” 
on hematoxylin-eosin staining. For this reason, many 
pituitary adenomas previously classified as “function-
less” before the development of a radioimmunoassay for 
PRL were prolactinomas. This fact is explained by the 
use of electronic microscopy, which characterized most 
prolactinomas as sparsely granulated: oval and slightly 
irregular nuclei, complex rough endoplasmic reticulum, 
large Golgi complexes, and sparse spherical or pleomor-
phic secretory granules, measuring 130 to 500 nm (Fig. 
7-2).32 The hallmark of these tumors is the so-called 
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Figure 7-1 Selective antiestrogen treatment inhibits pituitary tumor 
growth in vivo. Pretreatment (baseline) and posttreatment tumor vol-
umes and serum prolactin (PRL) levels after mini osmotic pumps infu-
sion of vehicle or antiestrogen ICI-182780 (0.5 mcg/day) was infused in 
20 female Wistar-Furth rats harboring subcutaneous pituitary tumors. 
All animals developed tumors. Each bar represents mean ± SEM for 10 
animals per group. *P = 0.03; **P <0.001. (From Heaney AP, Fernando 
M, Melmed S: Functional role of estrogen in pituitary tumor pathogen-
esis. J Clin Invest 109:277-283, 2002.)

Figure 7-2 Electronic microscopy of a sparsely granulated prolacti-
noma, showing sparse secretory granules, well-developed rough endo-
plasmic reticulum, and prominent Golgi complexes.
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misplaced exocytosis, the extrusion of secretory granules 
along the lateral cell border. This phenomenon diagnoses 
PRL secretion either by normal or by neoplastic lacto-
trophs. The rare, densely granulated lactotroph adenoma 
is strongly acidophilic with strong, diffuse immunostain-
ing for PRL in the cytoplasm. The rough endoplasmic 
reticulum is less prominent, and the secretory granules 
are bigger (500 to 700 nm) and more numerous than in 
its sparsely granulated counterpart.32

Electron microscopy usually is not required for prolacti-
noma diagnosis since the immunohistochemical assessment 
of PRL production became routinely available. This tech-
nique directly characterizes PRL-secreting adenomas, ruling 
out “functionless” macroadenomas associated with hyper-
prolactinemia due to hypothalamus-pituitary disconnec-
tion, the so-called pseudoprolactinomas.33 A study of 120 
unselected necropsies showed that 27% of them harbored 
pituitary microadenomas without clinical expression, 40% 
of which immunostained for PRL.11 These data indicate that 
there could be clinically and hormonally non–PRL-secreting 
pituitary adenomas that are immunohistochemically posi-
tive for this hormone. The significance of this finding for the 
natural history of prolactinomas is unknown.

Acidophil Stem Cell Adenoma
Exceptionally hyperprolactinemic patients might exhibit 
mild or no clinical features of acromegaly associated with 
biochemical evidence of slight serum GH elevation. This 
situation is due to the presence of the rare and aggressive 
acidophil stem cell pituitary adenoma.34 The acidophilia 
is attributable to mitochondrial accumulation called 
oncocytic change. Immunohistochemical analysis is posi-
tive for PRL, and occasionally there is a scant positivity 
for GH. The definitive diagnosis requires electron micros-
copy, which depicts enlarged mitochondria. Scattered 
cells containing juxtanuclear fibrous bodies are similar to 
cells of sparsely granulated somatotroph adenomas. Mis-
placed exocytosis is present. The secretory granules are 
sparse and small, measuring 150 to 200 nm.

Nontumoral Lesions Associated with 
Hyperprolactinemia
Many nontumoral conditions can be mistaken for prolac-
tinomas. Thyrotroph hyperplasia is associated with pri-
mary hypothyroidism due to loss of feedback (Fig. 7-3).35 
The correct diagnosis is important because this condition 
regresses with thyroid hormone replacement.35 Idiopathic 
lactotroph hyperplasia is a rare cause of hyperprolac-
tinemia that mistakenly can be taken for an expanding 
macroprolactinoma. The pituitary mass shape can help 
in the differential diagnosis. Inflammatory lesions such as 
lymphocytic hypophysitis (occurring mainly during preg-
nancy and puerperium) and sarcoidosis can be misdiag-
nosed as lactotroph adenoma.36,37

Pituitary Prolactin-Secreting Carcinomas
Pituitary PRL-secreting carcinomas are exceedingly rare 
tumors that exhibit morphologic features indistinguish-
able from those of PRL-secreting adenomas. In addition 
to local invasiveness, distant intracranial and extracranial 
metastases in the nervous system and visceral metastases 
are the clues for the diagnosis of malignancy. Regarding 
intracranial lesions, sometimes it is difficult to distinguish 
between contiguity of an invasive prolactinoma and true 
metastasis from a PRL-secreting carcinoma.3

DIFFERENTIAL DIAGNOSIS OF 
HYPERPROLACTINEMIA
The main causes of hyperprolactinemia are listed in 
Table 7-1.

Physiologic Hyperprolactinemia
Throughout pregnancy, the size of a normal pituitary 
gland increases up to 136%, according to magnetic reso-
nance imaging (MRI) studies.38 This extensive growth is 
due to estrogen-induced hypertrophy and hyperplasia of 
lactotrophs, leading to progressive increase in PRL produc-
tion and its hypersecretion during pregnancy.39 Placental 

A B

Figure 7-3 Magnetic resonance imaging (gadolinium-enhanced Tl-weighted coronal views) of a 41-year-old woman with primary hypothyroidism 
before (A) and after 1 month on levothyroxine replacement therapy (B). (From Bronstein MD: Problems in the differential diagnosis of the hyperp-
rolactinemic patient. Clinical Endocrinology Update 2003, syllabus pp 241-247; with permission of the Endocrine Society.)
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estrogen production stimulates lactotroph mitosis, PRL 
mRNA levels, and PRL synthesis, leading to a stepwise 
increase in serum PRL levels, achieving mean levels of 
200 ng/mL at the end of pregnancy and up to 450 ng/
mL in some cases. Serum PRL levels decline quickly after 
delivery but are maintained slightly increased in nursing 
women for several months, especially after breastfeeding. 
At birth, newborn serum PRL concentrations are elevated 
nearly tenfold, probably as a result of the stimulatory 
effect of maternal estrogen levels.40

Because exercise and nonspecific stress are physiologic 
causes of hyperprolactinemia, there is a concern that the 
stress-induced PRL increase could lead to hormone ele-
vation during venipuncture, and a period of rest before 

blood withdrawal is still recommended in many laborato-
ries. A report by Vieira and coworkers,41 which included 
a large population, provided evidence that rest before 
blood collection may be needed in only a few patients.

Pharmacologic Hyperprolactinemia
Among medications that increase serum PRL, dopamine 
receptor blockers are the most potent. Neuroleptics (e.g., 
sulpiride, haloperidol, chlorpromazine, risperidone) 
and antiemetic drugs (e.g., metoclopramide, domperi-
done) can elevate serum PRL to levels that usually are 
detected with prolactinomas.42 Serotoninergic and anti-
histaminergic drugs are less potent than antidopaminer-
gic medications. The calcium channel blocker verapamil 
elevates serum PRL levels probably by decreasing central 
dopamine generation, possibly through N-type calcium 
channels.43 It was shown that protease inhibitors used 
for treatment of acquired immunodeficiency syndrome 
can cause hyperprolactinemia, but the mechanism is 
unknown.44 A detailed inquiry about drug use is manda-
tory for all hyperprolactinemic patients.

Pathologic Hyperprolactinemia
Hyperprolactinemia is present in about 40% of acrome-
galic patients as a result of GH/PRL cosecretion by the 
same or by different tumor cells or secondary to hypothal-
amus-pituitary disconnection.45 Because of the character-
istic features of acromegaly, the differential diagnosis is 
usually not a problem. As already mentioned, in patients 
harboring the rare acidophil stem cell pituitary adenoma, 
serum GH is usually low compared with PRL levels, 
however, and acromegalic features are usually absent or 
minimally expressed.34 In some cases, PRL resistance to 
dopamine agonists can be a clue for the differential diag-
nosis with prolactinomas.

Hyperprolactinemia secondary to impaired hypo-
thalamic/tuberoinfundibular dopamine secretion or to 
stalk or even intrapituitary disconnection can be caused 
by tumors, inflammatory diseases, or trauma. In these 
cases, PRL is produced by normal lactotrophs and rarely 
exceeds 150 μg/L. The differential diagnosis of macro-
prolactinomas is mainly with clinically nonfunction-
ing pituitary adenomas (pseudoprolactinomas) and, 
to a lesser extent, with craniopharyngiomas.46 Other 
tumoral lesions, such as meningiomas and chordomas, 
and nontumoral conditions, such as “empty sella” syn-
drome and even intrasellar aneurysms, can be associated 
with hyperprolactinemia, however (Fig. 7-4).47 The dif-
ferential diagnosis between macroprolactinomas and 
pseudoprolactinomas is crucial regarding their primary 
treatment—medical for macroprolactinomas and surgical 
for pseudoprolactinomas. Patients with nonfunctioning 
tumors treated with dopamine agonists were considered 
as having resistant macroprolactinomas, owing to the 
absence of tumor shrinkage even with the (obvious) PRL 
decrease to very low or undetectable levels (Fig. 7-5).48 
A clue to differentiate pseudoprolactinomas from true 
prolactinomas is the dramatic early PRL decrease with 
bromocriptine doses of 1.25 mg/day.

Primary hypothyroidism can be associated with hyperp-
rolactinemia, presumably due to high thyrotropin-releasing 

TABLE 7-1 Causes of Hyperprolactinemia

Physiologic

Pregnancy and puerperium
Neonatal period
Physical activity
“Stress”

Drug-Induced

Dopamine receptor blockers
 Sulpiride
 Chlorpromazine
 Haloperidol
 Risperidone
 Metoclopramide
 Domperidone
Serotonin reuptake inhibitors
Cimetidine
Tricyclic antidepressants
Verapamil
Methyldopa
Protease inhibitors

Pathologic

Pituitary disease
 Prolactinomas
 Acromegaly
 Cushing’s disease
 Nelson’s syndrome
 Lymphocytic hypophysitis
 ”Empty sella” syndrome
Hypothalamic disease and hypothalamus/pituitary disconnection
 Tumors
  Nonfunctioning pituitary adenomas
  Meningiomas
  Dysgerminomas
  Craniopharyngiomas
 Inflammatory/granulomatous
  Sarcoidosis
  Histiocytosis
 Stalk section
 Vascular
 Actinic
Neurogenic
 Chest wall lesions
 Spinal cord lesions
Miscellaneous
 Primary hypothyroidism
 Adrenal insufficiency
 Uremia
 Cirrhosis
 Paraneoplastic
 Idiopathic
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Figure 7-4 Magnetic resonance imaging of lesions (1, coronal views; 2, sagittal views) associated with hyperprolactinemia: “empty sella” (A1, A2), 
intrasellar aneurysm (B1, B2), and meningioma (C1, C2).
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Figure 7-5 Magnetic resonance imaging of a 41-year-old woman with a nonfunctioning pituitary adenoma and serum prolactin level of 51 ng/
mL before (A1, coronal view; A2, sagittal view) and during the twelfth month of cabergoline “treatment” (B1, coronal view; B2, sagittal view). No 
tumor shrinkage was observed, despite serum prolactin decrease to 1.2 ng/mL. (From Bronstein MD: Problems in the differential diagnosis of the 
hyperprolactinemic patient. Clinical Endocrinology Update 2003, syllabus pp 241-247; with permission of the Endocrine Society.)
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hormone levels that stimulate PRL release and presum-
ably reduce prolactin metabolic clearance. Thyrotroph 
hyperplasia may occur, leading to pituitary enlargement 
mimicking a pituitary adenoma (see Fig. 7-3).35 Cushing’s 
disease and adrenal insufficiency can be associated with 
hyperprolactinemia, which also can be present in Nel-
son’s syndrome.49,50 Polycystic ovary syndrome also may 
be associated with hyperprolactinemia.51 Menstrual dis-
turbances are prevalent in patients with polycystic ovary 
syndrome and in patients with prolactinomas, and some-
times the distinction between the two conditions may be 
difficult. The presence of mild hyperprolactinemia, nega-
tive pituitary imaging, high luteinizing hormone/follicle-
stimulating hormone ratio, and clinical features suggestive 
of polycystic ovary syndrome can help in the differential 
diagnosis.

Uremia can be associated with hyperprolactinemia, 
mainly in patients with end-stage renal disease.52 The 
mechanism probably is related to reduced PRL clearance 
and to a presumably reduced dopaminergic tonus. Serum 
PRL elevation is mild but can be considerably increased 
in uremic patients taking drugs with a dopamine recep-
tor–blocking effect. Hyperprolactinemia is present in up 
to 20% of patients with liver cirrhosis, probably due to an 
unbalanced estrogen-to-androgen ratio and to an altered 
dopaminergic tonus.53 Nipple manipulation and chest-
wall lesions, such as herpes zoster and surgical scars, may 
increase serum PRL via stimulation of neuron pathways 
going through the spinal cord.54 In contrast to paraneo-
plastic adrenocorticotropic hormone (ACTH) secretion, 
ectopic production of PRL has rarely been described.55 
Finally, when all the above-mentioned causes are ruled 
out, hyperprolactinemia is considered idiopathic or 
functional.56

It is likely, however, that most patients with this con-
dition harbor small microprolactinomas that went unde-
tected with less-sensitive imaging tools used in the past, 
such as hypo-cycloidal polytomography and computed 
tomography (CT) and even with MRI. If there is no 
radiologic evidence of a prolactinoma at initial diagnosis 
of hyperprolactinemia, however, an identifiable adenoma 
is unlikely to develop in the long-term follow-up.57 Nev-
ertheless, a recent study by De Bellis and colleagues58 
points out the presence of anti-pituitary antibodies in 
25.7% of patients with idiopathic hyperprolactinemia 
versus 0% in those with microprolactinoma, suggesting 
an autoimmune etiology for a subset of cases of idio-
pathic hyperprolactinemia.

DIAGNOSIS OF PROLACTINOMAS

Clinical Features
Hyperprolactinemia and its impact on the gonadotropic 
axis is the hallmark of microprolactinomas and macro-
prolactinomas and their clinical manifestations. Mac-
roprolactinomas also may cause neurologic and visual 
disturbances and impairment of other pituitary functions 
owing to the tumor-mass effect (Table 7-2).59 Loss of 
visual fields and impairment of visual acuity are the main 
ophthalmologic manifestations. Headache is the most 
common neurologic presentation; it is attributed to dural 

stretch or cavernous sinus invasion and less frequently 
as part of the clinical symptoms of pituitary apoplexy.60 
There are a few reports of special types of headache, 
such as the SUNCT (short-lasting unilateral neuralgiform 
headache attacks with conjunctival injection and tear-
ing) syndrome secondary to prolactinomas, but the role 
of hyperprolactinemia as a causative agent is obscure.61 
Other rare presentations of invasive macroprolactinomas 
are hydrocephalus,62 neuropsychiatric manifestations, 
and otoneurologic manifestations.63,64

Women generally present with a correlation between 
the degree of serum PRL elevation and gonadal impair-
ment, ranging from a short luteal phase to amenorrhea 
(Fig. 7-6). Most PRL-secreting pituitary adenomas are 
associated with amenorrhea, because hyperprolactinemia 
due to prolactinomas usually shows serum PRL levels 
>100 ng/mL. Because hyperprolactinemia is present in 
about 20% of women with amenorrhea,65 most patients 
with such menstrual disturbance and high serum PRL lev-
els may harbor a prolactinoma. Because microprolacti-
nomas can be associated with serum PRL levels between 

TABLE 7-2 Clinical Manifestations of Prolactinomas

Related to Hyperprolactinemia

Gonadal impairment
 Menstrual disturbances
 Infertility
 Sexual dysfunction
 Osteoporosis
Galactorrhea

Related to Tumor Mass Effect

Visual disturbances
 Visual field defects
 Reduced visual acuity
 Disturbances of ocular motility
Headache
Rare manifestations
 Trigeminal neuralgia
 Hydrocephalus
 Otoneurologic
 Neuropsychiatric
Impairment of other pituitary functions

Short luteal
phase

Anovulatory
cycles

Oligomenorrhea

Amenorrhea

Serum
PRL

Figure 7-6 Serum prolactin (PRL) elevation and gonadal impairment.
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40 and 100 ng/mL, and because PRL biological activity 
does not always correspond to routine laboratory assay 
levels,66 some women with prolactinomas may exhibit 
milder forms of gonadotropic impairment such as anovu-
latory cycles and oligomenorrhea.67 In addition to men-
strual disturbances, hyperprolactinemic women complain 
of loss of libido, vaginal dryness, dyspareunia, and psy-
chological distress.68 Similar to other disorders associated 
with hypogonadism, osteoporosis is a frequent finding in 
women with hyperprolactinemia/prolactinomas, mainly 
in prolactinomas with long-standing hypogonadism. The 
relative risk for developing osteoporosis in premenopausal 
women with prolactinomas can be 4.5%.69 Although a 
direct effect of PRL on bone has been considered, there 
is evidence that hyperprolactinemia is not a risk factor in 
itself for the development of osteoporosis, with the asso-
ciated hypoestrogenism being the major determinant.70

Galactorrhea is a frequent finding in women with hyper-
prolactinemia, but it can be absent, mainly in patients 
with macroprolactinomas associated with severe hypogo-
nadism. Breast examination, if not adequate, also may 
fail to disclose mild galactorrhea. These facts may explain 
the discrepancy among series, which show a prevalence 
of galactorrhea ranging from 30% to 84%.65,71 Galactor-
rhea also may occur in normoprolactinemic women. A 
study including 235 patients with galactorrhea associated 
with diverse conditions showed that serum PRL was nor-
mal in 86% of women with idiopathic galactorrhea with-
out amenorrhea.72 The mechanism is unknown, being 
attributed to different causes such as mammary hypersen-
sitivity to PRL or “occult” transient hyperprolactinemia.

Hyperprolactinemia in men is predominantly associ-
ated with macroprolactinomas. The main clinical mani-
festations are hypogonadism, which is usually severe, 
along with loss of libido and reduced body hair growth, 
visual impairment, and headache.73 Only 22.5% of 80 
patients with macroprolactinomas in our series sought 
medical assistance due to sexual complaints, whereas 
most patients requested appointments because of visual 
or neurologic disturbances. During the interview, 85% of 
the patients admitted, however, that loss of libido was of 
utmost importance.74 In patients with microprolactino-
mas (n = 12), sexual dysfunction was the main complaint 
in 67% of the cases, but this number increased to 92% 
after the interview.74 Testosterone replacement without 
serum PRL normalization seldom restores libido, an 
observation that points to a direct effect of PRL on sexual 
behavior, as previously suggested by animal models.75 
Galactorrhea is far less frequent in men than in women 
with prolactinomas.76 It was disclosed in 15% and 25% 
of our patients with macroprolactinomas and micropro-
lactinomas.74 When present in men harboring pituitary 
tumors, however, it strongly suggests the presence of a 
prolactinoma (Fig. 7-7).76 Osteoporosis also is present in 
hyperprolactinemic men.77

Although the prevalence of prolactinomas in both 
genders is higher in the 20s and 30s, prolactinomas can 
occur in older adults and in younger individuals. Data 
on 44 young patients (12 males and 32 females, 16.3 ± 
1.9 years of age at diagnosis) with pituitary adenomas 
showed a predominance of macroadenomas (61%) over 

microadenomas (39%). Of those, prolactinomas were the 
most prevalent (68% of cases).78 Other series on prolac-
tinomas diagnosed in childhood or adolescence showed 
that the prevalence of macroadenomas was also higher 
(15 vs. 11 cases)79 or similar (24 vs. 23 cases) compared 
with microadenomas.80 The predominance of larger 
tumors in children and adolescents points to molecular 
mechanisms influencing proliferation rather than the time 
course of the disease influencing the progression of pro-
lactinoma size and invasiveness.

Laboratory Evaluation
Basal serum PRL evaluation usually confirms the clinical 
suspicion of a prolactinoma. Serum PRL usually ranges 
from 50 to 300 ng/mL in the presence of microprolacti-
nomas and from 200 to 5000 ng/mL in the presence of 
macroprolactinomas (normal values range from 2 to 15 
ng/mL). Values of 30 ng/mL have been associated with 
microprolactinomas, however, and values of 35,000 
ng/mL have been found in patients harboring large and 
invasive macroprolactinomas. Stimulation tests with thy-
rotropin-releasing hormone and metoclopramide or sup-
pression tests using levodopa, previously popular mainly 
for the differential diagnosis of microprolactinomas and 
so-called idiopathic hyperprolactinemia, give nonspecific 
results and have been largely abandoned.81

Hyperprolactinemia secondary to hypothalamus- 
pituitary disconnection rarely exceeds 150 ng/mL, and 
lesions that mimic macroprolactinomas, especially non-
functioning pituitary adenomas, generally exhibit serum 
PRL less than this value (pseudoprolactinomas).46 A 
laboratory artifact may lead to an erroneous differential 
diagnosis between macroprolactinomas and pseudopro-
lactinomas, however. When serum PRL is evaluated by 
two-site immunometric assays, large amounts of anti-
gen—PRL in this case—saturate capture and signal anti-
bodies, impairing their binding and causing serum PRL to 
be underestimated (the so-called high-dose hook effect). 
Patients bearing macroprolactinomas with extremely high 
serum PRL levels (generally >10,000 ng/mL, depending 
on the assay measuring range) may present with falsely 
lower levels, within the 30 to 150 ng/mL range, causing the 
patient to be misdiagnosed as harboring a nonfunctioning 

Figure 7-7 Galactorrhea in a man harboring a macroprolactinoma.
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pituitary adenoma. To avoid unnecessary surgeries (treat-
ment of choice for nonfunctioning tumors), PRL assays 
with serum dilution or using two-step incubation are rec-
ommended in patients with macroadenomas who may 
harbor a prolactinoma.82

If such assays are not readily available, clinical clues 
pointing to prolactinomas are patient age younger than 
50 years, presence of galactorrhea in male patients, and 
tumor shrinkage under dopamine agonist drugs, as shown 
by fast visual improvement in cases with chiasmal com-
pression or rapid tumor reduction evidenced by MRI.76

Another laboratory pitfall concerns the presence of 
high serum PRL levels in subjects with few or no symp-
toms related to PRL excess. Human PRL in circulation 
manifests as marked size heterogeneity, with three forms 
(23-kD, 50-kD, and 150- to 170-kD) that are indistin-
guishable by routine assays.83 The 23-kD form (little 
PRL) is the most common form, but serum PRL can be 
elevated secondary to the presence of 150- to 170-kD 
aggregates with low biological activity (big-big PRL), 
leading to macroprolactinemia, a term coined by Jackson 
and colleagues84 in the 1980s. Less frequently, the 50-kD 
form (big PRL) can be the prevalent circulating form.85,86 
The presence of molecular aggregates with low biological 
activity, such as big-big PRL, should be suspected when 
high serum PRL levels are detected in patients without or 
with scarce signs and symptoms related to hyperprolac-
tinemia.4,87 Precipitation with polyethylene glycol is an 
excellent screening method.88 The predominant molecu-
lar form recovered (i.e., assayed after the precipitation) is 
the highly biologically active little PRL. The gel filtration 
chromatography confirms the presence of big-big PRL 
(Fig. 7-8), but being a costly and time-consuming method, 
it is performed for practical clinical purposes only when 
polyethylene glycol precipitation results are inconclu-
sive. Macroprolactinemia is a common finding, occurring 
in 8% to 42% of all cases of hyperprolactinemia.4 The 
pathogenesis of macroprolactinemia is still unknown. 
It could be in part a complex of monomeric PRL with 
immunoglobulin G90; anti-PRL autoantibodies were iden-
tified in patients with idiopathic hyperprolactinemia.89,90

Big-big PRL biological activity is still controversial in 
the literature. Studies in vitro with rat Nb2 cell bioas-
says show either the presence or the absence of biological 
activity.4 To explain the dissociation of presence of activ-
ity in vitro but not in vivo, we can speculate that because 
of its large molecular weight, macroprolactin does not 
cross the capillary barrier, and it is unable to reach tar-
get cells. Additionally, the PRL receptor forms of rat cells 
are different from those of humans, so a bioassay using 
cells harboring human PRL receptors, which addresses 
the biological activity of macroprolactin, should be 
of interest. As a matter of fact, a study by Glezer and 
coworkers91 showed that sera of individuals with macro-
prolactinemia presented lower biological activity in a bio-
assay using a mouse cell transfected with the long form 
of human PRL receptor as compared to the rat Nb2 bio-
assay (Fig. 7-9). Moreover, in a recent publication, Hat-
tori and associates90 claim that the level of bioactivity of 
macroprolactin in the Nb2 bioassay is present due to the 
dissociation of monomeric PRL from the autoantibodies, 
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as a result of the longer incubation and more dilute assay 
conditions. Despite these controversies in the literature 
concerning the biological activity of PRL aggregates, 
most patients with macroprolactinemia do not manifest 
clinical features related to hyperprolactinemia and do not 
need any treatment. To avoid unnecessary medical or sur-
gical procedures, macroprolactin screening is mandatory 
when clinical features and serum PRL assay results are 
conflicting.

Assessment of other pituitary functions is mandatory, 
mainly in the presence of macroprolactinomas. Insulin-
like growth factor 1 must be followed either to verify GH 
deficiency or to disclose the rare cases of prolactinomas 
that progress with PRL/GH cosecretion.92 Gonadotropin 
assessment may explain cases with persistent amenor-
rhea or sexual impairment despite PRL normalization. 
Although less frequently affected, thyrotropic and adre-
nocorticotropic axes also must be evaluated. Thyrotropin 
assessment also may disclose primary hypothyroidism as 
the cause of hyperprolactinemia.35 Because restoration 
of pituitary function may occur after adenoma removal 
by surgery or tumor shrinkage attained by medical ther-
apy,93,94 these assessments have to be repeated after such 
procedures to avoid unnecessary hormone replacement.

Imaging
MRI is currently the gold-standard imaging method for 
diagnosis and treatment follow-up of microprolactino-
mas and macroprolactinomas, although CT scan still 
has a place for sellar region assessment. MRI is supe-
rior to CT for tumor boundary delineation, especially 
regarding its associations with the optic chiasm and 
cavernous sinus (Fig. 7-10). Additionally, tumor consis-
tency, presence of hemorrhage, and presence of cystic 
lesions are better shown by MRI, especially compar-
ing T1-weighted and T2-weighted images. CT has the 
advantage of showing bone erosion and calcifications 
and may help surgical planning.95 Although MRI is cur-
rently the most sensitive imaging method for microp-
rolactinomas, tumors measuring less than 2 mm may 

remain undetected by this technique. This fact is well 
known for the usually tiny ACTH-secreting adenomas 
leading to Cushing’s disease, with about 50% of them 
not identified by MRI.96 It is probable that many of the 
so-called idiopathic hyperprolactinemic patients harbor 
a small microprolactinoma. Procedures such as dynamic 
imaging with gadolinium enhancement (Fig. 7-11) and 
spoiled gradient recalled acquisition technique (SPGR)97 
may contribute to improve MRI sensitivity for such tiny 
adenomas.

MRI can disclose the so-called pituitary inciden-
taloma, a term coined by Reincke in 1990 to describe 
incidentally discovered pituitary masses by imaging per-
formed to evaluate conditions not linked to pituitary dis-
ease, including head trauma and sinusitis. Controversies 
exist in the literature concerning the definition of pitu-
itary incidentalomas.98 Molitch99 included patients who 
presented with symptomatic pituitary disease and who 
were diagnosed only when a sellar mass was incidentally 

A B C

Figure 7-10 Magnetic resonance imaging (coronal views) of a microprolactinoma disclosed only during dynamic gadolinium-enhanced sequence. 
A, Before contrast injection. B, Lack of contrast enhancement on the left side of the pituitary gland suggestive of microadenoma. C, Whole gland 
contrasted.

Figure 7-11 Magnetic resonance imaging (gadolinium-enhanced coro-
nal view) showing optic chiasm compression and left cavernous sinus 
invasion by a macroadenoma.
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disclosed. In our opinion, the term incidentaloma should 
be reserved for cases with no endocrine or mass effects 
of a pituitary adenoma.4 Incidental imaging findings of 
pituitary adenomas, mainly microadenomas, are present 
in up to 27% of autopsy findings in the general popula-
tion.11 Other imaging pitfalls include normal anatomic 
variations such as asymmetric sphenoid septum with 
bulging of the sellar floor or displacement of the pitu-
itary stalk,100 artifacts such as clips and prostheses, and 
global pituitary enlargement—either physiologic, as seen 
in puberty or even in young adults101 and pregnancy,102 
or pathologic, as seen in primary hypothyroidism35 and 
mental depression.103

Regarding the functional evaluation of prolactinomas 
by imaging, in-vivo imaging by single-photon emission 
computed tomography using radiolabeled high-affinity 
benzamine derivatives to D2 receptors, such as iodine 
123-methoxybenzamide or iodine 123-epidepride, 
could serve as a response predictor to dopamine agonist 
treatment.104,105 Positron emission tomography using 
18- fluorodeoxyglucose, carbon 11-methionine, or dopa-
mine D2 receptor ligands also has been used for in-vivo 
assessment of the metabolic rate and D2 receptor density 
of macroprolactinomas and other pituitary tumors.106 
These methods are expensive and time-consuming, how-
ever, and are better reserved for the study of tumors 
without a hormone marker, such as clinically nonfunc-
tioning pituitary adenomas. Regarding prolactinomas, 
such techniques currently should be reserved for investi-
gational purposes or for special cases, such as searching 

for metastases in rare malignant prolactinomas.107 Figure 
7-12 is a flow diagram for the diagnostic evaluation of 
hyperprolactinemia.

TREATMENT
The therapy of hyperprolactinemia/prolactinomas aims 
at reverting the symptoms dependent on hormone hyper-
secretion and the neurologic and visual manifestations 
due to tumor-mass effect. The ideal treatment must spare 
or even improve other pituitary dysfunctions, if present. 
Patient tolerance and low recurrence rates also are thera-
peutic goals.

Treatment of secondary hyperprolactinemia is intended 
to treat or remove the cause of the disorder. Levothyrox-
ine usually corrects hyperprolactinemia associated with 
primary hypothyroidism. The surgical removal of a non-
functioning pituitary adenoma with mass effect and with-
drawal of drugs such as sulpiride and haloperidol, when 
possible, bring serum PRL down to normal levels.

As far as prolactinoma treatment is concerned, the 
1970s brought almost concomitantly two powerful ther-
apeutic advances: the improvement of pituitary micro-
surgery2 and the development of ergot derivatives with 
potent dopaminergic agonistic activity.108 Additionally, 
radiation therapy, including more recent stereotactic 
techniques, has a place, albeit restricted, in prolactinoma 
treatment (Table 7-3). Therapeutic strategy must con-
sider several aspects, such as the patient’s clinical pre-
sentation, the differences between microadenomas and 

Clinical features suggesting
hyperprolactinemia

Serum PRL assay

Elevated serum PRL Normal serum PRL

High serum PRL Normal serum PRL

Exclude physiologic, pharmacologic and other
pathologic causes of hyperprolactinemia

Hyperprolactinemia confirmed

Imaging (MRI)

Look for “hook effect”

Look for “hook effect”

MIC MAC

Treatment PRL>150 ng/mL

PRL<150 ng/mL

PRL<150 ng/mL

Consider other causes for
the clinical features

Pseudoprolactinoma

Figure 7-12 Flow diagram for the diagnostic evaluation of hyperprolactinemia. MAC, Macroadenoma; MIC, microadenoma; PRL, prolactin.
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macroadenomas concerning their natural history, the 
desire for pregnancy, and the patient’s treatment prefer-
ence, if applicable.

Surgical Therapy
Pituitary surgery by the transsphenoidal approach was 
used at the beginning of the 20th century and was reintro-
duced in the early 1960s and greatly improved when the 
surgical microscope was introduced.2,109 More recently, 
endonasal endoscopic surgery has become available. 
Compared to the classic transsphenoidal approach, endo-
scopic pituitary surgery seems to reduce the time of hos-
pitalization, but improvement of surgical results remains 
to be demonstrated.110,111 These developments made the 
selective removal of the pituitary adenoma possible, spar-
ing the normal gland, along with low complication and 
mortality rates, mainly for surgeons with more than 500 
operations.112 Besides serum PRL normalization, this sur-
gical modality aims at reducing or eliminating the mass 
effect of expanding macroadenomas, often leading to 
the resolution of neurologic and visual manifestations. 
The transcranial surgical approach is reserved solely 
for tumors with a predominance of extrasellar location 
expanding out of the midline.113

The surgical success in normalizing serum PRL levels 
depends on the experience and ability of the surgeon and 
on tumor size and invasiveness. Preoperative serum PRL 
levels, usually associated with tumor dimension and loca-
tion, were found to be paramount in predicting surgical 
remission, being the only predictive factor in multivari-
ate analysis in some reports.114,115 Consequently, the best 
results were achieved in microprolactinomas with a pre-
operative serum PRL ≤100 ng/mL. A study on the initial 
outcome of 219 women with prolactinomas operated on 
by transsphenoidal microsurgery showed a remission rate 
of 92% of cases with preoperative PRL ≤100 ng/mL and 
91% with intrasellar microadenomas, but only 59% in 
women with microadenomas with cavernous sinus exten-
sion, leading to an overall remission rate of 82% for 
microadenomas. Of the women with macroprolactino-
mas, 88% with intrasellar adenomas, 86% with moder-
ate suprasellar extension, and 80% with focal sphenoid 
sinus invasion achieved remission. Surgical remission in 

patients with diffuse sphenoid sinus invasion, cavernous 
sinus invasion, and major suprasellar extension was poor, 
however, ranging from 0% to 44%.114 In another large 
series of 120 patients with prolactinomas (93 women and 
27 men) who underwent pituitary surgery by the trans-
sphenoidal route, PRL normalization occurred in 78% 
of patients with microadenomas, 87.5% of patients with 
intrasellar macroadenomas, and 27% of patients with 
extrasellar macroadenomas.115

A compilation of 50 published series showed that 
postsurgical serum PRL normalization was achieved in 
73.7% of 2137 microprolactinomas and 33.9% of 2226 
macroprolactinomas.116 Comparison among the series is 
difficult, however, because many authors do not mention 
preoperative serum PRL levels, tumor size, and degree of 
invasiveness. The grade of clinical improvement in cured 
patients is high, mainly in smaller tumors. Menses and 
fertility restoration is high, and pregnancy rates ranged 
from 75% to 90% in different series. Some patients can 
achieve menstrual regulation and even become pregnant 
without full PRL normalization.115,117 Sexual improve-
ment in men is less likely to occur, probably owing to 
irreversible gonadotropic damage caused by the higher 
frequency of extrasellar and invasive prolactinomas 
compared with women. Nonetheless, pituitary function 
generally is preserved in intrasellar adenomas and is 
restored by the removal of suprasellar adenomas caus-
ing hypothalamus-pituitary disconnection.115 In addition, 
neurologic and visual amelioration often is achieved after 
pituitary surgery.

Many patients harboring prolactinomas have under-
gone treatment with dopamine agonist drugs before sur-
gery. The effect of previous medical therapy on surgical 
outcome is still a matter of debate. Some reports point to 
poorer results compared with nontreated patients;118,119 
others do not show significant differences.114,115 There 
is also evidence, however, of improvement of surgical 
results in the medically pretreated group.120,121 Because 
the issue of dopamine agonist–induced fibrosis remains 
unresolved, it is not clear whether the negative out-
come was caused directly by the drug or whether it was 
biased by a tendency to treat medically large and invasive 
tumors, which present with the poorest surgical results.

On the other hand, surgical debulking has been shown 
to improve further medical therapy in patients with 
prolactinomas partially resistant to DA. In one retro-
spective study including 15 patients with DA-resistant 
prolactinomas submitted to noncurative surgery, seven 
(47%) presented with normal PRL levels after cabergo-
line reintroduction, in lower doses compared to primary 
treatment.122 In another multicenter retrospective study 
evaluating 14 patients who received cabergoline before 
and after noncurative surgery, serum PRL levels were 
normal in three (21%) and median values were lower in 
the remaining, on a lower dose of CAB.123

An important caveat of surgical treatment is pro-
lactinoma recurrence. This issue was raised in the 
early 1980s when an article from the Montreal group 
reported recurrence rates in surgically “cured” patients 
to be 50% for microprolactinomas and 80% for macro-
prolactinomas.124 Subsequently, several reports on this 

TABLE 7-3 Treatment of Prolactinomas

Medical

Dopamine agonist drugs
Sexual steroid replacement (for selective microprolactinomas)

Surgical

Transsphenoidal approach
 Sublabial
 Endonasal (with or without endoscope)

Radiotherapy

Conventional
Stereotactic
 Cobalt-60 or linear acceleration (LINAC)
 Single shot (“radiosurgery”) or multiple shots
Proton beam
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issue were published but with less impressive figures. 
A literature compilation reported recurrence rates of 
18.2% of 809 microprolactinomas and 22.8% of 465 
macroprolactinomas.116 In our series, the recurrence 
of hyperprolactinemia in surgically cured patients was 
27% for microprolactinomas and 17% for macroprolac-
tinomas.117 Median time to recurrence varied among the 
different surgical series, from 1 to 7 years. Concerning 
recurrence predictors, many studies pointed to higher 
postoperative serum PRL levels in patients who recurred 
compared with patients without recurrence,114,124,125 
whereas others did not find serum PRL levels to be a pre-
dictor of late outcome.126 Another marker of recurrence 
is the absence of PRL response to dynamic tests, espe-
cially to thyrotropin-releasing hormone.115,126 These 
findings raise the question whether, in prolactinomas, 
serum PRL increase after surgical normalization repre-
sents true recurrence or important but incomplete tumor 
removal.

Although the occurrence of relapses contributes to 
the decrease of long-term surgical cure rate of prolacti-
nomas, many patients with recurrent hyperprolactinemia 
remain asymptomatic and have no evidence of tumor 
regrowth.114,127 Relapse can be transient. From a cohort 
of 44 patients with surgically cured microprolactinomas, 
eight (18.2%) experienced recurrence and were followed 
up. Only two of the eight patients experienced perma-
nent relapse.128 Additional therapy is reserved only for 
patients with symptomatic recurrence.

Surgical treatment for prolactinomas is indicated for 
cases with persistent intolerance or hormonal or tumor 
resistance to dopamine agonists (see later); pituitary 
apoplexy;129 tumor growth during medical therapy;130 
cerebrospinal fluid (CSF) leakage due to dopamine ago-
nist-induced tumor shrinkage of invasive macroprolacti-
nomas;131,132 and (rarely) visual loss on medical therapy, 
secondary to optic chiasm herniation resulting from 
tumor retraction.133 Additionally, surgery is an excellent 
alternative for patients harboring microprolactinomas, 
especially patients with serum PRL ≤100 ng/mL, with 
poor compliance to medical therapy.114,134

Medical Therapy
The knowledge that dopamine is a powerful inhibitor of 
PRL secretion has yielded insights regarding the use of 
dopamine agonists in hyperprolactinemia treatment.

Bromocriptine
At the end of the 1960s, an ergot derivative, 2-bromo-a-
ergocryptine (bromocriptine) was developed, and shortly 
thereafter its use in clinical trials was initiated.108,135 
Bromocriptine binds and stimulates the seven-mem-
brane–spanning dopamine D2 receptors in normal and in 
adenomatous lactotrope cells, inducing activation of the 
Gi receptor (negatively coupled to adenylate cyclase) and, 
consequently, leading to postreceptor events that ulti-
mately cause the inhibition of PRL synthesis and secre-
tion.136 Although many other dopamine agonist drugs 
were developed thereafter, bromocriptine is still the one 
that presents the largest and longest worldwide experi-
ence (Table 7-4).

Pharmacokinetic studies with bromocriptine show 
that after a single oral dose of 2.5 mg, serum levels peak, 
and maximal suppressive action occurs between 1 and 3 
hours. The drug has a relatively short mean elimination 
half-life (about 6.2 hours) and generally is administered 
twice a day.137 Owing to a considerable interindividual 
variability in the PRL-lowering effects of a given dose of 
bromocriptine, however, some patients need to take the 
drug three times a day and others just once a day, mainly 
when higher doses are required or normoprolactinemia 
already has been achieved.138

Bromocriptine treatment results in serum PRL normal-
ization and clinical improvement in most patients with 
hyperprolactinemia/prolactinomas. A compilation of 
13 series from the literature, encompassing 286 women 
treated with bromocriptine, showed PRL normalization 
and return of menses from 64% to 100% and 57% to 
100% of cases.137 Our data showed evidence of normop-
rolactinemia in 55% of patients with microprolactinoma 
treated primarily or postsurgically with bromocriptine 
(mean dose 3.8 mg/day), with menses return in 98% of 
the patients. Of women without PRL normalization, 81% 
also recovered menses, making unnecessary the increase 
of bromocriptine dose, optimizing drug tolerance and 
reducing costs.117 Although less frequent, microprolacti-
noma in men also can be treated successfully with dopa-
mine agonists. Of 12 patients predominantly treated with 
bromocriptine, 83% achieved normal PRL level and clini-
cal improvement.138 Eleven men with microprolactinoma 
have been treated by us, with serum PRL and serum tes-
tosterone normalization in 73% and 86% of them.74

Because macroprolactinomas often present with mass 
effect, they were first surgically treated and, if not cured, 
then treated with bromocriptine. The observation by 
Corenblum and colleagues139 in the mid-1970s that bro-
mocriptine use reduces tumor size in addition to its PRL-
lowering effect, consequently relieving neurologic and 
visual complaints, also allowed primary treatment for 
macroprolactinomas. In a prospective multicenter trial, 
normal PRL levels were achieved in 18 of 27 patients 
(67%) followed up for at least 12 months while receiv-
ing variable doses of bromocriptine.140 All patients exhib-
ited some degree of tumor shrinkage: 9, less than 25%; 
5, between 25% and 50%; and 13, greater than 50% 
tumor size reduction. Another study with macroprolac-
tinomas with extrasellar extension showed serum PRL 
normalization in all of the 10 men and 17 of 19 women, 
with mean bromocriptine doses of 13 mg/day and 8 mg/
day. Tumor size was reduced by more than 50% in 18 
of 29 patients (62%), with a secondary empty sella in 5 
cases, and by less than 50% in 11 patients. Visual field 
improved in most patients who initially presented with 

TABLE 7-4 Dopamine Agonist Drugs

Drug Usual Dose

Bromocriptine 2.5-10 mg/day
Quinagolide* 0.075-0.6 mg/day
Cabergoline 0.5-2 mg/week

*Not approved in the United States.
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such abnormalities.141 Patients with giant prolactinomas 
(diameter >4 cm) also achieved disease control with pri-
mary bromocriptine therapy.142 In our series, serum PRL 
was normalized in 60% of women with macroprolactino-
mas (mean bromocriptine dose 7 mg/day); 72% of these 
women had menses recovery. Menses also were restored 
in 44% of patients who remained hyperprolactinemic.117 
The lower rate of menses normalization compared with 
women harboring microprolactinomas is probably due 
to the higher prevalence of gonadotropic impairment 
in the macroprolactinoma group. Regarding macrop-
rolactinoma in men, serum PRL and testosterone levels 
normalized in 67% and 85% of 66 patients bearing mac-
roprolactinomas, showing that in men the gonadotropic 
axis may also normalize even when PRL is not fully nor-
malized.74 Other series show different figures, with PRL 
returning to normal levels in 83% of patients but with 
testosterone normalization in only 62% of them, prob-
ably reflecting different degrees of gonadotropic impair-
ment. We obtained 80% of tumor reduction in primarily 
treated macroprolactinoma patients.

The mechanism of prolactinoma shrinkage by dopa-
mine agonists is not yet fully understood. Some reports 
in the early 1980s suggested that tumor reduction was 
due to lactotrope cell size reduction.143 Bromocriptine 
decreases mRNA and PRL synthesis within days and 
cell multiplication (antiproliferative and proapoptotic 
mechanisms have been suggested) and tumor growth.144 
These events are evidenced quickly microscopically by a 
decrease in the number of PRL secretory granules, involu-
tion of the rough endoplasmic reticulum and Golgi appa-
ratus, and decrease of cytoplasmic volume. With longer 
periods of treatment (e.g., 6 months), there is evidence of 
cell vacuolization and fragmentation with collagen depo-
sition.145 These early and late morphologic changes of 
the tumor lactotropes may explain the rapid regrowth of 
macroprolactinomas when bromocriptine is discontinued 
after a short period of therapy,146 whereas often no tumor 
expansion is observed when the drug is withdrawn after 
being used for a longer period.147 Serum PRL levels may 
be suppressed in some patients without tumor shrinkage, 
although the converse does not occur.

The degree of macroprolactinoma reduction by bro-
mocriptine and its time course have been carefully ana-
lyzed.148 Data on 271 patients included from prospective 
series on primary therapy of true macroprolactinomas 
showed that 79% of patients presented with more than 
25% shrinkage and that 89% of them had shrunk to 
some degree. Pretreatment serum PRL concentration and 
gender difference did not predict the degree of tumor 
reduction. Of 102 prolactinomas large enough to pro-
duce chiasmal compression, 85% showed tumor shrink-
age of more than 25%. Another compilation, including 
eight series from the literature totaling 112 patients 
with macroprolactinomas,149 showed that 40.2% had a 
greater than 50% reduction in tumor size; in 28.6%, the 
reduction was 25% to 50%; in 12.5%, the reduction was 
less than 25%; and 18.7% had no evidence of tumor size 
reduction (Table 7-5). The time course of macroprolacti-
noma shrinkage is highly variable. Some patients experi-
ence a dramatic improvement of visual acuity 12 hours 

after bromocriptine has been introduced, with tumor 
shrinkage being documented within 1 week. In others, 
significant tumor reduction is observed only 1 year after 
medical therapy has been started. In the U.S. multicenter 
study cited previously,140 19 patients had tumor shrink-
age in 6 weeks, but in 8 others, the reduction was not 
observed until the 6-month imaging reassessment was 
performed. General data from most series show that rapid 
shrinkage occurs during the first 6 months in most cases, 
with slower reduction thereafter, and additional decreases 
in tumor size observed after 1 year for several years in 
some cases. Visual improvement generally parallels and 
often precedes tumor shrinkage unless the optic tract has 
been chronically and severely damaged. Figure 7-13 illus-
trates an unusual case of long-term macroprolactinoma 

TABLE 7-5 Comparison of Efficacy of Dopamine 
Agonists in Effecting Tumor Size Reduction

Tumor Size Reduction (%)

Dopamine Agonist No. Cases >50 25-50 No Change

Bromocriptine 112 40.2 28.6 12.5 18.7
Quinagolide* 105 48.1 20.2 17.3 14.4*
Cabergoline 320 28.4 28.4 14.8 28.4

*Not approved in the United States.
Data from Molitch ME: Medical management of prolactin-secreting 

pituitary adenomas. Pituitary 5:55-65, 2002.

A

B

C

Male, 30 y

Figure 7-13 Visual fields (Goldman perimetry) of a 30-year-old man 
harboring a macroprolactinoma. Impaired visual fields before treatment 
(A) showed amelioration 3 days after the beginning of bromocriptine 
treatment (B) and were almost normalized after 28 days (C) of drug 
therapy.
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shrinkage, showing that minor tumor reduction, even 
when not depicted by imaging, is sufficient for visual field 
improvement. In such situations, the clinical amelioration 
signified that the primary medical therapy was effective 
even without clear tumor shrinkage, and pituitary surgery 
could be postponed or, as it was in this case, needless.

Macroprolactinoma reexpansion during successful 
medical therapy, albeit uncommon, may occur and can 
lead to visual impairment or headache recurrence.130 
Another rare situation is visual deterioration despite ini-
tial improvement, in parallel with tumor shrinkage dur-
ing medical treatment, provoked by chiasm herniation, 
which may result from traction on the optic chiasm that 
is pulled down into the now partially empty sella. The 
two above-mentioned situations generally require surgi-
cal intervention, although drug reduction or discontinu-
ation may repair the chiasm herniation.133 In addition, 
pituitary surgery often is needed for a third rare situation, 
CSF leakage, occurring in macroprolactinomas invad-
ing the sphenoid sinus in cases treated with dopamine 
agonists (Fig. 7-14). In such cases, the tumor shrinkage 
behaves as the cork removed from a wine bottle, opening 
a pathway for CSF flow. CSF leakage, which brings a risk 
for meningitis, often occurs shortly after the beginning 
of medical therapy132 but may manifest several months 
later.131

Besides its effect on visual and neurologic symptoms, 
bromocriptine-induced shrinkage of macroprolactinomas 
can recover other impaired anterior pituitary functions as 
a result of the restoration of hypothalamus-pituitary con-
nection, which has been compromised by the tumor-mass 
effect.93,94 To avoid the maintenance of unnecessary hor-
monal replacement, pituitary function must be reassessed 
in patients with macroprolactinoma and previous hypo-
pituitarism successfully treated by dopamine agonists.

Despite the effectiveness of medical therapy for pro-
lactinomas, one of the drawbacks is the need for long-
term therapy. Treatment with bromocriptine and other 
dopamine agonists generally is considered as “symptom-
atic” because bromocriptine discontinuation leads to 
recurrence of hyperprolactinemia in most patients and, as 

previously mentioned, to tumor regrowth, at least after 
short-term use. Concerning long-term therapy with bro-
mocriptine, a retrospective study from our group showed 
that 25.8% of 62 patients with microprolactinomas and 
15.9% of 69 patients with macroprolactinomas treated 
with bromocriptine for a median time of 47 months con-
tinued to be normoprolactinemic after a median time 
of 44 months of drug withdrawal.150 There were no 
statistically significant differences regarding age, gen-
der, bromocriptine initial dose and length of use, tumor 
size, pregnancy during treatment, and previous pituitary 
surgery or radiotherapy among patients who continued 
to be normoprolactinemic and patients who did not. 
Other reports from the literature point to a percentage 
of patients who remained normoprolactinemic after bro-
mocriptine interruption ranging from 6.6% to 44%.150 
Biswas and colleagues151 recently reported that 50% of 
22 patients with microprolactinomas on bromocriptine 
therapy for a mean period of 3.1 years persisted normop-
rolactinemic for more than 1 year after drug withdrawal 
(Table 7-6). The question regarding why long-term find-
ings differ from short-term findings may be answered 
by the formerly described microscopic alterations of the 
lactotrope during bromocriptine administration, suggest-
ing a cytostatic effect related to short-term therapy and 
a cytocidal effect related to long-term treatment, which 
could explain the maintenance of normoprolactinemia 
after drug withdrawal.152

Another factor that may influence remission of pro-
lactinomas is their natural history. A study including 25 
women with untreated hyperprolactinemia (18 microad-
enomas, 7 macroadenomas) for a mean period of 11.3 
years (mean initial PRL levels 225 ng/mL) showed that 
7 of 22 patients with amenorrhea resumed menses spon-
taneously. Galactorrhea resolved completely in 8 of 19 
patients. Only one patient had a slight progression of 
sellar abnormality. At the reevaluation, mean PRL lev-
els had decreased to 155 ng/mL.153 Another report was 
concerned with 30 women with hyperprolactinemia (18 
with normal pituitary imaging or empty sella) without 
treatment, followed for an average time of 5.2 years. Of 

A B C

Figure 7-14 Computed tomography (coronal views) of a man harboring a macroprolactinoma invading the sphenoid sinus before (A) and 6 days 
after bromocriptine treatment, showing shrinkage mainly of the sphenoid sinus mass (B), with cerebrospinal fluid leakage confirmed by metrizamide 
injection (C).
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the women, 35% showed improvement in clinical symp-
toms. Six of 30 women had increased PRL levels, 14 
showed no changes, and 10 had a decrease with PRL nor-
malization.154 A study of 41 patients with “idiopathic” 
hyperprolactinemia followed for 1 year found that 83% 
of patients had unchanged PRL levels or even showed a 
decrease, and 34% showed normalization of PRL levels.57

During a mean period of 31 months, 38 patients with 
microprolactinomas were followed without treatment. 
Nearly 55% of patients had normalization of PRL levels, 
and there was no evidence of tumor growth.155 Finally, 
there is evidence that women with hyperprolactinemia 
who experience menopause have a significant chance of 
normalizing their PRL levels, pointing to estrogen influ-
ence.156 These data on untreated patients indicate that 
natural history has an important role in the outcome of 
prolactinomas and PRL normalization. The mechanisms 
involved are yet to be clarified, however. Although bro-
mocriptine use has been associated with pituitary apo-
plexy,157 the evolution of one of our patients who became 
normoprolactinemic, shown in Figure 7-15, which shows 
a bright T1-weighted image without contrast on MRI 
highly indicative of hemorrhage before medical treat-
ment, suggested that subclinical pituitary apoplexy may 

play a role in the natural history of prolactinomas and 
PRL normalization.

Whatever the mechanisms involved, there is a subset 
of patients with prolactinomas treated with bromocrip-
tine who maintain normoprolactinemia after drug with-
drawal without any predictive factor. We suggest that a 
gradual drug-dose reduction should be attempted, along 
with PRL level monitoring in patients under dopamine-
agonist use who show normalization of PRL levels. 
To avoid unnecessary treatment, drug withdrawal can 
be attempted in this group of patients, with periodic 
reassessments.

Among the problems associated with medical treat-
ment of prolactinomas, drug side effects are the most 
prevalent. Bromocriptine is generally well tolerated with 
doses between 2.5 and 20 mg/day. The most frequent side 
effects are nausea, vomiting, and orthostatic hypotension 
and, to a lesser extent, nasal congestion, headache, con-
stipation, and psychotic events, such as auditory halluci-
nations, delusional ideas, and mood changes. The drug 
should be given carefully to psychiatric patients.158 There 
are isolated reports of leukopenia, hepatitis, headaches, 
and cardiac arrhythmias. Higher doses (20 to 140 mg 
daily), used for patients with Parkinson’s disease, may 

TABLE 7-6 Studies on Normoprolactinemia After Dopamine Agonist Withdrawal

First Author, Year  
of Publication

Cause of  
Hyperprolactinemia Drug No. of Patients

Mean Treatment  
Duration (months)

Persisting
Normoprolactinemia, 
n (%)

Mean Follow-Up
in Persisting
Normoprolactinemia
(months)

Colao, 2007251 Idiopathic CAB 27 39 74.1% 57
Micro CAB 115 43 66.1% 47
Macro CAB 79 42 46.8% 44

Biswas, 2005252 Micro BRC; CAB 89 37.2 26% 43.2
Passos, 2002253 Total (n = 131)

micro (n = 62)
macro (n = 69)

BRC 131 60 20.6% 37

Di Sarno, 2000 254 Micro QUI 23 12 0
Macro QUI 14 12 0

Cannavo, 1999255 Micro CAB 18 24 22.2% 12
Macro CAB 9 24 11.1% 12

Muratori, 1997256 Micro CAB 25 12 8% 49
Giusti, 1994257 Idiopathic 6

micro 5
empty sella 1

CAB 11 3 0 NA

van’ t Verlaat, 1991258 Macro BRC 12 58.6 8.3% 12
Faglia, 1987259 Micro DHEC 17 12 0 NA
Liuzzi, 1985260 Macro BRC; LIS 30 58.4 3.3% 21
Ho, 1985261 Micro BRC 7 63 57.1% 28.8
Winkelmann, 1985262 Micro 5

Macro 35
BRC 40 62.4 17.5% 21.5

Moriondo, 1985263 Micro BRC 32 12 12.5% 24.8
Mattei, 1984264 Idiopathic BRC 14 10.6 21.4% 7.0

Idiopathic MET 8 12.9 0
Micro MET 10 11.5 20% 8.0
Macro BRC 3 18.0

Maxson, 1984265 Micro BRC 5 11.0 0 NA
Zarate, 1983266 Micro BRC 4 24 50% 24

Macro BRC 10 24 40% 18.8
Coculescu, 1983267 Micro BRC 2 8.0 0 NA
Sobrinho, 1981268 Macro14 BRC 2 6 0 NA
Eversmann, 1979269 Micro BRC 6 7.1 0 NA

DHET, dihidroergocriptine; MET, metergoline; BRC, bromocriptine; CAB, cabergoline; LIS, lisuride; QUI, quinagolide; NA, not available.
Modified from Dekkers OM, Lagro J, Burman P, et al: Recurrence of hyperprolactinemia after withdrawal of dopamine agonists: systematic review 

and meta-analysis. J Clin Endocrinol Metab 95(1):43-51, 2010.
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lead to pleural effusions, thickening and parenchymal 
lung changes, and retroperitoneal fibrosis.159

Bromocriptine side effects can be minimized by start-
ing therapy at 1.25 mg at bedtime after food intake and 
progressively increasing it to include 1.25 mg/day after 
breakfast and at bedtime, according to individual toler-
ance, until the therapeutic dose is achieved. When nor-
moprolactinemia is obtained, the dose can be reduced 
in many cases.160 A subset of patients remain intoler-
ant, however, even when all such recommendations 
are followed. Our data show persistent intolerance to 
bromocriptine in 24% and 12% of women harboring 
microprolactinomas and macroprolactinomas and in 
5% of men with macroprolactinomas. Intolerance to 
bromocriptine may be overcome in some cases with a 
slow-releasing oral formulation (bromocriptine SRO), 
which also can be used as a once-a-day formulation.161 
We did not find better tolerance of this extended oral 
form, however, compared with the regular formulation. 
A single long-lasting injectable form (bromocriptine LA), 
with 50 mg of the drug, peaking after 2 hours and lasting 
for 28 days, which was developed for lactation inhibi-
tion, was efficacious for prolactinoma treatment, mainly 
in patients with intracranial hypertension and vomit-
ing.162 Thereafter, an injectable repeatable form was 
developed (bromocriptine-LAR), with good local and 
systemic tolerance even in patients who were previously 
intolerant to the oral formulation.64,163 The injectable 
forms of bromocriptine are not commercially available, 
however. Additionally, the use of bromocriptine by the 

intravaginal route offered better tolerance for some 
patients, probably as a result of a slower drug absorp-
tion, but the absence of a local upper gastrointestinal 
effect of oral bromocriptine cannot be excluded.164 The 
administration is bothersome, however, and there are 
local side effects, such as vaginal irritation. With the 
development of better-tolerated new oral drugs, the 
intravaginal administration of bromocriptine for pro-
lactinoma treatment is now seldom employed.

An even more vexing problem in the medical treat-
ment of prolactinomas is their partial or complete lack 
of responsiveness to bromocriptine. The definition of 
bromocriptine resistance is arbitrary, with the failure of 
the drug in normalizing serum PRL levels or in reducing 
the tumor size using a dose equal to or greater than 15 
mg/day for at least 3 months being the most currently 
accepted. According to this principle, about 10% of pro-
lactinomas are resistant to bromocriptine.165 This crite-
rion has limitations regarding clinical practice, however. 
Patients who are intolerant to bromocriptine would not 
attain the dose established as limit, and although they 
are different conceptually, bromocriptine intolerance and 
resistance overlap. Patients harboring expanding tumors 
with visual impairment should not wait for 3 months 
without an improvement. As previously mentioned, clini-
cal amelioration and tumor reduction may be achieved 
even if serum PRL is still above the normal range.117 
Pragmatically, bromocriptine resistance can be defined as 
the failure to obtain adequate clinical results in patients 
using the highest tolerable drug dose.

Figure 7-15 Magnetic resonance 
imaging (Tl-weighted coronal views 
without gadolinium enhancement) 
of a l4-year-old girl harboring a 
macroadenoma. A, Before treat-
ment (prolactin, 108 ng/mL). B, 2 
months on bromocriptine (2.5 mg/
day). C, 8 months on bromocriptine 
(5 mg/day) (prolactin, 18 ng/mL). 
D, 16 months after bromocriptine 
withdrawal (prolactin, 13 ng/mL). 
(From Passos VQ, Souza JJ, Muso-
lino NR, Bronstein MD: Long-term 
follow-up of prolactinomas: nor-
moprolactinemia after bromocrip-
tine withdrawal. J Clin Endocrinol 
Metab 87:3578-3582, 2002.)
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Mechanisms implicated for bromocriptine resistance of 
prolactinomas have not yet been fully elucidated. Studies 
in vivo and in vitro using radiolabeled dopamine antago-
nists as markers104,166 or assessing D2 receptor expression 
by RT-PCR167 show that dopamine D2 receptor density is 
reduced in resistant prolactinomas compared with tumors 
that are responsive to bromocriptine. When the D2 recep-
tor density in lactotrope cell membranes is extremely low, 
the dopamine agonist drug paradoxically may lead to 
tumor growth.166 The paucity of dopamine D2 receptors 
seems to be the main mechanism of bromocriptine resis-
tance in prolactinomas. Additionally, postreceptor events 
have been described, including decreased ratio between 
the short and long isoforms of the dopamine D2 recep-
tor, derived from alternative splicing.168 Other suggested 
mechanisms of prolactinoma resistance are epigenetic 
silencing of D2R gene expression169 and low filamin-A 
(cytoskeleton protein) expression.170

No mutations in the dopamine D2 receptor that 
could be ascribed to bromocriptine resistance have been 
described to date.26

Regarding dopamine agonist resistance and tumor 
invasiveness, Delgrange and coworkers171 recently 
showed that parasellar extension of macroprolactinomas, 
assessed on the basis of strict MRI criteria, may predict a 
negative response to DA. Additionally, some prolactino-
mas that are initially responsive to bromocriptine become 
resistant during therapy.172 In such situations, especially 
in aggressive tumors, the diagnosis of the rare PRL-secret-
ing carcinoma must be considered.3

Several other dopamine agonist drugs have been 
employed for the treatment of hyperprolactinemia/pro-
lactinomas (see Table 7-3). Many show therapeutic effi-
cacy, but three in particular merit detailed description, 
aiming mainly at overcoming intolerance and resistance 
to bromocriptine.

Quinagolide (CV 205-502)
Quinagolide is a nonergot dopamine agonist drug that 
has specific affinity to the dopamine D2 receptor. Its effi-
cacy in normalizing serum PRL levels is similar to that of 
bromocriptine, ranging from 45% to 100%, with most 
studies with macroprolactinomas showing PRL normal-
ization between 58% and 75%, paralleled by clinical 
improvement.173-177 Quinagolide is administered once a 
day in doses ranging from 0.075 mg to 0.6 mg. Some stud-
ies point to better tolerance compared with bromocrip-
tine.176,177 Additionally, there is evidence that about 50% 
of patients with bromocriptine-resistant prolactinomas 
attained normoprolactinemia when switched to quina-
golide.178,179 Such tumors were partially responsive to 
bromocriptine, however, with the further decrease attrib-
uted to better patient tolerance and a higher affinity to 
the already reduced but still present dopamine D2 recep-
tors. Prolactinoma patients who are severely resistant to 
bromocriptine are not expected to respond to quinagolide 
either. Tumor size reduction evaluated in 105 patients 
showed more than 50% shrinkage and reduction between 
25% and 50% in 48.1% and 20.2% of cases, respectively 
(see Table 7-5).149 Quinagolide is commercially available 
only in Europe.

Cabergoline
Cabergoline is a synthetic ergoline that shows high speci-
ficity and affinity for the dopamine D2 receptor. It is a 
potent and long-acting inhibitor of PRL secretion, with 
an elimination half-life ranging between 63 and 109 
hours.180 PRL-lowering effects occur rapidly within 3 
hours and were evident after a single-dose administration 
at the end of follow up (21 days) in puerperal women 
and at 14 days in patients with hyperprolactinemia. This 
pharmacologic profile allows cabergoline to be adminis-
trated once or twice a week in most patients, usually at a 
weekly dose of 0.5 to 2 mg. In our experience, normop-
rolactinemia was maintained in some patients taking one 
tablet (0.5 mg) of cabergoline every 10 days and even 
every 2 weeks. Many studies have shown the efficacy of 
cabergoline in normalizing serum PRL levels and reduc-
ing tumor size, with consequent improvement of clinical 
and visual manifestations (Fig. 7-16). In 127 hyperprolac-
tinemic patients (71 microprolactinomas, 19 macropro-
lactinomas, 37 idiopathic), cabergoline was administered 
at a dose between 0.25 and 3.5 mg/week, given once or 
twice weekly in 114 patients and three times weekly or 
daily in 13 cases. Serum PRL levels were normalized in 
114 patients (90%). Of 56 women with amenorrhea,  
52 resumed menses; 17 women became pregnant, and 
sexual potency was restored in the three men. A total 
of 48 mild to moderate adverse events were reported by  
29 patients (23%).181

In a study comprising 37 new patients, cabergoline 
normalized PRL levels in 88% of 26 microprolactinomas 
and in 100% of 11 macroprolactinomas. Regular menses 
were restored in 7 of 10 macroprolactinomas and in all 
oligomenorrheic patients with microadenoma; serum tes-
tosterone levels normalized in 2 of 3 hypogonadal men. 
Side effects developed in only three cases.182 Another 
study with cabergoline (0.5 to 3 mg/week) administered 
once per week was conducted in 15 patients (8 women) 
with macroprolactinomas. Normal PRL levels were 
attained in 73% of cases. Gonadal function was restored 
in all hypogonadal men and in 75% of premenopausal 
women with amenorrhea. Side effects were minimal.183  
A study addressing long-term cabergoline treatment in 
men showed that after 24 months of therapy, PRL lev-
els normalized in 31 patients with macroprolactinoma 
(75.6%) and in 8 with microprolactinoma (80%). Galac-
torrhea disappeared in all patients, and sperm volume 
and count normalized in all patients who normalized 
testosterone levels, whereas motility normalized in more 
than 80%.184

Many studies pointed to better efficacy and tolerance 
of cabergoline compared with bromocriptine (Table 
7-7).185-189 In a recent Brazilian multicenter study, data 
collected from 388 patients (320 women and 68 men) 
bearing prolactinomas (220 microadenomas and 68 mac-
roadenomas) showed that cabergoline was significantly 
more effective than BCR in inducing normoprolactinemia 
(81.9% vs. 67.1%), without any difference according to 
gender.185 In a large multicenter European comparative 
study encompassing 459 women with hyperprolactinemic 
amenorrhea, 0.5 to 1 mg of cabergoline twice weekly was 
more effective than 2.5 to 5 mg of bromocriptine twice 
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daily in the treatment of hyperprolactinemic amenorrhea, 
restoring ovulatory cycles in 72% of women and normal-
izing plasma PRL levels in 83%, compared with 52% and 
59% for bromocriptine. Adverse effects were recorded in 
68% of women taking cabergoline and 78% of women 

taking bromocriptine, but only 3% discontinued cabergo-
line, whereas 12% stopped taking bromocriptine because 
of drug intolerance.186 Regarding cabergoline effect on 
macroprolactinoma size, in a compilation of 12 series 
including 320 patients, 28.4% had a greater than 50% 
tumor shrinkage, 28.4% had a reduction between 25% 
and 50%, and 43% had less than 25% or no reduction at 
all (see Table 7-5).149 Because many of these patients had 
been previously intolerant or resistant to other dopamine 
agonists, the poorer cabergoline results for macroprolac-
tinoma shrinkage compared with other drugs may have 
been biased. This bias can be illustrated by a study show-
ing that the prevalence of macroprolactinoma shrinkage 
greater than 80% after cabergoline treatment was higher 
in naïve patients (92.3%) than in patients who were pre-
viously intolerant (42.1%), resistant (30.3%), or respon-
sive (38.4%) to bromocriptine or quinagolide.190 As far 
as dopamine-agonist resistance in prolactinomas is con-
cerned, some studies indicate that cabergoline normalized 
serum PRL levels in patients who were resistant to bro-
mocriptine and even to quinagolide. In two series dealing 
with bromocriptine-treated prolactinomas without full 
PRL normalization, normoprolactinemia was achieved 
in 70% and 85% of patients when they were switched 
to cabergoline.188,191 As previously pointed out (see the 
section entitled “Quinagolide”), such tumors did respond 
partially to bromocriptine, however, and the additional 

A1 A2A2

B1 B2

Figure 7-16 Magnetic resonance imaging (T1-weighted with gadolinium enhancement) of a man bearing a large macroprolactinoma. A1 (coronal 
view) and A2 (sagittal view), before treatment. B1 (coronal view) and B2 (sagittal view), after 1 month of cabergoline treatment, showing significant 
tumor shrinkage that was paralleled by visual improvement.

TABLE 7-7 Treatment of Hyperprolactinemia: 
Comparison of Efficacy and Tolerability Between 
Bromocriptine and Cabergoline

Author (n) Treatment Characteristics BRC CAB

Webster et al., 
1994186  
(n = 459)

Prolactin normalization 58% 83%
Ovulatory cycles 52% 72%

Side effects 78% 68%
Withdrawal 12% 3%
Prevailing dose 2.5 mg 0.5 mg

2×/day 2×/week
Sabuncu et al., 

2001189  
(n = 34)

Prolactin normalization 59% 82%
Side effects 53% 12%

Pascal-Vigneron 
et al., 
1995187  
(n = 120)

Prolactin normalization 48% 93%
Ovulatory cycles 48% 72%

Side effects 65% 53%
Digestive side effects 86% 37%

BRC, Bromocriptine, CAB, cabergoline.
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decrease brought up by cabergoline is probably related 
to its better tolerability and higher affinity to the reduced 
but still present dopamine D2 receptors. Consequently, 
severely resistant prolactinomas are not expected to 
respond to any dopamine agonist drug and have to be 
treated by a different means.

Some studies pointed out maintenance of normoprolac-
tinemia in 23% of patients after cabergoline withdrawal 
for 12 months, on average.181,182 A long-term prospective 
study including 200 hyperprolactinemic patients showed 
that after 2 to 5 years after cabergoline withdrawal, nor-
moprolactinemia still persisted in 76% of patients with 
“nontumoral” hyperprolactinemia, in 70% of patients with 
microprolactinomas, and in 65% of patients with macro-
prolactinomas.192 These results suggest that cabergoline 
compares favorably with bromocriptine also in terms of 
maintenance of normal PRL levels after drug withdrawal.150 
Nevertheless, a recent study dealing only with microprolac-
tinomas did not show difference in remission rates between 
subjects treated with cabergoline and bromocriptine.151

Moreover, a recent meta-analysis encompassing 19 
studies pointed to 21% of normoprolactinemia after 
dopamine agonist discontinuation. The higher success-
ful rates have been obtained in idiopathic hyperprolac-
tinemia and in patients with more than 2-year treatment 
duration, with a trend of better effect with cabergoline 
(see Table 7-6).193

A concern regarding DA treatment is related to a 
potential risk for cardiac valvopathy, raised by two stud-
ies pointing to a high prevalence of cardiac valve dys-
function, compared to the general population, in patients 
treated for Parkinson’s disease with cabergoline and also 
with pergolide but not with other dopamine agonist 
drugs.194,195 The supposed mechanism is related to an 
agonist effect on the 5HT2B receptor, leading to inap-
propriate mitogenic stimulation on valve and chordae 
tendineae.196 The risk for valvular regurgitation appears 
to be greatest in patients who have received at least 3 
mg/day of cabergoline. Although this dose is much higher 
than that used for prolactinomas, the cumulative dose 
derived from the potential long-term use of cabergoline 
by patients harboring prolactinomas brought concerns 
about harmful cardiac valve effects of this drug also in 
this disease.

Recently, Auriemma and coworkers197 reviewed 15 
independent studies evaluating clinically relevant valve 
disease in hyperprolactinemic patients on DA. The risk 
for clinically significant valvular disease (moderate tri-
cuspid insufficiency) was observed only in one study, 
with high mean cabergoline cumulative dose.198 A 
higher prevalence of valvar regurgitation without clini-
cal relevance, especially in tricuspid valve, was observed 
in four studies.199-202 Changes in valvar structure were 
observed in two studies: fibrosis203 and calcification.204 
The Endocrine Society’s clinical practice guideline on 
hyperprolactinemia treatment recommends transtho-
racic echocardiogram surveillance only for patients on 
cabergoline doses higher than 2 mg/week.205 However, 
our policy is to perform a transthoracic echocardiogram 
before and yearly during DA treatment, irrespective of 
the dose used.

Medical therapy seems to be the first option for pro-
lactinoma therapy, being more effective than surgery, 
especially for macroprolactinomas.206 To date, cabergo-
line seems to be the first-choice drug for prolactinoma 
treatment in view of its remarkable tolerance and capac-
ity to normalize serum PRL levels, reduce tumor size, and 
induce high rates of normoprolactinemia persistence after 
drug withdrawal.

Radiotherapy
The efficacy of conventional radiation therapy for pro-
lactinomas is lower than medical or surgical treatment. 
Our results of 19 patients submitted to radiotherapy 
after medical/surgical failure showed that only 3 (16%) 
achieved serum PRL normalization 5, 6, and 15 years 
after the procedure.117 A study with 63 patients treated 
with radiation after noncurative surgery showed that only 
30% had normal PRL levels by 10 years.207 A compila-
tion from the literature shows serum PRL normalization 
in less than one third of patients 5 to 15 years after con-
ventional radiotherapy, with hypopituitarism occurring 
in 5.5% to 93.3% of cases.208 This prevalence is proba-
bly greater because many series have underestimated GH 
deficiency in adults. Other complications associated with 
conventional radiotherapy include optic nerve lesions, 
neurologic dysfunction, cerebrovascular disease, and the 
development of other intracranial tumors.

There are emerging data on gamma-knife radiosurgery 
for prolactinomas. In one retrospective investigation, the 
authors examined the results of gamma-knife radiosur-
gery for tumor remnants after unsuccessful open surgery 
and medical treatment in 20 patients with prolactino-
mas. Serum PRL levels decreased into the normal range 
in five cases (25%). Patients treated with dopamine ago-
nists during gamma-knife radiosurgery did significantly 
less well compared with the untreated group, suggesting 
a “radioprotective” effect of the drug.209 This event is 
also suggested by a recent study210 showing serum PRL 
normalization in 26% of 23 patients in an average time 
of 24.5 months, with new pituitary hormone deficiencies 
in 28% of patients and cranial nerve palsy in two cases 
(7%). Best results were achieved in patients with tumor 
volume less than 3.0 cm3 and who are not receiving a 
dopamine agonist at the time of treatment. Another study 
including 128 patients estimated the efficacy of gamma-
knife radiosurgery as the primary therapy for prolac-
tinomas. The mean follow-up time was 33.2 months 
(range, 6 to 72 months). Tumor control was observed 
in all but two patients who underwent surgery 18 and 
36 months after gamma-knife radiosurgery. Clinical cure 
was achieved in 67 cases (52%). Nine infertile women 
became pregnant 2 to 13 months after irradiation, and 
all gave birth to normal infants. There was no visual 
deterioration related to gamma-knife radiosurgery. This 
study points to better results in terms of PRL normal-
ization but does not mention the impact of treatment on 
pituitary function, besides mentioning five women who 
experienced “premature menopause.”211 Tanaka and col-
leagues212 evaluated 22 patients with prolactinomas who 
underwent to stereotaxic radiosurgery in a single cen-
ter, with a median follow-up of 60 months (16 to 129). 
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Serum PRL levels decreased or were stable in 95% of the 
cases, and a decrease in tumor size was observed in 77%, 
with no case of tumor progression. Biochemical remis-
sion was obtained in 10% at 2 years and in 17% after  
4 years, with 4 patients being controlled without DA. 
New anterior pituitary deficiencies occurred in 23% at 
2 years and in 42% at 4 years. The authors have com-
piled data about seven previous studies on stereotaxic 
radiosurgery for prolactinomas, and remission rate varied 
from 13% to 46%. Different biochemical control criteria 
and different follow-up intervals probably explained this 
wide data variation.

More data and follow-up time are required to assess 
the superiority of gamma-knife radiosurgery compared 
with conventional radiotherapy. To date, in the author’s 
opinion, radiation therapy for prolactinomas is reserved 
for cases with medical and surgical failures, especially for 
invasive tumors.

Therapeutic Advances and Perspectives
As a result of the efficacy of medical and surgical thera-
pies, most patients with prolactinomas can be controlled 
adequately. A subset of patients resistant to dopamine 
agonists, especially patients harboring invasive macroad-
enomas, who are not expected to be surgically cured, 
pose an important therapeutic problem. Radiotherapy 
use is generally limited, efficacious only in the long term, 
and usually leads to hypopituitarism.

Many studies did not find tumor enlargement in 
patients with “idiopathic” hyperprolactinemia or micro-
prolactinomas, before or after menopause.156,213 When 
pregnancy is not a concern, and galactorrhea is not dis-
turbing, sexual steroid replacement can be considered for 
these patients, who must be followed carefully. Addition-
ally, testosterone may be given to men harboring resistant 
microprolactinomas and even partially resistant macro-
prolactinomas, with monitoring of PRL levels and with 
imaging. The introduction of an aromatase-inhibitor drug 
may be considered if there is evidence of tumor growth or 
serum PRL increase.214

The use of clomiphene citrate as an alternative to 
testosterone therapy for men with hypogonadism was 
recently described, both for patients with and without 
normal prolactin levels. The main advantage is the fertil-
ity maintenance or restoration.215

Prolactinomas usually do not respond to somatosta-
tin.216 It has been shown, however, that a selective ana-
logue of the somatostatin receptor subtype 5 (SSTR5) 
inhibited PRL secretion in human prolactinoma cell 
culture.217 Nevertheless, another in-vitro study did not 
show better response of this selective analogue com-
pared with quinagolide.218 A recent publication by 
Fusco and associates219 pointed to an efficacy compa-
rable to cabergoline of a selective analogue of SSTR5, 
BIM-23206, and the chimeric somatostatin/dopamine 
D2 receptor ligand, BIM-23A760, in responsive prolac-
tinomas but not in resistant ones. Also the “universal” 
somatostatin ligand SOM230 (pasireotide) was ineffec-
tive in cabergoline-resistant adenomas.219 In summary, 
although the SSTRs are expressed in prolactinomas, the 
somatostatinergic ligands do not appear to be highly 

effective in suppressing PRL in tumors resistant to dopa-
mine agonists.

Studies show that the human PTTG induces angiogene-
sis via basic fibroblast growth factor induction220 and that 
estrogen is involved in paracrine regulation of pituitary 
tumorigenesis by PTTG. Selective estrogen receptor mod-
ulators, such as tamoxifen and raloxifene, and inhibitors, 
such as ICI 182780, abolished estrogen-induced pituitary 
PTTG expression in vivo, suppressed serum PRL concen-
trations by 88%, and attenuated PRL-secreting pituitary 
tumor growth by 41% in rats. Antiestrogen treatment of 
primary human pituitary tumor cultures reduced PTTG 
expression by approximately 65%.17 Another study, with 
the estrogen receptor antagonist fulvestrant, also showed 
inhibition of prolactin secretion, cellular proliferation, 
and increase in apoptosis on MMQ cells, involving other 
mechanisms.221 These findings may indicate a role for 
selective antiestrogens in prolactinoma treatment, includ-
ing resistant ones.

The development of PRL receptor antagonists could 
also represent an option for medical treatment of resis-
tant macroprolactinomas without mass effect, because 
they should be able to block the actions of PRL, if not 
its production.222 One therapeutic approach would be 
the association of dopamine agonists and PRL receptor–
antagonist drugs in cases of macroprolactinomas exhibit-
ing tumor shrinkage but not PRL normalization when on 
dopamine agonist monotherapy.

The alkylating agent temozolomide has been experi-
mentally used in many tumors. Its product of hydrolyza-
tion, 5-(3-meth-yltriazen-1-yl) imidazole-4-carboxamide, 
is thought to exert a cytotoxic effect by DNA alkylation. 
The drug effect can be reversed by the enzyme methyl-
guanine-DNA methyltransferase (MGMT). Temozolo-
mide can be given orally and is currently approved in the 
United States for the treatment of patients with refractory 
anaplastic astrocytoma and for the treatment of newly 
diagnosed patients with glioblastoma multiforme, as 
an adjunct to radiotherapy (Fig. 7-17). A recent review 
pointed to a favorable response to temozolomide in 60% 
of 30 adenomas and in 69% of pituitary carcinomas. 
Among them, 18 were prolactin-secreting tumors: nine 
adenomas and nine carcinomas. Although an inverse 
correlation between therapeutic response and MGMT 
immunoexpression is usually described,223,224 this find-
ing is not always present.225, 226 Therefore, for aggressive 
prolactinomas resistant to DA and for prolactin-secreting 
carcinomas, temozolomide therapy can be recommended 
regardless of MGMT expression.

Tyrosine kinase and mTOR inhibitors are potential 
drugs for resistant/aggressive prolactinomas. Lapatinib, a 
dual tyrosine kinase inhibitor of both EGF receptor type 
1 (EGFR/ErbB1) and 2 (HER2), was able to suppress 
serum PRL levels and to cause tumor shrinkage in rats 
with prolactinomas.227

Interestingly enough, cytotoxicity induced by temo-
zolomide was enhanced by inhibition of the PI3K/AKT/
mTOR pathway in cell lines, including GH3 and MMQ 
cells.228 Anti-angiogenic drugs may become another strat-
egy for resistant/aggressive prolactin-secreting tumors, as 
it was demonstrated in an animal model.229
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Finally, there is evidence that nerve growth factor 
expression is reduced in resistant prolactinomas and that 
this growth factor restores p53 function in pituitary cell 
lines.230 Nerve growth factor administration to athymic 
mice with transplanted human bromocriptine-resistant 
prolactinomas results in the expression of dopamine D2 
receptors in the tumor and restores sensitivity to sub-
sequent treatment with bromocriptine. This could be 
a promising therapy for patients who are refractory to 
dopamine-agonist treatment.231

Prolactinomas and Pregnancy
The development of efficacious medical and surgical ther-
apies for prolactinomas has made pregnancy possible for 
women bearing such tumors. Gestational risks due to the 
possibility of tumor growth during pregnancy, mainly in 
women with macroadenomas, raise a concern, however. 
The management of pregnancy in patients with prolac-
tinomas submitted to different therapies is brought into 
focus here.

Regarding microprolactinomas, a study including 91 
pregnancies mostly induced by bromocriptine, without 
previous surgery or radiotherapy, indicated symptom-
atic tumor growth in 5.5% of cases.232 In a compilation 
of pregnancies in 246 women with microprolactinomas 
treated with bromocriptine only, tumor growth symp-
toms were reported in 1.6% of patients, although an 
asymptomatic increase of the tumor was shown in 4.5% 
of the cases. None of the patients needed surgical inter-
vention during pregnancy.233 We followed 71 term preg-
nancies, and the results were similar.234,235 Of the 22 
patients with previous surgery, none presented symptoms 
of tumor growth; of the 41 pregnant patients who under-
went treatment with bromocriptine alone, only 1 (2.4%) 
presented with headaches in the third month of preg-
nancy, which regressed with drug reintroduction. Seven 
patients got pregnant without treatment and did not 
develop any complications. There was an asymptomatic 
increase of the tumor in one case with previous surgery 

and in two cases with bromocriptine alone, as assessed by 
scanning postpartum. Because of the low risk for tumor 
growth during pregnancy in patients with microprolacti-
nomas, there is no need to perform periodic imaging or 
ophthalmologic examinations. These assessments should 
be reserved for cases with clinical complaints suggesting 
tumor growth, such as headache or visual field changes.

The risk for complications during pregnancy is much 
greater with macroprolactinomas. One study revealed 
symptomatic tumor growth in 41.3% of 56 pregnancies 
occurring in 46 patients who were medically treated only, 
compared with 7.1% of 70 pregnancies that occurred in 
67 women who previously had been submitted to sur-
gery or radiotherapy.232 A review from the literature 
pointed to symptoms related to tumor growth in 15.5% 
of 45 patients with macroprolactinomas treated with bro-
mocriptine only. The incidence of complications was only 
4.3% in the 46 patients who underwent surgery or radio-
therapy before pregnancy. Additionally, asymptomatic 
tumor growth was seen in 8.9% of the patients without 
prior surgery or radiotherapy.233 We followed 51 term 
pregnancies in patients with macroprolactinomas.234,235 
Of those, 21 were in patients with previous surgery, and 
none of the patients presented with symptoms or signs 
of tumor growth. Of the 30 patients treated with preges-
tational bromocriptine only, 11 (37%) manifested com-
plaints related to tumor growth: all of them presented 
with headaches, and seven had visual alterations (Fig. 
7-18). Pituitary imaging after delivery was performed in 
23 other patients, and an asymptomatic growth of the 
tumor was observed in four more cases.

These data show the higher risk for tumor growth in 
macroprolactinomas during pregnancy, necessitating a 
stricter follow-up (Fig. 7-19). The first recommendation 
should be the use of a nonhormonal contraceptive along 
with a dopamine agonist until tumor shrinkage has been 
shown within sellar boundaries. The duration of previ-
ous treatment with dopamine also might be important. A 
follow-up study of 37 pregnancies showed signs of tumor 

Figure 7-17 Left, Serum PRL 
levels during the course of several 
treatment modalities for an invasive 
prolactinoma resistant to dopamine 
agonists, showing a remarkable de-
crease when temozolomide was in-
troduced. Right, Magnetic resonance 
imaging (sagittal views) before (A) 
and after (B) temozolomide therapy 
of the patient harboring the invasive 
prolactinoma. A marked reduction 
in size is depicted. (From Neff LM, 
Weil M, Cole A, et al: Temozolo-
mide in the treatment of an invasive 
prolactinoma resistant to dopamine 
agonists. Pituitary 10:81-86, 2007.)
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growth in 7, all of them treated with bromocriptine for 
less than 1 year. No tumor enlargement was found in 
the 14 macroprolactinoma patients treated for a longer 
time, suggesting that the duration of bromocriptine use 
before conception might be a good prognostic factor in 
pregnancy.236

After pregnancy has been confirmed, the dopamine 
agonist can be withdrawn, and the patient must be moni-
tored closely for symptoms related to tumor growth. 
If there is a suspected tumor expansion, the confirma-
tion can be made through MRI, after the fourth month 
of gestation, and by visual field testing (see Fig. 7-19). 
Monitoring serum PRL levels during pregnancy does not 
seem to be useful, because they are not always related to 
tumor behavior during gestation. The reintroduction of 
bromocriptine in such cases often leads to clinical ame-
lioration and tumor reduction. In 9 of 11 patients who 
exhibited complications during pregnancy, bromocrip-
tine reintroduction brought complete resolution of the 
symptoms related to tumor growth.235 Surgery also can 
be employed as treatment for symptomatic tumor growth 
in pregnancy. Several authors have reported good results, 

although the increased risk for spontaneous abortion in 
patients who undergo surgery is well known.235

The safety of bromocriptine reintroduction or even 
maintenance during pregnancy is supported by a large 
experience with this dopamine agonist reported in the 
literature. A large review237 consisted of 2587 pregnan-
cies and did not show an increase of maternal or fetal 
morbidity or mortality. Since then, some authors have 
favored the maintenance of bromocriptine in pregnancy 
to prevent complications in patients with macroprolac-
tinomas without previous surgery or radiotherapy.238 
It is our policy to indicate such an approach only when 
the patient gets pregnant after a short treatment period, 
mainly without confirmation of tumor shrinkage or when 
the tumor is outside sellar boundaries. Surgery is indi-
cated before pregnancy in cases without tumor reduction 
during treatment with dopamine agonists or in patients 
who developed tumor growth in previous gestations.235

Pregnancy and Other Dopamine Agonist Drugs
In recent years, the use of new dopamine agonists such as 
quinagolide, cabergoline, and pergolide for the treatment 
of hyperprolactinemia has increased, and pregnancies 
have been described. Data were obtained on 176 preg-
nancies in which quinagolide was used, on average, for 
37 days. Miscarriages occurred in 14% of the cases, with 
one ectopic pregnancy. Fetal malformation was described 
in nine cases, although other drugs had been used in three 
patients.239 Quinagolide was used successfully during 
pregnancy in two bromocriptine-resistant patients who 
presented symptoms of tumor growth.179 Cabergoline has 
been the most used medication among the more recent 
dopamine agonist drugs, and reports on pregnancies dur-
ing cabergoline therapy are emerging. We followed six 
full-term gestations in patients who withdrew cabergoline 
as soon as pregnancy was confirmed and did not observe 
malformations, but two premature births occurred.235

A recent review did not show differences in pregnancy 
outcome regarding abortion, preterm deliveries, and 

AA B

Figure 7-18 Magnetic resonance imaging (coronal views) of a patient with macroprolactinoma. A, Tumor is limited to sellar boundaries during 
bromocriptine treatment, before pregnancy. B, Tumor growth during the fourth month of pregnancy without bromocriptine use. (From Musolino 
NRC, Bronstein MD: Prolactinomas and pregnancy. In Bronstein MD (ed.): Pituitary tumors in pregnancy. Boston: Kluwer Academic Publishers, 
2001, pp. 91-108.)
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Figure 7-19 Suggested algorithm for the follow-up of patients with 
macroprolactinoma during pregnancy. NOF, Neuro-ophthalmologic 
examination; PRL, prolactin. (From Musolino NRC, Bronstein MD: 
Prolactinomas and pregnancy. In Bronstein MD (ed.): Pituitary tumors 
in pregnancy. Boston: Kluwer Academic Publishers, 2001, pp. 91-108.)
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babies with malformations in women taking bromocrip-
tine (n = 6239) or cabergoline (n = 789), as compared 
to the normal population (Table 7-8). In data from 12 
series, symptomatic prolactinoma enlargement dur-
ing pregnancy occurred in 2.7% of microadenomas, 
22.9% in macroadenomas without previous surgery or 
radiotherapy, and 4.8% in macroadenomas with these 
previous treatments.240 Nevertheless, cabergoline and 
bromocriptine usually are withdrawn in early gestation 
in most reported cases. Cabergoline therapy during preg-
nancy is still not approved by the FDA and the European 
Medicines Agency; however, it can be an alternative for 
bromocriptine-intolerant cases.241-243

Follow-Up After Delivery
Breastfeeding does not increase the risk for tumor growth 
in patients who progressed well during pregnancy.235,242

Breastfeeding is contraindicated only when patients 
need to maintain the dopamine agonist after delivery, 
owing to tumor-growth signs.

There have been several reports in the literature 
regarding reduction or normalization of serum PRL lev-
els after delivery.235,244 In our hands, 60% and 72% of 
patients with microprolactinomas and macroprolactino-
mas showed a decrease in PRL levels after delivery com-
pared with pregestational levels. In 11% of all patients 
who conceived, PRL levels normalized after pregnancy, 
some with a new gestation without therapy. On average, 
PRL levels decreased from 336 ± 105 ng/mL to 133 ± 20 
ng/mL in 62 patients who were available for compari-
son.234 These results are similar to ones reported by other 
authors. A study reported PRL normalization after preg-
nancy in 29% of women.244 Tumor reduction after preg-
nancy also has been described. A study with 16 patients 
harboring prolactinomas found 27% of tumor reduc-
tion or disappearance after delivery.245 We also observed 
tumor reduction in 8 of 23 patients with macroprolac-
tinomas, assessed by imaging before and after delivery. 
Two other patients developed asymptomatic apoplexy. 
The explanation for this “curative” effect of pregnancy 
is to be clarified. It may be related partly to modifications 
in the vasculature of the adenoma due to the estrogen 
stimulation, resulting in necrosis or microinfarctions of 

the adenomatous tissue. Hemorrhagic zones in prolac-
tinoma patients receiving estrogen therapy already have 
been described.246

Another issue of concern is the outcome of the children 
whose mothers took dopamine agonist drugs during preg-
nancy. One study reported the follow-up spanning 4 months 
to 9 years in 546 children exposed to intrauterine bro-
mocriptine.237 The authors did not find any developmental 
impairment in the children. We followed 70 children born 
to mothers who conceived on bromocriptine.235 At a mean 
follow-up of 67 months (range, 12 to 240 months), only 
two children presented with disorders of neuropsychomo-
tor development: one case of idiopathic hydrocephaly and 
another of tuberous sclerosis. We did not find any similar 
reports in the literature. Fifteen of these children already had 
started puberty, one of them precociously.

Treatment Planning and Follow-up
Based on the previously described evidence, to date the 
gold-standard therapy for either microprolactinomas or 
macroprolactinomas is medical treatment with dopa-
mine agonist drugs (Fig. 7-20). Physicians must motivate 
patients to embark on such long-term treatment based 
on the overall better results compared with surgery and, 
mainly based on more recent data,150,192 the possibility of 

TABLE 7-8 Outcome of Pregnancies Induced by Bromocriptine and Cabergoline Compared to Normal Population

Bromocriptine (N) Bromocriptine (%) Cabergoline (N) Cabergoline (%) Normal (%)

Pregnancies 6239 100 789 100 100
Spontaneous abortions 620 9.9 60 7.6 10-15
Terminations 75 1.2 59 7.5 20
Ectopic 31 0.5 3 0.4 1.0-1.5
 Hydatidiform moles 11 0.2 1 0.1 0.1-0.15
Deliveries (known duration) 4139 100 543 100 100
At term (>37 weeks) 3620 87.5 480 88.4 87.3
 Preterm (<37 weeks) 519 12.5 67 11.6 12.7
Deliveries (known outcome) 5120 100 471 100 100
Single births 5031 98.3 463 98.3 96.8
 Multiple births 89 1.7 12 1.7 3.2
Babies (known details) 5213 100 664 100 100
Normal 5030 98.2 633 96.8 97
 With malformations 93 1.8 21 3.2 3.0

From Molitch ME. Prolactinoma in pregnancy. Best Pract Res Clin Endocrinol Metab 25(6):885-896, 2011.
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drug withdrawal for a substantial number of patients with 
maintenance of normoprolactinemia. Surgical treatment 
of prolactinomas is indicated for patients with persistent 
intolerance or hormonal or tumor resistance to more than 
one dopamine agonist drug—in particular if pregnancy is 
desired—or if the tumor has grown during medical treat-
ment. In cases of resistance, rare conditions, such as acid-
ophil stem cell adenoma or PRL-secreting carcinomas, 
must be considered. Malignant prolactinomas respond 
only temporarily, if they respond at all, when patients are 
switched to another dopamine agonist drug or undergo 
surgery. Surgical therapy also is indicated frequently in 
pituitary apoplexy, in dopamine agonist–induced CSF 
leakage occurring in invasive macroprolactinomas, and in 
the exceedingly rare occurrence of visual loss secondary 
to optic chiasm herniation during medical therapy. Addi-
tionally, surgery in skilled hands may be considered for 
patients not willing to be submitted to long-term medical 
therapy, especially patients harboring microprolactino-
mas and serum PRL levels less than 100 ng/mL.

Radiotherapy, either conventional or stereotactic, is 
reserved for prolactinomas not responsive to medical or 
surgical treatment, particularly regarding the invasive ones.

There is evidence that, in general, estrogen replacement 
is not harmful for women harboring microprolactinomas. 
This approach may be used when fertility is not an issue 
for patients with intolerance or resistance to medical ther-
apy and not cured by or not willing to undergo pituitary 
surgery. In addition, women successfully treated medi-
cally may use hormonal contraceptives if they have not 
adapted to barrier methods. Menopausal women bear-
ing microprolactinomas can interrupt dopamine agonist 
drug use and are allowed to start hormone replacement 
therapy if it is indicated.213 Although there is evidence of 
a PRL role in carcinogenesis in animal models, mainly 
carcinoma of the mammary gland, human data are still 
highly controversial.247-250 It is now apparent that human 
mammary epithelial cells can synthesize PRL endoge-
nously, permitting autocrine/paracrine actions within the 
mammary gland that are independent of pituitary PRL 

and probably not affected by dopamine agonist drugs. To 
date, the maintenance of high serum PRL levels in pre-
menopausal and postmenopausal women is not a concern 
with regard to carcinogenesis. Finally, for macroprolac-
tinomas that are not adequately controlled, the use of 
estrogens is generally discouraged, given their potential 
for inducing growth.

There are many therapeutic perspectives for resis-
tant/aggressive prolactinomas: specific somatostatin or 
somatostatin/dopamine analogues, selective anti-estro-
gen drugs, cytotoxic drugs such as temozolomide, and 
PRL-receptor antagonists. Nevertheless, more studies 
are needed in order to assess their places in the treatment 
algorithm.

The follow-up planning for patients with prolacti-
nomas depends on the tumor size and clinical, labora-
tory, and imaging response to therapy. Many patients 
are clinically controlled even if serum PRL levels are 
still above the normal range and do not need further 
drug dose increases. For microprolactinomas and espe-
cially for macroprolactinomas, significant tumor shrink-
age or “disappearance” on MRI is a good prognostic 
marker, and in such cases, imaging reassessment can 
be performed sporadically. Medically or surgically con-
trolled patients must be reassessed periodically, clinically 
and hormonally, to identify patients who may discon-
tinue the dopamine agonist drug with maintenance of 
normoprolactinemia or patients with recurrence of 
hyperprolactinemia.
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Adrenocorticotropic hormone (ACTH) is synthesized 
as part of the precursor proopiomelanocortin (POMC). 
Therefore it represents a challenge to endocrinologists in 
understanding how ACTH is cleaved from the precursor 
to produce the peptide that acts on the adrenal gland to 
stimulate the release of adrenal steroids.

This chapter focuses on ACTH in humans. The first 
section describes the structure, expression, and regula-
tion of the POMC gene, with emphasis on the difference 
between POMC in the pituitary and POMC in other tis-
sues and in tumors. In the second section, information is 
provided on ACTH and related peptides in the context of 
the structure of the precursor, how it is processed, and the 
biological activity of the different peptides derived from 
POMC. It is important to understand which peptides are 
present in the circulation and how differential processing 
of POMC produces an alternative spectrum of peptides 
(including precursors and fragments) in different tissues.

The hypothalamic-pituitary-adrenal (HPA) axis (Fig. 8-1) 
is well recognized for its role in the homeostatic mechanisms 

regulating the stress response. The hypothalamic secretion of 
corticotropin-releasing hormone (CRH) stimulates ACTH 
synthesis and release from the anterior pituitary, which in 
turn regulates the synthesis of glucocorticoids in the adrenal 
cortex (for further information see Chapter 99). The impact 
of the host of factors and mechanisms known to regulate 
ACTH and related peptides is considered in the context of 
biological activity both at the adrenal and in other tissues.

HISTORY
The many important contributions made to the under-
standing of ACTH physiology make it difficult to provide 
a synopsis. However, the following events are some of the 
major milestones:
  

1930—Discovery by Smith that ACTH is a factor pro-
duced by the pituitary that maintains the weight of 
the adrenal cortex1

1954—Primary structure of ACTH2

K E Y  P O I N T S

 •  ACTH levels vary because of pulsatility, circadian rhythms, stress, food intake, and 
feedback inhibition on the HPA axis.

 •  ACTH is synthesized as part of the prohormone proopiomelanocortin and processing is 
impaired in some tumors, leading to problems with diagnosis.

 •  ACTH has few biological effects itself, but its release is finely tuned to enable it to 
regulate adrenal cortisol levels.

 •  ACTH assays measure ACTH fully and its precursors partially, leading to ambiguity in 
interpretation of pathologic values.  
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1964—Isolation of β-lipotropic pituitary hormone 
(β-lipotropin)3

1976—Peptide with opioid activity isolated from the 
pituitary and named β-endorphin4

1978—Proof that POMC is the common precursor5

1979—Nucleotide sequence of POMC6

1981—Isolation and sequencing of corticotropin-
releasing hormone (CRH)7

1992—Cloning of the ACTH receptor8

1998—Inherited mutations in POMC and PC1 associ-
ated with early-onset obesity, adrenal insufficiency, 
and red hair pigmentation9,10

2005—Differential control of hypothalamic POMC 
transcription11

2006—Mechanism for glucocorticoid regulation of 
POMC identified12

2007—Identification of the differential expression of 
an “HPA axis” equivalent in the skin13

2011—Role of prenatal programming in the epigenetic 
control of POMC14

  

PROOPIOMELANOCORTIN GENE

Structure of the POMC Gene
Humans have a single POMC gene located on the short 
arm of chromosome 2 at 2p23 (the mouse and pig have 
two copies of the gene). The structure of the gene is 
well conserved and has been characterized in humans, 
as well as in other species. The POMC gene consists of 
three exons interspersed with two large introns (Fig. 
8-2). The first exon, which consists of 87 base pairs 
(bp), contains no coding sequence, and its RNA tran-
script is thought to act as a leader sequence that binds 
the ribosome at the start of translation. Exon 2 (152 
bp) contains the initiation sequence, a signal sequence 
that translocates the nascent peptide into the endoplas-
mic reticulum, and then the N-terminal part of the cod-
ing sequence for the POMC peptide. The third exon 
(835 bp) encodes most of the mature protein, including 
ACTH, the termination codon, and the signal for addi-
tion of the poly A tail.

POMC Transcripts
The POMC gene includes three RNA transcripts of 1200 
(T1), 800 (T2), and 1380 (T3) nucleotides, respectively 
(Fig. 8-3).

Hypothalamus

Pituitary

Adrenal gland

Cortisol

POMC ACTH

CRH–

–

Figure 8-1 Schematic representation of the hypothalamic-pituitary-
adrenal axis, showing sites of glucocorticoid negative feedback. ACTH, 
Adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; 
POMC, Proopiomelanocortin.

Figure 8-2 Genomic structure of human 
proopiomelanocortin (POMC) with the 
major spliced product and preprohormone. 
ACTH, Adrenocorticotropic hormone; 
βLPH, β-lipotropin.
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The pituitary transcript T1: T1 is the mRNA tran-
script found in corticotrope cells of the anterior pitu-
itary in man and is 1200 nucleotides in length. The 
hypothalamic T1 POMC mRNA transcript seems to be 
identical to the pituitary transcript except for a longer 
poly A tail.

The downstream transcript T2: This is an 800-nucleo-
tide RNA transcript that has been shown in humans and 
rats to arise from transcription initiation at the 5′ end of 
exon 3. This finding suggests that regulatory sequences 
may occur starting from the 3′ end of intron 2. This tran-
script cannot give rise to a mature POMC molecule and 
lacks a signal peptide, so its physiological role is unclear.15 
This smaller POMC transcript is found primarily in a 
variety of peripheral tissues, which indicates possible dif-
ferential regulation in these tissues.

The upstream transcript T3: This transcript is 1380 
nucleotides in length and is presumed to be under the 
regulation of promoter elements that lie upstream of the 
pituitary promoter. T3 produces the same peptide prod-
uct as T1 because the only relevant translation initiation 
site is in exon 1. This longer POMC mRNA transcript has 
been found in tissues, for example, placenta,16 and has 
also been associated with abnormal expression of POMC 
such as that seen in small cell lung carcinoma (SCLC).17

Regulatory Sites for Transcription
The POMC promoter has a number of common elements 
found in other genes that may contribute to regulation 
of POMC gene transcription (Fig. 8-4). Because of the 
lack of availability of a human corticotrope cell line, 
the mouse-equivalent cell line (AtT20) has been used to 
assess POMC transcriptional regulation although other 
important information has come from transgenic mouse 
models.18 Relatively little is known about regulation of 
the human POMC gene apart from some studies that 
have used primary human pituitary cells from surgical 
procedures.19

The T1 and T3 mRNA transcripts of POMC are ini-
tiated from a TATA box that is located close to the 

start of exon 1. The correct spatial, temporal, and hor-
monal regulation of POMC transcription in the pitu-
itary is conferred by two promoter regions immediately 
5′ of exon 1. These regions are between −314 and −276 
bp and between −67 and −27 bp in the human POMC 
gene.18, 20, 21

Hypothalamic and CNS-specific expression of POMC 
has been shown to require DNA control elements distal 
to those required for POMC expression in the pituitary. 
A 13-kb region immediately 5′ of the POMC gene has 
been demonstrated to control CNS and hypothalamic 
expression in transgenic mice.22 A 4-kb distal region of 
the POMC gene situated −13 to −9 kb in mouse and −11 
to −7 kb in human, from POMC exon 1, contains two 
neuronal-specific enhancer regions capable of directing 
POMC expression in the arcuate nucleus of the hypo-
thalamus.11 These two neuronal POMC enhancer regions 
(nPE1 and nPE2) have been shown by deletion studies to 
be able individually to drive POMC transcription in the 
arcuate nucleus and are inactive in the pituitary, implying 
that there is a modular independence between the pro-
moter regions used to control pituitary and hypothalamic 
POMC transcription.11

In contrast to T1 and T3, the expression of the short 
POMC mRNA transcript (T2) seems to be regulated by 
“GC box” promoter sequences located in the 3′ end of 
intron 2.

Expression of the POMC Gene
Expression in the Pituitary
In humans, expression of POMC is most abundant in the 
corticotrope cells of the anterior pituitary, and in healthy 
adults, these cells are the only ones that express the gene 
at high levels.23 POMC is in the top 10 most abundant 
transcripts in the pituitary gland.24 The key POMC 
mRNA expressed in the pituitary is the T1 transcript with 
a length of 1200 nt. Additionally, POMC mRNA is also 
detected in the intermediate lobe of the pituitary, which is 
present during fetal life in humans and is found in other 
species such as the mouse and rat.25,26

T1

T2

AAA

T3 AAA
1350 bases

1150 bases

AAA
800 bases

Exon I
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POMC Gene
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ACTH
secreting
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Figure 8-3 Tissue-specific transcriptional variants of the human proopiomelanocortin (POMC) gene. T1 has high-level expression of POMC in 
pituitary tissue. T2 has low-level expression in numerous extrapituitary tissues. T3 is present in some extrapituitary tumors causing the ectopic adre-
nocorticotropic hormone (ACTH) syndrome. AAA, Poly A tail.
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Pituitary expression is conferred by the 5′ flanking 
region of the gene18 (Fig. 8-4), but there does not appear 
to be a specific element sufficient to direct high-level tran-
scription, as for example in the prolactin gene, where the 
pituitary-specific transcription factor Pit-1 binds to mul-
tiple sites to direct transcription. Rather, in the case of 
the POMC gene, there appears to be a requirement for 
integrity of the promoter.

The region just 5′ to the start site close to the TATA 
box confers basal expression and contains the binding 
sites for PO-B (at –27 nucleotides) and NUR77 (−67 
nucleotides). Further upstream, in the central region of the 
pituitary promoter, there is a response element that binds 
the homeobox protein Pitx127 and the related Pitx2.28 
During development, Pitx1/2 play an important role in 
corticotrope development and in the development of the 
anterior pituitary in general.28,29 Close to the response 
element that binds Pitx1, there is a binding site for the T 
box factor, Tpit, which acts in synergy with Pitx1 and is 
required for expression of the POMC gene and for termi-
nal differentiation of the pituitary corticotrope lineage.30 
Tpit functions as an activator of transcription by recruit-
ing SRC/p160 coactivators to its cognate DNA target in 
the POMC promoter.31

Evidence for the importance of the role of Tpit comes 
from mice deficient in this transcription factor, and from 
humans with Tpit gene mutations. These mutations are 
often associated with early onset isolated ACTH defi-
ciency (IAD),32,33 which can lead to neonatal death.34 As 
an example, the cause of IAD in one patient was a muta-
tion of the Tpit gene (M86R), which was shown to inhibit 
the binding of other DNA-bound proteins ultimately lead-
ing to loss of recruitment of the p160 coactivator SRC-
2.35 Moreover, multiple different Tpit mutations have 
been associated with IAD, however all these mutations 
are likely to manifest functionally through disruption of 
DNA-protein and protein-protein interactions.

Further evidence for the importance of Tpit relates to 
its interactions with bone morphogenic proteins (BMP) 

2 and 4, which are signaling molecules associated with 
early organogenesis and cell differentiation of the pitu-
itary. BMP4 stimulation leads to the recruitment of acti-
vated phospho-Smad1 by the POMC promoter through 
“tethered” interactions with Pitx1 and Tpit, thus reduc-
ing their transcriptional activity and resulting in repres-
sion of POMC transcription.36

The distal region of the pituitary promoter cannot con-
fer activity independently of the central region but does 
contain a binding site (Eboxneuro) for NeuroD/1A, which 
acts as a heterodimer with other basic helix-loop-helix 
(bHLH) factors and synergizes with Pitx.37 The Eboxneuro 
element of the distal pituitary promoter, and a nearby 
Nur response element (NurRE), are required to modu-
late expression of POMC throughout pituitary devel-
opment.38 A member of the T-box gene family, Tbx19, 
which is a pituitary development specific transcription 
factor, has a putative binding site at −310 nt, close to 
the Eboxneuro site. However this protein may also exert 
POMC transcriptional effects synergistically with other 
pituitary specific transcription factors.39

Expression in Other Tissues
POMC is also expressed in other tissues such as the 
arcuate nucleus of the hypothalamus,40 skin,13 testis,41 
ovary,41,42 placenta,16,42 duodenum,41 liver,41 kidney,41 
adrenal medulla,41 lung,41 thymus,43 heart,44 and lym-
phocytes,45 but expression is at a much lower level. 
Extrapituitary POMC mRNA is frequently expressed 
as the 1200 nt T1 transcript (similar to that in the 
pituitary), as seen in the hypothalamus and placenta. 
However, POMC mRNA from extracranial tissues can 
also include a preponderance of the shorter 800 nt T3 
transcript.41,46 As indicated previously, this shorter T2 
transcript cannot give rise to mature POMC because 
it lacks a signal sequence,15 so its physiological role 
is unclear. It may be that low-level expression of lon-
ger POMC transcripts (T1 and T3) account for POMC 
transcription and expression even when there is high 
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Figure 8-4 The promoter region of the proopiomelanocortin (POMC) gene. Response elements are shown along with bound transcription factors 
in association with known coregulators (light green). bHLH, Basic-helix-loop-helix transcription factors; E2F, transcription factors involved in cell 
cycle regulation and synthesis of DNA; Ebox, specific DNA sequence that binds heterodimers of Neuro D1 and other bHLH proteins; Neuro D1, 
neurogenic differentiation 1 transcription factor; nPE, neural proopiomelanocortin enhancer; Nur77, also known as nerve growth factor IB (NG-
FIB), a member of a family of transcription factors involved in cell cycle mediation, inflammation, and apoptosis; NurRE, Nur factor response ele-
ment; P160, family of coactivators; Pitx, a homeobox family member that is involved in organ development; PO-B, a transcription factor originally 
described as POMC specific. Rb, Retinoblastoma protein, a tumor suppressor protein; Smad1, a transcriptional modulator that mediates multiple 
signaling pathways; Tbx19, transcription factors present only in pituitary POMC-expressing cells and involved in the regulation of developmental 
processes; Tpit, transcription factors involved in regulation of development.
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expression of the short transcript, for example as 
shown in the testes.47

Furthermore, POMC is also present in the skin and 
its regulation has been well-established.13,48,49 Current 
evidence suggests that POMC transcription in the skin is 
regulated by the region immediately 5′ of exon 1. POMC 
mRNA has been detected in keratinocytes49,50 and 
melanocyte,51 but was found to be absent from dermal 
fibroblasts.50

Expression in Pituitary Tumors
POMC is very highly expressed both in the normal pitu-
itary and in corticotrope adenomas,24,52 which give rise 
to pituitary dependent Cushing’s disease.53 Pituitary 
corticotrope tumor progression has been linked to the 
loss of retinoblastoma tumor suppressor protein (Rb) 
expression.54 Furthermore, it has been shown that Rb is 
a transcriptional activator of POMC, bridging between 
NeuroD and Nur77 as well as potentiating interactions 
between Nur77 and the p160 coactivator SRC-2.55,56

Expression in Nonpituitary Tumors
Tumors giving rise to the ectopic ACTH syndrome pro-
duce a mRNA transcript of 1200 bp, similar to that found 
in the pituitary, however approximately 20% of tumors 
also express a larger transcript of 1400 to 1500 bp.52 This 
larger transcript appears to be under the regulation of a 
promoter region located between −392 to −432 bp rela-
tive to the conventional start site. Analysis of this domain 
in the human small cell lung carcinoma (SCLC) cell line 
DMS-79 showed that it binds the E2F family of transact-
ing factors57 (Fig. 8-4).

This promoter is embedded within a CpG island that 
has been shown to be unmethylated in a number of 
tumors, giving rise to the ectopic ACTH syndrome, and 
is also unmethylated in the DMS-79 cell line.58 In con-
trast, it is methylated in normal tissues not expressing 
POMC.18 The expression of this promoter and the larger 
POMC transcript in ectopic ACTH syndrome suggests 
loss of the tight tissue-specific POMC expression.

Additionally, it has been shown that hypomethylation 
of the POMC promoter in thymic carcinoid tumors cor-
relates with POMC overexpression and ectopic ACTH 
syndrome. The region of the POMC promoter that 
underwent change in methylation status was again shown 
to correspond to the E2F-binding region of the POMC 
promoter.43

Regulation of POMC Gene Expression
Regulation of the POMC Gene in the Pituitary
Numerous factors are known to regulate POMC gene 
expression in the pituitary but perhaps the most impor-
tant are CRH and glucocorticoids (Fig. 8-5). Expression 
of the POMC gene appears to be predominantly con-
trolled at the level of gene transcription.

Corticotropin-Releasing Hormone Stimulation of the 
POMC Gene. CRH binds transmembrane receptors on 
corticotrope cells and stimulates cyclic adenosine mo-
nophosphate (cAMP) production and activation of pro-
tein kinase A (PKA)59 (Fig. 8-5). CRH effects on POMC 
transcription do not require de novo protein synthesis.60 
Although there is no cAMP response element (CRE) in 
the promoter region of the POMC gene immediately 5′ 
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Figure 8-5 Intracellular signaling pathways regulating transcription of the proopiomelanocortin (POMC) gene. Through its receptor, corticotropin-
releasing hormone (CRH) induces cyclic adenosine monophosphate (cAMP), which activates protein kinase A (PKA) and thereby phosphorylation of 
cAMP response element-binding protein (CREB). CRH also activates mitogen-activated protein kinase (MAPK) pathways, which ultimately induce 
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cooperative binding sites.
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of exon 1, two DNA elements have been identified that 
appear capable of conferring CRH responsiveness to the 
gene. One element at −171 to −160 nt upstream from the 
transcription start site binds a protein termed the CRH 
response element–binding protein (CREB).61 The second 
element reported to be CRH responsive is found in the 
noncoding exon 1 of the rat POMC gene.61,62 This el-
ement in exon 1 (+41/+47) shares close homology with 
a consensus activator protein-1 (AP-1) transcription fac-
tor–binding site and binds recombinant AP-1 protein and 
CREB in a sequence-specific manner.62,63

CRH also causes activation of mitogen-activated pro-
tein kinase (MAPK) and induction of the DNA-binding 
activity of AP-1 in the mouse pituitary corticotrope cell 
line, AtT20.59,64 In addition, the POMC exon 1 element 
confers both phorbol ester and CRH responsiveness to a 
heterologous promoter.64 Therefore, there is considerable 
evidence for a physiological role of the MAPK/AP-1 cas-
cade in mediating some actions of CRH.61,65

In AtT-20 corticotropes, CRH and cAMP induce 
Nur77 expression, and POMC transcription is activated 
through the NurRE site by PKA and calcium-dependent 
and calcium-independent mechanisms.59 The NGFI-B 
(Nur77) subfamily of orphan nuclear receptors (NRs), 
which also includes Nur1 and NOR1, bind the NurRE as 
either homo- or heterodimers formed between subfamily 
members. Nur factors behave as end-point effectors of the 
PKA signaling pathway acting through dimers and AF-
1-dependent recruitment of coactivators, such as TIF2.60

Tpit/PitxRE also mediates CRH-induced activation of 
POMC gene expression in a calcium-dependent manner. 
Clearly Tpit/PitxRE is an important element by which 
both CRH and glucocorticoids regulate the POMC gene 
expression.66

Glucocorticoid Inhibition of the POMC Gene. Gluco-
corticoids are known to decrease ACTH levels, mainly 
as a result of inhibition of POMC transcription as high-
lighted in the glucocorticoid receptor (GR) knockout 
mouse where there is an increase in POMC expression 
in corticotropes.67 Glucocorticoids also act at the level 
of POMC translation and they additionally antagonize 
actions of CRH68 (Fig. 8-5). However, considerable ev-
idence indicates that they suppress transcription of the 
POMC gene.69,70

Glucocorticoids enter the cell where they bind GR 
complexed to heat shock proteins in the cytoplasm. This 
results in the translocation of the ligand-bound receptor 
to the nucleus, where it recruits coregulator proteins and 
acts as a transcription factor, binding as a dimer with 
another GR, to the promoter region of a gene to regulate 
gene expression. This process is modulated by the pres-
ence of tissue specific coregulators.71

In the pituitary corticotrope, the GR mediates inhibi-
tion of the POMC gene. In the rat POMC gene there are 
four sites through which glucocorticoid action is medi-
ated, although only those at −63 and between −480 and 
−320, are needed in vivo.72 This latter glucocorticoid-reg-
ulated element (GRE) is required to interact for the full 
glucocorticoid repression of pituitary POMC expression 
to occur. The −63 negative GRE overlaps the putative 

COUP (chicken albumin upstream promoter) box73 and 
the proximal Nur response element.74 It has been sug-
gested that the inhibitory effect of glucocorticoids on 
POMC transcription may occur by displacement of 
a stimulatory factor such as Nur 77.74,75 In the AtT20 
mouse corticotrope cell line, the Nur77-mediated actions 
of CRH are antagonized by glucocorticoids. The mecha-
nism of glucocorticoid transcriptional repression through 
this region of the POMC promoter involves the corepres-
sor, HDAC2, and the Swi/Snf chromatin remodeling pro-
tein, Brg1, in the modulation of the recruitment of GR 
to the Nur77-bound NurRE site12,76 (Fig. 8-5). The loss 
of nuclear expression of Brg1 or HDAC2 has been asso-
ciated with 50% of glucocorticoid-resistant human and 
dog corticotrope adenomas.12

The importance of coregulators in GR-mediated regula-
tion of POMC transcription is demonstrated by the inhi-
bition of pituitary POMC transcript levels in mice by a 
deletion of SRC-1, a GR coactivator.77 However, this inhi-
bition of POMC may be through SRC-1 interaction with 
other transcription factors that affect POMC transcription.

Stimulation of the POMC Gene by Arginine Vasopressin. 
A number of other hypothalamic factors act on the pitu-
itary corticotrope to influence POMC expression; how-
ever, their modes of action are less defined. In particular, 
arginine vasopressin (AVP) augments the effect of CRH 
and can act independently, although weakly, to stimulate 
POMC expression.78 AVP acts on corticotropes via V1b 
receptors, resulting in the activation of the protein kinase 
C pathway, and leading to a “cross-talk” interaction with 
the cAMP/protein kinaseA pathway activated by binding 
of CRH to CRH1 receptors.79

Leukemia Inhibitory Factor Stimulation of the POMC 
Gene. A number of lines of evidence point to intrapituitary 
factors as important modulators of corticotrope function. 
One such factor is the proinflammatory cytokine leuke-
mia inhibitory factor (LIF). This factor stimulates the 
POMC gene through STAT-3 at a response element that 
overlaps with the 166-nucleotide CRH response element, 
although this site does not directly bind STAT transcrip-
tion factors.65,80 However, a functional STAT1–3 bind-
ing site was identified in the distal region of the POMC 
promoter,80 and this region mediates LIF-CRH synergy 
through a mechanism involving the NurRE.81

An interaction between LIF and glucocorticoids has 
been demonstrated that reduces the repressive proper-
ties of GR on POMC expression. This may occur by the 
loss of a corepressor from GR tethered to Nur77 at the 
NurRE.82 Other modulators of LIF effects on POMC 
transcription include CCAAT/enhancer-binding protein 
β (C/EBPβ) and glial cell-derived neurotrophic factor 
(GDNF)-inducible factor (GIF).83

Regulation of the POMC Gene in Other Tissues
POMC expression can occur in a wide range of nonpi-
tuitary tissues, as described earlier, although, in many 
of these extrapituitary sites the shorter POMC tran-
script predominates, leading to extremely low levels of 
protein. However, there are several tissues where there 
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is significant POMC expression and subtle differences 
occur in regulation compared to the pituitary.

Brain. POMC is expressed mainly in the arcuate nucleus 
of the hypothalamus84 where it plays a major role in regu-
lating food intake and energy balance,85 exemplified by 
children with POMC gene mutations who are obese.86 
Here POMC is regulated by leptin, insulin, and glucose to 
act as an anorexigenic neuropeptide87 (Fig. 8-6). There-
fore, fasting in rats leads to a decrease in both POMC and 
ACTH-related peptides.88 POMC is also under the con-
trol of glucocorticoids but the evidence for whether they 
are stimulatory or inhibitory depends on the model used. 
Expression of POMC can be upregulated by glucocorti-
coids in the hypothalamus,89 and adrenalectomized rats, 
which can’t generate endogenous glucocorticoids, have a 
marked decrease in POMC mRNA,90 which is an effect 
that is completely reversed by glucocorticoid treatment.91 
In addition to the hypothalamus, POMC is also expressed 
at lower levels in the hippocampus and cortex.84

Skin. POMC is expressed in several components of the 
skin including melanocytes, keratinocytes,92 and dermal 
microvascular endothelial cells93 (Fig. 8-7). This POMC 
expression is regulated by both glucocorticoids and CRH, 
and also by ultraviolet radiation.

In mouse skin, glucocorticoids downregulate POMC 
expression and this is coupled to hair follicle cycling.13 
CRH expressed in skin cells has been shown to upregu-
late local POMC expression,13,49 which is inhibited by 
glucocorticoids.94 Additionally, POMC expression in the 
skin is increased by ultraviolet light,51 which also induces 
CRH production in human melanocytes, with subsequent 
stimulation of the CRH signaling pathway resulting in 
POMC expression.51 UV induction of POMC expression 

in mouse skin can be directly controlled by p53, and the 
mouse POMC promoter is stimulated by p53 in response 
to UV,95 although p53 is not the main or sole regulator of 
POMC expression.96

Placenta. The placenta expresses the POMC gene at a 
relatively low level, although the large size of the tissue 
implies that significant amounts of POMC may be pro-
duced.97 Placental POMC expression is upregulated by 
CRH but does not seem to be modified by glucocorticoids.

Figure 8-6 Factors that influence 
proopiomelanocortin (POMC) 
expression in the arcuate nucleus 
(Arc) of the hypothalamus. PVN, 
Paraventricular nucleus; LHA, lat-
eral hypothalamus.
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Figure 8-7 Components of the hypothalamic-pituitary axis present in 
the skin. Corticotropin-releasing hormone (CRH) released from skin 
and hair follicle cells can induce the secretion of adrenocorticotropic 
hormone (ACTH) and alpha melanocyte-stimulating hormone (αMSH) 
elsewhere in the skin.
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Regulation of the POMC Gene in Tumors
Corticotropin-Releasing Hormone Regulation of the 
POMC Gene in Tumors. In general, CRH stimulates 
POMC expression in pituitary corticotrope tumors, and 
not in ectopic tumors, but a few exceptions occur.98-100 
However, it is likely that the increased ACTH will stimu-
late glucocorticoids that will in turn result in inhibition 
of the CRH gene. Therefore CRH may not be relevant in 
POMC-expressing tumors.

Glucocorticoid Regulation of the POMC Gene in Tu-
mors. In pituitary corticotrope cells, expression of the 
POMC gene is repressed by glucocorticoids, and in pi-
tuitary corticotrope tumors glucocorticoids are able to 
repress ACTH secretion. In contrast, in extrapituitary 
tumors, ACTH is characteristically resistant to glucocor-
ticoids. This concept is the basis of the high-dose dexa-
methasone suppression test used to distinguish pituitary 
from ectopic sources of ACTH in Cushing’s syndrome. 
Most extrapituitary tumors are resistant to glucocorti-
coid inhibition of POMC expression, and this suggests 
that the mechanism of this glucocorticoid resistance is 
important.

A panel of human small cell lung carcinoma cell lines 
has been established as a cellular model of the ecto-
pic ACTH syndrome.23,101 These cell lines express the 
POMC gene, and the glucocorticoid receptor (GR) has 
been found to be present although at low levels.23,102 Sig-
nificantly, all cell lines studied are resistant to glucocor-
ticoid suppression. To determine whether glucocorticoid 
signaling was functional, a synthetic, glucocorticoid-
responsive gene linked to a reporter gene was trans-
fected into the cells. In contrast to the brisk induction 
of expression seen in control pituitary cells, none of 
the human small cell lung carcinoma cells responded 
to either natural or synthetic glucocorticoids.102 Thus 
resistance of the POMC gene to glucocorticoids is part 
of a global resistance of these malignant cells to gluco-
corticoid action. Expression of high concentrations of 
wild-type GR in the cells was found to be sufficient to 
restore glucocorticoid signaling.102 In two of the cell 
lines, mutations in the endogenous GR appeared to be 
the cause of the resistance101,103 and in another cell line 
altered coregulator expression and recruitment by the 
GR was the basis of the resistance.104 More recently, 
a further mechanism has been identified that indicates 
that the 1C region of the GR promoter is more highly 
methylated at CpG sites in the SCLC cell lines studied. 
Therefore there are epigenetic changes that correlate 
with reduced expression of GR.105

Because glucocorticoids can inhibit proliferation in 
some cell types and induce apoptosis in others, it is pos-
sible that evasion of glucocorticoid signaling confers a 
survival advantage to the malignant cells. Indeed when 
high levels of a wild-type GR were expressed in one of the 
resistant cell lines, it led to cell death by apoptosis in vitro 
and in vivo,106,107 which suggests that the glucocorti-
coid resistance does indeed confer a survival advantage 
and, because it also disinhibits POMC expression and 
ACTH secretion, these become biomarkers of a malig-
nant phenotype.

ADRENOCORTICOTROPIC HORMONE AND RELATED 
PEPTIDES

Structure and Processing of POMC and Related Peptides
Many bioactive peptides are synthesized from large 
precursor molecules, and a number of techniques have 
been used to elucidate the structures of these peptides. 
Studies have used pulse chase analysis whereby labeled 
amino acids are incubated with cells to detect the labeled 
precursors and the peptides derived from them. Subse-
quently, sequence analysis and cDNA cloning have been 
important approaches to determine peptide structures. 
Discovery of the structure and biosynthesis of POMC 
and ACTH-related peptides and the differences between 
species are reviewed extensively by Eipper and Mains.108

POMC. In 1973, high-molecular-weight forms of ACTH 
were identified in human plasma,109 mouse pituitary 
cells,110 and human tumors,111 which led to predictions 
of the presence of a precursors of ACTH. Expression of 
the POMC gene leads to synthesis of the preprohormone 
POMC. This protein undergoes proteolytic cleavage at 
dibasic amino acid residues, which generates a series of 
small molecules, including ACTH108 (Fig. 8-8). Process-
ing of POMC to its constituent peptides varies in a tissue-
specific fashion, in that both the nature of the processing 
and the degree of processing vary in different tissues. This 
results in different groups of peptides being secreted from 
different tissues, although the exact ratios of the constitu-
ent peptides and precursors are still not fully understood.

ACTH. The ACTH peptide consists of 39 amino ac-
ids, is a single polypeptide chain, and has a molecular 
weight of 4.5 kDa (Fig. 8-8). The N-terminal 12 amino 
acids are highly conserved between species, thus reflecting  
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the importance of this region for biological activity. In 
comparison with the human sequence, ACTH in other 
mammals has only one or two substitutions, which are 
in the region of amino acids 24 to 39. The melanocyte-
stimulating hormone (MSH) sequence His-Phe-Arg-Trp is 
found at ACTH 6–9 and forms the amino acid backbone 
of α-MSH. Identical sequences are present in β-lipotropin 
(as β-MSH) and N-proopiomelanocortin (N-POC) (as γ-
MSH). Given that these three forms of MSH bind different 
melanocortin receptors, it is thought that the surrounding 
amino acids influence their specific activity.

α-Melanocyte–Stimulating Hormone. α-MSH consists of 
ACTH 1–13 and is derived from ACTH 1–39 by carboxy-
peptidase proteolysis at the C-terminal, which is followed 
by C-terminal amidation and N-terminal acetylation.112 
α-MSH is produced predominantly by melanotrope cells 
in the intermediate lobe of the pituitary, particularly in 
species such as the rat and mouse. The adult human pitu-
itary does not have a distinct intermediate lobe and there-
fore this is not a source of α-MSH in humans. In addition, 
α-MSH is not thought to be produced in the anterior 
lobe. Therefore, it is not clear whether α-MSH circulates 
in humans under normal circumstances.

CLIP. Corticotropin-like intermediate lobe peptide 
(CLIP) consists of ACTH 18–39 and is produced during 
the cleavage that generates α-MSH. Because this process 
occurs primarily in the intermediate lobe of the pituitary, 
which is not present in humans, CLIP is not thought to 
circulate in humans under normal circumstances.

N-Proopiomelanocortin. Also called N-proopiocortin, N-
POC (see Fig. 8-8) comes from the N-terminal sequence 
of POMC, and in humans, it is a 76–amino acid peptide 
with an MSH sequence in the midregion. The peptide has 
a tryptophan residue at the N-terminus and two disulfide 
bridges linking cysteines 2 to 24 and 8 to 20, which are 
thought to be important for the sorting signal that directs 
POMC to the regulated pathway.113 N-POC can also un-
dergo N-glycosylation at Asn65 and O-glycosylation at 
Thr45.

γ-Melanocyte–Stimulating Hormone. γ1-MSH is found at 
position 51 to 62 of human N-POC and has sequence 
homology with α-MSH. There are C-terminally extended 
forms of γ1-MSH that are called γ2-MSH (51-63) and γ3-
MSH (51-76).

Joining Peptide. Joining peptide is found between N-POC 
and ACTH and is a 30–amino acid peptide, amidated at 
the C-terminus. It was isolated from human pituitaries 
in 1981114 and has been shown to circulate in humans 
in the form of homodimers. However, very little further 
research has been done on this peptide.

β-Lipotropin. β-Lipotropin lies at the C-terminus of 
POMC and can be cleaved to γ-lipotropin (which contains 
the β-MSH sequence at its C-terminus) and β-endorphin 
(see Fig. 8-8). In the human anterior pituitary, cleavage 
appears to be limited inasmuch as the main form of this 

peptide in the human circulation is β-lipotropin with very 
little β-endorphin.115

β-Endorphin. This 31–amino acid peptide contains the 
sequence for met-enkephalin as the first five amino acids 
at its N-terminus. β-Endorphin can undergo N-acetyla-
tion, which is thought to be a tissue-specific effect, and 
C-terminally truncated peptides have been found such 
as α-endorphin (β-endorphin 1–16), γ-endorphin (β-
endorphin 1–17), and δ-endorphin (β-endorphin 1–27). 
More is known about the function of these peptides in 
the hypothalamus116 and it is assumed that very little β-
lipotropin is cleaved to β-endorphin in the pituitary, as 
there is virtually no β-endorphin in the blood draining 
from the pituitary.117

The Processing Pathway and Processing Enzymes
Processing. After translation of POMC mRNA into pep-
tide, a series of processing stages are needed for release 
of the constituent peptides.85,97 The N-terminal signal 
sequence, involved in movement of the peptide into the 
endoplasmic reticulum, is no longer required and is re-
moved at an early phase of posttranslational modifica-
tion. Subsequently, POMC undergoes glycosylation and 
phosphorylation in the Golgi apparatus before transport 
to secretory vesicles, where it undergoes cleavage into 
its constituent peptides. The ACTH-related peptides are 
stored in dense core secretory granules and are released 
from the cell on stimulation (e.g., by CRH) as in the stress 
response (Fig. 8-9). The prohormone, POMC, is found in 
the human circulation117 and is thought to be released via 
the constitutive pathway perhaps as an “overflow” mech-
anism as its release does not appear to be regulated.118

N-Glycosylation and Phosphorylation. These events oc-
cur in the Golgi apparatus before cleavage of the pep-
tides. γ-MSH has the sequence Asn-X-Ser, which can be 
glycosylated on the Asn residue, and in mouse POMC, 
N-glycosylation of the CLIP sequence can occur. Some 
evidence indicates that phosphorylation of serine 31 oc-
curs in ACTH, although the significance of this finding is 
unclear.119

Processing Enzymes. POMC is cleaved to its constituent 
peptides by limited proteolysis at pairs of basic amino 
acids, primarily Lys-Arg and Arg-Arg. The mammalian 
convertases responsible for this endoproteolytic cleav-
age are precursor converting enzymes from the subtilisin/
Kex2 serine proteases, which include furin, a protease 
known to cleave peptides in the constitutive pathway of 
secretion. Prohormone convertase 1, or PC1 (also called 
PC3120), cleaves POMC preferentially at pairs of basic 
residues and produces ACTH, β-lipotropin, N-POC, and 
joining peptide, in the anterior pituitary. Although cleav-
age can begin in the Golgi apparatus it continues in secre-
tory vesicles. PC1 can be regulated in a manner similar to 
POMC in that PC1 mRNA is upregulated by CRH and 
decreased by glucocorticoids in mouse AtT20 cells.121

ACTH 1–39 can be further cleaved by PC2 to pro-
duce ACTH 1–17 and CLIP. PC2 cleaves at different 
pairs of basic residues to PC1 to produce the smaller 
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peptides (Fig. 8-8). PC2 is not expressed in the human 
anterior pituitary but is found in the neurointermediate 
lobe, hypothalamus, and skin. This selective expression 
explains the tissue-specific presence of the MSH peptides 
and β-endorphin. PC2 can only cleave peptides within 
secretory vesicles and therefore the MSH peptides are 
only produced intracellularly.

Cleavage by PC2 generates ACTH 1–17, which then 
has amino acids removed from the C-terminus by car-
boxypeptidase E to produce ACTH 1–13. Subsequently, 
α-amidation is catalyzed by peptidylglycine α-amidating 
monoxygenase, an enzyme that includes multiple molecu-
lar forms, and acetylation occurs by the action of specific 

acetyltransferases. These posttranslational modifications 
yield α-MSH (Fig. 8-8).

Given that POMC can be released intact from cells, 
then cleavage by extracellular peptidases is theoretically 
possible in some circumstances. This phenomenon has 
been demonstrated by the extracellular peptidases angio-
tensin-converting enzyme and neprilysin derived from 
dermal microvascular endothelial cells.122

Processing in Different Tissues
POMC processing varies depending on the species and 
the tissue. Although POMC is expressed primarily in 
the pituitary, POMC mRNA has been detected in many 
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extrapituitary tissues.97 However, such detection does 
not provide evidence that the peptides are synthesized 
or secreted there. POMC derived from the pituitary is 
released into the circulation and from the placenta into 
maternal blood.117,123 However whether the POMC pep-
tides produced in other extrapituitary tissues reach the 
circulation is debatable, and they are more likely to act in 
a paracrine role.

Anterior Pituitary. In the human anterior pituitary, POMC 
is cleaved to produce pro-ACTH, which is then cleaved to 
ACTH, N-POC, and joining peptide (see Fig. 8-8). Inter-
estingly, the ACTH precursors, POMC and pro-ACTH, 
are found in the human circulation with ACTH, N-POC, 
joining peptide, and β-lipotropin.117 That very little β-
endorphin appears to be present indicates that processing 
of β-lipotropin is minimal (Fig. 8-10). However, reports 
can be confounded by the fact that in some β-endorphin 
assays, the antibodies also detect β-lipotropin. In the rat 
and sheep anterior pituitary, some ACTH is also pro-
cessed to des-acetyl-α-MSH and α-MSH.124

Studies in the mouse pituitary tumor cell line, AtT20, 
suggest that cleavage is sequential, starting with the 
C-terminus of ACTH.108 However, the same pair of basic 
amino acids is found between ACTH and β-lipotropin, 
joining peptide and ACTH, ACTH 1–16 and ACTH 
17–39, and γ-lipotropin and β-endorphin. Therefore the 
adjacent amino acids and peptide folding must influence 
the sequential processing.

Intermediate Lobe. In the rodent intermediate lobe, 
POMC is found in melanotrope cells and undergoes more 
comprehensive processing to give the smaller fragments 
α-, β-, and γ-MSH, CLIP, and β-endorphin. The protease 
responsible for this cleavage is PC2.
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Hypothalamus. POMC is produced primarily in the neu-
rons of the hypothalamic arcuate nucleus where the pep-
tides are central to regulation of food intake and energy 
balance 85 (Fig. 8-6). POMC is also expressed in the medi-
an eminence and ventromedial border of the third ventri-
cle and in much smaller amounts in the tractus solitarius. 
Processing is different from the anterior pituitary, in that 
smaller peptides characteristic of the neurointermediate 
lobe are produced.125 However, most of the studies are 
limited to the rat hypothalamus. In these extracts, high-
performance liquid chromatographic (HPLC) separation 
of peptides suggests that ACTH is processed to CLIP and 
that des-acetyl-α-MSH is detected rather than α-MSH, 
thus indicating that N-terminal acetylation is limited. β-
Endorphin 1–31 is found in the rat hypothalamus, again 
suggesting more extensive processing.85,124 PC1 and PC2 
expression in the hypothalamus is increased by leptin and 
is further regulated by the transcription factor Nescient 
Helix-Loop-Helix (Nhlh)-2, suggesting possible physi-
ological control of POMC peptide function at the level of 
peptide processing.126

POMC has also been detected in cerebrospinal fluid 
(CSF), although whether it originates from the pituitary 
or hypothalamus is uncertain. Evidence from changes 
in precursors and ACTH in rat CSF in relation to food 
intake and obesity suggest that they originate from the 
hypothalamus.88 In human CSF, the POMC precursor 
peptide has been shown to occur at high concentrations 
and predominates over ACTH when molar ratios are 
compared.118,127 However, several of the other POMC-
derived peptides can also be detected in CSF.128

Other Tissues. POMC peptides have been detected in the 
thyroid, pancreas, gastrointestinal tract, placenta, testis, 
ovary, adrenal gland, and immune system.124 However, 
in comparison to the pituitary, other tissues produce only 
low levels of POMC peptides.

POMC peptides are also produced in the skin (Fig. 
8-7). The first peptide to be detected, α-MSH, was found, 
by immunostaining, to predominate in human melano-
cytes, but ACTH has also been detected in human kerati-
nocytes. A role for POMC peptides in hair pigmentation is 
also suggested based on two patients with inherited muta-
tions in POMC that prevented synthesis of the ACTH/α-
MSH region; both patients had red hair pigmentation.10 
PC1 and PC2 have been located in melanocytes and kera-
tinocytes along with functional POMC processing.48,129 
Furthermore, the possibility of extracellular peptide pro-
cessing of POMC by other peptidases has been demon-
strated in dermal cells.122

In the placenta, processing of POMC results in ACTH, 
β-LPH, α-MSH, and β-endorphin along with significant 
amounts of POMC.16,123

Pituitary Tumors. In patients with pituitary-dependent 
Cushing’s syndrome, the processing of precursors to 
ACTH appears to be relatively normal as judged by the 
molar ratios of these peptides in plasma. However, the 
molar ratio of precursors to ACTH is much higher for 
corticotrope macroadenomas, thus suggesting that pro-
cessing is impaired.130 In pituitary corticotrope adenomas 

not associated with Cushing’s syndrome, defective PC1 
expression may result in an increase of secreted unpro-
cessed POMC.131

Extrapituitary Tumors. Data on tumor extracts sug-
gest that most extrapituitary tumors causing the ectopic 
ACTH syndrome do not process the prohormone effi-
ciently. In an early study, analysis of tumor tissue from 
patients without clinical features of hormone excess iden-
tified a high-molecular-weight form of ACTH and this 
purified material could be cleaved to mature ACTH (4.5 
kDa) by the action of trypsin. The ACTH immunoreac-
tivity was found to have no biological activity and was 
assumed to be a result of ACTH precursors.

Evidence that processing is impaired in tumors from 
patients with the ectopic ACTH syndrome also comes 
from the elevated levels of ACTH precursors in plasma 
and the high ratio of precursors to ACTH.132 Identifica-
tion of ACTH precursors predominating in the circulation 
of patients with clinically apparent Cushing’s syndrome 
suggests that these precursors may have some activity 
at the ACTH receptor or are processed at the adrenal. 
Most of these patients had clinically obvious small cell 
carcinoma of the lung. However, patients with highly dif-
ferentiated, slowly growing tumors, typically bronchial 
carcinoids, have lower, but nevertheless elevated levels of 
ACTH precursors. CLIP has also been detected in four 
tumor extracts from patients with carcinoid tumors, thus 
suggesting that some tumors may process POMC in the 
manner of the neurointermediate lobe. It is not yet clear 
whether the same tumors give rise to increased precursors 
and smaller fragments or whether processing varies in dif-
ferent tumors.

Biological Activity of ACTH-Related Peptides
ACTH and Its Receptor. The major role of ACTH is to 
stimulate steroidogenesis in the adrenal cortex, which re-
sults in the synthesis and release of cortisol in humans and 
corticosterone in rodents. In pathological conditions it is 
evident that ACTH can increase the production of adrenal 
androgens and aldosterone; however, under physiological 
situations these pathways are regulated by other factors. 
Long-term overexpression of ACTH can cause adrenal cell 
proliferation although peptides from the N-terminal of 
POMC have also been implicated in this process. ACTH 
is thought to have a role in adrenal cortical develop-
ment,133,134 particularly as ACTH replacement in POMC 
knockout mice leads to normal adrenal development.135

In situations with prolonged ACTH excess such as Nel-
son’s syndrome, Addison’s disease, and ectopic ACTH 
syndrome, skin pigmentation can occur. Is thought to be 
a result of ACTH binding through its MSH sequence to 
melanocortin receptors in the skin, although whether the 
skin pigmentation results from cleavage of ACTH to MSH 
peptides is unclear. ACTH receptors are also present on 
human mononuclear leukocytes and have been identified 
on other rat and mouse immune cells, which suggests that 
ACTH may have a role in immune function.97

ACTH Receptors and Signaling. The ACTH 1–39 se-
quence is most potent in stimulating steroidogenesis, but 
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ACTH 1–24 is also known to have full agonist activity in 
certain systems. It is clear that the ACTH 1–13 sequence 
is involved in binding and activation, but ACTH 6–24 
has also been shown to have some steroidogenic activity.

ACTH binds to the melanocortin-2 receptor, 
(MC2R),136 which has been identified in human adre-
nal glands,137 although in rat and ovine adrenocortical 
cells there is a suggestion that low-affinity ACTH bind-
ing sites are also present. Binding of ACTH to its recep-
tors in humans requires calcium and occurs with a Kd 
of approximately 2.0 nmol/L. However, ACTH at 0.01 
nmol/L causes maximal steroidogenesis, and therefore 
only a small number of the predicted 3500 sites per cell 
need to be occupied to achieve this activity. ACTH 1–16 
is the minimal peptide required for binding to the human 
MC2R and for signaling. The presence of a broad bind-
ing pocket in human MC2R, using both conserved and 
unique amino acid residues, may be the reason that α-
MSH is not able to bind human MC2R.138

Melanocortin 2 receptor accessory protein (MRAP) is 
a highly conserved protein that facilitates the delivery of 
MC2R to the plasma membrane. It has been shown to 
be the adrenal-specific factor required for MC2R func-
tion.139 A recent hypothesis has suggested that the role 
of MRAP could be to increase affinity of ACTH for the 
MC3R or to facilitate MC2R signaling. Furthermore, the 
levels of both MC2R and MRAP are regulated by ACTH 
concentrations.140

The ACTH receptor is a member of the melanocor-
tin receptor family with seven-transmembrane domain 
G-protein coupled receptors.137 Binding of ACTH to its 
receptor leads to increased cAMP production, which in 
turn stimulates a cAMP-dependent protein kinase that 
activates the steroidogenic pathway. Calcium is also 
involved in ACTH stimulation of cAMP in human adre-
nal cells. Corticostatins, which are low-molecular-weight 
inhibitors of ACTH-induced steroidogenesis, are thought 
to act by preventing ACTH binding to its receptor, 
although their physiological role is unclear.

ACTH Effects on the Adrenal. ACTH acts at a number 
of levels to increase cortisol production. On binding to its 
receptor, ACTH stimulates lipoprotein uptake, activates 
hydrolysis of cholesterol, and increases transport of cho-
lesterol to mitochondria. Importantly, it also regulates 
cholesterol side-chain cleavage, which is the rate-limiting 
step in steroidogenesis and results in the production 
of pregnenolone. This activity takes place in the inner 
membrane of the mitochondria and is catalyzed by cyto-
chrome P450 side-chain cleavage enzyme. Longer stimu-
lation by ACTH is known to cause increased transcription 
of enzymes in the steroidogenic pathway and can result 
in adrenal cell proliferation but will eventually result in 
downregulation of the ACTH receptor.

α-Melanocyte–Stimulating Peptide. α-MSH–related pep-
tides, produced in the arcuate nucleus of the hypothalamus 
and acting at the MC4R in the paraventricular nucleus 
of the hypothalamus, are important in the regulation of 
food intake and energy balance and are the principal 
mediators of the effects of leptin.125 This role of POMC 

peptides is evidenced by a number of inherited deletions 
in the POMC gene that are associated with obesity.10,86 
α-MSH antagonists can increase food intake in mice when 
injected peripherally thus demonstrating the importance 
of α-MSH in the regulation of these processes.141

In most mammals, α-MSH is produced in the mela-
notrope cells of the neurointermediate lobe, but because 
these cells are absent from the human pituitary, it is 
unlikely that this peptide has a role as a secreted pep-
tide in humans. In mice, α-MSH acting at the MC1R 
causes changes in coat color, and in frogs it affects skin 
pigmentation. It is also thought that locally produced α-
MSH peptides stimulate melanogenesis in human skin.142 
α-MSH has also been shown to have immunoregulatory 
functions in the human hair follicle143 as well as cytopro-
tective activity against UVB-induced apoptosis and DNA 
damage in the skin.51 The antiinflammatory and immu-
nomodulatory properties of α-MSH have resulted in the 
hypothesis that α-MSH and its cognate receptors might 
present potential antiinflammatory treatment options.144

N-Proopiomelanocortin and Joining Peptide. N-POC has 
been reported to potentiate ACTH-induced steroidogene-
sis in human and rat adrenocortical cells, and it is thought 
that the γ3-MSH region, that is, the mid- to C-terminal of 
N-POC, is responsible for this activity. It has also been 
shown that N-POC 1–48 and not the γ3-MSH region 
stimulates adrenal growth after unilateral adrenalectomy 
in the rat. N-POC 1–28 also decreases adrenal steroido-
genesis thus opposing ACTH.145 N-POC circulates intact, 
therefore it has been proposed that its cleavage occurs at 
the adrenal gland and in fact a serine protease capable of 
cleaving this peptide has been identified in the outer corti-
cal layer.146 In addition, N-POC can stimulate the release 
of aldosterone from human adrenal tumor cells.

The role of joining peptide (JP) is unclear. It had been 
suggested that it can act as adrenal androgen-stimulating 
hormone, but several reports have subsequently shown 
that JP lacks the ability to increase adrenal androgens.147

β-Lipotropin and β-Endorphin. β-Lipotropin was origi-
nally named because of its lipolytic activity, and it was 
suggested that the β-MSH sequence in its midregion was 
responsible for this activity. Subsequently, most stud-
ies have concentrated on its role as a precursor of β-
endorphin.

There are conflicting reports as to whether β-endorphin 
circulates in human plasma,115, 117 although it may have 
a more important role when released locally in the brain. 
It has an opiatelike analgesic activity associated with the 
met-enkephalin sequence at its N-terminus, and mice 
lacking β-endorphin lack stress-induced analgesia.148 Fur-
thermore, β-endorphin also affects sexual behavior and 
learning. It has a further role in the skin, where it modifies 
human hair follicle physiology by upregulating melano-
genesis, dendricity, and proliferation in melanocytes.149

ACTH Precursors. It has proven difficult to obtain a clear 
indication of ACTH precursor bioactivity because of 
problems in obtaining pure preparations of the peptides 
and the limitations of available bioassays. POMC itself 
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is thought to have relatively little biological activity,131 
whereas pro-ACTH was shown to be equipotent with 
ACTH in a rat adrenal cell bioassay or 8% to 33% as 
potent in a cytochemical ACTH bioassay.

Nothing is currently known about the binding of 
POMC and pro-ACTH to the ACTH receptor (MC2R) 
or to MC3R and MC5R.150 However, at the MC4R 
(the receptor for α-MSH found exclusively in the brain) 
β-MSH and ACTH bind MC4R with similar affinity to 
the natural ligand, and POMC itself functions at a low 
potency.151 This is important as ACTH precursors are 
present in the CSF where their concentrations are 100-
fold those of ACTH (414 vs. 3.2 pmol/L).127 Addition-
ally, ACTH and α-MSH also have similar affinities at the 
MC1R (which is considered to be the receptor for α-MSH 
in the skin) and POMC can function at low potency at this 
receptor.48 As ACTH precursors are present in the circu-
lation at concentrations greater than those of ACTH,117 
it would be valuable to examine the agonist/antagonist 
activity of the precursors at the other human melanocor-
tin receptors.

The possible biological effect of POMC has been 
examined in human pigment cells, where it was shown 
to be functionally active, but only at concentrations in 
excess of 10−7 M, considerably higher than the concen-
trations of POMC released from the cells (∼10−10 M).48 
It is possible, however, that POMC is degraded extra-
cellularly to ACTH-like peptides that might have higher 
potency. This could explain why concentrations of both 
ACTH and its precursors correlated with pigmentation 
scores in patients with hyperpigmentation related to pos-
tadrenalectomy Cushing’s disease.

Information regarding in vivo POMC bioactivity has 
been gained from clinical studies. Patients with the ecto-
pic ACTH syndrome produce ACTH precursors in pref-
erence to ACTH, therefore the precursors must either 
have biological activity when present at very high levels 
or be cleaved to ACTH at the level of the adrenal as previ-
ously suggested.

Factors Regulating Secretion of ACTH and Related 
Peptides (Fig. 8-11)
Glucocorticoids. Glucocorticoids exert a classic inhibito-
ry feedback effect on the production of CRH and ACTH. 
Therefore ACTH stimulation of cortisol release from the 
adrenal gland directly determines the concentration of 
cortisol feeding back to inhibit the ACTH release from 
the pituitary. However cortisol can also be regenerated 
from the inactive glucocorticoid, cortisone, by the en-
zyme, 11β-hydroxysteroid dehydrogenase (11β-HSD1) in 
tissues including liver and adipose tissue as well as certain 
areas of the brain.152-154 This tissue-regenerated cortisol 
can enter the circulation155,156 and may exert effects, par-
ticularly in conditions such as metabolic syndrome.157

There are multiple ways in which glucocorticoids neg-
atively regulate the activity of the HPA axis, and their 
interactions are not fully understood. Much is known 
about the molecular mechanisms whereby the glucocor-
ticoid receptor acts as a transcription factor to activate 
gene transcription but less is known about specific mech-
anisms of glucocorticoid inhibition of the human POMC 

gene (see Regulation of POMC Gene Expression section) 
or about the early effects that must involve nongenomic 
mechanisms. These interactions have been grouped into 
fast, intermediate, and slow feedback based on the timing 
of the phenomena.

Fast Glucocorticoid Feedback. Fast feedback was first 
identified in humans in 1979.158 It occurs in a period of 
minutes and is linked to the rate of increase in glucocorti-
coid concentration. This feedback coincides with an acute 
reduction in ACTH release, but has no impact on gene 
expression or peptide synthesis. It appears that the fast 
feedback targets are hypothalamic CRH secretion and di-
rect action on the pituitary corticotrope to reduce ACTH 
release. Given the timeframe of the effect, this fast feed-
back glucocorticoid inhibition of ACTH is most likely to 
act on release of secretory granules. Experiments in rats 
using antagonists of the glucocorticoid receptor and min-
eralocorticoid receptor have shown that glucocorticoids 
may mediate fast feedback via the mineralocorticoid  
receptor.159

Intermediate Glucocorticoid Feedback. Intermediate 
feedback occurs in the space of a few hours (typically 
maximal at 2 hours in vivo) and again appears to be 
caused by acute inhibition of ACTH and CRH release, 
with no discernible effect on gene transcription or peptide 
synthesis. Annexin 1, which is produced by the folliculo-
stellate cells in the pituitary, is a key mediator of the in-
hibitory effects of glucocorticoids throughout this time 
frame and it is probably a paracrine mediator of gluco-
corticoid action.160

Slow Glucocorticoid Feedback. Slow feedback has a 
timescale of days and is dependent on the concentration 
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of glucocorticoids. POMC gene transcription and POMC 
peptide synthesis are reduced, but changes in CRH ex-
pression are unclear, and glucocorticoids may also inhibit 
hypothalamic arginine vasopressin levels. To affect inhi-
bition of the POMC gene, glucocorticoids enter the cell 
where they bind to the glucocorticoid receptor in the cy-
toplasm, which translocates to the nucleus where it inhib-
its POMC gene transcription.

Differential glucocorticoid regulation in other tissues: 
Glucocorticoids also act on POMC gene expression in 
the hypothalamus where they influence food intake and 
energy balance. However the evidence is controversial, 
because adrenalectomy (and therefore loss of gluco-
corticoids) has been shown to both increase89 and also 
conversely to decrease91 POMC mRNA in the hypothala-
mus. Nevertheless, in rodents, adrenalectomy reverses 
many forms of obesity, suggesting that removal of glu-
cocorticoids increases POMC; alternatively, this could be 
explained by adrenalectomy affecting a number of other 
related pathways.161

Corticotropin-Releasing Hormone (CRH). CRH is an 
important physiological activator of ACTH. This is evi-
denced by mice with inactivating mutations in the CRH 
gene, which die at birth with dysplastic lungs, although 
this is prevented by prenatal maternal glucocorticoids.162 
Thus CRH activation of ACTH is necessary to provide 
sufficient glucocorticoids for lung development. Both 
CRH and arginine vasopressin (AVP) are considered im-
portant for activation of pituitary ACTH, but CRH is a 
more potent secretagogue in rat and horse, whereas AVP 
is thought to be more potent in sheep. In all cases there is 
a marked synergism with CRH functioning permissively, 
whereas AVP is the main dynamic signal.

CRH stimulates ACTH secretion from dispersed pitu-
itary cells in a sustained manner, initially causing the 
release of preformed peptide but simultaneously stimu-
lating peptide synthesis (Fig. 8-9). In humans, a biphasic 
response to exogenous CRH reflects these two mecha-
nisms of action.

The effects of CRH on the levels of ACTH precursors 
in the human circulation have been examined only during 
petrosal sinus sampling that is used as a diagnostic test in 
patients with suspected Cushing’s syndrome. In this test, 
CRH is administered intravenously and ACTH peptides 
are measured in the petrosal sinuses draining the pitu-
itary. In patients with Cushing’s syndrome, the increase 
in ACTH is much greater than the increase in precursors, 
which suggests that CRH is stimulating release of pro-
cessed ACTH from secretory granules.117

Hypothalamic CRH is subject to regulation by multi-
ple afferent signals and in turn influences ACTH release. 
CRH can be upregulated by catecholamines via β- and α1-
adrenoceptors; serotonin (5-HT) acting via the 5-HT1A, 
5-HT2A, and 5-HT2C receptors163; acetylcholine acting 
through both muscarinic and nicotinic receptors, and the 
cytokines interleukin-1 (IL-1) and IL-6, possibly acting by 
generation of prostaglandins. In addition, CRH expression 
may be inhibited by glucocorticoids, catecholamines via 
α2-receptors, and γ-aminobutyric acid (GABA) released by 
neuronal input from the hippocampus and amygdala.

Arginine Vasopressin (AVP). AVP is synthesized in the 
paraventricular nucleus of the hypothalamus in the same 
cells as CRH (Fig. 8-11). The two peptides are released 
from the median eminence into the hypophysial portal 
system concurrently. In addition, AVP reaches portal 
blood from the supraoptic nucleus. AVP exerts weak, di-
rect stimulation on ACTH release but powerfully syner-
gizes with CRH. In vivo evidence indicates a role for AVP 
in stress-induced ACTH secretion. In contrast to CRH, 
which acts via protein kinase A, AVP acts by stimula-
tion of protein kinase C (Fig. 8.5). AVP also increases the 
cAMP response to CRH in isolated pituitary cells, which 
suggests multiple sites of interaction between the two sig-
naling cascades.

Other Regulatory Factors (Fig. 8-11). L-Dopa and sero-
tonin increase neuronal release of CRH in the paraven-
tricular nucleus of the hypothalamus leading to incre ased 
ACTH secretion.163,164 Pituitary adenylate cyclase- 
activating polypeptide (PACAP) and vasoactive intestinal 
polypeptide (VIP) both enhance ACTH secretion, but 
although PACAP directly stimulates pituitary ACTH, VIP 
promotes release of CRH. The role of these two peptides 
is probably most relevant in regulating HPA responses to 
inflammatory and cold stressors.

In contrast, GABA inhibits ACTH but the mecha-
nism involves GABA release from hippocampal afferents 
into the hypothalamus, which inhibit release of CRH 
and AVP.165 Atrial natriuretic peptide (ANP) has been 
shown to decrease ACTH secretion and inhibit CRH 
gene expression. In comparison, opiate receptor agonists 
inhibit ACTH release probably by effects at the hypotha-
lamic or hippocampal level, although it has been reported 
that met-enkephalin can directly inhibit ACTH release at 
the level of the corticotrope. Oxytocin inhibits CRH stim-
ulated ACTH secretion in humans, but in rats, oxytocin 
stimulates ACTH probably by binding to AVP receptors.

Cytokines and Growth Factors. Cytokines are released 
from immune cells in response to inflammation, infection, 
and tissue injury. Proinflammatory cytokines stimulate 
the HPA axis in vivo,166 and although some act via CRH, 
several cytokines including IL-2, interferons, and the 
gp130 cytokine family (IL-6, leukemia inhibitory factor 
(LIF), oncostatin M) act at the pituitary. The effects are 
very dependent on the time frame of the inflammation or 
injury, and their overall action appears to be to activate 
the HPA axis to generate glucocorticoids that will feed 
back and limit the response to the physiological stimulus.

Interleukin-1. IL-1α and β are endogenous pyrogenic 
proteins induced by bacterial endotoxin. The two forms 
bind to the same receptor, the IL-1 receptor type 1, and 
display identical biologic activities. Several cell types re-
lease IL-1β, including activated macrophages, monocytes, 
and cells within the hypothalamus where it can stimulate 
its own expression.167

The specifics of the action of IL-1 on ACTH release are 
controversial. In the intact rat, infusion of human IL-1 
increases circulating levels of ACTH, but IL-1 also acts at 
the hypothalamus by stimulating CRH release. However, 
primary cultures of rat pituitary cells respond to IL-1β 
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by increasing secretion of ACTH, showing that a direct 
effect can occur. In another study using primary rat pitu-
itary cultures, no effects of acute IL-I administration on 
POMC gene transcription or ACTH peptide release were 
observed. Interestingly, chronic treatment of these cul-
tures with either IL-1α or IL-1β exerted weak induction 
of ACTH release with no effect on POMC mRNA accu-
mulation.168 An explanation for these divergent results 
may be that IL-1 modulates the actions of other ACTH 
secretogogues, including catecholamines.

Interleukin-2. Expression of IL-2 mRNA and IL-2 re-
ceptor mRNA has been detected in human corticotrope 
adenoma cells and in mouse pituitary AtT20 cells.169 IL-2 
enhances POMC gene expression in the pituitary and 
ACTH secretion in AtT20 cells and primary rat pituitary 
cultures. When administered to human subjects during 
cancer therapy trials, IL-2 was found to increase circulat-
ing β-endorphin and ACTH levels,170 thus demonstrating 
a role for IL-2 in activating the HPA axis in vivo.

Interleukin-6. IL-6 is synthesized by both normal hu-
man and neoplastic anterior pituitary tissue.171 It is a 
potent stimulus of the HPA axis in humans and prob-
ably acts at the hypothalamus to stimulate AVP release 
and subsequent ACTH induction.172 Because IL-6 is also 
present in the circulation, especially during inflammatory 
stress, the relative importance of locally derived versus 
systemically available IL-6 could be the important factor 
in its function.

Leukemia Inhibitory Factor. LIF regulates differentia-
tion and development of pituitary corticotropes during 
ontogenesis and is involved in the HPA response to in-
flammation.173 The peptide is produced by human pitu-
itary cells and its receptors (LIF-Rs) are present in murine 
AtT20 pituicytes and human fetal corticotropes.174 Pitu-
itary LIF-R mRNA is induced by lipopolysaccharide (LPS) 
in vivo, although to a lesser extent than LIF mRNA.175

LIF acts principally on the pituitary corticotrope, 
potently inducing POMC gene transcription and enhanc-
ing ACTH secretion.174,176 In addition, it potentiates 
the action of CRH to induce ACTH secretion in AtT20 
cells176 and has been shown to reverse glucocorticoid 
dependent repression of POMC expression.82

Studies of the HPA axis in LIF knockout mice showed 
a defect in activation of the axis in response to stress. 
Circulating ACTH levels are attenuated after fasting 
in the knockout animals, and chronic infusion of LIF 
restores HPA responses to levels seen in wild-type litter-
mates.177 Interestingly, in mice with a double knockout 
of LIF and CRH, the POMC response to inflammation 
was robust and similar to wild-type animals. These ani-
mals had increased TNFα, IL-1β and IL-6, suggesting that 
increased central proinflammatory cytokines may com-
pensate for the impaired HPA axis function caused by 
loss of CRH and LIF.173 A study in LIF-R knockout mice 
shows a decrease in POMC expression in the fetus that 
highlights the importance of LIF signaling during HPA 
axis development.178

Integrated Control of ACTH Secretion. There are several 
layers of control that underpin the regulation of ACTH 
secretion (Fig. 8-11).

The first tier consists of central signals from the brain 
and hypothalamus and includes the hypothalamic hor-
mones, neurotransmitters, and brain peptides. These 
molecules traverse the portal venous system in classic 
endocrine fashion to impinge on their respective distal 
receptors located on the corticotrope cell surface. These 
highly differentiated receptors transduce their signals to 
the cell nucleus, thus determining biosynthesis and ulti-
mate secretion of POMC peptides. The hypothalamic 
hormones also determine pituitary cell mitotic activity, 
and clinically, pathologic oversecretion of these hormones 
results in pituitary hyperplasia and adenoma formation.

The second tier of pituitary control consists of an intra-
pituitary network of cytokines. These molecules provide 
highly specific and unique signals to the pituitary cell or 
an overlapping redundancy (e.g., interleukin regulation 
of ACTH). Furthermore, they may often synergize with 
hypothalamic hormones (e.g., LIF and CRH).

The pituitary factors invariably have dual functions: 
regulating cell development and replication and control-
ling differentiated gene expression. These two functions 
are often subserved independently and may in fact be 
discordant (e.g., LIF induces POMC transcription while 
blocking corticotrope cell proliferation).

The third tier of pituitary control comes from the 
peripheral target hormones such as glucocorticoids. Clin-
ically, loss of negative feedback inhibition by glucocorti-
coid target hormones results in hypersecretion of ACTH, 
pituitary hyperplasia, and sometimes adenoma forma-
tion, as may be encountered in hypoadrenalism.

Differential Regulation of POMC and ACTH. The rela-
tive concentrations of POMC and ACTH in the circu-
lation will depend not only on regulatory mechanisms 
influencing expression of the POMC gene but also on pre-
cursor processing and mechanisms of secretion from the 
corticotrope cells. Evidence from studies with the mouse 
corticotrope adenoma cell line AtT20 suggests that in the 
absence of stimulation, corticotrope cells release newly 
synthesized POMC.179 Therefore, the levels of POMC 
and ACTH in the circulation at any given time could well 
vary because of the differing regulatory mechanisms.

Mechanisms Regulating Secretion of ACTH  
and Related Peptides
The many factors that regulate secretion of ACTH and 
related peptides are integrated in the mechanisms that 
underpin the regulatory processes (Fig. 8-11). ACTH has a 
marked circadian rhythm and underlying this is a pulsatile 
release process. However, it is clear that stress responses 
can be superimposed on these, as can the feedback regula-
tion of cortisol, which down-regulates ACTH secretion. 
The details of this feedback inhibition are described in 
the section on glucocorticoid regulation. Although stud-
ies describe the factors involved in the stress response and 
feedback regulation, much less is known about circadian 
control and pulsatile secretion.

Circadian Rhythmicity. ACTH is released in an ultradian 
pulsatile manner, which underpins a circadian rhythm. 
This circadian rhythm originates from a primary “clock” 
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that is located in the suprachiasmatic nucleus. Neuronal 
afferents from this nucleus feed into the paraventricular 
nucleus of the hypothalamus and regulate CRH expres-
sion. The ACTH and cortisol released by the HPA axis 
are important determinants of rhythmicity in different 
tissues. Furthermore, there is also evidence for peripheral 
clocks that are not dependent on the suprachiasmatic nu-
cleus or cortisol for their rhythm.

The amplitude of the ACTH pulses rather than varia-
tion in pulse frequency controls the circadian rhythm. 
Therefore, the amplitude of ACTH pulses during peak 
secretion is fourfold higher than during the ACTH nadir. 
Peak levels of ACTH, and concordantly cortisol, occur 
at about 6 am, decline during the day to 4 pm, and then 
further decline to a nadir between 11 pm and 3 am (Fig. 
8-12). The peak at about 6 am is reached after an abrupt 
increase in ACTH secretion. The timing of this circadian 
rhythm for the HPA axis can vary slightly with lifestyle,180 
and shift workers are known to have a disrupted circa-
dian rhythm that may lead to increased propensity for 
metabolic syndrome. Although all the circulating POMC 
peptides show a diurnal variation and peak at the same 
time, their decline occurs at different rates, probably 

conferred by different circulatory half-lives and/or varia-
tion in extrapituitary processing.

Pulsatility. The pulsatile secretion of ACTH leads to pul-
satile release of cortisol by stimulating the mRNA levels 
of the enzymes involved in cortisol synthesis.181 Pulsa-
tile ACTH release may be a mechanism for overcoming 
desensitization of the ACTH receptor and may reflect 
pulsatile release of CRH. However, there is compelling 
evidence that the ultradian release of ACTH is indepen-
dent of both the circadian clock and the pulsatile CRH 
release and instead is driven by a subhypothalamic pulse 
generator.182

Pulsatility studies measuring circulating ACTH are 
complex because of the high number of ACTH pulses 
(12 to 30 per day) and the short half-life of ACTH (typi-
cally measured as 14 to 35 minutes).183-185 More recently, 
however, with more frequent sampling (every 10 minutes) 
and the development of automated sampling systems, the 
interaction between the underlying pulsatility and the 
regulation of ACTH and cortisol is being delineated.180

The Stress Response. The HPA axis is stimulated by a 
number of different types of stress. These include exer-
cise, acute illness, surgical stress, hemorrhage, and hypo-
glycemia. Chronic stress, for example, depression, also 
activates the HPA axis but this persistent activation can 
be attributed to failures in the normal feedback regula-
tory loops.

In response to stress, the pituitary integrates peripheral 
and central signals to modulate adrenal glucocorticoid 
production. Several lines of evidence suggest a unifying 
hypothesis linking hypothalamic releasing factors, activa-
tion of peripheral cytokine cascades, and intrapituitary 
cytokine expression with pituitary-mediated modulation 
of the systemic inflammatory response.186

Stress-associated disorders, such as melancholic 
depression, are characterized by persistent activation of 
the HPA axis. In this situation, there are multiple feed-
back loops that activate central CRH pathways, includ-
ing downregulation of the glucocorticoid receptor, which 
prevents the normal negative feedback on the HPA axis, 
resulting in the vicious circle of continued activation of 
the HPA.187

Immune Mechanisms That Regulate the HPA Axis. Infec-
tion, which activates the immune system, causes release of 
cytokines and these in turn stimulate the HPA axis. This 
network of interactions between the immune system and 
the HPA axis provides a mechanism whereby activation 
of the immune system is inhibited by glucocorticoid feed-
back on the immune cells leading to the well-recognized 
immune suppression, which limits the overall response.

An acute septic insult provokes a local inflammatory 
response, with coordinated and sequential activation of 
a series of proinflammatory cytokines188,189 and neural 
and bacterial toxin signals that activate the HPA axis.190 
Initially, peripheral activation of local and distal tumor 
necrosis factor (TNF) expression is followed by IL-1, 
IL-6, and LIF.188 The pituitary response to septic shock 
involves cytokines such as IL-6 and LIF. These cytokines 
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Figure 8-12 Mechanisms regulating pituitary secretion of adrenocor-
ticotropic hormone (ACTH) and related peptides. CRF, Corticotropin-
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cause activation of the HPA axis and increased glucocor-
ticoid production, thus limiting the extent of the inflam-
matory response and protecting against lethality. The 
increase in intrapituitary LIF stimulates POMC expres-
sion and strongly potentiates CRH action on the corti-
cotrope.176,177 The key role of HPA activation in limiting 
the lethal effects of unrestrained activation of proinflam-
matory cytokine cascades is underscored by the poor 
performance of the CRH knockout mouse exposed to 
endotoxin.191

Measurement of ACTH and Related Peptides
ACTH was one of the first peptides to be measured by 
radioimmunoassay and presented a significant challenge 
because of the difficulty in generating high-affinity anti-
bodies and in radiolabeling ACTH. The development of 
sensitive immunoradiometric assays for ACTH improved 
the reliability of ACTH measurement.192,193

Immunometric assays are based on a labeled monoclo-
nal antibody and a solid-phase antibody that recognizes 
a different sequence in ACTH. Because binding of both 
antibodies is required to generate a signal, the assay does 
not recognize α-MSH or CLIP. However, it is not always 
clear whether current ACTH assays recognize the ACTH 
precursors. The high sample throughput and wide work-
ing range of these assays make them ideal for measuring 
samples taken during inferior petrosal sinus sampling, a 
test that is an important component in the diagnosis of 
pituitary tumors secreting ACTH.

However, we must recognize that in some clinical situ-
ations the use of an assay that is highly specific for ACTH 
1–39 may be insufficient or misleading. In one patient 
with the ectopic ACTH syndrome shown by chroma-
tography to be producing high-molecular-weight ACTH 
precursors, the ACTH concentration was very low when 
measured by immunoradiometric assay.193 To ensure that 
patients with the ectopic ACTH syndrome are flagged by 
an ACTH assay, it is important that the ACTH precur-
sors have a high degree of cross-reactivity in the ACTH 
assay or that a separate specific assay for ACTH precur-
sors is available.132

Detection of ACTH precursors in plasma was first 
demonstrated in normal subjects after stimulation 
with metyrapone,194 and it was later observed after 

insulin-induced hypoglycemia.195 However, complex 
chromatographic techniques were required to separate 
ACTH precursors from ACTH. Clearly, this approach 
cannot be used for large numbers of patient samples and 
would not provide a quantitative assessment of the con-
centrations of ACTH precursors in plasma.

Direct measurement of ACTH precursors was made 
possible by the development of a two-site immunora-
diometric assay for the ACTH precursors POMC and 
pro-ACTH.196 The assay is based on a labeled mono-
clonal antibody that binds within the ACTH region 
of POMC and a solid-phase antibody that recognizes 
N-POC (see Fig. 8-8). Because binding of both antibod-
ies is required to generate a signal, the assay does not 
detect ACTH. With this assay, the concentrations of 
ACTH precursors in normal subjects were found to be 
5 to 40 pmol/L, which is equivalent to or greater than 
the concentrations of ACTH, N-POC, β-lipotropin, and 
β-endorphin.117 Measurement of ACTH precursors in 
patients with ectopic ACTH syndrome has indicated 
that the precursors are present at much higher concen-
trations than is ACTH.132,192 A similar approach has 
been used to measure POMC in aggressive ACTH-
secreting tumors.197

Other POMC-Derived Peptides. The development of ra-
dioimmunoassays and/or immunoradiometric assays for 
N-POC, γ-MSH, α-MSH, β-lipotropin, and β-endorphin 
has proved extremely valuable in understanding the pro-
duction and action of POMC peptides. The development 
of specific immunometric assays that distinguish circulat-
ing levels of β-lipotropin and β-endorphin has shown that 
β-lipotropin is the main form in human plasma and that 
relatively little β-endorphin is secreted.115 Nevertheless, 
questions relating to the relative molar ratios of the fam-
ily of POMC peptides are still unanswered.
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MAJOR MECHANISMS CONTROLLING 24-HOUR 
ENDOCRINE RHYTHMS
A prominent feature of the endocrine system is its high 
degree of temporal organization. Indeed, far from obey-
ing the concept of “constancy of the internal milieu,” cir-
culating hormonal levels undergo pronounced temporal 
oscillations ranging in period from a few minutes to a 
year. This intricate temporal organization provides the 
endocrine system with remarkable flexibility. Not only 
can specific physiologic processes be turned on and off 

depending on the presence or absence of a particular hor-
mone, but the precise pattern of hormonal release may 
provide specific signaling information.1

Hormonal variations in the circadian (i.e., approxi-
mately once per 24 hours) and ultradian (i.e., once per 
1 to 2 hours) range are ubiquitous in endocrine systems. 
However, the whole spectrum of endocrine rhythms 
includes both higher and lower frequency ranges. Indeed, 
secretory oscillations with periods in the 5- to 15-minute 
range have been observed for a number of hormones. 
The menstrual cycle and seasonal rhythms belong to the 

K E Y  P O I N T S

 •  Endogenous circadian rhythmicity and sleep-wake homeostasis are major regulators of 
endocrine and metabolic function.

 •  Daily hormonal profiles generally result from circadian clock–sleep interactions and 
reflect the superimposition of 24-hour periodicities on a pulsatile pattern of release.

 •  Recurrent partial sleep curtailment might increase the risk for obesity and diabetes and 
accelerate the senescence of endocrine and metabolic function.



148 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

so-called infradian range, corresponding to periods longer 
than the circadian range.2

The temporal variability and organization of hor-
monal concentrations during the 24-hour cycle ultimately 
results from the activity of two interacting time-keeping 
mechanisms in the central nervous system, endogenous 
circadian rhythmicity and sleep-wake homeostasis, a 
mechanism relating the timing and intensity of sleep to 
the duration of prior wakefulness. While this dual control 
was first demonstrated for hormones of the hypothalamo-
pituitary axes, a similar regulation appears to apply for 
other endocrine subsystems. In mammals, endogenous 
circadian rhythmicity is generated by a master circadian 
clock, located in the paired suprachiasmatic nucleus 
(SCN) of the hypothalamus.3 The SCN controls the tim-
ing of most, if not all, circadian rhythms and partly regu-
lates the sleep-wake cycle. The sleep-wake cycle in turn 
regulates the timing of many rhythms that depend on the 
presence or absence of sleep and wakefulness. Indeed, the 
timing and expression of many endocrine rhythms appear 
to depend upon a direct control from the SCN, as well as 
on the presence and quality of sleep, with some 24-hour 
endocrine rhythms more influenced by the SCN (e.g., 
melatonin) and others more regulated by the sleep-wake 
state (e.g., growth hormone). Thus, the combined inputs 
of the master circadian clock and of the sleep-wake state 
control the overall temporal organization of the endo-
crine system, as well as many other behavioral and physi-
ologic systems, across the 24-hour cycle. The two major 
pathways by which circadian rhythmicity and sleep-wake 
homeostasis affect peripheral endocrine function are the 
autonomous nervous system and two hormonal rhythms 
tightly controlled by the SCN: pineal melatonin and adrenal 
corticosteroids.4-6

The first section of this chapter provides an over-
view of current concepts and recent advances in the 
understanding of circadian rhythmicity and sleep-wake 
regulation and introduces the general properties, physi-
ologic significance, and medical implications of ultradian 
rhythmicity. This section concludes with a review of 
the impact of age on these mechanisms. Methodologi-
cal aspects specific to the study of hormonal rhythms in 
human subjects are described in the second section. The 
third section summarizes the present state of knowledge 
on circadian and ultradian endocrine rhythms in health 
and disease for the major endocrine axes. The last sec-
tion presents conditions of altered or abnormal circadian 
and/or sleep regulation that have implications for the 
temporal organization of hormonal release. Due to limi-
tations on length and scope of this chapter, this review is 
limited to findings in adults.

Circadian Rhythmicity
General Characteristics
One of the most obvious characteristics of life on earth 
is the ability of almost all species to change their behav-
ior on a daily or 24-hour basis. A remarkable feature of 
these daily or diurnal rhythms is that they are not simply 
a response to the 24-hour changes in the physical envi-
ronment imposed by the principles of celestial mechan-
ics, but instead arise from an internal time-keeping system 

that has the intrinsic capability to continuously generate 
rhythmic activity with a near 24-hour period.1 Thus, 
under laboratory conditions devoid of any external time-
giving cues, it has been found that nearly all 24-hour 
rhythms continue to be expressed. However, under such 
constant conditions, the period of the rhythm rarely 
remains exactly 24 hours but instead is “about” 24 hours, 
and this is why these rhythms are referred to as “circa-
dian,” from the Latin circa dies, meaning “around a day.” 
When a circadian rhythm is expressed in the absence of 
any 24-hour signals in the external environment, it is said 
to be free-running. Under these constant environmental 
conditions, the endogenous period is generally close to, 
but nearly never exactly, 24 hours. Strictly speaking, a 
diurnal rhythm should not be referred to as “circadian” 
until it has been demonstrated that such a rhythm persists 
under constant environmental conditions. The purpose of 
this distinction is to separate out those rhythms that are 
directly triggered by 24-hour changes in the environment 
from those which are endogenous. However, because 
most diurnal rhythms are endogenous, we will therefore 
extend the use of the term circadian rhythm to all diurnal 
variations recurring regularly at a time interval of approx-
imately 24 hours.

An immense variety of circadian rhythms have been 
observed in man. Human circadian rhythms have been 
characterized for blood constituents such as white blood 
cells, amino acids, and hormones; innumerable physi-
ologic variables such as body temperature, heart rate, 
blood pressure, and urinary volume; as well as behavioral 
parameters such as food intake, sleep, mood, vigilance, 
and cognitive performance. There are also rhythms in 
responsiveness to various challenges such as drugs and 
stress. Circadian rhythmicity is maintained when subjects 
are sleep deprived, when they are starved, or when they 
receive equal amounts of food at short intervals over the 
day. The timing of single meals, however, can have effects 
on the pattern of at least some variables, including hor-
mones, and the timing, duration, and quality of sleep and 
wake can alter the expression of many rhythms, especially 
those of the endocrine system.

The endogenous nature of human circadian rhythms 
has been established by experiments in which subjects 
were isolated with no access to the natural light-dark 
cycle and no time cues. Such experiments were first per-
formed in natural caves, then in underground bunkers, 
and finally in specially designed windowless soundproof 
apartments. The results of one such early experiment, con-
ducted in an artificial underground unit in Germany, are 
shown in Figure 9-1.1 The rest-activity cycle of the sub-
ject is plotted horizontally, day by day, and the times of 
occurrence of the daily maximum of the body tempera-
ture cycle are indicated by closed triangles. During the 
first 7 days of the experiment, the door of the isolation 
unit was left open and the subjects knew the time of day. 
The average period (τ) of the rest-activity cycle and of the 
rhythm of body temperature was 24 hours. When, there-
after, the subject lived in complete isolation, both rhythms 
free-ran but with a mean period of about 26 hours. The  
free-running period varies from one individual to another. 
In humans, free-running periods around 25 hours have 
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been observed under conditions of prolonged temporal iso-
lation. Assessments of the human free-running period using 
the so-called forced desynchrony protocol have, however, 
provided estimations between 24.1 and 24.2 hours.7

The Suprachiasmatic Nucleus: a Master Circadian Pacemaker
In mammals, the suprachiasmatic nucleus (SCN), that is, 
two small bilaterally paired nuclei in the anterior hypo-
thalamus, containing each about 10,000 cells in rodents, 
function as the master circadian clock. Under both free 
running and entrained conditions, destruction of the 
SCN in a variety of species leads to the abolishment or 
the severe disruption of many endocrine, behavioral, and 
physiologic rhythms. The role of the SCN as the control 
center for the circadian system, first suggested by lesion 
studies, was confirmed by studies involving transplanta-
tion of the SCN from one animal to another. Indeed, cir-
cadian rhythmicity can be restored in adult arrhythmic 
SCN-lesioned rodents by transplanting fetal SCN tissue 
into the region of the SCN.8,9 A number of SCN rhythms 
persist in vitro, including those of neural firing, vasopres-
sin release, glucose metabolism, and gene expression.10-13 
The ability of SCN cells to generate a circadian signal 
does not rely on some inherent network property of many 
cells acting together: single SCN cells in culture can gen-
erate circadian neural signals.14 Neurons within the SCN 
appear to be organized in two groups: a core group of 
light-responsive but not always rhythmic cells, and a shell 
of rhythmic cells.15

The generation and maintenance of circadian oscilla-
tions in the SCN involve a series of clock genes, which 
interact in complex feedback loops of transcription/
translation. The main positive loop comprises CLOCK 
and BMAL1 that can dimerize together to activate the 
transcription of many other clock genes, such as Period 
(Per1,2,3), Cryptochrome (Cry1,2) genes, and nuclear 
receptors (Rev-erbα,β, Rorα,β,γ). In turn, PER and CRY 
proteins define the main negative loop, by forming protein 
complexes that translocate to the nucleus in which they 
repress transcriptional activation of CLOCK-BMAL1. 
PER-CRY complexes can be inactivated by the protea-
some pathway, via F-box and beta-transducin repeat– 
containing proteins. This inactivating step is probably 
critical for starting a new circadian cycle. CLOCK-BMAL1 
heterodimers also control the transcription of other genes 
that contain E-box sequences in their promoter, such as 
Rev-erbs and Rors. Of note, REV-ERBs and RORs define 
secondary loops that modulate the rhythmic transcrip-
tion of Bmal1 and Clock. Concomitantly, the clockwork 
controls the rhythmic transcription of clock-controlled 
genes (i.e., downstream targets of the clock machinery) 
that generate temporal signals in and outside the clock 
(Figure 9-2).16,17 Improved tissue culture techniques and 
real-time monitoring of the expression of circadian clock 
genes have revealed that circadian oscillations in gene 
expression can persist in the SCN in vitro as well as in 
other tissues (see later) for many cycles.18,19 Regulators 
of intracellular metabolism, such as AMPK and SIRT1, 
and epigenetic modifiers are tightly and reciprocally con-
nected to the molecular clockwork.20-23

Importantly, mutations or deletions of canonical cir-
cadian clock genes have been found to profoundly affect 
endocrine rhythms and normal endocrine function in a 
variety of central and peripheral tissues.23-26

Secondary Clocks out of the Suprachiasmatic  
Nucleus: a Circadian Network
Circadian oscillations can be generated in many areas of the 
brain other than the SCN,10,27,28 as well as in virtually all 
peripheral tissues studied so far, including fibroblasts, heart, 
liver, and adrenal glands.18,29,30 These local clocks/oscilla-
tors appear to be under the control of the SCN, through 
the synchronization or entrainment of the same circadian 
clock machinery at the tissue level (see Figure 9-2). Because 
oscillations of these tissues persist at least for a few cycles 
when they are isolated in vitro, they can be defined as self-
sustained circadian clocks. The main functional difference 
between the master SCN clock and the secondary clocks/
oscillators is the strong and weak intercellular coupling, 
respectively.18,31,32 In other words, the cell-to-cell commu-
nication allowing synchronized oscillations is most efficient 
in the master clock compared to secondary clocks in periph-
eral tissues. Together, the SCN and peripheral clocks define 
a multi-oscillatory network generating circadian oscilla-
tions. Even if their role is not always clearly identified, the 
secondary clocks likely enhance the robustness of circadian 
signals coming from the SCN and fine-tune local tempo-
ral organization on a daily basis. The clocks in endocrine 
glands have been shown as being an integral part of the 
regulatory mechanisms controlling hormonal rhythmicity. 
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Figure 9-1 Circadian rhythms of wakefulness (blue bars), sleep (white 
bars), and maximum rectal temperature (triangles) in a human sub-
ject who was exposed to the external synchronizing agents for the first 
and last 7 days and was isolated from all time cues in an underground 
bunker between days 8 and 24. (Adapted from Aschoff J: Circadian 
rhythms: general features and endocrinological aspects. In: Krieger DT, 
(ed.). Endocrine rhythms, New York, 1979, Raven Press, 1-61.)
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For instance, the adrenal clock is clearly involved in the 
regulation of the circadian rhythm of circulating gluco-
corticoids, because it gates the daily responsiveness of the 
adrenal glands to ACTH.30 The rhythm of melatonin syn-
thesis in the pineal gland is dampened in mice knocked out 
for the clock genes Per1 or Cry1/Cry2, thus demonstrating 
that the molecular clockwork in the pineal gland plays a 
stimulatory role on the amplitude of daily synthesis of mel-
anonin.33,34 The adipose clock may participate in the daily 
rhythm of leptin secretion.35 Oscillations of clock genes in 
the thyroid gland may also play a role in the daily rhythm 
of triiodothyronine (T3) (see Figure 9-2).36,37

As a conductor, the SCN controls or synchronizes the 
secondary clocks in endocrine glands, either directly via 
neural signals through the autonomic nervous system, or 
indirectly via its control of behavioral rhythms such as 
the sleep-wake cycle and the rhythm of feeding. Further-
more, rhythmic release of corticosteroids and melatonin 
is tightly controlled by the SCN, albeit these rhythms are 
differentially timed (peak at the beginning of the active 
period and always at night, respectively). These two hor-
monal rhythms are thought to distribute temporal sig-
nals to the numerous target structures throughout the 
body and the brain, thus playing a role of internal time 
givers.5,38-40

Photic Entrainment of Circadian Rhythms
The fact that the endogenous circadian period is not 
exactly equal to 24 hours implies that changes in the 
physical environment must synchronize or entrain the 
internal clock. Otherwise, a clock with a period only a 

few minutes shorter or longer than 24 hours would soon 
be totally out of synchrony with the environmental day. 
Agents that are capable of entraining or synchronizing 
circadian rhythms are often called zeitgebers, a German 
neologism meaning “time giver.”

The light-dark (LD) cycle is the primary agent that syn-
chronizes most circadian rhythms. Thus, in the presence 
of a 24-hour LD cycle, the period of circadian rhythms 
exactly matches the period of the LD cycle. In addition 
to establishing “period control,” an entraining LD cycle 
establishes “phase control” such that specific phases 
of the circadian rhythm occur at the same time in each 
cycle.41 Entrainment is restricted to cycles with periods 
that are “close” to 24 hours in duration and, in general, 
is not possible for LD cycles that are more than a few 
hours shorter or longer than the endogenous circadian 
period. If the period of the LD cycle is too short or too 
long for entrainment to occur, the circadian rhythm free-
runs. This rigidity of the circadian pacemaker has been 
used in so-called “forced desynchrony” studies where the 
subjects are maintained on a light-dark and sleep-wake 
cycle with a period outside of the range of entrainment, 
such as 20 hours or 28 hours.7 As mentioned earlier, such 
protocols have provided estimations of the endogenous 
period of the human circadian system that are closer to 
24 hours (i.e., averaging 24.1 hours) than those obtained 
in prolonged studies of temporal isolation.7 The fact that 
the human endogenous circadian period is probably very 
close to 24 hours is consistent with the findings of a study 
showing that a schedule of sleep-wake and dark-light 
cycles with very low light intensity during wakefulness is 

Figure 9-2 Schematic representation of the human 
multi-oscillatory circadian system. The master clock 
in the suprachiasmatic nuclei (SCN) controls sleep-
wake cycle and hormonal rhythms. The SCNs are 
the conductor of many secondary clocks/oscillators 
in the brain and peripheral glands that participate 
in the daily rhythms of hormonal secretion. The in-
set illustrates a simplified model of the mammalian 
molecular clockwork.
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able to maintain entrainment to the 24-hour day but not 
to a 23.5- or 24.6-hour day.42

The eyes are involved in relaying entraining informa-
tion from the LD cycle to the circadian timing system in 
mammals via a unique pathway, separate from the visual 
system, and referred to as the retinohypothalamic tract.43 
At the level of the optic chiasm, retinal projections first 
enter the brain in the region of the SCN and surrounding 
hypothalamic areas. Thus, the integrity of the primary 
visual centers of the brain and/or the “perception” of light 
is not necessary for entrainment of circadian rhythms by 
the LD cycle.41 The independence of the photic input to 
the circadian clock from the visual system in mammals 
is actually not surprising from an evolutionary point of 
view. In all nonmammalian vertebrates, entrainment of 
circadian rhythms can occur in the absence of the eyes 
and relies on nonretinal photoreceptors in the brain.44 
The independence of the circadian light sensing system 
from the visual system in mammals was also suggested in 
early studies showing that rod-less/cone-less mice could 
still entrain to the light-dark cycle, even though the eyes 
were necessary.45 More recently, it was shown that a spe-
cial subset of retinal ganglion cells containing melanopsin 
could act as photoreceptors for relaying light information 
to the circadian clock in the SCN.46,47 This breakthrough 
demonstrated not only a new light sensing system in 
the retina, but also opened up new avenues of research 
regarding the impact of light on brain function indepen-
dently of the visual system, including possible neuroen-
docrine effects.48 The finding that visual light perception 
is not necessary for circadian light perception can explain 
why in some totally blind humans, light exposure is capa-
ble of suppressing melatonin levels, indicating that visual 
blindness should not be equated with circadian blind-
ness.49 In addition to the retinohypothalamic tract, the 
SCN also receives retinal information indirectly from a 
distinct subdivision of the lateral geniculate nucleus, the 
intergeniculate leaflet, which receives a direct projection 
from the retina.43

To examine how a zeitgeber such as light influences the 
circadian system, the organism is maintained in constant 
conditions (e.g., constant darkness) and then exposed to 
the zeitgeber for a brief period (e.g., 1 hour) before being 
returned to constant conditions.50 The effects of zeitgeber 
exposure on a phase reference point of an overt circa-
dian rhythm (e.g., onset of locomotor activity, minimum 
of body temperature) in subsequent cycles is then deter-
mined. A plot of the direction and magnitude of the phase 
shift as a function of the circadian time of zeitgeber expo-
sure is called a phase response curve.50 In the human, light 
exposure during the late evening and first half of the usual 
sleep period results in phase delays, while light expo-
sure at the end of the usual sleep period and in the early 
morning results in phase advances. The transition from 
phase delays to phase advances occurs around the time 
of the minimum of body temperature, that is, between 
0400 and 0600 hours in most subjects. The magnitude 
of the phase shifts is also wavelength dependent. Expo-
sure to short-wavelength monochromatic light (shifted to 
the blue) results in much larger shifts than exposure to 
longer-wavelength light of equal photon density, because 

the retinal ganglion cells containing melanopsin are most 
sensitive to blue light.51

While differences in amplitude may exist, the general 
shape and characteristics of the phase response curve to 
light pulses are similar for all species. Based on this phase 
response curve, appropriate exposure to bright light can 
accelerate adaptation to shifts such as those occurring in 
“jet lag” and shift work. The amplitude of the phase shifts 
depends on light intensity and duration and on the num-
ber of consecutive exposures.52 For example, exposure to 
single 3- to 7-hour light pulses can induce phase shifts 
on the order of 1 to 3 hours,53-55 and repeated exposure 
for 2 to 3 consecutive days may cause much larger 6- to 
12-hour shifts.7

In addition to its phase-shifting effects, light exposure 
can have direct effects on endocrine variables. In that case, 
light will mask (i.e., override) the circadian signals gen-
erated by the SCN. For example, light exposure at night 
inhibits melatonin secretion by the pineal gland in humans 
and other mammalian species (negative masking, as endog-
enous levels are diminished). Moreover, bright light at 
night and in the morning triggers corticosteroid release 
in rodents and humans, respectively (positive masking, as 
endogenous levels are enhanced).56-58 This effect is likely 
ACTH independent, and mediated by an activation of sym-
pathetic pathways via the paraventricular hypothalamic 
nuclei that receive photic cues indirectly.56

Nonphotic Cues
The synchronizing cues that differ in nature from light 
have been categorized as “nonphotic” even if they can be 
as different as behavioral arousal, exercise, or time of feed-
ing. Nonphotic cues may cause an alteration of the rest- 
activity cycle, either by eliciting activity during the normal 
rest period or by preventing activity during the normal 
active period, resulting in phase shifts of circadian rhythms  
of activity as well as of other behavioral, physiologic,  
and endocrine markers.59-61 In nocturnal rodents, the 
phase response curve to activity-inducing stimuli is about 
12 hours out of phase with the phase response curve to 
light pulses.50

How nonphotic information reaches the SCN is still 
not known, although there is evidence from lesion stud-
ies to suggest that the intergeniculate thalamic leaflet 
may be involved in mediating the effects of activity on 
the clock. Furthermore, the intergeniculate leaflet is the 
source of the neuropeptide Y innervation of the SCN, and 
the administration of neuropeptide Y into the SCN area, 
as well as electrical stimulation of the geniculohypotha-
lamic tract, both induce phase shifts in the hamster loco-
motor activity rhythm that are similar to those induced 
by activity-inducing stimuli.62 The intergeniculate leaflet 
may be a common pathway by which information about 
the lighting environment and the activity-rest state reach 
the SCN clock, and may be involved in integrating infor-
mation from both the external and internal environment. 
Both the intergeniculate leaflet and the SCN receive a 
dense serotonergic projection from the midbrain raphe 
nuclei, and there is now substantial evidence that these 
projections play a modulatory role in both the photic and 
nonphotic regulation of the master circadian clock.63
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Nonphotic stimuli may affect human circadian rhythms. 
Exposure to a single session of 3 hours of moderate- 
intensity exercise during the usual nighttime period was 
found to result in phase shifts of markers of circadian 
phase on the next day, with the direction and magni-
tude of the phase shifts being dependent on the timing 
of exercise.64 Similar findings were obtained with noctur-
nal exposure to high-intensity 1-hour exercise sessions.65 
Supporting evidence for a zeitgeber effect of exercise was 
obtained in a field study, which found that adaptation to 
night work could be facilitated by nocturnal exercise.66 
These findings were confirmed by a study demonstrating 
that daily exposure to nighttime exercise facilitates phase 
delays of the circadian melatonin rhythm even when the 
subjects are maintained in very dim light.67 Nocturnal 
exercise of low intensity is also able to phase-delay circa-
dian rhythms in older adults, suggesting that it could be a 
useful treatment for the adjustment of circadian rhythmic-
ity in older populations.68

Another nonphotic agent that has been shown to 
induce phase shifts in human circadian rhythms is mela-
tonin.69 This action of melatonin is often referred to as 
“chronobiotic.” There are specific neural connections 
between the SCN and the pineal gland, and the diurnal 
variation of plasma melatonin levels is driven by the 
SCN clock.70 Phase shifts of the central circadian sig-
nal induced by changes in the LD cycle will be faithfully 
reflected in the synchronization of the onset of nocturnal 
melatonin secretion.54,71 There is evidence that, in turn, 
the melatonin rhythm feedbacks on the SCN clock (where 
melatonin receptors have been identified) and exerts syn-
chronizing effects.5,70

Corticosteroids are potent synchronizers of peripheral 
clocks, thereby highlighting their property of internal 
time givers. Of note, corticosteroid signaling does not 
affect directly the SCN, probably due to the lack of glu-
cocorticoid receptor expression in that structure.38 Nev-
ertheless, experimental changes in the status of adrenal 
corticosteroids modulate the shifting responses of the 
SCN clock to light, as evidenced by simulated jet lag.72,73 
Noteworthy, the responsiveness of the HPA to stress is 
modulated according to the time of day, with larger and 
smaller responses, respectively, during the quiescent and 
peak period.74,75 Collectively, these findings indicate that 
the endogenous variations of circulating corticosteroids 
can partly distribute the temporal signals of the SCN to 
peripheral glands. Conversely, acute and chronic stress 
that both blunt the circadian rhythm of corticosteroids 
may disturb the internal synchronization between the 
SCN and the peripheral clocks, as well as the phase- 
shifting effects of light.

The timing of feeding, when restricted to a narrow 
temporal window, can affect the entrainment pattern of 
behavioral and hormonal rhythms through what has been 
referred to as a food-entrainable clock that is independent 
of the SCN. The timing of feeding can alter rhythmicity 
in most peripheral circadian oscillators.76,77 One of the 
most prominent hormonal changes induced by restricted 
feeding is the anticipatory rise in circulating glucocorti-
coids before time of access.78 A controversy persists as to 
the brain location of a SCN-independent food entrainable 

clock that controls food-anticipatory processes.79,80 Nev-
ertheless, there is now overwhelming evidence that the 
circadian and metabolic systems are linked together at 
molecular, cellular, and behavioral levels, suggesting 
the possible role of circadian disorganization in obesity, 
diabetes, and other cardiometabolic disorders.81 In par-
ticular, alterations in circadian clock genes can lead to 
obesity and other metabolic abnormalities,25,82 while met-
abolic transcription factors such as nuclear receptors can 
modulate the expression of circadian clock genes.21-23,83  
Furthermore, a high-fat diet alters behavioral, as well as 
molecular circadian rhythms in central and peripheral 
tissues involved in the regulation of energy balance.84,85 
Finally, besides the nature and the quantity of ingested 
fuels, the timing of food intake is now recognized as an 
important determinant for good metabolic health.86

Sleep-Wake Regulation
General Characteristics
The sleep-wake cycle may be viewed as a 24-hour rhythm 
partly driven by the circadian pacemaker and partly by 
the homeostatic regulation of sleep pressure. Sleep itself 
is an ultradian rhythm as it involves two states of dis-
tinct brain activity that are each generated in specific 
brain regions. The ultradian rhythm of normal sleep is 
an approximate 90-minute oscillation between non-REM 
(rapid eye movement) stages and REM stages. In healthy 
subjects, this pattern is usually repeated 4 to 6 times per 
night. REM sleep and non-REM sleep are character-
ized by distinct patterns of both cerebral and peripheral 
activity.

In the normal sequence, sleep is initiated by the lighter 
stages of non-REM sleep (stages 1 and 2), followed within 
10 to 20 minutes by a deeper non-REM stage (stage 3), 
that is, slow-wave sleep (SWS; until 2007, SWS was fur-
ther divided into stages 3 and 4).87 This deeper stage of 
sleep is maintained for nearly 60 minutes in normal young 
subjects but is usually much shorter (5 to 10 minutes), if 
at all present, in older adults. Then, lighter stages of non-
REM sleep reappear, and the first REM period is initi-
ated. As the night progresses, non-REM sleep becomes 
shallower, the duration of REM episodes becomes longer, 
and the number and duration of awakenings increase. In 
normal young subjects, approximately 50% of a normal 
night is spent in stages 1 and 2 sleep, 20% in SWS, 25% 
in REM, and 5% in wake. In adults over 60 years of age, 
SWS is usually reduced to only 5% to 10% and REM 
sleep to 10% to 15%, while the proportion of time awake 
may reach 30% of the night.

During deep non-REM sleep (SWS), the electroenceph-
alogram (EEG) is synchronized with low-frequency, high-
amplitude waveforms, referred to as slow waves or delta 
waves. During REM sleep, eye movements are present, 
muscle tone is inhibited, and the EEG resembles that of 
active waking. During REM sleep, cerebral glucose utili-
zation is similar to that of waking, while it is decreased 
during SWS.

The all-night recording of EEG, muscle tone, and eye 
movements is called the polysomnogram and is visually 
scored over 20- or 30-second periods in stages 1, 2, 3, REM, 
and wake using standardized criteria.88 This procedure 
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allows the determination of the duration of each sleep 
stage, but does not quantify the intensity of non-REM 
sleep. In contrast, the quantification of EEG recordings 
by power spectral analysis provides useful information 
regarding sleep depth or sleep intensity, because spectral 
analysis is sensitive to the amplitude of the delta waves. 
Higher-amplitude delta waves reflect more intense, deeper 
sleep, less sensitive to arousal stimuli. Slow-wave activity 
(SWA) is spectral EEG power in the low-frequency range 
(also called delta range; 0.5 to 4.0 Hz) and is a marker of 
the intensity of non-REM sleep.

The timing, duration, and architecture of sleep are 
under the dual control of a homeostatic mechanism relat-
ing sleep pressure to the duration of prior wakefulness 
and of central circadian rhythmicity.

Neuroanatomic Basis of Sleep Regulation
Normal waking is associated with neuronal activity in 
regions of the so-called “ascending arousal system,” 
including monoaminergic neurons in the brainstem 
and posterior hypothalamus, cholinergic neurons in the 
brainstem and basal forebrain, and orexin (hypocretin) 
neurons in the lateral hypothalamus.89,90 The initiation 
of sleep therefore requires the inhibition of these mul-
tiple arousals systems. The ventrolateral preoptic area 
(VLPO) of the hypothalamus is involved in the inhibition 
of arousal. The VLPO contains “sleep-active neurons” 
that use the inhibitory neurotransmitter GABA (gamma-
aminobutyric acid) and have much higher firing rates 
during deep sleep than during wakefulness.91,92 Lesions 
of the central cell cluster of the VLPO drastically reduce 
SW activity. Neurons of the VLPO provide GABAergic 
inhibitory innervation of the major monoamine arousal 
systems in the brainstem. Reciprocally, there are inhibi-
tory pathways from the monoamine arousal nuclei to the 
VLPO.93 The orexin neurons in the lateral hypothalamus 
project to all components of the ascending arousal sys-
tem and stimulate the cortex.94 REM sleep is primarily 
regulated by cholinergic nuclei in the pons.

Interactions between Circadian Rhythmicity  
and Sleep-Wake Homeostasis
There are several features of the interaction between sleep 
and circadian rhythmicity that appear to be fairly unique 
to the human species. First, human sleep is generally con-
solidated in a single 6- to 9-hour period, whereas frag-
mentation of the sleep period in several bouts is the rule 
in the majority of other mammals. Possibly as a result 
of this consolidation of the sleep period, the wake-sleep 
transition in man is associated with physiologic changes 
that are usually more marked than those observed in 
animals. For example, the secretion of growth hormone 
(GH) in normal adults is tightly associated with the begin-
ning of the sleep period whereas the relationship between 
GH secretory pulses and sleep stages is much less evident 
in rodents, primates, and dogs. Secondly, man is also 
unique in its capacity to ignore circadian signals and to 
maintain wakefulness despite an increased pressure to go 
to sleep. Finally, approximately 25% of human subjects 
maintained for prolonged periods of time in temporal 
isolation have shown behavioral modifications that have 

not been observed in laboratory animals under constant 
conditions. These modifications consist of a desynchroni-
zation between the sleep-wake cycle and other rhythms, 
such as those of body temperature and cortisol secretion, 
which continue to free-run with a circadian period. Under 
conditions of so-called “internal desynchronization,” the 
sleep-wake cycle may be suddenly lengthened to 30 hours 
and more, while the rhythm of body temperature con-
tinues to free-run with a circadian period.1 Wakefulness 
may last more than 30 hours. Remarkably, the subjects 
are not aware of these drastic changes in their way of 
living. Instead, most of them believe they are living on 
a more or less regular 24-hour schedule. This can be 
explained by the observation that time perception is pro-
foundly altered: subjective estimations of 1-hour intervals 
are positively correlated with the duration of wakeful-
ness.95 Of particular interest is that the subjects continue 
to have three meals per “day,” irrespective of the actual 
number of hours they are awake.96 The intervals between 
meals as well as those between wake-up and breakfast, or 
between dinner and bedtime, are stretched or compressed 
in strong proportionality to the duration of wakefulness.97 
The mechanisms causing spontaneous internal desyn-
chronization are not completely understood.

Detailed analyses of data obtained during tempo-
ral isolation and forced desynchrony protocols showed 
that the timing, duration, and architecture of sleep are 
partially regulated by circadian rhythmicity.98 Thus, the 
duration of sleep episodes is correlated with the phase 
of the circadian rhythm of body temperature and not 
with the duration of prior wakefulness. Short (i.e., 7 to 
8 hours) sleep episodes occur in free-running conditions 
when the subject goes to sleep around the minimum of 
body temperature, whereas long (i.e., 12 to 14 hours) 
sleep episodes occur when sleep starts around the maxi-
mum of body temperature. Moreover, the distribution of 
REM sleep is also markedly modulated by circadian tim-
ing. In contrast, the hourglass-like mechanism of sleep-
wake homeostasis system. Rather, sleep homeostasis 
may involve one or several putative neural sleep factors, 
which rise during waking and decay exponentially during 
sleep.99 This homeostatic mechanism regulates the tim-
ing, amount, and intensity of SWS and SWA. The VLPO 
has been proposed as a neuroanatomic locus for the 
interaction of the homeostatic process and central circa-
dian rhythmicity as it receives dense projections from the 
dorsomedial hypothalamic nucleus, which itself receives 
direct and indirect projections from the SCN.100 Based 
on human studies described later, it is thought that the 
SCN generates a waking signal that promotes alertness 
during the active period. In support of this theory, studies 
have shown that rodents and monkeys with SCN lesions 
have increased sleep duration.101,102 Furthermore, studies 
in rats have described an indirect neuronal circuit from 
the SCN to the locus coeruleus, an area of the midbrain 
involved in the control of arousal.103 The finding that the 
mutation or deletion of a number of circadian clock genes 
affects not only the timing of sleep, but also many other 
sleep-wake traits, including traits linked to the homeo-
static drive to sleep,104-106 indicates that the circadian and 
homeostatic processes underlying the regulation of the 
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sleep-wake cycle may be linked at molecular, as well as 
anatomic levels of organization.

The dual control of sleep by circadian and homeo-
static mechanisms extends to the control of objective 
and subjective measures of sleep tendency, mood, and 
vigilance.107,108 When wakefulness is extended beyond 
the usual 16 to 18 hours, maximum subjective sleepiness 
coincides with the minimum of body temperature, mood, 
and performance. Remarkably, despite continued sleep 
deprivation, subjective fatigue then decreases, and mood 
and performance partially recover during the daytime 
hours, reflecting an interaction of circadian timing with 
the accumulation of waking time.107-109 It is currently 
thought that the circadian clock generates a waking sig-
nal that increases from morning to evening and is maxi-
mally expressed in the early evening hours, 1 to 2 hours 
prior to the onset of nocturnal melatonin secretion.110 
This circadian waking signal counteracts the buildup of 
the putative factor “S” underlying the homeostatic pro-
cess, allowing a high level of alertness throughout the 
usual waking period. Current data from human studies 
are also compatible with the hypothesis that the SCN also 
generates a “sleep” signal in the early evening hours.98 
In addition, the circadian and homeostatic regulation 
of the vigilance states is modulated by ambient lighting  
conditions. Acute exposure to light triggers opposite 
behavioural states (i.e., waking and sleep, respectively) 
between diurnal and nocturnal species.111,112

Circadian rhythmicity and sleep-wake homeosta-
sis also interact to regulate hormonal secretion. These 
modulatory effects were long thought to be present only 
in hormones directly dependent of the hypothalamo- 
pituitary axis. However, it is now clear that modula-
tion by circadian rhythmicity and sleep is also present 
in other endocrine systems, such as glucose regulation 
and the renin-angiotensin system.113,114 The multiple 
pathways by which circadian rhythmicity, sleep-wake 
homeostasis, and their interaction modulate hormonal 
release are not completely understood. Humoral and/
or neural signals originating from the hypothalamic cir-
cadian pacemaker and from brain regions involved in 
sleep regulation affect the pulsatile release of hypotha-
lamic neuroendocrine factors that stimulate or inhibit 
intermittent secretion of pituitary hormones. The auto-
nomic nervous system is another pathway linking the 
central control of sleep-wake homeostasis and circa-
dian rhythmicity with peripheral endocrine organs. It 
appears that stimulatory or inhibitory effects of sleep 
on endocrine release are primarily associated with SW 
sleep, rather than REM sleep.115 The data available so 
far seem to indicate that circadian rhythmicity of pitu-
itary hormonal release is achieved primarily by mod-
ulation of pulse amplitude without changes in pulse 
frequency whereas sleep-wake and REM-nonREM tran-
sitions affect pulse frequency. Pituitary hormones that 
influence endocrine systems not directly controlled by 
hypothalamic factors, probably mediate, together with 
the autonomous nervous system, the modulatory effects 
of sleep and circadian rhythmicity on these systems 
(e.g., counterregulatory effects of GH and cortisol on 
glucose regulation).114

To delineate the relative roles of circadian and sleep 
effects in the temporal organization of hormonal secre-
tion, strategies based on the fact that circadian rhyth-
micity needs several days to adapt to abrupt shifts of the 
sleep-wake cycle have been used. Thus, by shifting the 
sleep times by 8 to 12 hours, masking effects of sleep 
on circadian inputs are removed and the effects of sleep 
at an abnormal circadian time are revealed. Figure 9-3 
illustrates mean profiles of plasma cortisol, growth hor-
mone (GH), prolactin, and thyrotropin (TSH) observed 
in normal subjects who were studied before and during 
an abrupt 12-hour shift of the sleep-wake and dark-light 
cycle. The study period extended over a 53-hour span and 
included an 8-hour period of nocturnal sleep, a 28-hour 
period of continuous wakefulness, and a daytime period 
of recovery sleep. To eliminate the effects of feeding, fast-
ing, and postural changes, the subjects remained recum-
bent throughout the study and the normal meal schedule 
was replaced by intravenous glucose infusion at a con-
stant rate. As shown in Figure 9-3, this drastic manipula-
tion of sleep had only modest effects on the wave shape of 
the cortisol profile, in sharp contrast with the immediate 
shift of the GH and prolactin rhythms that followed the 
shift of the sleep-wake cycle. As will be reviewed in sub-
sequent sections, numerous studies have indicated that 
the control of diurnal rhythms of corticotropic activity is 
primarily dependent on circadian timing, whereas sleep-
wake homeostasis appears to be an important factor in 
the control of the 24-hour profiles of GH and prolac-
tin.116 Nevertheless, as detailed later, small modulatory 
effects of sleep-wake homeostasis on cortisol secretion 
have been clearly demonstrated and, conversely, circa-
dian timing might influence somatotropic function. The 
diurnal variation of TSH levels includes an evening eleva-
tion thought to be under circadian control and noctur-
nal inhibition by sleep-dependent processes that is clearly 
demonstrated during sleep deprivation, when a large 
increase in nocturnal TSH levels is apparent, as shown in 
the lower panel of Figure 9-3.116

Hormonal profiles are thus easily measurable reflec-
tions of central mechanisms of biological time-keeping. In 
clinical investigations of conditions of abnormal circadian 
rhythmicity such as “jet lag” and in human studies of the 
effects of exposure to natural or artificial zeitgebers, they 
are commonly used as markers of the status of the master 
circadian clock and of its interactions with sleep.

Ultradian Rhythmicity
Range of Ultradian Rhythms
The term ultradian is primarily used to designate rhythms 
with periods ranging from fractions of hours to several 
hours. Ultradian oscillations are often less regular and less 
reproducible than circadian rhythms. In most cases, they 
appear to represent an optimal functional status within 
the system where they occur rather than serve the primary 
function of a “clock”, that is, an accurate time-measuring 
device. There are a wide variety of ultradian rhythms. 
The most prominent are pulsatile hormonal release and 
the alternance of REM and non-REM stages in sleep.  
In the human, the approximately 90-minute REM–non 
REM cycle is accompanied by similar periodicity of 
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dreaming, penile erections, sympathovagal balance, and 
breathing. It has been suggested that this ultradian rhythm 
during sleep was a reflection of a basic rest- activity cycle 
(BRAC) that would occur during wakefulness as well.117 
This concept has received some experimental support 

from a study demonstrating the existence of an ultra-
dian rhythm of brain electrical activity in the frequency 
range of 13 to 35 Hz, an index of central alertness, dur-
ing waking.118 Interestingly, pulses of cortisol release 
were significantly associated with ultradian oscillations  
in alertness.118

Oscillations at frequencies higher than the hourly  
(i.e., circhoral) range characterizing pulsatile release have 
been observed for a variety of hormones and metabolic 
variables. In particular, rapid oscillations of insulin secre-
tion with periods in the 10 to 15 minute range have been 
well characterized in humans.119,120 Oscillations with a 
similar period also characterize lipolysis from omental 
fat, resulting in pulsatile free fatty acid release, which 
appears driven by bursts of sympathetic drive to the 
adipocytes.121

Properties and Clinical Implications of Pulsatile  
Hormonal Release
In the endocrine system, ultradian variations have been 
observed for anterior and posterior pituitary hormones, 
for hormones under direct pituitary control, as well as 
for other endocrine variables such as parathyroid hor-
mone, norepinephrine, plasma renin activity, and leptin 
and insulin secretion. The interval of recurrence of pulses 
varies from hormone to hormone and from species to spe-
cies. The relative importance of pulsatile or oscillatory 
secretory activity versus tonic release also varies from one 
axis to the other. For some hormones, secretory activity 
appears to be entirely pulsatile, with no detectable secre-
tion between pulses. In normal men, evidence suggestive 
of intermittent secretion without tonic release has been 
obtained for luteinizing hormone (LH), follicle-stimulating  
hormone (FSH), GH, and adrenocorticotropic hormone 
(ACTH).122-124 For some hormones (e.g., insulin, pro-
lactin, and TSH), pulsatile release is superimposed on 
a tonic level of secretion, or secretion occurs continu-
ously but is increased and decreased in an oscillatory 
fashion.122,123,125,126 The pulsatile nature of hormonal 
release implies that changes well in excess of 100% may 
occur within less than 1 hour. Therefore, it is necessary to 
obtain multiple samples to estimate the mean circulating 
level of many hormones and to determine the presence or 
absence of a circadian rhythm.

The physiologic significance of pulsatile hormone 
secretion was first proven when the essential role of the 
episodic nature of GnRH release for the normal function-
ing of the pituitary-ovarian axis was demonstrated.127 
Landmark studies showed that continuous infusions of 
exogenous gonadotropin-releasing hormone (GnRH) 
in Rhesus monkeys with lesions of the arcuate nucleus, 
which abolished endogenous GnRH production, inhib-
ited the secretion of LH and FSH. In contrast, the pulsatile 
administration of the synthetic hypothalamic hormone at 
a rate of one 6-minute pulse per hour restored normal LH 
and FSH levels.127 Furthermore, if the rate of pulse deliv-
ery was increased to three pulses per hour or decreased to 
one pulse every 2 hours, serum LH and FSH levels were 
partly inhibited. These findings were rapidly applied to 
the treatment of a variety of disorders of the pituitary-
gonadal axis and led the way to the discovery of the 

Figure 9-3 Mean (+ SEM) 24-hour profiles of plasma cortisol, growth 
hormone (GH), prolactin (PRL), and thyrotropin (TSH) in a group 
of eight normal young men (20 to 27 years of age) studied during a  
53-hour period, including 8 hours of nocturnal sleep, 28 hours of 
sleep deprivation, and 8 hours of daytime sleep. Data were sampled 
at 20-minute intervals. (From Van Cauter E, Spiegel K: Circadian and 
sleep control of endocrine secretions. In Turek FW, Zee PC (eds.):  
Neurobiology of sleep and circadian rhythms, vol. 133. New York, 
Marcel Dekker, 1999, pp. 397-426).
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functional significance of pulsatility in other endocrine 
systems.128 For example, it was found that oscillatory 
administration of insulin with a period matching that of 
the normal pulsatility of endogenous insulin secretion is 
more effective in lowering glucose levels than constant 
infusion.129

Impact of Aging on Mechanisms Controlling  
Endocrine Rhythms
Age-related changes in endocrine, metabolic and behav-
ioral circadian rhythms have been reported in a variety 
of species, including humans.130-132 One of the most 
prominent changes is a reduction in rhythm amplitude. 
The overall findings of a study that examined age-related 
differences in 24-hour endocrine rhythms in healthy sub-
jects are shown in Figure 9-4.130 A marked decrease in the 
nocturnal release of TSH, prolactin, GH, and melatonin 
was observed in the older volunteers. The amplitude of 
the cortisol rhythm was decreased in the older adult men, 
primarily because of an elevation of nocturnal minima. 
A retrospective analysis of polygraphic sleep record-
ings and concomitant profiles of plasma GH and corti-
sol from 149 normal healthy men, 16 to 83 years of age, 
showed a different rate of aging of SW sleep and REM 
sleep (Figure 9-5).133 SW sleep decreased markedly from 
early adulthood to midlife and was replaced by lighter 
sleep (stages 1 and 2) without significant increases in sleep 
fragmentation or decreases in REM sleep. The transition 
from midlife to late life involved an increase in wake at 
the expense of both non-REM and REM sleep. The chro-
nology of aging of GH secretion paralleled that of SW 
sleep. In contrast, the elevation of evening cortisol levels 
became significant only after 50 years of age, when sleep 
became more fragmented and REM sleep declined. These 
results were confirmed by a meta-analysis of 65 studies 
that found that most of the impact of age on sleep occurs 
before midlife.134 Despite the fact that older women have 
more subjective sleep complaints than men,135-137 it was 
generally assumed that SWS and SWA are less affected 
by aging in women than in men.138 However, when SWA 
in non-REM sleep is expressed relative to SWA in REM 
sleep (i.e., accounting for “background” SWA), SWA is 
actually lower in older women than in older men, consis-
tent with the higher frequency of subjective complaints.139

Deficits in the maintenance and quality of nocturnal 
sleep in older adults are paralleled by decreased alert-
ness, attention and memory deficits, and decreased per-
formance during the daytime.140 In both rodents and 
humans, many circadian rhythms are also advanced under 
entrained conditions such that specific phase points of the 
rhythms occur earlier than in young subjects.130,141 Both 
amplitude reduction and phase advance of the rhythm 
of body temperature have been observed in older adult 
subjects, and these alterations in circadian regulation 
were closely associated with changes in sleep-wake habits  
(i.e., earlier bedtimes and wake times).131,142

Age-related changes in the amplitude and/or the phase 
of circadian rhythms could be due to changes in the 
inner workings of the master clock, to alterations in the 
input pathways to the clock, or to factors “downstream” 
between the SCN clock and the system expressing the 

rhythm. Some early studies have reported that the free-
running period of various rhythms in rodents is system-
atically shortened with age,143,144 suggesting that the 
circadian clock itself is altered in advanced age. This 
concept has been confirmed in rats using measurement of 
Per1-luc expression in transgenic animals.19 Age-related 
phase advances of a number of different behavioral and 
endocrine rhythms are consistent with the hypothesis 
that the period of the human circadian clock is shorter 
in older adults. However, a study that measured the free-
running period in healthy young and older adults using 
the forced desynchrony protocol has found no age dif-
ference.7 Nevertheless, the very healthy older individuals 
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Figure 9-4 Mean (+ SEM) 24-hour profiles of plasma cortisol, thyro-
tropin (TSH), melatonin, prolactin (PRL), and growth hormone (GH) 
levels in eight old (67 to 84 years) and eight young (20 to 27 years) sub-
jects. Data were sampled at 15-minute intervals. The blue bars represent 
the mean sleep period. (From van Coevorden A, Mockel J, Laurent E,  
et al: Neuroendocrine rhythms and sleep in aging men. Am J Physiol 
260:E651-E661, 1991.)
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who participated in this demanding protocol had marked 
decreases in sleep consolidation and had greater diffi-
culties sleeping at adverse circadian phases than young 
subjects. These alterations and the clear advance of the 
propensity to awaken from sleep are thought to be related 
to both a reduction in the homeostatic drive to sleep and 
a reduction in the strength of the circadian signal.145 In 
older adults, in contrast to young subjects, there is no 
significant correlation between the length of the circadian 
period and the phase-angle of entrainment.146

Studies in rodents indicate that aging is also associ-
ated with a decreased responsiveness to the phase-shifting 
effects of both photic and nonphotic stimuli. Old hamsters 
show a decreased response to the phase-shifting effects of 
low-intensity light pulses.147 This observation raises the 
possibility that, in old age, there is either decreased signal 
transmission of light information to the SCN or that the 
SCN itself is less responsive to photic stimulation. Simi-
larly, while induction of locomotor activity during a time 
of normal inactivity can induce pronounced phase shifts in 
the circadian rhythm of locomotor activity in young ani-
mals, in old animals the response is greatly diminished or 
completely abolished.148 Interestingly, transplantation of 
fetal SCN tissue into the SCN region of old hamsters with 
an intact SCN can restore the response to the phase-shifting 
effects of triazolam on the activity rhythm.149

Behavioral changes in older adults may also lead to 
changes in environmental inputs to the clock. In older 
adults, exposure to bright light and social cues, both poten-
tial entraining agents, is markedly diminished when com-
pared to young adults.150-152 Furthermore, age-related lens 
pigmentation decreases the transmission of blue light (i.e., 
the wavelength to which the circadian system is most sensi-
tive) to the retina.153 Absence of professional constraints, 
decreased mobility due to illness, and reduced socialization 

and outdoor activities are all hallmarks of old age. Thus, 
decreased exposure to environmental stimuli that entrain 
circadian rhythms could contribute to disruptions in circa-
dian rhythmicity. The use of exposure to bright light and 
“enriched” social schedules to reinforce circadian rhythms 
in older adults and improve nighttime sleep and daytime 
alertness has proved beneficial in several studies.154 In older 
adults with insomnia living in a nursing home with limited 
exposure to environmental light, supplementary light expo-
sure during the middle of the day significantly increased 
nocturnal melatonin secretion without circadian phase 
shifting.155 There is evidence that older adults are capable 
to phase shift to the same extent as younger subjects in 
response to appropriately timed light exposure.156

The ultradian rhythmicity of pulsatile hormonal release 
is also affected by aging. For a number of individual hor-
mones, including GH, insulin, LH, and ACTH, analyses 
of 24-hour profiles have shown increased irregularity, or 
“disorderliness” of pulsatile release. Furthermore, the 
synchrony of pulsatile release between the pituitary hor-
mone and the peripheral hormone (e.g., LH and testoster-
one or ACTH and cortisol) is partly disrupted in healthy 
older adults.157

METHODOLOGIC ASPECTS OF THE STUDY  
OF ENDOCRINE RHYTHMS

Experimental Protocols
The majority of investigations of circadian rhythms of 
hormonal release are based on a “transversal” design, that 
is, a group of individuals are studied for a minimum of 
24 hours each, following the same experimental protocol. 
The demonstration of circadian rhythmicity is then based 
on the observation of consistently reproducible character-
istics in the observed set of temporal profiles. The group of 

Figure 9-5 Left, Slow-wave (SW) sleep 
and growth hormone (GH) secretion during 
sleep as a function of age. Note the temporal 
concomitance between the decrease in SW 
sleep and in GH secretion. Right, rapid eye 
movement (REM) sleep and level of evening 
nadir of plasma cortisol as a function of age. 
Note the temporal concomitance between 
the decrease in REM sleep and the increase 
in evening cortisol levels. Values shown are 
means (+ SEM) for each age group. Data 
were obtained in 149 healthy men, 16 to 83 
years of age. (Data from Van Cauter E, Lep-
roult R, Plat L: Age-related changes in slow-
wave sleep and REM sleep and relationship 
with growth hormone and cortisol levels in 
healthy men. JAMA 284, 861-868, 2000).
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subjects should be as homogeneous as possible, not only in 
terms of physical parameters such as age and sex but also 
in terms of living habits such as sleep-wake cycles, exer-
cise habits, and meal schedules. Subjects who have regular 
social habits and describe themselves as “good sleepers” 
should be preferred. Shift workers or subjects having made 
a transmeridian flight less than 2 months before the exper-
iment should be excluded. Prior to the beginning of the 
experiment, the volunteers should be asked to adhere to 
a standardized schedule of meals and bedtimes for several 
days in order to maximize interindividual synchronization. 
The use of continuous wrist activity recording during the 
prestudy period is a convenient way to monitor compli-
ance. At least 1 night of habituation to the laboratory envi-
ronment and recording procedures should be included. To 
avoid disruptions of sleep due to the sampling procedure, 
the catheter should be connected to tubing extending to an 
adjoining room during the night. Because of the modula-
tory effects exerted by sleep stages on hormonal release, it 
is important to obtain polygraphic sleep recordings using 
standardized methods for recording and scoring. Daytime 
naps should be avoided. The catheter should be inserted 
at least 2 hours before the collection of the first sample in 
order to avoid observing effects of the venipuncture stress. 
To obtain valid estimations of the circadian parameters, it 
is necessary to sample at intervals not exceeding 1 hour.

If hormonal profiles are measured as markers of the 
output of the central circadian oscillator, direct effects 
of other factors need to be minimized. Sleep-wake tran-
sitions, meals, stressful activity, and changes in physical 
activity may all impact hormonal levels. To eliminate these 
“masking” effects, experimental protocols usually referred 
to as “constant routines” have been developed to reliably 
derive estimates of circadian amplitude and phase from 
temporal patterns of peripheral hormones and other physi-
ologic variables, such as body temperature. Constant rou-
tine conditions generally involve a regimen of continuous 
wakefulness, constant recumbent posture, constant illumi-
nation, and constant caloric intake either under the form 
of hourly identical aliquots of liquid diet or solid food, or 
under the form of a constant glucose infusion. While such 
“constant routine” conditions have been extensively used 
in basic studies of human circadian rhythmicity, the sleep 
deprivation inherent to this protocol is an obvious limita-
tion. The use of circadian markers that are not masked by 
sleep, meals, and other factors, such as the 24-hour profile 
of melatonin, has therefore been advocated. Finally, if only 
circadian phase, and not amplitude, is of interest, measure-
ments of saliva levels of melatonin during the evening pro-
vide a noninvasive way to observe the timing of the onset 
of nocturnal melatonin secretion, a neuroendocrine event 
timed by the circadian clock in the SCN.

To characterize episodic hormonal fluctuations, con-
siderations on the total amount of blood withdrawn and 
on the amount of plasma needed to assay the hormones 
under study are obviously essential to the definition 
of an adequate sampling protocol. The definition of an 
optimal sampling protocol depends thus on the type of 
phenomenon under study. Sampling rates of 1 and 2 min-
utes will uncover high-frequency, low-amplitude episodic 
variations superimposed on the slower pulsatile release at 

intervals of 1 to 2 hours. Sampling rates of 20 and 30 minutes 
will only detect major pulses lasting more than 1 hour. 
As compared with older studies, ultrasensitive assays now 
available allow to detect small amplitude pulses at low 
hormonal concentrations, resulting in the finding of more, 
previously undetected, secretory episodes.

Procedures to Quantify Circadian Variations
Among the methods proposed for and applied to the 
analysis of 24-hour profiles of blood components, the 
oldest is the Cosinor test.158 The major disadvantage of 
this test and of its derivatives is its assumption that the 
observed profile may be adequately described by a single 
sinusoidal curve. This assumption is practically never met 
for biological rhythms that are asymmetrical in nature 
(for example, the sleep-wake cycle is a 08:16 alternation, 
not 12:12). Therefore, the Cosinor test generally provides 
unreliable estimations of rhythm parameters.

Other procedures for the detection and estimation of 
circadian variation are based on periodogram calcula-
tions or on nonlinear regression procedures.159,160 These 
methods provide an adequate description of asymmetri-
cal waveshapes. The times of occurrence of the maximum 
and the minimum of the best-fit curve are often referred 
to as the acrophase and the nadir, respectively. The 
amplitude of the rhythm may be estimated as 50% of the 
difference between the maximum and the minimum of 
the best-fit curve. With the periodogram procedure, con-
fidence intervals for the amplitude, acrophase, and nadir 
may be calculated.

Procedures to Quantify Pulsatile Hormonal Secretion
The analysis of pulsatile variations may be considered at 
two levels.161 One may wish to define and characterize 
significant variations in peripheral levels, based on esti-
mations on the size of measurement error (i.e., primarily 
assay error). However, under certain circumstances, it is 
possible to mathematically derive secretory rates from the 
peripheral concentrations.162,163 This procedure, often 
referred to as deconvolution, will reveal more pulses of 
secretion than the analysis of peripheral concentrations. 
It will also more accurately define the temporal lim-
its of each pulse. However, deconvolution involves an 
amplification of measurement error, with increased risk 
for false- positive error. Whether examining peripheral 
concentrations or secretory rates, there are two major 
approaches to analyzing the episodic fluctuations. The 
first, and most commonly used, is the time domain analy-
sis where the data are plotted against time and pulses are 
detected and identified. This analysis allows to estimate 
pulse frequency (calculated as the total number of pulses 
detected divided by the duration of the study period) and 
pulse regularity (quantified by examining the distribu-
tion of interpulse intervals). The second is the frequency 
domain analysis, where amplitude is plotted against fre-
quency or period and pulse regularity is estimated by the 
distribution of spectral power in a frequency domain 
analysis.164

A number of computer algorithms for identification of 
pulses of hormonal concentration have been proposed. A 
detailed presentation of the operating principles of each 
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of these procedures is beyond the scope of this chapter. 
Review articles have provided comparisons of perfor-
mance of several pulse detection algorithms.165,166 These 
comparisons have indicated that ULTRA and CLUSTER 
perform similarly when used with appropriate choices of 
parameters.166

ENDOCRINE RHYTHMS IN HEALTH AND DISEASE
Diurnal and/or ultradian oscillations have been observed in 
essentially all endocrine systems. An exhaustive review of all 
such observations is not possible. The following summary of 
the findings will therefore be limited to melatonin, hypothal-
amo-pituitary axes, glucose and insulin, and two hormones 
involved in appetite regulation, leptin and ghrelin.

Melatonin
Melatonin rhythmicity is primarily dependent on the cir-
cadian pacemaker in the SCN, and melatonin secretion is 
thus a very robust marker of the human circadian clock.71 
Daytime levels are low and stable. In healthy young adults, 
the evening melatonin circadian rise starts between 2100 
and 2300 hours. Maximum values are reached around the 
middle of the night, followed by a progressive decrease 
to return to low daytime values between 0800 and 0900 
hours. Melatonin rhythmicity is sensitive to the lighting 
conditions, light at night exerting a potent and immediate 
inhibitory effect on melatonin synthesis.167,168 Nighttime 
high-intensity exercise might stimulate melatonin secre-
tion.169 Otherwise, melatonin rhythmicity is not affected 
by sleep or nonphotic stimuli.

While daytime melatonin levels are similar in healthy 
young and older adults, the circadian elevation is markedly 
dampened in most, but not all, older subjects.130 This might 
be due, at least in part, to insufficient daytime environmen-
tal light, and might be reversed by exposure to midday 
bright light.155 In addition, the circadian rise is advanced 
by almost 1.5 hours in older adults, indicating that aging is 
associated with an advance of circadian phase.130

The Corticotropic Axis
Normal Rhythms of Adrenocorticotropic Hormone and Adrenal 
Secretions
Outputs from the SCN activate rhythmic release of cor-
ticotropin-releasing-hormone (CRH) that stimulates cir-
cadian ACTH release. The 24-hour rhythm of adrenal 
secretion is primarily dependent on the diurnal pattern 
of ACTH release. In addition, neuronal signals generated 
by the SCN are transmitted by a multisynaptic neural 
pathway to the adrenal cortex.4,170 The presence in the 
adrenal cortex of an intrinsic circadian oscillator consist-
ing of interacting positive and negative feedback loops 
in circadian gene expression has been demonstrated in 
various animals, including monkeys and mice.30,171,172 
It has been shown that this adrenal circadian pacemaker 
gates the physiologic adrenal response to ACTH, that is, 
defines a time window during which the adrenal gland 
most effectively responds to ACTH.30

The 24-hour profiles of ACTH and cortisol show an 
early morning maximum, declining levels throughout 
daytime, a quiescent period of minimal secretory activity 
centered around midnight, and an abrupt elevation dur-
ing late sleep resulting in an early morning maximum. 
Mathematical derivations of secretory rates from plasma 
concentrations have suggested that the 24-hour profile of 
plasma cortisol reflects a succession of secretory pulses 
of magnitude modulated by a circadian rhythm with 
no evidence of tonic secretion.124,173 In normal condi-
tions, the acrophase of the pituitary-adrenal periodicity 
occurs between 0600 and 1000 hours. With a 15-minute 
sampling interval, 12 to 18 significant pulses of plasma 
ACTH and cortisol per 24-hour span can be detected. 
Circadian and pulsatile variations parallel to those of 
cortisol have been demonstrated for the plasma levels of 
several other adrenal steroids, in particular dehydroepi-
androsterone (DHEA).174 The temporal concomitance 
of 24-hour profiles of ACTH, cortisol, and DHEA is 
illustrated in Figure 9-6.

Figure 9-6 Twenty-four-hour profiles of plasma  
adrenocorticotropic hormone (ACTH), corti-
sol, and dehydroepiandrosterone (DHEA) lev-
els sampled at 20-minute intervals in a healthy 
young man. Note the temporal concomitance 
of circadian and pulsatile variations of the three 
hormones. (Unpublished data kindly provided by 
Dr. K. Spiegel.)
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The profile shown in the upper panel of Figure 9-3 
illustrates the remarkable persistence of the cortisol and, 
by inference, ACTH secretory rhythm when sleep is 
manipulated. Indeed, the overall wave shape of the pro-
file was not markedly affected by the absence of sleep or 
the presence of sleep at an abnormal time of day. Thus, 
this rhythm is primarily controlled by the circadian 
pacemaker.

Modulatory effects of sleep-wake homeostasis have, 
however, been clearly demonstrated. As illustrated in  
Figure 9-7, sleep onset is consistently associated with 
a short-term inhibition of cortisol secretion, which may 
not be detectable when sleep is initiated in the morning 
(i.e., at the peak of corticotropic activity).175-178 This 
inhibitory effect of sleep appears to be related to SW 
sleep.179,180 Conversely, final awakenings from sleep as 
well as transient awakenings interrupting the sleep period 
consistently trigger pulses of cortisol secretion (see Figure 
9-7).124,177,179,181,182 The number of nocturnal microarous-
als predicts morning plasma and saliva cortisol levels.183 
In an analysis of cortisol profiles during nocturnal sleep, 
it was observed that all transient awakenings interrupting 
sleep and lasting at least 10 minutes were followed within 
the next 20 minutes by significant bursts of cortisol secre-
tion.182 In addition, a temporal coupling between pulses 
of cortisol secretion and ultradian variations in an EEG 
marker of alertness has been reported.118 Total nocturnal 
wake time is associated with increased 24-hour plasma 
cortisol concentrations.184 Chronic insomnia with reduced 
total sleep time is associated with higher cortisol levels 
across the night.185

Modulatory effects of dark-light transitions have also 
been evidenced. Cortisol secretory pulses associated with 
morning awakening are enhanced by increasing light 
intensity.58 Moreover, the transition from to darkness to 
dim light and from dim to bright light may also stimu-
late cortisol secretion in subjects who are awake at bed 
rest.57,182 The stimulatory effects of bright light exposure 
on nocturnal cortisol levels appear to be dependent on the 
timing of exposure.186 When dark-light and sleep-wake 
transitions occur concomitantly, associated cortisol eleva-
tions are nearly two times as high as when the final awak-
ening occurs in continuous darkness (see Figure 9-7).182 
Thus, under usual bedtime schedules, both the sleep-wake 
and the dark-light transitions amplify the effects of circa-
dian rhythmicity.

Studies of the 24-hour cortisol profile in the course of 
adaptation to shifts of the sleep-wake cycle have demon-
strated that the end of the quiescent period, which coin-
cides with the onset of the early morning rise, takes longer 
to adjust and appears to be a robust marker of circadian 
timing. Twin studies have demonstrated that the timing 
of the nadir is influenced by genetic factors,187 provid-
ing evidence for a genetic control of human circadian 
phase. In contrast, the timing of the morning acrophase is 
more labile and may be influenced by the timing of sleep 
offset,181 the transition from dark to bright light,58 and 
breakfast intake.188 Finally, anticipation of the expected 
time of waking has been reported to be associated with 
a rise in ACTH, but not cortisol, levels during the end of 
the sleep period.189

In addition to the immediate modulatory effects of 
sleep-wake transitions on ACTH and cortisol levels, acute 
total or partial (4 hours in bed) nocturnal sleep depri-
vation, results in elevated cortisol concentrations in late 
afternoon and evening on the following day,190 and the 
amplitude of the cortisol circadian variations is reduced 
by approximately 15%. Similarly, as illustrated in Figure 
9-8, recurrent partial sleep deprivation (4 hours in bed 
per night for 6 nights) also results in an elevation of cor-
tisol levels in the late afternoon and the evening.191 These 
disturbances, which were observed in young healthy sub-
jects, are strikingly similar to those found in older healthy 
subjects with normal sleep schedules.130,192,193 In any 
case, sleep loss appears to delay the return to quiescence 
of the hypothalamo-pituitary-adrenal axis (HPA) nor-
mally occurring in the evening. This suggests that sleep 
loss, similar to aging, may slow down the rate of recovery 
of the HPA axis response following a challenge and could 
therefore facilitate the development of central and periph-
eral disturbances associated with glucocorticoid excess—
in particular when cortisol concentrations are elevated 
at the time of the normal daily nadir—such as memory 
deficits, insulin resistance, and osteoporosis.194-198 Con-
versely, decreased HPA resiliency results in HPA hyper-
activity that will inhibit SW sleep and promote nocturnal 
awakenings, initiating a feed-forward cascade of negative 
events generated by both HPA and sleep disruptions.

The circadian rhythm of cortisol persists through-
out adulthood and has been observed through the ninth 
decade.130,193 In young adults, 24-hour cortisol levels are 
slightly lower in women than in men, primarily because 
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of lower morning maxima. With aging, evening cortisol 
levels increase progressively, both in men and women, so 
that the cortisol nadir is markedly higher in healthy sub-
jects over 70 years of age than in young adults (see Figure 
9-4). Interestingly, this elevation of evening cortisol levels 
occurs with a chronology similar to that observed for a 
progressive decrease in the duration of REM sleep (see 
Figure 9-5).133 As a result, older subjects have elevated 
24-hour mean cortisol levels and reduced amplitude of 
cortisol variations. Consistent with the aging-associated 
advance of circadian phase, the timing of the nadir is 
advanced by 1 to 2 hours in older adults.130,193

In pregnancy, placental CRH is secreted into the mater-
nal circulation in a pulsatile but not in a circadian fash-
ion, and there is no correlation between maternal levels of 
CRH and ACTH. However, ACTH and cortisol concen-
trations remain strongly correlated with each other over 

time, suggesting that diurnal variation of maternal ACTH 
might be driven by another ACTH secretagogue.199

Alterations in Disease States
The relative amplitude of the circadian rhythm and of the 
episodic fluctuations of cortisol is blunted in patients with 
liver disease200 and in patients with anorexia nervosa,201 
primarily because of the decreased metabolic clearance of 
cortisol. Pulsatile ACTH (but not cortisol) secretion was 
reported enhanced in obese premenopausal women.202 In 
hypothyroid patients, the mean level is markedly elevated, 
and the relative amplitude of the rhythm is dampened.203 
These alterations are thought to be due to both dimin-
ished clearance and decreased efficiency of the feedback 
control. In contrast, in hyperthyroidism, where cortisol 
production and peripheral metabolism are increased, epi-
sodic pulses are enhanced.204
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A low-amplitude circadian variation may persist in 
pituitary-dependent Cushing’s disease. Cortisol pulsa-
tility is blunted in about 70% of patients with Cush-
ing’s disease, suggesting autonomous tonic secretion of 
ACTH by a pituitary tumor. However, in about 30% 
of these patients, the magnitude of the pulses is instead 
enhanced.205 These “hyperpulsatile” patterns could be 
caused by enhanced hypothalamic release of CRH or 
persistent pituitary responsiveness to CRH. The left and 
middle panels of Figure 9-9 compare representative and 
mean 24-hour cortisol profiles in normal subjects and in 
patients with Cushing’s disease.

In patients with primary adrenal Cushing’s syn-
drome, increased cortisol secretion appears to result both 
from increased basal secretion and increased pulse fre-
quency.206 A partial persistence of cortisol rhythmicity in 
the absence of ACTH could be mediated by the neural 
pathway between the SCN and the adrenal cortex.170

The absence or even the dampening of cortisol circa-
dian variations in Cushing’s syndrome has obvious impli-
cations for clinical diagnosis, as time of day when plasma 
samples are obtained have to be taken into account in the 
evaluation of the result. Differentiation between normal 
and pathologic levels may be greatly improved by ade-
quately selecting the sampling time because the overlap 
between normal individual values and values in patients 
with Cushing’s syndrome is minimal during a 4-hour 
interval centered around midnight.

Hypercortisolism with persistent circadian rhythmic-
ity and increased pulsatility is found in a majority of 
severely depressed patients.207,208 This is illustrated in the 
right panel of Figure 9-9. In these patients, who do not 
develop the clinical signs of Cushing’s syndrome despite 
the high circulating cortisol levels, the quiescent period 
of cortisol secretion is shorter and more fragmented, and 
often starts later and ends earlier than in normal subjects 

of comparable age. These alterations could reflect the 
impact of sleep disturbances as well as an advance of cir-
cadian phase. When a clinical remission of the depressed 
state is obtained, the hypercortisolism and the alterations 
in quiescent period disappear, indicating that these dis-
turbances are “state”- rather than “trait”-dependent.209

In adrenal insufficiency, cortisol replacement therapy 
should aim to mimic the physiologic cortisol circadian 
rhythmicity, with replication of the normal abrupt eleva-
tion of cortisol circulating levels at the end of the night. No 
currently available glucocorticoid preparation can repro-
duce this nocturnal rise. However, recent preliminary 
data indicate that a new oral multiparticulate hydrocor-
tisone formulation could provide delayed and sustained 
absorption and recreate a physiologic cortisol profile.210 
This approach would also be beneficial to patients with 
congenital adrenal hyperplasia in whom low early morn-
ing cortisol levels result in increased ACTH release and 
adrenal androgen stimulation.

The Somatotropic Axis
The 24-Hour Profile of Growth Hormone in Normal Subjects
Pituitary secretion of GH is stimulated by hypothalamic 
GH-releasing hormone (GHRH) and inhibited by soma-
tostatin. In addition, the acylated form of ghrelin, a pep-
tide produced predominantly by the stomach, binds to the 
GH-secretagogue receptor and is therefore another potent 
endogenous stimulus of GH secretion.211 In normal adult 
subjects, the 24-hour profile of plasma GH levels consists 
of stable low levels abruptly interrupted by bursts of secre-
tion. The most reproducible pulse occurs shortly after sleep 
onset, in association with the first phase of SW sleep.212 
Other secretory pulses may occur in later sleep and dur-
ing wakefulness, in the absence of any identifiable stimu-
lus. Studies in young male twins have evidenced a major 
genetic effect on GH secretion during waking, but not 

NORMAL SUBJECT

400

300

08 12 16 20 00 04 08

08 12 16 20 00 04 08

08 12 16 20 00 04 08

08 12 16 20 00 04 08

08 12 16 20 00 04 08

08 12 16 20 00 04 08

300

200

200

100

100

0

0

24-hour clock time

P
la

sm
a 

co
rt

is
ol

 (
ng

/m
L)

P
la

sm
a 

co
rt

is
ol

 (
ng

/m
L)

24-hour clock time 24-hour clock time

CUSHING’S DISEASE UNIPOLAR DEPRESSION

Figure 9-9 Twenty-four-hour profiles of plasma cortisol in normal subjects, patients with pituitary Cushing’s disease, and patients with major en-
dogenous depression of the unipolar subtype. For each condition, a representative example is shown in the top panel and mean (+ SEM) profiles from 
8 to 10 subjects are shown in the bottom panel. (From Van Cauter E: Physiology and pathology of circadian rhythms. In Edwards CW, Lincoln DW 
eds.: Recent advances in endocrinology and metabolism. Edinburgh, Churchill Livingstone, 1989, vol 3, pp 109-134.)



1639 ENDOCRINE RHYTHMS, THE SLEEP-WAKE CYCLE, AND BIOLOGICAL CLOCKS

during sleep.213 In adult men, the sleep-onset GH pulse is 
generally the largest pulse observed over the 24-hour span. 
In normally cycling women, 24-hour GH levels are higher 
than in age-matched men, daytime pulses are more fre-
quent, and the sleep-associated pulse, while still present in 
most cases, does not generally account for the majority of 
the 24-hour GH release.214 Typical profiles of young men 
and women are shown in Figure 9-10. Well-documented 
studies have demonstrated that in women the amplitude 
of GH secretory pulses is correlated with the circulating 
level of estradiol.214,215 In normally cycling young women, 
it was also observed that daytime GH secretion was 
increased during the luteal phase as compared with the fol-
licular phase and that this elevation correlated positively 
with plasma levels of progesterone but not estradiol.216

Sleep onset will elicit a GH secretory pulse whether 
sleep is advanced, delayed, interrupted, or fragmented.212 
Thus, as illustrated in Figure 9-3, shifts of the sleep-wake 
cycle are immediately followed by parallel shifts of the 
GH rhythm.212 In night workers, the main GH secretory 
episode occurs during the first half of the shifted sleep 
period.217 The release of GH in early sleep is temporally 
and quantitatively associated with the amount of SW 
sleep.218,219 Both SW sleep and GH levels are increased 
in the recovery night following nocturnal total sleep 
deprivation as compared with the baseline predepriva-
tion night, especially during the first 4 hours of sleep.220 
There is good evidence that the mechanisms underly-
ing the relationship between SW sleep and GH release 
involve synchronous activity of at least two different 
populations of hypothalamic GHRH neurons.221 Indeed, 
inhibition of endogenous GHRH, either by administra-
tion of a specific antagonist or by immunoneutralization, 
inhibits sleep as well as GH secretion.222 Additional evi-
dence for the existence of a robust relationship between 
SW activity and GH release is provided by studies using 
pharmacologic stimulation of SW sleep. Indeed, enhance-
ment of SW sleep by oral administration of low doses 
of gamma-hydroxybutyrate (GHB), a natural metabo-
lite of GABA used in the treatment of narcolepsy, or of 
ritanserin, a selective 5HT2 antagonist, results in simul-
taneous and highly correlated increases in nocturnal GH 

secretion.223,224 Conversely, transient awakenings during 
sleep inhibit GH secretion.225 Thus, sleep fragmentation 
will generally decrease nocturnal GH release.

However, while sleep is clearly the major determinant 
of GH secretion in man, there is also evidence for the 
existence of a circadian modulation of the occurrence 
and amplitude of GH pulses. This may reflect decreased 
somatostatin inhibitory activity in the evening and during 
the night,226 or could result from the nocturnal rise of 
ghrelin. Thus, the major sleep-onset–associated GH pulse 
is caused by a surge of hypothalamic GHRH coincident 
with a circadian period of relative somatostatin disin-
hibition.212,222 In normal weight subjects, fasting, even 
for only 1 day, enhances GH secretion via an increase in 
pulse amplitude.227 Presleep GH pulses, reported by some 
investigators in normal men,228 may reflect the presence 
of a sleep debt, unmasking the circadian component of 
GH secretion.229 GH secretion may also be modulated 
by endogenous acyl-ghrelin leading to higher GH peaks 
before times of food intake in subjects given regular 
meals.227

Following a night of total sleep deprivation, a compen-
satory increase in GH release is observed during daytime, 
so that the overall 24-hour secretion is not significantly 
altered.230 The mechanisms underlying this compensa-
tory increase might involve decreased somatostatinergic 
tone and/or elevated ghrelin levels. Recurrent partial sleep 
restriction is consistently associated with the appearance 
of a pre-sleep GH pulse.229

Aging is associated with dramatic decreases in circu-
lating levels of GH (see Figures 9-4 and 9-5).130,214 This 
reduction is achieved by a decrease in amplitude, rather 
than in frequency, of GH pulses.130,231,232 As illustrated 
in Figure 9-5, this age-related GH decrease occurs in 
an exponential fashion between young adulthood and 
midlife and follows the same chronology as the decrease 
in SW sleep. Despite the persistence of high levels of sex 
steroids, plasma concentrations and pulsatile secretion 
rates of GH fall in midlife to less than half the values 
achieved in young adulthood. Thereafter, smaller and 
more progressive decrements occur from midlife to old 
age.133 In older adults, GH secretory profiles are similar 
in men and in women.214 The age-related reduction of 
GH secretion appears to result from increased somatosta-
tin secretion and diminished GHRH responsiveness.233

It is interesting to note that during pregnancy, a pla-
cental GH variant, which substitutes for pituitary GH to 
regulate maternal IGF-I levels,234,235 is released in a tonic 
rather than pulsatile fashion.236

Alterations in Disease States
Abnormalities in the 24-hour profile of plasma GH have 
been reported in a variety of metabolic, endocrine, neuro-
logic, and psychiatric conditions.

There is an inverse relationship between adiposity and 
GH release, which results in a marked suppression of GH 
levels throughout the 24-hour span in obese subjects. A 
normal pattern can be restored after prolonged fasting.237 
In anorexia nervosa, GH pulse amplitude and frequency 
are increased.238 Nonobese juvenile or maturity-onset 
diabetic patients hypersecrete GH during wakefulness as 
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well as during sleep, primarily because of an increase in 
amplitude of pulses.239 This abnormality may disappear 
when glycemia is strictly controlled.

In functional hypothalamic amenorrhea, the 24-hour 
mean GH levels are normal, but the pattern of pulsatile 
GH release is distinctly altered, with a decrease in pulse 
amplitude, and increases in pulse frequency and in inter-
pulse GH concentrations.240 In lean women with polycys-
tic ovary syndrome (PCOS), the amplitude—but not the 
frequency—of GH pulses is increased as compared with 
BMI-matched normal cycling controls. In contrast, pulse 
amplitude is similarly reduced in both obese subjects with 
PCOS and obese controls.241

Diurnal and nocturnal episodes of GH secretion are more 
frequent and of higher amplitude in adult subjects with 
hyperthyroidism, who have an overall daily GH production 
rate fourfold greater than normal.242 Patients with major 
endogenous depression often have the major nocturnal GH 
pulse before, rather than after, sleep onset.243

In Cushing’s disease, there is an inverse relationship 
between the degree of cortisol hypersecretion and total GH 
secretion, and the frequency of GH pulses is increased.244 
In acromegaly, GH is hypersecreted throughout the 
24-hour span, with a highly irregular pulsatile pattern 
superimposed on elevated basal levels, indicative of the 
presence of tonic secretion.245,246 After pituitary surgery, 
a normal 24-hour pattern of GH release can be restored 
in most, but not all, patients.245

The Lactotropic Axis
The 24-Hour Profile of Prolactin in Normal Subjects
Under normal conditions, the 24-hour profile of prolac-
tin levels exhibits minimal levels around noon, a modest 
increase in the afternoon, followed by a major nocturnal 
elevation starting shortly after sleep onset and culminat-
ing around mid-sleep at levels corresponding to an aver-
age increase of more than 200% above minimum levels 
(see Figure 9-3).247,248 Episodic pulses occur throughout 
the 24-hour span, but their amplitude and their frequency 
are higher during the night than during the day. Decreased 
dopaminergic inhibition of prolactin secretion during 
sleep is likely to be the primary mechanism underlying 
this nocturnal elevation. Mean prolactin levels, pulse 
amplitude, and pulse frequency are higher in normally 
cycling women than in either postmenopausal women or 
normal young men.249 In normally cycling young women, 
it was also observed that daytime prolactin pulsatility was 
enhanced during the luteal phase as compared with the 
follicular phase, leading to increased late afternoon and 
evening levels.216 In the luteal phase, the magnitude of 
the evening prolactin rise correlated positively with both 
estradiol and progesterone levels.216 These data indicate 
that endogenous estrogens and progesterone play a criti-
cal role in the differential regulation of prolactin secretion 
associated with sex and age. Deconvolution analysis has 
shown that the prolactin profile reflects both tonic and 
intermittent release.123 Twin studies have revealed that 
genetic factors determine partially the temporal organiza-
tion of prolactin secretion.250

Diurnal prolactin variations are primarily regulated 
by sleep-wake homeostasis. Sleep onset is invariably 

associated with an increase in prolactin secretion, irre-
spective of the time of the day. Thus, as illustrated in 
Figure 9-3, shifts of the sleep-wake cycle are immediately 
followed by parallel shifts of the prolactin rhythm,212 
but the amplitude of the prolactin rise may be damp-
ened when associated with daytime sleep as compared 
with nocturnal sleep.251 Conversely, modest elevations 
of prolactin levels may occur during waking around the 
time of the usual sleep-onset, particularly in women.248 
Thus, prolactin secretion appears to be partly modulated 
by circadian rhythmicity, and maximal secretion occurs 
when sleep and circadian effects are superimposed, that 
is, at the usual bedtime.247,248,252 Benzodiazepine (e.g., tri-
azolam) and imidazopyridine (e.g., zolpidem) hypnotics 
taken at bedtime generally enhance the nocturnal prolactin 
elevation.253,254

A close temporal relationship has been evidenced 
between increased prolactin secretion and SW activity. 
Conversely, prolonged awakenings interrupting sleep are 
consistently associated with decreasing prolactin concen-
trations.255 Thus, SW sleep is associated with elevated 
prolactin secretion while shallow and fragmented sleep 
will generally be associated with a dampening of the 
nocturnal prolactin rise. This is indeed observed in older 
adult subjects who have a nearly 50% dampening of the 
nocturnal prolactin elevation (see Figure 9-4).130,256

During pregnancy, serum prolactin levels rise but the 
24-hour pattern of secretion is maintained, albeit at a 
higher level. During the postpartum period, prolactin 
secretory pulses follow suckling episodes, and the noc-
turnal rise, independent of suckling, is only evident once 
breast-feeding has ceased.

Alterations in Disease States
Absence or blunting of the nocturnal increase of plasma 
prolactin has been reported in a variety of pathologic 
states. In Cushing’s disease, prolactin levels are elevated 
throughout the 24-hour cycle and the relative amplitude 
of the nighttime rise is reduced.257 In subjects with insu-
lin-dependent diabetes, the circadian and sleep modula-
tion of prolactin secretion is preserved, but overall levels 
are markedly diminished.258 Obesity is associated with 
an increase in overall prolactin secretion, in proportion 
to excess visceral fat, without alteration of the diurnal 
variation. This enhancement is achieved by an increase in 
amplitude and duration of secretory pulses.259 Abnormal 
prolactin profiles have been reported in a variety of neu-
rologic and psychiatric disorders, including narcolepsy, 
depression, and schizophrenia.

In hyperprolactinemia associated with prolactinomas, or 
secondary to functional pituitary stalk disconnection, the 
number of prolactin pulses is increased and the regularity 
of the pulsatile pattern is decreased.260 The nocturnal eleva-
tion of prolactin may be preserved.260,261 Selective removal 
of prolactin-secreting adenomas generally results in the 
normalization of the prolactin pattern.

The Gonadotropic Axis
Normal Diurnal Profiles of Gonadotropins and Sex Steroids
Rhythms in the gonadotropic axis cover a wide range of 
frequencies, from episodic release in the ultradian range, 
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to diurnal rhythmicity and menstrual cycles. These vari-
ous rhythms interact to provide a coordinated temporal 
program governing the development of the reproductive 
axis and its operation at every stage of maturation. The 
following description of the current state of knowledge 
in this area will be limited on 24-hour rhythms and their 
interaction with pulsatile release during adulthood.

In adult men, patterns of LH release exhibit episodic 
pulses with large interindividual variability. LH secretory 
episodes mainly reflect gonadotropin-releasing hormone 
(GnRH) pulsatility. LH pulsatility is inhibited by acyl-
ghrelin, suggesting that the ghrelin system may play a 
centrally mediated inhibitory role on the gonadal axis.262 
The diurnal variation is of low amplitude or even unde-
tectable. FSH profiles may show some occasional pulses, 
without any diurnal variation.

In contrast, a marked diurnal rhythm in circulating 
testosterone levels is present in young normal men, with 
minimal levels in the late evening, maximal levels in the 
early morning, and an amplitude averaging 25%.174,263 
With a 15-minute sampling interval, 17 to 18 testoster-
one pulses per 24-hour span can be detected.174 Diur-
nal testosterone variations are primarily controlled by 
the sleep-wake cycle. Experimental sleep fragmentation 
(schedule allowing 7 minutes of sleep every 20 minutes) 
results in a dampening of the nocturnal testosterone rise, 
particularly in subjects who do not achieve REM sleep.264 
Daytime sleep, as well as nocturnal sleep, is associated 
with a robust rise in testosterone levels.265 However a 

progressive elevation of testosterone levels persists during 
nocturnal wakefulness, albeit blunted as compared with 
nocturnal sleep,265 indicating the existence of a circadian 
component that could reflect adrenal androgen secretion.

A strong positive correlation has been evidenced 
between total sleep time and morning testosterone lev-
els.266 One week of sleep restriction to 5 hours per night 
was found to be associated with a 10% to 15% decrease 
in daytime testosterone levels.267 A progressive decline 
in testosterone levels, together with an increase in sex 
hormone–binding globulin (SHBG) levels, is observed in 
normal men from 30 years of age onward, so that the 
decrease in bioavailable testosterone is more important 
than the decline in total testosterone.268 In older adult 
men, the diurnal variation of testosterone is still present, 
but may be markedly dampened.263,269 Pulsatile testos-
terone secretion is attenuated, suggesting a possible par-
tial desensitization of Leydig cells to LH.270 Mean LH 
levels are increased, but the amplitude of LH pulses is 
decreased,271 while their frequency is increased,270 and no 
significant diurnal pattern can be detected.269 In contrast, 
pulsatile FSH secretion is increased.272

In adult menstruating women, diurnal profiles of 
FSH, LH, estradiol, and progesterone exhibit episodic 
pulses throughout the 24-hour span,273 as illustrated in 
Figure 9-11. The 24-hour variations in plasma LH are 
markedly modulated by the menstrual cycle.274,275 Pulse 
frequency—but not pulse amplitude—was found to 
be higher during follicular than during luteal phase.275  

Figure 9-11 Individual 24-hour plasma 
profiles of LH in a young woman in follicu-
lar (day 4) and luteal (day 25) phases of a 
normal menstrual cycle; and mean (+ SEM) 
24-hour plasma profiles of LH, FSH, estra-
diol, and progesterone at early-midfollicular 
phase (days 3 to 8 of the cycle) and at late-
luteal phase (days 23 to 28 of the cycle, 9 to 
14 days postovulation. The green bars repre-
sent the sleep periods. (Data from Caufriez 
A, Leproult R, L’Hermite-Balériaux M: A 
potential role of endogenous progesterone 
in modulation of GH, prolactin and thyro-
trophin secretion during normal menstrual 
cycle. Clin Endocrinol [Oxf] 71:535-542, 
2009.)
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A nocturnal slowing of pulsatile LH secretion is observed 
during the early follicular phase, but not during the 
luteal phase.274,275 This nocturnal slowing is specifically 
related to sleep rather than time of day, since it is also 
observed during daytime sleep, but not during nighttime 
wake.276 During periods of sleep, LH pulses were found 
to occur preferentially in association with brief awaken-
ings, suggesting an inhibitory effect of sleep on pulsatile 
LH secretion.276 Since night and shift work is consistently 
associated with shorter and more fragmented sleep, these 
results indicate that altered menstrual function frequently 
observed in night and shift workers could directly result 
from altered sleep patterns. No circadian rhythm of LH 
and FSH is detected in constant routine conditions, indi-
cating that the circadian pacemaker plays no role in diur-
nal gonadotropin variations.277 Circulating levels of LH 
and FSH, and LH pulse frequency increase with aging, 
and are already higher in normally menstruating women 
older than 40 years of age than in younger women.278

Alterations in Disease States
Early studies on the 24-hour profile of plasma LH in 
anorexia nervosa have established the importance of 
an adequate temporal secretory program in the mainte-
nance of normal reproductive function. In women with 
amenorrhea secondary to anorexia nervosa, the secretory 
pattern of LH regresses to the pubertal or prepubertal 
pattern, with low daytime pulsatility and increased secre-
tion at night.279 Secretory profiles of LH usually return 
to normal following weight gain and clinical remission. 
Short-term fasting was shown to suppress pulsatile LH 
secretion while enhancing its regularity in young, but not 
in older men.280

The Thyrotropic Axis
The 24-hour Profile of Thyrotropin in Normal Subjects
In normal adult men and women, TSH levels are low and 
relatively stable throughout the daytime and begin to 
increase in the late afternoon or early evening. This rise, 
which starts well before sleep onset and shifts in concor-
dance with the melatonin rhythm following exposure to 
light or nocturnal exercise,65 appears to be controlled by 
circadian rhythmicity. Maximal levels occur around the 
beginning of the sleep period.281 TSH levels progressively 
decline during the latter part of sleep and return progres-
sively to baseline low levels after morning awakening. 
Very low amplitude daily variations of free T3 have also 
been evidenced.36

The 24-hour pattern of TSH levels is generated by fre-
quency as well as amplitude modulation of thyrotropin-
releasing hormone (TRH)–driven secretory pulses.122 
Studies involving sleep deprivation and shifts of the sleep-
wake cycle have consistently indicated that sleep exerts 
an inhibitory influence on TSH secretion, and sleep depri-
vation relieves this inhibition.281,282 It is interesting to 
note that when sleep occurs during daytime, TSH secre-
tion is not suppressed significantly below normal daytime 
levels.283 Profiles of plasma TSH during normal noctur-
nal sleep, nocturnal sleep deprivation, and daytime sleep 
are illustrated in the lower panel of Figure 9-3. When 
the depth of sleep at the habitual time is enhanced by 

prior sleep deprivation, the inhibition of the nocturnal 
TSH rise is more pronounced than in basal conditions. 
Descending slopes of TSH concentrations during sleep 
are consistently associated with SW stages, and negative 
cross-correlations have been found between TSH fluctua-
tions and SW activity,284,285 suggesting that SW sleep is 
probably the primary determinant of the sleep-associated 
TSH decrease. Conversely, awakenings are frequently 
associated with TSH increments.283 In healthy menstru-
ating young women, the nocturnal decrease of TSH lev-
els was reported to start earlier in the luteal than in the 
follicular phase.275 Free triiodothyronine (fT3) shows a 
diurnal rhythm that parallels TSH variations.36

Under conditions of sleep deprivation, the increased 
amplitude of the TSH rhythm may result in a detectable 
increase in plasma T3 levels, paralleling the nocturnal 
TSH rise,283 although negative findings have been also 
reported.286 If sleep deprivation is prolonged for a second 
night, the nocturnal rise of TSH is markedly diminished as 
compared with that occurring during the first night.286 It 
is likely that, following the first night of sleep deprivation, 
the elevated thyroid hormone levels, which persist during 
the daytime period because of the prolonged half-life of 
these hormones, limit the subsequent TSH rise. A study 
involving 64 hours of sleep deprivation demonstrated, 
during the second night of sleep deprivation, a nocturnal 
increase in both T3 and thyroxine (T4) levels, contrast-
ing with the decreases seen during normal sleep.287 Two 
nights of partial sleep restriction to 4 hours per night 
were found to be associated with increased daytime con-
centrations of fT3 and fT4 and with blunted evening TSH 
levels.288 These data suggest that prolonged sleep loss 
may be associated with an upregulation of the thyroid 
axis. Consistent findings have been reported in a study 
of 6 days of partial sleep loss (4 hours in bed per night) 
where the nocturnal TSH rise was strikingly decreased 
and overall mean TSH levels were reduced by more than 
30%, probably secondary to increased levels of thyroid 
hormones resulting from an initial TSH elevation at the 
beginning of sleep curtailment (see Figure 9-8).191

Because inhibitory effects of sleep on TSH secretion 
are time dependent, elevations of plasma TSH levels may 
occur in conditions of misalignment of sleep and circadian 
timing. In a study involving an abrupt 8-hour advance 
of the sleep-wake cycle and the dark period, following 
a 24-hour baseline period, TSH levels increased progres-
sively because nighttime wakefulness was associated with 
large circadian-dependent TSH elevations while daytime 
sleep failed to inhibit TSH.283 As a result, mean TSH lev-
els were more than twofold higher following awakening 
from the second shifted period than during the same time 
interval following normal nocturnal sleep.

Of note, TSH levels may occasionally be elevated in 
blood samples obtained in early morning in healthy nor-
mal subjects with regular sleep schedules.

Aging is associated with a progressive decrease in 
overall TSH secretion (which is achieved by a decrease in 
amplitude, rather than in frequency, of secretory pulses) 
and in circulating TSH levels, and with a dampening of 
the amplitude of the circadian variation.130 In subjects in 
the seventh and eighth decade, TSH levels are lower than 
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in young adults throughout the 24-hour span, although 
the difference is more marked during sleep than during 
the daytime period (see Figure 9-4). In middle-age sub-
jects, age-related decreases in TSH levels may be evi-
denced only in response to nocturnal sleep deprivation. 
Thus, it appears that the TSH secretory capacity declines 
progressively with aging.

Alterations in Disease States
A decreased or absent nocturnal rise of TSH has been 
observed in a wide variety of nonthyroidal illnesses.289 
This is in contrast with the circadian variation of plasma 
cortisol, which persists in a wide variety of disease states. 
The nocturnal TSH surge is diminished or absent in vari-
ous conditions of hypercortisolism,290 in hyperthyroid-
ism, in primary and secondary hypothyroidism,291 and 
in poorly controlled diabetic states, whether insulin- 
dependent or non–insulin-dependent. However, in hyper-
glycemic patients, morning TSH values do not differ from 
those of control subjects, and the TSH response to TRH 
is only marginally reduced. Correction of hyperglycemia 
is associated with a reappearance of the nocturnal eleva-
tion.292 Obesity is associated with an increase in over-
all TSH secretion (which is achieved by an increase in 
amplitude, rather than in frequency, of secretory pulses) 
without alteration of the diurnal variation. TSH profiles 
tend to return toward normal levels after body weight 
loss induced by caloric restriction.293

Glucose Tolerance and Insulin Secretion
Diurnal and Ultradian Variations in Normal Subjects
In normal man, glucose tolerance varies with the time 
of day. Figure 9-12 shows circadian variations in glu-
cose tolerance to oral glucose, identical meals, constant 
glucose infusion, and continuous enteral nutrition. In 
all four conditions, plasma glucose levels are markedly 
higher in the evening than in the morning.114 Studies of 
fasting during nocturnal sleep have consistently observed 
that, despite the prolonged fasting condition, glucose lev-
els remain stable or decrease only minimally during the 
night, contrasting with a clear decrease during daytime 
fasting. Thus, a number of mechanisms operative dur-
ing nocturnal sleep are likely to maintain stable glucose 
levels during the overnight fast. Experimental protocols 
involving intravenous glucose infusion or enteral nutri-
tion while allowing for normal nocturnal sleep have 
shown that glucose tolerance deteriorates further as the 
evening progresses, reaches a minimum around midsleep 
and then improves to return to morning levels.177,294 SWS 
is the dominant sleep stage during the first half of sleep. 
During SWS, cerebral glucose utilization is lower than 
during either wake or REM sleep.295,296 A strong corre-
lation between SW activity and regional blood flow in 
the prefrontal regions was demonstrated by PET scans 
of subjects who were under continuous polygraphic 
recordings.295,297 Brain glucose metabolism represents 
30% to 50% of total body glucose utilization,298,299 and 
therefore, a robust link between SWS and glucose toler-
ance should be expected. There also is evidence that the 
diurnal variation in glucose tolerance is partly driven 
by the wide and highly reproducible diurnal rhythm of 

plasma cortisol, an important counterregulatory hor-
mone.114,197,300 Indeed, the diurnal variation in insu-
lin secretion was found inversely related to the cortisol 
rhythm, with a significant correlation of the magnitudes of 
their morning to evening excursions. Rises in plasma lev-
els of glucose and insulin following short-term elevations 
of plasma cortisol are more pronounced in the evening 
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than in the morning.197 Diminished insulin sensitivity 
and decreased β-cell responsiveness are also involved in 
reduced glucose tolerance later in the day. Under condi-
tions of constant glucose infusion, sleep-associated rises 
in glucose were found to correlate with the amount of 
concomitant GH secretion. Thus, during the first part of 
the night, decreased glucose tolerance is due to decreased 
glucose utilization both by peripheral tissues—resulting 
from muscle relaxation and rapid insulin-like effects of 
sleep-onset GH secretion—and by the brain.296,301 Dur-
ing the second part of the night, these effects subside as 
sleep becomes shallow and more fragmented and GH is 
no longer secreted. Thus, complex interactions of circa-
dian and sleep effects, possibly partly mediated by corti-
sol and GH, result in a consistent pattern of changes of 
set-point of glucose regulation over the 24-hour period. 
In healthy nondiabetic subjects, plasma glucagon levels 
decline during nighttime sleep.302 Because this nocturnal 
decline is preserved in type 1 diabetic patients, it has been 
suggested that the nocturnal regulation of spontaneous 
glucagon release is independent of circulating glucose and 
insulin levels.302

Human insulin secretion is a complex oscillatory pro-
cess involving rapid pulses of small amplitude recurring 
every 10 to 15 minutes superimposed on slower ultradian 
oscillations with periods in the 90- to 120-minute range. 
126,303 The ultradian oscillations are tightly coupled to 
glucose, with a tendency for glucose pulses to lead insulin 
pulses by 10 minutes, and have been shown to promote 
more efficient glucose utilization.129 They are best seen in 
conditions where insulin secretion is stimulated, includ-
ing ingestion of meal, continuous enteral nutrition, or 
constant intravenous glucose infusion.126,294 Under these 
conditions, their relative amplitude is about 50% to 70% 
for insulin secretory pulses and 20% for plasma glucose. 
Their amplitude is maximal immediately after a meal, 
thereafter decreases progressively. Moreover, the period-
icity of the insulin secretory oscillations can be entrained 
to the period of an oscillatory glucose infusion, support-
ing the concept that these ultradian oscillations are gen-
erated by the glucose-insulin feedback mechanism.304 
However, ultradian oscillations, but less regular and of 
smaller amplitude, are still present in fasting conditions. 
Stimulatory effects of sleep on insulin secretion are medi-
ated by an increase in the amplitude of the oscillation.294 
During constant glucose infusion, REM sleep and wake 
episodes coincide significantly with decreasing levels of 
glucose and insulin, while increasing glucose levels occur 
during the deeper stages of non-REM sleep.301

Rapid 10- to 15-minute pulsations seem to have a 
different origin than the ultradian oscillations. Indeed, 
they may appear independently of glucose, since they 
were observed in the isolated perfused pancreas and in 
perifused islets.126 Rapid insulin pulsations were also 
observed in perfused human islets.305 The frequency, 
amplitude, and regularity of rapid insulin pulses are 
decreased in aging.306

Glucose Regulation and Sleep Deprivation
Consistent with the important modulatory effects of sleep 
on glucose regulation, recurrent sleep loss is associated 

with marked alteration of glucose tolerance. In a study of 
sleep curtailment (4 hours in bed per night for 6 nights) 
performed in young healthy subjects,191,307 the over-
all glucose response to breakfast was increased and the 
subjects were more insulin resistant, as assessed by an 
elevation of the homeostatic model assessment (HOMA) 
index (see Figure 9-8). Moreover, following an intrave-
nous glucose tolerance test, insulin release was reduced 
by 30% and glucose tolerance fell in the range observed 
in older adults with impaired glucose tolerance. The del-
eterious impact of sleep restriction on glucose metabolism 
was subsequently confirmed in several well-controlled 
experimental studies.308,309 Thus, partial sleep depriva-
tion is associated with a decrease in insulin sensitivity not 
compensated by an increase in insulin release, resulting in 
impaired (but probably reversible) glucose tolerance and 
increased risk for diabetes.

Moreover, reduced sleep quality, without change in 
sleep duration, also has a clear negative impact on glucose 
tolerance. Indeed, laboratory studies performed in young 
healthy adults indicated that sleep fragmentation, or all-
night selective suppression of SWS without any change in 
total sleep time, resulted in marked decreases in insulin 
sensitivity without adequate compensatory increase in 
insulin release, leading to reduced glucose tolerance and 
increased diabetes risk.310,311

An association between short and/or poor sleep and 
diabetes risk, even after controlling for many covariates 
such as BMI, shift work, hypertension, exercise, and 
depression, has been evidenced in several prospective 
large population studies. A few studies also indicate that 
glycemic control in type 2 diabetes patients may be influ-
enced by sleep duration.308,309,312

Alterations in Disease States
In obese and diabetic subjects, the diurnal and ultradian 
variations in glucose regulation are abnormal. In obesity, 
the morning versus evening difference in glucose toler-
ance is abolished. Obese adult subjects show no diurnal 
variation in glucose tolerance, no decline in insulin sensi-
tivity in the afternoon, and only a marginally significant 
decline in β-cell responsiveness to glucose in the latter 
part of the day.313

In insulin-dependent diabetic patients, an increase in 
glucose levels and/or insulin requirements occurs in a pre-
breakfast period ranging from 0500 to 0900 hours (dawn 
phenomenon).314 A role for nocturnal GH secretion in 
the pathogenesis of the dawn phenomenon was demon-
strated 315,316 Under normal dietary conditions, observa-
tions of a dawn phenomenon in noninsulin-dependent 
diabetic patients are less consistent. However, prominent 
late night and early morning elevations in glucose levels 
and insulin secretion in both normal subjects and diabetic 
patients become apparent during prolonged fasting.317

Counterregulatory mechanisms that are already defi-
cient in type 1 diabetes are further impaired during sleep 
as compared with wakefulness as autonomic responses 
to hypoglycemia are reduced during sleep in diabetic 
patients. As a result, patients with type 1 diabetes are 
substantially less likely to be awakened by hypoglycemia 
than nondiabetic subjects.318 Patients with type 1 diabetes 
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present distinct alterations in sleep architecture and noc-
turnal neuroendocrine release.319 Levels of GH, epineph-
rine, ACTH, and cortisol are elevated, and patients have 
less deep SWS and more shallow stage 2 sleep.319

The rapid and ultradian oscillations of insulin secre-
tion are perturbed in type 2 diabetes and impaired glucose 
tolerance without hyperglycemia.126,320 Ultradian oscil-
lations, which have an exaggerated amplitude in obese 
subjects without apparent changes in frequency or pat-
tern of recurrence, are also more irregular and of lower 
amplitude in subjects with established type 2 diabetes.126

Hormones Involved in Appetite Regulation
Leptin
The anorexigenic hormone leptin, mainly released by the 
adipocytes, provides information about energy status to 
hypothalamic regulatory centers.321,322 As illustrated in 
Figure 9-13, plasma leptin levels in normal lean men and 
women show an important diurnal variation averaging 
25% to 30%, with minimum values during the daytime 
and a nocturnal rise with maximum values during early 
to mid-sleep.323,324

The timing of the daily maximum of plasma leptin 
levels is markedly dependent on the timing of meals, as 
shifts in meal timings induce immediate shifts in leptin 
profiles: fasting and eating are associated with a decrease 
and an increase in leptin levels, respectively.325 However, 
the diurnal rhythm was found to persist, albeit with a 
smaller amplitude, in subjects who received continuous 
enteral nutrition,294 and in subjects receiving identical 
snacks at 2-hour intervals.326 The rhythm also persisted 
in subjects submitted to 38 or to 88 consecutive hours of 
wakefulness.326,327 Following an abrupt shift of the sleep 
period, nocturnal leptin levels rose despite the absence of 
sleep, and a second rise was observed following the onset 
of daytime recovery sleep.294 Thus, leptin diurnal varia-
tions reflect the combined effects of the circadian pace-
maker, the sleep-wake cycle, and the schedule of food 
intake. Human leptin levels are pulsatile,324,328 including 
in subjects receiving continuous enteral nutrition rather 
than separate meals.294

Leptin levels reflect cumulative energy balance, with 
a decline or increase in response to under- or overfeed-
ing, respectively329,330 These changes have been found 
to be associated with reciprocal changes in hunger.330 
Circulating leptin concentrations are higher and the 
relative amplitude of their diurnal variation is lower in 
obese subjects than in normal-weight controls.324 There 
are marked sex differences in 24-hour mean leptin levels, 
which are twofold to tenfold higher in women than in 
men, regardless of fat mass.324,328 In anorexia nervosa, 
as in amenorrheic female athletes, leptin levels are low 
and diurnal variations are abolished.331,332 Aging is asso-
ciated with a dampening of the amplitude of the 24-hour 
rhythm of plasma leptin and an advance of the nocturnal 
acrophase.333

Sleep restriction (2 to 6 nights of 4-hour bedtimes) 
in normal-weight young men, under controlled condi-
tions of caloric intake and physical activity, was found 
to be associated with a 20% to 30% reduction in mean 
leptin levels, acrophase, and amplitude of the diurnal 

variation,307,334 an impact comparable with that observed 
in young adults under normal sleep conditions after 3 days 
of dietary restriction by approximately 900 kilocalories 
per day.330 An association between short sleep and lower 
morning leptin levels after controlling for BMI,335 or the 
degree of adiposity,336 was also found in two epidemio-
logic studies. Inconsistent findings were reported in some 
subsequent studies, but all studies performed in normal-
weight men under controlled conditions of caloric intake, 
using multiple, rather than single, blood samplings, found 
a reduction in leptin amplitude or mean levels, suggesting 
that inconsistent findings probably reflect the influence of 
sex, caloric intake, and/or obesity.309

The diurnal variations of leptin and cortisol levels are 
in an approximate mirror image,328,337 and in fully rested 
subjects, maximum leptin levels coincide with minimum 
cortisol levels,307 consistent with the well-documented 
action of leptin on HPA activity.322 Recurrent partial 
sleep deprivation results in an advance of the leptin acro-
phase such that high levels of leptin occur when cortisol 
concentrations are still elevated relative to the nocturnal 
nadir, possibly acting in concert to increase appetite at 
the end of the day.307

Normal 24-hour leptin levels and diurnal leptin 
variations were found in patients with primary adrenal 
failure.337 Increased leptin levels, caused by an equal 
amplification of basal and pulsatile secretion, with a 
preservation of the diurnal pattern, have been reported 
in patients with Cushing’s syndrome.338-340 A normal 
diurnal leptin pattern has also been reported in patients 
with GH deficiency,341 or with perinatal stalk-transection 
syndrome.342

Ghrelin
The acylated form of ghrelin, which also stimulates GH 
secretion, is an orexigenic hormone and a key component 
of the regulation of energy balance.343 Ghrelin secretion 
is pulsatile.344 Under normal baseline conditions, daytime 
profiles are primarily regulated by the schedule of food 
intake, as illustrated in Figure 9-13. Total and acylated 
ghrelin concentrations were found to fall rapidly after 
meals, irrespective of time of day, to reach minimum lev-
els 1.5 to 2 hours after meal presentation.343 This decrease 
was followed by a rebound until the following meal. The 
magnitude of this rebound was positively related to the 
degree of postmeal inhibition. Following evening din-
ner, ghrelin levels continued to rise during the first part 
of the sleep period, and then declined progressively until 
morning awakening despite prolonged fasting, consistent 
with an inhibitory effect of sleep. The ratio of acylated to 
total ghrelin was lower during sleep than during wake, 
suggesting a sleep-associated inhibition of orexigenic sig-
nal.343 During prolonged (3 days) fasting, ghrelin profiles 
were found to show a marked diurnal rhythm, in mirror 
image of cortisol, with minimal levels around 0800 hours, 
peak levels in the afternoon, and a gradual decrease dur-
ing the night, suggesting that fasting unmasked an inher-
ent circadian rhythmicity,345 but possible interference of 
the sleep-wake cycle was not analyzed. In obese subjects, 
the diurnal pattern was reported either to remain largely 
unaltered346 or to be markedly blunted.344



170 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

A 2-day sleep restriction (4 hours bedtime per night) 
under controlled conditions of caloric intake and physical 
activity, was found to be associated with a nearly 30% 
elevation in daytime ghrelin levels (Figure 9-14).334 An 
increase in ghrelin levels under condition of partial sleep 
restriction was found in multiple, but not in all, subse-
quent studies. Discrepancies probably reflect differences 
in sex, caloric intake, and/or BMI.309

CONDITIONS OF ALTERED SLEEP AND CIRCADIAN 
RHYTHMICITY

Sleep Curtailment
Whether voluntary or not, sleep restriction is a hall-
mark of modern society. “Normal” sleep duration has 
decreased from approximately 8.5 hours in 1960 to aver-
age less than 7 hours today. Many individuals voluntarily 
choose to curtail their sleep to the shortest amount toler-
able to maximize the time available for work and leisure 
activities, and more than 30% of American adult men 
and women between 30 and 64 years of age report sleep-
ing less than 6 hours per night. To meet the demands of 
around-the-clock operations, millions of shift workers 
sleep on average less than 6 hours per day.

Despite the fact that sleep is a major modulator of 
metabolic and endocrine regulation, the consensus that 
prevailed until recently was that sleep loss results in 
increased sleepiness and decreased cognitive performance 
but has little or no effect on peripheral function. How-
ever, as reported in previous sections, partial sleep curtail-
ment induces potentially harmful alterations in hormonal 
profiles. Two to six nights of sleep restriction (4 hours 
per night) under controlled conditions of caloric intake 
and physical activity in healthy young men were found to 
result in the following:
  
 •  Elevated evening total and free cortisol concentra-

tions,191,307 strikingly similar to those observed in 
older adults.130,192,193 This disturbance, which may 
reflect decreased efficacy of the negative feedback 
regulation of the hypothalamo-pituitary-adrenal 
axis, could promote the development of insulin 
resistance and memory impairments.197,347

 •  A clinically significant impairment of carbohy-
drate tolerance,191,307,348 consistent with a state 
of impaired glucose tolerance as observed in older 
adults.
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Figure 9-13 Mean (and SEM) 24-hour profiles of leptin (A), total 
ghrelin (B), acylated ghrelin (C), glucose (D), and insulin (E) levels in 
healthy young men receiving identical carbohydrate-rich meals pre-
sented at 5-hour intervals (0900, 1400, and 1900 hours). The green 
bars represent the sleep periods. (A, Data from Spiegel K, Leproult R, 
L’Hermite-Balériaux M, et al: Leptin levels are dependent on sleep du-
ration: relationships with sympathovagal balance, carbohydrate regula-
tion, cortisol, and thyrotropin. J Clin Endocrinol Metab 89:5762-5771, 
2004. B-E, Data from Spiegel K, Tasali E, Leproult R, et al: Twenty-
four-hour profiles of acylated and total ghrelin: relationship with glu-
cose levels and impact of time of day and sleep. J Clin Endocrinol Metab 
96:486-493, 2011.)
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 •  A decrease in circulating levels of leptin,307,334 an 
anorexigenic hormone, and a concomitant increase 
in circulating levels of ghrelin,334 an orexigenic hor-
mone (see Figure 9-13). Moreover, sleep curtailment 
was associated with an increase in hunger, and this 
increase in hunger was strongly correlated with the 
increase in ghrelin-to-leptin ratio (see Figure 9-14).334

  
Fourteen consecutive nights of sleep curtailment  

(5.5 hours vs 8.5 hours per night) were found to be associated  
with increased intake of calories from snacks when subjects 
had ad libitum access to food,349 and with decreased loss of 
fat mass and increased loss of fat free mass when subjects 
were submitted to moderate caloric restriction.350 Sleep 
restriction (5 hours vs 9 hours) was shown to be associated 
with increases in both energy intake and energy expendi-
ture, but intake was beyond what was needed, resulting 
in significant weight gain.351 Studies using brain functional 
magnetic resonance imaging indicate that sleep deprivation 
is associated with a reduction in activity in cortical regions 
necessary for optimal evaluation of food stimuli (leading 
to improper food choice selection) and with an amplifica-
tion of activity within the amygdala (leading to stimulation 
of desire for high-calorie food).352 Thus, insufficient sleep 

may compromise the efficacy of dietary energy-restriction 
strategies in obese patients.

Though a progressive adaptation to chronic partial 
sleep deprivation cannot be excluded, these data strongly 
suggest that recurrent partial sleep curtailment may 
increase the risk for obesity and diabetes and acceler-
ate the senescence of endocrine and metabolic function. 
Moreover, these findings are consistent with the conclu-
sions of several prospective cross-sectional epidemiologic 
studies, which are remarkably consistent in indicating 
that short sleep may increase the risk for developing type 
2 diabetes and/or obesity.308,309,353 Furthermore, a recent 
study on a population based sample of 1,088 pairs of 
twins indicated that longer sleep duration was associated 
with decreased BMI, and that the heritability of BMI was 
higher when sleep duration was shorter, indicating that 
sleep curtailment might provide a permissive environ-
ment for the expression of genes that promote obesity.354

One major limitation to current epidemiologic studies is 
that they only use subjective reporting of sleep. Laboratory 
and epidemiologic studies now need to be complemented by 
large field studies incorporating objective measures of sleep 
duration and interventional methods to better understand 
the mechanisms linking sleep loss to endocrine and meta-
bolic alterations. Considering the morbidity and mortality 
associated with obesity and diabetes, the identification of 
novel risk factors that are potentially modifiable, such as 
sleep curtailment, is particularly important.

Sleep Disorders
Obstructive Sleep Apnea (OSA)
OSA is the most common sleep disorder, and its incidence 
is rapidly rising in parallel with the current epidemic of 
obesity.309 A few studies have examined pituitary hor-
monal release in patients with OSA before and after 
treatment.355-357 The nocturnal release of the two pitu-
itary hormones that are markedly dependent on sleep 
(i.e., GH and prolactin) is decreased in untreated apneic 
subjects. Treatment with continuous positive airway 
pressure (CPAP) results in a clear increase in the amount 
of GH secreted during the first few hours of sleep.355,356 
The total amount of prolactin secreted during the sleep 
period is not modified by the CPAP treatment, but the 
frequency of prolactin pulses is restored to values similar 
to those observed in normal subjects.357 Nocturnal LH 
and testosterone secretions are decreased in men with 
untreated OSA. These alterations are partially corrected 
during chronic CPAP treatment.358 CPAP treatment also 
results in a significant decrease of elevated baseline levels 
of leptin,359 and of acylated ghrelin.360

While obesity is a major risk for OSA, OSA is now rec-
ognized as a risk for insulin resistance, independently of 
BMI, as supported by a large set of cross-sectional stud-
ies that have assessed OSA by polysomnography and 
found an association between increased severity of OSA 
and alterations in glucose metabolism consistent with an 
increased risk for diabetes.309,361 The pathophysiologic 
mechanisms leading to alterations in glucose metabolism 
in OSA are likely to be multiple. High sympathetic nervous 
system activity, intermittent hypoxia, low levels of SWS, 
sleep fragmentation and sleep loss, dysregulation of the 
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hypothalamo-pituitary axis, endothelial dysfunction, and 
alterations in cytokine and adipokine release have all been 
proposed as potential mechanisms for abnormal glucose 
metabolism in OSA. The findings from clinic-based studies 
are largely consistent with those of epidemiologic studies. 
Indeed, despite differences in sample size, study design, 
measurement techniques, cut points, and control for pos-
sible confounders, a large majority of clinic-based stud-
ies were consistent in finding an independent association 
between OSA and abnormal glucose metabolism.309,361 In 
patients with type 2 diabetes, increased severity of OSA 
was found to be associated with poorer glucose control.362

Studies that addressed the effects of CPAP treatment 
on glucose metabolism yielded inconsistent results, 
possibly due to differences in sample sizes and popula-
tions, variable durations of therapy, variable compli-
ance, and changes in body composition during the study 
period.309,361 The overall prevalence of OSA in diabetic 
men has been estimated at 23% to 75% compared with 
6% in a community-based sample.363,364 Thus, OSA 
might be a novel risk factor for type 2 diabetes, and/or, 
conversely, chronic hyperglycemia might promote OSA.

Narcolepsy
Narcolepsy is a sleep disorder characterized by excessive 
daytime sleepiness, reduced quality of nocturnal sleep 
with sleep-onset REM episodes, and cataleptic attacks. 
Narcolepsy is caused by impaired orexin (hypocretin) 
neurotransmission. Consistent with the role of orexin in 
the control of energy balance, narcoleptic patients have 
increased BMI and lower basal metabolism. The 24-hour 
rhythm of ACTH and cortisol persists in narcolepsy, sug-
gesting that the master SCN clock is not affected.365 In 
contrast, the 24-hour profiles of hormones known to be 
dependent on sleep-wake homeostasis, such as GH and 
prolactin, are markedly disrupted with dampened or 
absent nocturnal GH and prolactin release.366 Leptin lev-
els are decreased, and the nocturnal rise is abolished.367

Insomnia
Despite the high prevalence of insomnia in modern soci-
ety, very little is known regarding the neuroendocrine and 
metabolic consequences of poor or insufficient sleep in 
this condition. The 24-hour profiles of ACTH and corti-
sol have been assessed in insomniacs who were monitored 
in a sleep laboratory for 4 consecutive nights. An increase 
in ACTH and cortisol secretion was observed in the eve-
ning and early part of the night in the patients who had 
objectively documented short total sleep time and poor 
sleep efficiency, but not in insomniacs who had a nor-
mal sleep time.185 In older adults, insomnia was found 
to be associated with insulin resistance.368 Certain, much 
less prevalent, forms of sleep disorders seem to originate 
from a disturbance in the circadian system. Delayed sleep 
phase insomnia is characterized by a chronic inability 
to fall asleep at a normal bedtime and to awake in the 
morning. Nonpharmacologic chronotherapy involving 
repeated scheduled exposure to bright light is the treat-
ment of choice for this disorder.369 In contrast, in the 
advanced sleep phase syndrome, the timing of the major 
sleep episode is advanced in relation to normal bedtime, 

resulting in symptoms of extreme evening sleepiness and 
early morning awakening. Familial forms of this syn-
drome reflect an autosomal dominant mutation affecting 
phosphorylation of the clock protein PER2.370,371

Circadian Misalignment
Circadian rhythms provide synchronization with the 
pronounced periodic fluctuations in the external envi-
ronment and organize the internal milieu so that there is 
coordination and synchronization of internal processes. 
“External synchronization” is of obvious importance for 
the survival of the species and ensures that the organism 
does the “right thing” at the right time of the day. Of 
equal importance is the fact that the circadian clock sys-
tem provides internal temporal organization (i.e., “inter-
nal synchrony”) between the myriad of biochemical and 
physiologic systems in the body. The concept of “internal 
synchrony” had to be reevaluated in recent years in view 
of the discovery that circadian clock genes, which are part 
of the transcription-translation feedback loop that gener-
ates self-sustained oscillations in the central master circa-
dian clock in the SCN, are also expressed rhythmically in 
other regions of the brain and in most peripheral tissues, 
including adipocytes, hepatocytes, pancreatic beta cells, 
cardiomyocytes, and vascular smooth muscle cells.18,22,27 
Under normal conditions, the central SCN pacemaker 
maintains synchrony between central and peripheral 
oscillators. In conditions of circadian misalignment, 
such as occur in jet lag and shift work, the alignment of 
central and peripheral oscillators is disrupted. Thus, the 
concept of “internal desynchrony” has to include desyn-
chrony between different centrally controlled rhythms 
(e.g., cortisol vs GH) and desynchrony between central 
and peripheral rhythms. Lack of synchrony within the 
internal environment may lead to chronic difficulties with 
serious consequences for the health and well-being of the 
organism.81 The physical and mental malaise occurring 
following rapid travel across time zones (i.e., “jet-lag” 
syndrome) and the pathologies associated with long-term 
shift work are assumed to be due in part to an alteration 
in the normal phase relationships between various inter-
nal rhythms. In addition, it has been speculated that alter-
ations of internal phase relationships between rhythms 
underlie certain forms of affective illness.

Healthy subjects may experience a mild form of cir-
cadian misalignment, depending on their “chronotype,” 
that is, their preference for being a “morning” or an “eve-
ning” individual. In modern industrialized countries, late 
chronotype is frequently associated with a greater degree 
of misalignment between the circadian clock and pro-
fessional schedules. In large population studies, evening 
chronotype was found to be associated with higher risks 
for type 2 diabetes and metabolic syndrome.309

In animals, circadian disruption was shown to exert 
detrimental effects on energy metabolism. In Clock mutant 
mice, sleep duration is shorter than in the wild type, and 
activity and feeding are shifted into the normally inactive 
phase, resulting in obesity and metabolic syndrome.25 
In wild-type mice, eating at an adverse circadian time is 
associated with reduced glucose tolerance and increased 
weight gain.372
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In humans, a 10-day protocol involving sleeping and 
eating schedules of 28-hour “days” resulted in increased 
glucose and decreased leptin levels.373 Furthermore, 
3 weeks of sleep restriction (5.6 hours of sleep per 24 
hours) combined with circadian disruption (recurring 
28-hour “days”), a condition frequently encountered by 
shift workers, resulted in inadequate insulin secretion, 
increased postprandial glucose levels, and decreased resting 
metabolic rate.374

Jet Lag
Subjects who travel rapidly across time zones are con-
fronted with a desynchronization between their internal 
circadian rhythms and the periodicity of the new external 
environment. Upon arrival, the timings of the light-dark 
cycle, social schedule, and meals are abnormally matched 
to the phase of the physiologic rhythms of the traveler. 
Associated with this lack of synchronization are symp-
toms of fatigue, subjective discomfort, sleep disturbances, 
reduced mental and psychomotor performance, and gas-
trointestinal disorders.

The rate of adaptation is generally slower for overt 
rhythms that are strongly dependent on the circadian 
system, such as those of cortisol and melatonin secre-
tions, than for those which are markedly modulated 
by sleep-wake homeostasis, such as prolactin and GH 
secretions. As a result, during the period of adaptation, 
abnormal phase relationships between overt rhythms 
occur. Thus, jet lag syndrome involves not only desyn-
chronization between internal and external rhythms but 
also a perturbation of internal temporal organization 
of physiologic functions. Depending on the strength of 
the zeitgebers, the rate of adaptation can be as low as 
one half hour per day or as high as 3 hours per day. 
The rate of adaptation is not constant: adaptation to a 
large shift occurs at a faster rate during the first few days 
and progresses at a slower pace thereafter.375 The rate 
of adaptation is also dependent on the direction of the 
shift, with adaptation occurring generally faster after a 
delay (i.e., westward) shift than after an advance (i.e., 
eastward) shift.375 This eastward-westward difference in 
rate of adaptation is believed to be due to the fact that 
the endogenous circadian period of the human is slightly 
longer than 24 hours and thus adjustment to delays is 
more easily achieved than adjustment to advances. 
There is strong evidence to suggest that reentrainment 
after a transmeridian flight is facilitated by exposure to 
bright light at appropriate circadian phases. It is widely 
believed that adherence to the local social and meal 
schedule upon arrival will accelerate adaptation to “jet 
lag,” but this has not been rigorously demonstrated. 
Laboratory studies suggest that physical exercise sched-
uled during the period corresponding to the nighttime 
prior to travel will facilitate adaptation to a delay (i.e., 
westward) shift.64,169

Shift Work
Shift work, which is (voluntarily or not) accepted by 
millions of workers, is a major health hazard, involv-
ing an increased risk for cardiometabolic illness, gas-
trointestinal disorders, infertility, and insomnia. 376-378 
Epidemiologic studies have also indicated that shift 
work is a risk factor for weight gain,379 dyslipidemia, 
and insulin resistance.380 Large prospective studies have 
shown that rotating night shift work is associated with 
increased diabetes risk.381 The medical consequences 
of shift work are associated with chronic misalignment 
of physiologic circadian rhythms and the activity-rest 
cycle. In addition, shift work almost invariably results in 
substantial sleep loss because daytime sleep is generally 
shorter and more fragmented than nocturnal sleep. Shift 
work usually creates conditions in which some zeitge-
bers (e.g., an artificial light-dark cycle) and additional 
phase-setting factors, such as the rest-activity cycle, are 
shifted while others remain unaltered (e.g., the natural 
light-dark cycle and the routines of family life). Shift 
workers thus live in a situation of conflicting zeitgebers 
that almost never allow a complete shift of the circadian 
system. Indeed, several studies have shown that work-
ers on permanent or rotating night shifts do not adapt 
to these schedules, even after several years.217,382,383 
Programs to reduce detrimental health consequences of 
shift and night work should include strategies to mini-
mize circadian disruption and improve sleep duration 
and quality.

Besides of its health implications, this misalignment 
with the circadian of system has important social and 
economic implications, because night work is associated 
with substantial decrements in performance and vigi-
lance, resulting in diminished productivity and increased 
accident rates. Scheduled exposure to bright light during 
night work and complete darkness during daytime sleep 
following night work can accelerate the adjustment to the 
new schedule and improve nighttime alertness and per-
formance, and exogenous melatonin might facilitate sleep 
at abnormal circadian phases.384
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K E Y  P O I N T S

 •  Hypothalamic syndromes are a cluster of endocrine, metabolic, neurologic, and other 
systemic signs and symptoms that may be caused by a large spectrum of pathologic 
processes.

 •  Causes of hypothalamic syndromes include genetic diseases such as Prader-Willi 
syndrome, tumors such as craniopharyngioma, systemic disorders, brain trauma, and 
irradiation.

 •  Hypothalamic lesions or disease may lead to activation of hypothalamic neurons with 
consequent overproduction of a specific hypothalamic hormone or to a hypothalamic 
loss of function with associated hypopituitarism and/or hyperprolactinemia.

 •  The hypothalamus plays a key role in the regulation of food intake and energy balance, 
and obesity is a characteristic feature of hypothalamic syndromes.
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HYPOTHALAMIC ACTIONS: PHYSIOLOGY  
AND PATHOPHYSIOLOGY

Physiology
Although it is a relatively small structure of only 4 mL 
in volume, the hypothalamus contains several groups 
of nerve cell bodies forming distinct nuclei, which have 
unique structural, molecular, and functional organiza-
tions.1,2 The hypothalamic nuclei are connected through 
afferent and efferent nerve fibers to the brain and brain-
stem. The hypothalamus is divided into four regions from 
anterior to posterior: the preoptic, supraoptic, tuberal, 
and mamillary regions; and three zones laterally from the 

third ventricle: the periventricular, medial, and lateral3,4 
zones (Fig. 10-1).

The main endocrine function of the hypothalamus 
is control of the anterior pituitary hormone production 
enabled by the hypothalamo-pituitary stalk, which forms a 
distinct anatomic and functional structure.3 The hypothala-
mus is also responsible for essential metabolic homeostatic 
mechanisms including water and electrolyte metabolism 
and regulation of body weight by controlling food intake, 
energy expenditure, and energy storage.2,6-8 In perform-
ing these latter tasks, the hypothalamus receives afferent 
messages from peripheral structures such as adipose tissue, 
gastrointestinal tract, liver, and pancreatic beta cells, and 
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sends efferent messages to the same organs, as well as to 
muscles via sympathetic and parasympathetic signals.2,9 
Important nonendocrine hypothalamic functions include 
regulation of body temperature, sleep/wake cycle and cir-
cadian rhythms, and behavioral and cognitive aspects such 
as emotional expression and memory.5,10,11 Table 10-1 
lists the various functions of the hypothalamus, the hypo-
thalamic nuclei or hypothalamic regions that have been 
identified as being responsible for these functions, and the 
disorders that result from lesions in or around the nuclei or 
adjacent region.

Pathophysiology
Hypothalamic syndromes can be defined as a cluster of 
endocrine, metabolic, neurologic and other systemic 
signs and symptoms that, due to the small dimension of 
the hypothalamus within which many nuclei and nerve 
tracts are anatomically and functionally linked, may be 
caused by a large spectrum of pathologic processes5 sum-
marized in Table 10-2. Endocrine manifestations of these 
syndromes include hyperprolactinemia, secondary hypo-
pituitarism, with growth hormone deficiency (GHD), 
hypogonadotropic hypogonadism, secondary adre-
nal insufficiency, central hypothyroidism, and diabetes 
insipidus. Severe obesity as a consequence of an acquired 
hypothalamic lesion is a well-known although infrequent 

clinical finding1 and has been associated with hypotha-
lamic tumors, inflammatory diseases, brain injury and 
radiation, as well as compressing cerebral aneurysms. This 
disorder is also encountered among the adverse effects of 
some psychoactive drugs. Neurologic signs and symptoms 
resulting mainly, but not exclusively, from hypothalamic 
tumors are represented more frequently by headaches and 
neuro-ophthalmologic disorders but also by pyramidal 
tract or sensory nerve dysfunction, extrapyramidal cerebel-
lar signs, and recurrent vomiting.12 Other systemic mani-
festations of hypothalamic syndromes include dysthermia, 
hypomobility, and somnolence.10,11 Although these differ-
ent clinical manifestations may occur concomitantly in the 
same subject, endocrine and metabolic symptoms are later 
described separately from nonendocrine manifestations. 
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Figure 10-1 Schematic representation of lateral brain section demon-
strating hypothalamic nuclei. Dashed lines represent the frontal (coro-
nal) section planes: 1, preoptic nucleus; 2, paraventricular nucleus; 3, 
anterior hypothalamic areas; 4, supraoptic nucleus; 5, arcuate nucleus; 
6, dorsal hypothalamic area; 7, dorsomedial nucleus; 8, ventromedial 
nucleus; 9, posterior hypothalamic area; 10, mamillary body; 11, optic 
chiasm; 12, optic nerve. (From Braunstein GD. The hypothalamus. In: 
Melmed S, ed. The pituitary. 2nd ed. Cambridge, MA: Blackwell Scien-
tific; 2002:317-348.)

TABLE 10-1 Hypothalamic Functions, the Nuclei 
or Regions Involved with the Specific Functions, 
and the Disorders Resulting from Stimulatory or 
Destructive Lesions in the Regions

Function
Nuclei [n] or Region [r] 
Involved Disorders

Water  
metabolism

Supraoptic [n];  
paraventricular [n]

Circumventricular  
organs [r]

Diabetes insipidus
Essential hyperna-

tremia
SIADH

Temperature 
regulation

Preoptic anterior  
hypothalamic [r]

Posterior  
hypothalamus [r]

Hyperthermia
Hypothermia
Poikilothermia

Appetite 
control

Ventromedial [n]  
(satiety center)

Lateral hypothalamic  
[r] (feeding center)

Hypothalamic 
obesity

Cachexia
Anorexia nervosa
Diencephalic 

syndrome
Diencephalic 

glycosuria
Sleep/wake 

cycle and 
circadian 
rhythm

Ventrolateral preoptic 
anterior hypothalamic 
[r] (sleep center)

Posterior hypothalamic[r] 
including tuberomamil-
lary [n] (arousal center)

Suprachiasmatic [n]

Somnolence
Reversal of sleep/

wake cycle
Akinetic mutism
Coma

Visceral  
(autonom-
ic) fraction

Posterior medial [r]  
(sympathetic region)

Preoptic anterior  
hypothalamus [r]  
(parasympathetic 
region)

Sympathetic 
activation

Parasympathetic 
activation

Emotional 
expres-
sion and 
behavior

Ventromedial [n]
Medial and posterior 

hypothalamus [r]
Caudal hypothalamic [r]

Sham rage
Fear or horror
Apathy
Hypersexual 

behavior
Memory Ventromedial [n]

Mamillary bodies
Short-term memo-

ry loss
Control of 

anterior 
pituitary

Arcuate [n] Preoptic [n]
Suprachiasmatic [n]
Paraventricular [n]
Neovascular zone  

(median eminence)

Hyperfunction 
function

Hypofunction 
syndromes

SIADH, Syndrome of inappropriate secretion of antidiuretic 
 hormone.
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Hypothalamic syndromes in patients who have a systemic 
disorder such as Langerhans’ cell histiocytosis (LCH),13 
sarcoidosis,14 or lymphoma15 may coexist with extrahy-
pothalamic system involvement. Hypothalamic signs and 
symptoms may (infrequently) be the initial clinical mani-
festation of a systemic disease. Importantly, a pathologic 
process involving the hypothalamus may be clinically 
silent because the lesion is chronic, meaning slowly pro-
gressive, whereas an acute rapidly evolving lesion is more 
likely to be symptomatic. The anatomic location also 
affects presentation, as disorders affecting the more lateral 

portions are more likely to be silent than those involving 
basal tuberal region. Also, because most hypothalamic 
functions are controlled by more than one single or paired 
nuclei, there may be compensatory mechanisms that miti-
gate symptoms. Endocrine features of the hypothalamic 
syndrome are also linked to age at disease onset. Prepu-
bertal children present with pituitary hormone deficiency 
characterized by hypogonadism and hyposomatotropism 
with sexual infantilism and short stature, whereas older 
subjects present with attenuated secondary sexual charac-
teristics and the adult GHD syndrome.5

TABLE 10-2 Causes of Hypothalamic Dysfunction

Congenital

Acquired
Developmental malformations

Anencephaly
Porencephaly
Agenesis of the corpus callosum
Septo-optic dysplasia
Suprasellar arachnoid cyst
Colloid cyst of the third ventricle
Hamartoma

Aqueductal stenosis
Trauma
Intraventricular hemorrhage

Genetic (familial or sporadic cases)
Hypothalamic hypopituitarism
Familial diabetes insipidus
Prader-Willi syndrome
Bardet-Biedl and associated syndromes
DIDMOAD syndrome
Pallister-Hall syndrome
Leptin/leptin receptor mutations

Tumors

Primary intracranial tumors
Angioma of the third ventricle
Craniopharyngioma
Ependymoma
Ganglioneuroma
Germ cell tumors
Glioblastoma multiforme
Glioma
Hamartoma
Hemangioma
Lipoma
Lymphoma
Medulloblastoma
Meningioma
Neuroblastoma
Pinealomas
Pituitary tumors
Plasmacytoma
Sarcoma

Metastatic tumors

Infiltrative

Langerhans’ cell histiocytosis
Leukemia
Sarcoidosis

Immunologic

Idiopathic diabetes insipidus
Lymphocytic infundibuloneurohypophysitis

Nutritional, Metabolic

Anorexia nervosa
Kernicterus
Wernicke-Korsakoff syndrome
Weight loss

Degenerative

Glial scarring Parkinson’s disease

Infectious

Bacterial
Meningitis

Mycobacterial
Tuberculosis

Spirochetal
Syphilis
Viral

Encephalitis
Jakob-Creutzfeldt disease
Kuru
Poliomyelitis
Varicella
Cytomegalovirus infection

Vascular

Aneurysm
Arteriovenous malformation
Pituitary apoplexy
Subarachnoid hemorrhage

Traumatic

Birth injury
Head injury
Postneurosurgical

Functional

Diencephalic epilepsy
Drugs
Hayek-Peake syndrome
Idiopathic syndrome of inappropriate secretion of antidiuretic 

hormone (SIADH)
Kleine-Levin syndrome
Periodic syndrome of Wolff
Psychosocial deprivation syndrome

Other

Radiation
Porphyria
Toluene exposure

DIDMOAD, Diabetes insipidus, diabetes mellitus, optic atrophy, deafness.
Modified from Braunstein GD. The hypothalamus. In Melmed S, ed. The pituitary. 2nd ed. Cambridge, MA: Blackwell Scientific, 2002:317-348.
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CLINICAL FEATURES OF HYPOTHALAMIC 
SYNDROMES

Endocrine and Metabolic
Anterior Pituitary Dysfunction
Hypothalamic lesions or disease may lead to activation of 
hypothalamic neurons with consequent overproduction 
of a specific hypothalamic hormone or to a hypothalamic 
loss of function with associated hypopituitarism and/or 
hyperprolactinemia.

Activating Lesions
Central Precocious Puberty. Pubertal development with 
early appearance of secondary sexual characteristics 
in girls younger than 8 years or boys younger than 9 
years is generally a result of premature activation of the 
hypothalamic-pituitary-gonadal axis. In most subjects 
this represents a functional abnormality and no organic 
cause is found (idiopathic central precocious puberty).16 
Rare cases of precocious puberty are associated with 
hypothalamic hamartomas17 and with other neoplasms 
such as craniopharyngiomas (CPs) gliomas, and astro-
cytomas or with adjacent infiltrative and inflammatory 
lesions. Some of these lesions may cause early activa-
tion of the hypothalamic-pituitary-gonadal axis through 
increased intracranial pressure or irritation of the basal 
hypothalamus. Hypothalamic hamartomas involving the 
tuber cinereum may prematurely activate hypothalamic 
gonadotropin-releasing hormone (GnRH) secretory 
mechanisms or may directly produce GnRH, which may 
be expressed within the hamartomatous neurons.16,17 In 
addition to pressure effects, germ cell tumors may result 
in precocious puberty through human chorionic gonad-
otropin (hCG) secretion, which stimulates testosterone 
production by the testes. Precocious puberty may oc-
cur in polyostotic fibrous dysplasia (McCune-Albright) 
syndrome. Idiopathic and organic forms of precocious 
puberty are similar unless signs and symptoms of hy-
pothalamic involvement are observed. In both genders, 
an initial accelerated growth velocity occurs with tall 
stature, increased bone maturation, premature growth 
cessation, and ultimately short stature in adolescence 
and adulthood, the degree of which is dependent on the 
age of onset. Gonadotropin and sex steroid serum levels 
are increased for chronologic age, and gonadotropin re-
sponse to GnRH exhibits a pubertal pattern with normal 
gonadotropin pulsatility.16

Acromegaly. Hypothalamic growth hormone-releasing 
hormone (GHRH) is secreted into the portal system, binds 
to specific surface receptors of the somatotroph cell, and 
elicits intracellular signals that modulate pituitary growth 
hormone synthesis and/or secretion. GHRH-producing 
neurons have been well characterized in the hypothala-
mus by immunostaining techniques.18 Hypothalamic tu-
mors, including hamartomas, choristomas, gliomas, and 
gangliocytomas,19 may produce excessive GHRH with 
subsequent somatotroph cell hyperstimulation and in-
creased growth hormone secretion. The structure of hypo-
thalamic GHRH was elucidated from material extracted 
from pancreatic GHRH-secreting tumors in two patients 

with acromegaly.18 Immunoreactive GHRH is rarely 
expressed in carcinoid tumors, pancreatic cell tumors, 
small-cell lung cancers, adrenal adenomas, and pheochro-
mocytomas. Acromegaly in these latter patients is uncom-
mon. Measuring GHRH plasma levels provides a precise 
test for the diagnosis of ectopic acromegaly; in a survey 
of 177 acromegaly patients only a single patient was 
identified with elevated plasma GHRH levels. Peripheral 
GHRH levels, however, are not elevated in patients with 
hypothalamic GHRH-secreting tumors, supporting the 
notion that excess eutopic hypothalamic GHRH secretion 
into the hypophyseal portal system does not appreciably 
enter the systemic circulation. Pituitary enlargement is of-
ten found on MRI of patients with GHRH-secreting tu-
mors.20 Surgical resection of the tumor secreting GHRH 
should reverse growth hormone hypersecretion. Eutopic 
GHRH hypersecretion can also be managed medically 
with long-acting somatostatin analogs.21

Cushing’s Disease. Cushing’s disease is generally caused 
by an ACTH-secreting pituitary adenoma.22,23 An un-
usual cause of pituitary-dependent Cushing’s disease is 
the secretion of hypothalamic CRH by intracranial neo-
plasms such as gangliocytoma.24

Lesions with Hypothalamic Loss of Function
Hyperprolactinemia. Prolactin secretion is under a tonic 
and predominantly inhibitory control exerted by the 
hypothalamus. Prolactin, secreted in a pulsatile man-
ner, also has a circadian fluctuation with high levels 
during non–rapid eye movement sleep.25 Physiologic 
PRL stimuli are suckling, stress, and increased levels 
of ovarian steroids, primarily estrogens.26 In response, 
the hypothalamus elaborates prolactin-releasing fac-
tors (PRFs) and prolactin-inhibiting factors (PIFs). Do-
pamine, the most important PIF, is present in the portal 
blood in sufficient concentrations to inhibit prolactin 
synthesis and secretion through D2 subtype dopamine 
receptors. These actions constitute the physiologic ba-
sis for the therapeutic effect of dopamine agonists in 
hyperprolactinemia.27 Neurotransmitters, such as sero-
tonin and norepinephrine, increase prolactin secretion 
by decreased tuberoinfundibolar dopaminergic system 
activity. Adrenergic modulation also mediates stress-
induced prolactin secretion.25 Thyrotropin-releasing 
hormone (TRH), oxytocin, and vasoactive intestinal 
peptide (VIP) are well-established PRFs. Neuropep-
tides, such as galanin28,29 expressed in hypothalamic 
neurons and in the anterior lobe of the pituitary, also 
increase prolactin secretion. Because prolactin secre-
tion is under hypothalamic dopamine inhibitory con-
trol, patients with a variety of hypothalamic disorders 
may exhibit hyperprolactinemia as seen in 79% of pa-
tients with suprasellar germinomas, 36% of patients 
with CPs, and 14% of patients with pineal germino-
mas.30 Most of these patients have prolactin concen-
tration less than 100 ng/mL. In some patients, a cause 
of hyperprolactinemia cannot be identified (idiopathic 
hyperprolactinemia), and prolactin levels during long-
term follow-up may return spontaneously to normal or 
may remain elevated.31,32
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HYPOTHALAMIC HYPOGONADISM
Kallmann’s syndrome (olfactory-genital dysplasia) is the 
most common form of congenital isolated gonadotropin 
deficiency and can occur sporadically or in a familial set-
ting as an X-linked, autosomal-dominant, or autosomal-
recessive trait with incomplete penetrance and variable 
phenotypic expression.33 The most frequently detected 
genetic mutation is deletion of KAL-1 gene whose prod-
uct, anosmin-1, normally directs migration of GnRH 
neurons from the olfactory placode to the hypothalamus. 
Other genes also involved in the syndrome include NELF, 
CHD7, HS6ST1, FGF8/FGFR1, PROK2/PROKR2, as 
well as those encoding components of the FGF pathway.34 
The syndrome is characterized by deficiency or absence of 
hypothalamic GnRH-secreting neurons as well as agenesis 
or hypoplasia of the olfactory bulb, which are responsible 
for hyposmia or anosmia. In boys, who are more often 
affected than girls, cryptorchidism and microphallus may 
be observed at birth. However, clinical diagnosis usually 
is delayed until the time of expected puberty when there is 
a failure of gonadotropins to increase during the normal 
period of testicular enlargement and the development of 
secondary sexual characteristics. After a single injection of 
GnRH, little or no increase in gonadotropin levels is seen. 
However, if GnRH is administered in a pulsatile fashion 
every 90 minutes, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) increase, indicating that the 
gonadotrophs are normal but unstimulated. Pulsatile 
GnRH therapy may result in full virilization. In girls, pri-
mary amenorrhea is observed together with absent breast 
development. Since growth hormone secretion is normal, 
but the effect of sex steroids on long bone growth carti-
lages is lacking, the affected subject may develop unusually 
long limbs and eunuchoid proportions. Other components 
of this syndrome include color blindness, nerve deafness, 
cleft palate, exostosis, and renal abnormalities.33 Hypo-
gonadotropic hypogonadism has been found with leptin 
and leptin-receptor gene mutations, as well as GPR54 and 
DAX1 mutations.33 Loss of function mutation in KISS1R, 
which binds kisspeptin, a key modulator of GnRH release, 
has also been shown to cause hypogonadotropic hypogo-
nadism.35 Congenital gonadotropin deficiency also is seen 
as a manifestation of panhypopituitarism (which may be 
on a hypothalamic basis), as well as with several com-
plex hypothalamic disorders, including the Prader-Willi, 
Bardet-Biedl, and Laurence-Moon syndromes. CHARGE 
is an autosomal-dominant syndrome with a variable com-
bination of coloboma of the eye, heart malformation, 
atresia of the choanae, retardation of growth and devel-
opment, and genital and ear abnormalities. CHD7, which 
interacts with SOX2 at an early stage in the control of the 
embryonic stem cell, is the predominant gene associated 
with the CHARGE syndrome, which overlaps with Kall-
mann’s syndrome because affected patients show anosmia 
and gonadotropin deficiency.36,37

Growth Hormone Deficiency (GHD). Growth hormone 
production is largely under hypothalamic control. Growth 
hormone is produced and secreted primarily by somato-
trophs in the anterior pituitary in a pulsatile manner regulated  

by long and short feedback loops involving growth hor-
mone and peripheral insulin-like growth factor-1 (IGF-
1). The hypothalamic hormones involved in regulation of 
growth hormone production include GHRH and soma-
tostatin, which stimulate and inhibit secretion, respective-
ly. Growth hormone pulsatility is the result of a peak in 
hypothalamic GHRH and a trough in somatostatin secre-
tion. This sophisticated regulation is obtained via a cross 
talk and reciprocal feedback regulation between GHRH 
and somatostatin producing neurons.38 Recently, ghrelin, 
a stomach-derived peptide that is the natural ligand of the 
growth hormone secretagogue receptor, has been found 
to stimulate growth hormone by increasing GHRH and 
decreasing somatostatin neuronal activity within the hy-
pothalamus and by directly stimulating growth hormone 
release from pituitary somatotropes.39

Congenital structural defects involving the hypothala-
mus, such as anencephaly, holoprosencephaly, encephalo-
cele, and septo-optic dysplasia, may result in GHD, either 
alone or with other anterior pituitary hormone deficien-
cies. Isolated GHD may occur sporadically or on a famil-
ial basis because of a deficient production or secretion of 
GHRH. Such patients demonstrate increased growth hor-
mone secretion after GHRH priming. GHD frequently 
occurs in the context of panhypopituitarism because of 
multiple hypothalamic-releasing hormone deficiencies.40 
During the first year of life, children with congenital 
GHD develop growth retardation with a delay in both 
height and bone ages. During childhood, an increase in 
subcutaneous fat along with proportional short stature 
is noted. Even in the presence of normal gonadotrophs, 
puberty is often delayed in these patients. Treatment 
with growth hormone increases linear growth, reduces 
subcutaneous fat and glucose intolerance, and stimulates 
pubertal progression.40

Auxologic parameters are helpful in the diagnosis of 
acquired GHD in children affected by a hypothalamic 
tumor or infiltrative process. Decreased growth velocity 
or growth arrest can be observed.

In the absence of auxologic signs, the clinical diagnosis 
of GHD in adults is more subtle and therefore its preva-
lence is underestimated unless proactively screened with 
provocative testing that shows inadequate growth hor-
mone reserve. GHD in the adult may add to the clinical 
picture of hypothalamic syndrome with reduced quality of 
life41 and physical fitness,42 osteopenia, osteoporosis43,44 
and increased cardiovascular risk.45 These manifesta-
tions are at least partially reversible by growth hormone 
replacement,41-45 which however is contraindicated in the 
presence of an active neoplasm.

Hypothalamic Hypoadrenalism. Congenital or acquired 
isolated adrenocorticotropin hormone (ACTH) deficiency 
is rare.46 However, ACTH deficiency does commonly oc-
cur in association with other anterior pituitary hormone 
deficiencies because of CPs suprasellar germinomas, and 
septo-optic dysplasia. Clinically, central ACTH deficien-
cy is less severe than Addison disease because aldosterone 
secretion is preserved. Mild and nonspecific symptoms, 
which include nausea, vomiting, hypotension, and hypo-
glycemia, without the hyperpigmentation and electrolyte  
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abnormalities that often lead to a delay in diagnosis, 
rarely may precipitate an Addisonian crisis under stress-
ful conditions. Interestingly, functional GHD can occur 
in patients with isolated ACTH deficiency because of the 
stimulating role of cortisol on growth hormone secretion 
with recovery of growth hormone reserve during gluco-
corticoid replacement therapy (Giustina effect).47

Hypothalamic Hypothyroidism. Isolated thyroid-stimu-
lating hormone (TSH) deficiency also is quite rare. How-
ever, TSH deficiency is found in approximately one third 
of the patients with CPs, suprasellar germinomas, and in 
patients with optic nerve hypoplasia. Clinically, patients 
may exhibit dry skin, puffiness, pallor, lethargy, brady-
cardia, hypothermia, and weight gain, with evidence of 
an atrophic thyroid gland. Serum free-T4 levels are low 
with serum TSH being inappropriately low or even slight-
ly elevated, resulting from increased TSH glycosylation 
with reduced biologic activity.48 Differential diagnosis 
between secondary and tertiary (central) hypothyroidism 
is classically based on evaluation of TSH levels after a bo-
lus i.v. injection of thyrotropin-releasing hormone (TRH) 
that remains low and flat in the case of pituitary dam-
age and shows a delayed, prolonged, and exaggerated 
increase in patients with hypothalamic hypothyroidism.

Disorders of Water and Electrolyte Metabolism
Central Diabetes Insipidus. Diabetes insipidus is charac-
terized by excretion of high volumes of dilute urine com-
bined with persistent intake of abnormally large quan-
tities of fluid, usually with excessive thirst. There are 
three general forms of the disease: (1) Central (cranial, 
neurogenic, or pituitary [antidiuretic hormone (ADH) 
deficient]) diabetes insipidus, (2) nephrogenic (ADH re-
sistant) diabetes insipidus, and (3) primary polydipsia in 
which ADH secretion is suppressed because of excessive 
intake of fluids. Central diabetes insipidus may result 
from destruction of the ADH-producing magnocellular 
neurons in the supraoptic and paraventricular nuclei or 
interruption of the pituitary stalk. Diabetes insipidus is 
relatively common in patients with both acute (trauma) 
and chronic hypothalamic disorders such as suprasellar 
and pineal germinomas, sarcoidosis, lymphocytic infun-
dibuloneurohypophysitis, and LCH, with the latter often 
being associated with obesity and hypogonadism. How-
ever, the most common form of central diabetes insipidus 
currently is idiopathic, which can occur sporadically or 
in a familial setting as an autosomal-dominant trait, with 
nucleotide deletions or substitutions in the ADH gene on 
chromosome 20,49 and which may present in childhood. 
Autoimmunity is an emerging cause of diabetes insipidus 
because at least one third of “idiopathic” patients have 
detectable anti-ADH cell antibodies.50 Central diabetes 
insipidus is treated by desmopressin, the synthetic ana-
logue of vasopressin, which reduces urine production and 
increases osmolarity. It is administered sublingually or by 
oral tablets, by nasal inhalation, or rarely by intramuscu-
lar injection.51,52

Wolfram syndrome, also known as DIDMOAD (Dia-
betes Insipidus, Diabetes Mellitus, Optic Atrophy and 
Deafness), is a neurodegenerative disease with autosomal 

recessive inheritance with incomplete penetrance with 
an estimated prevalence of 1 in 770,000 and occurs in 
1 of 150 patients with juvenile-onset insulin-dependent 
diabetes mellitus. Wolfram syndrome may also present 
with other endocrine and metabolic abnormalities such 
as anterior pituitary gland dysfunction. The WFS1 gene, 
mapped to chromosome 4p, encodes an endoplasmic 
reticulum membrane embedded calmodulin-binding pro-
tein called wolframin.53,54

Adipsic hypernatremia occurs in patients with par-
tial diabetes insipidus when anterior medial and ante-
rior lateral preoptic regions osmoreceptors are damaged 
by tumor, infiltrative, or inflammatory lesions. Affected 
patients have impaired thirst compensatory mechanism, 
which results in insufficient fluid intake despite hyper-
natremia; nevertheless, their extracellular fluid volume 
remains normal, and they are not clinically dehydrated. 
They exhibit chronic elevations of serum sodium and 
when it exceeds 160 mmol/L may become symptom-
atic with fatigue, weakness, lethargy, cramps, anorexia, 
depression, and irritability; at 180 mmol/L, stupor and 
coma may be present. Hypothalamic obesity and ante-
rior pituitary hormone deficiency may coexist.55,56

Syndrome of Inappropriate Secretion of Antidiuretic 
Hormone. The syndrome of inappropriate secretion of 
antidiuretic hormone (SIADH) is characterized by plas-
matic hypo-osmolarity with no clinical evidence of in-
travascular or extracellular fluid volume expansion, an 
inappropriately elevated urine osmolarity, and elevated 
or inadequately suppressed serum ADH levels. The 
most frequent cause is ectopic ADH hypersecretion by 
tumors of neuroendocrine origin (small cell lung cancer 
[Schwartz-Bartter syndrome]). Drug- induced (e.g., anti-
depressant) increase in ADH production may also occur. 
The syndrome is found with intracranial inflammatory 
(meningitis, encephalitis), tumoral (CPs, germinomas, 
and pinealomas), traumatic, and vascular lesions.57 Di-
lution hyponatremia is the clinically most relevant bio-
chemical feature. The clinical picture depends on the rate 
of decrease of serum sodium, as well as the absolute se-
rum sodium concentration. At serum sodium levels less 
than 120 mmol/L, patients become symptomatic with an-
orexia, headache, weakness, lethargy, nausea, vomiting, 
and mental confusion; at very low levels, seizures and 
coma may occur.58

Hyponatremia and the other manifestations of SIADH 
also simultaneously occur in the syndrome of cerebral salt 
wasting, which is primarily seen in postoperative neuro-
surgical patients treated for subarachnoid bleeding, intra-
cranial aneurysms, or following head injury.59 In contrast 
to SIADH, these patients are hypovolemic because of 
renal salt and water loss that could be a result of disrup-
tion of the normal sympathetic nervous system input into 
the kidneys58,60 and to abnormal brain natriuretic peptide 
secretion.61

Disorders of Food Intake and Weight Control
Hypothalamic Obesity. Hypothalamic regulation of 
food intake and energy balance is a complex mecha-
nism that involves different signals and neuropepti-
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dergic neurons. Schematically, in the arcuate nucleus 
orexigenic and anorexigenic signals are produced by 
neuropeptidic products such as agouti-related protein, 
neuropeptide Y and proopiomelanocortin (POMC). 
The alfa-melanocyte-stimulating hormone (a-MSH), 
which derives from POMC, exerts its regulatory effect 
on body weight by interacting with the melanocortin 
4 receptor (MC4R),62 which is expressed by paraven-
tricular nuclei. At this level, an anorexigenic signal 
can be generated through peptidic (CRH and oxyto-
cin) pathways.2 All the aforementioned signals do not 
seem to be redundant. In fact, in monogenic disorders 
affecting each of them, morbid obesity is observed.63-66 
Approximately 25% of patients with structural hy-
pothalamic lesions exhibit hyperphagia and obesity. 
Most patients harbor a neoplasm, especially CP, with 
a minority having inflammatory or granulomatous pro-
cesses, a history of trauma, or infiltrative disorders.67 
Patients with hypothalamic obesity may also present 
with other signs and symptoms of hypothalamic origin 
such as headaches, visual abnormalities, hypomobil-
ity, somnolence, diabetes insipidus, and hypopituita-
rism.10 Less commonly, behavioral abnormalities, such 
as antisocial behavior or sham rage, and seizures may 
be present.67 Deranged adipocytokine regulation with 
consequent alteration of their secretion and action may 
also be observed.68 In particular, defective hypothalam-
ic leptin signal transduction, which may be defined as 
“leptin resistance,” may play a relevant role in hypo-
thalamic obesity. In fact, leptin produced by adipocytes 
mediates an anorexigeneic signal at the hypothalamic 
level, binding to presynaptic GABAergic neurons69 via 
increased sympathetic tone and energy production and 
decreased vagal activity, which leads to decreased ap-
petite and energy accumulation.69 Congenital leptin de-
ficiency, which is very rare, causes obesity very early 
in life, being observed in children at 6 months of age, 
characterized by undetectable circulating leptin levels 
and reversibility after administration of recombinant 
leptin.63,69,70 In the cases of genetic defects of leptin 
signal transduction, circulating leptin is very high and 
no treatment is available. These cases include leptin 
or melanocortin-3 and -4 receptor mutations, POMC 
splicing, and single-minded 1 mutations and prohor-
mone convertase-1 deficiency.64-66 Clearly, damage of 
ventromedial hypothalamic nuclei also causes obesity 
because leptin cannot exert its anorexigenic hypotha-
lamic action with resultant loss of satiety and increased 
energy storage.2

Functional hypothalamic abnormalities may appear in 
women with anorexia nervosa who exercise excessively, 
induce vomiting, and have amenorrhea with a prepu-
bertal pattern of gonadotropin release,71 nutritionally 
acquired growth hormone resistance with increased basal 
serum growth hormone, and reduced IGF-1.72,73 CRH-
mediated hypercortisolemia may contribute to mainte-
nance of anorexia by suppression of appetite drive in the 
food-motivating brain regions (not only hypothalamus 
but also amygdala, hippocampus, and insula).74 Low 
concentrations of triiodothyronine are found, with low-
normal basal TSH and a TSH response to TRH that is 

either normal or demonstrate a delayed peak consistent 
with hypothalamic hypothyroidism.71 The neuroendo-
crine and functional hypothalamic abnormalities remit 
when patients regain weight.

Nonendocrine
Deranged Control of Body Temperature
The hypothalamus is involved in body temperature con-
trol via the warm and cold receptors of the preoptic ante-
rior area integrating signals from peripheral warm and 
cold receptors that respond to an increase or decrease 
in external temperature. Warm receptors activate the 
lateral portion of the posterior hypothalamus, which 
leads to vasodilation and sweating to facilitate heat dis-
sipation. Conversely, stimulation of hypothalamic cold 
receptors results in activation of medial neurons in the 
posterior hypothalamus with heat production through 
muscular shivering and heat conservation through vaso-
constriction. Acute injury to the anterior hypothalamic 
and preoptic areas may result in rapid temperature ele-
vation (as high as 41° C) associated with tachycardia 
and unconsciousness from failure of the heat-dissipating 
mechanisms. Chronic hyperthermia without malaise 
may be secondary to lesions in the tuberoinfundibular 
region.5

The neuroleptic malignant syndrome (NMS) is char-
acterized by hyperthermia to 38° C or higher75; severe 
extrapyramidal signs such as muscle rigidity and tremor; 
and signs of autonomic nervous system dysfunction with 
pallor, tachycardia, arrhythmias, blood pressure labil-
ity, and severe neuropsychiatric symptoms including 
delirium and coma. It may occur soon (2 to 4 weeks) 
after the initiation of treatment with almost every neu-
roleptic drug. A similar syndrome can be seen in patients 
with hydrocephalus and encephalitis.76 The most com-
mon complication is rhabdomyolysis, which may result 
in myoglobinuria and acute renal failure.77 The patho-
physiology involves a central hypodopaminergic state 
with disruption of dopamine neurotransmission in the 
nigrostriatal system by neuroleptic-induced dopamine 
receptor blockade in susceptible individuals. Taq1 DRD 
polymorphism has been associated with predisposition to 
the syndrome.78

The serotonin syndrome is closely related to NMS and 
is becoming the more frequently diagnosed condition 
in intensive care units.79 It presents with altered men-
tal status (somnolence, confusion, agitation, seizures, 
and coma), autonomic instability (fever, diaphoresis, 
tachycardia and mydriasis), and abnormal neuromus-
cular activity (myoclonus, rigidity, hyper-reflexia).79 
Hyper- or hypothermia is caused by either direct or 
indirect effects on hypothalamic thermogenesis.76 Drugs 
or a combination of drugs that elevate central sero-
tonin can cause the syndrome. These include selective 
serotonin reuptake inhibitors (SSRIs), tricyclic antide-
pressants, monamine oxidase inhibitors, cocaine, and 
amphetamines, opioids (fentanyl), and antiemetics.80 
Large, destructive neoplastic or inflammatory lesions 
of the anterior or posterior hypothalamus may more 
rarely result in the inability to generate heat.81 Shapiro 
syndrome is a rare clinical entity comprising a triad of 
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recurrent hypothermia, hyperhidrosis, and congenital 
agenesis of the corpus callosum.82

Sleep/Wake Cycle and Circadian Abnormalities
Suprachiasmatic nuclei are responsible for maintenance 
of circadian rhythms, and lesions involving this region 
alter the sleep/wake cycle. Somnolence may be the pre-
senting sign of patients with hypothalamic tumors (CP 
or suprasellar germinoma) involving the posterior hypo-
thalamus, but more frequently it appears during the 
course of illness often in association with hypothalamic 
obesity.67 Narcolepsy, sudden episodes of sleep that last 
minutes to hours, may in some instances be a result of 
hypothalamic involvement in patients with third ven-
tricular tumors, multiple sclerosis, encephalitis, and head 
injuries. Deficiency of the hypothalamic orexin, hypo-
cretin-1, has been found in the cerebrospinal fluid (CSF) 
of patients with narcolepsy, and a loss of hypocretin 
neurons occurs in the lateral hypothalamus in affected 
patients.83 Patients with lesions of the anterior and pre-
optic hypothalamic nuclei may exhibit hyperactivity and 
insomnia or, more commonly, alterations in the sleep/
wake cycle, with daytime sleepiness and nighttime hyper-
activity.83 Fatal familial insomnia is characterized by loss 
of sleep and delta sleep, oneiric stupor with autonomic/
motor hyperactivity (agrypnia excitata), and pyramidal 
signs, myoclonus dysartria/dysphagia, and ataxia. PET 
thalamic hypometabolism and severe neuronal loss in 
thalamic nuclei are observed. Genetic analysis has dis-
closed a mutation in the PRNP gene classifying it as 
prion disease.84

Behavioral and Emotional Abnormalities
Hypothalamic lesions may cause either aggressive behav-
ior (patients with lesions involving the ventromedial 
nuclei) or apathy, somnolence, and hypoactivity (destruc-
tion of the mamillary bodies or lesions in the medial pos-
terior hypothalamus).5 The Kleine-Levin syndrome is 
a rare disorder that mainly affects adolescent men and 
is characterized by recurrent episodes of hypersomnia, 
usually accompanied by hyperphagia associated with 

irritability, abnormal speech, forgetfulness, depressed 
mood, masturbation and hypersexuality, and signs of 
dysautonomia. The episodes may occur at 3- to 6-month 
intervals and generally last 5 to 7 days. The disorder usu-
ally remits spontaneously in late adolescence or early 
adulthood.85

SPECIFIC HYPOTHALAMIC DISORDERS

Prader-Willi Syndrome
Prader-Willi syndrome (PWS) is a genetic neurodevelop-
mental disorder with a birth incidence between 1:10,000 
and 1:30,000.86 PWS is a result of the absence of pater-
nally expressed genes at the level of the 15q11.2-q13 
chromosomal region. Frequently this is because of the 
paternal deletion of this region (up to 75% of affected 
subjects). Maternal uniparental disomy, or imprinting 
defects, translocations, and microdeletions may also 
occur.2,86 Virtually all affected patients may be detected 
by parent-specific DNA methylation analysis.86 Inter-
estingly, the loss of a nucleolar organizing RNA gene, 
SNORD116, has been shown as related to hyperphagia 
and obesity in PWS.87 Prader-Willi syndrome is char-
acterized by developmental abnormalities that include 
severe hypotonia with poor suckling, and feeding dif-
ficulties (Fig. 10-2) in early infancy, delay in motor and 
language progression, some degree of cognitive disabil-
ity, stubbornness, and manipulative and compulsive 
behaviors.88 Hypogonadism may be present at birth 
in boys with cryptorchidism, scrotal hypoplasia, and 
small penis, and in girls with poor development of the 
labia minora and clitoris.89 Incomplete, delayed, or very 
rarely precocious puberty occurs.90 Low sex steroid 
hormones and gonadotropins with blunted response to 
GnRH and (not invariably) infertility are observed.89 
Short stature is common, related to growth hormone 
insufficiency, which is responsive to growth hormone 
treatment91 (Table 10-3). Characteristic facial features 
with a narrow bitemporal diameter, almond-shaped 
eyes, palpebral fissures, and down-turned mouth, stra-
bismus, and scoliosis92 are often present, and there is an 

Figure 10-2 Representative pa-
tients with Prader-Willi syndrome 
across life span. A, An 8-month-
old female. B, A 19-year-old male 
with severe obesity and prevalent 
abdominal fat distribution. C, A 
34-year-old with moderate over-
weight. (Reprinted with permis-
sion from Cassidy, SB, Schwartz 
S, Miller JL, Driscoll DJ. Prad-
er-Willi syndrome. Genet Med. 
2012;14:10–26.)
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increased incidence of sleep disturbances. Type 2 dia-
betes mellitus is frequent particularly in obese subjects 
and occurs at young age (mean age of onset around 20 
years). Hypertension occurs in up to 38% in adults but 
it is uncommon in children.93 Increased risk of death in 
PWS adults is related to the cardiorespiratory complica-
tions of obesity such as cardiac or respiratory failure and 
obstructive and central apnea. Severe infections, skin 
or respiratory, are also causes of death.2 Unsupervised 
and rapid ingestion of large amounts of food have been 
related to increased risk of choking and gastric dam-
age.2,94,95 Sleep disturbances and abnormalities in tem-
perature control and heat generation may be part of the 
hypothalamic syndrome in these patients.93,96 SPECT 
and PET findings suggest hypoperfusion of several brain 
regions in PWS (left insula, anterior cingulum, and 
superior temporal regions), which appear to correlate 
with behavioral and psychosocial disturbances in these 
patients.97,98 Nutritionally, subjects with PWS progress 
from birth through seven different nutritional phases. 
Initially, the infant is not obese, and has feeding diffi-
culties with failure to thrive. Beginning at about 2 years 
of age, the weight increases initially without a signifi-
cant change in appetite or caloric intake, and afterward 
(4 to 5 years of age), weight gain is associated with a 
concomitantly increased interest in food with hoarding 
or foraging for food, eating of inedibles and from gar-
bage, and stealing of food or money to buy food.99,100 
Encountered in PWS are delayed meal termination, lack 
of satiety, early return of hunger after the previous meal 
with early meal initiation, and approximately threefold 
more food ingestion than in controls, all resulting in 
weight gain during a short period of time.100 Obesity 
results from these behaviors and from decreased total 
caloric expenditure (reduced physical exercise because 

of obesity, hypersomnolence, persistent poor muscle 
tone, and low lean body mass), which appears to be 
tightly linked to the genetical profile of PWS.101 Obe-
sity in PWS is primarily central in both sexes (see Fig. 
10-2), and increase in both subcutaneous and visceral 
fat is observed, although this latter is relatively well 
controlled by growth hormone treatment.102 Ghrelin, 
an orexigenic stomach-derived hormone, is elevated in 
hyperphagic older children and adults with PWS but 
whether or not this increase may be observed even before 
development of obesity and hyperphagia is controver-
sial.103,104 Early initiation of an energy-restricted diet 
with a well-balanced macronutrient composition and 
fiber intake,105 psychological and behavioral counsel-
ing of patient and family, and appropriate exercise regi-
mens are the mainstay of obesity treatment in PWS.2,99 
GLP-1 agonists exenatide and liraglutide106 have been 
proposed for the treatment of diabetes in PWS but their 
chronic use may be limited by their delaying effect on 
gastric emptying.95 In selected cases bariatric surgery 
can be considered.107 Growth hormone therapy helps 
to reduce fat mass and to increase muscle mass without 
altering hyperphagia in both children and adults.91,99,108 
Recent guidelines recommend that growth hormone 
treatment should be considered for pediatric and adult 
patients with genetically confirmed PWS together with 
lifestyle interventions after a multidisciplinary expert 
evaluation that includes biochemical growth hormone 
dynamic testing.109

Bardet-Biedl Syndrome
Bardet-Biedl Syndrome (BBS) is a rare (prevalence 1 in 
125,000 to 160,000) highly pleiotropic autosomal reces-
sive disorder associated with variable phenotypes.110 Main 
clinical features are a mix of developmental and degenera-
tive problems, such as: obesity, retinitis pigmentosa, renal 
and urogenital abnormalities, hypogonadotropic hypogo-
nadism, and polydactyly.110 A specific neurobehavioral 
profile has been reported in patients with BBS including 
decreased IQ, altered fine-motor function, and reduced 
olfactive function.111 Other abnormalities comprise hear-
ing loss, hepatic fibrosis, diabetes mellitus, hypertension, 
and congenital heart disease.110 At least fifteen BBS genes 
have been identified, which account for about 80% of the 
known cases of BBS.110 Ciliary defects are likely the pre-
dominant cause of BBS phenotypes (Fig. 10-3).112 Hyper-
leptinemia consequent to hypothalamic leptin resistance 
is the main abnormality in the neuroendocrine control 
of food intake in BBS resulting in the shift of the system 
toward a functional prevalence of orexigenic signals, 
increased appetite, and obesity.113,114 Ciliopathies with 
some degree of overlapping with BBS include Laurence-
Moon syndrome (without polydactyly), Biemond syn-
drome (without retinal pigmentary dystrophy), and the 
autosomal-recessive Alström syndrome, which is associ-
ated with atypical retinal pigmentary dystrophy and nerve 
deafness.115 The gene responsible for Alström syndrome, 
ALMS1, is ubiquitously expressed and encodes for a pro-
tein involved not only in ciliary function but also in cell 
cycle control and intracellular transport.116 Endocrine and 
metabolic manifestations of the Alström syndrome include 

TABLE 10-3 Consensus Diagnostic Criteria  
for Prader-Willi Syndrome*

Major Criteria (1 Point Each) Minor Criteria (1/2 Point Each)

1 Neonatal/infantile hypotonia 
and poor suck

Decreased fetal movement 
and infantile lethargy

2 Feeding problems and failure 
to thrive as infant

Typical behavior problems

3 Weight gain at 1 to 6 years; 
obesity; hyperphagia

Sleep apnea

4 Characteristic dysmorphic 
facial features

Short stature for family by 
15 years

5 Small genitalia; pubertal 
delay and insufficiency

Hypopigmentation for the 
family

6 Developmental delay/intel-
lectual disability

Small hands and feet for 
height

7 Narrow hands, straight 
ulnar border

8 Esotropia, myopia
9 Thick, viscous saliva
10 Speech articulation defects
11 Skin picking

*Clinical diagnosis requires five points (at least four of them major) at 
<3 years of age; eight points (at least five of them major) at 3 years 
of age or older.

Reprinted with permission from Cassidy, SB, Schwartz S, Miller JL, 
Driscoll DJ. Prader-Willi syndrome. Genet Med 2012;14:10–26.
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obesity, insulin resistance with hyperinsulinemia, type 2 
diabetes mellitus, acanthosis nigricans, hypothyroidism, 
hypogonadism, and short stature with GHD.117,118

Optic Nerve Hypoplasia
Optic nerve hypoplasia is cause of congenital blindness 
in children. A recent population study in Minnesota 
reported an incidence of 1 in 2287 live births. In half of 
the patients, developmental and neurologic deficits were 
observed, and in one fourth an endocrine abnormal-
ity was diagnosed.119 The combination of optic nerve 
hypoplasia, midline neuroradiological abnormalities 
including agenesis of the corpus callosum, and absence 
of the septum pellucidum and pituitary hypoplasia and 
consequent panhypopituitarism has long been known as 
septo-optic dysplasia (SOD).120 However, studies have 
suggested that these associations could be independent 
of one another.121 This argument is based on the obser-
vation that hypopituitarism in SOD may correlate with a 
hypoplasic anterior pituitary but it has also been shown 
to relate to a hypothalamic dysfunction with unde-
scended posterior pituitary and absent pituitary stalk 
on MRI122 (Fig. 10-4). Moreover, other more recently 
identified associations with optic nerve hypoplasia such 
as developmental and cognitive delay and relational and 
communication difficulties and autism may be indepen-
dent of septum pellucidum development.121 The extent of 
pituitary dysfunction in optic nerve hypoplasia patients 
is highly variable: from short stature and isolated GHD 
to panhypopituitarism; hormone deficiencies may occur 
over time during follow-up.120 The etiology of optic 
nerve hypoplasia and SOD is still not elucidated, par-
ticularly because the majority of cases appear to be spo-
radic. Rarely, mutations in early developmental genes 
(HESX1, SOX2, SOX3, OTX2) have been found.120

Craniopharyngioma
CPs are rare (reported incidence 1.7 cases per 1,000,000 
person-years) central nervous system neoplasms that are 
thought to arise from remnants of Rathke’s pouch.123 

Several studies report two age peaks of incidence, one in 
children up to 19 years of age and the second in adults 
aged 40 to 79. Histologically, lesions are reported either 
as benign123 or as low-grade malignant.124 An aberrant 
Wnt/β-catenin pathway signaling has been shown to be 
involved in the pathogenesis at least of a CP subtype 
(adamantinomatous).125 CP patients may be referred for 
visual disturbances, hypopituitarism (reduced growth 
velocity or growth arrest in children), and symptoms 
of elevated intracranial pressure.126 Short-term survival 
rates are >85% at 3 years,123 but the long-term standard-
ized overall mortality rate is increased (from 2.88 to 9.28 
in cohort studies). Patients with CP (particularly women) 
have an increased cardiovascular mortality in comparison 
to the general population.126 Radical surgical resection 
has been traditionally thought as the treatment of choice 
being associated with best long-term outcome in terms of 
survival (Fig. 10-5), but it may be limited by aggressive 
behavior of the tumor, location (sellar vs. hypothalamic 
involvement), tumor size, and calcifications and may 
carry the risk of significant morbidity in terms of visual, 
hypothalamic, and endocrine complications.127 In fact, 
quality of life is often reduced because of complications 
of aggressive surgery such as hypothalamic obesity,128 
neurobehavioral (depression, irritability, impulsivity, 
aggressiveness, and emotional outbursts), social (with-
drawal, internalizing behavior, school dysfunction), 
and emotional impairments, which are highly prevalent 
in survivors of childhood CP.129 Therefore, there is an 
ongoing debate among clinicians about whether a sub-
total resection of the tumor (hypothalamus-sparing) may 
attenuate the fall in quality of life and increased morbid-
ity in long-term survivors.127,128 A drawback of subtotal 
resection (even with negative postsurgical imaging) is a 
tendency for the mass to recur or progress.128 The combi-
nation of hypothalamus-sparing surgery and radiosurgery 
may limit this occurrence and, at the same time, reduce 
the clinically relevant postsurgical complications.130,131 
Patients presenting with hypopituitarism generally do 
not improve after surgery and exhibit permanent diabetes 

A B

Figure 10-3 Analysis by transmission electron microscopy of ependymal cell cilia in the ventral portion of the third ventricle (adjacent to the arcuate 
nucleus of the hypothalamus). This analysis in wild-type (WT) (A) and BBS1 M290R mutant (B) mice demonstrates enlargement of the distal region 
of cilia in BBS1 mutant animals. (Reprinted with permission from Guo D-F, Rahmouni K. Molecular basis of the obesity associated with Bardet-Biedl 
syndrome. Trends Endocrinol Metab. 2011; 22: 286-293.)
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Figure 10-4 Optic nerve hypo-
plasia. Anterior pituitary (AP) hy-
poplasia with hypoplastic corpus 
callosum (CC), an ectopic poste-
rior pituitary (PP), and thin optic 
chiasm (OC) on MRI. (Reprinted 
with permission from McCabe MJ, 
Alatzoglou KS, Dattani MT. Septo-
optic dysplasia and other midline 
defects: The role of transcription 
factors: HESX1 and beyond. Best 
Pract Res Clin Endocrinol Metab. 
2011;25:115-124.)
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Figure 10-5 Representative cra-
niopharyngioma patients with 
postoperative panhypopituitarism. 
A and C, Normal weight patient 
with small tumor removed trans-
sphenoidally. B and D, Develop-
ment of eating disorder and severe 
obesity in a patient with a large 
tumor extending to the suprasel-
lar region and infiltrating the hy-
pothalamus. (Reprinted with per-
mission from Bereket A, Kiess W, 
Lustig RH, et al. Hypothalamic 
obesity in children. Obesity Rev. 
2012;13:780-798.)
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insipidus and GHD.2 Replacement treatment with recom-
binant growth hormone has been reported as safe and 
effective.132 However, growth hormone treatment is con-
traindicated in cases of growing lesions, and treatment 
can be initiated only in case of volumetrically stable post-
surgical residual tumor mass.133 Obesity occurs in up to 
75% of survivors and, characteristically, it occurs despite 
caloric restriction, and lifestyle modification can hardly 
be useful in its prevention and treatment.134 Degree of 
obesity correlates with degree of hypothalamic damage 
on MRIs (Fig. 10-5).2,135 Pathophysiologically, obesity 
in CP patients may be linked to neuroendocrine abnor-
malities such as hyperleptinemia and leptin resistance134 
with consequently reduced central sympathetic tone and 
decreased energy expenditure.136 Derangements in alfa-
MSH, ghrelin, and orexin secretion and action at the 
hypothalamic level have also been reported in obese CP 
patients with daytime sleepiness and disturbances of cir-
cadian rhythms.2,137,138

Hypothalamic Hamartoma
Hypothalamic hamartomas are uncommon developmen-
tal benign heterotopic lesions composed of neurons, glia, 
and myelinated fibers associated with the mamillary bod-
ies.139 Gelastic seizures are the hallmark feature and com-
monly present in early childhood; in fact, the hamartoma 
itself has been shown to be epileptogenetic. The clinical 
picture also includes progressive cognitive (neurodevel-
opmental delay), behavioral (hyperactivity) dysfunctions, 
and emotional (lability) dysfunctions.140 The major endo-
crine abnormality is isosexual precocious puberty, which 
has been reported to respond to long-acting GnRH ago-
nists that downregulate GnRH receptors.141 During late 
childhood or adolescence, obesity develops in many of 
these patients. Neurosurgical removal techniques have 
been developed to treat the epileptic syndrome and have 
been shown to improve cognitive outcome (positively 
predicted by the greatest presurgical cognitive impair-
ment and shortest duration of epilepsy) and precocious 
puberty.139,140

Patients with hypothalamic hamartomas may pres-
ent the Lennox-Gastaut syndrome, defined as a triad of 
multiple generalized seizure types, slow spike-and-wave 
on EEG, and mental retardation. These patients have 
better postsurgical outcome as compared with crypto-
genetic and other etiology syndrome patients.142 The 
Pallister-Hall syndrome is characterized by a spectrum 
of anomalies ranging from a mild form with hypotha-
lamic hamartomas, polydactyly, and asymptomatic bifid 
epiglottis to a severe form with laryngotracheal cleft and 
neonatal lethality. Imperforate anus and renal abnormali-
ties may also be observed. Affected individuals may have 
hypopituitarism and are at risk for neonatal death from 
undiagnosed and untreated adrenal insufficiency. This 
syndrome may occur sporadically or be transmitted as an 
autosomal-dominant trait associated with a mutation of 
the GLI3 gene on chromosome 7p13.143

Lymphoma
Central nervous system (CNS) secondary lesions 
may be found in patients with widespread systemic 

non-Hodgkin’s lymphoma (NHL) and are associated 
with negative prognosis.15,144 Primary CNS lymphoma 
(PCNSL) is a rare and aggressive but potentially curable 
clinical entity limited to the cranial-spinal axis without 
systemic disease,145,146 affecting not only immunosup-
pressed and AIDS patients but also immunocompetent 
subjects.15,147 Pituitary and hypothalamic involvement 
can occur in patients with PCNSL15,148 (Fig. 10-6) and it 
may present with symptoms of anterior pituitary failure 
and diabetes insipidus.15,148 Hyperprolactinemia, which 
may be asymptomatic or accompanied by hypogonadism, 
is often found at presentation. In patients bearing a sellar 
or parasellar mass with severe headache, coexisting signs 
of hypopituitarism with diabetes insipidus, and/or cranial 
nerve involvement, pituitary lymphoma should be consid-
ered in differential diagnosis.15

Suprasellar Arachnoid Cyst
Suprasellar arachnoid cyst, a developmental abnormal-
ity of the arachnoid membrane (10% of all intracranial 
arachnoid cysts) may be an asymptomatic and incidental 
brain MRI finding.149 However, the CSF-filled cyst may 
obstruct the foramen of Monro, leading to hydrocepha-
lus and increased intracranial pressure. Thus, headache, 
vomiting, lethargy, and increased head size may be found 
in these patients. The cysts also may compress the brain-
stem with spasticity, ataxia, and tremor, as well as the 

Figure 10-6 MRI. MRI finding in a primary pituitary lymphoma. 
(Reprinted with permission from Giustina A, Gola M, Doga M, et al. 
Primary lymphoma of the pituitary: An emerging clinical entity. J Clin 
Endocrinol Metab. 2005;86:4567–4575.)
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optic nerve and chiasm, leading to decreased visual acuity, 
and visual field defects. Endocrine abnormalities include 
growth hormone and ACTH deficiency, precocious 
puberty, and SIADH.149-151 In symptomatic patients, 
endoscopic neurosurgical fenestration with ventriculo-
cystostomy and ventriculocisternostomy is the approach 
of choice, being technically relatively simple, minimally 
invasive, associated with low morbidity and mortality, 
including a low risk of recurrence, and being effective in 
reducing intracranial pressure.151

Inflammatory Lesions
Lymphocytic hypophysitis is a focal or diffuse inflam-
matory infiltration of the pituitary with varying degrees 
of gland damage. Laboratory and clinical findings point 
toward an autoimmune pathogenesis of the disease.152,153 
When the inflammatory lesion involves the neurohypoph-
ysis and the pituitary stalk, it is referred to as lympho-
cytic infundibuloneurohypophysitis (LINH).152,154 LINH 
exhibits a balanced sex distribution, with a mean age at 
diagnosis of about 47 years155 although it also can occur 
in children.156 General and ophthalmologic symptoms of 
LINH include headache, visual disturbances, nausea or 
vomiting, fatigue, weakness, and anorexia.154-156 Endo-
crine symptoms may include partial or total hypopituita-
rism, hyperprolactinemia, and, almost invariably, diabetes 
insipidus.152,157 In LINH, together with diffuse thickening 
of the pituitary stalk, with or without enhancement after 
gadolinium, loss of the normal posterior “bright spot” on 
T1-weighted images is observed on MRI.152 Glucocorti-
coids have been reported as effective in LIHN although 
inflammatory lesions can be self-limited (spontaneous 
remission can be observed in a 2-year period); however, 
diabetes insipidus may be permanent.154-157

Infiltrative Disorders
Sarcoidosis is a chronic disease with multiorgan involve-
ment characterized by immune granulomas, which mainly 
affects young and middle-aged adults.152 The more 
frequent target organs are the lungs, skin, and lymph 
nodes.158 Endocrine complications are rare in sarcoidosis, 
but the hypothalamus and pituitary are the glands most 
commonly affected.14,152,159 In a series of 24 patients160 
with hypothalamo-pituitary sarcoidosis, a certain degree 
of anterior pituitary dysfunction (>90%) was more fre-
quent than diabetes insipidus (50%). The most common 
anterior pituitary abnormality was gonadotropin defi-
ciency161 followed by central hypothyroidism and hyper-
prolactinemia.160 Interestingly, in this series of patients, 
hypothalamic-pituitary involvement preceded the diagno-
sis in more than half of the patients.160 Involvement of 
the basal hypothalamus and floor of the third ventricle 
may lead to diminished visual acuity, visual field abnor-
malities, thermal dysregulation, somnolence, personality 
changes, and obesity.14,162 Pituitary stalk thickening is a 
frequent finding on MRI.159,160 Neuroradiologic abnor-
malities are likely to respond better than endocrine dys-
functions to corticosteroid treatment, because the latter 
are only occasionally reversible.160

LCH is a rare disease characterized by proliferation 
and organ infiltration of specific dentritic cells, called 

Langerhans’ cells, which belong to the monocyte–mac-
rophage system.152 However, recent molecular analyses 
suggest that they are clonal and their origin may be from 
a myeloid-derived precursor, which, together with the 
frequent finding of activating somatic BRAF mutation in 
affected tissue specimens, may place LCH into the group 
of myeloid neoplasms.163,164 The hypothalamo-pituitary 
system is one of the targets of the disease together with 
bone, lung, and skin.13,165 The natural history of the 
disease varies according to a large spectrum going from 
spontaneous resolution to progression and dissemina-
tion associated with a significant mortality risk.152,163 
LCH is more frequent in male children (peak age 1 to 
4 years), with an incidence of 3 to 5 cases per million 
per year.152,165 LCH also may occur more rarely in 
adults.166 Early diagnosis is important, because mortality 
or permanent disability are consequences of multisystem 
LCH.152,167 About half of the children with LCH develop 
hypothalamic-pituitary complications. Diabetes insipidus 
is the main neuroendocrine disturbance: it may occur dur-
ing the course of the disease (often within the first year) 
or as a presenting feature of disease168; it is generally 
permanent and, if not remitting during chemotherapy168 
for the underlying disease, must be treated.169 Hypotha-
lamic involvement in these patients may also cause sleep 
disturbances, hyperphagia with obesity, temperature 
dysregulation, and behavioral abnormalities.169,170 Ante-
rior hypopituitarism is found in both children and adults 
with LCH.13,152,170,171 Once established, anterior pitu-
itary deficiencies also seem to be marginally responsive 
to the treatment of LCH.13,169 GHD is the most frequent 
and earlier anterior pituitary hormone abnormality. 
Growth hormone replacement evaluated retrospectively 
in children with LCH did seem to be moderately effec-
tive and did not influence the course of the underlying 
disease.172 Gonadotropin deficiency is also a common 
hormone defect in adults with LCH13,169 and may also be 
associated in some cases with mild hyperprolactinemia.13 
Endocrine deficiencies may evolve during the course of 
the disease.13,169 Therefore, patients with isolated or par-
tial pituitary hormone deficiency should be monitored 
at regular intervals.152,173 Common findings on MRI 
are pituitary stalk thickening (>3.5 mm) and absence of 
the normal hyperintense signal of the posterior pituitary 
(bright spot).13,152 Prolonged treatment with vinblastine 
and prednisone improves patient survival and reactiva-
tion rates in multisystem LCH.174

Brain Irradiation
Endocrine deficiencies are common in patients receiv-
ing prophylactic cranial radiotherapy for leukemia, total 
body irradiation (e.g., in patients undergoing hema-
topietic stem cell transplantation for acute hematologic 
malignancies), whole-brain irradiation (e.g., for lung 
cancer brain metastases), and localized radiotherapy for 
intracranial, skull base, sinonasal, and nasopharyngeal 
neoplasms.175 These deficiencies secondary to brain irra-
diation are insidious, progressive, and generally irrevers-
ible; their onset may be delayed up to 10 years after the 
exposure to radiation.175 They are often associated with 
negative impact on growth, skeletal health, fertility, 
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sexual function, and physical and psychological health. 
Whether the endocrine disturbances may derive from 
hypothalamic damage and secondary pituitary insuffi-
ciency or from direct pituitary damage is still matter of 
debate.176 After irradiation, one or multiple (especially 
with high radiation dose) hypothalamo-pituitary axes 
may be damaged with progressive loss of growth hor-
mone, thyrotropin, adrenocorticotropin, and gonado-
tropin deficiency and hyperprolactinemia.175,177,178 
Hypothalamic injury is also associated with increased 
risk of obesity, inactivity and daytime sleepiness, 
changes in personality, and abnormalities in thirst. Chil-
dren are more susceptible to hypothalamic damage than 
adults, and the incidence of hypothalamic abnormality 
increases with increasing radiation dose and decreasing 
intervals over which the radiation is administered.179,180 
Secondary neoplasms or relapse should be considered 
when treating endocrine deficiencies in cancer survi-
vors. Risk of secondary neoplasia is increased following 
radiation exposure and certain malignancies. Treatment 
with growth hormone does not increase cancer recur-
rence or death in survivors of childhood cancer but sur-
vivors have been shown as at increased risk of secondary 
solid neoplasia.181,182

Traumatic Brain Injury
Traumatic brain injury (TBI) is the most common cause 
of death in young adults with an annual cost only in the 
United States of more than $50 billion.183 TBI can also be 
considered a chronic disease: in fact, those who survive 
the acute phase suffer from long-term sequelae with both 
physical and neuropsychological disabilities.184,185 TBI 
may be caused by motor vehicle accidents, unintentional 
falls, and intentional physical abuse. Lesions resulting 
from falls during velocity sport competitions or resulting 
from heavy and repeated concussions in contact sports 
are emerging causes of TBI.185-187 Among the chronic (5 
months or more after the event) consequences of TBI sur-
vivors, there is increased awareness of hypopituitarism. Its 
manifestations range from a single hypothalamo-pituitary 
axis defect to panhypopituitarism, and it can be found in a 
high percentage of injured subjects if proactively screened 
with dynamic pituitary function testing.188 Differences 
in reported post-TBI prevalence of hypopituitarism are 
likely caused by selection criteria, age, and associated 
comorbidities.188 Variable methodological approaches 
(baseline hormone assays vs. dynamic testing) may also 
explain these differences189 (Table 10-4). Conflicting data 
have also been reported on hypopituitarism in the acute 

post-TBI phase being described less190 or more191 fre-
quent than in the chronic stages. The pathophysiology of 
TBI involves not only the direct mechanical damage but 
also indirect causes such as hypotension (decrease in cere-
bral blood flow and hypoxia), increased intracranial pres-
sure, and autoimmunity reflected by the presence of high 
titers of anti-hypothalamus and anti-pituitary antibod-
ies.185,192 GHD is the most common hormonal deficiency 
reported after TBI, and it should be proactively evalu-
ated.185,188 The development of a GHD syndrome193 may 
complicate the neuropsychological conditions (decreased 
quality of life, impaired cognitive performance) in TBI 
survivors.194 This clinical picture appears to be at least 
partially reversible by growth hormone treatment.194,195 
Hypopituitarism in TBI adults is also linked to several 
metabolic alterations such as altered glucose levels, insu-
lin resistance, and hypertriglyceridemia,196 likely due, at 
least in part, to GHD.45 Other epidemiologically relevant 
anterior pituitary dysfunctions include secondary hypo-
adrenalism190 and hypogonadism.197 Diabetes insipidus 
is also a well-recognized complication in patients who 
suffer TBI, with a reported incidence between 20% up to 
26% in the acute phase and in association with a more 
severe head injury.198 Hypopituitarism, and in particular 
GHD, has also been reported with variable frequency in 
survivors of subarachnoid hemorrhage.190,199
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TABLE 10-4 Prevalence of Anterior Pituitary 
Abnormalities after TBI

Growth hormone deficiency: 2% to 66% (severe GHD 39%)
ACTH and cortisol deficiency: 0% to 60% (<20% with dynamic 

testing with ACTH or ITT)
Gonadotropin and gonadal hormone deficiency: 0% to 29%
TSH and thyroid hormone deficiency: 0% to 19% (5% to 15% 

with TRH test)
Prolactin abnormalities (more frequently hyperprolactinemia): 

0% to 16%

Based on data reported by Kokshoorn NE, Wassenaar MJE, Biermasz 
NR et al. Hypopituitarism following traumatic brain injury: Prevalence 
is affected by the use of different dynamic tests and different normal 
values. Eur J Endocrinol. 2010;162:11-18.
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K E Y  P O I N T S

Epidemiology
 •  Defective pituitary function is present in about 1 in every 3000 people, with 

gonadotropin deficiency being the most frequent.
 •  Hypopituitarism is associated with increased mortality from cardiovascular and 

cerebrovascular disease.
 •  GH deficiency occurs at a rate of about 1 per 5000 per year.
Etiology
 •  Pituitary macroadenomas and their treatments are the most common cause of 

hypopituitarism.
 •  Genetic mutations cause distinct combined or isolated pituitary hormone deficiencies of 

congenital origin.
 •  GH deficiency develops ahead of other deficiencies after radiotherapy.
Clinical Features
 •  The clinical features of hypopituitarism are variable and affected by the type, rate, and 

severity of pituitary hormone deficits.
 •  Adrenocorticotropin deficiency may not be evident clinically until the patient is exposed 

to a major stress.
 •  The phenotype of GH deficiency is recognizable but not sufficiently distinct for a 

clinical diagnosis.
Diagnosis
 •  Dynamic tests are required for the diagnosis of GH and/or ACTH deficiency, while 

other deficits can be diagnosed from baseline measurements.
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Hypopituitarism, which was first described by Simmonds 
in 1914, refers to the deficiency of one or more pituitary 
hormones.1 It arises because of a defect in hormone pro-
duction within the pituitary gland itself or when there 
is an insufficient supply of hypothalamic-releasing hor-
mones. Hypopituitarism is commonly seen in endocrine 
practice and, despite treatment of hormone deficiency 
syndromes, is associated with increased morbidity and 
mortality. Clinical manifestations are influenced by the 
underlying cause, type, severity, and rate of onset of pitu-
itary hormone deficiency.

Adult patients with hypopituitarism receive substitu-
tive hormone treatment for secondary glucocorticoid, 
thyroid hormone, sex steroid, and antidiuretic hormone 
(ADH) deficiency. Historically, growth hormone (GH) 
deficiency was not regarded as clinically important in 
adults as it was assumed that GH had no physiologic rel-
evance after cessation of childhood growth. The advent 
of genetic engineering resulting in abundant supplies of 
recombinant GH has led to a major reappraisal of its 
physiologic role in adult life. GH continues to be pro-
duced throughout adult life and is the most abundant 
hormone in the adult pituitary gland. Many countries 
have approved the use of GH for replacement therapy in 
adults with GH deficiency.

EPIDEMIOLOGY
There is limited information available regarding the epi-
demiology of hypopituitarism. The prevalence of hypo-
pituitarism has been reported to range between 290 and 
455 cases per million with an incidence of new hypopitu-
itarism of 42 cases per million per year.2,3 Most patients 
in these series had multiple pituitary hormone deficien-
cies. Gonadotropin deficiency was most common, present 
in 80% to 90% of hypopituitary patients, with thy-
roid-stimulating hormone (TSH), adrenocorticotrophin 
(ACTH), and GH deficiency present in more than 60% 
of hypopituitary patients and ADH deficiency in 20%.2,3 
The prevalence of hypopituitarism increases with age but 
is similar in women and men.2 The incidence of new GH 
deficiency is approximately 20 per million per year.4

MORTALITY
Mortality is increased by hypopituitarism. Seminal epi-
demiologic studies reported hypopituitary patients have 
standardized mortality rates of 1.7 to 3.8 times the gen-
eral population.5-9 The predominant causes of excess 
mortality were cardiovascular and cerebrovascular dis-
ease, and mortality rates were consistently higher in 
woman.10 However, there is evidence that mortality rates 
have improved in both male and female pituitary patients 
(Fig. 11-1).10 In recent studies, standardized mortality 
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Figure 11-1 Association between standard mortality rates (SMR) and 
first year of diagnosis in individual studies of patients with nonmalig-
nant pituitary diseases not associated with excess adrenocorticotropic 
hormone or growth hormone secretion. Computed regression lines are 
shown for men and women separately. (From Nielsen EH, Lindholm J, 
Laurberg P. Excess mortality in women with pituitary disease: a meta-
analysis. Clin Endocrinol 67:693-697, 2007.)

 •  Patients with three or more hormone deficits and a subnormal IGF-I have a very high 
likelihood of GH deficiency and do not require a GH stimulation test.

Management
 •  Pituitary function may deteriorate or recover after pituitary surgery and should be 

reassessed postoperatively.
 •  Adults who were treated with GH during childhood require retesting to confirm 

persistence of GH deficiency.
 •  Replacement regimens are similar to those for primary thyroid, adrenal, or gonadal 

deficiencies.
 •  Management of ACTH deficiency requires sick day education and the carrying of 

personalized items indicating glucocorticoid dependency.
 •  GH is clinically indicated for replacement therapy in adults with severe GH deficiency.
  

K E Y  P O I N T S — c o n t ’ d



190 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

rates in hypopituitary patients were elevated, but only 1.1 
to 1.4 times the general population.11,12

The cause of excess mortality in hypopituitary patients 
is multifactorial. The etiology of hypopituitarism and 
treatment modality both have an impact on mortality. 
Patients with craniopharyngiomas have a worse progno-
sis than those with a pituitary adenoma.13 Transcranial 
pituitary surgery and radiotherapy are associated with 
increased mortality rates in pituitary patients.8 This may 
be a consequence of treatment, but may at least in part 
reflect a more severe underlying disease. Increased mor-
tality in patients treated with radiotherapy is predomi-
nantly secondary to cerebrovascular disease,14 but late 
mortality from de novo malignant brain tumors has also 
been reported.12

Excessive and inadequate treatment of hypopituita-
rism may affect mortality rates. Higher glucocorticoid 
replacement doses are associated with increased all-cause 
and cardiovascular mortality, with the greatest risk in 
patients receiving more than 30 mg/day of hydrocorti-
sone.15,16 However, patients with ACTH deficiency are 
also at increased risk for mortality from adrenal crisis, 
particularly during an intercurrent illness.12 In one study, 
untreated gonadotropin deficiency in men was associ-
ated with increased mortality.8 Untreated GH deficiency 
is considered likely to contribute to excess mortality, as 
GH deficiency was not treated in early studies of hypo-
pituitarism.5-9 Definitive evidence is lacking that GH 
replacement reduces mortality rates in hypopituitarism. 
However, improvements in the diagnosis and treatment 
of hypopituitarism are likely to have contributed to the 
apparent reduction in mortality.

CAUSES
Major causes of hypopituitarism are summarized in Table 
11-1. The most common cause is a pituitary adenoma or 
its treatment with pituitary surgery or radiotherapy.

Pituitary and Hypothalamic Mass Lesions
Most pituitary mass lesions are adenomas. Microad-
enomas are common; they are found in 10% to 20% 
of patients in autopsy and radiologic series.17 However, 
microadenomas are very rarely, if at all, associated with 
hypopituitarism. Macroadenomas are less common but 
are more frequently associated with pituitary hormone 
deficiencies. In one large series, almost 90% of patients 
with pituitary macroadenomas undergoing pituitary 
surgery had at least one anterior pituitary hormone defi-
ciency.18 Rates of hypopituitarism increase with tumor 
size; hypopituitarism was present in all patients with 
tumors >4 cm in diameter.18 Macroadenomas cause 
hypopituitarism by compressing the portal vessels in 
the pituitary stalk, either directly due to an expand-
ing tumor mass or indirectly by increasing intrasellar 
pressure.19

Other pituitary, parasellar, and hypothalamic mass 
lesions can cause hypopituitarism. Secondary pituitary 
tumors can arise from metastases from carcinomas of the 
breast, lung, colon, and prostate. Hypopituitarism can 
also occur with parapituitary space-occupying lesions 

such as chondromas, chordomas, suprasellar menin-
giomas, astrocytomas of the optic nerve, and primary 
tumors of the third ventricle. More common are hypo-
thalamic mass lesions arising from developmental abnor-
malities such as craniopharyngiomas and Rathke’s cleft 
cysts. Both craniopharyngiomas and Rathke’s cleft cysts 
are associated with high rates of hypopituitarism.20,21

Pituitary Surgery
New hypopituitarism can develop following surgery 
because of manipulation of or damage to the pituitary 
gland. All patients undergoing pituitary surgery should 
also be warned of a possible postoperative deterioration 
in pituitary function, and assessment of pituitary function 
should be performed promptly after surgery. The risk for 
hypopituitarism is dependent on the size of the original 
tumor, the degree of infiltration, and the experience of the 
surgeon. Consequently, the incidence of new hypopitu-
itarism following transphenoidal surgery is very variable. 
For example, reported rates of new ACTH deficiency 
following pituitary surgery range from 1% to 45%.18,22-

24 Patients undergoing transsphenoidal surgery are less 
likely to develop hypopituitarism than patients requiring 
a transcranial surgical approach.18

TABLE 11-1 Causes of Hypopituitarism

Neoplastic: Tumors involving the hypothalamic-pituitary  
(HP) axis
Pituitary adenoma
Craniopharyngioma
Glioma (hypothalamus, third ventricle, optic nerve)
Metastasis

Surgery: for HP axis tumors
Radiotherapy

HP axis tumors
Brain tumors
Head and neck cancer
Acute lymphoblastic leukemia

Autoimmune
Lymphocytic hypophysitis

Vascular
Sheehan’s syndrome
Pituitary apoplexy
Intrasellar carotid artery aneurysm
Subarachnoid hemorrhage

Granulomatous disease
Sarcoidosis
Tuberculosis
Langerhans histiocytosis
Wegener’s granulomatosis

Genetic
Combined pituitary hormone deficiencies (see Table 11-2)
Isolated pituitary hormone deficiencies

Developmental
Midline cerebral and cranial malformations

Traumatic
Head injury
Perinatal trauma

Infection
Encephalitis
Pituitary abscess

Iron-overload states
Hemochromatosis
Hemosiderosis (thalassemia)

Idiopathic
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Pituitary function can also recover after pituitary sur-
gery. Surgical debulking of a tumor can rapidly reduce 
pressure on the portal vessels, leading to resolution of 
hypopituitarism.19,25 However, recovery is not invariable 
as long-term compression of the portal vasculature may 
have caused ischemic necrosis of the pituitary gland and 
ongoing hypopituitarism. About half of patients with pre-
operative hypopituitarism recover function in at least one 
pituitary axis after transsphenoidal surgery.22 Postopera-
tive recovery is more likely if no tumor is found on postop-
erative imaging, or if the tumor is not invasive.22 Recovery 
of pituitary function can usually be demonstrated within 
2 to 3 months of pituitary surgery, but further recovery 
between 3 and 12 months has been reported.26

Radiotherapy
Deficiency of one or more anterior pituitary hormones 
is common when the hypothalamic and pituitary axis lie 
within the radiation field. Hypopituitarism can develop 
following conventional fractionated or stereotactic radio-
therapy for a pituitary adenoma, but also in patients 
who received radiation therapy for nasopharyngeal car-
cinomas, parasellar tumors, and primary brain tumors, 
as well as in children who underwent prophylactic cra-
nial irradiation for acute lymphoblastic leukemia or total 
body irradiation for a variety of tumors.

The mechanisms by which radiotherapy causes hypo-
pituitarism are not fully understood. It is thought that 
ionizing irradiation causes direct neuronal damage and 
consequent degeneration.27 Even more controversial has 
been whether the site of damage is the pituitary gland or 
hypothalamus. However, growing evidence suggests that 
radiation doses of less than 40 Gy cause pituitary dys-
function, while doses above 40 Gy impair both pituitary 
and hypothalamic function.27

The radiobiological impact of a conventional frac-
tionated irradiation schedule varies for different pitu-
itary cell types and is dependent on the dose, number 
of fractions, patient age, and duration of follow-up. 
Somatotropes are the most sensitive pituitary cell type 
to radiation damage and the only cells affected by radia-
tion doses below 20 Gy.28 Radiation doses of 20 to 50 
Gy cause more rapid onset of GH deficiency and can 
cause other pituitary hormone deficiencies.28,29 The rela-
tive sensitivity of thyrotropes, corticotropes, and gonad-
otropes to radiotherapy has varied in different studies,30 
but thyrotropes appear to be the most radio-resistant 
(Fig. 11-2).28

The effect of radiotherapy on gonadotropes in chil-
dren is complex. While high-dose cranial irradiation may 
render a child gonadotropin-deficient and cause pubertal 
delay, paradoxically lower doses may be associated with 
early puberty.31 The mechanism for early puberty after 
irradiation is likely to be related to disinhibition of corti-
cal influences on the hypothalamus.32

Patient factors also affect the risk for hypopituitarism 
following radiotherapy. Somatotropes appear to be more 
radiosensitive in children than in adults, possibly because 
of the need for a greater GH secretory reserve in chil-
dren.33 The most important determinant of the prevalence 
of hypopituitarism following radiotherapy is the duration 

of follow-up, as rates of hypopituitarism increase pro-
gressively over time (see Fig. 11-2).28 The highest rates of 
hypopituitarism are reported in studies with more than 
10 years of follow-up.30

Stereotactic conformal radiotherapy is a more pre-
cise technique of localized irradiation that may reduce 
radiation damage to normal structures in the brain. 
However, despite this theoretical advantage of normal-
tissue sparing, hypopituitarism remains a common com-
plication. While rates of hypopituitarism may be lower 
during short-term follow-up,27 the majority of patients 
develop hypopituitarism during long-term follow-up.34 
Endocrine testing should be performed in all patients 
who have received radiotherapy to the pituitary gland 
on a yearly basis for at least 10 years and again at 15 
years.

Genetic Causes
Although familial hypopituitarism is rare, in the last 20 
years a large number of genetic causes of hypopituita-
rism have been identified. This has been brought about 
by major advances in understanding of the developmen-
tal biology of the pituitary gland. Genetic mutations that 
have been reported to cause hypopituitarism in humans 
are outlined in the sections that follow.

Combined Pituitary Hormone Deficits
During embryonic development, the pituitary gland is 
formed by the association of neural ectodermal cells from 
the ventral diencephalons with ectodermal cells from the 
oral cavity. The former gives rise to the posterior pituitary 
gland, and the latter gives rise to the anterior pituitary 
gland. The formation of Rathke’s pouch, the primordial 
anterior pituitary lobe structure, and differentiation of 
cells into the mature pituitary gland are regulated by a 
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Figure 11-2 Life-table analysis indicating probabilities of initially nor-
mal hypothalamic-pituitary-target gland axes remaining normal after 
radiotherapy (37.5 to 42.5 Gy). ACTH, Adrenocorticotropin; FSH, 
follicle-stimulating hormone; GH, growth hormone; LH, luteinizing 
hormone; TSH, thyroid stimulating hormone. (From Littley MD, Shalet 
SM, Beardwell CG, et al: Hypopituitarism following external radiother-
apy for pituitary tumors in adults. Q J Med 70:145-160, 1989.)
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complex cascade of specific transcription factors in a spa-
tial and temporal fashion.35

Mutations in genes encoding transcription factors 
acting early in this cascade cause multiple pituitary hor-
mone deficiencies and neurologic defects. HESX-1 is a 
well-characterized homeobox gene expressed early in the 
ectoderm, which is the precursor of Rathke’s pouch. It 
plays an important role in optic nerve and anterior pitu-
itary development. HESX-1 mutations can be associated 
with midline forebrain defects, septo-optic dysplasia, and 
hypopituitarism. Both the neurologic and endocrine phe-
notypes are variable. Hypopituitarism can range from 
isolated GH or gonadotropin deficiency to panhypopitu-
itarism.35-37 Mutations in a number of other genes encod-
ing early pituitary transcription factors can also cause 
variable degrees of hypopituitarism in association with 
neurologic and/or skeletal defects (Table 11-2).

Mutations in genes encoding transcription factors that 
act later in the cascade result in multiple pituitary hor-
mone deficiencies, but no neurologic sequelae. POU1F1, 
which was previously called Pit-1, is a member of the 
POU homeodomain family of transcription factors that is 
responsible for the differentiation of precursor cells into 
somatotrophs, lactotrophs, and thyrotrophs. Mutations 
in POU1F1 account for only a small minority of the total 
number of worldwide cases of hypopituitarism. They are 
typically associated with GH, prolactin, and variable rates 
of TSH deficiency.35 However, isolated GH deficiency has 
been reported in patients with POU1F1 mutations, illus-
trating the variability of phenotypic presentation among 
these patients.38

PROP1 is a novel pituitary paired-like homeodomain 
factor that regulates the expression of Pit-1. PROP1 
mutations are the most common genetic cause of mul-
tiple pituitary hormone deficiencies. However, the preva-
lence varies in different ethnic populations, with rates of 
PROP1 mutations ranging from 0% to 70% of cases of 
combined pituitary hormone deficiency.39 PROP1 muta-
tions are inherited in an autosomal recessive pattern. 
Longitudinal imaging reveals the pituitary gland can go 
through a hyperplastic phase before undergoing a phase 
of degeneration.40

The degree of hypopituitarism associated with PROP1 
mutations is variable but progressive, suggesting PROP1 
also plays a role in maintenance of pituitary cells. As it 
regulates POU1F1, most patients with PROP1 muta-
tions develop GH and TSH deficiency in childhood.39 
As PROP1 also mediates the differentiation of gonado-
tropes, gonadotropin deficiency is common and puber-
tal induction is often required.39 However, the degree of 
gonadotropin deficiency is variable, even among individ-
uals within the same family with identical mutations.41 
ACTH deficiency has also been reported in up to 50% 
of patients with PROP1 mutations.39 Its onset is usually 
later than that of TSH and GH deficiency.

Isolated Pituitary Hormone Deficiency
Isolated Growth Hormone Deficiency
The most common genetic causes of isolated GH defi-
ciency (IGHD) are mutations in the gene encoding GH 
(GH1) or the GH-releasing hormone receptor (GHRHR) 

gene. GH1 is located on chromosome 17 in a cluster of 
five genes that also includes GH2, which encodes pla-
cental GH, and three genes encoding human chorionic 
somatotropin. Mutations in GH1 were found in 7% to 
10% of patients with IGHD, with a higher prevalence 
in cases of familial IGHD.42,43 GHRHR is a member 
of the G-protein–coupled receptor family. Mutations 
in GHRHR were reported in 3.7% of patients with 
IGHD.42

Familial IGHD has been classified into 4 subtypes based 
on inheritance patterns and clinical features.44 IGHD IA 
is usually secondary to mutations in GH1. It is inherited 
in an autosomal recessive manner and is associated with 
severe short stature, an undetectable serum GH concen-
tration, and the development of anti-GH antibodies with 
GH treatment. IGHD IB can be associated with muta-
tions in GH1 or GHRHR. It also has an autosomal reces-
sive pattern of inheritance, but less severe short stature 
and no anti-GH antibodies on treatment. IGHD II, which 
is associated with mutations in GH1, has an autosomal 
dominant pattern of inheritance, variable clinical sever-
ity, and can be associated with other pituitary hormone 
deficiencies. IGHD III is an X-linked disorder that often 
is associated with hypogammaglobulinemia and probably 
arises from defects in other genes.

Mutations in the genes encoding pituitary transcrip-
tion factors HESX1 and SOX3 have also been reported 
to cause IGHD. A mutation in the gene encoding high-
mobility group A2 was reported in one patient with 
IGHD.45

Isolated Gonadotropin Deficiency
Idiopathic hypogonadotropic hypogonadism (IHH) is 
defined as gonadotropin deficiency without another 
apparent cause. It is now recognized that many cases of 
IHH have a genetic origin, especially if IHH is familial. 
Gonadotropin-releasing hormone neurons originate in 

TABLE 11-2 Extrapituitary Features That Have 
Been Associated with Genetic Causes of Combined 
Pituitary Hormone Deficiency in Humans

Gene Associated Abnormalities

HESX1 Septo-optic dysplasia, agenesis of the corpus callosum, 
coloboma of the eye, diaphragmatic hernia, aortic 
coarctation

SOX2 Abnormal hippocampus, anopthalmia/microopthal-
mia, abnormal corpus callosum, learning difficul-
ties, esophageal atresia, sensorineural hearing loss, 
hypothalamic hamartoma, genital abnormalities in 
males

SOX3 Mental retardation, agenesis of the corpus callosum
LHX3 Short rigid cervical spine, variable sensorineural hear-

ing loss
LHX4 Persistent craniopharyngeal canal, abnormal cerebel-

lar tonsils, hypoplastic corpus callosum
OTX2 Anopthalmia/microopthalmia
GLI2 Holoprosencephaly, craniofacial abnormalities, poly-

dactyly, single nares, single central incisor, partial 
agenesis of the corpus callosum

Adapted from Kelberman D, Rizzoti K, Lovell-Badge, et al. Genetic 
regulation of pituitary gland development in human and mouse. 
Endocr Rev 30:790-829, 2009.
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the olfactory placode and migrate during embryogenesis 
with the olfactory nerves to the hypothalamus. A large 
number of genes are responsible for development, migra-
tion, and function of gonadotropic neurons (Fig. 11-3).46 
Mutations in at least 19 genes involved in this process 
have been identified as causes of IHH in humans.47 
Approximately 60% of patients with IHH have co-exis-
tent anosmia or hyposmia, which is known as Kallmann’s 
syndrome.

The first genetic cause of IHH was a mutation in the 
KAL1 gene.48 KAL1 mutations are almost invariably 
associated with anosmia, have a severe reproductive phe-
notype, and are commonly associated with synkinesia 
and unilateral renal agenesis.49 They are inherited in an X 
chromosome–linked recessive manner. Other gene muta-
tions found in IHH include mutations in genes encoding 
fibroblast growth factors or their receptors (FGF8 and 
FGFR1), prokineticin 2 and prokineticin receptor 2, and 
CDH7. The inheritance pattern can be autosomal domi-
nant, but is increasingly recognized to be oligogenic.46 
Mutations in FGF8 and FGFR1 are associated with den-
tal agenesis and digital bony abnormalities and CDH7 
with hearing loss.49 These clinical features can be used to 
prioritize genetic testing.

Hypogonadotropic hypogonadism can also occur as 
part of a genetic endocrine syndrome with predominantly 
extrapituitary features. Mutations in the DAX1 gene, 
which encodes a transcription factor involved in develop-
ment of pituitary gonadotropes and the adrenal cortex, 
give rise to X-linked recessive hypogonadotropic hypo-
gonadism and adrenal hypoplasia.50 Hypogonadotropic 
hypogonadism is also associated with genetic forms of 
obesity such as leptin deficiency or resistance, mutations 
in the gene encoding proprotein-convertase 1, and Prader-
Willi and Bardet-Biedl syndromes.

Isolated ACTH and TSH Deficiencies
T-box pituitary-restricted transcription factor (TPIT) 
is essential for pro-opiomelanocortin transcription 
and differentiation in the pituitary gland. Mutations 
in TPIT may cause two thirds of cases of neonatal iso-
lated ACTH deficiency.51 They have not been reported 
in isolated ACTH deficiency developing after the neo-
natal period. Genetic causes of isolated TSH deficiency 
are rare. However, mutations in the coding region of the 
TSH-β subunit gene52 and thyrotropin-releasing hor-
mone (TRH)-receptor gene53 can cause hereditary iso-
lated TSH deficiency.

Traumatic Brain Injury and Subarachnoid  
Hemorrhage
The anatomic location and friable blood supply of the 
pituitary gland make it susceptible to damage during 
traumatic brain injury (TBI). In pathology series, about 
one third of patients with a fatal TBI have hypothalamic-
pituitary damage at autopsy.54 The close proximity to the 
circle of Willis also makes the HPA axis susceptible to 
damage from a subarachnoid hemorrhage, which com-
monly results in hypothalamic hemorrhage.55 Both TBI 
and subarachnoid hemorrhage have been associated with 
hypopituitarism.

The prevalence of hypopituitarism following TBI and 
subarachnoid hemorrhage has varied widely in different 
studies. However, in a large meta-analysis, hypopitu-
itarism was present in 27.5% of patients with TBI and 
47% of patients with subarachnoid hemorrhage.56 Most 
patients had an isolated anterior pituitary hormone defi-
ciency, most commonly GH deficiency. However, 8% of 
patients had multiple pituitary hormone deficiencies.56 
Diabetes insipidus is also common acutely following TBI, 
but is usually transient.57

Figure 11-3 Schematic represen-
tation of the development and mi-
gration of gonadotropin-releasing 
hormone (GnRH) neurons from the 
olfactory placode to the hypothala-
mus. (From Mitchell AL, Dwyer A, 
Pitteloud N, Quinton R: Genetic 
basis and variable phenotypic expres-
sion of Kallmann syndrome: towards 
a unifying theory. Trends Endocrinol 
Metab 22: 249-258, 2011.)
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The natural history of anterior pituitary dysfunction 
following TBI or subarachnoid hemorrhage is variable. 
Recovery of pituitary function can occur, but late-onset 
hypopituitarism has also been reported.57 In patients with 
TBI, hypopituitarism is more common in patients with 
more severe head injuries and in those with raised intra-
cranial pressure. Children may be less susceptible to long-
term hypopituitarism after TBI.58

Patients with moderate-to-severe TBI and subarach-
noid hemorrhage should be screened for hypopituitarism. 
Acutely, clinical features of glucocorticoid deficiency 
should be assessed and morning cortisol measured. A 
morning cortisol <300 nmol/L has been proposed as 
indicative of glucocorticoid deficiency.54 Patients should 
undergo a full assessment of hypothalamic-pituitary func-
tion between 3 and 6 months after injury.

Hypophysitis
Hypophysitis is a chronic inflammatory disorder of the 
pituitary gland. It can arise as part of a multisystem 
inflammatory disease, an adverse effect of pharmacologic 
therapy, or a local reaction to other pathology (secondary 
hypophysitis), or, more commonly, it can have no identifi-
able cause (primary hypophysitis). Hypophysitis can also 
be classified based on histologic appearance. Lympho-
cytic hypophysitis is the most common form of primary 
hypophysitis. Granulomatous hypophysitis is the second 
most common form, although less than 100 cases have 
been reported.59 It is more common in females, usually 
presents with symptoms of a pituitary mass, and frequently 
causes hypopituitarism.59 Xanthomatous and necrotizing 
hypophysitis have only rarely been described.60,61 IgG4 
plasmacytic hypophocytis occurs as part of a multifocal 
systemic disease with increased serum IgG4 and usually 
responds well to glucocorticoid therapy.62

Lymphocytic (autoimmune) hypophysitis is an 
immune-mediated form of primary hypophysitis aris-
ing from diffuse infiltration of the pituitary gland with 
T and B lymphocytes and mast cells. It occurs 6 times 
more often in women and usually in the third trimester 
of pregnancy or early postpartum period.63 Lympho-
cytic hypophysitis is more common in patients with other 
autoimmune endocrine diseases. Patients can present 
with a symptomatic pituitary mass, hypopituitarism, or 
hyperprolactinaemia. In contrast to other forms of hypo-
pituitarism, ACTH deficiency is most common in patients 
with lymphocytic hypophysitis, followed by TSH and 
gonadotropin deficiency.63 Diabetes insipidus, which is 
probably secondary to immune destruction, can occur in 
isolation or in combination with anterior pituitary hor-
mone deficiency.

The pituitary gland is enlarged in early lymphocytic 
hypophysitis. Although it can be misdiagnosed as a pitu-
itary adenoma, there are features on magnetic resonance 
imaging (MRI) that suggest lymphocytic hypophysitis. 
These include a central thickened pituitary stalk, an intact 
sella floor, a homogeneous appearance on precontrast 
T1-weighted images, and strong homogenous enhance-
ment following administration of gadolinium. Over time 
the pituitary gland may atrophy, leaving an empty sella. 
Cytosolic autoantigens against the pituitary gland can be 

demonstrated in some cases, but also are present in nor-
mal subjects and are not sufficiently sensitive to be used 
in routine clinical practice. Histology provides a definitive 
diagnosis, but a diagnosis of lymphocytic hypophysitis 
can often be made from clinical and radiologic features.

Conservative management with replacement of pitu-
itary hormone deficiencies is appropriate in many patients 
with lymphocytic hypophysitis. Spontaneous resolution 
of both the mass lesion and hypopituitarism has been 
reported.64 If the patient is at risk for visual loss, high-
dose glucocorticoids or surgery should be considered. In 
an uncontrolled trial, high-dose methylprednisolone for 6 
weeks reduced the pituitary mass in 7 of 9 patients and 
improved anterior pituitary function in 4 of 9 patients.65 
Diabetes insipidus improved in all four affected patients. 
Other immunosuppressive therapies have also been 
reported to be effective in case reports of glucocorticoid-
resistant patients.

Pituitary Apoplexy
Pituitary apoplexy is a clinical syndrome characterized 
by sudden onset of severe headache, visual deterioration, 
and hypopituitarism, with or without an altered level of 
consciousness. It is caused by the abrupt destruction of 
pituitary tissue because of infarction or hemorrhage into 
the pituitary gland. Most patients have an underlying 
pituitary tumor. Consequent pituitary hormone deficien-
cies usually develop rapidly. In Sheehan’s syndrome, pitu-
itary infarction occurs secondary to severe postpartum 
hemorrhage and ensuing circulatory failure. Once com-
mon, this complication is now mainly confined to areas 
where obstetric services are less well developed.

Granulomatous Diseases
Granulomatous diseases, including sarcoidosis, tuber-
culosis, and Langerhans cell histiocytosis, can affect the 
hypothalamic-pituitary axis and cause hypopituitarism. 
In contrast to pituitary adenomas, diabetes insipidus is 
fairly common. Diabetes insipidus is found in 25% to 
33% of patients with neurosarcoidosis and up to 25% 
of children with Langerhans cell histiocytosis, where it 
can be the presenting complaint.66 It also may occur in 
patients with Langerhans cell histiocytosis presenting in 
adulthood.

HYPOPITUITARISM

Clinical Features
The presentation of hypopituitarism can be nonspecific 
and a high index of suspicion is required to make the diag-
nosis. The clinical features are protean and affected by the 
degree, type, and rate of onset of pituitary hormone defi-
ciency. If the onset is abrupt, as in pituitary apoplexy, the 
clinical picture may be dominated by profound hypoten-
sion from ACTH deficiency. If hypopituitarism develops 
gradually over time, the onset of symptoms is insidious. 
In this setting, typical symptoms include lethargy, fatigue, 
disinterest, weight gain, low mood, and declining libido, 
which can be mistaken for depression. Occasionally, 
anorexia and weight loss because of ACTH deficiency 
lead to extensive investigations for occult malignancy. 
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Local pressure effects from a pituitary mass or hormonal 
hypersecretion may also complicate the clinical picture.

Hypopituitarism arising from an expanding mass 
lesion or from irradiation typically produces a character-
istic evolution of pituitary failure, with an initial loss of 
GH secretion, followed by LH and FSH, and finally by 
failure of ACTH and TSH secretion. The symptoms and 
signs of each hormone deficiency are described in the sec-
tions that follow and listed in Table 11-3. GH deficiency 
is addressed separately in the section entitled “Growth 
Hormone Deficiency in Adults.”

Adrenocorticotropic Hormone Deficiency
ACTH deficiency is a potentially life-threatening com-
ponent of hypopituitarism. If the onset is abrupt, pro-
found hypotension can develop and can be rapidly fatal if 
untreated. Patients with chronic ACTH deficiency usually 
present with progressive symptoms of fatigue, anorexia, 
postural hypotension, and weight loss. Examination may 
reveal pallor of the skin, in contrast to the hyperpigmen-
tation of Addison’s disease, and loss of secondary sexual 
hair in female patients. In severe ACTH deficiency, par-
ticularly in childhood, hypoglycemia can occur as corti-
sol deficiency increases insulin sensitivity and decreases 
endogenous glucose production.67 Hyponatraemia is 
less common than in primary adrenal failure because of 
preservation of aldosterone secretion, but may be the pre-
senting feature of ACTH deficiency, particularly in older 
adults.

Thyroid-Stimulating Hormone Deficiency
TSH deficiency occurs late in most pituitary disorders. 
Symptoms mirror those found in primary hypothyroid-
ism and include fatigue, inability to lose weight, constipa-
tion, and cold intolerance. However, symptoms are often 
milder than in primary hypothyroidism, because some 
residual TSH secretion is preserved.

Gonadotropin Deficiency
The clinical features of gonadotropin deficiency depend 
on whether the deficiency develops before or after 
puberty. In male patients, prepubertal gonadotropin defi-
ciency results in lack of penile and testicular enlargement 
and eunuchoid proportions (arm span exceeds height by 

>5 cm). Hypogonadism acquired postpubertally is associ-
ated with a reduction in testicular size, loss of facial and 
body hair, and thinning of the skin, leading to the char-
acteristic finely wrinkled facial skin of the “aging youth.” 
Other effects include a decrease in skeletal muscle mass, 
bone mineral density, libido, and general well-being. Azo-
ospermia is an almost inevitable consequence of hypo-
gonadotropic hypogonadism. However, in partial LH 
deficiency intratesticular testosterone levels remain high 
enough to maintain spermatogenesis.

In a prepubertal girl, hypogonadotropic hypogonad-
ism is associated with primary amenorrhea and absent 
breast development. In the adult woman, amenorrhea or 
oligomenorrhea, infertility, breast atrophy, vaginal dry-
ness, and dyspareunia occur. Pubic and axillary hair is 
usually normal unless ACTH deficiency is also present.

Antidiuretic Hormone Deficiency
Polydipsia and polyuria with nocturia are the classic 
symptoms of diabetes insipidus arising from ADH defi-
ciency. If a patient is unable to keep up with urinary fluid 
loss, hypotension and hypovolemia ensue. As glucocorti-
coids inhibit secretion of ADH,68 the features of diabetes 
insipidus may be masked by concomitant ACTH defi-
ciency and only become apparent when cortisol replace-
ment therapy is commenced.

Diagnosis and Endocrine Evaluation
Imaging
Computerized digital imaging has revolutionized the 
investigation of the cause of hypopituitarism, as it pro-
vides unparalleled views of the anatomy of the region, 
readily identifying structural abnormalities. MRI is the 
scanning technique of choice, as it offers higher resolu-
tion than CT scanning and is able to demonstrate micro-
adenomas as small as 3 mm in diameter. MRI also has 
provided insights into the morphologic abnormalities that 
arise from developmental defects of the pituitary gland 
and how morphologic abnormalities relate to dynamic 
tests of pituitary function, especially in GH deficiency (see 
section entitled “Growth Hormone Deficiency in Adults” 
for details). CT is used in situations in which MRI is con-
traindicated, such as when arterial clips or a pacemaker is 
present. CT has a valuable role in defining bone anatomy 
before surgery.

Endocrine Evaluation
The endocrine assessment of a patient with suspected 
hypopituitarism involves measurements of basal hor-
mone concentrations and the change in concentration in 
response to physiologic or pharmacologic stimuli. Evalu-
ation of basal pituitary function should include mea-
surement of electrolytes, cortisol, thyroxine (T4), TSH, 
prolactin, IGF-1, LH, FSH, and testosterone in men, and 
estradiol in women. Basal blood testing reliably identifies 
TSH and gonadotropin deficiency, while a dynamic test 
is often needed to diagnose ACTH and ADH deficiency. 
Investigation for ACTH, TSH, gonadotropin, and ADH 
deficiency are described in the section that follows, while 
dynamic testing for GH deficiency is described later in the 
chapter.

TABLE 11-3 Symptoms and Signs of Hormone 
Deficiencies

Hormone Deficiency Symptoms and Signs

Growth hormone Please refer to Table 11-6.
Gonadotropins In men: poor libido/impotence, infertility, 

small soft testes, reduced facial/body hair
In women: amenorrhea/oligomenorrhea, 

dyspareunia, infertility, breast atrophy
Thyroid-stimulat-

ing hormone
Growth retardation in children, decrease in 

energy, constipation, sensitivity to cold, 
dry skin, weight gain

Adrenocortico-
tropic hormone

Weakness, tiredness, dizziness on standing, 
pallor, hypoglycemia

Prolactin Failure of lactation
Antidiuretic 

hormone
Polyuria, polydipsia, nocturia, hypotension
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Adrenocorticotropic Hormone Deficiency
ACTH deficiency is diagnosed by a low basal or stimu-
lated plasma cortisol in a patient with established pitu-
itary disease or in combination with an ACTH that is 
low, or inappropriately normal for hypocortisolemia. If 
ACTH deficiency is suspected in a sick patient, cortisol 
and ACTH samples should be collected and replacement 
therapy commenced immediately as ACTH deficiency can 
be life-threatening. Dynamic testing can be performed at 
a later date if required.

In healthy individuals, plasma cortisol concentration 
is highest at approximately 8:00 am. Measurement of 
plasma morning cortisol can provide important informa-
tion regarding the integrity of the HPA axis. A morning 
cortisol greater than 500 nmol/L indicates a normal HPA 
axis. In contrast, cortisol deficiency is almost invariable 
if morning cortisol is less than 100 nmol/L, and dynamic 
testing may not be required.69 Depending on the clinical 
context, patients with a morning cortisol concentration 
between 100 and 500 nmol/L often need a dynamic test 
to clarify their HPA status.

The insulin tolerance test (ITT) is considered the “gold 
standard” test for ACTH deficiency as it evaluates the 
response of the entire hypothalamic-pituitary-adrenal 
axis to hypoglycemia. It also has the advantage of testing 
GH reserve.70 Following injection of a standard dose of 
intravenous insulin (0.1 to 0.15 units/kg), plasma cortisol 
is measured serially for 2 hours. Following attainment of 
adequate hypoglycemia (<2.2 mmol/L), a peak cortisol 
response of between 500 and 600 nmol/L is accepted as 
adequate.71 The limitations of the ITT include that it is 
resource-intensive, unpleasant for patients, and carries a 
small risk for seizure or loss of consciousness.

As the short Synacthen (ACTH1-24) test is associated 
with less morbidity, it is increasingly used as a surrogate 
test for ACTH deficiency.72,73 Although it is a test of 
adrenal rather than pituitary reserve, it can provide valu-
able information as the adrenal cortex atrophies when it 
lacks ACTH stimulation. As adrenal atrophy takes time 
to develop, an ACTH1-24 stimulation test cannot diagnose 
acute ACTH deficiency. The sensitivity of the ACTH1-24 
test to define ACTH deficiency is lower than the ITT, and 
a normal response to Synacthen does not exclude mild 
ACTH deficiency.74 However, in a large audit of clinical 
practice, few pituitary patients who achieved an adequate 
peak cortisol during an ACTH1-24 test developed clinical 
cortisol deficiency.75

Thyroid-Stimulating Hormone Deficiency
TSH deficiency is characterized by a low concentration 
of free or total T4 in association with a low, or inap-
propriately normal, serum TSH. T3 concentrations are 
of less value as they are typically normal in early or mild 
TSH deficiency because peripheral deiodination of T4 is 
upregulated. Dynamic testing with thyrotropin-releasing 
hormone adds little further clinical information and is no 
longer commonly used in adults.

Adult Gonadotropin Deficiency
In postmenopausal women, absence of the typical ele-
vation in gonadotropins is indicative of gonadotropin 

deficiency. In premenopausal women, amenorrhea (or less 
commonly, oligomenorrhea), in association with a low 
estradiol concentration and low or normal gonadotropins, 
provides sufficient evidence for the diagnosis. In adult 
men, a similar picture of a low testosterone and low or 
normal gonadotropins is seen in gonadotropin deficiency.

Antidiuretic Hormone Deficiency
There should be a high index of suspicion for ADH defi-
ciency (central diabetes insipidus) following pituitary 
surgery, as it occurs at least transiently in up to 30% of 
patients.76 It is characterized by abrupt onset in the early 
postoperative period of polydipsia and polyuria (>250 
mL/hour) which is hypotonic (specific gravity <1.005 or 
urine osmolality <200 mOsm/kg H2O). If fluid intake is 
restricted, an increase in serum osmolality and hyperna-
tremia develops. Other potential causes of dilute poly-
uria, such as hyperglycemia and excessive hypotonic fluid 
administration, should be excluded.

In the nonacute setting, following confirmation of poly-
uria the usual investigation is a water-deprivation test.77 
The test should be performed under close observation 
because severe dehydration can occur. Initiation of water 
deprivation can begin the preceding evening in mild cases, 
while in cases with more severe polyuria this may be too 
long a period without fluids and water deprivation should 
begin early on the morning of the test. Plasma osmolality 
and urine volume and osmolarity are measured hourly. In 
patients with diabetes insipidus, there is a failure to con-
centrate urine, resulting in an increase in plasma osmolal-
ity, hypernatremia, and >3% loss of body weight.

ADH deficiency can then be distinguished from neph-
rogenic diabetes insipidus by the response to intramus-
cular (IM) or subcutaneous (SC) administration of a 
synthetic analog of ADH (desmopressin). In ADH defi-
ciency, a patient responds normally to desmopressin and 
there is a >50% rise in urine osmolality. Patients with 
nephrogenic diabetes insipidus have ADH resistance, 
and the rise in urine osmolality is <10%. In patients with 
long-standing polyuria, failure of urine concentration in 
response to desmopressin is sometimes not because of 
nephrogenic diabetes insipidus, but because of a wash-
out of interstitial solutes, including urea. In this setting, 
measurement of ADH at maximal stimulation (i.e., after 
water deprivation) can assist in distinguishing ADH defi-
ciency from nephrogenic diabetes insipidus.

Management
Treatment for hypopituitarism can be separated into 
those therapies directed at the underlying disease pro-
cess and endocrine replacement therapy (Table 11-4). 
Treatment of ACTH, TSH, gonadotropin, and ADH defi-
ciency are discussed in the section that follows, while GH 
replacement therapy is discussed separately under the sec-
tion entitled “Growth Hormone Deficiency in Adults.”

Hormone Replacement in Hypopituitarism
Adrenocorticotropic Hormone Deficiency
The aim of glucocorticoid replacement is to mimic physi-
ologic hormone concentrations, ensure sufficiency during 
times of acute illness, and to prevent over replacement. 
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Patients with ACTH deficiency are at risk for sudden 
death from cortisol deficiency during an intercurrent ill-
ness. In contrast, excessive cortisol replacement is asso-
ciated with an unfavorable cardio-metabolic profile and 
increased mortality.15,16,78 It is difficult to balance these 
risks in an individual patient, particularly as there is no 
effective biomarker of glucocorticoid status.

Historically many patients were prescribed cortisol 
replacement at doses of 30 mg/day. However, estimation 
using the isotope dilution method revealed an average cor-
tisol production rate of 5.7 mg/m2/day in healthy adults, 
which equates to about 10 mg in a 70-kg adult.79 As current 
glucocorticoid formulations do not replicate physiologic 
cortisol secretion, a mildly supraphysiologic glucocorticoid 
dose should generally be administered. However, the low-
est replacement dose tolerated by the patient is preferred 
(often hydrocortisone 15 to 20 mg/day).80

Different forms of glucocorticoids are available for 
replacement, and each has its merits and disadvantages. 
Hydrocortisone directly replaces the missing hormone 
and is most commonly prescribed. However, even when 
administered three times per day, it results in cortisol 
peaks and troughs that do not mimic normal physiology.81 
Cortisone acetate must first be metabolized to cortisol by 
11 β-hydroxysteroid dehydrogenase 1, resulting in a lower 
cortisol peak, slower onset of action, and slower decline to 
trough than hydrocortisone. However, its activity can be 
affected by changes in 11 β-hydroxysteroid dehydrogenase 
1 activity. Prednisolone and dexamethasone have longer 
half-lives. This allows once-daily administration, but may 
contribute to an adverse cardio-metabolic profile.78

Novel glucocorticoid formulations have recently been 
developed that replicate the normal circadian pattern 
of cortisol secretion better than conventional hydrocor-
tisone with less peaks and troughs (Fig. 11-4).82,83 One 

formulation, Plenadren (ViroPharma, Brussels, Belgium), 
which is a once-daily dual-release hydrocortisone tablet 
with an immediate-release coating and an extended-release 
core, reduced weight, blood pressure, and hyperglycemia 
compared with conventional hydrocortisone.83 It has 
been approved for clinical use by the Europe Medicines 
Agency.

An essential component of the care of a patient with 
ACTH deficiency is patient education. It is crucial that the 
patient understands the need to increase the replacement 
dose twofold to threefold in the event of an intercurrent 
illness. Even greater dose increases may be needed dur-
ing a major illness or when undergoing surgery. Patients 
should wear an appropriate Medic-alert bracelet or neck-
lace to alert physicians during an emergency and should 
be issued an IM hydrocortisone pack and taught how to 
self-administer in the event of protracted vomiting.

Thyroid Stimulating Hormone Deficiency
Similar to primary hypothyroidism, TSH deficiency is 
treated with thyroxine (T4). The normal starting dose in 
most patients is ∼1.6 mcg/kg/day. Lower starting doses are 
used in older adults and in patients with ischemic heart dis-
ease. ACTH deficiency must always be excluded or treated 
before thyroxine therapy is initiated, as thyroxine increases 
the metabolism of cortisol and can precipitate an adrenal 
crisis in a patient with untreated ACTH deficiency. The aim 
of thyroxine treatment is to increase serum free T4 into the 
upper-normal range. Measurement of TSH is not helpful in 
the monitoring of T4 replacement therapy in TSH deficiency.

Gonadotropin Deficiency
In both sexes, sex steroid replacement therapy is impor-
tant for the maintenance of normal body composition, 
skeletal health, and sexual function, and is the most 
appropriate form of replacement therapy in patients not 
desiring fertility.

Estrogen Replacement. In women, this can be provided 
by many standard hormone replacement therapy prepa-
rations. As in other scenarios, progesterone must be pre-
scribed (cyclically or continuously) to all women with an 
intact uterus to prevent dysfunctional bleeding or endo-
metrial cancer from the effect of unopposed estrogen on 
the endometrium. Markedly supraphysiologic estrogen 
doses (as in the oral contraceptive pill) are not required 
unless there is a strong patient preference or a patient 
with partial gonadotropin deficiency has occasional men-
strual cycles and requires contraception. A nonoral route 
of estrogen administration is recommended because oral 
estrogen reduces insulin-like growth factor (IGF)-1 and 
GH action. The pathophysiology and clinical implica-
tions of this interaction are discussed in the section enti-
tled “Growth Hormone Deficiency in Adults.”

Androgen Replacement. The choice of preparation of 
androgen replacement depends on local availability and 
patient preference. However, testosterone undecanoate 
administered as an intramuscular injection every 10 to 14 
weeks is a preferred option as it achieves a stable serum 
testosterone concentration,84 avoiding the fluctuations 
in testosterone and symptoms associated with shorter-
acting parenteral testosterone preparations. Because of its 

TABLE 11-4 Endocrine Replacement Therapy  
for Hormone Deficiencies

Hormone Deficiency
Replacement Hormones and Typical Daily 
Dose Range (Oral, if Not Stated Otherwise)

Growth hormone Please refer to Table 11-7.
Gonadotropin 

(female)
Estrogen (examples):
Estradiol 25-100 mcg transdermal
or conjugated equine estrogen: 0.625-

1.25 mg
PLUS Progesterone if intact uterus 

(examples):
Norethisterone, 0.5-1 mg, transdermal: 

140-250 mcg
or Levonorgestrel, 250 mcg, transdermal: 

7 mcg
or Medroxyprogesterone acetate 5 mg

Gonadotropin 
(male)

Testosterone undecanoate 1000 mg IM 
every 12 wk

or Transdermal gel: 50-100 mg
Thyroid-stimulating 

hormone
Thyroxine, 75-200 mcg

Adrenocorticotropic 
hormone

Hydrocortisone 15-20 mg in 2-3 divided 
doses

Prolactin Nil
Antidiuretic 

 hormone
Desmopressin (DDAVP) 200-600 mcg 

(in divided doses) intranasal, 10-40 
mcg (in divided doses)
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ease of delivery, it has also largely replaced testosterone 
implants as replacement therapy. Transdermal delivery 
of testosterone is an alternative route of administration. 
Testosterone gel is better tolerated than patch systems, 
which are associated with a high rate of skin irritation.

Androgen replacement therapy should be monitored to 
ensure patients achieve a physiologic testosterone concen-
tration. Measurement of serum testosterone just prior to an 
injection of testosterone undecanoate can be used to adjust 
the dosing interval. The hematocrit should be measured 
periodically, as supraphysiologic doses can cause polycy-
themia. Hypopituitary patients taking physiologic testos-
terone replacement can be monitored for prostate cancer 
in accordance with recommendations for men their age.

An area of investigation is the therapeutic use of 
androgens in women. Women with combined ACTH and 
gonadotropin deficiency are of major interest as they have 
markedly reduced serum androgen concentrations because 
of impaired adrenal and ovarian androgen production.85 
Physiologic testosterone replacement improved bone 
density, body composition, sexual function, and some 
aspects of cognitive function in hypopituitary women.86 
The adrenal androgen dehydroepiandrosterone was also 
reported to improve sexual interest in adult hypopituitary 
women87 and pubertal maturation and psychological 
well-being in a female adolescent cohort.88

Gonadotropin and Gonadotropin-Releasing Hormone  
Therapy. Fertility can be achieved in both male and 
female hypogonadotropic hypogonadal patients. Patients 
with pituitary disorders (gonadotropin deficiency) require 
gonadotropin replacement. In males, LH “activity” is pro-
vided by human chorionic gonadotropin (hCG) adminis-
tered SC or IM at a dose between 1500 and 2000 IU, twice 
weekly. If severe oligospermia remains after 3 to 6 months, 
FSH is added in the form of human menopausal gonado-
tropin (hMG) or recombinant FSH. Spermatogenesis is 

achieved in up to 95% of patients after 6 to 24 months.89 
Larger testicular volume at the initiation of gonadotropin 
therapy is a predictor of a good response.90 Gonadotropin 
therapy should be continued until the second trimester of 
pregnancy, when the miscarriage rate falls. Consideration 
should be given to storing several samples of frozen sperm 
for any future attempts at pregnancy.

Pulsatile gonadotropin-releasing hormone (GnRH) has 
been used in specialist centers to stimulate spermatogen-
esis in patients with GnRH deficiency (e.g., Kallmann’s 
syndrome). GnRH is administered SC via a catheter 
attached to a minipump. This regimen appears to offer 
few advantages over gonadotropin therapy in men.89

In women with GnRH deficiency, pulsatile GnRH 
is the treatment of choice. The ovulation rate is 60% 
to 80%, and the pregnancy rate is 30% per ovulatory 
cycle.91 Multiple pregnancies occur in about 5% of cases. 
Gonadotropin therapy can be used in women with gonad-
otropin deficiency or in women who do not have access to 
GnRH therapy. However, pregnancy rates are lower and 
multiple pregnancies occur in 15% to 25%.91

Antidiuretic Hormone Deficiency
Desmopressin is the drug of choice in ADH deficiency, as 
it binds selectively to the AVP V2 receptor and reduces 
polyuria without AVP V1a receptor-mediated pressor 
effects. Because postoperative diabetes insipidus is usually 
transient and can be associated with an antidiuretic phase, 
it should be treated with as-needed parenteral desmopres-
sin.92 Chronic ADH deficiency can be treated with oral 
or intranasal desmopressin. Doses of oral desmopressin 
are substantially higher (see Table 11-4) because >99% 
of oral desmopressin is degraded by gastrointestinal pep-
tidases. The dose of desmopressin can vary substantially 
between individuals, with no apparent relation to age, 
sex, weight, or degree of polyuria. It should be started at 

Figure 11-4 Mean observed serum cortisol 
after modified release and multiple dose hydro-
cortisone (20 to 40 mg). The error bars dem-
onstrate the 95% confidence interval. (From 
Johannsson G, Nilsson AG, Bergthorsdottir R, 
et al: Improved cortisol exposure-time profile 
and outcome in patients with adrenal insuf-
ficiency: A prospective randomized trial of a 
novel hydrocortisone dual-release formulation. 
J Clin Endocrinol Metab 97: 473-481, 2012.)8 12 16 20 24 4 8
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a low dose and increased gradually until urine output is 
controlled. Overtreatment with desmopressin can cause 
life-threatening hyponatremia, so serum sodium should 
be checked periodically, particularly after therapy is com-
menced or changed.

GROWTH HORMONE DEFICIENCY IN ADULTS
Body growth represents the result of the stimulation by 
GH of a complex and integrated series of metabolic pro-
cesses that continue in adult life after cessation of body 
growth. Growth stops at the end of puberty as a result 
of fusion of the growth plates in long bones. However, 
GH continues to be produced throughout life and is the 
most abundant hormone in the adult pituitary gland. 
Hormones exert their actions by binding to specific recep-
tors on tissues. The GH receptor is widely expressed in 
various body tissues. The effects of GH are widespread, 
and the hormone plays a general role in maintaining the 
metabolic process and the integrity of many tissues.

Causes
The causes of adult GH deficiency from four series total-
ing 1798 patients are shown in Table 11-5.5,93,94 Approx-
imately 50% arise from pituitary tumors, 18% from 
extrapituitary tumors, and 5% from inflammatory or 
infiltrative lesions; up to 15% are idiopathic. Treatment 
for pituitary and extrapituitary tumors is the most com-
mon cause of deficiency, accounting for nearly two thirds 
of cases. The frequency of causes differs between patients 
with childhood-onset and adult-onset GH deficiency.93 
The largest cause of childhood GH deficiency is idio-
pathic. This is a heterogeneous group likely to comprise 
undiagnosed mutations of the GH gene, pituitary devel-
opment genes, and congenital abnormlities of unknown 
cause.

Radiologic Findings in Idiopathic Growth  
Hormone Deficiency
GH deficiency can be divided broadly into either genetic 
GH deficiency, when proven genetic mutations, such as 
GH-1, GHRHR, and PROP-1, are identified, or idio-
pathic GH deficiency, when a genetic abnormality cannot 
be identified. On MRI, cases of genetic GH deficiency typi-
cally reveal a pituitary gland that is small or of normal size. 
The pituitary stalk is intact, and the location of the poste-
rior lobe is normal. In contrast, idiopathic GH deficiency 
frequently is associated with a small pituitary gland, with 
evidence of stalk hypoplasia or interruption and an ectopic 
posterior lobe (Fig. 11-5). Perinatal trauma may be respon-
sible for these abnormalities on MRI, resulting in idio-
pathic GH deficiency.95 This is supported by the observed 
higher frequency of breech delivery and birth hypoxemia 
with idiopathic GH deficiency than in genetic cases.96

The stalk provides vascular communication, and its 
presence is significant in relation to the evaluation of diag-
nostic testing for GH deficiency. Maghnie and colleagues 
have reported that integrity of the hypothalamic-pituitary 
connection is necessary for GHRH-arginine to stimulate 
GH release, as the GH response is markedly impaired in 
patients with stalk agenesis.97

Clinical Features
Adults with GH deficiency, whether dating from child-
hood or acquired in adult life, manifest a range of meta-
bolic, body compositional, and physical and psychological 
abnormalities. These patients have a recognizable clinical 
syndrome, associated with a characteristic history, symp-
toms, signs, and investigative findings (Table 11-6).

Metabolism
Hypopituitary patients in whom GH has not been 
replaced display biochemical abnormalities that are 
linked strongly to the development of vascular disease. 
These patients have higher concentrations of total and 
low-density lipoprotein (LDL) cholesterol, apolipoprotein 
B98, and inflammatory cytokines such as CRP, IL6, and 
TNFα99; a prothrombotic profile100; and flow-mediated 
endothelial dysfunction.101 They manifest intima and 
media thickening and premature atherosclerosis of large 
vessels.102 These patients also have a higher level of plas-
minogen inhibitory activity and a higher concentration 
of fibrinogen,100 both of which are markers of increased 
atherothrombotic propensity. It remains unclear whether 
the increased cardiovascular mortality arises from GH 
deficiency or associated confounders such as suboptimal 
replacement therapies, surgery, and radiotherapy.101

Body Composition
GH deficiency adults manifest increased proportion of 
body fat and reduced lean mass.103,104 These body com-
position abnormalities are a consequence of the loss of 
lipolytic, antinatriuretic and anabolic actions of GH. The 
effects of GH on body fat and muscle can be seen in Fig-
ure 11-6, which shows striking changes in body physique 

TABLE 11-5 Causes of Growth Hormone 
Deficiency in 1798 Patients

Number %

Pituitary 991 55.1
Extrapituitary
 Cerebral* 83 4.6
 Extracerebral† 233 13.0
Nontumoral
 Inflammatory 66 3.6
 Trauma 40 2.2
 Infiltrative 21 1.2
 Other‡ 120 6.7
Idiopathic 244 13.6
Total 1798 100

*Includes gliomas, pinealomas, and dysgerminomas.
†Includes craniopharyngiomas, meningiomas, epidermoid cysts, and 

Rathke’s cysts.
‡Includes developmental malformations, irradiation other than for 

pituitary treatment, and empty sella.
Data from Rosen T, Bengtsson BA. Premature mortality due to cardio-

vascular disease in hypopituitarism. Lancet. 1990;336(8710):285-
288; Bates AS, Van’t Hoff W, Jones PJ, Clayton RN. The effect 
of hypopituitarism on life expectancy. J Clin Endocrinol Metab. 
1996;81(3):1169-1172; Bulow B, Hagmar L, Mikoczy Z, et al. In-
creased cerebrovascular mortality in patients with hypopituitarism. 
Clin Endocrinol (Oxf). 1997;46(1):75-81; Tomlinson JW, Holden 
N, Hills RK, et al. Association between premature mortality and 
hypopituitarism. West Midlands Prospective Hypopituitary Study 
Group. Lancet. 2001;357(9254):425-431.
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Figure 11-5 Magnetic resonance imaging (MRI) of congenital causes of growth hormone deficiency: sagittal (A) and coronal (B) pituitary imaging 
studies of a patient with isolated growth hormone (GH) deficiency caused by GH-1 gene deletion of 6.7 kb showing intact stalk, normal pituitary 
gland (black arrow), and posterior lobe (white arrow). Sagittal (C) and coronal (D) views of a patient with idiopathic isolated GH deficiency show-
ing stalk interruption, an ectopic posterior lobe (white arrow), and pituitary gland hypoplasia (black arrow). Sagittal (E) view of pituitary MRI of 
a 17-year-old patient with idiopathic GH deficiency, demonstrating a hypoplastic gland (black arrow), stalk hypoplasia (hollow white arrow), and 
an ectopic posterior pituitary gland (white arrow). (From Osorio MG, Marui S, Jorge AA, et al: Pituitary magnetic resonance imaging and function 
in patients with growth hormone deficiency with and without mutations in GHRHR, GH-1, or PROP-1 genes. J Clin Endocrinol Metab 87:5076-
5084, 2002.)

TABLE 11-6 Clinical Features of Adult Growth 
Hormone Deficiency

Symptoms

Increased body fat
Reduced muscle bulk
Reduced strength and physical fitness
Reduced sweating
Impaired psychological well-being

Depression
Anxiety
Reduced concentration
Reduced vitality and energy
Increased social isolation

Signs

Overweight
Increased adiposity, especially abdominal
Poor muscular development
Reduced exercise performance
Thin, dry skin
Depressed affect

Investigations

Peak GH response to hypoglycemia <3 mcg/L (all patients)
Low IGF-1 (60% of patients)
Hyperlipidemia: high LDL cholesterol, low HDL cholesterol
Elevated fasting insulin
Reduced bone mineral density

GH, Growth hormone; IGF, insulin-like growth factor; LDL, low-
density lipoprotein; HDL, high-density lipoprotein.

Figure 11-6 Body physique in a normal man before and 5 years after 
acquiring growth hormone deficiency as a result of pituitary surgery for 
a macroadenoma. Note the striking change in body composition with 
an accumulation of body fat, particularly in the abdomen, and marked 
loss of musculature. (Courtesy of Professor Peter Sonksen.)
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in a man before and 5 years after acquiring GH deficiency 
from surgery for a pituitary tumor.

These patients are more obese and display a dispro-
portionate increase in central abdominal fat.98 The ten-
dency toward central fat deposition is important because 
visceral obesity is linked to the development of insulin 
resistance, diabetes, and cardiovascular disease.105 Adults 
with GH deficiency are insulin resistant106 and manifest a 
higher prevalence of impaired glucose tolerance. Steatosis 
is highly prevalent and may be sufficiently severe to cause 
cirrhosis.107 The reduction of lean body mass in adult GH 
deficiency arises from the combined reduction of bone, 
muscle, and visceral mass, and extracellular fluid vol-
ume. Bone mass and density are reduced with the degree 
of osteopenia more severe in younger patients.108,109 
The risk for fracture is increased between twofold and 
threefold.110-112

Physical Performance
Patients show significant impairment of physical per-
formance and muscle strength.113 Exercise capacity is 
impaired with rates of maximal oxygen uptake reduced 
by about 30%.113,114 Exercise performance is dependent 
on numerous factors, including cardiorespiratory and 
neuromuscular muscle function. There is impaired cardiac 
function with reduced ventricular muscle mass, reduced 
ejection fraction, impaired ventricular filling,114-116 and 
diminished lung size, all of which contribute to reduced 
exercise capacity. As the skin is a target tissue of GH 
action, the eccrine sweat glands are hypoplastic. The skin 
of GH-deficient subjects is atrophic and dry.98 Reduced 
sweating increases susceptibility to hyperthermia during 
exercise, limiting exercise performance.

Quality of Life
Metabolic, body compositional, and functional abnormi-
ties in adult GH deficiency are accompanied by signifi-
cant impairment of psychological well-being and reduced 
quality of life. Fatigue, easy exhaustion, and lack of vital-
ity are common symptoms. Early studies using generic 
questionnaires revealed lower self-perception of qual-
ity of life, with patients regarding themselves as having 
reduced health, self-control, and vitality, and experienc-
ing increased anxiety.100,117 A Dutch survey of social 
integration reported impaired social status among GHD 
adults.118 The impairment is perceived to a greater extent 
in patients with adult-onset than in childhood-onset 
deficiency.93 Studies based on disease-specific question-
naires evaluating life satisfaction revealed marked impair-
ment in quality of life, regardless of country and cultural 
background.119 On average, scores from GH-deficient 
patients were approximately half those of the normal 
population.120 A recent study demonstrated significantly 
increased morbidity in patients with GHD, with hazard 
ratios approximately three times higher than in the normal 
population.121

Thus, the collective evidence indicates that adults who 
lack GH are not normal but suffer from metabolic abnor-
malities, disordered body composition, reduced physical 
fitness, impaired psychological well-being, and reduced 
quality of life.

The features of GH deficiency are recognizable but are 
not particularly distinct and mimic body compositional 
changes of aging.122 GH secretion itself decreases pro-
gressively with aging, which is associated with increas-
ing adiposity, which itself reduces GH secretion.123 Thus, 
clinical suspicion must be confirmed by accurate bio-
chemical diagnosis to ensure that GH-deficient patients 
are accurately identified and treated.

Who to Treat
GH deficiency should be defined biochemically within an 
appropriate clinical context. Biochemical testing for GH 
deficiency should be considered in patients with a high 
probability of hypothalamic-pituitary disease who man-
ifest clinical features of the syndrome.124 This includes 
patients with a history of organic hypothalamic-pituitary 
dysfunction, cranial irradiation, known childhood-onset 
GH deficiency, and TBI.56 Patients with childhood-onset 
GH deficiency should be retested as adults before they are 
committed to long-term GH replacement.124,125

Biochemical Diagnosis
Provocative Test
The diagnosis of adult GH deficiency is established by 
provocative testing of GH secretion. Patients should be 
receiving adequate and stable hormone replacement for 
other hormonal deficits before they undergo testing.124,125 
Provocative agents differ in the capacity to evoke a GH 
stimulus. Therefore, diagnostic cutoffs vary between pro-
vocative agents, each of which must be validated for the 
accurate diagnosis of GH deficiency. Table 11-7 shows 
validated provocative tests.

The ITT is the diagnostic test of choice for GH defi-
ciency.124,125 Provided adequate hypoglycemia (<2.2 
mmol/L or 40 mg/dL) is achieved, the ITT distinguishes 
GH deficiency from the reduced GH secretion that 
accompanies normal aging and obesity. The ITT should 
be performed in experienced supervised endocrine units. 
The test is contraindicated in patients with seizure disor-
der or ischemic heart disease. Normal subjects respond 
to insulin-induced hypoglycemia with a peak GH con-
centration greater than 5 mg/L provided adequate hypo-
glycemia (<2.2 mmol/L or 40 mg/dL) is achieved (Fig. 
11-7).70 Severe GH deficiency is defined by a peak GH 
response to hypoglycemia of less than 3 mg/L. These cut-
off values were defined in GH assays in which polyclonal 
competitive radioimmunoassays were used.70 However, 

TABLE 11-7 Validated Provocative Tests for the 
Diagnosis of Growth Hormone (GH) Deficiency

In Adults

Provocative Test GH Threshold (mg/L) Reference
Insulin-induced 

hypoglycemia
<5 138

Arginine-GHRH <9 179

GHRP6-GHRH <15 180

GHRP2-GHRH <17 181

GHRP2 <15 182

Glucagon <5 183
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GH immunoassay results vary between different meth-
ods; therefore the cutoff value may require appropriate 
adjustment.126

One stimulation test is sufficient for the diagnosis 
of adult GH deficiency. The GHRH plus arginine test, 
the GHRH plus GH-releasing peptide (GHRP) test, the 
glucagon stimulation test, and the GHRP2 test are vali-
dated alternatives to the ITT.124,125 The ITT evaluates the 
integrity of the hypothalamic-pituitary axis and has the 
added advantage of stimulating ACTH. Diagnostic tests 
employing GHRH and/or GHRP, both of which directly 

stimulate GH release from the pituitary gland, may miss 
GH deficiency due to hypothalamic disease.127 This is 
exemplified by studies in those treated with cranial irra-
diation, in which the ITT shows the greatest sensitivity 
and specificity within the first 5 years after irradiation.128 
If the peak GH level during a GHRH plus arginine test is 
normal in those who have received irradiation, then an 
ITT should also be performed. In irradiated patients and 
in those with inflammatory and infiltrative lesions, GH 
deficiency may develop many years after the initial insult. 
Therefore, this group should be followed over the longer 
term with repeat testing as clinically indicated.124,125

Biochemical Markers of GH Action
These markers include IGF-1, IGFBP-3, and the acid-
labile subunit of the IGF-1-BP complex. Of the three 
biochemical markers, the merit of IGF-1 has been the 
most intensively studied. Serum IGF-1 concentrations 
are useful only when age-adjusted normal ranges are 
used. Although IGF-1 levels are reduced in adult GH 
deficiency, a normal concentration does not exclude the 
diagnosis (see Fig. 11-6). A subnormal IGF-1 level in an 
adult patient with coexisting pituitary hormone deficits 
is strongly suggestive of GH deficiency, particularly in 
the absence of conditions known to reduce IGF-1 levels, 
such as malnutrition, liver disease, poorly controlled dia-
betes mellitus, and hypothyroidism. The separation of 
IGF-1 values between GH-deficient and normal subjects 
is greatest in the young. As IGF-1 levels decline in normal 
subjects with aging, IGF-1 becomes less reliable as a bio-
chemical marker of GH deficiency in patients older than 
50 years of age, when the values are merged with those of 
normal subjects.129 Measurement of IGFBP-3 or the acid-
labile subunit does not offer any advantage over IGF-1.130

Which Patients Do Not Require a Stimulation Test?
In patients with organic hypothalamic-pituitary disease, 
the prevalence of GH deficiency is strongly linked to 
the number of pituitary hormone deficits, ranging from 
approximately 25% to 40% with no deficit to virtually 
95% to 100% when more than three pituitary hormone 
deficiencies are present131 (Fig. 11-8). Patients with three 
or more pituitary hormone deficiencies and an IGF-1 level 
below the reference range have a >97% chance of being 
GH deficient and therefore do not need a GH stimula-
tion test.124,125 For young patients transiting childhood 
to adulthood, not all require a stimulation test to confirm 
GH deficiency (see below).

Outcome of Replacement Therapy
The benefit effects of GH replacement in adults with hypo-
pituitarism were first reported in 1989.104,132 Since then, 
the impact of GH replacement has been studied exten-
sively, and long-term experience of more than 10 years 
indicates that treatment provides sustained benefits.133,134

Metabolism
GH treatment induces profound effects on protein and fat 
metabolism, which result in significant changes in body 
composition. The anabolic effects arise from direct stimula-
tion of protein synthesis and reduction of protein oxidation. 
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Figure 11-7 Comparison of peak growth hormone (GH) concentration 
obtained during an insulin tolerance test (A), integrated GH concentra-
tion (IGHC) obtained from blood withdrawal every 20 minutes for 24 
hours (B), insulin-like growth factor (IGF)-1 (C), and IGF-binding protein 
(IGFBP)-3 concentrations (D) in patients with organic hypopituitarism 
and age- and sex-matched normal subjects. Dotted line, Limit of reading. 
(From Hoffman DM, O’Sullivan AJ, Baxter RC, Ho KKY: Diagnosis 
of growth hormone deficiency in adults. Lancet 343:1064-1068, 1994.)



20311 HYPOPITUITARISM AND GROWTH HORMONE DEFICIENCY

GH stimulates lipolysis and fat oxidation, enhancing the 
utilization of fat for energy metabolism. The marked effects 
of GH on substrate metabolism are accompanied by signifi-
cant stimulation of resting energy expenditure.104

In addition to exerting effects on the oxidative metabo-
lism of fat, GH reduces a significant shift in lipoprotein 
metabolism to a less atherogenic profile.101 Most stud-
ies report a decrease in total cholesterol. Less consistently 
reported are effects on increasing high-density lipoprotein 
(HDL) cholesterol and reducing levels of LDL cholesterol 
and apolipoprotein.135 The favorable effects of improving 
the lipoprotein profile are more evident after treatment is 
provided for longer than 1 year. Most studies report little 
effect on triglyceride levels.101

GH treatment reduces intimae-media thickness of the 
carotid arteries and improves flow-mediated endothe-
lium-dependent dilatation.136 The mean intimae-media 
thickness of the carotid vessels was significantly less after 
10 years of GH treatment when compared with that of 
an untreated GH-deficient group.133 The changes are 
not correlated to the reductions in plasma lipids. Proin-
flammatory factors such as CRP and interleukin (IL)-6, 
strongly implicated in the pathogenesis of vascular dis-
ease, decrease significantly with GH treatment.137 It is yet 
to be established that improvement in these risk markers 
translates to a reduction in cardiovascular mortality.101

Body Composition
GH replacement induces striking changes in body compo-
sition.98,104,132 One of the first studies of adult replacement 
reported a significant reduction in body fat of 18% and a 
corresponding increase in lean body mass of 10% over a 
6-month treatment period compared to placebo.104 These 
changes in body composition occurred without a significant 
change in body weight. Significant increases in extracellu-
lar water also occur as a consequence of the antinatriuretic 
properties of GH, which are dose dependent and involve 
activation of the renin-angiotensin system, as well as a 
direct renal tubular effect.138 Renal plasma flow and glo-
merular filtration rate are increased. The increase in extra-
cellular fluid volume contributes in part to the increase in 
lean body mass. The greatest reduction in body fat occurs 
in abdominal and visceral fat.139 Over a 15-year period, 
GH replacement induced a transient reduction in fat mass 
in the first 1 to 2 years, which was followed by a grad-
ual increment to pretreatment level. Lean mass increased 
mostly in the first 2 to 3 years, plateauing after 5 years.134

Bone remodeling is activated by GH. Markers of bone 
formation such as osteocalcin, alkaline phosphatase, 
and bone Gla protein, along with markers of resorption 
such as urinary hydroxyproline, are increased by GH 
treatment.98 BMD declines in the first 6 to 12 months of 
therapy before increasing steadily.140,141 Markers of bone 
turnover increase over the first 12 months but return to 
baseline after 3 to 4 years.142 BMD continues to increase 
for up to 10 years in the lumbar spine, whereas a decline 
in the femoral neck may start occurring sooner (Fig. 
11-9).142,143 The effects are much greater in men than in 
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Figure 11-8 Relation between the number of anterior pituitary hor-
mone deficits and the prevalence of growth hormone deficiency in 190 
patients with known pituitary disease. (From Toogood AA, Beardwell 
C, Shalet SM: The severity of growth hormone deficiency in adults with 
pituitary disease is related to the degree of hypopituitarism. Clin Endo-
crinol 41:511-516, 1994.)

Figure 11-9 Fifteen years of GH replacement on 
bone mineral densities at the lumbar (L2 to L4) spine 
(left) and femur neck (right) in adult men and women 
with GH-deficiency. The results are shown as per-
cent change from baseline. The vertical bars indicate 
the s.e.m. values shown. *P<0.05; ***P<0.001 ver-
sus baseline. P<0.01 for men versus women. (From  
Elbornsson M, Gotherstrom G, Bosaeus I, et al. Fifteen 
years of GH replacement increases bone mineral den-
sity in hypopituitary patients with adult-onset GH 
deficiency. Eur J Endocrinol 2012;166:787-795.)
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women and in the young with accretion occurring to a 
greater extent in the lumbar spine than in the femoral 
neck.144,145

Physical Performance
GH replacement improves exercise capacity in parallel 
with an increase in maximal oxygen uptake in GH-defi-
cient adults113,146 (Fig. 11-10). The improvement occurs 
within 6 months of therapy.147 The anaerobic threshold, 
a measure of submaximal exercise performance, increases 
significantly during GH treatment, suggesting that physi-
cal activities of daily living may be accomplished with less 
metabolic stress and subjective perception of effort.148 
Maximal workload and oxygen consumption increased 
progressively over a 5-year period of GH treatment.141 
Many factors may contribute to an improvement in 
exercise performance. These include enhanced cardiac 
function, increased red cell mass, and improved heat dis-
sipation through increased sweating. The data supporting 
a positive effect of GH on cardiac function are strong. 
Stroke volume, cardiac output, and diastolic function 
improve during GH treatment.113,149

Studies on muscle strength have revealed that improve-
ments emerge late. Most studies over 6 months have failed 
to show a benefit compared to placebo treatment.147 
The majority of studies assessing GH effects beyond 
12 months report significant improvement in muscle 
strength, although these are uncontrolled.9,150 The results 
of most studies suggest that the increased muscle strength 
in response to GH replacement is due to increased mus-
cle mass and not to intrinsic changes in the contractile 
function.114 Long-term observation of treatment over 10 
years shows that muscle strength increased gradually over 
the first 5 years and thereafter protects against the normal 
age-related decline in neuromuscular function, resulting 
in approximately normalized muscle strength.151

Quality of Life
Several double-blind, placebo-controlled studies using 
generic health-related quality-of-life questionnaires 

have reported improvement in GHD patients after GH 
replacement117,139 but not in some.140,152 The domains 
of energy, and emotional reaction from the Notting-
ham Health Profile assessment showed the greatest 
improvement during GH replacement. A large random-
ized placebo-controlled blinded trial based on partner 
evaluation by questionnaire reported that the patients 
were more alert, active, and industrious and had greater 
vitality and endurance during GH treatment.153 Later 
studies employing disease-specific tools have reported 
unequivocal improvement in measures of life satisfaction 
after GH replacement.120 A large survey of 304 patients 
showed not only an improvement in quality of life, but 
also significant reduction in the numbers of sick leave 
and doctor visits during 12 months of GH therapy.154 
However these latter studies have been criticized for 
being uncontrolled because a placebo effect cannot be 
excluded. In these uncontrolled studies using AGHDA, 
a disease-specific questionnaire, improvements in qual-
ity of life occur gradually attaining those of the general 
population over years (Fig. 11-11).155

Significant differences are noted in clinical and bio-
chemical presentation and responses to GH therapy 
between patients with childhood-onset and those with 
adult-onset GH deficiency.93 Height, body weight, and 
lean body mass are lower in those with childhood-
onset GH deficiency. The quality of life appears to be 
less disrupted in childhood-onset disease. During GH 
treatment, this group displays greater changes in body 
composition and greater increases in BMD and muscle 
strength, but lesser improvement in lipid profiles and 
quality-of-life measures, when compared with their 
adult-onset counterparts. The interesting differences at 
baseline and in responses to GH are likely to reflect the 
biological roles of GH at difference phases of life, as well 
as the psychological impact of GH injections given to 
the developing child. A patient with adult-onset disease 
is likely to recognize the restoration of quality of life to 
a level experienced acquired before GH deficiency. In 
contrast, adults who received GH as a developing child 
have grown up with and adapted to the condition and 
are likely to harbor negative recollections of enforced 
daily injections. As GH therapy is terminated on epiph-
ysis closure, which occurs before somatic maturation, 
conventionally GH-treated children may not reach their 
physical and developmental potential on termination 
of GH treatment for dwarfism.156 The data suggest the 
existence of two clinical entities, developmental and 
metabolic, which reflect the function of GH at different 
stages of life.93

Transition Age Patients
GH treatment of the GH-deficient child normally is termi-
nated when final height and epiphysis closure are reached. 
These patients who transition from the time of cessation 
of linear growth, do not attain somatic and structural 
skeletal maturity that continue to occur in the early years 
of normal adulthood. Muscle mass and strength continue 
to increase in normal subjects after puberty; this does not 
occur in GH-deficient subjects.156,157 In normal adults 
95% of peak bone mass is achieved in the mid-twenties.158 

M
ax

im
al

 o
xy

ge
n 

up
ta

ke
 (

L/
m

in
)

0

1.6

1.8

2.0

2.2

2.4

2.6

2.8

0 3 6

Placebo

GH

Figure 11-10 Maximal exercise capacity in growth hormone (GH)-
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Exercise capacity was measured as maximal oxygen uptake during in-
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Continuing with GH for 2 years in patients who com-
pleted growth resulted in BMD gains that exceed those 
that occurred in those with a similar degree of GH defi-
ciency who did not received GH.159,160

A significant proportion of patients with childhood-
onset GH deficiency exhibit normal GH response when 
retested at the end of completion of GH treatment. The 
requirement for continued GH treatment should be evalu-
ated carefully, as proposed by the European Society for 
Paediatric Endocrinology161 (Fig. 11-12). GH testing is not 
required for those with a transcription factor mutation (e.g., 
Pit-1, PROP-1), those with more than three pituitary hor-
mone deficits, and those with isolated GH deficiency asso-
ciated with an identified mutation (e.g., GH-1, GHRHR). 
All other patients should undergo GH testing after at least 
1 month off GH treatment. GH-deficient children should 
continue GH treatment after puberty to complete somatic 
maturation of muscle and bone.124,125

GH-Deficient Older Adults
The limited data mainly in patients over 60 years of age 
have reported improvements in body composition, reduc-
tion in waist circumference, reduction in total and LDL 
cholesterol, and improvements in quality of life but little 
change in BMD or in cognition.162 Overall the benefits 
appear limited, and the question of whether age limit should 
be imposed for GH replacement therapy is unresolved.

Management
Dosage
GH secretion is greater in younger individuals than in 
older ones, and in women than in men. It therefore is 
recommended that the starting dose of GH in young men 
and women be 0.2 and 0.3 mg/day, respectively, and in 

Figure 11-11 Response in QoL (as mea-
sured by the QoL-AGHDA in relation to 
general population values) during long-
term GH treatment in GH-deficient pa-
tients aged below and above 60 years of 
age. Pooled data from England and Wales, 
The Netherlands, and Sweden. The dia-
mond line depicts the general population 
level. (From Koltowska-Haggstrom M, 
Mattsson AF, Shalet SM. Assessment of 
quality of life in adult patients with GH 
deficiency: KIMS contribution to clinical 
practice and pharmacoeconomic evalua-
tions. Eur J Endocrinol 2009;161 Suppl 
1:S51-S64).

Years

Follow-up

No. of pat. > 60 years: 375 247 223 172 134 100 64
No. of pat. < 60 years: 1336 968 868 711 524 408 286

210 43 5 6

–6

–4

–2

0

2

4

–12

–10

–8

>60 years

<60 years

General population
Mean = 4.7; n = 1135 > 60 years
Mean = 5.0; n = 2630 < 60 years

Evaluation of GH status at the end of growth

Discontinue GH for at least 1 month*

High likelihood severe GHD

Measure serum IGF-I

Both
normal

≤−2SD-
diagnosis
confirmed

>−2SD- 
undertake GH
stimulation test

Low likelihood severe GHD

Undertake GH stimulation test
and measure serum IGF-I

Both low-
diagnosis
confirmed

Low peak
GH*

Normal
peak GH*

Reconsider
diagnosis

Discharge unless
risk of evolving
endocrinopathy

Restart GH Restart GH Follow-up

Tests
discordant

Figure 11-12 An approach to the reevaluation of growth hormone 
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older individuals 0.1 mg/day.124,125 Dose determination 
based on body weight is not recommended. It is recom-
mended that GH be administered in the evening to mimic 
the greater secretion of GH at night. Dose escalation 
should be gradual, individualized, and guided by clini-
cal and biochemical response. Long-acting preparations 
of human GH are under evaluation for long-term safety 
and efficacy.

A physical examination, including anthropometric 
measurements such as waist circumference and skin folds, 
and careful history, with particular attention to quality-of-
life questions, are of great value in monitoring treatment; 
where possible, the partner’s input should be sought. 
Serum IGF-1 is the most useful biochemical marker of 
GH response, the level of which should be maintained 
within an age-adjusted normal range. Clinical monitoring 
should include assessment of body composition with dual 
x-ray absorptiometry and lipid measurements.

Interaction
GH may influence the metabolism of many substances, 
including hormones and medications. GH stimulates 
the activity of the hepatic cytochrome P-450 system, 
a major pathway of the oxidative metabolism of sev-
eral drugs, including anticonvulsants. It is likely that 
dosage adjustments may be necessary in patients com-
mencing GH treatment. Cortisol also is metabolized 
by the hepatic cytochrome P-450 system. Biochemical 
evidence indicates that GH increases the metabolic dis-
position of cortisol, increasing the risk for adrenal insuf-
ficiency.163,164 This arises in part from the inhibition by 
GH of 11β-hydroxysteroid dehydrogenase type 1 (11β-
HSD1), which converts inactive cortisone to active cor-
tisol. GH-deficient patients receiving GH therapy should 
be strongly advised to increase the dosage of glucocorti-
coids when unwell, as is generally recommended.

GH stimulates the peripheral conversion of T4 to tri-
iodothyronine (T3). This effect may be seen frequently as 
a decrease in circulating T4 levels, particularly in patients 
taking thyroid hormone replacement for hypopituita-
rism.132 If T3 is not monitored during GH replacement, a 
decrease in T4 may be misinterpreted as inadequate sub-
stitution, and this may lead to an unnecessary increase in 
the dosage of thyroid hormone replacement.

Sex steroids exert significant modulatory effects on GH 
action. Estrogen exerts significant effects on hepatic func-
tion that are dependent on the route of administration. 
When compared with estrogen given by the transdermal 
route, oral estrogen reduces IGF-1 and fat oxidation—
effects that are opposite to those of GH.165 Estrogens 
inhibit the function of the GH receptor.166 GH-deficient 
women who are also hypogonadal should receive estro-
gen by a nonoral route during GH replacement, because 
oral but not transdermal estrogen attenuates the biologi-
cal effects of GH.167 Fifty percent more GH was required 
during oral estrogen treatment than during transdermal 
administration to maintain an equivalent IGF-1 level, 
and the waste is even greater when contraceptive instead 
of replacement doses are prescribed168-170 (Fig. 11-13). 
In contrast, androgens enhance the metabolic effects of 
GH. The divergent effects of estrogens and androgens on 

GH action provide a likely explanation for the observa-
tion that women are less responsive than men to GH151 
(Fig. 11-14). Over a 10-year treatment period, the average 
weight-adjusted dose for women was 30% to 40% higher 
than for men to achieve normalization of IGF-I. However, 
the reduction in fat mass and gains in lean mass and BMD 
are less than those of men (see Fig 11-13).143,151 Thus, 
women require a larger dose of GH than is required by 
men but still achieve a lesser degree of body compositional 
change.

Safety
The global experience of 10 to 15 years attest to the safety 
of GH replacement therapy in adults.134,171 The most 
common acute side effects arise from the antinatriuretic 
action of GH, which causes fluid retention (Table 11-8). 
These manifest as dependent edema, paresthesia, and car-
pal tunnel syndrome and occur with greater frequency in 
older patients. However, the symptoms are mild and dose 
related and resolve in most patients either spontaneously 
or with dosage reduction.172

GH replacement in adult GH-deficient patients may 
cause insulin resistance, raising concerns of potential 
increased risk for developing diabetes mellitus. Only 
two cases of reversible diabetes were reported from two 
European multicenter trials with a combined total of 400 
patients.173 Insulin sensitivity did not change after 7 years 
of GH treatment.174 A large pharmaceutical surveillance 
study of over 6000 patients reported that the incidence 
of diabetes mellitus was no greater among GH-replaced 
patients than the general population, however the inci-
dence was over 6 times higher in the obese compared to 
the nonobese patients.105 This obesity increases the risk 
for developing diabetes during GH replacement therapy.

Because GH promotes the growth of tissues, there is 
concern that GH therapy may increase the risk for pitu-
itary tumor recurrence or the development of neopla-
sia. Analysis of the extensive pediatric experience shows 
no convincing evidence for a causal link between GH 
treatment and tumor recurrence or the development of 
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Figure 11-13 The effect of route and type of estrogen therapy on the 
sensitivity of GH therapy in women with hypopituitarism. The GH sen-
sitivity index was calculated as change in IGF-1 level (nmol/L) by dose 
of GH (mg). Created using data from studies167-169. (From Birzniece V, 
Ho KK. Growth and development: patching up a better pill for GH-
deficient women. Nat Rev Endocrinol 2012;8:197-198.)
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neoplasia,175 including leukemia.176 Two retrospective 
studies have reported an unexpected increase in malig-
nancy among hypopituitary adults not replaced with GH  
compared to the general population.9,121 (Svensson; Sto-
chholm) Two pharmaceutical data bases totaling over 
20,000 patients treated with GH for 3.7 to 4.8 years have 
reported the incidence of primary malignancies to be 
similar to that of the general population.177,178 The most 
common cancers were skin, prostate, and breast. The 
incidence of mortality, intracranial tumor recurrence, 
diabetes, and cardiovascular events was not different to 
that of an untreated group of patients.178 The follow-up 
period was of insufficient duration to be conclusive about 
long-term events.

Contraindications
Contraindications to GH replacement include active 
malignancy, benign intracranial hypertension, and prolif-
erative retinopathy. Pregnancy is not a contraindication, 
although treatment should be discontinued in the second 
trimester, as GH is produced by the placenta.124

TABLE 11-8 Treatment Guidelines for Growth 
Hormone (GH) Replacement in Adult GH Deficiency

Pretherapy Adequate replacement of other hormone deficiencies
Pituitary imaging
Body composition
IGF-1, BSL, lipids

Starting dose 0.2 mg/day for men and 0.3 mg/day for women
Adjustments Small monthly increment, 0.01-0.15 mg/day
Monitor IGF-1 (dose titration)

BSL, lipids
Weight, body composition, quality-of-life mea-

sures
Side effects Edema, arthralgia, myalgia, paresthesia
Dosage con-

siderations
Avoid weight-based regimens. Titrate to IGF-I 

age-stratified normal range
Women require more GH than men.
Elderly require less GH than the young.
Requirements are greater with oral than with 

transdermal estrogen therapy in women.
Contraindi-

cations
Malignancy, intracranial hypertension, prolifera-

tive retinopathy

BSL, Blood sugar level; IGF-1, insulin-like growth factor-1.

Figure 11-14 Ten-year GH replace-
ment in 61 men and 48 women with 
GH deficiency showing (A) daily dose 
(mcg/kg/day), (B) IGF-I standard de-
viation score (SDS), (C) changes in 
fat mass, and (D) lean body mass. 
Women require a greater dose of GH 
to achieve a similar IGF-I response but 
achieve lesser changes in fat and lean 
body mass compared to men. (From 
Gotherstrom G, Elbornsson M, Sti-
brant-Sunnerhagen K, et al. Ten years 
of growth hormone (GH) replacement 
normalizes muscle strength in GH-
deficient adults. J Clin Endocrinol 
Metab. 2009;94:809-816).
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CONCLUSION
Hypopituitarism increases morbidity and mortality in 
affected patients. The extent to which GH deficiency con-
tributes to excess morbidity and mortality awaits con-
firmation from prospective long-term studies. Adequate 
and appropriate hormone replacement is mandatory in 
the treatment of hypopituitary patients. Based on global 
evidence of efficacy and safety, adults with GH defi-
ciency should be replaced with GH, a principle consis-
tent with the tenet of hormone replacement for hormone 
deficiency in the practice of endocrinology. Because GH 
remains expensive, it is important that its use in adults be 
restricted to patients with proven GH deficiency.

The modern management of hypopituitarism and 
GH deficiency should also focus on their prevention. By 
restriction of surgery to experienced centers and replace-
ment of conventional radiotherapy with stereotactic sur-
gery, the incidence of long-term hypopituitarism will be 
significantly reduced in the future.
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Acromegaly
Shlomo Melmed

c h a p t e r  12

Acromegaly is a disease of spectacular growth and meta-
bolic disorders that has fascinated physicians for centu-
ries. The natural history of the disorder, if left untreated, 
results in gross acral and facial disfigurement, musculo-
skeletal disability, cardiac failure, respiratory dysfunc-
tion, diabetes, and accelerated mortality.1-3 If the disease 
occurs before epiphyseal closure, gigantism results.1 After 
the first modern description of the disease in 1886 by 
Marie,4 it was subsequently recognized that the disorder 
is associated with a growth hormone (GH)-secreting ade-
nohypophyseal adenoma, resulting in both a central mass 
lesion and the protean peripheral effects of sustained tis-
sue exposure to high GH levels.1,5,6

PATHOGENESIS
The pathogenetic events that underlie the etiology of pitu-
itary acromegaly include excessive pituitary somatotroph 

cell proliferation and unrestrained GH hypersecretion 
(Fig. 12-1).5 GH is secreted by somatotroph cells, the 
largest differentiated compartment of the anterior pitu-
itary. GH secretion is under dual hypothalamic inhibitory 
control: somatotropin release-inhibiting factor (SRIF) 
inhibits secretion, and GH-releasing hormone (GHRH) 
stimulates both GH synthesis and secretion.7,8 Ghrelin, a 
gut-derived peptide, binds to the GHS receptor and acts 
primarily at the hypothalamus to induce GH. Insulin-like 
growth factor 1 (IGF-1), the peripheral target molecule 
for GH action, participates in negative GH feedback inhi-
bition by acting both at the hypothalamus to induce SRIF 
and directly at the pituitary to inhibit GH gene transcrip-
tion.9-11 Peripheral sex and adrenal steroids also regulate 
GH secretion.7,12,13 GH itself binds to peripheral GH 
receptors that elicit signaling by JAK/STAT (Janus kinase/
signal transducer and activator of transcription) intracel-
lular phosphorylation cascades.14-16 GH acts directly to 
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K E Y  P O I N T S

 •  Acromegaly is caused by a GH-secreting pituitary adenoma.
 •  High levels of GH and IG-1 lead to acral and metabolic dysfunction.
 •  If uncontrolled, the disorder is associated with increased morbidity and mortality, 

mainly from cardiovascular, respiratory, and metabolic disorders.
 •  Treatment options include surgical excision, radiotherapy, and medical therapies.
 •  Long-term surveillance and management is required to achieve optimal control of   

co-morbidities and mortality.
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attenuate insulin action and induce lipolysis.17 Most of 
the growth-promoting actions of GH are indirectly medi-
ated by IGF-1, which is synthesized in the liver, kidney, 
pituitary, gastrointestinal tract, muscle, and cartilage.16,18 
GH actions mediated by IGF-1 include protein synthesis; 
amino acid transportation; muscle, cartilage, and bone 
growth; DNA and RNA synthesis; and cell prolifera-
tion.19,20 Local production of IGF-1 may be under auto-
crine and paracrine regulation,21 acting in concert with 
circulating IGF-1 and GH to elicit a final tissue impact.

Excess Growth Hormone Secretion
Tumors may arise from clonal expansion of one or more 
of the anterior pituitary differentiated cell types22,23 and 
thereby result in specific hormone hypersecretory syn-
dromes.24 The most common cause of acromegaly is a 
somatotroph (GH-secreting) adenoma of the anterior 
pituitary, which accounts for 30% of all hormone-secret-
ing pituitary adenomas (Fig. 12-2). GH-secreting adeno-
mas arise from differentiated cells secreting GH gene 
products1,23 (Table 12-1). These cells include somato-
trophs, mixed mammosomatotrophs (secreting both GH 

and prolactin [PRL]), or more primitive acidophilic stem 
cells. Regardless of their cellular origin, transformation 
and subsequent replication of these cells result in ade-
noma formation as well as unrestrained GH secretion.1 
Most patients harbor densely granulated GH cell adeno-
mas, which are commonly encountered in older patients 
with indolent disease progression.23 Sparsely granulated 
GH cell adenomas occur in younger patients with more 
aggressive disease onset and higher GH levels.1,2,25 Mam-
mosomatotroph cell tumors, or discrete mammotroph and 
somatotroph tumors, reflect the common stem cell origin 
of the somatotroph cell lineage.2,22,23,26,27 Although acid-
ophil stem cell adenomas secrete GH, their predominant 
product is PRL, thus accounting for the high incidence 
of hyperprolactinemic symptoms (galactorrhea, amenor-
rhea, infertility) initially seen in these patients.28 Patients 
with McCune-Albright syndrome also may have acro-
megaly, although the presence of a discrete GH-cell ade-
noma has been inconsistently reported in these cases.29 
Rarely, acromegaly may occur in patients with a partially 
empty sella. The rim of pituitary tissue30 surrounding the 
empty sella may harbor a small endocrinologically active 
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GH-secreting adenoma not visible on magnetic resonance 
imaging (MRI) (i.e., <2 mm in diameter). Because embry-
onic pituitary tissue originates from the nasopharyngeal 
Rathke’s pouch, ectopic pituitary adenomas may arise in 
remnant nasopharyngeal tissue along the line of primitive 
adenohypophysial migration. These adenomas may not 
be detected on pituitary MRI fields, and more extensive 
skull base imaging may be required. Very rarely, ecto-
pic GH production by pancreatic,31 lung,32 ovarian,33 or 
lymphocytic neoplasms34 may result in acromegaly.

Excess Growth Hormone-Releasing Hormone Secretion
Excessive circulating levels of GHRH may overstimulate 
the pituitary and cause somatotroph hyperplasia, GH 
hypersecretion, and acromegaly.35 Central overproduc-
tion of GHRH may occur in patients harboring hypo-
thalamic hamartomas or gangliocytomas.35 These rare 
tumors are usually diagnosed by pathologic examination 
of a surgically resected sellar mass causing GH hyperse-
cretion and acromegaly.36 Ectopic GHRH production by 
carcinoid tumors, although rare, accounts for most cases 

Figure 12-2 Pathogenesis of ac-
romegaly. GHRH, GH-releasing 
hormone; GHS, GH secretagogue 
including ghrelin. (Modified from 
Melmed S. Acromegaly. New Engl J 
Med. 2006;355:2558-2573.)
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TABLE 12-1 Clinical and Pathologic Characteristics of Growth Hormone-Secreting Pituitary Tumors

Cell Type Hormonal Products Clinical Features Histologic Features

Densely granulated  
somatotroph

GH Slow growing Numerous somatotrophs with large 
secretory granules

Sparsely granulated  
somatotroph

GH Rapidly growing
Often invasive

Cellular pleomorphism

Mixed cell  
(somatotroph/lactotrope)

GH and PRL Variable Densely and sparsely granulated 
somatotrophs and lactotrophs

Mammosomatotroph GH and PRL Commonly in children
Gigantism
Mild hyperprolactinemia

Both GH and PRL in same cell, often 
same secretory granule

Acidophil stem cell PRL and GH Rapidly growing/invasive
Hyperprolactinemia dominant

Distinctive ultrastructure
Giant mitochondria

Plurihormonal cell GH (PRL) with α-GSU, 
FSH/LH, TSH, or 
ACTH

Often, secondary hormonal products are 
clinically silent

Rarely hyperthyroidism or Cushing’s 
disease

Variable: either monomorphous or 
plurimorphous

Somatotroph carcinoma GH Aggressive and invasive Rigorously documented extracranial 
metastasis

ACTH, Adrenocorticotropic hormone; FSH, follicle-stimulating hormone; GH, growth hormone; GSU, α-glycoprotein subunit; LH, luteinizing 
hormone; PRL, prolactin; TSH, thyroid-stimulating hormone.

Adapted from Melmed S. Pathogenesis of pituitary tumors. Endocrinol Metab Clin North Am. 1992;21:553-574.
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of ectopic acromegaly. Subclinical GHRH immunore-
activity has been demonstrated in about 40% of lung, 
abdominal, and bony carcinoid tissue specimens.37

Pituitary somatotroph hyperplasia with acromegaly 
associated with ectopic GHRH production has been 
reported in more than 100 patients, and the original iso-
lation of GHRH was accomplished from a pancreatic 
carcinoid tumor.38 Because the peripheral features of 
hypersomatotropism are similar in all forms of pituitary 
and nonpituitary acromegaly, diagnosis of the etiology of 
the disease may be clinically challenging.1

Acromegaloidism is a rare syndrome characterized by 
acromegalic features with no discernible pituitary tumor 
and normal serum GH and IGF-1 concentrations. It has 
been presumed that this disorder is caused by excess secre-
tion of a putative, as yet unidentified, growth factor.39

Role of the Hypothalamus in the Etiology of Acromegaly
Hypothalamic GHRH and SRIF selectively regulate 
GH gene expression and secretion.7 These hypotha-
lamic peptide hormones are expressed both within the 
anterior pituitary gland itself and within GH-secreting 
pituitary tumors.40,41 GHRH, in addition to its hor-
monal regulation of GH production, induces somato-
troph DNA synthesis.42 Mice bearing an overexpressing 
GHRH transgene are subject to somatotroph hyperpla-
sia and ultimately to pituitary adenomas.43,44 In patients 
with carcinoid tumors and ectopic GHRH production, 
somatotroph hyperplasia and occasionally adenomas 
also may develop, which suggests that disordered endo-
crine or paracrine GHRH or SRIF action may be per-
missive for pituitary tumor growth.24 GHRH signaling 
defects also have been identified in acromegaly. Constitu-
tive activation of the GHRH receptor G-protein signal-
ing unit facilitates ligand-independent induction of GH 
gene expression. This gsp mutation results in guanosine 
triphosphatase (GTPase) inactivation, with subsequent 
elevated cyclic adenosine monophosphate (cAMP) lev-
els and GH hypersecretion.45,46 Excessive CREB (cAMP 
response element binding protein) serine phosphoryla-
tion also may account for activation of the CREB—Pit-1 
(pituitary specific transcription factor 1) signaling unit in 
a subset of GH-cell adenomas.47

Pituitary tumor-derived paracrine GHRH or SRIF or 
both also may regulate tumor growth or function, although 
constitutively activating hormone receptor structural muta-
tions have not been identified clinically. A truncated alterna-
tively spliced GHRH receptor transcript has been described, 
but its functional significance is unclear.48 In light of com-
pelling evidence favoring intrinsic genetic defects occurring 
in GH-secreting pituitary tumors, as discussed later, it is 
apparent that hypothalamic influences may be permissive 
of tumor growth rather than being proximally involved in 
the initiation of somatotroph tumorigenesis.24

Intrinsic Pituitary Lesions
Virtually all GH-cell adenomas arise as discrete clonal 
expansions of a transformed cell49 (Table 12-2). This 
monoclonal origin implies that intrinsic genetic altera-
tions account for tumorigenic initiating events and sup-
ports abundant earlier clinical observations that resection 

of small well-circumscribed adenomas usually results in 
surgical cure of GH-secreting adenomas.24,50

Because adenohypophyseal tissue surrounding the 
pituitary adenoma is histologically normal, it is unlikely 
that multiple independent cellular growth events (e.g., 
generalized hyperplasia) precede adenoma formation. 
Increasing evidence points to complex molecular cas-
cades accounting for the cellular progression, resulting 
in pituitary-cell transformation, and, ultimately, tumor 
formation. Multistep development of pituitary acromeg-
aly involves a spectrum of genetic alterations associated 
with dysregulation of cell proliferation, differentiation, 
and GH production.24 Activation of oncogene function 
or inactivation of tumor-suppressor genes or both may 
account for these changes24,51 (see Table 12-2).

Candidate Genes in the Etiology of Acromegaly
Inactivating Mutations
Several transgenic animal models have shown that dis-
ruption of tumor-suppressor genes (including RB [retino-
blastoma] and p27) results in a high incidence of pituitary 
tumor formation in afflicted mice.52,53 Because a variety 
of chromosomal loss of heterogeneity (LOH) patterns are 
observed in human adenomas, loss of tumor-suppressor 
gene activity was similarly postulated for human tumors 
(Table 12-3).

Several chromosomal lesions occur in pituitary tumor 
tissue derived from patients with sporadic nonfamilial 
acromegaly. LOH involving chromosomes 11q13, 13, 
and 9 occurs in up to 20% of sporadic54-56 pituitary 
tumors. Despite the multiple endocrine neoplasia type 1 
(MENI) gene location on chromosome 11, non-MENl 
patients with sporadic pituitary tumors and 11q LOH 
harbor intact coding and intronic sequences, with appro-
priately expressed MEN1 messenger RNA (mRNA).55 
Lesions in chromosomes 13 and 9 also are more prevalent 
in invasive or larger adenomas.51 Chromosome 13q LOH 
occurs in proximity to the RB locus and was found in 13 
aggressive pituitary tumors, whereas small circumscribed 
tumors exhibit intact RB alleles.57 These results suggest 
the presence of putative tumor-suppressor genes located 
on chromosomes 11 and 13 that may be involved in con-
trolling the propensity for pituitary tumor proliferation. 

TABLE 12-2 Evidence for an Intrinsic Pituitary 
Defect in the Pathogenesis of Acromegaly

GH-secreting adenomas are monoclonal
Absence of somatotroph hyperplasia in normal pituitary tissue 

surrounding pituitary adenomas
Successful surgical cure of well-circumscribed GH cell adenomas 

is achieved in >75% of patients
Adenoma transformation is rarely associated with generalized 

somatotroph hyperplasia
Unrestrained GH hypersecretion occurs independent of physiologic 

hypothalamic feedback control
Normalization of GH pulsatility often occurs after complete 

adenoma resection

GH, Growth hormone.
Adapted from Drange MR, Melmed S. IGFs in the evaluation of  

acromegaly. In: Rosenfeld RG, Roberts CT, eds, Contemporary  
Endocrinology. The IGF System: Molecular Biology, Physiology, 
and Clinical Applications. Totowa, NJ: Humana; 1999:699-720.
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Germline aryl hydrocarbon receptor interacting protein 
(AIP) mutations were discovered in a subset of young 
patients with familial acromegaly.58,59 Moreover, trans-
genic mice heterozygous for AIP inactivation develop 
GH-expressing pituitary adenomas with complete pen-
etrance.60 Suggested mechanisms underlying these 
observations include disrupted aryl hydrocarbon recep-
tor nuclear translocator 1 or 2 functions. Despite these 
heterogeneous chromosomal LOH patterns, and rarely 
encountered AIP mutations, consistent loss of tumor-sup-
pressor gene activity has not been identified for somato-
troph adenomas. Although tumor invasiveness or size 
correlates with an increased propensity for chromosomal 
LOH,51 identification of a specific molecular lesion lead-
ing to loss of antiproliferative activity in GH-secreting  
tumors remains elusive24 (see Table 12-2).

Activating Mutations
GTPase acts to inactivate stimulatory G (Gs) proteins that 
induce adenyl cyclase and intracellular cAMP accumula-
tion.61 Missense mutations replacing residue 201 (Arg → 
Cys or His) or 227 (Gln → Arg or Leu), termed gsp, result 
in persistently elevated ligand-independent Gs activity and 
constitutively elevated cAMP and GH hypersecretion.45 
Gsp mutations occur in a subset of GH adenomas, with a 
prevalence ranging from 30% to 40% in Caucasians61-66 
to 10% in Japanese67 patients with acromegaly. Clini-
cal or biochemical correlations have not been associated 
with gsp mutations.45,68 Thus, although these mutational 
events suggest a compelling mechanism for explaining 
GH cell hypersecretion, their clinical significance has not 
been apparent (Table 12-3), because the natural course of 
the disease does not differ in gsp +ve or gsp -ve patients.

Rarely, ras mutations have been observed in highly inva-
sive pituitary tumors or their extrapituitary metastases.69,70 
Development of true GH-cell carcinoma with documented 
extracranial metastases, however, is exceedingly rare69 (see 
Table 12-3).71 A pituitary tumor-transforming gene (PTTG) 
was isolated from rat GH-secreting pituitary tumor cells72 
and is functionally homologous to yeast securin, which reg-
ulates sister chromatid separation during mitosis.73 PTTG 
overexpression results in cell transformation in vitro and 
experimental pituitary tumor formation in vivo. PTTG 
mRNA is abundant in GH-producing tumors, with more 
than tenfold increases evident in larger tumors.74 The 
strong transforming potential of PTTG indicates a role in 
early induction of GH cell transformation, by inappropriate 
regulation of the pituitary cell cycle73,75 (see Table 12-3). As 
a consequence, more than 70% of GH-secreting adenomas 
exhibit features of DNA damage and premature prolifera-
tive arrest. These include increased p21 and beta-galactosi-
dase expression, all features of cellular senescence.71

Familial Syndromes
Acromegaly may occur as a component of MEN syn-
dromes, including the Carney complex or MEN1. The 
Carney complex consists of myxomas, spotty skin 
pigmentation, and testicular, adrenal, and pituitary 
tumors.76-79 About 20% of patients with this autoso-
mal-dominant syndrome associated with chromosome 
2p16 harbor GH-secreting pituitary tumors.76

MEN1, an autosomal-dominant syndrome, consists of 
hyperplastic or adenomatous parathyroid glands, endo-
crine pancreas, and anterior pituitary.80 Pituitary adeno-
mas develop in almost half these patients, with GH cell 
adenomas reported in about 10% of afflicted subjects. The 
MENI gene is located on chromosome 11q13, and LOH 
of chromosome 11q13 occurs in pancreatic, parathyroid, 
and pituitary tumors of patients with MEN1.80 Inactiva-
tion of the MEN1 tumor-suppressor gene likely accounts 
for the syndrome, in accordance with Knudson’s “two hit” 
theory whereby both inherited allelic germline mutations 
and a somatic deletion are required for inactivation of 
both specific alleles and subsequent tumor formation.81,80

Isolated familial acromegaly or gigantism not associ-
ated with MEN has rarely been reported.82,83 Chromo-
some 11q13 LOH with no discernible MEN 1 mutation 
was detected in the pituitary adenomas of two brothers 
with gigantism.84 Low prevalence germline mutations of 
the aryl hydrocarbon receptor-interacting protein (AIP, 
located on 11q 13.3) gene were reported as predisposing 
to a subset of patients with familial acromegaly and gigan-
tism58; 15% of families with isolated familial acromegaly 
exhibit AIP mutations, and tumors are encountered with 
gigantism at a younger age in subjects harboring a muta-
tion.59,85 AIP has been proposed as a tumor-suppressor 
gene for pituitary adenomas,60,86 however the clinical 
significance of these findings to the broad population of 
sporadic GH-secreting tumors is at present unclear.

Epidemiology of Acromegaly
Acromegaly is a rare disease, and accurate assessment 
of its prevalence in the community has been difficult to 

TABLE 12-3 Tumor-Suppressor Genes and 
Oncogenes Associated with GH-Cell Adenomas

Protein Defect Function

Tumor-Suppressor Genes

MEN1 Menin Mutation or 
deletion

Nuclear; function 
unknown

P161NK4a P16 Methylation CDK4 inhibitor; 
loss of cell-cycle 
regulation

AIP AIP Mutation Unclear

Oncogenes

gsp 
(GNAS1)

Gsα 
subunit 
of G 
protein

Missense  
mutation at 
codon 201 
or 227

Inactivates in-
trinsic GTPase; 
constitutive 
activation of 
adenyl cyclase

H-ras Ras Missense  
mutation at 
codon 12, 
13, or 61

Constitutive 
activation; 
associated with 
metastases

Pttg PTTG Overexpres-
sion

Promotes  
transformation

GH, Growth hormone; GTPase, guanosine triphosphatase; PTTG, 
pituitary tumor-transforming gene.

Adapted from Drange M, Melmed S. Etiopatogenia de la acromegalia. 
In: Webb S, ed. Libro de la acromegalia. Barcelona, Spain: Accion 
Medica; 1998.
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ascertain. In Newcastle, England, an annual incidence 
of 2.8 new patients per million adult population was 
reported, with an approximate point prevalence of 38 
cases per million adult population.87 A higher incidence 
was reported in Sweden, where the average prevalence of 
the disease was reported to be 69 cases per million.88,22 
Recent data from the United Kingdom and Belgium point 
to an approximate tenfold higher incidence.89,90 If these 
results are projected to the population of the United States, 
up to 2000 new cases would be expected annually, and 
GH-secreting pituitary adenomas would be present but 
undiagnosed in 10,000 to 20,000 persons. The mean age 
at diagnosis is 40 to 45 years, and its insidious onset may 
cause the disease to not be diagnosed until 10 to 12 years 
after symptom onset.91,92 This long delay in diagnosis is 
often because of the subtle and slow onset of common 
symptoms, including headache, joint pains, jaw malocclu-
sion, or mild type 2 diabetes. Furthermore, this relatively 
long time delay allows a prolonged exposure of peripheral 
tissues to unacceptably elevated GH and IGF-1 levels.

DIAGNOSIS
Persistent GH hypersecretion is the hallmark of acromeg-
aly. Excess GH stimulates hepatic production of IGF-1, 
which is responsible for most of the clinical manifesta-
tions of acromegaly.93-96 The diagnosis is often delayed 
because of slow clinical progression throughout many 
years. Heightened clinical awareness may result in ear-
lier diagnosis. Although serum GH and IGF-1 concen-
trations are both increased in virtually all patients with 
acromegaly, serum IGF-1 levels may be discordant with 
GH increases. When acromegaly, is suspected, biochemi-
cal testing is required to confirm the clinical diagnosis, 
and imaging techniques are used to localize the cause of 
excess GH secretion (Table 12-4).

Documenting Growth-Hormone Hypersecretion
The diagnosis of acromegaly is confirmed by measure-
ment of serum GH after a glucose load and by assess-
ing levels of GH-dependent circulating molecules such as 
IGF-1 and IGF-binding protein 3 (IGFBP-3).2,97 IGF-1 
levels reflect the integrated bioeffects of GH hypersecre-
tion, and age- and gender-matched elevated IGF-1 levels 
are pathognomonic of acromegaly.94

Measurement of the serum IGF-1 concentration is the 
most precise screening test for acromegaly. Unlike those 
of GH, serum IGF-1 concentrations do not fluctuate 
hourly according to food intake, exercise, or sleep, but 

rather reflect integrated GH secretion during the preced-
ing day or longer. Plasma IGF-I levels correlate with mean 
24-hour basal GH concentrations measured every 10 to 
20 minutes.98 Serum IGF-1 concentrations are elevated 
in virtually all patients with acromegaly, thus providing 
excellent discrimination from subjects without acromeg-
aly.22,93 In normal subjects, serum IGF-1 concentrations 
are highest during puberty and decline gradually thereaf-
ter; values are significantly lower in adults older than 60 
years than in younger subjects. Females have higher levels 
than do males, and pregnancy may also be associated with 
elevated IGF-1 levels.19 Thus, an inappropriately con-
trolled “normal” IGF-1 value in an elderly male patient 
may in fact be truly elevated and indicative of acromegaly. 
Serum GH should be measured in patients with equivocal 
or elevated age- and sex-adjusted serum IGF-1 values.99

Although all patients with acromegaly have increased 
GH secretion, it may be difficult to distinguish elevated ran-
dom GH levels from normal. As GH levels fluctuate widely 
throughout the day and night, measuring random GH levels 
rarely provides useful information for diagnosis of the disor-
der.22 Short-term fasting, exercise, stress, and sleep are asso-
ciated with elevated GH, and the availability of ultrasensitive 
GH assays has indicated that this pulsatile GH rhythm may 
occur at levels below the detectable sensitivity of previously 
available assays. Serum GH concentrations fluctuate widely, 
from less than 0.5 ng/mL (with ultrasensitive assays) during 
most of the day to as high as 20 or 30 ng/mL at night or 
after vigorous exercise. Random serum GH concentrations 
may be elevated in patients with uncontrolled diabetes mel-
litus, liver disease, and malnutrition, so dynamic tests have 
been proposed to confirm pituitary GH hypersecretion. The 
mean GH concentration obtained from 6-hourly samplings 
will generally provide an integrated summation of net GH 
secretion, and averaged pooled levels greater than 5 ng/mL 
are usually encountered in acromegaly.22

The diagnostic hallmark of excess GH hypersecretion is 
failure to suppress GH levels to 0.4 ng/mL or less (using 
a chemiluminescent immunoradiometric assay) during a 
2-hour period after a 75-g oral glucose load.30 Several fac-
tors determine measured serum GH values, including age, 
gender, BMI, and the type of assay employed. Spontaneous 
GH secretion is attenuated by 50% to 70% in subjects aged 
65 years or more, and IGF-1 levels also decline progressively 
with age.100 GH levels correlate inversely with BMI, and 
lean subjects exhibit higher GH values, as do female sub-
jects.101 Accordingly, criteria for the diagnosis of acromeg-
aly requires demonstrating a mean 24-hour GH level of >2.5 
μg/L, a nadir GH of >1 ng/mL after a glucose load, and/or 
an elevated age- and gender-watched serum IGF-1 level.102

When nadir GH was measured during a 75g OGTT in 
46 acromegaly patients using 3 different commercial assays, 
GH concentrations were shown to be dependent on spe-
cific assays used, gender age, and BMI.103 Values obtained 
with commercial assays were ∼2.3-fold higher than those 
determined using a second assay. In one assay, postglucose 
values of <1 μg/L were associated with disease control, 
whereas with the other assay, the proposed cutoff value 
was 0.5. Thus, interpretation of biochemical control should 
also be determined by knowledge of the specific GH assay 
used, as well as the appropriateness of assay controls.104

TABLE 12-4 Diagnosis of Acromegaly

Biochemical Testing

GH nadir >1 ng/mL during oral glucose load
Elevated age- and gender-matched IGF-1 level

MRI

Visualization of pituitary adenoma

GH, Growth hormone; IGF-1, insulin-like growth factor 1; MRI, 
magnetic resonance imaging.
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Invariably, patients who fail to suppress GH after glu-
cose exhibit elevated total IGF-1 levels, with a strong log-
linear association between the 24-hour mean GH output 
and IGF-1 levels.22,94 About 10% or fewer patients may 
have apparently “normal” GH or IGF-1 levels or both 
at the time of diagnosis. Repeating the assays in a repu-
table laboratory may often resolve an apparent clinical/
biochemical discord. Alternatively, reinterpretation of a 
glucose suppression test or use of a rigorous GH assay 
may confirm the diagnosis.

Because IGFBP-3 secretion is GH dependent, concen-
trations may be elevated in patients with acromegaly, thus 
suggesting that IGFBP-3 measurement may prove useful 
in diagnosis.105 However, in contrast to the tight corre-
lation of integrated mean 24-hour serum GH with total 
and free IGF-1 levels, IGFBP-3 levels do not correlate as 
tightly with disease activity.106,107 Thirty-two percent of 
subjects with active acromegaly had normal IGFBP-3 lev-
els, and in patients who failed to suppress GH, no con-
sistent elevation of IGFBP-3 was observed.106 Thus, the 
utility of IGFBP-3 measurements for acromegaly diagno-
sis or follow-up is limited.

Localizing the Source of Excess Growth Hormone
After a biochemical diagnosis of GH hypersecretion is 
confirmed, MRI of the pituitary to localize the source of 
hormone excess is indicated. MRI effectively delineates 
soft-tissue pituitary masses, and gadolinium-enhanced MRI 
may detect adenomas 2 mm in diameter. In about 75% of 
patients, the tumor is a macroadenoma (tumor diameter of 
>10 mm) and may extend to parasellar or suprasellar regions 
or invade the cavernous sinus. More than 90% of patients 
exhibit a discrete pituitary adenoma on MRI, whereas 
about 10% of patients may harbor a partial or even appar-
ently total empty sella. Functional GH-secreting adenomas 
may arise in the remnant rim of pituitary tissue surround-
ing the empty sella and may not be visible on MRI. Rarely, 
other nonpituitary causes of acromegaly (see earlier) will 
require abdominal or chest imaging to localize the source 
of ectopic GHRH or, more rarely, GH production. Lateral 
skull radiographs with sellar coned-down tomography or 
pituitary computed tomographic scans are not usually indi-
cated, because they expose patients to unnecessary ionizing 
radiation and, when compared with MRI techniques, are 
insensitive, especially in delineating soft-tissue changes.

Nonpituitary Acromegaly
Rare nonpituitary causes of acromegaly include a hypo-
thalamic tumor secreting GHRH,35,108 a nonendocrine 
tumor secreting GHRH,38,109 or ectopic GH secretion by 
a nonendocrine tumor.1,31-34 MRI of the head and pitu-
itary should identify some of these tumors. If pituitary 
MRI findings are normal, abdominal and chest imaging 
should be performed, followed by catheterization studies 
in an attempt to demonstrate an arteriovenous GHRH 
gradient over the suspected tumor bed. In patients with 
ectopic GHRH secretion, serum GHRH and GH concen-
trations are both elevated, and pituitary MRI shows a 
normal-sized or enlarged hyperplastic gland.110

An algorithm for the diagnostic evaluation of patients 
suspected of having acromegaly is shown in Figure 12-3. 

A normal age- and gender-controlled serum IGF-1 con-
centration is strong evidence excluding the diagnosis of 
acromegaly. If the serum IGF-1 concentration is high (or 
equivocal), serum GH should be measured within 2 hours 
after oral glucose administration. If pituitary MRI fails to 
show the presence of a discrete adenoma in the presence 
of clear-cut biochemical evidence of hypersomatotropism, 
studies to identify the rarely encountered GHRH- or GH-
secreting tumors should be undertaken.

Clinical Manifestations
The somatotroph adenoma itself, especially if a macroad-
enoma, may cause local symptoms such as headache, 
visual-field defects (classically bitemporal hemianopia), 
and cranial-nerve palsies. These compressive features are 
not unique to acromegaly and may occur with any enlarg-
ing sellar mass. Nevertheless, the headache associated 
with acromegaly is uniquely debilitating and may not be 
exclusively caused by pressure effects.

The systemic clinical features of acromegaly occur as a 
consequence of the deleterious impact of elevated serum 
concentrations of both GH and IGF-1 on peripheral tis-
sues (Table 12-5). The somatic impact of elevated GH 
includes growth stimulation of a variety of tissues, such 
as skin, connective tissue, cartilage, bone, and many 
epithelial tissues, including mucosal surfaces.111,112 The 
metabolic effects of excess GH include nitrogen retention, 
insulin antagonism, and enhanced lipolysis.20,113

The onset of acromegaly is insidious, and disease 
progression is usually slow. At diagnosis, about 75% of 
patients are shown to harbor macroadenomas (tumor 
diameter of >10 mm), and some tumors extend to the para-
sellar or suprasellar regions.114,115 Headaches are the ini-
tial symptom in approximately 60% of patients, and 10% 
have visual symptoms. Disease persistence is adversely 
determined by sparse GH tumor granularity, younger age 
of onset, larger and more extrasellar tumor mass exten-
sion, and higher initial GH and IGF-I levels.25,116

Acral Overgrowth
Acral and soft-tissue overgrowth is invariably a feature of 
acromegaly. Characteristic findings include an enlarged, 
protruding jaw (macrognathia) with associated man-
dibular overbite and enlarged, swollen hands and feet, 
resulting in increasing shoe and glove size and the need 
to enlarge rings. Facial features are coarse, with enlarge-
ment of the nose and frontal bones, as well as the jaw; the 
upper incisors are consequently spread apart. Despite the 
prominence of these findings, the rate of change is so slow 
that few patients seek care because their appearance has 
changed.117 Automated facial classification photographic 
software has also been used to detect the disorder.113

Rheumatologic Features
Musculoskeletal symptoms are leading causes of morbid-
ity and serious functional disability in patients with acro-
megaly.118,119 In several studies encompassing large series, 
at least half of all patients exhibited minor arthralgias, 
and severe, debilitating arthritic features ultimately devel-
oped in more than one third of patients.119 The pathogen-
esis of joint disease in acromegaly generally begins with a 
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noninflammatory osteoarthritic disorder and culminates 
in severe secondary joint and cartilage degeneration.120,121 
Excess GH and IGF-1 exposure leads to uneven cartilage 
proliferation that results in a mechanically unstable joint 
surface. Joint spaces then narrow as weight-bearing sur-
faces erode cartilage and cause excess intraarticular new 
fibrocartilage deposits. Subchondral cysts and osteophytes 
then develop in an irreversible self-perpetuating process. 

Severe physical deformity and functional disability result 
from these inexorable pathologic and mechanical stresses. 
The incidence of vertebral fractures is increased, ∼40% 
in active acromegaly, especially in the face of lowered 
bone mineral density.121,122 In a 3-year prospective study, 
hypogonadism and decreased femoral neck bone min-
eral density were found to be significant risk factors.122 
Although symptomatic and functional relief of arthritic 
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Figure 12-3 Diagnosis and management of acromegaly. GH, Growth hormone; GHRH, growth hormone-releasing hormone; IGF-1, insulin-like 
growth factor 1; MRI, magnetic resonance imaging; OGTT, oral glucose tolerance test; GHRA, GH receptor antagonist; SRL, somatostatin-receptor 
ligand. (Modified from Melmed S. Acromegaly. New Engl J Med. 2006;355:2558-2573.)



21712 ACROMEGALY

disorders is observed in most patients after reducing GH 
levels, structural changes are not reversible.

Joint arthralgias are a common initial feature of the 
disease, and back pain and kyphosis are common.5 Syno-
vial tissue and cartilage enlarge and cause hypertrophic 
arthropathy of the knees, ankles, hips, spine, and other 
joints.119 Back pain also may occur because of osteoporo-
sis caused either by GH excess itself or concurrent gonadal 
insufficiency from the enlarging pituitary tumor.123 When 
excess GH secretion begins before epiphyseal fusion, lin-
ear growth increases and causes pituitary gigantism.

Skin and Soft Tissues
The skin thickens, and multiple recurrent skin tags may 
appear.3 Hyperhidrosis at rest is common (present in 50% of 
patients)2,3,124 and often malodorous. Hair growth increases, 

and some women have hirsutism.3 Other manifestations 
of soft-tissue overgrowth include macroglossia, deepening 
of the voice, and paresthesias of the hands (carpal tunnel 
syndrome) from nerve entrapment.5,6,22,112 Other patients 
have a symmetric sensorimotor peripheral (rarely hyper-
trophic) neuropathy unrelated to entrapment.118 Skeletal 
muscle mass was unchanged from controls in 27 acromegaly 
patients undergoing dual-photon x-ray absorptiometry.125

Thyroid
Thyroid enlargement may be diffuse or multinodular. 
In a study of 37 patients with acromegaly, 92% had an 
enlarged thyroid gland when assessed with ultrasound; 
mean thyroid size was increased more than five times nor-
mal.126 Thyroid function is, however, usually normal.

Cardiovascular
Impaired cardiovascular function in acromegaly is an 
important determinant of morbidity and mortality,3,127 
with exacerbated cardiovascular risk factors.1 The del-
eterious direct impact of excess GH and IGF-1 on the 
heart, as well as the effect of hypertension that is present 
in 30% of patients, contributes to the disorder.5,112,128,129 
Cardiac enlargement is disproportionate to the increased 
size of internal body organs,130-132 and the severity of car-
diomyopathy correlates significantly with the duration of 
exposure to hypersomatotropism.127,131,133 Mean left ven-
tricular mass may be significantly increased to more than 
200 g, as opposed to a normal mean weight of 140 g, and 
end-systolic and diastolic volumes are attenuated. Concen-
tric ventricular hypertrophy is associated with interstitial 
fibrosis, lymphocytic infiltration, and necrosis.131 Rest-
ing diastolic blood pressure and left and right ventricular 
peak filling rates are elevated. Postexercise systolic and 
diastolic blood pressure may also be elevated, and the left 
ventricular ejection fraction is attenuated.134 GH induces 
distal nephron ENaC-mediated sodium transport, likely 
accounting for enhanced sodium retention characteristic 
of acromegaly.135 Because physiologic doses of replace-
ment GH also may actually improve cardiac function in 
patients with adult GH deficiency, a fine equilibrium may 
exist for the respective impacts of GH excess and GH defi-
ciency on maintaining healthy myocardial function.131

Sleep Apnea
Peripheral airway obstruction caused by macroglos-
sia, mandible deformation, mucosal hypertrophy, and 
inspirational laryngeal collapse has long been recog-
nized as causing airway obstruction,5 snoring,3 and 
sleep apnea.3,5,136 Sleep apnea afflicts most patients with 
acromegaly and has been documented in up to 80% of 
cases.3,137 Macroglossia and enlargement of the soft tis-
sues of the pharynx and larynx lead to obstructive sleep 
apnea in about 50% of patients; others have central sleep 
apnea, possibly resulting from altered central respiratory 
control.138 Sleep apnea may be an important cause of 
mortality in these patients. A central form of sleep apnea 
was recognized in acromegaly,138-140 which appears to 
correlate more closely with elevated GH and IGF-1 lev-
els and may reflect central respiratory suppression caused 
by the dysregulated hypothalamic-GH axis. Clearly, the 

TABLE 12-5 Risk of Long-Term Exposure to 
Elevated Growth-Hormone Levels

Arthropathy

Unrelated to age at onset or to GH levels
Usually occurs with acromegaly of long duration
Reversibility
 Rapid symptomatic improvement with treatment
 Irreversibility of bone and cartilage lesions

Neuropathy

Peripheral nerves affected
 Intermittent anesthesias, paresthesias
 Sensorimotor polyneruopathy
 Impaired sensation
Reversibility
 Onion bulbs (whorls) do not regress with lowered GH levels

Cardiovascular Disease

Cardiomyopathy
 Left ventricular diastolic function decreased
 Left ventricular mass increased; arrhythmias
 Fibrous hyperplasia of connective tissue
Hypertension
 Exacerbates cardiomyopathic changes
Reversibility
 May progress even with normalized GH levels

Respiratory Disease

Upper airway obstruction
 Caused by soft-tissue overgrowth and decreased pharyngeal 

muscle tone
Reversibility
 Improved with reduction of GH levels

Malignancy

Increased risk of malignancy
Increased soft-tissue polyps
Reversibility
 Effect of therapy on risk of malignancy unknown

Carbohydrate Intolerance

Occurs in one fourth of acromegalics, more often with family  
history of diabetes mellitus

Reversibility
 Improves with reduced GH levels

GH, Growth hormone.
From Melmed S, Dowling RH, Frohman L, et al. Acromegaly: Consensus 

for cure. Am J Med. 1994;97:468.
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strong association of sleep apnea with hypertension, cor-
onary artery disease, and cardiac arrest also reflects the 
clinical phenotype of patients with acromegaly. Attenua-
tion of GH levels, especially with octreotide, improves or 
abrogates sleep apnea.138,141 Octreotide treatment is asso-
ciated with improved indices for apnea, hypopnea, and 
oximetry.142 After 6 months of treatment of 14 apneic 
acromegalic patients with octreotide, a 40% decrease in 
the number of apneic events per hour was seen, as well as 
a decrease in total apneic time from 28% to 15%. Maxi-
mum O2 saturation rose from 76% to 84%, accompanied 
by a decline in daytime sleepiness, as well as improvement 
in central and obstructive apneic parameters.138 Never-
theless, sleep apnea may persist despite acromegaly con-
trol, and posttreatment evaluation is still required.137

Diabetes
GH is a potent antagonist of insulin action, and glucose 
intolerance is encountered in up to 60% of patients. About 
25% of patients may require insulin, and thus diabetes is 
an important systemic complication of hypersomatotro-
pism. Diabetes is a major determinant of mortality, and 
only 30% of patients with diabetes at the time that acro-
megaly is diagnosed appear to survive 20 years.91,143

Gonadal Function
Women with acromegaly may have amenorrhea, with or 
without galactorrhea,3,112,144 and some have hot flashes 
and vaginal atrophy. Men may have impotence, loss of 
libido, decreased facial hair growth, and testicular atro-
phy.3,144 Hypogonadism is caused either by hyperpro-
lactinemia (present in about 30% of patients)144 or by 
impairment of gonadotropin secretion as the expanding 
pituitary tumor compresses normal pituitary gonadotroph 
cells. Asymptomatic, reversible prostatic enlargement 
also is common, even in men with hypogonadism.145,146

Neoplasms
Acromegaly is associated with an enhanced risk for devel-
opment of colonic polyps,147-150 and prospective studies 
have reported premalignant adenomatous colonic polyps 
in up to 30% of patients, a prevalence not different from 
that in the general U.S. population.149,151,152 In patients 
with acromegaly, colon length is increased, and apoptotic 
activity is decreased significantly.148,153 Patients with 
acromegaly are more likely to have multiple adenoma-
tous polyps, as well as polyps proximal to the splenic flex-
ure, underscoring the need for full-length colonoscopy.154 
No difference in the duration or degree of acromegaly is 
evident in patients with or without adenomatous polyps. 
A multicenter retrospective study of 1362 patients with 
acromegaly showed a lower cancer rate than in the gen-
eral population (standardized incidence ratio of 0.76) but 
an increased colon cancer mortality rate.155,156 Although 
a meta-analysis suggests a doubling of colon cancer risk 
in acromegaly,157 enhanced mortality was correlated 
with persistently elevated serum GH concentrations but 
was not observed in patients with posttreatment serum 
GH levels less than 2.5 ng/mL.158,157 Colonoscopy is rec-
ommended at diagnosis, and periodically thereafter, for 
all patients. Using CT colonography in 23 acromegaly 

patients, 17 were found to harbor polyps and one sig-
moid cancer case was confirmed.159 Uncontrolled GH 
levels may act permissively to enhance morbidity and 
mortality from colon cancer. These findings underscore 
the requirement for tight GH control in these patients.

Laboratory Findings
Patients with acromegaly exhibit increased serum GH 
and IGF-1 concentrations and may have hyperglycemia, 
with frank diabetes occurring in 25% of patients. Some 
patients have hypertriglyceridemia. Hypercalciuria and 
hyperphosphatemia (not >5.5 mg/dL) occur in approxi-
mately 70% of patients as a result of direct stimulation of 
renal tubular phosphate reabsorption by IGF-1.160

Hyperprolactinemia occurs in about 30% of patients 
and is a result of cosecretion of PRL and GH by the tumor 
or to stalk interference with hypothalamic-pituitary por-
tal delivery of dopamine. Secretion of other pituitary hor-
mones, especially gonadotropins, also may be decreased.161

Mortality
The overall mortality rate in acromegaly is about two to 
four times that of the general population.155,162,163 In a 
meta-analysis of 16 studies, overall weighted mean-SMR 
was 1.72.164 Even after tumor surgical resection, mor-
tality remained high (SMR 1.32).164 In a series of 151 
patients, survival was reduced an average of 10 years 
in comparison to age-matched controls.91 Up to 50% 
of patients die before age 50 years, and up to 89% die 
before age 60 years.22,91,164 Analyzing 18 studies of mor-
tality outcomes in acromegaly,155,162 there appears to be 
a 1.9-fold increase over expected mortality rates (range 
1.16 to 3.3) for patients having undergone heterogenous 
treatments. Although long-term standardized mortality 
outcomes have not been reported for untreated acromeg-
aly, several significant mortality determinants are evident. 
These include GH >2.5 ug/L, or elevated IGF-1 level, the 
previous use of radiotherapy, time delay from diagnosis, 
duration of the disease, and the presence of hyperten-
sion.165,166 Most significant predictors of survival include 
a postglucose GH level of <1 μg/L, a random serum GH 
of <2 to 2.5 μg/L, or a normal serum IGF-1 level (Fig. 
12-4). Clearly, attaining tight biochemical control should 
therefore be a goal of therapy. Aggressive management of 
comorbidities including hypertension, heart failure, sleep 
apnea, and diabetes likely also contribute to improved 
mortality rates91,163,167 (Table 12-6). Several retrospec-
tive studies now indicate that survival in acromegaly may 
be normalized to a control age-matched rate by control-
ling GH levels158; in particular, Serum IGF-1 SD score 
life-table analysis showed that GH levels less than 2.5 
ng/mL were associated with survival rates equal to those 
of the general population.155,163,168 A meta-analysis of 
18 studies showed that controlling random GH levels to 
<2.5 ug/L and normalizing IGF-I levels restored adverse 
SMR to 1.1 (95% CI 0.9-1.4).169 A recent postoperative 
follow-up of 53 patients for a mean of 12.7 years indi-
cated that a normal IGF-1 level and GH nadir cutoff of 
less than 0.25 μg/L are associated with improved blood 
pressure control and glucose tolerance (Fig. 12-5).92 
Thus, tight control of GH through aggressive multimodal 
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therapy appears to reduce mortality risk to that expected 
for control subjects.92,158 In particular, the role of radio-
therapy in adversely skewing mortality outcomes should 
be excluded from these evaluations.163

MANAGEMENT

Treatment Goals
Treatment goals for acromegaly embody principles that 
apply to treating hormonal hypersecretory tumors (Table 
12-7). Treatment should be both safe and efficacious. GH 
and IGF-1 levels should be normalized, especially because 
elevated GH levels have been associated with mortality 
in these patients. Thus, tight GH control is an important 
therapeutic end point.92,97 Tumor mass effects, especially 
central compression of visual tracts, should be alleviated. 
Importantly, the integrity of pituitary function should 
be preserved, and if hypopituitarism develops, patients 
require lifelong pituitary replacement. Clinical features of 
the disease that lead to the characteristic morbidity and 
ultimately to mortality should be ameliorated. Several 
treatment options are available for acromegaly. Trans-
sphenoidal surgical resection of the adenoma; pharma-
cologic therapy with somatostatin analogues, dopamine 
agonists, and a GH-receptor antagonists; and various 
modes of radiation therapy are used to treat GH-secreting 
adenomas. The challenge of tight GH control in acromeg-
aly can now be met with greater stringency by using single 
or multimodal forms of therapy. Effective disease control 
should thus include sustained hormone suppression, a con-
tained adenoma mass, improved systemic morbidity, and 
ultimately, normalized mortality (see Table 12-7).

Surgery
Surgery for the treatment of GH-secreting pituitary tumors 
was pioneered in the early part of the twentieth century by 
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Figure 12-4 Growth hormone and insulin-like growth factor 1 levels 
as mortality determinants. (Data from Holdaway IM, Rajasoorja RC, 
Gamble GD. Factors influencing mortality in acromegaly. J Clin Endo-
crinol Metab. 2004;89:667-674.)

TABLE 12-6 Outcome Determinants of 
Acromegaly

0.5 1 2 5

Acromegaly Mortality

SMR
95% CI

SMR
95% CI Year

Wright 1.89 1970
Alexander 3.31 1980
Nabarro 1.26 1987
Bates 2.68 1993
Etxabe 3.23 1993
Abosch 1.28 1998
Orme 1.6 1998
Shimatsu 2.1 1998
Swearingen 1.16 1998
Arita 1.17 2003
Beauregard 2.14 2003
Ayuk 1.26 2004
Biermasz 1.33 2004
Holdaway 2.70 2004
Kaupinnen 1.16 2005
Trepp 1.34 2005

Total (95% CI) 1.72

Data from Dekkers OM, Biermasz NR, Pereira AM, et al. Mortality in 
acromegaly: A meta-analysis. J Clin Endo Metab. 2008;93(1):61–67.
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Dr. Harvey Cushing, who demonstrated successful resec-
tion of such tumors by a transsphenoidal approach. This 
technique is standard, and only very rarely do large masses 
that extend far beyond the sella turcica require a transfron-
tal approach. The most important determinant of a suc-
cessful surgical outcome is the experience of the surgeon. 
Recently, endoscopic approaches to pituitary adenoma 
resection have proved to be efficacious and safe.115,170,171 
Surgery rapidly alleviates acromegaly symptoms, removes 
the tumor mass, relieves optic-tract pressure effects, and 
relieves headache. Tumor debulking, even if partial, also 
may be helpful in enhancing the effectiveness of subse-
quent therapy. Surgical control also is inversely correlated 
with initial tumor size and GH levels.172 Not all patients 
are appropriate surgical candidates, usually because of 
coexisting cardiovascular and pulmonary disease, which 
may be a contraindication to anesthesia. If the tumor is 
sufficiently large or invasive and portends intraoperative 
damage to vital structures, the benefits of the procedure 
should be weighed against surgical risks.

Remission (defined as normal IGF-I and either GH <0.4 
ng/mL during an OGTT, or random GH <1 ng/mL) was 
achieved in all 14 microadenoma patients, and 28 of 46 
macroadenomas.173 Using remission criteria of normalized 
IGF-1 levels or GH suppression to ≥2 μg/L after glucose 
loading, more than 90% of patients with microadenomas 
successfully achieved control.158,174,175 Unfortunately, most 
tumors encountered at diagnosis are large macroadenomas, 
and fewer than 50% of patients with macroadenomas are 
biochemically controlled.158,174 For patients with these 
invasive tumors, surgical resection is invariably followed by 
persistent GH and or IGF-1 hypersecretion. Visible residual 
tumor mass is often contiguous with or involves the cavern-
ous sinus, internal carotid arteries, or suprasellar regions. 
Mortality risk in patients cured at surgery does not differ 
from that of controls, whereas in patients with persistent 
disease, even after adjuvant irradiation or medical therapy, 
mortality remains significantly increased (almost twofold). 
Thus, the level of GH attained postsurgically is the most 

important determinant of mortality outcome.91 GH levels 
obtained 24 hours after surgery showed the highest predic-
tive power for long-term remission, which was sustained 
in 125 of 127 patients with early GH levels <1 ng/mL.176 
Regardless of the treatment mode, normalization of GH 
restores mortality risk to that of age-matched population 
controls, whereas postoperative disease persistence is asso-
ciated with a 3.5-fold relative mortality risk.155,158,163 Sur-
gical debulking may improve subsequent disease control by 
SRLs.177 Surgical resection of at least 75% of the tumor 
mass appeared to enhance responsiveness of residual ade-
noma tissue to postoperative SRL treatment.178

Surgical success is based largely on the skill and experi-
ence of the neurosurgeon and on the tumor size or inva-
siveness. Surgery is useful for prompt reduction of GH 
levels, and tumor debulking may enhance the effectiveness 
of medical therapy.179 After apparent successful resection, 
however, up to 8% of tumors recur within 10 years. GH 
levels should be measured in the immediate postoperative 
period; evidence of GH hypersecretion at this time por-
tends either disease persistence or long-term recurrence. 
Overall, for all tumor types, and using a highly sensitive 
immunoradiometric GH assay, postglucose GH values 
less than 1.0 μg/L are found in 50% of patients after sur-
gery, and GH levels still fail to achieve suppression in 
39% of patients with normalized IGF-1 levels.180

Side Effects
The most important adverse surgical event is failure to 
resect invasive tumor totally and, consequently, persistent 
hormonal hypersecretion. Postoperative complications 
occur in approximately 10% of patients, and their inci-
dence is largely dependent on the experience of the operat-
ing surgeon.181 Complications include permanent diabetes 
insipidus, cerebrospinal fluid leaks requiring repair, men-
ingitis, severe sinusitis, and hypopituitarism.173,174,181,182 
Perioperative morbidity and residual pituitary failure 
remain of concern in patients with invasive tumors, espe-
cially when operated on by less-experienced surgeons.

TABLE 12-7 Treatment Goals for Acromegaly

ACROMEGALY TREATMENT

Surgery
Somatostatin Receptor 
Ligands

GH Receptor  
Antagonist Dopamine Agonist Radiotherapy

GH <2.5 μg/L Macros <50% ∼65% Increases <15% 60%, 10 yr
Macros >80%

IGF-1 normal Macros <50% ∼65% >90% <15% 60%, 10 yr
Macros >80%

Onset Rapid Rapid Rapid Slow Slow
Compliance One-time consent Sustained Sustained Good Good
Tumor mass Debulked or resected No growth or shrinkage Unknown Unchanged Ablated

Disadvantages

Cost One time Ongoing Ongoing Ongoing One time
Hypopituitarism 10% None Low IGF-1 None >50%
Other Tumor persistence or 

recurrence
Gallstones Elevated liver 

enzymes
Nausea Local nerve damage

Diabetes insipidus Nausea; diarrhea Sinusitis Visual and CNS disorders
Local complications High dose required Cerebrovascular risk

Data from Melmed S. Acromegaly. Acromegaly pathogenesis and treatment, J Clin Inv. 2009;119:3189-3202.
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Pituitary Irradiation
Techniques for pituitary radiotherapy include external 
radiation with either a cyclotron or a cobalt-60 source, 
and the radiotherapy is administered as a total dose of 
4500 to 5000 rad. Higher doses are associated with a high 
incidence of side effects, whereas lower doses, although 
safer, appear to be less clinically effective. The total 
dose is administered as 25 daily 180- to 200-rad frac-
tions administered over a 6-week period.183,184 Maximal 
tumor irradiation with minimal damage to nontumorous 
surrounding tissue has been achieved by advances in ste-
reotactic MRI-directed tumor localization, focused-beam 
direction, field-size simulation, head immobilization, and 
isocentral rotational techniques.

Tumor growth is invariably arrested after fractionated 
radiotherapy, but GH decline is slow, decreasing by approxi-
mately 20% per year.184 Within 18 years, 90% of patients 
have random serum GH concentrations lower than 5 ng/mL.  
The degree and rapidity of GH attenuation are highly 
dependent on pretreatment GH levels. After radiotherapy in 
38 patients, 20 of whom had preradiotherapy IGF-1 data 
available, GH levels decreased by about 60% 3.5 years 
after irradiation and by about 80% 7 years after radio-
therapy. However, plasma levels of IGF-1 remained almost 
unchanged and did not decrease to less than 80% of the ini-
tial value, even 7 years after radiotherapy. Only two patients 
ultimately exhibited normalized IGF levels.185-188 The failure 
of irradiation to normalize IGF-1 levels effectively in the long 
term implies persistent, albeit low, levels of GH hypersecre-
tion in these patients. Subsequent longer-term studies with 
the gamma knife have demonstrated improved efficacy, and 
during a 10-year follow-up, 46% of 35 acromegaly patients 
achieved GH nadir <1 ug/L and normal IGF-I levels.189

Proton-beam therapy also decreases GH secretion 
but is not widely available. Stereotactic ablation of 
GH-secreting adenomas by gamma knife radiosurgery 
appears promising.190 In 82 patients, 17% achieved bio-
chemical remission within 50 months of gamma knife 
irradiation.185 In two studies, postsurgical GH levels of 
less than 5 ng/mL and normalized IGF-1 concentrations 
were observed in ∼50% of patients after 5 years, and 
85% after 10 years186,187 of stereotactic radiosurgery.

Side Effects
Pituitary failure develops by 10 years in ∼50% of patients 
undergoing deep x-ray therapy and requires thyroid, 
gonadal, or adrenal steroid replacement or a combination 
of these.1,30 Rarely, optic-tract damage results in visual defi-
cits. Ten years after radiotherapy, patients have a small but 
significant risk of a secondary brain malignancy, including 
glioma, in up to 1.7% of patients (relative risk of 16 vs. 
expected risk).191,192 Radiation also may rarely induce brain 
parenchymal changes192-194 and brain dysfunction mani-
fested as depression, decreased memory, decreased general 
quality of life, loss of vision, and cranial-nerve palsies.181,195 
Short-term controlled results and side-effect profiles for 
gamma knife radiosurgery indicate fewer local side effects, 
with no visual deficits reported in 30 patients for up to  
4 years.190 After maximal surgical debulking, a retrospective 
analysis of 83 patients who underwent single-session ste-
reotactic radiotherapy (gamma knife), delivering high-dose 

radiation to the targeted mass187 showed that 50% of 
patients were biochemically controlled at 5 years. The 5-year 
cumulative risk of hypopituitarism in this selected group 
was less than 5%, suggesting a lower risk of pituitary dam-
age than that observed for fractionated radiotherapy.184 In 
fact, no serious side effects were observed after 507 patient 
years of follow-up. In contrast, visual deficits were observed 
in 5.5% of patients treated for pituitary tumors with gamma 
knife radiation, likely reflecting high single retinal spot 
exposure.196 Risk for stroke and vascular injury is enhanced 
(SMR 4.42) in patients undergoing pituitary radiotherapy, 
with dosage being an adverse determinant.197,198

Thus, radiotherapy is effective in acromegaly, although 
its benefits are dose and time dependent, and GH reduction 
is delayed by 10 to 15 years. Even with the most accurate 
techniques, GH levels less than 2.0 ng/mL and normal-
ization of IGF-1 levels are infrequently achieved.188,190 
Radiation therapy may be useful for patients with grow-
ing pituitary tumors whose condition is not controlled by 
surgery or who are resistant to medical therapy.

Pharmacologic Management
Somatostatin-Receptor Ligands
Octreotide is a synthetic octapeptide analogue of native, 
naturally occurring somatostatin. This 8-amino-acid 
analogue (MW 1019) binds selectively to the SSTR2 
somatostatin-receptor subtype.199 After subcutane-
ous injection, octreotide is rapidly absorbed, and peak 
drug concentrations (5.5 ng/mL) are achieved within 
24 minutes of a 100-μg injection. The plasma distribu-
tion is about 12 minutes, and the elimination half-life 
is 1.5 hours, as compared with 2 minutes for natural 
SRIF.199,200 The drug inhibits pituitary GH secretion, also 
directly suppresses hepatic IGF-1 production,201 controls 
tumor growth, and relieves soft-tissue symptoms.202

Octreotide inhibits GH, glucagon, and insulin release, 
but the analogue exhibits greater selectivity in suppress-
ing GH and glucagon than does somatostatin.1,5 In 
normal subjects, octreotide attenuates GH stimulation 
evoked by arginine, exercise, and insulin-induced hypo-
glycemia.203-205 The drug also may abrogate postprandial 
release of gastrointestinal and pancreatic peptides.205 
Because native somatostatin suppresses thyroid-stim-
ulating hormone (TSH) secretion, it is not surpris-
ing that octreotide also blocks TRH-induced release of 
TSH.201,205,206 Hypopituitarism does not develop during 
somatostatin receptor—ligand (SRL) treatment because 
SRIF analogues bind selectively to the somatostatin-
receptor subtype that regulates GH secretion.207

In acromegaly, subcutaneous octreotide injections reduce 
GH levels (by >50%) in more than 95% of all patients. In the 
long term, about 70% of all selected and unselected patients 
will have integrated GH levels suppressed to less than 5 ng/
mL, and about 55% of patients have GH levels suppressed 
to less than 2 ng/mL. A total of 70% or more patients will 
have their IGF-1 levels normalized after treatment with long-
acting octreotide (Figs. 12-6).207 Headache, fatigue, perspi-
ration, joint pains, carpal tunnel syndrome, and paresthesias 
improve in most patients treated throughout the long term.

The starting dose of subcutaneous octreotide is 50 μg given 
subcutaneously in 8-hourly doses, and after 2 weeks, the  
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dose can be increased to 100 μg 3 times daily.208 Thereaf-
ter, dose titrations to a maximum of 1500 μg/day may be 
made, depending on the nadir 2-hour postinjection GH 
level. The efficacy of octreotide also can be improved by 
increasing the dose frequency, or by administering the 
drug in a continuous-infusion minipump. Interestingly, 
long-term (>3 years) use of the drug is associated with 
enhanced sensitivity and improved biochemical control. 
Tachyphylaxis does not occur, and downregulation of 
receptor responses does not appear to be manifested clini-
cally. About half of all patients will exhibit tumor shrink-
age (30% average tumor volume change).209

Responses to Long-Term Depot SRIF Analogue Prepa-
rations. Long-term depot somatostatin preparations in-
clude octreotide LAR (long-acting release), and lanreotide  

Autogel.200,206,210-212 Octreotide LAR incorporates octreo-
tide into microspheres of a biodegradable poly-D,L-lactide-
co-glycolide glucose polymer, whereas lanreotide Autogel 
is a water-soluble preparation allowing deep subcutaneous 
slow release. After 3-monthly injections of depot prepara-
tions, sustained concentrations are maintained.

Figure 12-7 depicts the pharmacokinetic response to 
octreotide LAR in acromegaly. After a single injection of 
octreotide LAR, drug levels peak at about 28 days after 
injection and decrease slowly thereafter. GH levels decline 
after the injection and by day 14 are suppressed to less than 
2 μg/L. GH suppression (as determined by measurement of 
integrated secretion during a 4-hour period) is sustained 
through day 49 and starts increasing thereafter. From the 
pharmacokinetic curve, it is apparent that a single injec-
tion administered every 30 days will allow GH levels to be 
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persistently suppressed throughout the month. Figure 12-8  
depicts the effects of a single, monthly injection of octreo-
tide LAR in a group of patients with acromegaly whose 
average GH levels were suppressed for the duration of 
the study (≤54 months). GH suppression appears to be 
sustained as long as patients receive monthly injections of 
octreotide LAR. About 80% of a total of 110 patients had 
IGF-1 levels normalized and GH suppressed to less than 
2.5 ng/mL within 36 months.200 Long-term studies indicate 
that ∼70% of patients receiving SRL therapy achieve GH 
levels of <2.5 μg/L and achieve normal IGF-1 levels.213 In 
67 consecutive patients treated prospectively with octreo-
tide LAR and followed for up to 9 years,214 70% exhibited 
GH levels <2.5 and/or normal age-matched IGF-1 levels. 
Interestingly, in this study more than 80% of patients 
experienced tumor-mass shrinkage, and in 8 patients, the 
tumor disappeared or was reduced to an empty sella by 
MRI visualization. Testosterone levels and eugonadism 
were also restored in 64% of hypogonadal patients. Simi-
lar results were observed in an 18-year follow-up of 36 
patients.213 Several published studies include subjects pre-
selected for previous GH responsivity to SRLs, and a more 
rigorous assessment of the literature suggests an overall 
response rate of 40% to 50% in unselected patients.215,216 
SRL therapy controls tumor growth in the majority of 
treated patients, and continued tumor expansion while 
receiving these drugs has rarely been reported. A meta-
analysis of 41 eligible studies showed that 53% (95% 
CI:45%-61%) of patients receiving SRL therapy experi-
ence a significant reduction in pituitary tumor mass.209 
Treatment with LAR octreotide resulted in 66% (95% 
CI:51%-74%) of patients experiencing tumor shrinkage. 
Overall, weighted mean percentage reduction in tumor 
size for all SRLs was 37.4% (95% CI:22.4%-52.4%), 
and increasing to 50.6% (95% CI:42.7%-58.4%) for 
octreotide LAR. Several unresolved issues remain to be 
determined, including the effectiveness of SRL therapy 
in patients exhibiting optic chiasm compression, effects 

of SRL withdrawal on subsequent tumor mass reexpan-
sion, and the effect of medically induced tumor shrinkage 
on subsequent surgical outcomes.217,218 In a randomized 
study of 62 patients, 6 months of pre-surgical treatment 
with octreotide resulted in enhanced surgical cure rates for 
patients with macroadenomas. Overall, 50% of medically 
pretreated versus 16% of untreated patients were cured by 
surgery.218 However, in another study, long-term surgical 
cure rates were not altered.217

Several biomarkers determine patient responsiveness 
to SRLs. Adverse determinants include higher baseline 
GH levels, sparse tumor GH granularity,25 T2-weighted 
tumor hyperintensity on MRI,219 and low levels of tumor 
SSTR2 expression.220,221 Loss of specific tumor signal-
ing molecules including raf kinase inhibitory protein,220 
E-cadherin,222 and AIP mutation223 are also associated 
with decreased octreotide responsiveness.

Clinical improvement is sustained, with little systemic 
or local intolerance. Thus, administration of depot SRL 
preparation results in persistent therapeutic serum drug 
concentrations and sustained suppression of both GH and 
IGF-1 values. The incidence of gallstones, microlithiasis, 
biliary sediment, or biliary sludge does not differ from that 
observed after subcutaneous octreotide (see the following).
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Side Effects. Although somatostatin-receptor ligands are 
relatively safe in the long term, several important adverse 
events are reported. Asymptomatic echogenic gallbladder le-
sions develop in about 25% of patients.30,199 These lesions 
include both sludge and gallstones, which are usually diag-
nosed within the first 2 years of treatment, with few if any 
new echogenic events encountered thereafter. The preva-
lence of gallstones during octreotide therapy appears to vary 
geographically. In China, gallstones ultimately develop in 
most patients taking octreotide224; conversely, patients in 
southern Europe exhibit a far lower incidence. Clearly, di-
etary and/or other environmental factors play a role in their 
pathogenesis. Transient gastrointestinal symptoms, includ-
ing anorexia, nausea, vomiting, flatulence, and loose stools, 
may occur, especially during the first 2 weeks of therapy; 
these symptoms may be ameliorated by administering the 
injection of medication between meals or at night. Rarely, 
fat malabsorption and bradycardia have been reported.

In summary, long-acting somatostatin analogues are 
effective and safe in managing GH hypersecretion, espe-
cially in patients in whom surgical resection has failed to 
achieve a stringent biochemical remission. Indications for 
SRL therapy of acromegaly include: postoperative persis-
tence of GH secretion from residual tumor tissue; nonre-
sponsiveness after radiation during the latency period of 
GH; primary therapy of patients who decline surgery, who 
are medically unfit for surgery, or who exhibit a low prob-
ability of surgical cure. Somatostatin analogues also may be 
offered as primary therapy for patients who have undergone 
irradiation, in whom GH levels may remain unacceptably 
elevated.30,97,202,225 Most patients with macroadenomas 
have persistent postsurgical GH hypersecretion, and the use 
of SRIF analogues should be weighed against radiotherapy 
for these patients. Long-acting injectable depot analogues 
administered once every 14 to 30 days provide enhanced 
patient convenience and compliance while retaining drug 
sensitivity.92,225,226 Previous surgery may enable long-term 
efficacy of somatostatin analogues in attaining biochemical 
control.178 However, drug cost and patient compliance must 
be factored in when deciding on therapeutic options.

Further indications that have not been verified by pro-
spective controlled studies include the use of preopera-
tive SRL therapy to enhance subsequent surgical results. 
Whether or not sustained long-term SRL therapy with or 
without combination with a GH receptor antagonist to 
tightly control GH and IGF-1 levels improves ultimate 
mortality outcome is not yet proven.

Dopamine Agonists
High doses of dopamine agonists have been used in the 
management of these patients, and bromocriptine is 
associated with GH normalization in fewer than 15% of 
patients.227 A large meta-analysis showed that 10% or 
fewer of all patients will actually experience normalized 
IGF-1 levels. However, bromocriptine does not carry with 
it a risk for hypopituitarism, and because it is an orally 
available medication, it is extremely convenient and cost 
effective for the patient. Cabergoline, a long-acting dopa-
mine agonist, has been used in acromegaly, but the long-
term results are not compelling.228,229 However, after 18 
weeks of dose titration, cabergoline did not significantly 

reduce mean IGF-I levels in IGF-I in 24 patients and it 
normalized IGF I levels in only 2 patients.230

Adverse Events. Because high doses (>20 mg/day) are re-
quired to achieve even moderate efficacy, the incidence of 
adverse events is far higher than usually seen when treat-
ing patients with prolactinomas. Patients receiving high 
doses of dopamine agonists complain of gastrointestinal 
symptoms, including nausea, vomiting, and abdominal 
cramps. Rarely, arrhythmias have been reported. Na-
sal stuffiness and sleep disturbances are common com-
plaints.227,231,232

Growth Hormone-Receptor Antagonist
Pegvisomant, a growth hormone-receptor antagonist 
(GHRA), directly inhibits GH action in the periphery.233 
Unlike somatostatin and dopamine agonists that act 
centrally to inhibit GH secretion through somatotroph-
cell somatostatin and dopamine receptors, pegvisomant 
interferes with functional GH receptor signaling, thereby 
suppressing peripheral IGF-1 generation in almost all 
patients with GH-secreting pituitary tumors treated for 
up to 36 months. Pegvisomant binds one GHR unit on 
site 1 but cannot bind the mutated site 2.233 The site 2 
mutation in pegvisomant involves replacement of glycine 
by lysine at position 120 (G120), blocking initiation of 
subsequent GH signal transduction.

In the initial studies, daily doses of pegvisomant (10, 15, 
or 20 mg), administered for 12 weeks, normalized IGF-1 
levels in 38%, 75%, and 82% of patients with acromeg-
aly, respectively.234,235 Subsequent longer term follow-up 
in ACRO STUDY patients monitored for 5 years reported 
IGF-I normalization in 63% of patients with a mean dose 
of 18 mg/day.236 Concomitant dose-dependent reduction 
in serum IGF-1 levels is accompanied by dose-dependent 
regression of soft-tissue swelling, excessive perspiration, 
and fatigue, with no significant improvement in arthral-
gia or headache. Pegvisomant also improves insulin sensi-
tivity and glucose tolerance in patients with acromegaly, 
reducing fasting serum insulin and glucose levels, and 
decreased glycated hemoglobin.237,238

Short-term (<3 months of treatment) side effects 
encountered in pegvisomant-treated patients (vs. placebo) 
included reversible injection-site reactions (11%), diar-
rhea, and nausea (14% vs. 3%) in an 18-month study.234 
GH levels are reversibly increased approximately two-
fold, mirroring the IGF-1 decrease. Despite detection of 
anti-GH antibodies in 17% of patients, no evidence of 
tachyphylaxis was found. Pegvisomant therapy effec-
tively normalized IGF-1 levels in >90% of patients and 
also enhances insulin sensitivity in patients exhibiting 
glucose intolerance (Fig. 12-9). In a follow-up of 1288 
subjects treated for a mean of 3.7 years, serious adverse 
events were reported in 12% of subjects. Persistent 
pituitary tumor growth is observed infrequently (∼3% 
of patients), and transiently elevated (3× upper limit of 
normal) liver transaminase levels are observed in up to 
2.5% of patients, with rarely reported drug-induced hep-
atitis.(236) Pegvisomant-induced liver injury is associated 
with UGTIA1*28 Gilbert’s syndrome polymorphism in 
about 30% of such patients.239 Other side effects include 
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lipohypertrophy240 and features of hypopituitarism if 
IGF-1 levels are attenuated to below normal ranges.

GH levels are elevated in patients receiving pegviso-
mant therapy, so IGF-1 levels must be used to monitor 
efficacy, emphasizing the need to standardize commercial 
IGF-1 assays and develop age- and gender-specific refer-
ence ranges. It seems reasonable to titrate IGF-1 levels 
to midnormal ranges in these patients. Possible overtreat-
ment with pegvisomant may create clinical features of 
GH deficiency, as pegvisomant may suppress IGF-1 levels 
below the lower limit of normal. Pegvisomant normal-
izes IGF-1 levels in somatostatin-resistant patients,241 
and promising results have been reported for combined 
weekly or twice-weekly pegvisomant injections and SRL 
cotreatment.242,243 Combination with cabergoline may 

also offer additive efficacy.230 Pegvisomant is approved 
for patients who are intolerant, only partially responsive, 
or unresponsive to conventional treatment, and it effec-
tively normalizes IGF-1 levels in patients with acromegaly 
(Figs. 12-10).

INTEGRATED TREATMENT APPROACH TO THE 
MANAGEMENT OF ACROMEGALY

Patients with Likelihood of Good Surgical Outcome
After acromegaly is diagnosed, the likelihood of surgical 
cure is assessed. For small, well-circumscribed tumors, 
surgical excision by an experienced pituitary surgeon is 
the treatment of choice.97 Surgical cure rates are maximal 
for noninvasive, well-encapsulated smaller tumors. If a 

Figure 12-9 Insulin-like growth 
factor 1 levels at baseline and after 
12 months of pegvisomant therapy. 
(Data from van der Lely AJ, Hutson 
RK, Trainer PJ, et al. Long-term 
treatment of acromegaly with pegvi-
somant, a growth hormone-receptor 
antagonist. Lancet 2001;358:1754-
1759.)
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good surgical outcome is predicted, that is, a 60% chance 
or better that the disease will be controlled by tumor exci-
sion, surgery is indicated.115,173 After surgery, patients 
are monitored to ensure that GH responses to a glucose 
load are less than 1 ng/mL and that IGF-1 levels are nor-
malized. If, however, postsurgical hormone levels are not 
controlled, indicative of disease persistence or recurrence, 
SRLs are indicated.30 Pegvisomant as monotherapy, or 
combined with an SRL, is indicated after failure of other 
therapy.241 Careful assessment of pituitary tumor size by 
using MRI is recommended every 6 to 12 months, depend-
ing on baseline tumor size and location. Patients should 
be followed by measuring age- and gender-matched IGF-1 
levels, aiming for the midnormal range levels. Pegvisomant 
treatment should be avoided in patients who have LFT 
abnormalities, and LFTs should be evaluated monthly dur-
ing the first 6 months of therapy. If the patient is still not 
biochemically controlled, a dopamine agonist is added, or 
reoperation or irradiation is considered.

Patients with a Poor Likelihood of Successful  
Surgical Outcome
Patients with large adenomas are likely to have a poor 
surgical outcome, and fewer than half will be biochemi-
cally controlled. Most patients in whom acromegaly is 
newly diagnosed have large macroadenomas that portend 
a poor surgical outcome. These patients can be offered 
primary medical treatment as would patients in whom 
surgery is contraindicated or for those who decline sur-
gery.213,214,241 Use of preoperative octreotide to enhance 
subsequent surgical outcomes has been advocated, as218 
the drug reduces tumor bulk.210,241 If biochemical control 
is not achieved, drug efficacy may be improved by dose 
increases, use of monotherapy or combination GHRA 
therapy, or addition of a dopamine agonist.30 If patients 
are resistant to medical treatment, second surgery or irra-
diation is indicated, depending on the size and location 
of the tumor remnant and the skill of the neurosurgeon.

Follow-up
Laboratory follow-up of patients includes performance of 
an oral glucose load and measurement of GH levels dur-
ing the subsequent 2 hours. In a retrospective study of 166 
patients, biochemical control was more usefully assessed 
by basal GH levels rather than nadir GH post-OGTT.244 
Stringent responses include GH less than 1 ng/mL, accom-
panied by a normalized IGF-1 level. If these goals are not 
achieved, medical treatment should be initiated, and if it is 
already being administered, efficacy may be improved by 
increasing medication dose frequency, starting a GHRA, 
or adding a dopamine agonist. Reoperation and radia-
tion therapy are further adjuvant options for resistant 
patients. Pituitary MRI should be repeated after 6 to 12 
months in patients with macroadenomas, depending on 
the degree of local pressure signs. In patients with tumors 
that have been effectively excised, serial MRI is warranted 
only once every 2 years after surgery. Invasive residual 
tumors require more frequent MRI evaluation. Although 
tumor mass may not invariably shrink with somatostatin 

analogue therapy, further progressive tumor growth rarely 
occurs while patients are taking the medication.

General
The clinical, economic and quality-of-life burden for 
these patients is significant, and optimizing disease 
control to improve adverse outcomes is imperative.245 
Patients with acromegaly require management of multi-
ple associated medical disorders. Colonoscopy should be 
performed at the time of diagnosis. The presence of more 
than three skin tags, a family history, age older than 50 
years, or the presence of previous polyps requires more 
aggressive colonoscopic monitoring. Because cardiovas-
cular morbidity is so high in patients with acromegaly, 
aggressive management of hypertension, left ventricular 
hypertrophy, cardiac failure, and arrhythmias should be 
pursued. Pulmonary function and sleep evaluation should 
be undertaken in all patients early in the course of the dis-
order, and debilitating arthritis requires aggressive rheu-
matologic management. Screening and therapy for insulin 
resistance and diabetes are important, and somatostatin 
analogues usually improve diabetes control dramatically. 
Insulin requirements may immediately decrease to 90% 
of pretreatment needs as GH is effectively suppressed. 
Headache is an extremely common symptom and usu-
ally improves with somatostatin analogues; if not, potent 
analgesics may be indicated. Maxillofacial disorders may 
require dental, maxillary, and facial cosmetic surgery. 
Fertility is commonly of concern to patients, and reports 
of successful pregnancies in women treated with octreo-
tide provide optimistic guidelines for pregnancy man-
agement.134,246 Nevertheless, octreotide is not approved 
by the Food and Drug Administration for use during 
pregnancy. Patients with acromegaly may be depressed 
and have low self-esteem and other psychosocial sensi-
tivities.234,247 Thus, careful individual or group counsel-
ing may be indicated to assist patients with these issues. 
Finally, all available treatment modes for acromegaly are 
associated with therapy-specific complications, and, if 
they arise should be promptly treated.

The availability of long-acting depot preparations 
of SRLs and the GHRA have changed the approach 
to management, inasmuch as patient compliance 
and medication, acceptance, and safety are attained. 
Slow-release somatostatin formulations require sin-
gle injections once every 2 to 4 weeks and control 
acromegaly in about 70% of all patients and ∼50% 
of unselected patients212,216; their side-effect profile 
appears similar.248 Availability of new formulations 
of injectable249,250 and oral SRLs251 provide promis-
ing therapeutic avenues for patients manifesting GH 
hypersecretory syndromes.
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K E Y  P O I N T S

 •  Cushing’s disease, pituitary-dependent Cushing’s syndrome, is the most common cause 
of endogenous hypercortisolism.

 •  The diagnostic workup of Cushing’s syndrome should be performed in an experienced 
endocrine center, as accurate diagnosis is essential to optimal management.

 •  Transsphenoidal surgery remains the initial treatment for Cushing’s disease in most cases.
 •  Radiotherapy of some form or bilateral adrenalectomy can be used in cases of 

Cushing’s disease patients with surgical failure or relapse.
 •  Bilateral adrenalectomy is the first-choice treatment for adrenal ACTH-independent 

Cushing’s syndrome, with resection of the source of ACTH, where possible, in ectopic 
ACTH syndrome.

 •  A variety of steroidogenesis inhibitors are effective medical agents that can be used to acutely 
control hypercortisolemia or while awaiting the effects of other treatments such as radiotherapy.
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Harvey Cushing1,2 was the first to codify the symptom 
complex of obesity, diabetes, hirsutism, and adrenal 
hyperplasia, and to postulate that the basophilic adenomas 
found at autopsy in six of eight patients caused the disease 
that now bears his name. Shortly thereafter, Walters and 
colleagues3 identified the etiologic contribution of adrenal 
tumors and the therapeutic role of adrenalectomy. Over 
the ensuing century, our understanding of the patho-
genesis of Cushing’s syndrome has expanded to include 
the ectopic production of adrenocorticotropic hormone 
(ACTH)4 and corticotropin-releasing hormone (CRH),5 
and recognition of bilateral adrenal stimulation by factors 
other than ACTH.6-9 Because florid Cushing’s syndrome 
is ultimately fatal, early diagnosis and treatment have 
always been important. A plethora of tests have been 
developed over the years to improve the diagnostic yield. 
Similarly, the treatment options for Cushing’s syndrome 
have increased to include medical agents that decrease 
ACTH secretion or decrease the secretion or block the 
activity of circulating cortisol, and surgical resection of 
eutopic and ectopic ACTH-producing tumors. Despite 
all these advances, Cushing’s syndrome continues to tax 
endocrinologists and is likely to continue to do so. This 
chapter reviews the manifestations, causes, approaches to 
diagnosis, and treatments for this complicated and multi-
faceted syndrome.

DEFINITION
Cushing’s syndrome is a symptom complex that reflects 
chronic excessive tissue exposure to glucocorticoids. The 
diagnosis cannot be made unless both clinical features 
and biochemical abnormalities are present.

ETIOLOGY AND PATHOPHYSIOLOGY

Cushing’s Syndrome
The causes of Cushing’s syndrome can be divided into 
those that are ACTH-dependent and those that are ACTH-
independent (Table 13-1). The ACTH-dependent forms 
are characterized by excessive ACTH production from 
a corticotroph adenoma (known as pituitary-dependent 

Cushing’s syndrome or Cushing’s disease), from an ecto-
pic tumoral source (ectopic ACTH syndrome), or (very 
rarely) from normal corticotrophs under the influence 
of excessive CRH production (ectopic CRH secretion). 
ACTH stimulates all three layers of the adrenal cortex 
to grow and secrete steroids. When excessive, this results 
in histologic hyperplasia and increased adrenal weight. 
Micronodules and macronodules (>1 cm) may be seen. 
Circulating glucocorticoids are increased, often in asso-
ciation with some increase in adrenal androgens.

ACTH-independent forms, apart from the exogenous 
administration of glucocorticoids, represent adrenal acti-
vation by mechanisms other than trophic ACTH support. 
This enlarging group includes unilateral disease (adenoma 
and carcinoma), bilateral disease (primary pigmented 
nodular adrenal disease, McCune-Albright syndrome, 
and macronodular adrenal disease related to aberrations 
of the cyclic AMP signaling pathway or caused by ectopic 
expression of G protein–coupled receptors), and hyper-
function of adrenal rest tissue.

Adrenal adenomas, composed of zona fasciculata cells, 
generally produce only glucocorticoids, in contrast to 
activation of the entire adrenal cortex as seen in other 
causes of Cushing’s syndrome. ACTH levels are sup-
pressed by hypercortisolism, and the nonadenomatous 
tissue atrophies because of lack of this trophic factor. As 
a result, androgenic signs, such as pustular acne and hir-
sutism, are relatively uncommon, and dehydroepiandros-
terone sulfate levels are typically low. By contrast, case 
reports have described patients with macronodular adre-
nal disease with secretion of mineralocorticoids, estrones, 
or androgens, in addition to cortisol.

Cushing’s Disease
Cushing’s disease is almost always caused by a solitary 
(probably monoclonal) corticotroph adenoma.10 Although 
nodular corticotroph hyperplasia without evidence of a 
CRH-producing neoplasm may occur, it represents 2% or 
less of large surgical series,11,12 and some doubt its exis-
tence. Most tumors are benign intrasellar microadenomas 
(<1 cm in diameter), although macroadenomas account 
for approximately 5% to 10% of tumors. While extrasel-
lar extension or invasion may occur, frank metastases are 
extremely rare. The cause of Cushing’s disease remains 
unknown, despite much work on the molecular charac-
terization of these tumors. Traditionally, whether the 
development of pituitary adenomas is due to abnormal 
hypothalamic hormonal stimulation or feedback regula-
tion or caused by an intrinsic pituitary defect has been the 
subject of debate, although most data support a primary 
pituitary abnormality or series of abnormalities. More 
recently, a model has been proposed that encompasses both 
theories. Here, tumors can arise either as a clonal expan-
sion from a primary intrinsic pituitary defect or as exces-
sive hormonal stimulation/abnormal feedback leading to 
hyperplasia, which in turn predisposes the cells to mutate, 
with subsequent clonal expansion.13 Analysis of the primary 
corticotroph stimulatory and negative feedback pathways 
has not revealed a common defect.14,15 Similarly, the com-
mon oncogenes and tumor suppressor genes implicated in 
other cancers do not seem to be commonly involved in 

TABLE 13-1 Causes of Cushing’s Syndrome

ACTH-dependent
 Pituitary-dependent Cushing’s syndrome (Cushing’s disease)
 Ectopic ACTH syndrome
 Ectopic CRH secretion
 Exogenous ACTH administration
ACTH-independent
 Adrenal adenoma
 Adrenal carcinoma
 Primary pigmented nodular adrenal disease (PPNAD), sporadic 

or associated with the Carney complex
AIMAH
AIMAH secondary to abnormal hormone receptor expression/

signaling
McCune-Albright syndrome
Exogenous glucocorticoid administration

ACTH, Adrenocorticotropic hormone; AIMAH, ACTH-independent 
bilateral macronodular adrenal hyperplasia; CRH, corticotropin-
releasing hormone.
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the pathogenesis of corticotropinomas. Studies of knock-
out mice and analysis of human pituitary tumor samples 
have implicated the cyclin-dependent kinase inhibitor p27 
(Kip1) in corticotroph tumorigenesis. Overall, reduced 
p27 protein levels in corticotropinomas and a high phos-
phorylated p27/p27 ratio suggest increased inactivation 
of this negative cell-cycle regulator, although the cause of 
this change remains to be elucidated.16 Cytogenetic studies 
have revealed a surprising number of gross chromosomal 
changes in benign pituitary adenomas, and although the 
number of corticotroph tumors studied has been small, 
gain of chromosome 6p and loss of chromosomes 2, 15q, 
and 22 seem to be the most common abnormalities.17-19 
Perhaps improvement in molecular biological techniques, 
particularly microarray analysis, will lead to the implica-
tion of new genes in the pathogenesis of these tumors that 
then will require further study.20

In patients with familial syndromes associated with 
pituitary adenomas such as MEN1, Carney complex, 
McCune-Albright syndrome, and familial isolated pitu-
itary adenoma syndrome, corticotroph adenomas are 
mainly reported as isolated cases. Those are secondary 
to mutations in menin gene, protein kinase A subunit 
1α (PRKAR1A), GNAS, and aryl hydrocarbon receptor 
inactivating protein (AIP), respectively. Recently, there 
has been considerable interest in AIP, of which germ line 
mutations have been found in around 50% of familial 
somatotrophinomas. However, an AIP mutation was 
present in only 1 of 74 children with sporadic CD in the 
study by Stratakis and colleagues and in 3 of 44 patients 
(6.8%) with sporadic corticotroph adenomas in a French 
cohort.21 Cushing’s disease in a patient with MEN2A 
also has been reported.22

Ectopic Adrenocorticotropic Hormone Syndrome
The syndrome of ectopic hormone secretion was first codi-
fied by Liddle and colleagues, who defined it as “any hor-
mone produced by a neoplasm which is derived from tissue 
not normally engaged in the production of the hormone 
in question.”4 ACTH and other pro-opiomelanocortin 
(POMC) products were subsequently identified in many 
non-corticotroph tumors, although not all were associ-
ated with increased circulating levels or the development of 
Cushing’s syndrome.4,23 Although small-cell lung cancer is 
probably the most common cause of ectopic ACTH syn-
drome, it is not the most common cause in larger series 
of generally less obvious tumors investigated at endocrine 
centers, as discussed later (Table 13-2). In such centers, 
an intrathoracic neoplasm (neuroendocrine tumor of the 
bronchus or thymus) accounts for approximately 60% of 
ectopic ACTH secretion, followed by pancreatic neuro-
endocrine tumors, pheochromocytoma (≈5% to 10%),24 
and medullary carcinoma of the thyroid gland (<5%).

The mechanism(s) whereby the POMC gene becomes 
derepressed in non-corticotroph tumors is not under-
stood. One hypothesis is that these cells are derived from 
a common multipotential progenitor cell capable of pro-
ducing peptide hormones, such that ACTH production is 
a reversion to a less differentiated state.25 The speculation 
that many ACTH-producing tumors are derived from 
neural crest amine precursor uptake and decarboxylation 

(APUD) cells may support this view,26 although this 
embryologic hypothesis is not supported by more recent 
data. However, because endodermally derived tumors 
also produce ACTH, the acquisition of APUD charac-
teristics may be but one manifestation of dedifferentia-
tion and may not represent the cause of ectopic ACTH 
production.

Although the mechanism of gene derepression is not 
understood, the regulation of POMC production and 
processing has been investigated. POMC, corticotropin-
like intermediate lobe protein, and larger forms of ACTH 
(“big” or pro-ACTH) that are not usually secreted may 
circulate, and the intracellular ratio of the POMC prod-
ucts may be abnormal.27,28 Investigation of cell lines of 
small-cell carcinoma of the lung that synthesize POMC 
and pro-ACTH showed that only ACTH precursors were 
secreted, suggesting that processing to ACTH is defec-
tive.29 This pattern may also be diagnostically useful if 
assays specific for precursors are utilized. The pattern 
of POMC mRNA species in ACTH-producing tumors 
has been characterized: a 1200-bp transcript similar to 
that of a corticotroph adenoma,30 a shorter than normal  
800-bp mRNA lacking a signal sequence for secretion,30,31 
and a larger 1400- to 1500-bp POMC transcript have 
been identified. The larger species appears to originate 
upstream of the usual pituitary promoter, with preserva-
tion of the normal translation start site.32,33 It is possible 
that the promoters that initiate this transcription are not 
regulated by glucocorticoids, and this may explain in part 
the lack of responsiveness to glucocorticoid suppression 
noted clinically in these patients. In vitro investigation of 
human small-cell cancer cell lines and pancreatic islet cell 
tumors with normal glucocorticoid receptor binding has 
found, for the most part, no regulation of POMC, tyrosine 
aminotransferase, or the glucocorticoid receptor mRNA 
at doses of hydrocortisone that would normally suppress 
pituitary production.34-36 However, clinical observation 
of suppression of ACTH production by some bronchial 
neuroendocrine tumors during glucocorticoid adminis-
tration suggests retention of a functional glucocorticoid 
response element that regulates POMC production, at least 
in some ectopic tumors.37

Ectopic Corticotropin-Releasing Hormone Secretion
Tumor secretion of CRH with or without ACTH secre-
tion is a very rare cause of Cushing’s syndrome. Although 
many tumors immunostain for CRH, its secretion is less 
common, and most patients do not develop Cushingoid 
features.38 Thus, the diagnosis primarily rests on the dem-
onstration of elevated plasma CRH levels (requiring an 
assay that is not readily available). The literature includes 
fewer than 20 patients who fit this criterion. Tumors 
may have negative immunostaining for ACTH, but this 
may be related to reduced storage and rapid secretion. In 
cases such as these, a CRH and ACTH gradient across 
the tumor bed can be suggestive that, in fact, the tumor 
secretes both peptides.39 Tumors include bronchial and 
thymic neuroendocrine tumors, small-cell lung cancer, 
medullary thyroid carcinoma, pheochromocytoma, gan-
gliocytoma, prostate carcinoma, and ganglioneuroblas-
toma.40,41 The biochemical responses to diagnostic tests 
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can be similar to those seen in ectopic ACTH secretion 
or in pituitary ACTH-dependent disease.41 It is important 
to note that many, if not all, ectopic tumors that secrete 
CRH causing Cushing’s syndrome also secrete ACTH.

Primary Adrenal Disease
The primary adrenal forms of Cushing’s syndrome do not 
share a common cause. Although the cause of adrenocor-
tical neoplasia is not known, some events important in 
the development of adrenal cancer have been identified. 
Paternal isodisomy at 11p15.5 with overexpression of 
insulin-like growth factor-2 (IGF-2) and reduced expres-
sion of CDKN1C (a G1 cyclin-dependent kinase inhibitor) 
and H19 (a putative growth suppressor) seems to be a 
key event. Mutations of p53 may be involved in a small 
subset of carcinomas, and mutations of β-catenin may be 
an early event. Other genes important in pathogenesis 
remain to be elucidated, although potential loci have been 
identified at chromosomes 17p, 1p, 2p16, and 11q13 for 
tumor suppressor genes, and at chromosomes 4, 5, and 
12 for oncogenes.42 Adenomas and carcinomas tend to be 
monoclonal, although the nodular hyperplasias are often 
polyclonal.43 Adrenal adenomas are encapsulated benign 
tumors, usually less than 40 g in weight. Cortisol-secret-
ing adrenal carcinomas are usually encapsulated, gener-
ally weigh more than 100 g, and may lack classic histologic 
features of malignancy, although nuclear pleomorphism, 
necrosis, mitotic figures, and vascular or lymphatic inva-
sion suggest the diagnosis.44 The adjacent adrenal tissue 
is atrophic in both conditions.

Primary pigmented nodular adrenal disease (PPNAD), 
also known as micronodular adrenal disease, is a rare 
form of Cushing’s syndrome characterized histologically 
by small- to normal-size glands (combined weight <12 
g) with cortical micronodules (average 2 to 3 mm) that 
may be dark or black in color. The intervening cortex is 
usually atrophic.45 Most cases of PPNAD occur as part 
of the Carney complex in association with a variety of 
other abnormalities, including myxomatous masses of 
the heart, skin, or breast; blue nevi or lentigines; and 
other endocrine disorders (sexual precocity; Sertoli 

cell, Leydig cell, or adrenal rest tumors; acromegaly in 
∼10%). The Carney complex is inherited as an autosomal 
dominant condition, and Cushing’s syndrome occurs in 
approximately 30% of cases. The tumor suppressor gene 
PRKAR1A, coding for the type 1A regulatory subunit 
of protein kinase A, has been shown to be mutated in 
approximately one half of patients with Carney complex. 
Mutations in this gene and also the phosphodiesterase 
11A (PDE11A) gene have been shown to be associated 
with an isolated distinct form of PPNAD.46

Cushing’s syndrome resulting from bilateral nodular 
adrenal disease is an uncommon feature of McCune-
Albright syndrome,47 which is characterized by fibrous 
dysplasia of bone, café-au-lait skin pigmentation, and 
endocrine dysfunction (usually precocious puberty). In 
this disease, an activating mutation at codon 201 of the α 
subunit of the G protein that stimulates cyclic adenosine 
monophosphate formation occurs in a mosaic pattern in 
early embryogenesis.48 If this affects some adrenal cells, 
constitutive activation of adenylate cyclase and the ste-
roidogenic cascade leads to nodule formation and gluco-
corticoid excess. The internodular adrenal cortex, where 
the mutation is not present, becomes atrophic.49

A missense mutation of the ACTH receptor, resulting in 
its constitutive activation and ACTH-independent Cush-
ing’s syndrome, also has been reported.50

ACTH-independent bilateral macronodular adrenal 
hyperplasia (AIMAH) is a rare form (<1%) of Cushing’s 
syndrome that involves large or even huge adrenal glands, 
usually with definite nodules on imaging. Most cases are 
sporadic, but a few familial cases have been reported.51 
Although the cause remains unclear in most cases, some 
nodules express increased numbers of receptors nor-
mally found on the adrenal gland, or ectopic receptors 
for circulating ligands that then can stimulate cortisol 
production.52 Perhaps the best known example of this 
phenomenon is food-dependent Cushing’s syndrome. The 
normal postprandial increase in gastric inhibitory pep-
tide (GIP) appeared to cause Cushing’s syndrome in two 
middle-aged women with bilateral multinodular adrenal 
enlargement, mildly elevated urinary free cortisol (UFC) 

TABLE 13-2 Number (N) of Tumor Types Causing Ectopic Adrenocorticotropic Hormone Syndrome in Four 
Large Series from 1969 to 2011

Tumor Type
Liddle et al., 19694 
 (N = 104)

Aniszewski et al., 
2001464 (N = 106)

Torpy et al., 2002465 
 (N = 58)

Ilias et al., 2005466 
 (N = 90)

Isidori et al., 2003467  
(N = 40)

Combined  
data (N = 398)

Lung carcinoma 52 12 1 3 7 75
Bronchial NET 5 26 23 35 12 101
Thymic NET 11 5 6 5 2 29
MTC 2 9 2 2 3 18
Pancreatic and GI 

NETS
14 18 4 8 3 47

Pheochromocytoma 
/paraganglioma

4 3 2 5 1 15

NET of unknown 
primary tumor

0 7 0 13 4 24

Occult 7 17 18 17 5 64
Miscellaneous* 9 9 2 2 3 25

*Other tumors reported to uncommonly secrete adrenocorticotropic hormone include breast, kidney, melanoma, mesothelioma, myeloblastic 
leukemia, ovary, prostate, salivary glands, and testes.

GI, Gastrointestinal; MTC, medullary thyroid carcinoma; NET, neuroendocrine tumor.
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values, and undetectable plasma ACTH values. Fasting 
morning serum cortisol values were low or normal. Cortisol 
values increased dramatically after meals and after in vivo 
or in vitro exposure to GIP.7,8 In one patient, curative 
bilateral adrenalectomy revealed multinodular adrenal 
glands weighing 20 and 35 g.8 In the other patient, treat-
ment with octreotide ameliorated the syndrome.7 Ectopic 
expression of GIP receptors was found in these patients. 
Aberrant expression of vasopressin, β-adrenergic luteiniz-
ing hormone/human chorionic gonadotropin, serotonin, 
angiotensin, leptin, glucagon, interleukin (IL)-1, and 
thyroid-stimulating hormone (TSH) has been described 
as functionally linked to cortisol production.53 How-
ever, it is possible that this apparent ectopic induction of 
receptors on the adrenal gland is a response to the adrenal 
hyperplasia rather than its cause.

Two additional factors contributing to massive mac-
ronodular disease include local production of ACTH by 
steroidogenic cells leading to excessive cortisol secretion, 
and inactivating mutations of armadillo repeat containing 
5 (ARMC5), which was found in 24% of 30 patients.54

Adrenal rest tissue in the liver, in the adrenal beds, or 
in association with the gonads may rarely cause Cushing’s 
syndrome, usually in the setting of ACTH-dependent dis-
ease after adrenalectomy.55-58 Ectopic cortisol production 
by an ovarian carcinoma has been reported.59

PSEUDO-CUSHING’S STATES
A pseudo-Cushing’s state may be defined as one in which 
some or all of the clinical features that resemble true 
Cushing’s syndrome, and some evidence of hypercorti-
solism, are present, but disappear after resolution of the 
underlying condition.60 The pathophysiology of these 
states has not been established. One hypothesis is that 
these stressful conditions increase the activity of the CRH 
neuron, resulting in excessive ACTH secretion, adrenal 
hyperplasia, and increased cortisol production.61 The 

model predicts only intermittent and modest hypercor-
tisolism because of appropriate corticotroph reduction 
in ACTH secretion in response to negative feedback by 
cortisol (Fig. 13-1). This construct presumes also that 
hypertrophied adrenal glands produce excessive glu-
cocorticoids in response to normal ACTH levels, an 
assumption that is supported by the blunted ACTH, but 
not cortisol, response to exogenous CRH in anorexia ner-
vosa,62 depression,63 and intense athleticism.64

EPIDEMIOLOGY
Iatrogenic causes account for most cases of Cushing’s 
syndrome because of the common therapeutic use of 
high-dose glucocorticoids. Large series have reported the 
distribution of endogenous cases as follows: Cushing’s 
disease (68%), adrenal adenomas (8% to 19%), adrenal 
carcinoma (6% to 7%), ectopic ACTH syndrome (6% to 
15%), and nodular adrenal hyperplasia (2%).60,65 How-
ever, a paucity of information is available on the true inci-
dence of these causes. Perhaps the best data come from a 
population-based study covering the whole of Denmark 
(population of 5.3 million), which used stringent methods 
of data collection, aided by the small number of centers 
treating the disorder.66 The incidences of Cushing’s disease, 
adrenal adenoma, and adrenal carcinoma were 1.2 per 
million per year, 0.6 per million per year, and 0.2 per mil-
lion per year, respectively. The reported incidence of ectopic 
ACTH syndrome was extremely low (0.1 per million per 
year). This is probably due (as the authors concede) to 
the fact that many cases were never recognized, but may 
be explained in part by a group of patients with ACTH-
dependent Cushing’s syndrome (0.5 per million per year) 
with presumed but unproven pituitary disease. Some of 
these may well have had ectopic ACTH syndrome. The 
incidence of ectopic ACTH syndrome most certainly is 
underestimated in the endocrine literature because many 
cases reaching endocrinologists are those caused by small 

Figure 13-1 Physiology of the hypothalamic-pituitary-adrenal axis in normal individuals and hypercortisolemic states. Corticotropin-releasing hor-
mone (CRH) secretion from the hypothalamus normally stimulates adrenocorticotropic hormone (ACTH) secretion from the pituitary gland. This 
in turn results in increased cortisol production from the adrenal glands. The system is modulated by negative feedback inhibition by cortisol of both 
CRH and ACTH secretion. In pseudo-Cushing’s syndrome, the CRH neuron is activated by central input (large shaded arrow), resulting in increased 
CRH output that eventuates in hypercortisolism. Increased cortisol production restrains corticotroph activation but does not completely reverse the 
activation of the CRH neuron, so that mild to moderate hypercortisolism may persist. In Cushing’s disease, a corticotroph adenoma secretes ACTH 
in excess and is inhibited only partially by rising cortisol levels. In this setting and that of ectopic ACTH secretion and primary adrenal disease, the 
CRH neuron is suppressed by hypercortisolism. In ectopic ACTH secretion, excessive secretion of ACTH from a nonpituitary tumor is not inhibited 
by glucocorticoid feedback. In this setting and that of autonomous production of cortisol by the adrenal gland, ACTH secretion by normal cortico-
trophs is suppressed by hypercortisolism.
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occult tumors as opposed to those caused by overt malig-
nancy. However, given that Cushing’s syndrome will be 
present in 3% to 12% of cases of small-cell lung can-
cer,67,68 and that the recent incidence of small-cell lung 
cancer in Europe is approximately 120 per million per 
year in men and 40 per million per year in women,69 this 
is by far the most common cause. Other epidemiologic 
studies have looked at just the incidence of Cushing’s dis-
ease and have found rates between 0.7 per million per 
year in northern Italy70 and 2.4 per million per year in 
northern Spain.71

Gender and age distribution varies with the cause of 
Cushing’s syndrome. Adrenal adenomas and Cushing’s 
disease present much more commonly in women than 
in men, except for prepubertal children when Cushing’s 
disease predominates in boys; and adrenal carcinoma 
is approximately 1.5 times as common in women as in 
men.60,65 Nodular adrenal hyperplasia has an approxi-
mately equal gender ratio.

Ectopic ACTH syndrome is the only cause of the 
syndrome that is more common in men (other than Cush-
ing’s disease in prepubertal children), although this may 
change as more women are developing small-cell lung 
cancer. Lung cancer is more common after 40 years of 
age, and this accounts for the increased mean age of 
patients with ectopic ACTH syndrome compared with 
Cushing’s disease, which occurs between 25 and 40 years 
of age.72 The other major cause of ectopic ACTH secre-
tion, intrathoracic neuroendocrine tumors (best referred 
to as pulmonary carcinoids or NETs), has a peak inci-
dence around 40 years and only a slightly increased male- 
to-female ratio.73 The age distribution of adrenal cancer 

is bimodal, with peaks in childhood and adolescence and 
late in life, although adrenal adenoma occurs most often 
around 35 years of age.

CLINICAL FEATURES
Excessive cortisol production has widespread systemic 
effects72,74-77 (Table 13-3). Although the full-blown 
Cushingoid phenotype is unmistakable, the clinical diagno-
sis may be equivocal for patients with few of the typical 
characteristics (Fig. 13-2). Some nonspecific features con-
sistent with the diagnosis of Cushing’s syndrome, such 
as obesity, hypertension, and menstrual irregularity, are 
common in the general population and may provoke 
unwarranted and costly screening tests for patients not 
likely to be affected.

One useful strategy when the diagnosis of Cushing’s 
syndrome is considered is to look for evidence of pro-
gressive physical changes by examination of serial photo-
graphs, especially of individuals photographed at annual 
events such as holidays, birthdays, or school milestones 
(Fig. 13-3). Another approach relies on identification of 
signs and symptoms that correctly classify patients sus-
pected of having the disorder. Truncal obesity, ecchymo-
ses, plethora, proximal muscle weakness, and osteopenia 
are useful discriminant indices for Cushing’s syndrome, 
with osteoporosis, wide purple striae, ecchymoses, and 
proximal muscle weakness being the most reliable.74,78,79

Increased deposition of fat, one of the earliest signs, 
occurs in almost all patients and is reported as increasing 
weight or difficulty in maintaining weight. The distri-
bution of fat is altered in both men and women, with 

TABLE 13-3 Percentage Frequency of Clinical Signs and Symptoms of Cushing’ s Syndrome as Described  
in Six Large Studies from 1952 to 2003

Signs and Symptoms  
(Men/Women)

Plotz et al.,  
195272 (N = 33)

Sprague et al.,  
195677 (N = 100)

Soffer et al.,  
196176 (N = 50)

Urbanic and George, 
198175 (N = 31)

Ross and Linch,  
198274 (N = 70)

Giraldi et al., 2003135 
(N = 280)

Obesity or weight gain 97 84 86 79 97 85/86
Hypertension 84 90 88 77 74 68/67
Weakness/muscle atrophy 83 58 90 56 64/46
Plethora 89 81 78 94 89/81
Round face 89 92 92 88
Striae 60 64 50 51 56 72/51
Thin skin 84
Ecchymoses 60 62 68 77 62 21/32
Hirsutism 73 74 84 64 81
Acne 82 64 35 21 19/28
Female balding 51 13
Dorsocervical fat pad 67 34 54 51/54
Edema 60 66 48 50
Menstrual changes 86 35 72 69 84
Decreased libido 86 100/33 55 100/47
Headache 58
Backache 83 39 43
Psychiatric disturbances 67 40 48 62 26/34
Recurrent infection 14 25
Poor wound healing/severe 42
infection
Abdominal pain 21
Renal calculi 15 21/6
Osteoporosis/fracture 83 56 48 50 47/32
Abnormal glucose tolerance 94 84 39 50 43/45
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increased amounts in the visceral compartments80 and 
subcutaneous sites on the face and neck. Increased 
intraabdominal fat results in the truncal obesity described 
by Cushing in approximately 50% of patients. Increased 
fat in the face (“moon facies”), the supraclavicular or 
temporal fossae, and the dorsocervical area (“buffalo 
hump”) is uncommon in normal people. When extreme, 
the supraclavicular fat may present as a “collar” rising 
above the clavicles (Fig. 13-4); filling of the temporal fos-
sae may prevent eyeglass frames from seating properly. 
Abnormal fat deposition may occur in the epidural space. 
Spinal epidural lipomatosis causing neurologic deficit, a 
rare complication of long-term exogenous steroid use, 
has been reported in a few patients with endogenous 
Cushing’s syndrome.81,82 Lumbosacral findings were seen 
in both men and women, whereas thoracic obstruction 
was restricted to men. The condition can be diagnosed by 
magnetic resonance imaging (MRI).83

Loss of subcutaneous tissue results in a variety of skin 
abnormalities that are unusual in the general population 
and suggest hypercortisolism. Ecchymoses, often after 
minimal trauma, and cutaneous atrophy, seen as a fine 
“cigarette paper” wrinkling or tenting over the dorsum 
of the hand and elbows, are typical. Cutaneous atrophy 
is influenced by gender and age, with men and the young 
having greater skin thickness. Two maxims follow: First, 

it is useful to compare the patient’s skin with that of a 
near age- and gender-matched healthy person; and sec-
ond, skin thickness is relatively preserved in Cushingoid 
women with increased androgen production or preserva-
tion of ovarian function (Fig. 13-5).

Facial plethora, especially over the cheeks, also reflects 
loss of subcutaneous tissue. Although plethora is more 
obvious in pale Caucasian individuals, it may be present 
and should be sought in darker-skinned persons. Because 
erythema may be induced in normal persons by ultravio-
let radiation from lamps or sunlight, wind, or medica-
tions (including topical drying agents, glucocorticoids, 
and anti-psoriatic treatments), exposure to these agents 
should be ascertained before plethora is ascribed to 
endogenous hypercortisolism. A demarcation line, repre-
senting collar, sleeve, or shoulder straps, may differenti-
ate exogenous from endogenous causes. Flushing caused 
by other conditions (e.g., mastocytosis, thyrotoxicosis, 
vasomotor instability or estrogen insufficiency in women, 
carcinoid syndrome) also should be considered.

Purple striae more than 1 cm in width are virtually 
pathognomonic for Cushing’s syndrome (Fig. 13-6). 
Although the silvery, healed striae that are typical post-
partum are not caused by active Cushing’s syndrome, 
other pink, less pigmented, and thinner striae may be 
seen. Although most common over the abdomen, striae 
occur also over the hips, buttocks, thighs, breasts, and 
upper arms. The tear in the subcutaneous tissue may be 
best appreciated by indirect (side) lighting, which throws 
the striae into relief, or by light stroking of the skin. The 
violaceous hue is not dependent on ACTH-dependent 
pigmentation and may be seen in Cushing’s syndrome in 
association with primary adrenal causes.

Proximal muscle weakness with preservation of distal 
strength is a hallmark of Cushing’s syndrome. Histo-
logically, this is reflected in profound atrophy of fibers 
without necrosis.84-86 Weakness is best assessed histori-
cally by questions related to the use of these muscles: Is 
there difficulty or weakness in climbing stairs, getting up 
from a chair or bed without using hand propulsion, or 
performing activities using the shoulders (e.g., brushing 
hair, reaching objects in overhead cabinets, changing ceiling 
light bulbs)? Formal muscle testing is useful. Assess the 
strength of the hip flexors by asking the patient to get 
out of a chair without using his or her arms. If this can 
be done, the patient is asked to rise from a squat. Inabi-
lity to perform either task, in the absence of hip or lower 
extremity arthropathy or other myopathic processes, is 
suggestive of Cushing’s syndrome. Leg extension while 
seated is a quantifiable test of proximal muscle strength. 
The number of seconds for which this position is held can 
be used to judge deterioration or progress after treatment.

Osteopenia is common. A history of fractures, typically 
of the feet, ribs, or vertebrae, may be one of the only signs 
of Cushing’s syndrome, especially in men.75,76,87 Avascu-
lar necrosis of bone, a rare complication of endogenous 
hypercortisolism, is more common in iatrogenic hyper-
cortisolism.88,89 It usually occurs in the hips, but we have 
also seen it in the knees.

Vellous hypertrichosis of the forehead or upper cheeks 
distinguishes Cushing’s syndrome from the more common 

A B

Figure 13-2 Body habitus of two patients with proven Cushing’s syn-
drome. Features typical of the syndrome—central obesity, round face, 
and supraclavicular fat pads—are present in the patient in A, but not in 
the patient in B, illustrating that the diagnosis is not always apparent 
from the initial physical examination.
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causes of hirsutism and may be detected only by careful 
visual and tactile inspection (Fig. 13-7). Excessive terminal 
hair on the face and body, and acne—pustular, reflecting 
increased androgens, or papular, reflecting pure glucocor-
ticoid excess—may be present.90 Severe hirsutism and vir-
ilization are uncommon and suggest adrenal carcinoma.

Most patients experience emotional and cognitive 
changes (including increased fatigue, irritability, crying, 
restlessness, depressed mood, decreased libido, insom-
nia, anxiety, and impaired memory, concentration, and 
verbal communication) and changes in appetite. These 
changes correlate with the degree of hypercortisolism.91 
Irritability, characterized as a decreased threshold for 
uncontrollable verbal outbursts, may be one of the earli-
est symptoms. Global impairment in neuropsychological 
function correlates well with the performance of serial-7 
subtractions and recall of the names of three cities— 
bedside tests that can be used by the clinician to quantify 
this symptom complex.92 Approximately 80% of patients 
meet strict criteria for a major affective disorder—50% 

with unipolar depression and 30% with bipolar illness.93,94 
Although the quality of the depressed mood ranges from 
suicide attempts to sadness, the time course is char-
acteristically intermittent, in contrast to the constant 
dysphoria reported by depressed patients without Cush-
ing’s syndrome.91 A minority of patients are manic. The 
improvement in neuropsychiatric findings after treatment 
of Cushing’s syndrome, coupled with similar features in 
patients treated with exogenous steroids, and the associa-
tion of hypercortisolism with poor cognitive performance 
in depressed patients, suggest glucocorticoid excess as a 
cause.95,96

Hypertension is present in approximately 80% of 
patients, and although hypertension is also common in 
the general population, its presence in patients younger 
than 40 years of age, especially if difficult to control, may 
alert one to the syndrome. Hypertension usually resolves 
with treatment of Cushing’s syndrome but may persist, 
possibly as the result of microvessel remodeling and/or 
underlying essential hypertension.97

Figure 13-3 Progression of cushin-
goid features as shown in photo-
graphs taken at 1-year intervals  
(A through D, progress from earliest 
to latest).

A B

DC
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The association of hypercortisolism and fungal infec-
tions of the skin, such as mucocutaneous candidiasis and 
pityriasis versicolor, with poor wound healing is a com-
mon feature. Wound dehiscence occurs less often but is 
an important consideration in patients who are treated 
surgically without medical pretreatment.

Patients with marked hypercortisolism (plasma corti-
sol >43 μg/dL [1200 nmol/L], UFC >2000 μg/day [5520 
nmol/day]) are at risk for two potentially catastrophic 
events: perforation of the viscera and severe infection, 
either bacterial or opportunistic, such as Pneumocystis 
carinii, aspergillosis, nocardiosis, cryptococcosis, histo-
plasmosis, and Candida.98-100 Classic clinical signs, such 
as loss of bowel sounds and fever, may be absent in peri-
tonitis, and the typical leukocytosis of hypercortisolism 

may not increase further. Thus, the threshold of suspicion 
for opportunistic infection and a surgical abdomen must 
be low in patients with severe hypercortisolism.

Libido is decreased uniformly in men and to a lesser 
extent (44%) in women,75 in whom increased libido may 
indicate excess androgen production by an adrenocorti-
cal carcinoma. Menstrual irregularity, amenorrhea, and 
infertility are common and may be the presenting com-
plaints.101 Erectile dysfunction is common.

Figure 13-4 Fat may fill or, in this case, rise above the supraclavicular 
fossa of patients with Cushing’s syndrome.

Figure 13-5 Thinning of the skin may be demonstrated by twisting the 
skin on the dorsum of the hand.

Figure 13-6 Typical abdominal striae of a patient with hypercorti-
solism. These are greater than 1 cm in width and are violaceous.

Figure 13-7 Vellous hirsutism, especially on the cheeks, is often pres-
ent in women with Cushing’s syndrome.
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PATHOLOGY
The cardinal laboratory findings in endogenous Cushing’s 
syndrome reflect overproduction of glucocorticoids. 
Although morning plasma cortisol values may be normal, 
an increased nighttime nadir blunts or obliterates the 
normal diurnal rhythm.102-104 This increase in mean 
24-hour plasma values is reflected in increased levels of 
free, or unbound, cortisol in urine105 and saliva.106 The 
capacity of corticosteroid-binding globulin for cortisol 
is exceeded at a serum cortisol value of approximately  
20 μg/dL (≈550 nmol/L). At this point, the excretion of 
free cortisol increases dramatically in direct proportion to 
the increased unbound circulating cortisol values.

Hypokalemic metabolic alkalosis is usually observed 
when daily urine cortisol excretion is >1500 μg (4100 
nmol), and thus is mainly seen in cases of ectopic ACTH 
syndrome.107 This probably represents a mineralocorti-
coid action of cortisol at the renal tubule due to saturation 
of the enzyme 11β-hydroxysteroid dehydrogenase type 
2, which inactivates cortisol to cortisone.108 However, 
although a common feature of ectopic ACTH secretion, 
it also may occur in approximately 10% of patients 
with Cushing’s disease. Serum albumin is inversely corre-
lated with cortisol levels, but this is of clinical signifi-
cance only at very high cortisol levels, and it reverses 
with treatment for Cushing’s syndrome.109 Drastic 
reductions in serum albumin should alert the physician 
to the possibility of concomitant pathology such as 
infection. Circulating elevated glucocorticoids increase 
clotting factors, including factor VIII, fibrinogen, and 
von Willebrand factor, and reduce fibrinolytic activity, 
resulting in a fourfold to tenfold increased risk of throm-
botic events.110-113 Venous thromboembolism has been 
reported in 20% of patients with Cushing’s syndrome 
(at a mean follow-up of 6 to 9 years) who did not receive 
thromboprophylaxis and in 6% when therapeutic dose 
of unfractionated heparin (15,000 to 22,500 U daily) 
had been administered at least for 2 weeks after any sur-
gery.114 The hypercoagulable state can persist even after 
12 months of Cushing’s syndrome remission, and many 
experts recommend using thromboprophylaxis from 24 
hours following surgery, though randomized trials are 
needed to establish the duration and the risks and bene-
fits of this treatment.115 Lipid abnormalities include 
increases in very-low density lipoprotein, low-density 
lipoprotein, triglycerides, and consequently total choles-
terol and a decrease in high-density lipoprotein. These 
changes probably are caused by a direct cortisol effect of 
increased hepatic synthesis of very low-density lipoprotein 
without altered clearance.116,117

Cushing’s syndrome is characterized by insulin resis-
tance and hyperinsulinemia, with frank diabetes mellitus 
occurring in 30% to 40% of patients, and glucose into-
lerance in a further 20% to 30%.118,119 A recent study 
suggested that as many as 2% of overweight, poorly con-
trolled patients with diabetes may have occult Cushing’s 
syndrome if fully investigated.120 In the absence of clinical 
suspicion, the yield is probably lower.121

Patients with Cushing’s disease show accelerated 
vascular disease, including cerebrovascular accidents and 

myocardial infarction. Biomarkers for these disorders 
include increased carotid artery intima-media thickness 
and atherosclerotic plaques on Doppler ultrasonogra-
phy122 or CT coronary angiography.123 This increased 
risk is maintained even as long as 5 years after cure of 
the hypercortisolemia is attained.124 It also is likely that 
glucocorticoids have a direct pathogenic effect on the 
myocardium.125

Hypercortisolism suppresses the thyroidal, gonadal, 
and growth hormone axes. Thyrotropin-releasing 
hormone and thyroid-stimulating hormone release is 
disturbed, and particularly the nocturnal surge of thyroid-
stimulating hormone is lost, resulting in reduced total 
thyroxine, total triiodothyronine, and free triiodothy-
ronine levels compared with controls.126 Others have 
found no differences in free thyroxine or free triiodothy-
ronine levels but have shown a significantly increased 
development of autoimmune thyroid disease in patients 
following treatment for Cushing’s syndrome.127,128 In 
both men and women, low levels of luteinizing hor-
mone, follicle-stimulating hormone, and gonadal steroids 
consistent with hypogonadotropic hypogonadism are 
common and correlate with the degree of hypercorti-
solemia.129,130 In addition, the coexistence of polycystic 
ovarian syndrome in Cushing’s syndrome may be more 
common than was previously thought.101 Hypercorti-
solemia causes reduced growth hormone (GH) secretion 
during sleep and blunted GH response to stimulation 
tests.131 Clinically it manifests with decreased linear 
growth in children.

The prevalence of osteoporosis as assessed by dual-
energy x-ray absorptiometry is approximately 50% in 
adult Cushing’s syndrome.132 It appears more common 
in adrenal Cushing’s syndrome than in Cushing’s disease, 
and this may relate to the protective effect of increased 
adrenal androgens in the latter.133

The accentuated visceral fat distribution characteristic 
of Cushing’s syndrome can be marked when visualized 
by computed tomography (CT),80 and the liver frequently 
(20%) is steatotic on imaging.134

CLINICAL SPECTRUM
The typical patient with Cushing’s disease presents 
at midlife complaining of the gradual development of 
symptoms, although males tend to present at an earlier 
age and with more severe clinical consequences.135 
Hypokalemia, virilization, and extremely high cortisol 
excretion (>tenfold normal) are distinctly uncommon 
and should alert the physician to an alternative cause. 
The clinical presentation of pituitary corticotroph macro-
adenomas, apart from visual field changes caused by 
suprasellar expansion, is not unique. By contrast, inva-
sive pituitary adenomas present at a slightly younger 
age; cavernous sinus and dural involvement may result 
in cranial neuropathies and facial neuralgia.136,137 
Only a few case reports attest to cerebrospinal or 
extracranial metastasis of ACTH-producing pituitary 
tumors.138

Nelson’s syndrome is characterized by the develop-
ment of hyperpigmentation and high ACTH levels after 
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bilateral adrenalectomy for Cushing’s disease. Tumor 
growth after adrenalectomy has been attributed to the 
relative resistance of these tumors to physiologic gluco-
corticoid suppression.

An abrupt onset of severe Cushing’s syndrome should 
prompt an evaluation for ectopic ACTH secretion. 
This variant of ectopic ACTH secretion classically pres-
ents as a paraneoplastic syndrome in the context of a 
known malignancy. The features were captured in the 
initial formulation of Liddle4: weight loss, hypokalemia, 
weakness, and diabetes. However, Cushing’s syndrome 
caused by less obvious ectopic ACTH secretion often 
presents in the more classic way with weight gain and 
striae and can be difficult to differentiate clinically from 
Cushing’s disease. It is patients with this syndrome who 
very often present a diagnostic dilemma. They tend to 
have UFC excretion in the range seen in pituitary disease 
and may not show hypokalemia, hyperpigmentation, 
or the other findings typical of severe classical ectopic 
ACTH secretion.

Adrenocortical carcinomas are inefficient producers 
of cortisol and tend to present with Cushing’s syndrome 
when the tumor is large (>6 cm), if at all. Abdominal 
pain or a palpable mass suggests this cause. Feminiza-
tion in a man or virilization and increased libido in a 
woman, indicating involvement of the zona reticularis, 
suggest adrenal cancer or macronodular adrenal dis-
ease, which is rarer. The typical patient with PPNAD is 
a child or young adult who may present with an inter-
mittent course or a family history of associated signs: 
Lentigines may be the initial clue to this cause. By con-
trast, patients with the massive macronodular variant 
of ACTH-independent Cushing’s syndrome tend to be 
older than 40 years of age.

DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS
The diagnosis of Cushing’s syndrome rests on the demon-
stration of both physical and biochemical features of 
glucocorticoid excess. Thus, the diagnosis is unequivocal 
in a typical patient, with many of the physical features 
discussed earlier in the setting of UFC levels more than 
fourfold above normal.139 However, many of the signs 
of hypercortisolism, such as obesity, hypertension, glucose 
intolerance, mood changes, menstrual irregularity, and 
hirsutism, are common in the general population. Simi-
larly, mild glucocorticoid excess is seen in affective dis-
orders,140 strenuous exercise,64 alcoholism and alcohol 
withdrawal states,141 renal failure,142 and hypoglycemia. 
Diagnostic strategies for distinguishing between these 
pseudo-Cushing’s states and true Cushing’s syndrome are 
discussed later.

Glucocorticoid resistance is characterized by an abnor-
mal glucocorticoid receptor number or binding, which 
causes compensatory increases in ACTH and excessive 
glucocorticoid production to maintain normal glucocor-
ticoid-mediated effects at the target tissues. The diagnosis 
should be considered in the hypokalemic, hypertensive, 
hypercortisolemic patient and in polycystic ovarian disease 
when typical glucocorticoid-mediated signs of Cushing’s 
syndrome are not present.143

ESTABLISHING THE DIAGNOSIS OF CUSHING’S 
SYNDROME
When a careful history and physical examination 
reveal clinical features that could be consistent with 
the syndrome, exogenous glucocorticoid use must be 
excluded (Table 13-4). In addition to inquiring about 
the use of oral, rectal, inhaled, injected, or topical glu-
cocorticoid administration, it is important to evaluate 
the use of “tonics,” herbs, and skin-bleaching creams, 
which may contain glucocorticoids. In the absence of 
exogenous glucocorticoids, biochemical confirmation 
of the diagnosis of Cushing’s syndrome is needed. It is 
important to remember that the urgency for diagnosis 
and treatment of Cushing’s syndrome is greatest when 
the symptoms are severe. In milder cases, the patient 
may be best served by waiting until the diagnosis is 
clear. Periodic reevaluation with screening tests and 
documentation of body habitus with photographs may 
reveal progression.

TABLE 13-4 Evaluation of Suspected Cushing’s 
Syndrome History

Increased weight
Growth retardation in children
Weakness
Easy bruising
Stretch marks
Poor wound healing
Fractures
Change in libido/erectile dysfunction
Irregular or no menses
Emotional, cognitive, and mood changes (fatigue, irritability, 

anxiety, insomnia, depression, impaired memory and  
concentration)

Examination

Fat distribution (centripetal obesity; rounded face; dorsocervical, 
supraclavicular, and temporal fat pads)

Hypertension
Proximal muscle weakness and atrophy
Thin skin and ecchymoses
Purple striae
Hirsutism
Acne
Facial plethora
Edema
Impaired short-term memory

Laboratory Findings

Abnormal glucose tolerance/frank diabetes mellitus, hypokalemia

First-Line Screening Tests

Elevated 24-hour urinary free cortisol (three collections)
Lack of suppression to low-dose dexamethasone (ONDST/48-

hour LDDST)
Elevated late-night salivary cortisol

Additional Screening Tests (if required)

Cortisol circadian rhythm
Combined dexamethasone-CRH test

CRH, Corticotropin-releasing hormone; LDDST, low-dose dexa-
methasone suppression test; ONDST, overnight dexamethasone 
suppression test.
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Initial Screening Tests
Hypercortisolemia, demonstrated by loss of the normal 
circadian rhythm of cortisol secretion, and disturbed 
feedback of the hypothalamic-pituitary-adrenal (HPA) 
axis, are the cardinal biochemical features of Cushing’s 
syndrome. Tests to confirm the diagnosis are based on 
these principles. To screen for Cushing’s syndrome, tests 
of high sensitivity should be used initially to avoid missing 
milder cases. All of these screening tests may miss identi-
fication of mild cases of hypercortisolemia, and multiple 
samples or a combination of tests may be needed. An 
Endocrine Society guideline suggests that two abnormal 
first-line test results should be required for the diagnosis 
of Cushing’s syndrome.144

Urinary Free Cortisol
Under normal conditions, 10% of plasma cortisol is free 
or unbound and physiologically active. Unbound cortisol 
is filtered by the kidney, with most being reabsorbed in 
the tubules and the remainder excreted unchanged. Thus, 
24-hour UFC collection produces an integrated measure 
of serum cortisol, smoothing out variations in cortisol 
during the day. UFC determinations first became clinically 
available in 1968145 and have superseded the historical 
measurement of urinary metabolites of glucocorticoids 
and androgens (17-hydroxycorticosteroids [17-OHCS], 
17-ketosteroids, and 17-ketogenic steroids). The major 
drawback of the test is the potential for overcollection 
or undercollection of the 24-hour specimen, and writ-
ten instructions must be given to the patient. In addition, 
creatinine excretion in the collection can be measured to 
assess completeness and should equal approximately 1 
g per 24 hours in a 70-kg patient (variations depend on 
muscle mass). This value should not vary by more than 
10% between collections in the same individual.146 It 
cannot be used to correct for incomplete collection, how-
ever, because rates of cortisol and creatinine excretion 
are not parallel over the 24-hour period. Various groups 
have tried to overcome the collection issue by propos-
ing shorter collection periods, usually at night, when 
the loss of circadian rhythm differs most from normal 
controls,147,148 but this approach has not been widely 
accepted. High-performance liquid chromatography 
and tandem mass spectrometry are now used to measure 
UFC, which overcomes the previous problem of cross-
reactivity of some exogenous glucocorticoids and other 
structurally similar steroids with conventional radioim-
munoassay.149 However, this lack of cross- reactivity 
may result in normal values in patients with mild dis-
ease.150 Occasionally, substances such as carbamazepine, 
digoxin, and fenofibrate can coelute with cortisol during 
high-performance liquid chromatography, causing falsely 
elevated results.151,152

If the previous caveats have been satisfied, the UFC 
measurement can be interpreted. In large series, measure-
ment of an elevated UFC above the normal range has a 
high sensitivity for the diagnosis of Cushing’s syndrome 
(≈95% to 100%).105,153 However, it should be noted 
that in the latter study, 11% of 146 patients with proven 
Cushing’s syndrome had at least one of four UFC collec-
tions within the normal range, which confirms the need 

for multiple collections. Values greater than fourfold 
normal are rare except in Cushing’s syndrome. Values 
between this and down to the upper limit of normal are 
compatible with Cushing’s syndrome or pseudo-Cush-
ing’s states, so that one must exclude the latter diagnosis. 
In summary, UFC measurements have a high sensitivity 
if collected correctly, and several completely normal col-
lections make the diagnosis of Cushing’s syndrome very 
unlikely. However, when biochemical evidence of Cush-
ing’s syndrome is not obtained in the setting of clinical 
features that suggest the diagnosis, repeated measurement 
of urine cortisol may demonstrate cyclicity or progres-
sion. The specificity is somewhat lower, thus patients with 
marginally elevated levels require further investigation.60 
In general, it is not the most useful of screening tests.154

Late-Night Salivary Cortisol
Salivary cortisol measurement offers an excellent reflec-
tion of the plasma free cortisol concentration in health 
and disease because it circumvents the changes in total 
cortisol due to corticosteroid-binding globulin altera-
tions.155,156 Salivary cortisol is stable for some days at 
room temperature, and the simple noninvasive collection 
procedure means that it can be performed conveniently at 
home and delivered via mail. Thus, it offers a number of 
attractive advantages over blood collection, particularly 
in children and in suspected cyclical Cushing’s syndrome. 
Analysis is performed using a modification of the plasma 
cortisol radioimmunoassay, enzyme-linked immuno-
sorbent assay, or liquid chromatography/tandem mass 
spectrometry, and commercial kits are internationally 
available for this.157 The diagnostic cutoff value varies 
between studies (0.13 μg/dL [3.6 nmol/L] to 0.55 μg/dL 
[15.2 nmol/L]) because of different assays and comparison 
groups studied.158-165 Normal values also differ between 
adult and pediatric populations, and this may be affected 
by other comorbidities such as diabetes and hyperten-
sion.166 However, from these studies, the sensitivity and 
specificity of this test appear to be relatively consistent at 
different centers, ranging from 92% to 100%, and from 
93% to 100%, respectively. It does not appear to make 
a difference if sampling is done at bedtime (≈11:00 pm) 
or at midnight, although it should be determined that 
the patient has a normal sleep pattern. Positive or nega-
tive results should be confirmed by repeat sampling. In 
summary, therefore, although late-night salivary cortisol 
appears to be a useful and convenient additional screen-
ing test for Cushing’s syndrome, particularly in the out-
patient setting, local normal ranges should be validated 
based on the assay used and the population studied.

Low-Dose Dexamethasone Suppression Tests
In normal individuals, administration of the potent 
synthetic glucocorticoid dexamethasone results in 
suppression of the HPA axis, whereas patients with 
Cushing’s syndrome are resistant, at least partially, to 
this negative feedback. The original low-dose dexa-
methasone test (LDDST), as described by Liddle in 
1960, measured urinary 17-OHCS before and during  
48 hours of 0.5-mg dexamethasone every 6 hours, and 
an excretion of greater than 4 mg/day on the second day 
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of dexamethasone treatment was considered to indi-
cate Cushing’s syndrome.167 Dexamethasone does not 
cross-react with modern cortisol immunoassays, and the 
simpler measurement of a single plasma cortisol post-
dexamethasone has been validated in various series and 
gives the 48-hour test a sensitivity of 97% to 100% for 
the diagnosis of Cushing’s syndrome.168-171 The simpler 
overnight LDDST was proposed by Nugent and col-
leagues in 1965; this measured a 9:00 am plasma cor-
tisol after a single dose of 1 mg dexamethasone taken 
at midnight.172 Since then, various other doses, between 
0.5 and 2 mg, have been proposed for the overnight test, 
and various diagnostic cutoffs have been applied.173-175 
There appears to be no difference in discrimination 
between single doses of 1, 1.5, and 2 mg.176 Higher 
doses significantly decrease the sensitivity of the test.177 
In a comprehensive review of the LDDST, both the origi-
nal 2-day test and the 1-mg overnight protocol appear to 
have comparably high sensitivities (98% to 100%), pro-
vided a conservative post-dexamethasone serum cortisol 
cutoff of 1.8 μg/dL (50 nmol/L) is applied. However, the 
specificity of the overnight test (88%) is lower compared 
with the 2-day test, particularly if serum cortisol is mea-
sured at both 24 and 48 hours (97% to 100%), with 
potential misclassification of patients with pseudo-Cush-
ing’s states and acute or chronic illnesses. Many endo-
crinologists use the overnight test because of its greater 
simplicity and lower cost, especially for initial screen-
ing, although some centers still advocate the 48-hour 
test because of its high sensitivity and specificity, and the 
information it can provide in the differential diagnosis 
of ACTH-dependent Cushing’s syndrome (see later).171 
Written instructions should be given to the patient if the 
latter is to be performed on an outpatient basis. Sali-
vary rather than serum cortisol has been evaluated as 
the end point for the LDDST. This offers potential ben-
efit in terms of convenience but requires further evalu-
ation.161,178 Factors such as variable absorption and 
increased or decreased dexamethasone metabolism due 
to other compounds (Table 13-5) can influence any oral 
dexamethasone test.179 Therefore, a history of symptoms 

of malabsorption and a careful drug history should be 
taken before the test is used in a patient. Measurement 
of plasma dexamethasone is available in some centers 
and can be useful in patients of concern. One solution 
to overcome demonstrated malabsorption is to use one 
of the published intravenous dexamethasone suppres-
sion tests, recognizing that criteria for response have not 
been standardized.180,181 Pregnancy and other causes of 
increased or decreased corticosteroid-binding globulin 
(such as exogenous estrogens and the nephrotic syn-
drome) also should be excluded because these are likely 
to result in false-positive and false-negative tests.182 
Combined oral contraceptive pill or hormone replace-
ment therapy containing estradiol should be stopped for 
4 to 6 weeks before tests to allow normalization of CBG 
and interpretation of cortisol levels. If stopping exog-
enous estrogens is not possible or if the woman is preg-
nant, UFC or salivary cortisol should be used as these 
tests measure/reflect the free cortisol level.

Second-Line Tests
The Dexamethasone-CRH Test
In 1993, a combined dexamethasone-CRH (Dex-CRH) 
test was introduced for the difficult scenario of the differ-
entiation of pseudo-Cushing’s states from true Cushing’s 
syndrome in patients with only mild hypercortisolemia 
and equivocal physical findings.183 Dexamethasone 
0.5 mg every 6 hours was given for eight doses, ending 
2 hours before administration of ovine CRH (1 mcg/
kg intravenously) to 58 adults with UFC <360 μg/day 
(<1000 nmol/day). Subsequent evaluation proved that 39 
had Cushing’s syndrome and 19 had a pseudo-Cushing’s 
state. The serum cortisol value 15 minutes after CRH was 
<1.4 μg/dL (38 nmol/L) in all patients with pseudo-Cush-
ing’s states and was greater in all patients with Cushing’s 
syndrome. A prospective follow-up study by the same 
group in 98 patients continued to show that the test had 
an impressive sensitivity and specificity of 99% and 96%, 
respectively.184 However, results from a number of other 
smaller studies have challenged the diagnostic utility of 
this test over the standard LDDST.185-187 Overall, in 
these reports, the specificity of the LDDST in 92 patients 
without Cushing’s syndrome was 79% versus 70% for 
the Dex-CRH. Test sensitivity in 59 patients with Cush-
ing’s syndrome was 96% for LDDST, versus 98% for 
the Dex-CRH group. It perhaps is not surprising that the 
diagnostic utility of the Dex-CRH has altered with addi-
tional studies at a greater number of centers. This might 
be the case for a number of reasons, including variable 
dexamethasone metabolism in individuals, different defi-
nitions of patients with pseudo-Cushing’s, different pro-
tocols and assays, and variable diagnostic thresholds.188 
Of note, the original cortisol criteria performed poorly at 
these other centers, and this may have happened because 
many cortisol assays do not reliably measure levels <1.8 
μg/dL (50 nmol/L). It does highlight that as a clinician 
one must be confident in the assay that is to be used for 
a particular test, and diagnostic criteria should be cho-
sen that are appropriate for that assay. The Dex-CRH 
test remains a test that can be considered in patients with 
equivocal results.

TABLE 13-5 Spurious Causes of Abnormal 
Dexamethasone Suppression Test Results*

False-Positive

Increased metabolism by induction of CYP 3A4: barbiturates, 
phenytoin, carbamazepine, oxcarbazepine, primidone, rifampi-
cin, rifabutin, aminoglutethimide, pioglitazone, St. John’s wort

Increased cortisol-binding globulin: pregnancy, oral estrogens, 
tamoxifen

Malabsorption
Pseudo-Cushing’s states

False-Negative

Reduced metabolism by inhibition of CYP 3A4: cimetidine, 
ciprofloxacin, erythromycin, ketoconazole, fluconazole, 
 itraconazole, ritonavir, indinavir, diltiazem, conivaptan, 
 verapamil, voriconazole, , grapefruit juice

Liver disease

*Detailed list of CYP 3A4 inducers/inhibitors available at http://medicine. 
iupui.edu/flockhart/table.htm.

http://medicine.iupui.edu/flockhart/table.htm
http://medicine.iupui.edu/flockhart/table.htm


240 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

Plasma Cortisol Circadian Rhythm
The normal diurnal rhythm of plasma cortisol is 
blunted or absent in Cushing’s syndrome, with nor-
mal or increased morning values and an increase in the 
nighttime nadir. Although less convenient than sali-
vary cortisol, midnight plasma cortisol levels may be 
useful to obtain in patients admitted for investigation. 
Samples are best obtained around midnight, through 
an indwelling line for awake patients or by direct veni-
puncture within 5 to 10 minutes of waking of sleeping 
patients, at least 48 hours after admission. In one study, 
20 normal sleeping subjects had values <1.8 μg/dL (50 
nmol/L), whereas all 150 patients with Cushing’s syn-
drome had midnight plasma cortisol concentrations 
greater than this.170 The suggested cutoff criterion in 
awake patients is higher, 7.5 to 8.3 μg/dL (207 to 229 
nmol/L) and less discriminatory (sensitivity 92% to 
94%, and specificity 96% to 100%).189,190 This differ-
ence probably reflects a different comparison group—
patients suspected to have Cushing’s syndrome but in 
whom it was excluded. Patients with severe medical ill-
ness, depression, and mania may have cortisol values 
one to three times normal.140,176 Therefore, a sleeping 
midnight cortisol value <1.8 μg/dL (50 nmol/L) effec-
tively excludes active Cushing’s syndrome, but higher 
values, unless very high, are less specific for Cushing’s 
syndrome.

Other Second-Line Tests
The insulin tolerance test has been used to distinguish 
Cushing’s syndrome from pseudo-Cushing’s states. 
Serum cortisol values increase in normal people after 
acute hypoglycemia, presumably because of central 
stimulation of CRH and vasopressin. The sustained 
hypercortisolism of Cushing’s syndrome suppresses 
CRH and vasopressin secretion and so blunts this 
response. The CRH/vasopressin neurons are presumed 
to be overactive in pseudo-Cushing’s states, particu-
larly those that are depression associated, so a normal 
response to hypoglycemia (<40 mg/dL; <2.2 nmol/L) 
is usually maintained. Unfortunately, approximately 
18% of patients with Cushing’s syndrome, especially 
those with minimal hypercortisolism, show a normal 
response to adequate hypoglycemia.176 Additionally, 
criteria for interpretation of results have not been 
established. If used, a dose of insulin of 0.3 U/kg 
should be used to overcome insulin resistance in these 
patients.140

The opiate agonist loperamide (16 mg orally) has 
been shown to inhibit CRH/vasopressin and thus ACTH 
and cortisol levels in most normal individuals, but not in 
patients with Cushing’s syndrome. This test has not been 
used widely but has been evaluated in one center, reveal-
ing a sensitivity of 100% and a specificity of 95%.191,192 
However, it is unclear as to how well this test may 
exclude pseudo-Cushing’s states because a significant 
proportion of patients with depression also fail to sup-
press the HPA axis.193 It does not appear to be affected 
by drugs that affect the metabolism of dexamethasone 
and could potentially be useful in assessing patients on 
such treatment.192

DIFFERENTIAL DIAGNOSIS OF CUSHING’S 
SYNDROME
Once the diagnosis of Cushing’s syndrome is made, its 
cause must be determined. The strategy for the differential 
diagnosis of Cushing’s syndrome (Fig. 13-8) begins with 
measurement of plasma ACTH to distinguish between 
ACTH-dependent and ACTH-independent causes. Mod-
ern two-site immunoradiometric assays are more sensi-
tive than the older radioimmunoassays and therefore 
provide the best discrimination. Only assays that can 
reliably detect values to <10 ng/L should be used, and 
appropriate collection and processing of the sample are 
essential, because ACTH is susceptible to degradation by 
peptidases; therefore the sample must be kept in an ice 
water bath and centrifuged, aliquoted, and frozen within 
a few hours to avoid a spuriously low result. Repeated 
measurements are usually necessary because patients with 
ACTH-dependent Cushing’s disease have been shown 
to have on occasion ACTH levels <10 ng/L (2 pmol/L) 
on conventional radioimmunoassay,194 but consistent 
ACTH measurements of <10 ng/L (2 pmol/L) at 9:00 am  
with concomitant hypercortisolemia essentially confirm 
ACTH-independent Cushing’s syndrome. When the 
basal ACTH level is indeterminate (10 to 20 ng/L [2 to 
4 pmol/L]), the response to CRH may be useful. Patients 
with primary adrenal disease rarely show maximal ACTH 
values >20 ng/L (4 pmol/L), although patients with Cush-
ing’s disease usually exceed this value.

Investigating Adrenocorticotropic Hormone- 
Independent Cushing’s Syndrome
Radiologic tests are the mainstay in differentiating 
among the various types of ACTH-independent Cushing’s 
syndrome. High-resolution CT scanning of the adrenal 
glands has excellent diagnostic accuracy for masses >1 cm 
and allows evaluation of the contralateral gland.195 MRI 
may be useful for the differential diagnosis of adrenal 
masses; the T2-weighted signal is progressively brighter in 
normal tissue, adenoma, carcinoma, and finally pheochro-
mocytoma.196 With this approach, adrenal tumors appear 
as a unilateral mass with an atrophic or less commonly a 
normal-size contralateral gland.197 If the lesion is >5 cm 
in diameter, it should be considered to be malignant until 
proved otherwise, and imaging characteristics should not 
be relied upon. Very rarely, bilateral adenomas may be 
present.198 The adrenal glands in PPNAD appear nor-
mal or slightly lumpy from multiple small nodules but 
generally are not enlarged.199 AIMAH is characterized by 
bilaterally huge (>5 cm) nodular or hyperplastic glands.200 
Exogenous administration of glucocorticoids results in 
adrenal atrophy; very small glands may provide a clue as 
to this entity.

The CT appearance of the adrenal glands in AIMAH 
may be similar to that of ACTH-dependent forms of 
Cushing’s syndrome, as adrenal enlargement is present 
in 70% of cases of Cushing’s disease.201 In the ectopic 
ACTH syndrome, the adrenal glands are almost invari-
ably enlarged, sometimes massively so. However, in our 
experience, the adrenal glands in Cushing’s disease are 
smaller and usually are symmetrically enlarged with an 
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occasional nodule, as opposed to large or huge glands 
with definite nodules in AIMAH. In addition, the two can 
usually be differentiated by the ACTH level, although 
some patients with the macronodular subset of Cush-
ing’s disease can develop a degree of adrenal autonomy 
that can cause biochemical confusion.202 Occasionally, 
confusion also may arise with apparent unilateral adre-
nal lesions, when the biochemistry is consistent with an 
ACTH-dependent cause; we generally would rely on the 
biochemistry in this situation and would examine the 
contralateral gland to see whether it is hyperplastic.

Differentiating Among Adrenocorticotropic Hormone-
Dependent Causes of Cushing’s Syndrome
Although some patients with ectopic ACTH secretion, 
usually those with overt tumors, have extremely elevated 
values of plasma ACTH (>100 ng/L [>20 pmol/L]), 
complete overlap is seen between values in occult ecto-
pic ACTH secretion and in Cushing’s disease.203 There-
fore, ACTH values alone cannot differentiate reliably the 
ACTH-dependent forms of Cushing’s syndrome.

The ACTH-dependent forms of Cushing’s syndrome 
present the greatest diagnostic challenge. Cushing’s dis-
ease accounts for by far the majority of cases of ACTH-
dependent Cushing’s syndrome—overall approximately 
80% to 90% in most series. This percentage is gen-
der dependent and is higher in women than in men,204 
although in prepubertal childhood, an anomalous 80% 
male preponderance is noted. Therefore even before one 
starts further investigation, the pretest probability that 
the patient has Cushing’s disease is very high, and any 

investigation must improve on this. The specificity of any 
test should be as close to 100% as possible for the diag-
nosis of Cushing’s disease, to avoid inappropriate pitu-
itary surgery in patients with ectopic ACTH production. 
A variety of functional tests of the HPA axis have been 
developed to take advantage of the differences in patho-
physiology among ACTH-dependent causes of Cushing’s 
syndrome. Some of these investigations have evolved, and 
others have fallen by the wayside.

Bilateral Inferior Petrosal Sinus Sampling
Bilateral inferior petrosal sinus sampling (BIPSS) is the 
best test for distinguishing ACTH-dependent forms of 
Cushing’s syndrome, as long as the patient has active 
hypercortisolemia, which should be confirmed at the 
time of the procedure.205,206 The test exploits the nor-
mal venous drainage of each half of the pituitary gland 
via the cavernous sinus into the corresponding petrosal 
sinus. Each petrosal sinus is catheterized separately via a 
femoral approach, and blood for measurement of ACTH 
is obtained simultaneously from each sinus and a periph-
eral vein at two time points before and at 3 to 5 minutes 
and possibly also 10 minutes after the administration of 
ovine or human CRH (Ferring) (1 mcg/kg or 100 mcg 
intravenously)207 (Fig. 13-9). Where CRH is unavailable 
for whatever reason, recent data suggest that 10 mcg des-
mopressin may be a suitable alternative.208

ACTH concentrations are greater in the central sam-
ples in Cushing’s disease and increase after CRH admin-
istration, reflecting ACTH secretion by the corticotroph 
adenoma. In contrast, ACTH values in the central and 
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Figure 13-8 Suggested strategy for the differential diagnosis of Cushing’s syndrome. ACTH, Adrenocorticotropic hormone; AIMAH, ACTH-
independent bilateral macronodular adrenal hyperplasia; BIPSS, bilateral inferior petrosal sinus sampling; CRH, corticotropin-releasing hormone; 
CT, computed tomography; HDDST, high-dose dexamethasone suppression test; MRI, magnetic resonance imaging; PPNAD, primary pigmented 
nodular adrenal disease.
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peripheral specimens are similar in ectopic ACTH secre-
tion and do not increase after CRH. A ratio of central 
(i.e., petrosal) to peripheral ACTH values is calculated. 
In earlier series, pre-CRH ratios at any time point greater 
than 2 or post-CRH ratios greater than 3 were 100% 
specific for Cushing’s disease,209,210 but a small number 
of false positives have been reported in later series.211,212 
The sensitivity of the test is improved after CRH; how-
ever, false negatives still occur in about 6% of patients 
with Cushing’s disease. False positives in ectopic ACTH 
are extremely rare.

It should be remembered that the technique is highly 
specialized, and allied with this are a number of important 
points. First, both petrosal sinuses must be cannulated 
adequately and catheter placement confirmed before and 
after sampling.213 Second, the radiologist must confirm 
the venous anatomy because anomalous venous drainage 
can give false-negative results. A simultaneous measure-
ment of prolactin can be used as an index of pituitary 
venous drainage, and prolactin can be measured when 
results indicate a noncentral source of ACTH with or 
without the presence of anomalous venous anathomy.214 
A baseline IPS to peripheral prolactin ratio of >1.8 has 
been suggested as a confirmation of a successful catheter-
ization and prolactin normalized IPS/peripheral ACTH 
ratio (ACTH IPS/P ratio divided by ipsilateral IPS/P pro-
lactin ratio) of >0.8 to 1.3 to confirm a pituitary source 

of ACTH secretion.214, 215 Third, the procedure carries a 
small risk for complications. Transient ear discomfort or 
pain can occur, as can local groin hematomas. More seri-
ous transient and permanent neurologic sequelae, includ-
ing brainstem infarction, have been reported, although 
these are rare (<1%), and most have been related to the 
particular type of catheter used216,217; if any early warn-
ing signs of such events are observed, the procedure 
should be halted immediately. Patients should be given 
heparin during sampling to prevent thrombotic events.139 
CRH itself generally is tolerated well, although patients 
may experience brief facial flushing and a metallic taste in 
the mouth. One case of CRH induced pituitary apoplexy 
in a patient with Cushing’s disease has been reported.218

Another potential advantage of BIPSS involves lateral-
izing microadenomas within the pituitary gland using the 
inferior petrosal sinus ACTH gradient, with a basal or 
post-CRH intersinus ratio of at least 1.4 being the crite-
rion used for lateralization in all large studies.209,210,219,220 
In these studies, the diagnostic accuracy of localization 
as assessed by operative outcome varied between 59% 
and 83%. This is improved if venous drainage is assessed 
to be symmetric.221 Some discrepancy has been noted 
among studies as to whether CRH improves the predic-
tive value of the test.222 If a reversal of lateralization is 
seen pre- and post-CRH, the test is less reliable.223,224 In a 
recent study of 501 patients with histologically confirmed 
CD, an interpetrosal ACTH ratio of ≥1.4 (achieved in 
98% of patients) lateralized the lesion correctly in only 
69% of subjects, while a lesion on the MRI had a posi-
tive predictive value of 86%.224 It is worth noting that 
a lesion was seen on MRI scan only in 42% of patients. 
Therefore we suggest that the interpetrosal ACTH gradi-
ent should guide the surgeon in cases with a normal pre-
operative MRI and, if an adenoma not found, a thorough 
exploration of the whole pituitary gland is recommended. 
By contrast, the MRI was falsely positive in about 12% 
of patients, so while initial exploration may be guided 
by this result, the tumor may be elsewhere. Sampling of 
the internal jugular veins is a simpler procedure but is 
not as sensitive as BIPSS.225 However, it may be a use-
ful technique in less experienced centers, with the caveat 
that patients with negative results then are referred for 
BIPSS.226 In general, sampling from the cavernous sinus 
itself offers no great advantage.

High-Dose Dexamethasone Suppression Test
The original high-dose dexamethasone suppression test 
(HDDST) was described in the same paper as the 48-hour 
LDDST; 2 mg dexamethasone is used in place of 0.5 mg, 
with a 50% reduction in urinary 17-OHCS shown to dif-
ferentiate 96% of patients with Cushing’s disease from 
those with adrenal tumors.167 The role of the HDDST in 
the differential diagnosis of ACTH-dependent Cushing’s 
syndrome is based on the same premise, that is, that most 
pituitary corticotroph tumors retain some responsive-
ness (albeit reduced) to negative glucocorticoid feedback 
on ACTH secretion, whereas ectopic ACTH-secreting 
tumors, like adrenal tumors, typically do not. Measure-
ment of UFC or plasma/serum cortisol has superseded 
that of urinary 17-OHCS, and an overnight test has 

Figure 13-9 Maximal ratio of adrenocorticotropic hormone (ACTH) 
concentration in the inferior petrosal sinus to peripheral blood in pa-
tients with confirmed Cushing’s disease, ectopic ACTH syndrome, or 
adrenal disease before corticotropin-releasing hormone (CRH) (A) or 
at any time before or after CRH administration (B). A ratio of 3.0 had 
100% sensitivity and specificity. (Data from Oldfield EH, Doppman 
JL, Nieman LK, et al. Petrosal sinus sampling with and without 
 corticotropin-releasing hormone for the differential diagnosis of Cush-
ing’s syndrome. N Engl J Med 1991;325:897-905.)
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been advocated, with a single dose of 8 mg dexametha-
sone given at 11:00 pm, and with the criterion of a 50% 
reduction in plasma cortisol levels on the morning after 
administration.227 Despite evidence that only about 80% 
of patients with Cushing’s disease will show suppression 
of plasma cortisol to less than 50% of the basal value, 
and that large numbers of patients with ectopic Cush-
ing’s syndrome show false-positive results (≈30%),65,228 
the HDDST is still used widely, especially where BIPSS is 
not available. Some data suggest that that suppression to 
HDDST can be inferred by a greater than 30% suppres-
sion of serum cortisol to the 2-day LDDST (Fig. 13-10); 
therefore, in centers that use this form of the LDDST, 
the HDDST may not confer any extra information.171 It 
should not be forgotten that patients are receiving large 
doses of glucocorticoids, in addition to their high endog-
enous cortisol production, and one should be alert for the 
precipitation of psychosis and/or worsening of glycemic 
control or other complications.

Corticotropin-Releasing Hormone Stimulation Test
The use of CRH stimulation for the differential diagnosis 
of ACTH-dependent Cushing’s syndrome is based on two 
assumptions: (1) that corticotropinomas retain responsiv-
ity to CRH, whereas non-corticotroph tumors lack CRH 
receptors and cannot respond to the agent; and (2) that 
hypercortisolism has been sufficient to inhibit the normal 
corticotroph response. Indeed, most patients with Cush-
ing’s disease respond to CRH, either 1 mcg/kg or 100 mcg 
intravenous synthetic ovine or human sequence CRH, 
with increases in plasma ACTH or cortisol, and patients 
with ectopic ACTH secretion typically do not.229-231  
Human-sequence CRH has qualitatively similar proper-
ties to ovine CRH, although it is shorter acting with a 
slightly smaller increase in plasma cortisol and ACTH in 
normal and obese patients and in those with Cushing’s 

disease232; this may be related to the more rapid clearance 
of the human sequence by endogenous CRH- binding 
protein.233 Availability differs worldwide, with ovine 
CRH predominant in North America but human CRH 
elsewhere.

Because different centers have used differing proto-
cols, including different types of CRH and different sam-
pling time points, little consensus has been reached on 
a universal criterion for interpreting the test. However, 
where the test has been validated in experienced centers, 
the diagnostic utility appears similar. For instance, in the 
largest published series of the use of ovine CRH in ACTH-
dependent Cushing’s syndrome, an increase in ACTH of 
at least 35% from a mean basal (5 minutes and 1 minute) 
to a mean of 15 and 30 minutes after ovine CRH in 100 
patients with Cushing’s disease and in 16 patients with 
ectopic ACTH syndrome (Fig. 13-11) gave the test a sensi-
tivity of 93% for diagnosing Cushing’s disease and 100% 
specificity. The best cortisol criterion was an increase of 
at least 20% at a mean of 30 and 45 minutes, revealing a 
sensitivity of 91% and a specificity of 88%.234 Similarly, 
in the largest series involving the use of the human CRH 
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Figure 13-10 Correlation between the degree of suppression during 
the low-dose dexamethasone suppression test (LDDST) and during the 
high-dose dexamethasone suppression test (HDDST) in 185 patients 
with Cushing’s disease. (Reproduced with permission from Isidori AM, 
Kaltsas GA, Mohammed S, et al. Discriminatory value of the low-dose 
dexamethasone suppression test in establishing the diagnosis and dif-
ferential diagnosis of Cushing’s syndrome. J Clin Endocrinol Metab 
2003;88:5299-5306. Copyright © 2003, The Endocrine Society.)

Figure 13-11 Response of adrenocorticotropic hormone (ACTH) 
and cortisol to ovine corticotropin-releasing hormone in patients with 
Cushing’s disease and ectopic ACTH secretion. ACTH responses are 
expressed as the percentage of change in mean concentration 15 and 30 
minutes after ovine corticotropin-releasing hormone from the mean bas-
al value 1 and 5 minutes before the injection. The dashed line indicates 
a response of 35%, representing a diagnostic criterion with 100% speci-
ficity and 93% sensitivity. Cortisol responses are expressed as percent-
age of change in mean cortisol concentration 30 and 45 minutes after 
ovine corticotropin-releasing hormone from the mean basal value 1 and 
5 minutes before the injection. The dashed line indicates a response of 
20%, representing a diagnostic criterion with 88% specificity and 91% 
sensitivity. (Data from Nieman LK, Oldfield EH, Wesley R, et al. A sim-
plified morning ovine corticotropin-releasing hormone stimulation test 
for the differential diagnosis of ACTH-dependent Cushing syndrome.  
J Clin Endocrinol Metab 1993;77:1308-1312.)
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test in 101 patients with Cushing’s disease and in 14 with 
ectopic ACTH syndrome, the best criterion used to differ-
entiate Cushing’s disease from ectopic ACTH syndrome 
was an increase in cortisol of at least 14% from a mean 
basal (15 and 0 minutes) to a mean of 15 and 30 minutes, 
yielding a sensitivity of 85% and a specificity of 100% 
(Fig. 13-12). In contrast, the best ACTH response was 
a maximal increase of at least 105%, indicating 70% 
sensitivity and 100% specificity.204 The CRH test is a 
useful discriminator among causes of ACTH-dependent 
Cushing’s syndrome; however, which cutoff to use must 
be evaluated at individual centers, and caution should be 
exercised because undoubtedly there will be patients with 
ectopic ACTH syndrome who respond outside these cut-
offs. However, an increase in cortisol outside the normal 
range can differentiate Cushing’s disease from normality, 
albeit in only approximately 50% of cases; additionally, 
as noted previously, the measurement of plasma ACTH 
in the test can help to discriminate ACTH-dependent 
from ACTH-independent causes of Cushing’s syndrome 
when basal levels of ACTH are equivocal. We therefore 
believe that this test plays a useful role in the investigation 
of patients with Cushing’s syndrome.

Other Stimulation Tests
Vasopressin and desmopressin (a synthetic long-acting 
vasopressin analogue without V1-mediated pressor 
effects) are thought to stimulate ACTH release in Cush-
ing’s disease through the corticotroph-specific V3 (or V1b) 
receptor. Hexarelin (a growth hormone secretagogue) 
also stimulates ACTH release to a sevenfold-greater 
extent than human CRH; although the mechanism has 
not been entirely elucidated, this probably occurs through 
stimulation of vasopressin release in normal subjects,235 
and through stimulation of aberrant growth hormone 
secretagogue receptors in patients with corticotroph 
tumors.236 These peptides all have been used in a similar 

manner to CRH, to try to improve the differentiation of 
ACTH-dependent Cushing’s syndrome, but they gener-
ally have proved inferior or of no advantage.237-240 How-
ever, desmopressin may be useful in centers where CRH 
is unavailable. A combined desmopressin (10 mcg) and 
human CRH (100 mcg) test initially looked extremely 
promising.241 However, a later study of this combined test 
in 26 patients with Cushing’s disease and 5 patients with 
ectopic ACTH syndrome showed significant overlap in 
responses.242 The disappointing discriminatory outcome 
of these stimulants is undoubtedly due to the expression 
of both vasopressin and growth hormone secretagogue 
receptors by some ectopic ACTH-secreting tumors.139,243

Measurement of marker peptides, such as calcitonin, 
gastrin, 5-hydroxyindoleacetic acid, serotonin, and cat-
echolamines or their metabolites, may help to identify a 
neuroendocrine tumor.

Combined Test Strategies
Because none of the noninvasive tests have 100% diag-
nostic accuracy, a number of investigators have evaluated 
the utility of combined test strategies. The CRH and the 
HDDST have been paired in this way, and combined, 
they have a diagnostic accuracy greater than that of either 
test alone, yielding 98% to 100% sensitivity and 88% 
to 100% specificity.244-246 Similar high accuracy has been 
obtained by combining the results of the LDDST and the 
CRH test.171

Imaging of the Adrenocorticotropin Hormone Source
Pituitary MRI imaging before and after gadolinium 
enhancement should be performed in all patients with 
ACTH-dependent Cushing’s syndrome via T1-weighted 
spin echo and/or spoiled gradient recalled acquisition 
(SPGR) techniques. These will identify an adenoma in 
40% to 75% of patients with Cushing’s disease,65,224,247 
and in approximately 10% of normal individuals.248 
Most adenomas (95%) exhibit a hypointense signal with 
no postgadolinium enhancement, and the remaining 
5% show an isointense signal post-gadolinium enhance-
ment.249 CT imaging typically shows a hypodense lesion 
that fails to enhance post-contrast but as it is less sensitive 
than MRI in detecting small (<5 mm) adenomas, it is not 
routinely recommended.65,250

Imaging is the most helpful way to identify the source 
of ectopic ACTH production. Given the likely sites of 
tumors, CT and/or MRI of the neck, chest, and abdo-
men should be obtained. The most common source is a 
pulmonary NET tumor, but small (<1 cm) lesions often 
can prove difficult to locate. Fine-cut high-resolution CT 
scanning with both supine and prone images can help 
differentiate between tumors and vascular shadows.60 
MRI can identify chest lesions that are not evident on CT 
scanning and that characteristically show a high signal 
on T2-weighted and short-inversion time inversion recov-
ery (STIR) images.251 Additionally, pheochromocytomas 
often are bright on T2-weighted MRI. CT-guided aspira-
tion of masses for measurement of ACTH may provide 
useful functional information.252

Because most ectopic ACTH-secreting tumors are 
of neuroendocrine origin and therefore may express 
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somatostatin receptor subtypes, radiolabeled somatosta-
tin analogue (111Inpentetreotide) scintigraphy may be 
useful to show functionality of identified tumors, and 
sporadic reports have indicated that it identifies lesions 
not apparent on conventional imaging.253-255 However, 
in most patients, including a recent series of 35 patients 
with ectopic ACTH secretion, 111In-pentetreotide scintig-
raphy was not able to detect tumors when the MRI or CT  
scan was negative, and significant numbers of false- 
positive scans resulted.256 Thus, CT and MRI represent 
the best initial screening examinations, but scintigraphy 
may be a useful adjunctive imaging modality to help con-
firm abnormalities seen on CT or MRI. 18-Flurodeoxy-
glucose positron-emission tomography (PET) generally 
does not offer any advantage over conventional CT or 
MRI unless the tumors are metabolically very active,257 
which is not usually the case.258 However, 68Ga-octreotate  
PET scintigraphy, if available, shows advantages over 
111In-pentetreotide scintigraphy in identifying neuroendo-
crine tumors, but has not been studied in ectopic ACTH 
syndrome.259,260

Strategy for Diagnosis and Differential Diagnosis  
of Cushing’s Syndrome
After an international workshop in 2002, a consensus 
statement was published for the diagnosis and differen-
tial diagnosis of Cushing’s syndrome.139 Most of its rec-
ommendations are still valid. We would advocate that 
two out of three: late-night salivary cortisols (at least 2 
tests), the ONDST/LDDST or 24 hour UFC (at least 2 
tests) should be used as first-line screening tests. (This 
approach also was advocated in a later guidelines state-
ment issued by the Endocrine Society.144) False-positive 
results will be common, and second-line tests should be 
used as necessary for confirmation. Once the diagnosis 
of Cushing’s syndrome is unequivocal, ACTH levels, fol-
lowed by a pituitary MRI, the CRH test, and a dexameth-
asone suppression test in patients with ACTH-dependent 
Cushing’s syndrome, are the most useful initial noninva-
sive investigations to determine the cause. Bilateral infe-
rior petrosal sinus sampling is recommended in cases of 
ACTH-dependent Cushing’s syndrome in which the clini-
cal, biochemical, or radiologic results are discordant or 
equivocal, although others would recommend its use in 
all cases of ACTH-dependent Cushing’s syndrome except 
for macroadenomas. A provisional diagnosis is assigned 
after this initial testing and will direct additional imaging 
in patients with ACTH-independent and ectopic ACTH 
forms of Cushing’s syndrome.

TREATMENT
Optimal treatment for Cushing’s syndrome renders the 
patient eucortisolemic with minimal morbidity and mor-
tality. Historically, with the advent of synthetic glucocor-
ticoid therapy, adrenalectomy became the treatment of 
choice because it conferred rapid and, in most cases, per-
manent resolution of Cushing’s syndrome.261 Improve-
ments in neurosurgical techniques and appreciation of 
the sources of ectopic ACTH secretion have changed the 
therapeutic approach to Cushing’s syndrome, so that 

surgery now is directed toward resection of abnormal 
tissue, whether ACTH or cortisol producing. In patients 
with only mild hypercortisolemia and subclinical dis-
ease, the benefits of surgical treatment have not been 
proven.262 The optimal surgical approach cannot be real-
ized if the patient is unable to safely undergo surgery, or 
if the tumor is occult or metastatic. Other second-line 
therapies that are less specific and that may have greater 
morbidity must be chosen in these settings. In 2007, an 
international meeting of endocrinologists outlined a con-
sensus statement on the treatment of ACTH-dependent 
Cushing’s syndrome.263

SURGERY

Preoperative Evaluation and Treatment
Some centers use routine preoperative medical adrenal 
blockade to attain a period of eucortisolemia for 4 to 6 
weeks before surgery. The aim is to allow reversal of some 
of the metabolic and catabolic effects of the hypercor-
tisolemia that may inhibit wound healing and cause other 
complications in the perioperative period. The disadvantage 
of this strategy is that the normal corticotrope may be dis-
inhibited by the time of surgery, so that expected hypocorti-
solism after successful tumor resection does not occur, and 
this index of remission is not reliable. This rationale is only 
empiric, and a randomized trial undertaken to see whether 
this approach improves outcome would be welcomed.264

Because Cushing’s syndrome is a prothrombotic state, 
anticoagulant prophylaxis should be considered perioper-
atively.265 The lipid abnormalities, hypertension, and dia-
betes common in Cushing’s syndrome predispose these 
patients to atherosclerotic cardiac disease and should be 
treated by conventional approaches.

Transsphenoidal Resection of Corticotropinoma
Transsphenoidal resection is regarded as the treatment of 
choice in Cushing’s disease.264 The procedure used to be 
performed via a gingival approach, as originally devised 
by Kanavel and Halsted and later popularized by Cush-
ing.266 The development of the operating microscope 
led to the introduction of transsphenoidal resection of 
pituitary microadenomas by Hardy in 1968. Additional 
advances have been made over the past decade with the 
use of rigid endoscopes and more recently flexible endo-
scopes. The goal of surgery is a selective adenomectomy 
and thus preservation of as much normal pituitary tis-
sue as possible; the procedure should be performed by 
a neurosurgeon who is experienced in transsphenoidal 
surgery. Most large series report immediate remission 
rates of approximately 70% to 90%,267-274 with lower 
rates noted for macroadenomas.269-275 These reports use 
variable remission criteria that include low to normal 
postoperative cortisol levels, normal UFC levels, and/or 
a normal response to an LDDST, associated with clinical 
resolution of the disease. Data are insufficient regarding 
whether endoscopic surgery offers any benefit.276 How-
ever, a recent report suggests that resection achieved 
through a technique that enucleates microadenomas via 
their pseudocapsule may improve remission rates to 98% 
in experienced hands.277
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Long-term recurrence rates are as high as 15% to 
20% by 10 to 15 years after surgery.278 Thus, in reality, 
transsphenoidal surgery achieves long-term cure even in 
the best of hands in only approximately 60% to 80% of 
adult patients, and therefore is somewhat disappointing; 
the data emphasize the need for long-term endocrinologic 
follow-up of these patients.278,279 Favorable indicators of 
long-term remission are patients older than 25 years of 
age, a microadenoma detected by MRI, lack of invasion 
of the dura or cavernous sinus, histologic confirmation of 
an ACTH-secreting tumor, low postoperative cortisol lev-
els, and long-lasting adrenal insufficiency/lack of recovery 
of HPA axis in the first 3 years postoperatively.263,278 If 
a tumor cannot be identified at surgery, hemihypophy-
sectomy on the side of the gland with an ACTH gradi-
ent on petrosal sinus sampling is usually the best way to 
proceed, and in some series, this yields better results than 
those attained by selective microadenomectomy.271,280

The mortality associated with transsphenoidal sur-
gery is approximately 1% to 2%.11,273 Transient diabe-
tes insipidus is probably the most common complication, 
being reported in as many as 28% of patients.280 Other 
perioperative complications, including cerebrospinal fluid 
leak, meningitis, and profuse bleeding, occur in less than 
10% of patients. Permanent complications such as per-
sistent diabetes insipidus and injury to the optic nerve 
or nerves of the cavernous sinus (causing ptosis or dip-
lopia) occur much less frequently.11,273 However, hypo-
pituitarism, particularly growth hormone deficiency, is 
common (53% to 59%), with other anterior hormone 
deficits occurring in approximately 35% to 49% of 
patients.280-282 Such complications are more common 
after resection of larger tumors or with the presence of 
larger amounts of normal pituitary tissue (or stalk), or 
after repeat surgery.

Postoperative Evaluation and Management
Patients typically receive supraphysiologic doses of 
glucocorticoids to cover transsphenoidal surgery at 
initial daily doses of as high as 400 mg hydrocor-
tisone (16 mg dexamethasone), tapering off within 
1 to 3 days. Morning (9:00 am) serum cortisol mea-
surements then are obtained for 3 days, starting 20 to 
30 hours after the last glucocorticoid administration, 
during which time the patient is observed for develop-
ment of signs of adrenal insufficiency. This approach 
allows prompt classification of likely cure, normocor-
tisolemia, or persistent hypercortisolism. Where close 
perioperative supervision is possible, such glucocorti-
coid “cover” may be omitted, permitting a very early 
postoperative assessment of cure. What defines appar-
ent cure or remission after transsphenoidal surgery is 
still debated. Postoperative hypocortisolemia (<1.8 μg/
dL [50 nmol/L] at 9:00 am) is probably the best indica-
tor of the likelihood of long-term remission. However, 
detectable cortisol levels of <5 μg/dL (140 nmol/L) are 
also compatible with sustained remission.283-285 Higher 
postoperative cortisol levels are more likely to be asso-
ciated with failed surgery; however, cortisol levels 
occasionally may decline gradually over 4 to 6 weeks, 
reflecting gradual infarction of remnant tumor or some 

degree of adrenal semiautonomy. Persistent cortisol 
levels >5 μg/dL (140 nmol/L) 6 weeks after surgery 
require further investigation.

Dynamic tests have been used to predict long-term 
remission. The cortisol and ACTH response to CRH 
in the early postoperative period may provide a useful 
index of the risk for recurrence of Cushing’s disease, the 
rationale being that responsiveness may indicate residual 
tumor.65,286 However, a study of postoperative responses 
to CRH in 232 patients suggested that the cortisol and 
ACTH responses to CRH were less useful than the post-
operative morning cortisol in predicting recurrence.285 
Because patients with partial recovery of the axis would 
be expected to have a normal response, regardless of the 
risk for recurrence, the CRH test cannot be interpreted 
and should not be used in this setting. Some evidence sug-
gests that persistence of the ACTH response to desmo-
pressin postoperatively is probably linked to a higher rate 
of relapse.287,288

Patients who are hypocortisolemic should be started 
on glucocorticoid replacement, and 10 to 20 mg hydro-
cortisone (12 to 15 mg/m2) in two to three divided doses 
is the preferred choice. The first dose (usually half to two 
thirds of the total dose) should be taken before getting 
out of bed, and the last dose should be taken no later 
than 6:00 pm, because later administration of glucocorti-
coids may result in disordered sleep. In this situation, the 
lowest possible dose of hydrocortisone should be used to 
avoid long-term suppression of the HPA axis. All patients 
receiving long-term glucocorticoid replacement therapy 
should be instructed that they are “dependent” on tak-
ing glucocorticoids as prescribed, and that failure to 
take or absorb the medication will lead to adrenal crisis 
and possibly death. They should be prescribed a 100-mg 
hydrocortisone (or other high-dose glucocorticoid) intra-
muscular injection pack for emergency use. They also 
should obtain a medical information bracelet or necklace 
that identifies this requirement (Medic-Alert Foundation). 
Education should stress the effects of glucocorticoid with-
drawal289; the need for compliance with the daily dose 
of glucocorticoid; the need to double the oral dose for 
nausea, diarrhea, and fever; and the need for parenteral 
administration and medical evaluation during emesis, 
trauma, or severe medical stress.

The patient should be told to expect desquamation 
of the skin and flulike symptoms (malaise, joint aching, 
anorexia, and nausea) during the postoperative months, 
and that these signs indicate remission; some of these 
symptoms have been related to high levels of circulating 
interleukin-6.290 Most patients tolerate these symptoms 
of glucocorticoid withdrawal much better if they are 
forewarned and alerted to their positive nature. Physi-
cians should not increase the glucocorticoid dose in the 
absence of intercurrent illness based on these symptoms 
alone but should seek signs of adrenal insufficiency, 
such as vomiting, electrolyte abnormalities, and postural 
hypotension.291 The affective and cognitive changes asso-
ciated with Cushing’s syndrome are particularly slow 
to resolve and may not normalize. Evidence of persist-
ing physical and emotional dysfunction has been found, 
even after prolonged duration of cure.292 Postoperatively, 
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assessment for deficiencies of other pituitary hormones 
should be sought, and the appropriate replacement regi-
men initiated as necessary.

Diuresis is common after transsphenoidal surgery and 
may result from intraoperative or glucocorticoid-induced 
fluid overload or may be due to diabetes insipidus. For 
these reasons, assessment of paired serum and urine 
osmolality and the serum sodium concentration is essen-
tial. It is advisable to withhold specific therapy unless the 
serum osmolality is >295 mOsm/kg, and/or the serum 
sodium is >145 mmol/L, and the urine output is >200 
mL/hour, with an inappropriately low urine osmolality. 
Desmopressin (DDAVP, Ferring) 1 mcg given subcutane-
ously will provide adequate vasopressin replacement for 
12 hours or longer. Hyponatremia may occur in as many 
as 20% of patients within 10 days of surgery. This may 
be due to injudicious fluid replacement or inappropri-
ate antidiuretic hormone secretion, which is more com-
mon in reproductive-aged women and after extensive 
gland exploration; fluid intake should be restricted.293 A 
small minority of patients proceed to permanent diabetes 
insipidus (1.4% to 3.4%),294 requiring long-term treat-
ment with a vasopressin analogue. A dose and schedule 
of administration should be chosen to provide unbroken 
sleep but allowing a period of “breakthrough” urination 
each day. This goal is often achieved when 10 to 20 mcg 
desmopressin is given intranasally (or 100 to 200 mcg in 
an oral dose) in the evening.

Some glucocorticoid-induced abnormalities, including 
hypokalemia, hypertension, and glucose intolerance, may 
normalize during the postoperative period, so that treat-
ments for these need to be reassessed. Some evidence indi-
cates that deficits in bone mass may be partially reversed 
after treatment of hypercortisolemia.295,296 Bisphospho-
nate treatment may induce a more rapid improvement in 
bone mineral density297 and should be considered (along 
with calcium and vitamin D supplements) in patients with 
osteoporosis. In general, the evidence suggests that the 
bone changes associated with corticosteroid excess nor-
malize without the need for additional therapy.298

Persistent hypercortisolemia after transsphenoidal 
exploration should prompt reevaluation of the diagnosis 
of Cushing’s disease, especially if previous diagnostic test 
results were indeterminate or conflicting, or if no tumor 
was found on pathologic examination. Petrosal sinus sam-
pling after transsphenoidal surgery can confirm a pituitary 
source of ACTH, but the rate of correct lateralization 
decreases, probably because of alterations in venous 
anatomy caused by the previous surgery; therefore the 
procedure should not be used routinely to direct a second 
operative search or decision for hemihypophysectomy.

Treatment options for patients with persistent Cush-
ing’s disease include repeat surgery, radiation therapy, 
and adrenalectomy. If immediate surgical remission is not 
achieved at the first exploration, early repeat transsphe-
noidal surgery may be worthwhile in a significant propor-
tion of patients, at the expense of increased likelihood 
of hypopituitarism.299,300 The likelihood of remission 
after repeat surgery is greatest when some or all of the 
following outcome parameters are present: The diagnosis 
is correct, as evidenced by previous curative surgery or 

pathologic confirmation of an ACTH-staining adenoma; 
the initial exposure or resection was incomplete; or resid-
ual tumor is seen on MRI scan without evidence of cav-
ernous sinus invasion. Repeat sellar exploration is less 
likely to be helpful in patients with empty sella syndrome 
or very little pituitary tissue on MRI scans. Patients with 
cavernous sinus or dural invasion identified at the initial 
procedure are not candidates for repeat surgery to treat 
hypercortisolism and should receive radiation therapy.

Recovery of the HPA axis can be monitored by mea-
surement of 9:00 am serum cortisol after omission of 
hydrocortisone replacement. Because recovery after trans-
sphenoidal surgery rarely occurs before 3 to 6 months 
and is common at 1 year, initial testing at 6 to 9 months is 
cost-effective.301 If the cortisol is undetectable on 2 con-
secutive days, then recovery of the axis has not occurred, 
and glucocorticoid replacement can be restarted. If the 
cortisol is measurable, adequate reserve of the HPA axis 
can be assessed with the insulin tolerance test,302 with a 
peak cortisol value of >18 μg/dL (450 to 500 nmol/L), 
indicating adequate reserve on modern assays.303 Many 
centers use the cortisol response to 250 mcg synthetic (1 
to 24) ACTH as an alternative means of assessing HPA 
reserve,304,305 but some controversy regarding its reliabil-
ity in this situation has been ongoing.306,307 If it is used 
instead of the insulin tolerance test, a 30-minute cortisol 
of 22 μg/dL (600 nmol/L) is probably more reliable than 
the traditional cutoff of 18 μg/dL (500 nmol), though 
it may slightly vary among centers depending on assay 
used.303 Glucocorticoid replacement can be discontinued 
abruptly if the cortisol response is shown to be normal.

When recovery of the HPA axis is only partial on 
dynamic testing, but the 9:00 am cortisol levels are 
above the lower limit of the normal range (7 μg/dL [200 
nmol/L]), it is reasonable to reduce the hydrocortisone 
dose unless symptoms of adrenal insufficiency occur. 
Patients must continue to be aware of the continuing need 
for additional glucocorticoids at times of stress or illness 
and should be given a supply of oral hydrocortisone and 
an intramuscular injection pack. For patients with detect-
able but low 9:00 am cortisol levels, the hydrocortisone 
replacement dose should be adjusted if weight loss has 
occurred, and a slightly lower dose may be given. Some 
centers assess adequate replacement of thrice daily hydro-
cortisone dosing by measuring serum cortisol at various 
points throughout the day, ensuring that levels are always 
sufficient (>1.8 μg/dL; 50 nmol/L) before each dose; this 
may mean that peak levels after each dose appear to be 
nonphysiologic, but there is a tradeoff between mirroring 
a normal physiologic rhythm as far as possible and the 
inconvenience of multiple dosing.

Two late but unrelated conundrums may arise: the 
questions of recurrence and permanent lack of recovery of 
the axis. Patients who articulate that Cushing’s syndrome 
has returned are often correct, even before physical and 
biochemical evidence are unequivocal. Assessment is war-
ranted in a patient with these complaints or with recur-
rent physical signs characteristic of the hypercortisolemic 
phase. If this is to be done on an outpatient basis, UFC 
can be measured initially on dexamethasone 0.5 mg/day, 
if not yet weaned from glucocorticoids. Measurement of 
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late-night salivary cortisol after omission of the afternoon 
dose of hydrocortisone also may be useful. However, 
ideally, assessment of a cortisol circadian rhythm can be 
done on an inpatient basis after the hydrocortisone has 
been stopped completely. If the UFC result is increased or 
there is no suppression of serum cortisol on LDDST, eval-
uation of hypercortisolism should proceed. If recurrent 
Cushing’s disease is diagnosed, the therapeutic options 
are the same as for persistent disease. It should be remem-
bered when investigating recurrence that long-standing 
ACTH stimulation by a pituitary adenoma causing mac-
ronodular adrenal hyperplasia subsequently may result in 
autonomous cortisol production.308

If the UFC result is subnormal or low, the patient 
should be questioned about the actual dose of glucocorti-
coid that has been taken. Often, patients take additional 
hydrocortisone, either because they discover that this 
decreases the symptoms of glucocorticoid withdrawal, or 
because they have increased the dose “for stress,” often 
without following strict guidelines. These patients have a 
suppressed axis and a very slow regression of Cushingoid 
features because of exogenous hypercortisolism. They 
require education and support along with reduction in 
the daily dose of hydrocortisone to recommended lev-
els. The patient who has a subnormal cortisol response 
to ACTH 2 years after transsphenoidal surgery (in the 
absence of overreplacement) may proceed to lifelong 
ACTH deficiency.

Adrenalectomy
Resection of the affected adrenal gland(s) is the treat-
ment of choice only for non–ACTH-dependent hyper-
cortisolism of adrenal origin, or when a specific surgical 
approach to ACTH-dependent causes is not feasible. 
In adrenal adenomas, the cure rate is 100% when per-
formed by experienced adrenal surgeons.309 Surgery is the 
mainstay of treatment for adrenal cancer; more aggressive 
surgical approaches probably account for the increase 
in life span reported in this disease.90,310 This approach 
may require multiple operations to resect primary lesions, 
local recurrences, and hepatic, thoracic, and occasionally 
intracranial metastases. Adjuvant medical treatment with 
mitotane and other chemotherapeutic agents is discussed 
later.

The mortality and morbidity of traditional open adre-
nalectomy via an anterior or posterior incision range 
from 1% to 20% in various series, probably reflecting 
differences in the severity of Cushing’s syndrome and the 
presence of associated conditions, such as cardiovascular 
disease.196,261 Apart from resection of suspected carci-
noma, these approaches have been supplanted by laparo-
scopic resection, which has low mortality and morbidity 
when done by an experienced surgeon.311,312 Glands as 
large as 7.5 cm may be removed through this approach313 
(see Chapter 111). Serum cortisol levels become unde-
tectable after successful adrenalectomy. Early failure to 
achieve hypocortisolism usually is related to incomplete 
resection of the gland(s). Recurrence, especially in the 
ACTH-dependent forms of Cushing’s syndrome, may be 
related to regrowth of adrenal cells in the surgical bed, or 
to growth of adrenal rest tissue.

Bilateral adrenalectomy as a second line of treatment 
for Cushing’s disease has the advantage of providing rapid 
resolution of hypercortisolism and has no risk of hypo-
pituitarism, in contrast to radiation therapy. Adrenal-
ectomy may be chosen over radiation therapy by young 
patients who desire fertility and have concerns about 
radiation-induced hypopituitarism and loss of reproduc-
tive function. Its disadvantages include perioperative 
morbidity and mortality and the lifelong requirement of 
glucocorticoid and mineralocorticoid replacement ther-
apy. In addition, patients with Cushing’s disease have 
a risk for developing Nelson’s syndrome, which may 
occur more frequently if adrenalectomy is performed at a 
younger age, if high baseline plasma ACTH levels before 
administration of glucocorticoid are found in the first 
year after bilateral adrenalectomy, and if a pituitary ade-
noma is confirmed at previous pituitary surgery.274,312,314 
Annual pituitary MRI and monitoring of ACTH levels 
are mandatory in these patients.315 Prophylactic pituitary 
radiotherapy may reduce the risk for developing Nelson’s 
syndrome from 50% to 25%,316 but no consensus has 
been reached on this topic.

In the postoperative period after bilateral adrenalec-
tomy, the hydrocortisone dose is maintained at around 
50 to 100 mg of hydrocortisone four times a day by the 
intramuscular or intravenous routes, and saline 0.9% is 
given intravenously until the patient can take oral medica-
tions. This provides sodium and sufficient mineralocorti-
coid activity until fludrocortisone 100 to 200 mcg/day can 
be given by mouth. The hydrocortisone dose is reduced to 
double replacement dose after 48 hours if no complica-
tions have occurred. Serum cortisol measurement done 
to confirm adequacy of resection is assessed while the 
patient receives dexamethasone 0.5 mg/day and fludro-
cortisone (or before the morning hydrocortisone dose). 
The patient then is switched back to hydrocortisone and 
fludrocortisone and must be advised regarding adrenal 
insufficiency, as previously discussed. The incidence of 
adrenal crisis following bilateral adrenalectomy appears 
to be higher than in patients with Addison’s disease or 
ACTH deficiency (9.3 events per 100 patients vs. 3 to 6 
events per 100 patients); the reason for this is unclear.312 
The dose of fludrocortisone is adjusted according to 
the patient’s blood pressure, exposure to heat, and salt 
intake; the usual dose is 100 mcg/day but ranges from 50 
to 400 mcg. A normal plasma renin activity measurement 
provides evidence of adequate mineralocorticoid replace-
ment and can be used to gauge therapy.

After unilateral adrenalectomy, the components of the 
HPA axis gradually recover after surgical cure of Cush-
ing’s syndrome. The time to recovery may be as short as 
3 months and as long as 2 years.286,301 The duration of 
recovery may be shorter in patients with mild hypercorti-
solism and in those with recurrence.

Surgery for Ectopic Adrenocorticotropic Hormone 
Syndrome
If an ectopic ACTH-secreting tumor is localized and ame-
nable to surgical excision, such as in a lobectomy for a 
pulmonary neuroendocrine tumor, the chance for cure 
of Cushing’s syndrome is high. However, if significant 
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metastatic disease is present, surgery is unlikely to be 
of benefit. If the source of ACTH cannot be localized, 
or if metastatic disease precludes surgery, alternative 
treatment for hypercortisolism must be chosen. For the 
patient with occult disease, medical therapy allows inter-
val tumor surveillance with the goal of eventual tumor 
resection. Because some tumors remain occult for as long 
as 20 years, this may not prove effective or practical for 
all patients, and adrenalectomy is appropriate when the 
patient cannot tolerate the cost, medical side effects, or 
psychological effects of long-term medical therapy and 
monitoring. Long-term medical therapy also may be 
the treatment of choice for the patient with widely dis-
seminated disease who is not a good surgical candidate 
for adrenalectomy. Bilateral adrenalectomy is the treat-
ment of choice for any patient requiring rapid correction 
of hypercortisolism or when hypercortisolism cannot be 
controlled with medical therapy, when previously effec-
tive medical therapy must be discontinued because of 
significant medical side effects or intolerance, or when a 
severely hypercortisolemic patient is unable to take oral 
medications or parenteral etomidate.

RADIOTHERAPY

Pituitary
The role of radiation therapy to the pituitary gland in 
Cushing’s disease is usually adjunctive in those who have 
failed transsphenoidal surgery, but it is also a good pri-
mary option for patients who cannot undergo surgery, 
and for those having a bilateral adrenalectomy in whom 
the risk for Nelson’s syndrome is deemed great.

Conventional Radiotherapy
Conventional pituitary radiotherapy is delivered at a total 
dose of 4500 to 5000 cGy (rad) in 25 fractional doses 
over 35 days through a 3- to 5-field technique. Nowadays, 
this usually is based on stereotactic conformal field plan-
ning to optimize the tumor dose and to minimize radia-
tion to other areas. This approach ensures that the daily 
dose to neural tissue does not exceed 180 cGy and avoids 
the complications of optic neuritis and cortical necro-
sis associated with larger total and fractional doses.318 
The latent onset of action of radiotherapy means that 
adjunctive medical therapy usually is instituted before 
or at the time of treatment. The therapeutic response is 
assessed at least with annual monitoring, with weaning of 
medical treatment if possible. When conventional radio-
therapy is used as primary treatment for Cushing’s dis-
ease, remission is achieved in only 40% to 60% of adult 
patients.274,319-321 The response is even worse if a lower 
dose of radiation (2000 cGy) is used.322 More usually, 
conventional radiotherapy is used in the setting of fail-
ure to cure after transsphenoidal surgery. In this regard, 
it performs rather better, with reported remission rates 
as high as 83%.320,323 After conventional radiotherapy is 
given, remission usually starts by 9 months after treat-
ment, and most patients are in remission within 2 years, 
although this can take much longer.324 In children, the 
response to radiotherapy is usually complete within 12 
months.325

Hypopituitarism is the most common side effect of 
pituitary radiotherapy, with growth hormone defi-
ciency occurring in 36% to 68% of treated adults.281,323 
Gonadotropin and thyroid-stimulating hormone defi-
ciency is seen less commonly. The risk for optic neu-
ropathy is low and probably is less than 1% as long 
as low-dose fractions are used326 (200 cGy). Similarly, 
the occurrence of brain necrosis is exceedingly rare.327 
The issue of secondary tumors remains contentious; 
although meningiomas and gliomas have been reported 
after pituitary radiotherapy, it is not clear whether the 
incidence is significantly greater than the background 
risk for developing such tumors in patients who already 
have one intracranial tumor and have undergone careful 
surveillance.326

Stereotactic Radiosurgery
In stereotactic radiosurgery, concentrated beams of high 
doses of radiation are aimed precisely at the mapped 
discrete lesion, delivering very high doses to the tumor 
and relatively low doses to normal surrounding tissue. 
A number of techniques can be used to do this: using 
narrow beams from multiple gamma cobalt sources 
(gamma knife), using heavy charged particles (proton 
or helium beams), or using a single beam from a lin-
ear accelerator that is arced around the target (X-knife, 
SMART, LINAC). The advent of high-resolution MRI 
for mapping has facilitated this therapy. Usually, only 
a single therapy dose is required, and this is biologi-
cally more effective than delivery of the same dose in 
fractions.328 This technique also may be used to deliver 
radiation to the entire pituitary gland when a specific 
target is not known after surgery or MRI examination. 
The technique cannot be used when the tumor is close 
to the optic chiasm.

Probably the technique most widely used currently for 
Cushing’s syndrome is the gamma knife. As adjunctive 
therapy after failed transsphenoidal surgery, it probably 
is no better than conventional radiotherapy.329 Radio-
surgery of the pituitary gland using proton beams has 
similar efficacy.330 Linear accelerator radiotherapy for 
Cushing’s disease is less well described, but success has 
been reported in small numbers of patients.331 Possible 
advantages of proton beam therapy, based on the Bragg 
effect, have not been proven.332

As with conventional radiotherapy, the main side 
effect is hypopituitarism, and although the perceived 
risk for damage to adjacent structures such as the optic 
chiasm is less, additional studies and longer follow-up 
are needed. There is a difference in tolerance of radia-
tion between cranial nerves, where optic and acoustic 
nerves are most sensitive; therefore, a dose of >8 Gy 
should be avoided (usually requiring a clearance of 3 to 
5 mm from the optic apparatus), while in case of other 
cranial nerves, doses of 19 to 23 Gy are acceptable.329 
Some centers use it mainly for salvage of difficult recur-
rent tumors, for example, in the cavernous sinus or in 
Nelson’s syndrome, whereas others have suggested it as 
an alternative to conventional radiotherapy in adenomas 
smaller than 30 mm with a minimal distance from the 
optic chiasm of 3 mm.327
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Interstitial Radiotherapy
Two centers have used interstitial irradiation (yttrium-90 
or gold-198 implants) as primary therapy for Cushing’s 
disease.333,334 Remission rates in these cohorts were high 
(75% to 77%), although some required a second implant. 
The principal side effect was hypopituitarism.

Other Tumors
No significant evidence suggests that radiotherapy 
improves overall survival in adrenocortical carcinoma, 
although sporadic reports indicate that it may be a help-
ful adjuvant treatment to radical surgery in selected 
cases.335,336 Local radiotherapy after surgical resection 
of an ectopic ACTH-secreting source may be beneficial, 
particularly in nonmetastatic thoracic neuroendocrine 
tumors.337,338

MEDICAL TREATMENT
Medical treatments for hypercortisolism have two broad 
mechanisms of action. One class of agents reduces cor-
tisol levels through inhibition of adrenal steroidogenesis 
(metyrapone, ketoconazole, etomidate, and mitotane) or 
cortisol action by antagonism at the level of the recep-
tor (mifepristone). These compounds may be used in 
treatment for all forms of Cushing’s syndrome. The sec-
ond class of compounds, which generally are much less 
effective, modulate ACTH release (dopamine agonists, 
pasireotide) and are restricted to treatment for ACTH-
dependent Cushing’s syndrome, principally Cushing’s 
disease. The major current role of medical therapy is 
in the preoperative control of hypercortisolemia or as 
adjunctive treatment after failed surgical management, 
while other therapies such as radiotherapy are instituted, 
or if the patient declines surgery or radiotherapy. It must 
be noted that currently only pasireotide is licensed for 
the treatment of Cushing’s syndrome and mifepristone 
for the treatment of Cushing’s syndrome–associated  
hyperglycemia, therefore the use of other agents is 
“off-label.”

Agents That Inhibit Steroidogenesis
The oral inhibitors of adrenal steroidogenesis are the 
most commonly used medical agents for treatment of 
Cushing’s syndrome; of these, metyrapone, ketocon-
azole, and mitotane are the most effective. Aminoglu-
tethimide339 is no longer available, and trilostane340 is 
now rarely used. Etomidate is the only available ste-
roidogenesis inhibitor that can be given parenterally. We 
usually would recommend partial inhibition of cortisol 
production (adjusted adrenal blockade) with frequent 
monitoring to identify a dosing regimen that maintains 
eucortisolism while avoiding adrenal insufficiency or 
excess. However, in some patients, particularly those 
with variable cortisol production, it can be difficult to 
achieve this. In these cases, full adrenal blockade with 
glucocorticoid replacement to avoid symptoms of adre-
nal insufficiency (a block-and-replace regimen) may be 
advocated. In all forms of treatment, patients and their 
physicians must be alert to the signs and symptoms of 
adrenal insufficiency.

Metyrapone
Metyrapone acts primarily to inhibit the enzyme 
11β-hydroxylase,341 and the subsequent elevation of 
11-deoxycortisol can be monitored in the serum of 
patients treated with metyrapone. It results also in excess 
of 11-deoxycorticosterone with mineralocorticoid prop-
erties and an excess of adrenal androgens. The decrease 
in cortisol is rapid, with trough levels at 2 hours post- 
dose, and a test dose of 750 mg with hourly cortisol 
estimation for 4 hours can be used to predict response: 
A rapid and sustained decrease in cortisol to less than 
approximately 7 μg/dL (≈200 nmol/L), as is often seen 
with ectopic ACTH and adrenal tumors, suggests that a 
smaller dose of metyrapone may be appropriate, whereas 
a decrease to 10 to 12 μg/dL (≈300 nmol/L), as is often 
seen in Cushing’s disease, would indicate a higher dose 
requirement.342 Therapy is started at 0.75 to 1.5 g/day 
in three to four divided doses daily. The usual require-
ment is approximately 2 g/day, although higher doses 
(as high as 6 g/day) may be needed in the ectopic ACTH 
syndrome.342 Metyrapone is useful in treating patients 
with Cushing’s syndrome from adrenal tumors, ectopic 
ACTH syndrome, and Cushing’s disease.342,343 In the 
United States, it can be obtained from the distributor 
on an individual patient basis, but it is expected to be 
available commercially soon. The principal side effects 
are hirsutism and acne (as predicted by the increase in 
adrenal androgens), dizziness, and gastrointestinal upset. 
The androgenic effects can be particularly problematic 
and may preclude its prolonged use in some younger 
female patients. Hypokalemia, edema, and hypertension 
due to increased mineralocorticoids are infrequent342 but 
may require cessation of therapy. Our experience would 
suggest that the only major problems are associated with 
the increase in adrenal androgens; careful monitoring of 
treatment to avoid hypoadrenalism and education of the 
patient are required. Although not previously reported, 
we have seen a case of hemolysis in a patient with glu-
cose-6-phosphate dehydrogenase deficiency. Many corti-
sol assays cross-react with 11-deoxycortisol; this should 
be taken into account when adjusting the dose, or UFC 
should be used.344

Ketoconazole and Other Antifungals
Ketoconazole is an imidazole derivative whose primary 
indication is as an oral antifungal agent. However, reports 
of gynecomastia in some ketoconazole-treated patients 
led to the realization that it is an inhibitor of cytochrome 
P-450 enzymes, including side-chain cleavage, C17,20-
lyase, 11β-hydroxylase, and 17β-hydroxylase.345,346 It 
has also been reported to have a direct effect on ecto-
pic ACTH secretion from a thymic carcinoid tumor.347 
Treatment for Cushing’s syndrome is usually started at 
a dose of 200 mg twice daily, and its onset of action is 
slower than metyrapone. It has been used successfully to 
lower cortisol levels in patients with Cushing’s syndrome 
of various causes, including adrenal carcinoma, ectopic 
ACTH syndrome, and invasive ACTH-producing pitu-
itary carcinoma, with doses between 200 and 1200 mg/
day required in as many as four divided daily doses.348-350  
It should be emphasized that gastric acid is required 
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for absorption of ketoconazole, therefore proton pump 
inhibitors should be discontinued.

The principal side effect of ketoconazole is hepatotox-
icity. Reversible elevation of hepatic serum transaminases 
occurs in approximately 5% to 10% of patients and need 
not result in discontinuation of the agent if levels remain 
below twofold to threefold the upper normal range. The 
incidence of serious hepatic injury is approximately 1 
in 15,000 patients,351 and it can be fatal or may require 
liver transplantation.352,353 The hepatotoxicity appears to 
be idiosyncratic and has been reported within 7 days of 
the start of treatment in a patient with Cushing’s syn-
drome.354 Because of the hepatotoxic effects, it has been 
withdrawn from some European markets, and the FDA 
issued a warning about its use in fungal infections. Other 
adverse reactions of ketoconazole include skin rashes 
and gastrointestinal upset, but these occur in less than 
15%,348 and one must always be wary of causing adrenal 
insufficiency.355 Because of its C17,20-lyase inhibition 
and consequent anti-androgenic properties, ketocon-
azole is particularly useful in female patients in whom 
hirsutism, which may be worsened with metyrapone, is 
an issue. Conversely, gynecomastia and reduced libido in 
male patients may be unacceptable and may require alter-
native agents. One further advantage of ketoconazole is 
its inhibition of cholesterol synthesis, particularly low-
density lipoprotein cholesterol.356 We have found it to 
be particularly useful in combination with low doses of 
metyrapone. Fluconazole, another oral imidazole, is less 
well studied but has been shown to be effective, and it 
provides the advantage of less toxicity.357

Mitotane
Mitotane, or o,p′DDD (1,1-dichloro-diphenil-dichlo-
roethane), is derived from the family of insecticides 
that includes DDT (dichloro-diphenyl-trichloroethane). 
It inhibits adrenal steroidogenesis catalyzed by cho-
lesterol desmolase,358 11- and 18-hydroxylase, and 
3β-hydroxysteroid dehydrogenase.359 It also has marked 
direct cytotoxic effects on the zona fasciculata and the 
zona reticulosa, which led to its original use in high doses 
(5 to 20 g/day) as treatment for inoperable adrenocortical 
carcinoma.360,361 In this condition, it now is used more 
commonly as adjunctive treatment to surgery, and it does 
appear to prolong recurrence-free survival with lower 
doses of between 1 and 5 g/day.362,363 At such doses, it 
may take a longer time to reach therapeutic levels, and 
monitoring of serum levels should be undertaken when 
possible due to the narrow therapeutic window and the 
risk for toxicity. It is suggested that target levels should 
be between 15 and 20 mg/L.364 Combined treatment of 
mitotane with standard chemotherapeutic agents such as 
cisplatin, etoposide, and doxorubicin has been used in a 
number of small studies in advanced adrenal carcinoma 
with variable benefit.365-367

In Cushing’s disease, mitotane alone in high doses (4 
to 12 g/day) can achieve remission in as many as 83% of 
patients, but more commonly, it is used in lower doses 
(0.5 to 4 g/day), sometimes in combination with radiation 
therapy, with clinical and biochemical remission achieved 
in approximately 80%.368,369 At these doses, the onset of 

effect can take approximately 6 to 8 weeks, and addi-
tional adjunctive medical treatment may be needed in this 
interim. Similarly, the agent has a long half-life (18 to 
159 days), due in part to its lipophilic properties, and its 
effects can last for weeks to months after discontinua-
tion of therapy. Mitotane, alone or in combination with 
metyrapone or aminoglutethimide, also has proved useful 
as treatment for hypercortisolism associated with ectopic 
secretion of ACTH.370

The utility of mitotane is limited by its gastrointestinal 
and neurologic toxicity. Nausea and anorexia are com-
mon at doses as high as 4 g/day and are ubiquitous at 
more than 4 g/day.371 These side effects may be avoided 
by beginning at a dose of 0.5 to 1.0 g/day and increas-
ing gradually, by 0.5 to 1.0 g every 1 to 4 weeks. Doses 
should be taken with meals or at bedtime with food. If 
significant adverse effects do occur, the drug should be 
discontinued for 3 to 5 days and then restarted at a lower 
dose.369 At higher doses and serum levels >20 mg/L,364 
neurologic side effects are common and include drowsi-
ness, gait disturbances, dizziness or vertigo, confusion, 
and problems with language. Other adverse effects at any 
dose include fatigue (perhaps due to decreased cortisol 
levels), gynecomastia, skin rash, hypouricemia, elevated 
liver enzymes, and abnormal platelet function.361,372,373 
The hypercholesterolemia, which is common even at low 
doses, can be reversed with 3-hydroxy-3-methylglutaryl 
coenzyme A reductase inhibitors such as simvastatin.374 
Mitotane is relatively contraindicated in women desiring 
fertility within 2 to 5 years. It may induce spontaneous 
abortion and may act as a teratogen, effects that may per-
sist for a number of years after discontinuation because 
of deposition in fat.375 Mitotane increases hormone-
binding proteins (cortisol-binding globulin, sex hormone 
 binding-globulin376 and thyroxine-binding globulin). 
Therefore total serum cortisol cannot be relied on to moni-
tor therapy, and UFC should be used instead. The value of 
serum-free or salivary cortisol remains to be determined. 
Often, concomitant glucocorticoid and sometimes miner-
alocorticoid replacement is necessary on mitotane treat-
ment to prevent adrenal insufficiency (block-and-replace 
regimen). In addition, mitotane increases the metabolic 
clearance of exogenously administered steroids,377 and 
replacement doses of glucocorticoid must be increased by 
approximately one third.

Etomidate
Etomidate, an imidazole-derived anesthetic agent, was 
reported in 1983 to have adrenolytic effects.378 Com-
pared with the other imidazole derivative ketoconazole, 
etomidate more potently inhibits adrenocortical 11 
β-hydroxylase and shows similar inhibition of 17-hydrox-
ylase, but it has less of an effect on C17,20-lyase.379 At 
higher concentrations, it also appears to have an effect 
on cholesterol side-chain cleavage.380 Short-term etomi-
date infusions at doses 2 to 3 mg/hour can reduce severe 
hypercortisolemia in acutely unwell patients with Cush-
ing’s syndrome of various causes, who are unable to take 
oral medications.381 Because higher doses may be sedat-
ing and are used for anesthesia induction,382 it is rec-
ommended to administer it in the intensive care setting. 
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Frequent monitoring of cortisol and potassium levels (4 
to 6 hourly) are needed to adjust the infusion rate.383 
Most case reports of long-term therapy therefore have 
described the use of lower nonhypnotic total doses of 
between 1.2 and 8.3 mg/hour to good effect.384-387 It may 
be more difficult to normalize cortisol levels in patients 
with Cushing’s disease, which probably reflects increased 
ACTH drive from the pituitary gland, as opposed to rela-
tively fixed production from an ectopic source.385 Serum 
cortisol level may normalize as quickly as 12 hours from 
starting the infusion381 and a simultaneous infusion of 
hydrocortisone of 0.5 to 2 mg/hour may be required.383 
Clearly, etomidate is an effective adrenolytic agent that 
acts rapidly but is limited in its use by the fact that it 
has to be given parenterally. However, in this situation, 
it may be life-saving. It is important to recognize that 
the etomidate preparations available in Europe are dis-
solved in an alcohol-based vehicle, although the currently 
available preparation in the United States uses propyl-
ene glycol, which may have potential side effects such as 
nephrotoxicity.386

Glucocorticoid Receptor Antagonists
Mifepristone (RU 486), the antiprogestin that is marketed 
as an abortifacient, is also a competitive antagonist of 
glucocorticoid and androgen (weak effect) receptors. The 
major drawback is the lack of biochemical markers to 
monitor overtreatment, and its long half-life and minimal 
agonist activity leave the patient open to hypoadrenal-
ism.388 The daily effective dose ranges between 300 mg  
and 1200 mg. As it showed a significant improvement 
of glucose level and HbA1c in 60% of patients with 
impaired glucose tolerance/diabetes,389 it was approved 
for use in Cushing’s syndrome with associated hyper-
glycemia. It also improved diastolic blood pressure in 
38% of patients.389 Levels of ACTH and cortisol remain 
elevated (or increase in patients with Cushing’s disease). 
The high levels of cortisol may act on the mineralocor-
ticoid receptor, increasing the risk for hypertension, 
water retention, and hypokalemia. Other side effects 
include fatigue, nausea, and headache (all likely related 
to adrenal insufficiency), and endometrial thickening and 
vaginal bleeding secondary to the antiprogestin effect. 
Decreased HDL cholesterol and elevated TSH have been 
reported.389

Agents That Modulate ACTH Release
A number of agents, including the serotonin antagonists 
cyproheptadine390 and ritanserin,391 the dopamine ago-
nists bromocriptine392 and cabergoline,393 sodium val-
proate,394 and recently pasireotide, have been examined 
in Cushing’s disease. The precise mechanism of action 
of many of these agents is not completely understood, 
although most seem to reduce ACTH secretion through 
an effect on the hypothalamo-pituitary axis. Their effi-
cacy in Cushing’s disease seems to be variable between 
individual patients; therefore we do not recommend their 
routine use as first-line agents. However, a dopamine 
agonist or pasireotide can be used as add-on therapy or in 
mild Cushing’s syndrome when first-line medications are 
poorly tolerated.

Somatostatin Analogues
Long-acting somatostatin analogues such as octreotide 
and lanreotide are used widely in the therapy of various 
neuroendocrine tumors, and somatostatin receptors have 
been demonstrated on corticotroph adenomas, in addi-
tion to ectopic sources of ACTH.395 Octreotide appears 
to inhibit ACTH release in occasional patients with Nel-
son’s syndrome but rarely in patients with Cushing’s 
disease, and this has been postulated to be due to soma-
tostatin receptor downregulation from the circulating 
hypercortisolemia.396 In ectopic ACTH-secreting tumors, 
octreotide has produced a prolonged (>3 months) reduc-
tion in ACTH and hypercortisolemia in approximately 
70% of published cases, but this high rate of response 
may be due to selective reporting. Preoperative assess-
ment with pentetreotide scintigraphy may help predict 
which tumors might respond to treatment. Octreotide 
treatment produces a temporary response in GIP- 
dependent Cushing’s syndrome but is unhelpful in other 
causes of ACTH- independent Cushing’s syndrome.397 So 
far, little experience has been reported with use of the 
sustained-release preparations in treating Cushing’s syn-
drome. Much interest surrounds somatostatin analogues 
with a broader spectrum of activity for somatostatin 
receptor subtypes. Such an agent, pasireotide (SOM230; 
Novartis, Basel, Switzerland), has been shown in vitro 
to reduce human corticotroph proliferation and ACTH 
secretion,398 and early results in vivo were encourag-
ing.399 Results of a phase III trial of pasireotide treatment 
for Cushing’s disease were disappointing, with only 25% 
of patients on 900 mcg and 13% on 600 mcg subcuta-
neous injection twice daily normalizing their UFC levels 
after 12 months.400 Patients with only mild to moderate 
hypercortisolemia were most likely to respond. Pasireo-
tide thus only appears suitable for relatively mild forms of 
the disease. Pituitary tumor size decreased by 43.8% on 
the higher dose. Hyperglycemia was the main side effect, 
occurring in 73% of patients, with 46% requiring anti-
glycemic treatment. Other reported side effects were ele-
vated liver enzymes, cholelithiasis, nausea, and diarrhea 
in the rate expected from other somatostatin analogues.

Dopamine Agonists
The presence of dopamine receptors (D2) on around 
80% of corticotroph adenomas supported the use of 
bromocriptine or cabergoline in patients with Cush-
ing’s disease.401 In small studies, high-dose bromocrip-
tine decreased ACTH and cortisol levels in only 20% 
of patients,402 and cabergoline at the dose of 1 to 7 mg 
weekly controlled hypercortisolemia in 25% to 40% of 
patients.403 Dopamine receptor agonists are usually well 
tolerated; the most common side effects include asthenia, 
nausea, and dizziness. At the doses used for the treatment 
of pituitary tumors, the incidence of cardiac valve sclero-
sis and subsequent regurgitation was not increased in one 
large study.404

Thiazolidinediones
Rosiglitazone, a peroxisome-proliferator-activated 
receptor-γ (PPAR-γ) agonist, at suprapharmacologic 
doses has been shown in vitro and in animal models 
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to suppress ACTH secretion and corticotroph tumor 
size.405 However, a number of clinical trials of the 
thiazolidinediones rosiglitazone and pioglitazone in 
patients with Cushing’s syndrome have generally been 
disappointing, with only short-term benefit seen in very 
occasional patients even at high doses.406-410

Potential Novel Medical Agents
In the rare cases of Cushing’s syndrome due to AIMAH 
and aberrant receptor expression, specific receptor 
antagonists have proved useful, at least in the short 
term, but further investigation is needed.411 Retinoic 
acid was found to inhibit ACTH secretion and cell pro-
liferation both in vitro in ACTH-producing tumor cell 
lines and cultured human corticotroph adenomas and 
in vivo in nude mice412 and dogs.413 The potential anti-
secretory activities of this agent in Cushing’s disease 
was assessed in 7 patients given 10 to 80 mg of retinoic 
acid daily for 12 months.414 In the view of teratogenic 
properties of the drug, only postmenopausal women 
were enrolled. Normalization of UFC was achieved 
only in 3 patients, who had mild hypercortisolemia. 
Further studies are needed to establish the utility of 
this agent.

LCI699 is a novel steroidogenesis inhibitor currently 
under investigation. It is an aldosterone synthase inhibi-
tor derived from fadrozole, a nonsteroidal aromatase 
inhibitor that showed aldosterone-suppressing activity. 
It also inhibits 11β-hydroxylase as shown by signifi-
cantly increased levels of 11-deoxycorticosterone and 
11-deoxycortisol. LCI699 was evaluated in a phase II 
trial as a potential antihypertensive agent in patients 
with primary hyperaldosteronism and essential hyper-
tension.415 After 8 weeks of treatment, there was a dose-
dependent reduction in the 60-minute ACTH-stimulated 
cortisol levels in 21% of subjects on the higher dose. 
There are to date no clinical studies published on Cush-
ing’s syndrome.

SPECIAL CLINICAL SCENARIOS

Cyclic Cushing’s Syndrome
Most patients with Cushing’s syndrome demonstrate con-
sistently elevated glucocorticoid values. A small subset 
show significant variability in glucocorticoid secretion, 
alternating normal and elevated values on a regular or 
irregular basis.416 The few cases of spontaneous remission 
of Cushing’s syndrome, including Cushing’s first patient, 
may fit into this category.2,417,418 The clinical course of 
patients with this type of intermittent, cyclic, or periodic 
Cushing’s syndrome may be invariant, usually with mild 
signs and Cushingoid symptoms, or it may parallel the 
biochemical abnormalities, with exacerbation of Cushin-
goid features that parallel increased glucocorticoid pro-
duction. The etiologic distribution is altered; in a recent 
review, Cushing’s disease, ectopic ACTH secretion, and 
primary adrenal causes accounted for 54%, 26%, and 
11%, respectively, of 65 cases, with the remainder being 
unclassified.419 Another study showed significant vari-
ability in cortisol in about 15% of patients with Cush-
ing’s disease.420

Patients with periodic Cushing’s syndrome often show 
conflicting or “inappropriate” responses to standard 
diagnostic tests, particularly dexamethasone suppres-
sion.421 Discrepant urine tests have been reported in these 
patients, with elevated 17-OHCS and normal UFC excre-
tion.422 If studied during a quiescent period, patients with 
nonpituitary disease may be misclassified as having Cush-
ing’s disease, and those with “normal” responses to the 
LDDST may be incorrectly diagnosed as not having Cush-
ing’s syndrome.423 Dynamic testing should be performed 
only during a sustained period of hypercortisolism, as 
documented by failure to suppress on an LDDST, concur-
rent increased evening salivary or plasma cortisol, and/or 
elevated UFC excretion.

Iatrogenic and Factitious Cushing’s Syndrome
Appropriate therapeutic but supraphysiologic doses of 
glucocorticoids given for a medical condition cause most 
cases of iatrogenic Cushing’s syndrome, which usually is 
an expected, unavoidable adverse effect of therapy. Exog-
enous hypercortisolism may result also when a prescribed 
dose of glucocorticoid is increased inappropriately by the 
patient. Although most common with oral agents, Cush-
ing’s syndrome may result from glucocorticoids adminis-
tered to the nasal or rectal mucosa, the tracheobronchial 
tree, the intraarticular space, or the skin.424-426 The use 
of all prescription drugs, over-the-counter medications, 
and herbal remedies,427 including nasal or intraocular 
drops, inhalants, and topical agents, should be assessed 
in all Cushingoid patients. Agents not given for their glu-
cocorticoid activity, such as fludrocortisone acetate and 
megestrol,428 also may produce Cushingoid features on 
occasion. Agents sold for cosmetic skin whitening may 
contain potent glucocorticoids.

Factitious Cushing’s syndrome, which may be a form 
of Münchausen’s syndrome, is rare. The typical suppres-
sion of plasma ACTH and dehydroepiandrosterone sul-
fate may lead to a mistaken diagnosis of primary adrenal 
disease.429 Plasma and urine cortisol values vary, depend-
ing on the route, schedule, and type of glucocorticoid 
ingested. For example, intravenous injection of hydro-
cortisone may suppress ACTH values and increase UFC 
levels without increasing single random plasma cortisol 
values.430 If basal urine or plasma cortisol values are 
low, it may be useful to screen the urine for synthetic 
glucocorticoids.429

Treatment for exogenous Cushing’s syndrome con-
sists of discontinuing glucocorticoid ingestion. If this is 
possible, a weaning schedule should be followed until a 
replacement dose of hydrocortisone is reached, at which 
point the patient may be weaned very gradually, as dis-
cussed earlier for postoperative treatment. If the degree 
of suppression of the axis cannot be estimated from the 
medication and dose received, the cortisol response to 
synthetic ACTH can be used as a rough gauge of adrenal 
suppression.

For the patient in whom glucocorticoids cannot be 
discontinued, a change in dose or schedule may ame-
liorate symptoms of Cushing’s syndrome. Patients who 
require supraphysiologic glucocorticoid therapy should 
undergo measurement of their bone density and should 
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be counseled to maintain adequate calcium and vitamin 
D intake, to exercise, and to receive bisphosphonate ther-
apy when appropriate.

Chronic Renal Failure
Cushing’s syndrome has been described in the setting 
of chronic renal failure only rarely.431-433 Serum lev-
els of cortisol are not affected in chronic renal failure 
when assessed with radioimmunoassays using an organic 
extraction procedure,434,435 but they may be increased 
if other assay techniques are used.436 ACTH levels are 
increased.434 Glomerular filtration rates of less than 30 
mL/min result in decreased cortisol excretion, and the 
UFC may be normal despite excessive cortisol produc-
tion.437 ACTH and cortisol responses to ovine CRH may 
be suppressed in patients with renal failure, except for 
those undergoing continuous ambulatory peritoneal dial-
ysis.435 The metabolism of dexamethasone is normal in 
chronic renal failure, but oral absorption can be altered 
in some patients, which may necessitate measurement of 
plasma dexamethasone levels.438,439 The reduced degree 
of suppression of cortisol by dexamethasone suggests a 
prolonged half-life of cortisol. Normal suppression of the 
overnight 1 mg LDDST is uncommon, so that the 2-day 
LDDST is a better screening test.142,439,440 The cortisol 
response to insulin-induced hypoglycemia is normal or 
absent.438,441

Pediatric Cushing’s Syndrome
The most common presentation of Cushing’s syndrome 
in children is growth retardation, often with a decrease 
in height percentile over time as the weight percentile 
increases.442-444 However, hypercortisolemic patients 
with virilizing adrenal tumors may show growth accel-
eration; thus, the absence of growth failure does not 
exclude the diagnosis of Cushing’s syndrome.445 Other 
virilizing signs such as acne and hirsutism are seen in 
approximately 50% of patients regardless of etiol-
ogy.444 Hypertension and striae are seen in approxi-
mately 50% of cases.446 Muscle weakness may be less 
common in the pediatric patient.75 This may reflect 
the effect of exercise rather than age because older 
patients who follow an exercise program tend to main-
tain strength. In addition to the spectrum of psychiatric 
and cognitive changes seen in adults, which can affect 
school performance, children may show “compulsive 
diligence” and actually may do well academically.442 
Depression is less common in children than in adults. 
Headache and fatigue are common.444 Cushing’s dis-
ease accounts for between 75% and 80% of Cushing’s 
syndrome in children and adolescents, but before the 
age of 10 years, ACTH-independent causes of Cush-
ing’s syndrome are more common. Cushing’s disease 
shows a male predominance in prepubertal children. 
Two primary adrenal causes of Cushing’s syndrome, 
McCune-Albright syndrome and PPNAD, are typically 
diseases of childhood or young adulthood. Signs of vir-
ilization or feminization in the very young (<4 years) 
suggest adrenal carcinoma. Ectopic secretion of ACTH 
occurs rarely in the pediatric population and usually is 
due to bronchial or thymic neuroendocrine tumors.447

As mentioned previously, late-night salivary cor-
tisol measurement has particular logistical benefits in 
children. Study of its utility in the pediatric population 
has been limited, and diagnostic criteria are not clear, 
although a cutoff of 0.27 μg/dL (7.5 nmol/L) has been 
suggested if the sample is taken around midnight.178,448 
Serum cortisol measurement in inpatients has high sen-
sitivity.449 In children, UFC should be corrected for 
body surface area (× 1.72 m2).450 The standard 2-day 
LDDST adult protocol can be used in children weigh-
ing 40 kg or more, otherwise the dexamethasone dose 
is adjusted to 30 mcg/kg/day.443 As in adults, there is 
good correlation between cortisol suppression on the 
LDDST and on the HDDST for the differential diagno-
sis; thus the latter is not necessary.451 Although it can 
be argued that ectopic ACTH syndrome is so rare in 
children that the CRH test or BIPSS is not necessary, 
they do add reassurance in those with a negative pitu-
itary MRI, which is the case in more than 50% of cases. 
In addition, in those with negative imaging BIPSS may 
have better accuracy in lateralization of the pituitary 
tumor compared with adults (correct lateralization in 
72% vs. 69% of patients).452 MRI is at least as useful 
as CT in the evaluation of adrenal causes.453

Adrenalectomy, either unilateral or bilateral depend-
ing on the cause, is first-line therapy in ACTH-indepen-
dent Cushing’s syndrome. Transsphenoidal surgery is 
the treatment of choice in children with Cushing’s dis-
ease, with similar rates of remission as in adults in expert 
hands.454 The largest to-date study of the outcome of 
TSS for childhood Cushing’s disease showed recurrence 
of the disease in 8% of patients at a mean follow-up 
time of 6.8 ± 4.7 years.452 Factors predicting early bio-
chemical remission postsurgery include identification 
of an adenoma during operation, histologically proven 
corticotroph adenoma, and lack of dural invasion. Con-
ventional radiotherapy used in the setting of failure to 
cure after transsphenoidal surgery performs even better 
than in adults with reported remission rates as high as 
100%, with cure occurring within 12 months.455 Fol-
lowing pituitary surgery, plus or minus radiotherapy, 
the incidence of growth hormone deficiency is high, but 
prompt diagnosis and treatment with human growth 
hormone ensure acceptable growth acceleration and 
catch-up growth, although an abnormal body com-
position often persists.456 Similarly, normalization of 
reduced bone mineral density can be achieved.457

Cushing’s Syndrome in Pregnancy
The pregnant woman with possible Cushing’s syndrome 
presents a diagnostic challenge to the physician because 
of the physical and biochemical changes that are common 
to both conditions, including weight gain, fatigue, striae, 
hypertension, and glucose intolerance. The investigative 
screening process has to be based on the recognition of 
the physiologic changes in pregnancy.458 Total serum cor-
tisol levels increase in pregnancy, beginning in the first 
trimester and peaking at 6 months, with a decrease only 
after delivery, probably reflecting increased induction of 
hepatic corticosteroid-binding globulin production by 
estrogen. UFC excretion is normal in the first trimester and 
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then rises up to threefold by term. Thus, only UFC values 
greater than threefold normal are diagnostic in the last 
two trimesters. Suppression to dexamethasone is blunted, 
but not because of reduced bioavailability of dexametha-
sone. The cortisol diurnal rhythm is maintained in preg-
nancy but with a higher nadir, and appropriate diagnostic 
cutoffs in pregnancy have yet to be established. Adrenal 
adenomas are frequently the cause of Cushing’s syndrome 
in pregnancy (40% to 50%), but it is interesting to note 
that ACTH levels may not be suppressed in these patients, 
possibly because of placental CRH stimulation of the 
pituitary corticotrophs or placental ACTH secretion. The 
HDDST may be useful in distinguishing these patients 
from those with Cushing’s disease. The CRH test also has 
been used to identify patients with Cushing’s disease, and 
no evidence of harm has been found in animal studies and 
in the small number of pregnant patients studied with this 
drug. MRI without gadolinium enhancement is consid-
ered safe in the third trimester, and its use in combination 
with the noninvasive tests discussed earlier should resolve 
most diagnostic issues. BIPSS with appropriate additional 
radiation protection for the fetus should be reserved only 
for cases in which diagnostic uncertainty remains.

Although Cushing’s syndrome is rare in pregnancy, 
maternal hypercortisolism is associated with poor out-
comes, both maternal and fetal. Definitive surgical treat-
ment for adrenal or pituitary disease is recommended to 
achieve eucortisolemia, although adverse fetal outcomes 
may persist: The second trimester is probably the safest 
time for operative intervention. Medical treatment carries 
potential risk for the fetus and should be considered only 
as second-line therapy when the benefit outweighs the risk, 
and then generally only as an interim measure. Metyra-
pone is probably the adrenolytic agent of choice, although 
its association with pre-eclampsia and HELLP syndrome 
has been reported.459 Ketoconazole has been utilized suc-
cessfully in a small number of patients but is teratogenic in 
animals and therefore should be used cautiously.460

PROGNOSIS
The life expectancy of patients with nonmalignant causes 
of Cushing’s syndrome, at one time a uniformly fatal ill-
ness, has improved dramatically with effective surgical 
and medical treatments and the availability of antibiotics, 
antihypertensive agents, and glucocorticoids. In a 1952 
review, Plotz72 reported a 5-year mortality rate of 50% in 
actively hypercortisolemic patients, with 46% caused by 
bacterial infection and 40% due to cardiovascular compli-
cations (cardiac failure, cardiovascular accidents, or renal 
insufficiency). In 1961, the mortality rate was similar, but 
the causes had changed: Two thirds were due to postoper-
ative adrenal crisis before cortisone was available or from 
metastatic adrenal cancer. Cardiovascular events related 
to hypertension (stroke, heart failure, renal failure, myo-
cardial infarction) led to death in approximately 20%; 
infectious causes decreased to approximately 15%.76 Ten 
years later, in 1971, 30% of patients with benign causes 
of Cushing’s syndrome died within 5 years of diagnosis, 
most from cardiovascular disease or infection, despite 
decreased postoperative mortality.461 In 1979, a lower 

incidence of death (6%) was noted within 2 to 10 years of 
radiation therapy, mitotane, or combination treatment for 
Cushing’s disease.368 This improvement may reflect earlier 
detection of Cushing’s syndrome and better treatment for 
hypercortisolism and associated medical complications, 
such as hypertension, or lower perioperative mortality. 
Three studies on long-term survival in Cushing’s disease 
treated in the era of transsphenoidal surgery have been 
completed; two were epidemiologic studies from northern 
Spain71 and Denmark,66 and the third was a series from a 
single neurosurgical center where all patients had under-
gone transsphenoidal surgery.270 Investigators report 
varying standardized mortality ratios (SMR) of 3.8, 1.7, 
and 0.98, respectively. The discrepancy in findings among 
the three series is not completely clear, but it is difficult to 
make absolute comparisons, not least because the study 
by Swearingen and colleagues is likely affected by selec-
tion bias. However, the latter two studies do appear to 
show that after curative transsphenoidal surgery, long-
term mortality is not significantly different from that in 
the general population. This is perhaps surprising because 
increased cardiovascular risk markers and evidence of 
atherosclerotic disease persist when measured 5 years 
after remission of Cushing’s disease.124 However, another 
recent study of 418 patients from England and Greece 
reported a significantly high overall SMR of 9.3 (CI 95%, 
6.2 to 13.4) in Cushing’s disease irrespective of remission 
status (SMR 7.6 for microadenomas and 15.6 for mac-
roadenomas, 10.8 for CD in remission).282 In Cushing’s 
disease, the probability of 10-year survival was 95.3% 
with 71.4% of deaths secondary to cardiovascular causes 
and sepsis. In adrenal Cushing’s syndrome, the SMR was 
5.3 (95% CI, 0.3 to 26) and 10-year survival was 95.5%. 
Ectopic Cushing’s syndrome had the worst outcome, with 
overall SMR of 68.5 (CI 95%, 21.5 to 151.8) and 5-year 
survival of 77.6%. The outcome of pediatric Cushing’s 
disease is excellent if treated at centers with appropriate 
experience.446,452

Cushing’s syndrome results in significant impairment 
in quality of life. Unfortunately, in the long term, this is 
improved only partially after remission.292,462

The prognosis of the potentially malignant causes 
of Cushing’s syndrome is variable. Adrenal cancer, as 
reviewed earlier, has an extremely poor prognosis. Tumors 
that produce ACTH ectopically tend to have a poor prog-
nosis, particularly when compared with tumors from the 
same tissue that do not produce ACTH. Small-cell lung 
cancer, islet cell tumors, and thymic carcinoids463 illustrate 
this phenomenon. As many as 82% of patients with small-
cell lung cancer and Cushing’s syndrome die within 2 
weeks from the start of chemotherapy.68 Among the causes 
of ectopic ACTH syndrome, pheochromocytoma and 
bronchial neuroendocrine tumors appear to offer the best 
prognosis after tumor resection, but this is not universal.
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K E Y  P O I N T S

Types of Sellar Masses
 •  Most sellar masses are pituitary adenomas, but others are hyperplasia, hypophysitis, 

other benign and malignant tumors, and infiltrative diseases.
Etiology of Pituitary Adenomas
 •  Pituitary adenomas are benign monoclonal neoplasms.
Clinical Presentations
 •  Because clinically nonfunctioning adenomas, by definition, do not cause readily 

recognizable clinical syndromes, they often do not come to clinical attention until they 
become so large as to cause neurologic symptoms, most commonly impaired peripheral 
vision.

 •  Previously unsuspected clinically nonfunctioning sellar masses are also detected as an 
incidental finding when imaging of the head is performed for an unrelated reason.

 •  Gonadotroph adenomas occasionally cause recognizable clinical syndromes, including 
ovarian hyperstimulation in premenopausal women and premature puberty in boys.

 •  Gonadotroph adenomas can sometimes be recognized by elevated serum concentrations 
of FSH and/or alpha subunit.
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Many types of lesions present as a mass within or near the 
sella turcica (Table 14-1). The majority of sellar masses 
are pituitary adenomas, even those that are not obvi-
ously associated with syndromes of hormonal excess. The 
majority of these clinically nonfunctioning, or silent, pitu-
itary adenomas are gonadotroph adenomas, but some are 
silent somatotroph, corticotroph, lactotroph, and thyro-
troph adenomas. Determining whether a sellar mass is a 
pituitary adenoma or other type of sellar mass is impor-
tant; and if it is a pituitary adenoma, the type of adenoma 
is important, because this distinction will determine opti-
mal treatment.

TYPES OF SELLAR MASSES

Pituitary Adenomas
Any pituitary adenoma type may be first recognized as 
an apparently clinically nonfunctioning sellar mass, 
even those whose hormonal secretion usually causes a 
recognizable clinical syndrome, such as corticotroph or 
somatotroph adenomas. In some situations, the clinical 
syndrome (e.g., Cushing’s syndrome or acromegaly) is 
present but not recognized; in other situations, the clini-
cal syndrome is relatively subtle or nonexistent. The lat-
ter have been referred to as “silent” adenomas.1-3 It is 
probably more accurate, however, to regard the clinical 
presentations of these adenomas as a spectrum from clini-
cally obvious (e.g., frank acromegaly), to clinically subtle 
(e.g., slight increase in ring size but still overall normal 
appearance), to clinically silent (e.g., no clinical manifes-
tations but a high IGF-1),4,5 to silent (e.g., normal IGF-1 
but immunostaining of excised tissue for growth hor-
mone) (Table 14-2).

The most common pituitary adenoma that presents as 
a sellar mass is a gonadotroph adenoma. They compose 
40% to 50% of all macroadenomas and approximately 
80% of clinically nonfunctioning adenomas. They are 
often not recognized as of gonadotroph cell origin, as 

they secrete inefficiently, and what they do secrete—intact 
gonadotropins and their subunits—often do not produce 
a recognizable clinical syndrome. Consequently, these 
adenomas are often not recognized until they become so 
large that they cause neurologic symptoms. Occasionally, 
however, they do cause recognizable clinical syndromes, 
as described later in the chapter in the section entitled 
“Clinical Syndromes,” and are sometimes recognized by 
finding abnormal serum concentrations of gonadotropins 
and their subunits.

Pituitary Hyperplasia
Hyperplasia of anterior pituitary cells can result from 
physiologic or pathologic causes and results in general-
ized enlargement of the pituitary gland. During normal 

TABLE 14-1 Sellar Masses

Pituitary hyperplasia
 Lactotroph hyperplasia of pregnancy
 Thyrotroph hyperplasia due to primary hypothyroidism
 Gonadotroph hyperplasia due to primary hypogonadism
Benign tumors
 Pituitary adenomas (somatotroph, lactotroph, corticotroph, 

gonadotroph, thyrotroph)
 Craniopharyngioma
 Meningioma
 Pituicytoma
Malignant tumors
 Germ cell tumor (ectopic pinealoma)
 Chordoma
 Lymphoma
 Metastatic diseases
 Pituitary carcinomas
Cysts (Rathke’s cleft, arachnoid, dermoid, epidermoid)
Lymphocytic hypophysitis
Infiltrative and granulomatous diseases (sarcoidosis, Langerhans 

cell histiocytosis, tuberculoma)
Abscess
Vascular abnormalities (aneurysm, arteriovenous fistula)

Diagnosis
 •  When a clinically nonfunctioning sellar mass is a pituitary adenoma, its cell type can 

sometimes be identified by measurement of pituitary hormones.
 •  Imaging is essential to determining the size, shape, and location of a sellar mass but 

cannot distinguish with certainty one type of mass from another.
Treatment
 •  Transsphenoidal surgery is the only treatment that can decompress a sellar mass to 

correct visual and other neurologic abnormalities.
 •  Radiation therapy is used to prevent further growth of significant residual pituitary 

adenoma tissue after surgery and of recurrent adenoma tissue.
 •  Single, high-dose radiation is used to treat adenoma tissue that is small and at a 

distance from the optic tracts; fractionated radiation is used for large volumes and for 
tissue close to the optic tracts.

 •  Hormonal assessment is essential after treatment to determine the effect on hormonal 
hypersecretion and possible development of hyposecretion.

 •  Observation is a reasonable course for masses not causing neurologic symptoms 
but requires monitoring for further enlargement and development of neurologic 
abnormalities and hormonal deficiencies.

  

K E Y  P O I N T S — c o n t ’ d
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pregnancy, increased estrogen secretion causes lactotroph 
hyperplasia. When a target gland fails, the resulting lack 
of feedback inhibition on the corresponding pituitary 
trophic hormone–secreting cells causes hyperplasia. For 
example, longstanding, untreated primary hypothyroid-
ism causes thyrotroph hyperplasia, and longstanding, 
untreated primary hypogonadism causes gonadotroph 
hyperplasia.6-9 A neuroendocrine tumor that secretes 
growth hormone–releasing hormone causes somatotroph 
hyperplasia.10

Lymphocytic Hypophysitis
Lymphocytic infiltration of the pituitary gland usually 
occurs in late pregnancy or postpartum but can also be 
seen in women who are not pregnant and infrequently in 
men.11 It is characterized by headaches whose intensity is 
out of proportion to the size of the lesion and by hypo-
pituitarism, in which adrenal insufficiency is unusually 
prominent.

BENIGN TUMORS, NONPITUITARY

Rathke’s Cleft and Other Cysts
Remnants of the embryonic Rathke’s pouch that persist 
may enlarge during adulthood and present as a sellar 
mass.12 Other sellar cysts include arachnoid, epidermoid, 
and dermoid cysts. These may present with neurologic 
findings, such as headaches and visual disturbances, or 
with endocrinologic abnormalities, such as hyperprolac-
tinemia, hypopituitarism, and diabetes insipidus.

Craniopharyngiomas
Craniopharyngiomas13 are solid or mixed solid-cystic 
tumors that arise from remnants of the Rathke’s pouch, 
either intrasellar or suprasellar. About half present clini-
cally during childhood and adolescence, but some do not 
present until 70 or 80 years of age. The major present-
ing symptoms are growth retardation in children and 
abnormal vision in adults. Anterior pituitary hormonal 
deficiencies and diabetes insipidus are also common. 
Hyperprolactinemia is also common and may cause the 
mass to be mistaken for a lactotroph adenoma. Magnetic 
resonance imaging (MRI) often reveals a heterogeneous 
signal, and computed tomography (CT) scan often shows 
calcifications.

Meningiomas
These are usually benign and arise from the meninges 
anywhere within the head. About 20% arise near the 
sella,14 causing visual impairment and hormonal deficien-
cies. By MRI, meningiomas typically emit a low signal 
on T1-weighted images and a high signal on T2-weighted 
images and exhibit intense enhancement after gadolinium.

Pituicytomas
Pituicytomas are rare, benign tumors that arise from 
pituicytes,15 which are glial cells of the posterior pituitary 
gland. They have no hormonal secretory function and can 
be diagnosed only by the characteristic histologic pattern 
of elongated cells in bundles and immunostaining for cell 
adhesion molecules.

MALIGNANT TUMORS
Some malignant tumors arise within or near the sella, 
and others metastasize there. Malignancies that arise in 
the parasellar region include germ cell tumors, sarcomas, 
chordomas, lymphomas, and pituitary carcinomas.

Germ Cell Tumors (Ectopic Pinealomas)
Suprasellar germ cell tumors16 usually occur through the 
third decade of life and are histologically and biologically 
similar to germ cell tumors, such as germinomas, terato-
mas, embryonal carcinomas, and choriocarcinomas. They 
may present with headache, nausea, vomiting, lethargy 
(from increased intracranial pressure with pineal lesions), 
diplopia, paralysis of upward conjugate gaze, hypopitu-
itarism, and diabetes insipidus. If the tumor is in the pineal 
gland, imaging will show a mass in the third ventricle; if 
the tumor is in the infundibulum, it will be thickened.17 
Serum concentrations of human chorionic gonadotro-
pin beta, and/or alpha fetoprotein may be increased. 
Although these lesions are highly malignant and metasta-
size readily, they are also highly radiosensitive.

Chordomas
Chordomas are slowly growing malignancies that arise 
from notochord remnants. Chordomas that arise in the 
clivus, the bone that is the base of the sella turcica, may 
present with headache, visual impairment, and anterior 
pituitary hormonal deficiencies. MRI often shows a het-
erogeneous sellar mass associated with osteolytic bony 
erosion and calcification that may be distinct from the 
normal pituitary gland. Histologically, they exhibit mark-
ers for epithelial cells, including cytokeratin and vimen-
tin. After surgical excision, local invasion and recurrence 
commonly occur; mean patient survival is about 5 years. 
Rarely, they become sarcomatous.18,19

Primary Lymphoma
Primary central nervous system lymphomas sometimes 
involve the pituitary gland and hypothalamus. A review 
of 13 patients with primary pituitary lymphoma noted 
neurologic symptoms, including headache and visual and 
oculomotor impairment, and/or deficiencies of anterior 
pituitary hormones and vasopressin.20 MRI showed a sel-
lar mass with variable extrasellar extension.

TABLE 14-2 Spectrum of Functionality of 
Pituitary Adenomas

Term Description

Clinically obvious Typical physical features of excessive 
hormonal hypersecretion

Clinically subtle Subtle physical features of excessive hor-
monal hypersecretion

Clinically silent Elevated serum concentration of pituitary 
hormone but not even subtle clinical 
manifestations

Silent Type of adenoma identifiable only by im-
munostaining; normal serum concentra-
tion of hormone normally secreted by 
that cell type
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Metastatic Disease
Metastases to the hypothalamus and pituitary gland occur 
most commonly with breast cancer in women and lung 
cancer in men but are also encountered with other can-
cers.21,22 Symptoms include diabetes insipidus, anterior 
pituitary dysfunction, visual field defects, retroorbital pain, 
and ophthalmoplegia.21,23 The metastases may be the pre-
senting sign of previously undiscovered malignancy.

Pituitary Carcinoma
Carcinoma arising from anterior pituitary cells is quite 
rare. When it does occur, the malignancy can arise from 
any anterior pituitary cell type. Lactotroph,35 somato-
troph, corticotroph,24 thyrotroph,25 and gonadotroph26 
carcinomas have been reported. Diagnosis is made by 
finding a distant extracranial metastasis.

OTHER PITUITARY DISEASES

Infiltrative and Granulomatous Diseases
Infiltrative diseases, such as sarcoidosis and Langerhans 
cell histiocytosis, may cause a sellar mass and often cause 
widening of the pituitary stalk. Tuberculomas of the sel-
lar region may occur as part of systemic infection or may 
be isolated. Because these lesions primarily affect the 
hypothalamus and infundibulum, diabetes insipidus is 
common, whereas anterior pituitary hormone deficien-
cies are less frequent. Infiltrative sarcoidosis of this area 
occurs in most patients with central nervous system sar-
coid involvement.27 Typically these patients present with 
varying degrees of anterior pituitary failure with or with-
out diabetes insipidus.

Abscess
Pituitary abscesses, which are rare, can occur in a nor-
mal or diseased pituitary gland. In immunocompro-
mised patients, they may be caused by fungi (Aspergillus, 
Nocardia, or Candida albicans) or Pneumocystis carinii. 
In a series of 24 patients, 16 presented with symptoms 
and physical findings consistent with a pituitary mass, 
while only 8 had features suggestive of infection, such 
as fever, leukocytosis, meningismus.28 MRI is usually 
unable to distinguish between pituitary abscess and pitu-
itary adenoma, so most patients are diagnosed at the time 
of surgical exploration.

Vascular Abnormalities
Aneurysms and arteriovenous fistulas can present as sellar 
masses. Because they arise from the cavernous sinus, they 
may cause cranial nerve palsies, eye pain, and headaches. 
They can usually be recognized by MRI, but a highly vas-
cular meningioma may be confused with an aneurysm.

ETIOLOGY OF PITUITARY ADENOMAS
All pituitary adenomas appear to be true neoplasms, aris-
ing from a somatic mutation of a single progenitor cell 
that divides repetitively. The evidence for this view comes 
from studies that show that virtually all pituitary adeno-
mas are monoclonal, that is, arise from a somatic muta-
tion of a single cell. In one study of five women whose 

pituitary macroadenomas expressed some combination 
of FSHβ, LHβ, and α subunit and whose peripheral leu-
kocytes were heterozygous for HPRT, the adenomas had 
predominantly one allele or the other, but not both.29 
This study suggests that gonadotroph adenomas arise 
from a somatic mutation of a single progenitor cell that 
then proliferates. Other studies present similar evidence 
that other types of pituitary adenomas are also clonal.30

Specific mutations have been identified in association 
with hereditary pituitary adenomas in multiple endo-
crine neoplasia type I (MEN 1), Carney complex, and 
familial isolated acromegaly associated with mutations 
of aryl hydrocarbon receptor interacting protein (AIP). 
In MEN 1,31 a mutation of the MEN1 gene results in 
decreased expression of the tumor suppressor gene menin 
and development of adenomas of the pituitary gland, 
parathyroid glands, and pancreas. All pituitary adenoma 
types can occur in MEN 1, most commonly lactotroph 
and somatotroph adenomas, and rarely including gonad-
otroph adenomas26,32 and those identified only as clini-
cally nonfunctioning.33-35 In the Carney complex, about 
half the patients have germ line inactivating mutations in 
the regulatory subunit type I of the cAMP-dependent pro-
tein kinase A gene (PRKAR1A).36 The resulting pheno-
type consists of somatotroph adenomas; myxomas of the 
heart, skin, and breast; spotty skin pigmentation (multi-
ple skin lentigines and blue nevi); schwannomas; ovarian 
cysts; and adrenal, testicular, and thyroid tumors. Muta-
tions of AIP have been found in familial acromegaly in 
Finland37 but infrequently in familial acromegaly in other 
countries.

About 40% of somatotroph adenomas are associated 
with mutations of the gene encoding the alpha subunit of 
the G stimulatory protein (Gsα) and, as a consequence, 
constitutively activating adenylyl cyclase and increasing 
cAMP, which is mitogenic to somatotroph cells, thereby 
resulting in somatotroph adenomas.38 Mutations that 
cause other pituitary adenomas, including gonadotroph 
adenomas, are not known. Classic oncogene mutations are 
rarely encountered in pituitary adenomas.30 Genes identi-
fied that might be related to the pathogenesis of pituitary 
adenomas include the pituitary tumor transforming gene 
(PTTG), which was cloned from a rat pituitary tumor cell 
line.39 It is overexpressed in the majority of human pitu-
itary adenomas of all cell types compared with nonadeno-
matous pituitary tissue.40 MEG3 tumor suppressor gene 
expression is selectively lost in nonfunctioning adenomas 
by hypermethylation.42 Overall, pituitary adenomas are 
benign, and they appear to be characterized by disrupted 
cell cycle regulation rather than oncogenic mutation.40

CLINICAL PRESENTATIONS
Clinically nonfunctioning sellar masses, by definition, do 
not cause florid syndromes of hormonal excess and as 
a result often grow unrecognized until they become so 
large as to cause neurologic symptoms. Another common 
presentation is as an incidental finding, when imaging is 
performed for an unrelated reason, such as head trauma. 
Less common is hormonal hypersecretion, although not 
associated with an obvious clinical syndrome. Hormonal 
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hyposecretion is common, but usually not the presenting 
manifestation. Pituitary apoplexy is a rare presentation.

NEUROLOGIC PRESENTATIONS

Visual Abnormalities
A mass within or near the sella that stretches the optic 
chiasm or nerves sufficiently may result in visual impair-
ment. Masses that arise below the optic chiasm, such as 
pituitary adenomas, may extend superiorly to elevate 
and then stretch the chiasm sufficiently to cause visual 
field abnormalities, initially of the upper, outer quadrants 
(bilateral superior quadrantopsia) and then of the outer 
halves (bilateral hemianopsia), before much later affect-
ing central vision and visual acuity. Masses that arise 
above the chiasm may first cause asymmetric impairment 
of inferior visual fields. They may be reversible once the 
masses have been partially or completely excised.

Oculomotor Abnormalities
Masses that arise within the sella and extend into a cav-
ernous sinus may affect one or more of the oculomotor 
nerves on that side, resulting in diplopia, impaired extra-
oculomotor movements, and/or ptosis.

Other
Other neurologic manifestations of sellar masses are 
headaches, cerebrospinal fluid leakage and meningitis, 
and hydrocephalus. Any kind of sellar mass can cause a 
headache; those that grow more rapidly are more likely 
to do so. CSF rhinorrhea is uncommon. When it does 
occur, it is the result of an aggressive pituitary adenoma 
that extends inferiorly and erodes the cribriform plate, 
allowing the leakage of CSF, which in turn predisposes 
to retrograde infection and meningitis. Hydrocephalus is 
also uncommon. When it occurs, it is often the result of a 
suprasellar lesion that obstructs the fourth ventricle.

INCIDENTAL FINDING
As a result of the ready availability of imaging techniques 
in developed countries, sellar masses are often discov-
ered when imaging is performed for an unrelated reason. 
Although many lesions discovered in this manner are 
small, others are larger than 1 cm in diameter, and some 
are even associated with hormonal hyper- and hyposecre-
tion and with neurologic abnormalities that had not been 
previously recognized. In one retrospective series of 40 
consecutive silent pituitary adenomas, 37.5% were dis-
covered as an incidental finding.42

ENDOCRINOLOGIC PRESENTATIONS

Hormonal Excess—Gonadotroph Adenomas
Serum Concentrations of Gonadotropins and Their Subunits
Although gonadotroph adenomas are typically clinically 
nonfunctioning because they secrete inefficiently and 
because their secretory products—intact gonadotropins 
and their subunits— usually do not cause a clinical syn-
drome, they often can be identified by their basal and 
stimulated secretory products (Table 14-3). Gonadotroph 

adenomas often secrete sufficient intact FSH to result in a 
supranormal serum FSH concentration. In a series of 38 
men who had clinically nonfunctioning pituitary adeno-
mas, 10 had supranormal serum FSH concentrations.43 
The degree of FSH elevation may range from minimal to 
10 times the upper limit of normal. Intact FSH secreted 
by gonadotroph adenomas appears to be normal or 
nearly normal in size,44 charge,45 and biological activity 
in vitro.46 In contrast, gonadotroph adenomas uncom-
monly produce supranormal serum concentrations of 
intact LH, but when they do, the serum testosterone con-
centration is elevated.47-49 About 15% of men who have 
gonadotroph adenomas have supranormal basal serum 
concentrations of gonadotropin subunits α, FSHβ, or 
LHβ.43 Administration of synthetic TRH to patients who 
have gonadotroph adenomas often produces an increase 
in the serum concentrations of intact gonadotropins and 
their subunits, especially of the LHβ subunit.43,50

Clinical Syndromes
Gonadotroph adenomas sometimes result in recogniz-
able clinical syndromes (Table 14-4). One syndrome that 
is being recognized with increasing frequency is ovarian 
hyperstimulation when a gonadotroph adenoma secretes 
intact FSH in a premenopausal woman.51-55 Continuous 
secretion of FSH by the adenoma, in contrast to cyclical 
secretion by normal gonadotroph cells, results in very large 
ovaries, oligomenorrhea, and multiple large cysts and 
widened endometrial stripe, all detected by pelvic ultra-
sound (Fig. 14-1). This clinical picture can be mistaken 
for polycystic ovarian syndrome, but administration of a 
superactive GnRH analogue to a patient with the gonado-
troph adenoma results in increased, rather than decreased, 
FSH secretion and ovarian size and function.56 These 

TABLE 14-3 Hormonal Criteria for the Diagnosis 
of Gonadotroph Adenomas

Men Women

Supranormal Basal Serum Concentrations of

FSH FSH but not LH
α LHβ, or FSHβ subunits Any subunit relative to intact FSH 

and intact LH
LH and testosterone FSH and estradiol

Supranormal Response to TRH of

FSH FSH
LH LH
LH β (most common) LH β (most common)

TABLE 14-4 Clinical Syndromes Associated with 
Gonadotroph Adenomas

Ovarian hyperstimulation
Pituitary apoplexy following GnRH or GnRH analogue  

administration
Acute GnRH administration
GnRH analogue treatment for prostate carcinoma
Large testicular size
Premature puberty in a prepubertal boy
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patients typically have elevated serum FSH, suppressed 
LH, and elevated α subunit and estradiol. The estradiol 
concentration is often higher than 500 pg/mL and some-
times as high as 2000 pg/mL. Excision of the gonadotroph 
adenoma can lead to restoration of normal gonadotropin 
secretion, ovarian function, and pregnancy.56,57

Other clinical presentations of gonadotroph adenomas 
are less common. One is pituitary apoplexy following 
GnRH or GnRH analogue administration to patients with 
a gonadotroph adenoma. Recent reports describe discov-
ery of previously unrecognized gonadotroph adenomas 
when GnRH superactive analogues were administered to 
treat prostate cancer.58-60 Enlargement of a gonadotroph 
adenoma, without apoplexy, was also reported when a 
superactive GnRH analogue was administered for pros-
tate cancer.61 Another presentation is large testicular size 
in a hypogonadal man. Yet another presentation is pre-
mature puberty in a boy whose gonadotroph adenoma 
secretes intact LH.62,63

Hormonal Excess—Other Pituitary Adenomas
Although somatotroph and corticotroph adenomas often 
secrete efficiently and therefore usually result in classic 
clinical syndromes, a minority of these adenomas secrete 
growth hormone and ACTH but do not cause a classic 
clinical syndrome and therefore present as clinically silent 
adenomas.4,5 In a series of 100 consecutive surgically 
excised pituitary adenomas, 24 were somatotroph adeno-
mas, and, of these, 8 were clinically silent (i.e., had no clin-
ical manifestations of acromegaly but had elevated IGF-1 
concentrations)5 (Table 14-5). Silent corticotroph adeno-
mas compose ∼10% of all nonfunctioning adenomas. 
They are usually aggressive and may recur after surgery.

Hormonal Deficiencies
The large size of many sellar masses commonly causes 
hormonal hyposecretion due to compression of the 
pituitary, stalk, or hypothalamus, but these deficiencies 
often do not compel the patient to seek medical atten-
tion. The deficiency most likely to lead a patient to seek 
medical attention is that of vasopressin, due to damage 

to the hypothalamus or infundibulum, resulting in dia-
betes insipidus. Patients who have deficiencies of anterior 
pituitary hormones, when questioned, however, often do 
report symptoms. Even in the absence of symptoms, test-
ing for hypocortisolism, hypothyroidism, and hypogo-
nadism may detect deficiencies.

Pituitary Apoplexy
Sudden infarction of the pituitary gland, usually of a pitu-
itary adenoma, called pituitary apoplexy, is a dramatic 
but rare presentation of an adenoma. Apoplexy usually 
results in severe headache, oculomotor palsy, and sud-
den and severe cortisol deficiency, which may be life-
threatening. It was the presenting event in 3.7% of 721 
patients with adenomas in one report64 and in 9.6% of 
385 patients in another.65

DIAGNOSIS
Establishing the diagnosis of a clinically silent sellar 
mass usually proceeds from recognizing that a patient’s 
visual abnormality or other neurologic symptom could 

A B

Figure 14-1 Ultrasound of ovaries (A) and uterus (B) in a 39-year-old woman who had a gonadotroph adenoma secreting FSH and causing ovar-
ian hyperstimulation. In A, the closed arrows indicate large ovarian cysts. In B, the thin arrows indicate the uterus, and the wide arrows indicate the 
thickened endometrium. The distance between the open arrows is 1 cm. (From Djerassi A, Coutifaris C, West VA, et al: Gonadotroph adenoma in 
a premenopausal woman secreting follicle-stimulating hormone and causing ovarian hyperstimulation. J Clin Endocrinol Metab. 1995;80:591-594.)

TABLE 14-5 Distinguishing Clinically Silent And 
Totally Silent Somatotroph Adenomas from Those 
That Are Clinically Recognizable*

Classification
Acromegalic 
Features Serum IGF-1 GH Immunostaining

Classic Typical Elevated Positive
Subtle Mild Elevated Positive
Clinically 

silent
None Elevated Positive

Totally 
silent

None Normal Positive

*Clinically silent somatotroph adenomas cannot be recognized by a 
patient’s appearance but can be identified by an elevated serum  
IGF-1 concentration.

Adapted from Wade AN, Baccon J, Grady MS, et al: Clinically 
silent somatotroph adenomas are common. Eur J Endocrinol. 
2011;165:39-44.
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be caused by a sellar lesion, to confirming the presence 
of the lesion by an imaging procedure, to attempting to 
characterize the lesion by its hormonal features. Alterna-
tively, the sellar mass may have been found incidentally 
(“incidentaloma”) when an MRI was performed because 
of symptoms unrelated to the mass, in which case the 
next step is to attempt to characterize the lesion by its 
hormonal features.

UTILITY OF DIAGNOSING A CLINICALLY 
NONFUNCTIONING SELLAR MASS
Identifying the specific type of sellar mass is desirable in 
distinguishing a pituitary from a nonpituitary lesion and 
in providing a marker by which to monitor the response to 
treatment. Distinguishing the lesion as of pituitary rather 
than nonpituitary origin is of value because it influences 
treatment. If surgery is indicated, for example, a pituitary 
lesion may be approached differently from another lesion. 
If the lesion is a somatotroph adenoma, identified by an 
elevated serum concentration of IGF-1, medical treat-
ment may be an option. Finding a tumor marker such 
as an elevated IGF-1, characteristic of a somatotroph 
adenoma, or an elevated serum FSH, characteristic of a 
gonadotroph adenoma, not only identifies the lesion as of 
somatotroph or gonadotroph origin but also provides a 
means by which to follow the response to treatment. For 
example, when the serum FSH concentration is elevated 
prior to surgery, the decrease after surgery correlates with 
reduction in adenoma mass seen by imaging.66

IMAGING OF THE SELLAR REGION
Magnetic resonance imaging is currently the best imaging 
technique for the sellar region. If MRI shows a lesion that 
is clearly above the sella and distant from the pituitary 
gland, it is safe to say it is not a pituitary lesion. However, 
for a lesion within the sella, with or without extrasellar 
extension, MRI cannot distinguish a pituitary adenoma 
from other sellar lesions or one kind of pituitary adenoma 
from another. Some MRI features suggest a greater like-
lihood of one type of lesion than another, but none is 
pathognomonic. For example, a sellar mass with a thin 
rim of tissue that emits a strong signal after gadolinium 
administration and a core that emits little signal suggests 
a cystic lesion, such as a Rathke’s cleft cyst, but a largely 
cystic pituitary adenoma cannot be excluded. Another 
example is a sellar mass that is somewhat irregular in 
shape and emits a heterogeneous signal, which is typi-
cal of a craniopharyngioma, but a pituitary adenoma can 
also present similarly. A converse example is an invasive 
lesion of the clivus, which is typical of a chordoma, but 
some pituitary adenomas extend primarily into the clivus 
and therefore can be mistaken for a chordoma. Because 
of the limitations of imaging in distinguishing types of sel-
lar lesions, endocrinologic testing is invariably necessary.

ENDOCRINE TESTING
Sellar mass lesions should be evaluated by measure-
ment of serum concentrations of pituitary hormones 

and related target gland hormones to determine if the 
lesion is of pituitary or nonpituitary origin, and if pitu-
itary, the cell of origin. A prolactin concentration above 
100 ng/mL, and especially above 200 ng/mL, suggests a 
lactotroph adenoma.67 An elevated IGF-1 concentration 
suggests a somatotroph adenoma, even if the patient 
does not exhibit features of acromegaly. An elevated 
24-hour urine cortisol suggests a corticotroph adenoma, 
even if the patient does not exhibit features of hyper-
cortisolemia. An elevated serum T4 associated with a 
TSH value that is not suppressed suggests a thyrotroph 
adenoma.

Suspicion that the lesion is a gonadotroph adenoma 
depends on the absence of findings suggestive of another 
adenoma type, as well as the presence of specific combi-
nations of intact gonadotropins and their subunits (see 
Table 14-3). The combinations differ somewhat in men 
and women. In a man who has a pituitary macroad-
enoma, elevated basal serum concentrations of intact 
gonadotropins and/or their subunits alone or in combi-
nation with responses of any of these to TRH is strong 
evidence that the adenoma is of gonadotroph origin. An 
elevated basal FSH concentration is common. In a woman 
of postmenopausal age, elevated basal serum concentra-
tions of intact FSH or gonadotropin subunits are usually 
of little diagnostic value, because either the adenoma or 
the nonadenomatous postmenopausal gonadotroph cells 
could be the source. However, a gonadotroph adenoma 
is likely if intact FSH is markedly elevated but LH is not 
elevated, or if one of the gonadotropin subunits is dis-
tinctly elevated but intact FSH and LH are not elevated.61 
As discussed earlier in the chapter, ovarian hyperstimu-
lation in a woman of premenopausal age, including ele-
vated serum estradiol concentration, elevated FSH out 
of proportion to LH levels, or elevated basal α subunit 
concentration, all point to the gonadotroph nature of the 
sellar mass.

Gonadotroph adenomas can usually be readily dis-
tinguished from pituitary enlargement due to gonado-
troph hyperplasia that results from longstanding primary 
hypogonadism. In primary hypogonadism, the pituitary 
enlargement is not as prominent, and both gonadotropins 
are elevated.

HISTOLOGIC EVALUATION
Even when the identity of a sellar mass cannot be deter-
mined in vivo, pathologic examination of excised tissue 
can usually make this identification. Pituitary adenomas 
have a characteristic appearance that differs from that of 
the normal pituitary gland and of other sellar masses. By 
light microscopy, pituitary adenoma cells do not exhibit 
the normal pituitary glandular pattern but are arranged 
in cords or sheets,68,69 sometimes interspersed with vary-
ing amounts of fibrous tissue. In an adenoma, cells are 
usually homogenously similar in size, but cell size var-
ies considerably among adenomas. Immunostaining for 
pituitary hormones (GH, ACTH, prolactin, FSHβ, LHβ, 
TSHβ, and α) usually identifies the adenoma type. Adeno-
mas that do not stain for any of these are called null cell 
adenomas.
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TREATMENT
Because clinically nonfunctioning sellar masses are often 
not detected until they become so large that they cause 
significant visual impairment, treatment usually must be 
directed at reducing the size of the mass and restoring 
visual defects as soon as possible. Transsphenoidal sur-
gery via the operating microscope and/or the endoscope 
is the only treatment that meets this criterion. Pituitary 
adenomas and some other sellar masses are sensitive 
to radiation, which may be used to prevent regrowth if 
substantial adenoma tissue remains after surgery. Sev-
eral pharmacologic treatments have been tried, but none 
reduces the size of clinically nonfunctioning adenomas 
reliably. Observation alone is a satisfactory approach in 
the absence of neurologic symptoms.

Surgery
Surgical Approaches
Transsphenoidal surgery using the operating microscope 
was introduced in the 1970s, and endoscopic surgery70-72 
instead of or in addition to the operating microscope was 
introduced in the 2000s. Some surgeons employ the endo-
scope exclusively, and others use transsphenoidal surgery 
with the operative microscope for primary resection and 
then use an endoscope for assistance in extending sur-
gery within and beyond the sella.73 Few studies compare 
the two techniques directly, so comparison is made by 
meta-analyses of papers describing the results of each 
separately. In a meta-analysis of 24 studies involving 
2125 patients treated by the microscopic approach and 
22 studies involving 3518 patients treated by the endo-
scopic approach, complete resection rates were similar: 
69% and 64%, respectively.74

Other techniques for guiding surgery are intraopera-
tive MRI, to determine the extent of sellar mass remain-
ing after initial debulking,75 and intraoperative Doppler 
to allow operating near and within the cavernous sinuses 
without damaging the internal carotid arteries.76 Neuro-
surgeons are using these and other techniques to extend 
the reach of surgery in and around the sella to include 
the cavernous sinuses and suprasellar regions. Some neu-
rosurgeons are now operating on suprasellar lesions, 
such as craniopharyngiomas, via a transsphenoidal 
approach.77-79

Efficacy of Surgery
Efficacy of surgery for a sellar mass can be judged by the 
amount of the mass excised, reduction in serum concen-
trations of secretory products that were elevated before 
surgery, improvement in vision, and restoration of normal 
pituitary function. Complete resection of adenoma tissue, 
whether by the microscopic or endoscopic approach, is 
about 60%,74 and is generally lower the larger the lesion 
and degree of extension outside of the sella, especially 
into the cavernous sinuses. In patients whose vision is 
impaired, it may improve. In one study, some improve-
ment occurred in about 50% and normalized in about 
40%.80 Hormonal function that was abnormal before 
surgery, as reported in a meta-analysis, improves in about 
one third of patients.81

Complications of Surgery
Serious complications of transsphenoidal and endoscopic 
surgery are uncommon when the procedures are per-
formed by surgeons who have great experience with these 
procedures; however, complications are more common 
when the adenoma is very large and when the surgeon 
has performed fewer procedures. In a survey in which 
neurosurgeons were asked to report their own experi-
ence with transsphenoidal surgery (Table 14-6), serious 
complications reported by the 958 respondents included 
some that were serious, including carotid artery injury 
(1.1%), central nervous system injury (1.3%), loss of 
vision (1.8%), ophthalmoplegia (1.4%), hemorrhage or 
swelling of the residual tumor (2.9%), cerebrospinal fluid 
leak (3.9%), meningitis (1.5%), and death (0.9%).82 The 
chances of anterior pituitary insufficiencies (19.4%) and 
diabetes insipidus (17.8%) were higher. The incidence 
of each complication was higher among neurosurgeons 
who were less experienced. Among neurosurgeons who 
reported performing fewer than 200 transsphenoidal pro-
cedures, 1.2% of procedures resulted in death, but among 
neurosurgeons who reported performing more than 500 
procedures, only 0.2% resulted in death. Although these 
results are based on retrospective self-reporting via ques-
tionnaire, they provide a broader assessment of complica-
tions of transsphenoidal surgery than that provided by 
individual pituitary surgeons,83,84 whose complication 
rates are closer to those of the most experienced group.82

The Nationwide Inpatient Sample, 1996-2000, pro-
vides an even broader assessment with a study of 5497 
operations at 538 hospitals by 825 surgeons.85 Odds ratio 
for one or more complications of surgery or perioperative 
care was 0.76 for a fivefold larger caseload per surgeon 
(95% confidence interval 0.65 to 0.89; P = 0.005). The 
types and frequency of complications that occur after 

TABLE 14-6 Relationship of a Neurosurgeon’s 
Experience in Performing Transsphenoidal Surgery 
to the Rate of Complications

% OF OPERATIONS RESULTING IN  
COMPLICATIONS

NUMBER OF PREVIOUS  
TRANSSPHENOIDAL SURGERIES

Complication <20 20–500 >500

Carotid artery injury 1.4 0.6 0.4
Central nervous system 

injury
1.6 0.9 0.6

Hemorrhage into tumor bed 2.8 4.0 0.8
Loss of vision 2.4 0.8 0.5
Cerebrospinal fluid leak 4.2 2.8 0.5
Meningitis 1.9 0.8 0.5
Nasal septum perforation 7.6 4.6 3.3
Anterior pituitary  

insufficiency
20.6 14.9 7.2

Diabetes insipidus 19.0 NA 7.6
Death 1.2 0.6 0.2

Data were collected from participating surgeons by questionnaire.
Adapted from Ciric I, Ragin A, Baumgartner C, et al: Complications of 

transsphenoidal surgery: results of a national survey, review of the 
literature, and personal experience. Neurosurg. 1997; 40:225-237.
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endoscopic surgery are similar to those that occur after 
transsphenoidal surgery, except for a greater rate of vas-
cular complications after endoscopic surgery.74

Evaluation of the Results of Surgery
The results of surgery should initially be evaluated 4 to 6 
weeks afterwards by measurement of hormones or subunits  
that had been elevated before surgery and by assessment 
of the functions of the nonadenomatous anterior pitu-
itary and vasopressin secretion. Neuro-ophthalmologic  
function should likewise be reevaluated. Residual tissue 
should be evaluated by MRI, generally about 6 months 
after surgery, to allow time for blood and edema from 
surgery to resolve.

Radiation
Radiation therapy is used to prevent growth of residual 
adenoma tissue following surgery, especially when a 
considerable amount of tissue remains and/or the risk 
for growth appears high. When residual adenoma tis-
sue remains after surgery, the risk for growth within 5 
years is 30% to 60%.80,86,87 The risk is higher if the resid-
ual is outside the sella than if it is limited to within the 
sella.83,86,88 Radiation is not commonly used as primary 
therapy, since a decrease in size may take years.

Types of Radiation (Table 14-7)
Radiation therapy has been used to treat pituitary adeno-
mas, including clinically nonfunctioning adenomas, for 
decades. The technique that had been used for much of this 
period employed a supervoltage source to deliver a total 
of 45 to 50 Gy in daily 2-Gy doses via three external por-
tals. Much of our information about the long-term effects 
of radiation on the adenomas and surrounding tissues is 
based on patients treated by this technique. This technique 
has now been supplanted by techniques in which the radia-
tion is delivered stereotactically to attempt to minimize the 
amount of radiation to which the brain is exposed. Current 
techniques employ radiation from one of several sources: 
protons from a cyclotron, high-energy x-rays from a linear 
accelerator, or gamma radiation from a 60Cobalt source 
(“Gamma Knife”) (see Table 14-7). Radiation from a lin-
ear accelerator and cyclotron can be administered either 
as a single dose or multiple fractions over the course of 
several weeks. Single-dose techniques are often referred to 
as “stereotactic radiosurgery.” All of the techniques use 
computer-generated models based on magnetic resonance 
imaging, so that the radiation conforms to the boundar-
ies of the lesion. The most important factors in choosing 
between a single high dose and fractionated doses are the 

distance of the lesion from the optic pathway and the size 
of the adenoma tissue to be radiated. Adenoma tissue that 
is not at least 3 to 5 mm from the optic pathway should 
be treated by fractionated radiation to decrease the risk 
for blindness. Adenomas that are very large should also be 
treated by fractionated radiation to reduce the total dose 
and decrease the risk for blindness.

Efficacy of Radiation
Studies of pre-stereotactic radiation administered fol-
lowing surgery for a pituitary macroadenoma gener-
ally showed efficacy in preventing regrowth of the 
adenoma.89-91 In one study of men who had radiation 
therapy following surgery for clinically nonfunctioning 
pituitary macroadenomas, only 7% of the 63 patients 
who received radiation following surgery developed new 
visual impairment requiring additional treatment during 
the subsequent 15 years, but 66% of the 63 who did not 
receive radiation developed new visual impairment.91

Several series have been reported in recent years 
describing the efficacy of stereotactic methods of radia-
tion on preventing recurrence of pituitary adenomas and 
other sellar tumors. In a series of patients treated with 
fractionated radiotherapy using a linear accelerator92,93 
or proton beam94 and observed for a median of 40 months 
or more, adenoma size was reduced or stable in 90% to 
100%. In a review of 25 studies involving 1621 patients, 
of whom 452 had clinically nonfunctioning pituitary 
adenomas and who were treated with single-dose radia-
tion from a linear accelerator, gamma source, or proton 
beam, adenoma size was controlled in about 90% during 
a 40-month follow-up.95 In a report from a single center 
at which 100 clinically nonfunctioning adenomas were 
treated with single-dose radiation from a gamma source 
and followed for a median of 45 months, adenoma vol-
ume decreased or remained stable in 92% of patients.96

Complications of Radiation
The long-term side effects after pre-stereotactic radiation 
include hypopituitarism and neurologic deficits. Hypopi-
tuitarism, in several studies, began about 1 year or more 
after radiation, and by 10 years afterward, about 50% 
of patients had a deficiency of ACTH, TSH, or LH.97-99 
Neurologic side effects occurred less commonly. Blindness 
due to optic neuritis,100 brain tumors, and cerebrovascu-
lar accidents attributed to accelerated local atherosclero-
sis were reported as case reports and in some series.101,102 
Although decreased cognitive function has been reported 
anecdotally after radiation, one systematic study did not 
confirm this effect.103

Although current radiotherapy techniques offer the 
theoretical advantage of targeting the tumor by stereo-
tactic means, pituitary deficiencies and neurologic com-
plications also occur with these techniques. In the series 
of 100 patients with clinically nonfunctioning adenomas 
treated with single-dose gamma radiation and followed 
for a median of 45 months, 20% developed new hypo-
pituitarism.96 In the review of 35 studies involving 1621 
patients, optic neuropathy occurred in about 1%, other 
cranial neuropathies in 1.3%, and parenchymal brain 
damage in about 0.8%.95

TABLE 14-7 Types of Pituitary Radiation

AVAILABILITY OF

Radiation  
Source

Type of  
Radiation

Fractionated  
Doses

Single  
Dose

Linear Accelerator X-radiation Yes Yes
60Cobalt Gamma radiation No Yes
Cyclotron Protons Yes Yes
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Management of Patients After Radiation
Hormonal evaluation, both for excessive secretion of 
whichever hormones and their subunits were secreted 
excessively by the adenoma prior to treatment and for 
deficient secretion by the nonadenomatous pituitary 
gland, should be performed 6 and 12 months after radia-
tion and once a year thereafter. Evaluation of size by MRI 
should be performed 1 year after radiation; if the mass 
is smaller, evaluation can be performed less frequently 
thereafter. Neuro-ophthalmologic evaluation should be 
repeated after radiation if it was abnormal before.

Pharmacologic Treatment
If a clinically silent pituitary adenoma is associated with 
an elevated serum concentration of prolactin or growth 
hormone, pharmacologic treatments typically used for 
those adenomas can be used, depending on the clinical 
circumstances.

Several drugs have been administered in attempts to 
treat gonadotroph adenomas, but none has been found 
that reduces their size consistently and substantially. 
Dopamine agonists have been reported to reduce the 
secretion of intact gonadotropins, improve vision, and 
reduce adenoma size in occasional patients.104,105 The 
somatostatin analogue, octreotide, has been reported to 
decrease the size of gonadotroph adenomas and improve 
vision occasionally, but the majority of patients have little 
improvement in either.106-108 Agonist analogues of GnRH 
produce either an agonist effect or no effect on secretion 
and no effect on adenoma size.109,110 The GnRH antag-
onist, Nal-Glu GnRH, administered for 6 months sup-
pressed FSH but did not reduce adenoma size.111

Treatment of clinically silent adenomas with dopamine 
agonists or octreotide has also been reported to improve 
size of vision in occasional patients but in a small percent-
age and to a small degree.

Observation
Observation alone is a reasonable course for patients 
who have clinically silent sellar masses, even >1 cm, as 
long as the mass is not associated with neurologic symp-
toms. If observation is chosen, however, the patient 
should be followed carefully for possible enlargement 
of the mass and development of visual impairment. In 
three series of patients, 24 to 115 each, followed for 42 
to 118 months, 20% to 50% increased in size.112-114 In 
one of the series, the 48-month probability of enlarge-
ment was 19% for the micro lesions and 44% for the 
macros.112 The patient should also be followed for a 
possible change in hormonal function. An increase in 
size could lead to decreased hormonal secretion. Also, 
adenomas that did not cause detectable hormonal 
hypersecretion on initial evaluation could subsequently 
cause hormonal hypersecretion.115 For example, silent 
corticotroph adenomas may convert to active ACTH 
hypersecretion.
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Pituitary thyrotropin-producing adenomas (TSH-omas) 
are rare tumors that cause hyperthyroidism by chronically 
stimulating an intrinsically normal thyroid gland.1-4 The 
first case of hyperthyroidism related to TSH-oma (central 
hyperthyroidism) was reported in 1960 when serum TSH 
levels were measured with a bioassay.5 In 1970, Hamilton  
and coworkers6 documented the first case of TSH-oma 
that was indisputably proved by radioimmunoassay tech-
niques. Since then, about 350 patients have been reported 
in the literature. Although early reports describe these 
tumors as invasive macroadenomas that cause high mor-
bidity and, in general, are difficult to be removed surgi-
cally, some cases now are cured more easily owing to 
earlier diagnosis. In fact, with the advent of ultrasensitive 
immunometric assays for TSH measurement, which are 
performed routinely in association with direct measure-
ment of circulating free thyroid hormones (free thyroxine 
[FT4] and free triiodothyronine [FT3]), it is expected that 
patients with TSH-oma at the stage of microadenoma will 

be recognized with increasing frequency, thus permitting 
an improved clinical outcome.

Classically, TSH-omas, together with resistance to 
thyroid hormone,7-9 were defined as syndromes of “inap-
propriate secretion of TSH,” based on the common 
hormonal profile characterized by high levels of FT4 and 
FT3 in the presence of measurable TSH concentrations—
a finding that contrasted with that observed in primary 
hyperthyroidism in which TSH is always undetectable. 
Nonetheless, the term central hyperthyroidism seems to 
be more pertinent for these disorders. However, clini-
cally and biochemically, euthyroid patients with pitui-
tary adenomas that secrete TSH molecules, possibly with 
reduced bioactivity, have been described but not clearly 
documented.10,11 Moreover, pituitary hyperplasia and, 
in rare instances, true adenoma12-14 related to longstand-
ing primary hypothyroidism are well-known clinical 
conditions.4 In most of these so-called feedback tumors, 
resolution of the pituitary lesion and normalization of 

K E Y  P O I N T S

 •  The main characteristic biochemical picture of patients with TSHoma are the high 
levels of circulating free thyroid hormones in the presence of normal/high levels of TSH.

 •  This biochemical picture may be caused by methodological interference in the 
measurement of both TSH and free thyroid hormones.

 •  The clinical appearance of hyperthyroidism may be mild, sometimes overshadowed by 
signs and symptoms of concomitant acromegaly or by neurologic symptoms.

 •  T3 suppression test and TRH test are useful in the differential diagnosis between 
TSHomas and syndromes of thyroid hormone resistance.

 •  The first therapeutic approach to TSHomas is surgical removal of the adenoma.
 •  The medical treatment is based on the administration of long-acting somatostatin 

analogues (e.g., octreotide, lanreotide), which are successful in about 95% of patients.
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TSH levels occur after levothyroxine (LT4) replacement 
therapy, thus bringing into question the actual functional 
autonomy of such tumors.

The clinical importance of these rare entities is based 
on the diagnostic and therapeutic challenges they present. 
Failure to recognize these different disorders may result 
in dramatic consequences, such as improper thyroid 
ablation in patients with central hyperthyroidism or unnec-
essary pituitary surgery in patients with resistance to thy-
roid hormone. In contrast, early diagnosis and correct 
treatment of pituitary tumors prevent the occurrence of 
complications (visual defects by compression of the optic 
chiasm, headache, hypopituitarism) and should improve 
the rate of cure.

EPIDEMIOLOGY
TSH-producing adenoma is a rare disorder, accounting 
for about 0.5% to 2% of all pituitary adenomas in both 
clinical and surgical or pathologic series.1,15-17 The preva-
lence in the general population is 1 to 2 cases per million. 
However, this figure is probably underestimated as demon-
strated by the fact that the number of reported cases of 
TSH-omas has tripled in the decade from 1989 to 1999 
(Fig. 15-1). The increased incidence of TSH-omas has 
been further confirmed by recent data obtained from The 
Swedish Pituitary Registry.18 In particular, the authors 
observed an increased incidence of TSH-omas over time 
(0.05 per 1 million per year in 1990-1994 to 0.26 per  
1 million per year in 2005-2009), the national prevalence 
in 2010 being 2.8 per 1 million inhabitants. This increased 
number of recorded cases results from the introduction of 
ultrasensitive immunometric assays for TSH as a first-line 
test for the evaluation of thyroid function. On the basis 
of the finding of measurable serum TSH levels in the pres-
ence of elevated thyroid hormone concentrations, many 
patients who previously were thought to have Graves’ 
disease can be diagnosed correctly as having a TSH-
secreting pituitary adenoma or, alternatively, resistance 

to thyroid hormone. Moreover, increased awareness by 
the endocrinologist and general practitioner regarding 
the existence of central hyperthyroidism has contributed 
greatly to the identification of a higher number of patients 
with such a rare disorder.

PATHOLOGY AND ETIOPATHOGENESIS
The thyrotroph is the cell type of origin in TSH-omas. 
These tumors are nearly always benign; at present, trans-
formation of a TSH-oma into a carcinoma with multiple 
metastases has been reported in only three patients.19-21

Most TSH-omas (72%) secrete TSH alone, although 
this often is accompanied by unbalanced hypersecretion 
of the α subunit. About one fourth of TSH-omas are mixed 
adenomas, characterized by concomitant hypersecretion 
of other anterior pituitary hormones, mainly growth hor-
mone (GH), prolactin (PRL), or both, which are known 
to share with TSH the common transcription factor Pit-
1. Indeed, hypersecretion of TSH and GH is the most fre-
quent association (16%), followed by hypersecretion of 
TSH and PRL (10.4%) and occasionally TSH and gonad-
otropins (1.4%) (Fig. 15-2). No association with adre-
nocorticotropic hormone (ACTH) hypersecretion has 
been documented to date. Three ectopic TSH-producing  
adenomas have been documented in the pharyngeal 
hypophysis.22-24At morphologic and histopathologic analy-
sis, most TSH-omas are macroadenomas (87%), even in 
the absence of prior surgery or radiotherapy, and high 
local invasiveness.25 However, previous thyroid ablation 
by surgery or radioiodine has deleterious effects on the 
size and invasiveness of the tumor (Fig. 15-3).4 In fact, 
invasive macroadenomas were found in 49% of patients 
who had undergone thyroid ablation versus 27% in those 
who were untreated, whereas the figure was reversed 
in patients with microadenomas (diameter <1 cm) or 
intrasellar macroadenomas. It could be speculated that 
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Figure 15-1 The significant increase in reported cases of pituitary thyro-
tropin (TSH)-producing adenoma in the decade from 1989 to 1999, when 
ultrasensitive TSH assay and direct methods for free thyroid hormone 
measurement became available as first-line tests of thyroid function.
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reduced circulating thyroid hormone levels might have a 
stimulatory effect on neoplastic thyrotroph cells growth 
through an altered feedback mechanism as is observed 
in Nelson’s syndrome after adrenalectomy for Cushing’s 
disease.

TSH-omas are frequently very fibrous, and sometimes 
so hard that they deserve the name of pituitary stone,26 
possibly due increased circulating levels of basic fibro-
blast growth factor.27

Light microscopy shows that adenoma cells are chro-
mophobic, although they occasionally stain with basic or 
acid dyes. Ultrastructurally, adenomatous cells frequently 
appear monomorphous, even if they hypersecrete TSH, 
α subunit, and other pituitary tropins.28-31 Cells with 
abnormal morphologic features or mitoses,32 which may 
be misinterpreted as pituitary malignancy or metastases 
from distant carcinomas, are present in poorly differen-
tiated adenomas that are characterized by the presence 
of fusiform cells with sparse and small secretory granules  
(80 to 200 nm). Indeed, there are no clear criteria of 
malignancy for TSH-omas except for the presence of 
metastases. It is worth noting that the first carcinoma 
reported in the literature exhibited a progressive malignant 
transformation accompanied by a decline in TSH and α 
subunit secretion.19

Immunostaining studies show the presence of TSH-
β, either free or combined with the α subunit. In very 
few cases, negative TSH-β immunostaining has been 
reported, possibly due to the extremely fast secretion 
rate of newly synthesized TSH molecules.4 With the use 
of double immunostaining, the existence of mixed TSH-
α subunit adenomas composed of one cell type secreting 
α subunit alone and another cosecreting α subunit and 
TSH has been documented.33 In addition to α subunit, 
TSH frequently colocalizes with other pituitary hormones 
in the same tumoral cell34 or even in the same secretory 

granule.29,33,35,36 Nonetheless, positive immunohisto-
chemistry panels for one or more pituitary hormones do 
not necessarily correlate with hypersecretion in vivo.37 
Indeed, positive immunostaining for ACTH and gonad-
otropins without evidence of in vivo hypersecretion has 
been reported.38-42

TSH-omas have been shown to be monoclonal in origin,43 
and several studies have screened a substantial number 
of adenomas for proto-oncogene activation37,38,44-46 or 
loss of antioncogenes,45,47 yielding negative results.4 As 
far as the antioncogenes are concerned, the involvement 
of menin, the gene responsible for the multiple endocrine 
neoplasia type 1 (MEN1) has been extensively studied in 
TSH-omas. Though the presence of a TSH-oma has been 
reported in five cases within a familial setting of MEN1,48 
a screening study carried out on sporadic TSH-omas identi-
fied LOH in 3/13, but none of these tumors had a menin 
mutation at sequence analysis.49

A highly variable expression of thyrotropin-releasing 
hormone (TRH) and dopamine receptors was documented 
in several adenomas,50-52 whereas functional somatostatin 
receptors were detected constantly in TSH-omas,53-55 
thus providing the rationale for their somatostatin ana-
logue (SSa) treatment. Indeed, loss of heterozygosity at 
the locus of the somatostatin receptor type 5 gene appears 
to be associated with SSa resistance and a more aggressive 
phenotype.56

Somatic mutations57 and aberrant alternative splicing58,59 
of thyroid hormone receptor β have been reported, along 
with dysregulation of iodothyronine deiodinase enzyme 
expression and function.60,61 These findings at least in 
part may explain the defects in negative regulation of 
TSH secretion by thyroid hormones in some tumors.

CLINICAL FEATURES
Patients with TSH-oma present with the signs and symp-
toms of either hyperthyroidism or the mass effect of an 
expanding intracranial tumor (Table 15-1). TSH-omas 
may occur at any age (range, 11 to 84 years), although 
most patients are in the third to sixth decade of life. 
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Figure 15-3 Effects of previous thyroid ablation on the size of pi-
tuitary thyrotropin (TSH)-producing adenomas. Intrasellar refers to 
both microadenomas and intrasellar macroadenomas, extrasellar to 
macroadenomas with suprasellar extension, and Invasive to invasive 
macroadenomas. Data were calculated from 253 reported patients (163 
with intact thyroid and 90 with thyroid ablation). Statistical analysis 
was carried out by Fisher’s exact test.

TABLE 15-1 Clinical Characteristics of Patients 
with Pituitary Thyrotropin–Secreting Adenomas*

Patients with TSH-oma % (n/total)†

Age, years 42.9 ± 12.3 (391)‡
Sex, female 52 (217/414)
Previous thyroid ablation 29 (101/346)
Severe thyrotoxicosis 30 (82/272)
Goiter 91 (240/261)
Thyroid nodule(s) 69 (62/90)
Macroadenomas 84 (285/337)
Visual field defect 40 (64/157)
Headache 20 (23/117)
Menstrual disorders§ 33 (27/81)

*Data from reports published until September 2013.
†n/total refers to the number of patients for whom the information was 

available.
‡Mean ± SD (n).
§Data include women with or without associated prolactin (PRL) 

hypersecretion.
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Unlike the female predominance seen with other common 
thyroid disorders, TSH-omas occur with equal frequency 
in males and females.

Goiter and clinical thyrotoxicosis are the most common 
presenting symptoms. Most patients presented with a 
long history of thyroid dysfunction, often mistakenly 
diagnosed as Graves’ disease, and one third had inap-
propriate thyroidectomy, radioiodine thyroid ablation, 
or both. Thus, patients with TSH-omas may present to 
the specialist with hyperthyroidism that has been refrac-
tory to previous therapeutic attempts. In general, clinical 
features of hyperthyroidism are milder than expected on 
the basis of circulating thyroid hormone levels. More-
over, individual patients with untreated TSH-oma were 
reported to be clinically euthyroid,10,62-64 with the secre-
tion from tumoral thyrotropes of TSH molecules with 
reduced biological activity possibly being the rationale 
for these silent TSH-omas. This emphasizes the impor-
tance of systematic measurement of TSH and FT4 in all 
patients with pituitary tumor, to disclose those with 
central hyperthyroidism or central hypothyroidism. 
In some acromegalic patients, signs or symptoms of 
hyperthyroidism are missed, as they are overshadowed 
by those of acromegaly.29,65 Severe thyrotoxic features, 
such as atrial fibrillation, cardiac failure, and episodes of 
periodic paralysis,64-68 are observed in about one fourth 
of cases.

The presence of a goiter is the rule (91%), even in 
patients who have undergone previous partial thyroid-
ectomy. Because the thyroid is intrinsically normal in 
this disorder, it may regrow even after near total resec-
tion as a consequence of TSH hyperstimulation. Occur-
rence of multinodular goiter has been reported in several 
patients,69 and differentiated thyroid carcinoma (DTC) 
has been reported in few patients.70-74 A recent publica-
tion evaluating the outcome of patients with TSH-oma 
and DTC demonstrated that the outcomes were in gen-
eral favorable in affected patients despite the persistence 
of nonsuppressed TSH levels. Nevertheless, the authors 
suggest that effective treatment options such as the com-
plete removal of the tumor followed by radioablation 
and attempts to reduce serum TSH to the lowest tolerable 
level are recommended to prevent the tumor recurrence 
elicited by persistently high TSH.75

Progression toward functional autonomy seems to 
be infrequent.76,77 In contrast to Graves’ disease, the 
occurrence of circulating antithyroid autoantibodies is 
similar to that found in the general population. Unilat-
eral exophthalmos due to orbital invasion by pituitary 
tumor was reported in three patients with TSH-omas, 
whereas Graves’-associated bilateral ophthalmopathy 
was reported in five patients.4

Most patients bearing a TSH-producing macroad-
enoma seek medical attention with signs and symptoms 
of an expanding intracranial tumor. Indeed, as a conse-
quence of tumor suprasellar extension or invasiveness, 
signs and symptoms of tumor mass prevail over those 
of thyroid hyperfunction in many patients. Visual field 
defects are present in 40% of patients and headache in 
one fifth. Moreover, partial hypopituitarism is common, 
and loss of gonadal function is present in about one third 

of patients.25,78 Galactorrhea was recorded in almost all 
patients with mixed TSH- and PRL-secreting tumors.79,80

Finally, familial cases of TSH-oma have been re ported 
in multiple endocrine neoplasia type 1 syndrome  
(MEN 1),48, 81-83 in McCune-Albright syndrome,84 
and in one patient with AIP mutations.85

BIOCHEMICAL FINDINGS

TSH and Thyroid Hormone Levels
High concentrations of thyroid hormones in the pres-
ence of detectable TSH levels typically are present in 
patients with hyperthyroidism due to a TSH-oma or 
with resistance to thyroid hormone. In the case of 
replacement therapy for prior thyroidectomy or thyroid 
ablation, it is crucial to assess patients in steady state, 
as TSH levels need 4 to 6 weeks to adjust to a change in 
LT4 dose. Thus, the diagnosis of TSH-producing ade-
noma may be difficult to establish in any patient who 
has had a dramatic change in thyroid hormone replace-
ment therapy resulting from physician instruction or 
poor compliance. Conversely, the finding of elevated 
TSH levels in patients who have undergone thyroid 
ablation and have been overtreated with LT4 should be 
regarded as a possible sign of previously undiagnosed 
TSH-oma.86

Several abnormalities in the pituitary-thyroid axis, as 
well as laboratory artifacts, may cause a biochemical profile 
similar to that of central hyperthyroidism. These differ-
ent conditions are more common than TSH-omas and 
resistance to thyroid hormone and should be excluded 
before an extensive clinical assessment of the possible 
presence of central hyperthyroidism is conducted. Famil-
ial or drug- or estrogen-induced increases in circulating 
thyroxine-binding globulin (TBG) or variants of albumin 
or transthyretin have led to increases in the levels of total 
serum thyroid hormone, particularly T4, thus producing 
a biochemical profile that may be confused with that of 
TSH-omas. Therefore, measurement of free thyroid hor-
mones is mandatory in these conditions and should be 
performed by means of direct “two-step” methods (i.e., 
techniques by which contact between serum proteins and 
tracer can be avoided at the time of assay).87, 88 Indeed, 
normal levels of total T4 were recorded in several patients 
with TSH-oma, and only the measurement of FT4 
allowed the right diagnosis of central hyperthyroidism. 
Furthermore, inhibition of T4 to T3 conversion induced 
by iodine-containing drugs (e.g., povidone, amiodarone, 
iodinated contrast media) or nonthyroidal illness may 
cause hyperthyroxinemia and nonsuppressed TSH that 
are, however, associated with normal or low-normal T3. 
In clinically ambiguous situations, the differential diag-
nosis relies on the recognition of the underlying disorder, 
as well as on documentation of normalization of thyroid 
function test results at a later stage or after recovery of 
drug withdrawal.

Several laboratory artifacts may cause falsely high 
serum levels of TSH or thyroid hormones (Table 15-2). 
The more common factors that interfere with TSH mea-
surement are heterophilic antibodies directed against 
mouse gamma globulins89 or anti-TSH antibodies. 
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However, preventing formation of the “sandwich” anti-
TSH antibodies usually leads to an underestimation of the 
actual levels of TSH and rarely to an overestimation. The 
presence of anti-T4 or anti-T3 autoantibodies or both 
may cause FT4, FT3, or both to be overestimated, parti-
cularly when “one-step” analog methods are employed.88 
Finally, because patients with a TSH-oma may have T3 
toxicosis, as in other forms of hyperthyroidism, there is a 
need to measure T3, in particular, free T3, when T4 levels 
are normal.

In TSH-omas, extremely variable levels of serum 
TSH and thyroid hormones have been reported (Table 
15-3). It is interesting to note that in patients who were 
treated previously with thyroid ablation, TSH levels were 
dramatically higher than in untreated patients, although 
free thyroid hormone levels were still in the hyperthy-
roid range and the reduction of total thyroid hormone 
levels was minimal. The conserved sensitivity of tumoral 

thyrotroph cells to even small reductions in circulating 
free thyroid hormone levels is confirmed by the rapidly 
increased rate of TSH secretion during antithyroid drug 
administration.65

Although patients with TSH-oma have TSH-dependent  
hyperstimulation of the thyroid gland, any significant 
correlation between immunoreactive TSH and free 
thyroid hormone levels is lacking, even though only 
untreated patients are taken into account. Moreover, 
in one third of these patients, high levels of free thyroid 
hormones are associated with immunoreactive TSH levels  
within the normal range. Variations in the biologic activ-
ity of secreted TSH molecules most likely account for 
these findings.90 An enhanced TSH bioactivity was first 
demonstrated in one patient with a mixed GH-TSH-
secreting pituitary adenoma in whom the ratio between 
biologic and immunologic activities of TSH was sig-
nificantly higher than that of controls.29 Other studies 
indicate that the circulating TSH biologic/immunologic 
activity ratio may be normal, reduced, or even increased 
in patients with TSH-oma,25,90,91 probably because of 
altered glycosylation of circulating TSH molecules. In 
fact, both intrapituitary and circulating TSH exist as 
multiple isoforms characterized by heterogeneity of oligo-
saccharide chains, which has a great impact on hormone 
biologic properties, such as biologic activity and meta-
bolic clearance rate. Tumoral transformation may be 
accompanied by variable alterations in posttranslational 
processing within thyrotrophs, leading to the secretion of 
TSH molecules with peculiar glycosylation and biologic 
properties.90,92,93

Glycoprotein Hormone α Subunit
TSH-omas commonly secrete excessive quantities of the 
free α subunit, resulting in high levels of circulating free 
α subunit in two thirds of patients (see Table 15-3). 
This is another expression of the altered synthetic 

TABLE 15-2 Interfering Factors That May 
Overestimate the Measurement of Pituitary 
Thyrotropin (TSH) or Total and Free Thyroid 
Hormones Levels

Heterophilic antibodies directed against mouse γ-globulins, 
leading to interference with monoclonal antibodies used in the 
immunometric assay*
Anti-TSH autoantibodies or antibodies cross-reacting with TSH†

Antiiodothyronine autoantibodies (anti-T4 and/or anti-T3)‡
Abnormal forms of albumin or transthyretin (e.g., familial dysal-
buminemic hyperthyroxinemia)‡

*This interference is commonly prevented by the addition of a few 
microliters of mouse serum to the assay buffer.

†Overestimation of TSH is very rare in the presence of such antibodies. 
This interference cannot be prevented, but it can be documented by 
performing dilution and recovery tests in the immunoassay.

‡To prevent misdiagnosis, measure free T4 and free T3 by direct “two-
step” methods.76,77

TABLE 15-3 Biochemical Data for Patients with Pituitary Thyrotropin–Secreting Adenoma

Parameter Patients with Intact Thyroid (n) Patients with Thyroid Ablation (n) P

TSH mU/L* 9.2 ± 1.4 (145) 57.8 ± 10.2 (81) <.0002
α-subunit, μg/L* 18.1 ± 5.9 (68) 15.3 ± 2.9 (47) NS
α-subunit/TSH m.r.*† 42.4 ± 14.9 (68) 3.7 ± 0.7 (47) <.03
TT4, nmol/L* 244 ± 20 (31) 177 ± 10 (45) <.002
FT4, pmol/L* 45.3 ± 2.8 (78) 29.7 ± 2.9 (31) <.0006
TT3, nmol/L* 5.2 ± 0.7 (27) 4.1 ± 0.3 (42) NS
FT3, pmol/L* 14.6 ± 0.9 (59) 9.7 ± 0.9 (24) <.0005
Normal TSH levels‡ 41% (89/215) 11% (9/78) <.0005
High α-subunit levels‡ 64% (88/136) 73% (35/48) NS
High α-subunit/TSH m.r.‡ 84% (118/140) 77% (37/48) NS
High SHBG levels‡ 88% (23/26) 67% (6/9) NS
Abnormal TSH response to TRH test‡§ 83% (125/150) 83% (58/70) NS
Abnormal TSH response to T3 suppression test¶ 100% (47/47) 100% (33/33) NS

FT3, Free triiodothyronine; FT4, free thyroxine; NS, not significant; SHBG, sex hormone–binding globulin; m.r., molar ratio; T3, triiodothyronine; 
TRH, thyrotropin-releasing hormone; TT3, total triiodothyronine; TT4, total thyroxine.

*Mean ± standard error (SE) (n)
†To calculate the α subunit/TSH molar ratio, divide α subunit (μg/L) by TSH (mU/L) and multiply by 10, provided that TSH IRP 80/558 is used in 

the immunometric assay.
‡% (n/total)
§Net TSH increment <4.0 mU/L
¶Lack of complete TSH inhibition after 8 to 10 days of LT3 administration (80 to 100 μg/day)



27115 TSH-PRODUCING ADENOMAS

process within tumoral thyrotropes and represents a 
helpful diagnostic clue to the presence of a TSH-oma. 
Secretion of the α subunit in these tumors is in excess 
not only of the TSH-β subunit, but also of the intact 
TSH molecule. This generally results in a molar ratio 
of α subunit to TSH that is higher than 1. Although 
previous studies have suggested that a ratio greater than 
1.0 is indicative of the presence of TSH-producing ade-
noma,94 similar values have been observed in normal 
controls, particularly in postmenopausal women, indi-
cating the need for appropriate control groups matched 
for TSH and gonadotropin levels.4,69,95 It is interesting 
to note that microadenomas that frequently have α sub-
unit levels within the normal range may show a high α 
subunit/TSH molar ratio. Furthermore, it has been sug-
gested that extremely high levels of free α subunit might 
portend future malignant behavior, and that a sponta-
neous and marked decrease in both TSH and α subunit 
might indicate that the tumor is becoming less differen-
tiated and might correlate with invasive and metastatic 
behavior.19

Parameters Evaluating Peripheral Thyroid Hormone 
Action
Measurements of several parameters of peripheral thyroid 
hormone action both in vivo (e.g., basal metabolic rate, 
cardiac systolic time intervals, Achilles’ reflex time) and 
in vitro (e.g., sex hormone–binding globulin [SHBG], 
cholesterol, angiotensin-converting enzyme, osteocalcin, 
red blood cell sodium content, carboxyterminal cross-
linked telopeptide of type I collagen [ICTP])96 may help 
in quantifying the degree of peripheral hyperthyroidism, 
particularly in patients with mild clinical signs and symp-
toms39,97-100 (see Table 15-3). In particular, evaluations 
of SHBG and ICTP may help to differentiate hyperthy-
roid patients with TSH-oma, in whom these parameters 
are elevated, from those with resistance to thyroid hor-
mone, in whom they are in the range of those of euthy-
roid subjects.

DYNAMIC TESTING
Several stimulatory and inhibitory tests have been used to 
evaluate TSH secretory dynamics in patients with TSH-
oma. None of these tests is of clear-cut diagnostic value, 
and the combination of some of them may enhance their 
accuracy in disclosing the pituitary adenoma. Among the 
stimulatory tests, TRH-induced TSH secretion is absent 
or blunted in 83% of patients (see Table 15-3). Although 
the α subunit response usually has paralleled that of TSH, 
discrepancy between α subunit and TSH response to TRH 
has been recorded in some cases. Such a discrepancy may 
be due to the presence of mixed adenomas, composed of 
distinct cell types that possess different receptor expres-
sion.29,33 Most TSH-omas are unable to increase TSH 
secretion after administration of dopamine antagonists 
such as domperidone or sulpiride. Long-term treatment 
with antithyroid drugs induces an increase in serum TSH 
levels in most patients because of both the high sensitivity 
of adenomatous cells to the reduction of circulating levels 
of FT4 and FT365 and recovered TSH secretion by normal 

thyrotrophs surrounding the adenoma in response to the 
activated feedback mechanism.4,101 In keeping with this 
are the observations of significantly higher TSH levels in 
patients who have undergone thyroid ablation, as well as 
the more active proliferation of tumoral cells in treated 
patients.

Among inhibitory tests, complete inhibition of both 
basal and TRH-stimulated TSH secretion after a T3 sup-
pression test (Werner test: 80 to 100 μg/day of LT3 for  
8 to 10 days) has never been recorded in a patient with a 
TSH-oma (see Table 15-3), although a slight TSH reduc-
tion may occur in a minority of patients. In patients who 
have undergone previous thyroid ablation, this test is the 
most sensitive and specific in documenting the possible 
presence of a TSH-oma. However, high doses of LT3 are 
contraindicated in older adult patients and in those with 
coronary heart disease. Dopamine (1 to 4 μg/kg body 
weight/min intravenously) or dopamine agonists, such as 
bromocriptine (2.5 mg orally), generally are ineffective in 
inhibiting TSH secretion, whereas native somatosta-
tin or its analogues reduce TSH levels in most cases and 
may be predictive of the efficacy of long-term treatment 
in the majority of patients.69,102,103 We demonstrated 
that long-term administration of long-acting somatosta-
tin analogues in patients with central hyperthyroidism 
caused a marked decrease in both FT4 and FT3 circulat-
ing levels in all patients but one with TSH-omas, whereas 
patients with thyroid hormone resistance did not respond 
at all. Thus, SSa administration for at least 2 to 3 months 
can be useful in distinguishing the two forms of central 
hyperthyroidism.104

IMAGING STUDIES AND LOCALIZATION
In considering the diagnosis of a TSH-oma, full imaging 
studies, particularly nuclear magnetic resonance imag-
ing (MRI), are necessary. Various degrees of suprasellar 
extension or sphenoidal sinus invasion are present in two 
thirds of cases.

Microadenomas now are reported with increasing 
frequency, accounting for about 13% of all recorded 
cases. In contrast to other secreting pituitary tumors,105 
no correlation between serum TSH levels and tumor 
size was found in untreated patients with TSH-oma. 
Pituitary scintigraphy with radiolabeled Tyr3-substi-
tuted octreotide has been shown to successfully image 
TSH-omas.106 Moreover, in vivo evidence for both 
somatostatin and dopamine D2 receptors was obtained 
with the use of single-photon emission tomography 
with 111Indium-pentetreotide and 123Iodobenza-
mide.103,107 The presence of these receptors corre-
lates with the sensitivity of the tumor to long-term 
medical treatment. 111Indium-pentetreotide scintigra-
phy also may be useful in localizing possible ectopic 
TSH-producing adenomas. Finally, bilateral petrosal 
sinus sampling has been used in difficult cases, allow-
ing the identification and lateralization of a microad-
enoma not seen on radiographic scans.108 However, 
one should expect a certain number of false lateraliza-
tions, as already has been observed for ACTH-secreting  
pituitary tumors.
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DIFFERENTIAL DIAGNOSIS
The presence of detectable TSH levels in a hyperthyroid 
patient rules out primary hyperthyroidism, whereas in 
patients receiving levothyroxine replacement for primary 
hypothyroidism, poor compliance is by far the most com-
mon cause of apparent inappropriate secretion of TSH, 
with TSH still too high for the levels of thyroid hormones. 
This underscores the importance of studying patients in 
steady state. The first step in the case of hyperthyroxinemia 
and detectable TSH is to measure free thyroid hormone 
levels and repeat TSH by ultrasensitive assays. The find-
ing of high FT4 and normal TSH and FT3 levels suggests 
euthyroid hyperthyroxinemia, whereas high FT4 and FT3 
concentrations and suppressed TSH definitively indicate 
the presence of primary hyperthyroidism due to Graves’ 
disease and other forms of thyrotoxicosis. If FT4 and FT3 
concentrations are elevated in the presence of measurable 
TSH levels, it is important to exclude methodologic inter-
ference. When the existence of central hyperthyroidism is 
eventually confirmed, several diagnostic steps have to be 
carried out to differentiate a TSH-oma from resistance 
to thyroid hormone (RTH). This is particularly true for 
the variant of RTH with predominant pituitary resistance 
with clear clinical signs and symptoms of hyperthyroid-
ism.7-9 Indeed, alterations of pituitary content on MRI, 
as well as the possible presence of neurologic signs and 
symptoms (visual defects, headache), or clinical features 
of concomitant hypersecretion of other pituitary hormones 
(acromegaly, galactorrhea, oligo-amenorrhea) definitely 
point to the presence of a TSH-oma. Nevertheless, the 
differential diagnosis may be difficult when the pituitary 
adenoma is undetectable by MRI or in the case of con-
fusing (empty sella) or incidental pituitary lesions.109,110 
No significant differences in age, sex, previous thyroid 
ablation, TSH levels, or free thyroid hormone concentra-
tions occur between patients with TSH-oma and those 
with RTH (Table 15-4). However, in contrast to RTH 
patients, familial cases of TSH-oma have never been 
documented. The finding of measurable TSH levels and 
high concentrations of FT4 and FT3 in one relative 
definitely points to the diagnosis of RTH. Serum TSH 
levels within the normal range are found more frequently 
in RTH, whereas elevated α subunit concentrations or 
a high α subunit/TSH molar ratio typically is present in 
patients with TSH-omas. Moreover, absent or impaired 
TSH responses to TRH administration and to the T3 sup-
pression test favor the presence of a TSH-oma. Circulat-
ing SHBG levels are in the hyperthyroid range in patients 
with TSH-oma, the only patients with low SHBG being 
those with concomitant hypersecretion of GH, which 
potently inhibits SHBG secretion. The few patients with 
RTH and high SHBG levels were those who were treated 
with estrogens or those who showed profound hypogo-
nadism.99 Other parameters that may be useful in the 
differential diagnosis are markers of bone turnover, such 
as ICTP (altered in TSH-omas, normal in RTH) or total 
cholesterol (rarely high in TSH-omas).9,100 In difficult 
cases, particularly after thyroidectomy, genetic investiga-
tions into thyroid hormone receptor-β1 mutations may be 
the only diagnostic test. Finally, an apparent association 

between TSH-oma and resistance to thyroid hormone has 
been reported in a few patients.97,111 Although genetic 
studies and familial investigations were not carried out 
in the Japanese patient, the occurrence of TSH-omas in 
patients with RTH is theoretically possible and therefore 
should be considered carefully.97

TREATMENT AND OUTCOME

Pituitary Surgery and Radiation Therapy
The primary goal in the treatment of TSH-omas is to 
remove the pituitary tumor and restore euthyroidism. 
Therefore, the first therapeutic approach to TSH-producing 
adenomas should be to surgically remove or debulk the 
tumor by transsphenoidal or subfrontal adenomectomy, 
the choice of route depending on the tumor volume and 
its suprasellar extension.1,16,112,113 This may be particu-
larly difficult because of the marked fibrosis of these 
tumors and local invasion involving the cavernous sinus, 
internal carotid artery, or optic chiasm. To restore euthy-
roidism before surgery, antithyroid drugs or somatosta-
tin analogs (e.g., Octreotide LAR, Lanreotide SR) along 
with propranolol can be administered. If surgery is contra-
indicated or declined, pituitary stereotaxic radiotherapy 
(either fractionated or radiosurgery) and subsequent SSa 
administration should be considered.

Surgery alone or combined with radiotherapy induces 
normalization of thyroid hormone levels and apparent 
complete removal of tumor mass in about one third of 
patients, whereas normalization of thyroid hormones 

TABLE 15-4 Differential Diagnosis Between TSH-
Producing Adenomas (TSH-omas) and Resistance to 
Thyroid Hormones (RTH)

Parameter TSH-omas RTH P

Sex (F/M ratio) 1.4 1.3 NS
TSH, mU/L* 2.8 ± 0.6 2.0 ± 0.3 NS
FT4, pmol/L* 42.0 ± 4.5 28.5 ± 2.7 NS
FT3, pmol/L* 14.2 ± 1.5 11.9 ± 1.0 NS
SHBG, nmol/L* 117 ± 18 60 ± 4 <.0001
Familial cases 0% 84% <.0001
Lesions at CT scan or MRI 98% 6% <.0001
High α subunit levels 63% 3% <.0001
High α subunit/TSH m.r. 84% 3% <.0001
Abnormal TSH response 
to TRH test†

83% 5% <.0001

Abnormal TSH response 
to T3 suppression test‡

100% 100%§ NS

CT, Computed tomography; FT3, free triiodothyronine; FT4, free 
thyroxine; m.r., molar ratio; MRI, magnetic resonance imaging; NS, 
not significant; SHBG, sex hormone–binding globulin; T3, triio-
dothyronine; TRH, thyrotropin-releasing hormone; TSH, pituitary 
thyrotropin.

*Only patients with intact thyroid were taken into account. Data were 
obtained from patients followed at our institution (18 TSH-omas 
and 68 RTH) and are expressed as mean ± standard error (SE) (n).

†Net TSH increment <4.0 mU/L.
‡Werner’s test (80 to 100 μg T3 for 8 to 10 days). Quantitatively 

normal responses to T3 (i.e., complete inhibition of both basal and 
TRH-stimulated TSH levels) have never been recorded in either 
group of patients.

§Although abnormal in quantitative terms, TSH response to T3 sup-
pression test is qualitatively normal in most RTH patients.7-9
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without complete removal of the adenoma occurs in an 
another third of patients (Table 15-5). Collectively, about 
two thirds of TSH-omas are brought under control with 
surgery, irradiation, or both. In the remaining patients, 
the large size and the invasiveness of the tumor prevent 
successful removal of the tumor. Elevation of α subunit or 
cosecretion of other pituitary hormones does not seem to 
be an unfavorable prognostic factor. Postsurgical deaths 
were reported in five cases. Partial or complete hypopitui-
tarism may be the result of surgery. Evaluation of other 
pituitary functions, particularly ACTH secretion, should 
be undertaken carefully soon after surgery and should be 
performed again every year, especially in patients who 
are treated by radiotherapy. In addition, in the case of 
surgical cure, postoperative TSH is undetectable and may 
remain low for many weeks or months, causing central 
hypothyroidism. The time necessary for the recovery of 
normal thyrotrophs is variable, and permanent central 
hypothyroidism occasionally may occur as the result of 
damage to the normal thyrotroph by the tumor or during 
surgery. Thus, temporary or permanent LT4 replacement 
therapy may be necessary. In a few cases, total thyroidec-
tomy was performed after pituitary surgery failed because 
patients were at risk for thyroid storm.

Medical Treatment
In TSH-omas, antithyroid drugs must not be used 
because they may cause worsening of goiter size or more 
rapid growth and invasiveness of the pituitary adenoma, 
and their use is recommended only as preparation of 
the patient for neurosurgery. For alleviating the symp-
toms of hyperthyroidism, β blockers such as propranolol 
may be used. Glucocorticoids are effective in reducing 
TSH secretion, but they induce deleterious side effects 
in long-term treatment. Dopamine agonists, particularly 
bromocriptine, have been employed in some TSH-omas 
with variable results, with the positive effects observed 
in some patients with mixed TSH- and PRL-secreting 
adenoma diminishing over time.114,115 Currently, medical 
treatment for TSH-oma rests on somatostatin analogues 
(SSa) such as octreotide47,91-93,106-108 or the slow-release 
formulation of lanreotide.116-120 Both somatostatin ana-
logues lead to a reduction in TSH and α subunit secre-
tion in almost all cases, with restoration of the euthyroid 

state in most (see Table 15-5). Moreover, modifications 
of the TSH glycoisomer distribution pattern during SSa 
treatment have been documented in one patient,111 sug-
gesting that restoration of euthyroidism in some patients 
who show no reduction in immunoreactive levels of 
TSH during SSa therapy may be due to a reduction in 
the bioactivity of secreted molecules.121,122 During SSa 
therapy, tumor shrinkage occurs in about half of patients 
(see Table 15-5), and vision improvement is seen in 75%. 
Interestingly, it has been recently suggested that a high 
sst5/sst2 ratio might be predictive of a positive outcome 
of long-term treatment with somatostatin analogues in 
TSH-omas, this phenomenon being the opposite to that 
observed in GH-secreting pituitary adenomas.123

Tachyphylaxis occurred in about one fifth of patients 
and responded to increasing SSa doses, whereas long-
term studies demonstrated true escape from the inhibitory 
effects in few cases. True resistance to SSa treatment was 
only documented in 5% of cases. Octreotide treatment 
was effective in restoring euthyroidism in one pregnant 
woman with central hyperthyroidism and had no side 
effects on fetal development and thyroid function.124,125 
Patients undergoing SSa treatment must be monitored 
carefully because untoward side effects, such as cholelithiasis  
and carbohydrate intolerance, may arise. However, the 
tolerance is usually very good, as gastrointestinal side 
effects are transient. The dose administered should be tai-
lored for each patient, depending on therapeutic response 
and tolerance (including gastrointestinal side effects). The 
marked SSa-induced suppression of TSH secretion and 
consequent biochemical hypothyroidism seen in some 
patients may require LT4 substitution. Whether soma-
tostatin analogue treatment may be an alternative to sur-
gery and irradiation in patients with TSH-oma remains to 
be established. However, the slow-release preparation of 
somatostatin (e.g., lanreotide-SR, octreotide-LAR) may 
represent useful tools for long-term treatment of such a 
rare pituitary adenoma. In this respect, one should take 
into account that TSH-secreting pituitary adenomas may 
rarely transform into a secretory thyro-somatotroph ade-
noma during apparently successful medical treatment as 
recently demonstrated, thus suggesting the need for care-
ful long-term surveillance in these patients.126

CRITERIA OF CURE AND FOLLOW-UP
Evidence has accumulated about the criteria of cure and 
follow-up for patients undergoing operation or irradiation 
for TSH-omas.4,65,69 In untreated hyperthyroid patients, 
it is reasonable to assume that cured patients have clinical  
and biochemical reversal of thyroid hyperfunction. How-
ever, normal free thyroid hormone concentrations or indi-
ces of peripheral thyroid hormone action in the euthyroid 
range may be associated with partial removal or destruc-
tion of tumoral cells, since transient clinical remission and 
euthyroidism are observed frequently.65,69 As it occurs for 
other pituitary tumors, disappearance of neurologic signs 
and symptoms only partially reflects the radicality of 
tumor removal, in that it may occur even in the presence 
of an incomplete debulking of the tumor. Pituitary imag-
ing performed after surgery has low predictivity because 

TABLE 15-5 Results of Pituitary Surgery Alone, 
Surgery Plus Irradiation (Rx), and Injection of 
Somatostatin Analogues in the Treatment of TSH-
Producing Adenomas

Surgery  
(n = 199)

Surgery + Rx  
(n = 72)

Somatostatin  
Analogues (n = 130)

Reduction of Tumor Mass

Complete 34% 30% 0%
Partial 36% 41% 53%
Absent 30% 31% 47%

Resolution of Clinical Symptoms

Yes 59% 64% 92%
No 41% 36% 8%
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of the high frequency of false-negative imaging results. 
The criteria for normalization of circulating TSH are not 
applicable to previously thyroidectomized patients or to 
those with normal basal values of TSH. In our experi-
ence, undetectable TSH levels 1 week after surgery are 
likely to indicate complete adenomectomy, provided that 
the patient was hyperthyroid and presurgical treatments 
were stopped at least 10 days before surgery.55 Similarly, 
although normalization of α subunit or the α subunit/
TSH molar ratio in general is a good index for the evalu-
ation of therapy efficacy, both parameters are normal in 
a remarkable number of patients with TSH-oma. The 
most sensitive and specific test used to document com-
plete removal of the adenoma remains the T3 suppres-
sion test (in the absence of clinical contraindication). In 
fact, regardless of the restoration of euthyroidism, only 
patients in whom T3 administration completely inhibits 
basal and TRH-stimulated TSH secretion appear to be 
truly cured (Fig. 15-4).

Data on the recurrence rate of TSH-oma in patients 
who are judged to be cured after surgery or radiotherapy 
are still lacking. However, recurrence of the adenoma 
does not appear to be frequent, at least in the first years 

after successful surgery. In general, the patient should be 
evaluated clinically and biochemically two or three times 
the first year postoperatively and then every year. Pitui-
tary imaging should be performed every 2 or 3 years but 
should be performed promptly whenever an increase in 
TSH and thyroid hormone levels or clinical symptoms 
occur. In the case of persistent macroadenoma, a close 
visual field follow-up is required, as visual function is 
threatened.

CONCLUSION
Central hyperthyroidism due to TSH-secreting pituitary 
adenomas is a rare cause of thyrotoxicosis. The diag-
nosis is now facilitated by the recent introduction of 
ultrasensitive TSH immunoassays, as well as direct free 
thyroid hormone measurements, which are not obscured 
by abnormal serum transport proteins. Increased aware-
ness and early recognition of these tumors will prevent 
inappropriate treatment, such as thyroid ablation or long-
term antithyroid drug administration, which undoubtedly 
increases TSH secretion, tumor size, and invasiveness. 
Although no single diagnostic test is pathognomonic in 
establishing the diagnosis, elevation of α subunit levels and 
serum SHBG concentrations and the frequently absent or 
impaired TSH responses to TRH and T3 suppression tests 
are the most useful markers to distinguish patients with 
TSH-oma from those with thyroid hormone resistance. 
Furthermore, high-resolution CT and MRI may help in 
detecting tumors as small as 3 mm in diameter. Surgery 
still remains the first therapeutic approach to the disease, 
followed by radiotherapy in the case of failure. The find-
ing of measurable TSH levels after a simple T3 suppres-
sion test definitely indicates that removal of the tumor 
cells was incomplete, thus requiring closer follow-up of 
the patient or additional therapies, or both. If needed, 
treatment with somatostatin analogues is worthwhile, 
allowing restoration of euthyroidism in more than 90% 
of patients and even tumor shrinkage in one half of cases.
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PITUITARY SURGERY
The pituitary gland and its surroundings serve as a 
nexus of embryologic development and neurovascular 
communication. The confluence of neuroendocrine and 
ectodermal tissue, a portal circulation between two criti-
cal venous plexuses, and an osseous invagination at the 

junction of the three cranial fossae serve as a conduit for 
diverse pathologies. The lack of space around the pitu-
itary gland and its intimate relationship with hormone 
production lead to early symptomatology in many of 
these disease states. Although some can be effectively 
managed through conservative observation or medical 

K E Y  P O I N T S

 •  Goals of pituitary surgery are: relief of mass effect, especially that of visual apparatus 
compression, cavernous sinus involvement or obstructive hydrocephalus; normalization 
of excess hormone secretion; preservation or restoration of normal pituitary function; 
cytoreduction and decreasing risk for tumor recurrence; and procurement of a 
histopathologic diagnosis.

 •  Patients with pituitary masses should undergo imaging, endocrinologic, and often 
ophthalmologic evaluations both before and after surgery. The success of resection can 
be quantified on MRI follow-up, through measurement of hormonal remission in excess 
hormonal states, or upon relief of mass effect and neurologic deficits.

 •  Transsphenoidal approaches are increasingly the standard of treatment for most sellar 
lesions, and they also provide a direct line of visualization from the endonasal axis up 
to the infundibulum and suprasellar spaces; however, selection of a transcranial versus 
transsphenoidal and microsurgical or endoscopic techniques must be based on each 
individual case.

 •  Common complications include sinonasal discomfort, endocrinologic derangements, 
diabetes insipidus, cerebrospinal fluid rhinorrhea, impairment of visual acuity, and 
epistaxis.
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therapies, others require surgical intervention to restore 
neurologic and/or endocrine function, reverse disease 
processes, achieve a basic diagnosis, and preserve qual-
ity of life. Multiple technical and conceptual paradigm 
shifts have driven the fascinating chronicle of pituitary 
surgery over the past century. In the modern era, with 
increasing access to and propensity for cranial imaging 
for a wide variety of reasons, it is not surprising that sel-
lar masses are diagnosed more and more frequently. As 
such, clear indications for intervention become even more 
imperative.

PATHOLOGIES OF THE SELLAR REGION
The hypophyseal fossa is home to a broad spectrum of 
pathologies (Fig. 16-1). The most common neoplasm 
of the sellar region is the histologically benign pituitary 
adenoma.1 Hormone-secreting or functional microad-
enomas tend to be smaller at presentation because of 
their manifestation of endocrinopathy.2 Nonfunctional 

macroadenomas tend to be larger and to present with 
mass effect.1 Large macroadenomas may masquerade as 
 hormone-secreting prolactinomas by interrupting trans-
port of dopamine, also known as prolactin inhibiting 
factor, down the infundibulum to the posterior pituitary 
gland through the hypophyseal portal circulation.3-5 This 
hyperprolactinemia from loss of inhibitory control, col-
loquially termed the stalk effect, typically does not exceed 
150 to 200 ng/mL. Overall, incidental pituitary lesions, 
particularly adenomas, have been reported in 14% to 22% 
of autopsies and retrospective radiologic studies.6,7 Guide-
lines for management of these “incidentalomas” begin 
with a thorough history, physical exam, endocrine labora-
tory evaluation, and visual field assessment.8 Neurologic 
deficits, presence of intralesional hemorrhage, as with 
pituitary apoplexy, or hormone secretion with known del-
eterious physiologic effects should prompt consideration 
of surgery, with the exception of prolactinomas. Inciden-
tal lesions not fulfilling these criteria may be followed seri-
ally with examinations, labwork, and imaging.

A B C D

E F G H

I J K L

*

Figure 16-1 Diverse pathologies affecting the sellar and infundibular region, as visualized with MRI. A-B, GH-secreting microadenoma in a 
63-year-old woman with severe headaches and mild acromegalic features, on coronal and sagittal MRI. C-D, Atypical macroadenoma encompassing 
both cavernous carotids and compressing the right optic nerve and chiasm, in a 73-year-old woman with progressive visual loss, on coronal and sagit-
tal MRI. E-F, Craniopharyngioma in a 19-year-old boy with headache and panhypopituitarism, on axial and sagittal MRI. G-H, Rathke’s cleft cyst 
in a 21-year-old woman with primary amenorrhea, with a hyperintense suprasellar cyst on pre-gadolinium T1 coronal and post-gadolinium sagittal 
MRI. I-J, Germinoma manifesting as a thickened infundibulum (*) in a 13-year-old boy with DI and adrenal insufficiency, on coronal and sagittal T1 
MRI. K-L, Intrasellar cavernous carotid aneurysm masquerading as a hemorrhagic pituitary mass in a 52-year-old woman with acute-onset headache 
and left abducens palsy, on coronal and sagittal MRI.



27716 PITUITARY SURGERY

Other lesions of the sellar region include craniopha-
ryngioma, gangliocytoma, ganglioglioma, granular cell 
tumor, meningioma, schwannoma, chordoma, and mes-
enchymal tumors.9 Craniopharyngiomas, in particular, 
highlight the full spectrum of challenges in pituitary 
surgery decision making due to their complex and sun-
dry manifestations, as well as their high proclivity for 
postoperative complications. The aphorism that cranio-
pharyngiomas are “the most formidable of intracranial 
tumours” is attributed to Harvey Cushing.10,11 Complete 
surgical removal improves outcome and overall survival, 
and decreases recurrence risk, in both adults and chil-
dren.12-15 A strong preoperative suspicion of craniopha-
ryngioma should prompt a plan of a surgical strategy that 
can adequately deal with removal of cyst wall or to maxi-
mize complete resection if feasible. Non-neoplastic cystic 
lesions of the sellar region include Rathke’s cleft cysts, 
arachnoid cysts, dermoid lesions, and epidermoid lesions. 
Craniopharyngiomas may represent one end of a gamut 
of pathologies that arise from the vestigial hypophyseal-
pharyngeal duct, along with Rathke’s cleft cysts, arach-
noid cysts, colloid cysts, cystic pituitary adenomas, and 
epidermoid and dermoid cysts, which are also found in 
the sellar region.16,17

Malignant tumors of the pituitary region include pitu-
itary carcinoma, germ cell tumors, lymphoma, Langer-
hans’ cell histiocytosis, and rare metastases (which are 
often found in the posterior gland). Along with the pineal 
gland, the pituitary and suprasellar region are classic 
sites for concurrent seeding of germinomas. Germ cell 
tumors often involve the infundibular and parasellar 
region, as well as the optic apparatus, in close relation 
to the pituitary gland. Infundibular thickening can also 
occur with neurosarcoidosis, Langerhans cell histiocy-
tosis, lymphocytic hypophysitis, Wegener hypophysitis, 
Erdheim-Chester disease, xanthoma disseminatum, lupus 
cerebritis, granuloma, chordoma, lymphoma, metasta-
sis, craniopharyngioma, germinoma, or congenital vari-
ants.18 Due to the unique gamut of differential diagnoses, 
stalk lesions merit a variety of serum tests not typically 
included in a pituitary lesion workup. A biopsy is often 
indicated, and can be achieved readily through a transs-
phenoidal approach due to the direct line of visualization 
from the endonasal axis up to the infundibulum.

Physiologic states leading to pituitary hyperplasia 
include pregnancy and primary end-organ dysfunction, 
leading to loss of negative feedback.19 Furthermore, 
upstream stimulation from hypothalamic or ectopic 
releasing hormone production will also result in pituitary 
enlargement and should be excluded prior to inadvertent 
biopsy of a bystander organ.20-22 In these cases, correc-
tion of the underlying etiology will result in normaliza-
tion of the pituitary gland.

Intrasellar aneurysms and vascular malformations are 
rare but potentially lethal if misdiagnosed prior to surgi-
cal incision.23 Hamartoma, meningoencephalocele, and 
brown tumor of the bone also contribute to the differ-
ential diagnosis of non-neoplastic sellar lesions.9 Lastly, 
rare collision lesions have also been reported to coexist in 
the sella, adding to the complexity and intrigue of diag-
nostic dilemmas.24

INDICATIONS FOR SURGERY
General goals of pituitary surgery are: relief of mass 
effect, especially that of visual apparatus compression 
or obstructive hydrocephalus; normalization of excess 
hormone secretion; preservation or restoration of nor-
mal pituitary function; cytoreduction and minimization 
of tumor recurrence; and procurement of a histopatho-
logic diagnosis (Table 16-1). For pituitary adenomas, the 
indication for surgery becomes more urgent in cases of 
pituitary tumor apoplexy or worsening neurologic deficit, 
especially visual loss.

Although surgery provides definitive cure for many 
sellar pathologies, certain hormone-secreting tumors 
are exquisitely sensitive to medical therapy. In particu-
lar, prolactinomas can demonstrate a dramatic response 
to dopamine agonists, even when large enough to exert 
significant mass effect, including visual loss.25-28 Severe 
nausea, intractable headaches, and postural hypotension 
have been reported in response to dopamine agonist ther-
apy, heralding the need for alternative treatments.29-31 
Use of dopamine agonists in Parkinson’s disease, which is 
deployed at much higher doses than with prolactinomas, 
is associated with increased risk for valvular heart disease, 
raising a note of caution in patient selection and monitor-
ing during medical management of prolactinomas.32 Fur-
thermore, female patients who desire pregnancy without 
hormonal therapy may benefit from surgical resection of 
tumors. Patients with dopamine agonist–resistant prolac-
tinomas are directed to surgery after failure of hormone 
normalization despite multiple medical therapies and 
dose strategies.33-36 Lastly, cystic prolactinomas may be 
more amenable to surgical rather than medical eradica-
tion as cysts do not diminish with dopamine agonists.

Resection of microadenomas is indicated for a non- 
prolactinoma hormone-secreting tumor with adverse 
physiologic impact.37 Namely, Cushing’s disease and acro-
megaly not only cause undesired cosmetic alterations, the 
potentially life-threatening effects of excess cortisol and 
growth hormone on the cardiovascular, endocrine, muscu-
loskeletal, and nervous systems may be difficult to reverse. 
The initial treatment of choice for Cushing’s disease is selec-
tive adenomectomy, typically through the transsphenoidal 
approach since approximately 85% of ACTH-secreting 
pituitary tumors are microadenomas.2,38,39 Surgical resec-
tion is also recommended with Cushing’s disease recur-
rence, although hypophysectomy may be performed more 
so than selective adenomectomy, and increases the risk 
for hypopituitarism.40 Similarly, most growth hormone 
secreting tumors are first assessed for surgical resection, 
with achievement of 50% to 80% clinical and biochemi-
cal remission rates.41 In these cases, somatostatin ana-
logues, dopamine agonists, and growth hormone receptor 

TABLE 16-1 Goals of Pituitary Surgery

Relief of mass effect
Normalization of excess hormone secretion
Procurement of a histopathologic diagnosis
Cytoreduction and minimization of tumor recurrence
Preservation or restoration of normal pituitary function



278 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

antagonists can frequently normalize IGF-1 levels, but 
not necessarily reduce tumor size.41 Thyroid stimulating 
 hormone-secreting adenomas also benefit from surgical 
resection given the absence of effective medical thera-
pies.42,43 For these diseases with diffuse systemic effects, 
adjuvant pharmacotherapy is often necessary before or 
after surgical excision of the underlying mass.42,44

Some large invasive or recurrent pituitary tumors may 
not be fully resectable and are referred for a course of 
adjuvant radiation therapy or radiosurgery; therefore, 
the goal of surgical treatment is diagnosis and maximal 
removal of tumor as feasible. Partial debulking of tumor 
due to lack of experience is not only ineffective but also 
mars the surgical field and anatomic landmarks that 
would facilitate subsequent surgical salvation strategies. 
Reoperations are also associated with higher periopera-
tive risks overall, including neurologic decline and cere-
brospinal fluid (CSF) leakage.

SURGICAL ANATOMY
A detailed knowledge of the structure and function of the 
pituitary gland and its relationship to surrounding neural, 
vascular, and bony anatomy is essential for the pituitary 
surgeon.

The pituitary gland is composed of an anterior ade-
nohypophysis derived from an invagination of the oro-
pharyngeal ectoderm, a posterior neurohypophysis that 
originates from the neuroectoderm, and a vestigial rem-
nant intermediate lobe. The anterior pituitary gland is 
composed of acidophil, basophil, and chromophobe 
cells, which secrete prolactin, growth hormone, thyroid-
stimulating hormone (TSH), follicle-stimulating hormone 
(FSH), luteinizing hormone (LH), and proopiomelano-
cortin (POMC), which is a precursor to adrenocortico-
trophic hormone (ACTH). The posterior pituitary gland 
stores two critical hormones, vasopressin and oxytocin, 
which are synthesized in the hypothalamus and travel 
down the infundibulum. Just as the pituitary gland is 
derived from two distinct embryologic origins, it is sup-
plied by a dual vasculature of the superior hypophyseal 
artery stemming from the supraclinoidal internal carotid 
artery (ICA) and the inferior hypophyseal artery arising 
from the meningohypophyseal trunk of the cavernous 
ICA. Ascending and descending branches anastomose to 
form a rich portal plexus.

The pituitary gland is cradled within the bony sella tur-
cica and bounded by the diaphragma sellae superiorly, the 
cavernous sinuses laterally, with close and critical rela-
tionships with the optic apparatus (Fig. 16-2).45 The sella 
turcica is in essence an invagination within the body of 
the sphenoid bone, which becomes pneumatized to vary-
ing degrees during development. Sphenoid bone pneuma-
tization starts at 10 months of age, accelerates between  
3 and 6 years of age, and continues until the third decade 
of life.46 A fully pneumatized sphenoid sinus, with aeration 
beneath the entire sella, is termed a sellar type sphenoid 
bone and is found in 80% of the population. A nonpneu-
matized sphenoid sinus is common in children and may 
persist into adulthood as the conchal type in 3% of the 
population, requiring significantly more bony removal if 

planning a ventral transsphenoidal approach. An inter-
mediate state between the sellar and conchal types is the 
presellar type, with partial aeration of the sphenoid bone. 
In addition to the sellar, presellar, and conchal classifica-
tion of the sella proposed by Hamberger in 1961 based on 
sphenoid pneumatization status,47 more recent imaging 
studies have further described the anatomy of the sellar 
floor as viewed from the sphenoid sinus and its intraop-
erative implications.48 In one, the sella is defined as prom-
inent, curved, or flat based on the angle formed by its 
ventral face and floor, with observation that a flat sellar 
angle was more challenging to expose during surgery.48

The sella is contiguous with the cribriform plate and 
planum sphenoidale anteriorly, which form the floor of 
the frontal lobe. Caudally, the sphenoid seat, within which 
the sella rests, becomes the clivus. Its anterior upper lip 
is formed by a bony protrusion known as the tuberculum 
sella, while the dorsum sella guards the upper posterior 
boundary. The ventral face of the sella is the posterior 
wall of the sphenoid sinus, which frequently harbors one 
or more bony septations. These bony projections may not 
be midline, unlike the perpendicular plate of the ethmoid 
bone and the vomer, and in fact, 20% of sphenoid sinus 
septations lead to a carotid protuberance.

The diaphragm forms a folded dural roof over the 
pituitary gland, with a central aperture that transmits the 
infundibulum and hypophyseal portal circulation from 
the hypothalamus to the pituitary gland. An incompetent 
diaphragmatic aperture allows CSF pulsations to herni-
ate into the hypophyseal fossa over time, compressing the 
pituitary gland and giving the appearance of an empty 
sella on imaging.49 The optic apparatus, namely, the 
optic chiasm, rests immediately rostral to the diaphragm. 
A more anteriorly located optic chiasm, which overlies 
the tuberculum sella, is described as pre-fixed. Similarly, 
a more posteriorly located optic chiasm, which over-
lies the dorsum sella, is described as post-fixed chiasm 
and the most frequently encountered pattern. The pre-
cise relation of the optic apparatus to the hypophyseal 
fossa and infundibulum not only predicts the expected 
sequelae of symptoms with a pituitary mass, but also 
dictates the operative window for tumors with superior 
extension. Furthermore, tumors may track up the infun-
dibulum to reach the hypothalamus and third ventricle, 
with consequent hypothalamic dysfunction and potential 
hydrocephalus.

The cavernous sinuses flank the two sides of the sella 
and are connected anteriorly and posteriorly by intercav-
ernous sinuses, also known as the circular sinus. These 
trabeculated venous spaces also house a critical seg-
ment of the internal carotid artery, as well as the ocu-
lomotor, trochlear, abducens, and one to two branches 
of the trigeminal nerve (see Fig. 16-2). The abducens 
nerve courses from medial to the internal carotid artery 
as it enters the cavernous sinus from the posterior fossa 
through Dorello’s canal to a final position lateral to the 
internal carotid artery. In contrast to the other cranial 
nerves within the cavernous sinus, which rest against and 
are protected by the lateral wall of the sinus, the abducens 
nerve remains freestanding in close proximity to the inter-
nal carotid artery, and thus, becomes more vulnerable to 
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numerous compressive pathologies. The intercavernous 
sinuses allow for free communication between the two 
lateral cavernous sinuses, and similarly present a conduit 
along which malignancy and infections can spread. Fur-
thermore, the intercavernous sinus must be dealt with 
to prevent excessive bleeding in ventral approaches to 
sellar and suprasellar lesions. The serpiginous route of 
the cavernous carotid artery within the cavernous sinus 
demarcates the coronal plane working distance during 
transsphenoidal resection of pituitary masses.

PREOPERATIVE EVALUATION
All candidates for pituitary surgery should undergo 
preoperative imaging, endocrinologic evaluation, and 
ophthalmologic evaluation. Similarly, multidisciplinary 
management should be continued in the postoperative 
period to maximize patient safety and outcomes.

Preoperative Imaging
Magnetic resonance imaging (MRI), with and without 
gadolinium enhancement, is best suited to delineate 
tumor architecture and adjacent structures. An attempt 
should also be made to identify the position of the normal 
pituitary gland and any deviation of the infundibulum 
prior to surgery.50 Leading into the sella, the infundibu-
lum is a T1-hypointense gadolinium-enhancing structure 
of similar caliber as the basilar artery, with a stalk-to-
basilar artery ratio greater than 1 raising concern for a 
pathologic state.51 The normal posterior pituitary gland 
is hyperintense on T1-weighted MR images, although 
this signal fades with aging and can be eradicated by 
intrasellar pathology. The rich portal plexus surrounding 
the pituitary gland produces avid uptake of gadolinium 
immediately after contrast administration, while hypo-
vascular microadenomas are more insulated from this 

phenomenon and demonstrate delayed enhancement. 
This principle of differential blood flow and uptake 
underlies experimental use of intravenously administered 
indocyanine green fluorescence during pituitary surgery 
to help visualize microadenomas and dural invasion.52 
Subtle signs that help localize suspected microadenomas 
include stalk deviation, asymmetric lateralization of the 
normal gland, and upward convexity of the diaphragm. 
The last radiographic finding can also be seen in normal 
young individuals, especially women. Functional cor-
ticotroph microadenomas that are difficult to visualize 
on MRI can sometimes be localized using endovascular-
based inferior petrosal sinus sampling (IPSS). Extracra-
nial imaging may also need to be pursued in patients with 
hypercortisolism to exclude ectopic sources of excess 
hormone production.

For macroadenomas, the rostral, lateral, and posterior 
extents should be defined to allow for adequate expo-
sure and subsequent directed exploration of the appro-
priate spaces to ensure maximal resection. Preoperative 
radiographic quantification of cavernous sinus invasion 
by pituitary adenomas was described by Knosp and col-
leagues (Fig. 16-3).53 On unenhanced MRI coronal sec-
tions through the sella and cavernous sinus, lines are 
drawn tangential to the medial and lateral aspects of the 
supracavernous carotid and the intracavernous carotid, 
as well as through the vertical meridian of the carotid 
siphon cross-section, forming an intercarotid line. Adeno-
mas that extend lateral to the intercarotid line, correlat-
ing to grade 2 to 4 of the Knosp classification, are likely 
to demonstrate cavernous sinus invasion during surgical 
exploration.53 Later modifications of this scheme result 
in a practical rule of thumb that cavernous sinus invasion 
by a sellar mass occurs with 270 degrees of intracavern-
ous carotid artery encasement on coronal MRI.54,55 By 
the same token, the suprasellar extent of pituitary masses 
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Figure 16-2 Surgical anatomy of the sellar region, in a coronal schematic. The optic chasm and hypothalamus rest above the pituitary gland and 
infundibulum. The cavernous sinus, harboring cranial nerves III, IV, V, and VI, as well as the internal carotid artery, cradle the two sides of the pitu-
itary gland. (Image modified from Nelson Oyesiku).
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is classically defined by the Hardy classification, later 
modified by Wilson (Fig. 16-4).56,57 The relation of the 
pituitary tumor with respect to its sellar boundaries is 
defined as grade I to V, with grade I defined as intrasellar 
tumors less than 10 mm, grade II and higher defined as 
macroadenomas with no perforation of the sellar floor, 
grade III defined as focal eruption through dura and ante-
rior sella face, grade IV defined as diffuse eruption into 
the sphenoid sinus, and grade V defined as cerebrospinal 
or hematogenous spread. Tumors with suprasellar exten-
sion are staged A to E, with stage 0 being intrasellar, stage 
A reaching the suprasellar cistern without encroachment 
on the third ventricle, stage B obliterating the anterior 
recesses of the third ventricle, stage C implying deforma-
tion and elevation of the floor of the third ventricle, stage 
D involving intradural intracranial growth, and stage E 
invading the cavernous sinus laterally.37

The ability of computed tomography (CT) to delin-
eate bony landmarks and calcification is especially use-
ful when considering a transsphenoidal approach to the 
sella. The surgical approach should be planned with 
knowledge of the presence of nasal septal deviations, 
sphenoid septations and their relation to the carotid pro-
tuberance, osseous defects in the carotid canal, degree 
of sphenoid bone pneumatization, and extent of bony 
expansion or erosion from an aggressive lesion. Vas-
cular imaging may improve safety of surgical planning 
for extensive lesions that encroach upon surround-
ing circle of Willis structures or the cavernous sinus. 
High-resolution MRI or CT obtained for preoperative 
workup can also be used for surgical navigation. This is 
especially critical during endonasal anterior skull base 

approaches for lesions with extrasellar extension. Intra-
operative MRI may further improve extent of resection 
and endocrinologic outcomes, especially for complex 
macroadenomas.58-64

Endocrinologic Evaluation
The endocrinologic status of all pituitary patients should 
be evaluated prior to surgery (Table 16-2). The typical 
laboratory panel measures prolactin, fasting cortisol, 
ACTH, TSH, thyroxine (T4), free T4, triiodothyronine 
(T3), fasting growth hormone, insulin-like growth fac-
tor-1 (IGF-1) or somatomedin C, FSH, LH, and tes-
tosterone in males. Extreme elevation in prolactin level 
may lead to saturation of the immunoradiometric assay 
and produce a falsely low readout, known as the hook 
effect.65 Therefore, serum prolactin and diluted prolac-
tin are both assayed to prevent any false negative inter-
pretations. Provocative testing may be needed such as 
the dexamethasone suppression test in suspected Cush-
ing’s disease and oral glucose load testing in acromegaly. 
Hypocortisolemia should be treated with stress dose ste-
roids prior to induction of anesthesia. Concurrent thyroid 
hormone deficiencies should be repleted after correction 
of hypocortisolemia to prevent excess stimulation of 
metabolism in an adrenally insufficient patient. The pres-
ence of diabetes insipidus (DI) prior to surgery may allow 
more liberty in manipulation or transection of the infun-
dibulum to permit more facile surgical resection, particu-
larly in craniopharyngiomas.

Neuro-ophthalmologic Evaluation
Any pituitary patient with visual complaints should 
undergo formal visual field and acuity testing. The classic 
pattern of bitemporal hemianopsia is more often asym-
metric in clinical practice. Sellar lesions produce prefer-
ential superior quadrant deficits due to compression on 
the inferior surface of the chiasm, while suprachiasmatic 
lesions tend to produce more inferior deficits. Extreme 
bitemporal hemianopsia can lead to the hemifield slide 
phenomenon, in which patients perceive intermittent loss 
of vision as well as double vision due to loss of the usual 
nasotemporal overlap, or a chiasmal post-fixation blind-
ness.66 Awareness of baseline visual acuity is vital for 
monitoring of perioperative and postoperative changes.

Anesthesia Considerations
Special anesthesia considerations should be taken into 
account when operating on pituitary pathologies.67,68 
Due to the risk for perioperative DI or syndrome of 
inappropriate antidiuretic hormone secretion (SIADH), 
fluid status should be managed cautiously during sur-
gery. Growth hormone–secreting adenomas lead to the 
well-known constellation of prognathism and soft-tissue 
hypertrophy, including macroglossia, which may con-
tribute to difficulty during intubation.69 Similarly, Cush-
ing’s disease patients are plagued by significant truncal 
obesity and cervicocranial stoutness that also challenges 
airway management. Respiratory concerns persist into 
the postoperative setting given that a majority of acro-
megalic patients have some degree of obstructive sleep 
apnea.70 Acromegalic patients, like those with Cushing’s 
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Figure 16-3 The Knosp classification of cavernous sinus invasion. 
Line 1 represents a tangent along the medial aspects of the supracav-
ernous and intracavernous internal carotid artery. Line 2 represents 
the intercarotid line between the cross-sectional centers of the carotid 
arteries. Line 3 represents a tangent along the lateral aspects of the 
 supracavernous and intracavernous internal carotid artery. Grade 0: 
tumor confined within the medial-most tangent (line 1). Grade 1: tumor 
is confined medial to the intercavernous line. Grade 2: tumor extends 
past the intercavernous line, but remains within the lateral tangent line. 
Grade 3: tumor extends lateral to the lateral tangent line. Grade 4: total 
encasement of the intracavernous carotid artery by tumor.



28116 PITUITARY SURGERY

disease, have an increased propensity for hypertension, 
arrhythmias, congestive heart failure, and other cardiac 
disease.69,71,72 Cushing’s disease patients also commonly 
suffer from diabetes mellitus, with need for strict periop-
erative monitoring and control of blood sugar.

EVOLUTION OF PITUITARY SURGERY
Pituitary surgery dawned in 1889 with the first transcra-
nial resection of a pituitary tumor by Sir Victor Horsley 
in Britain.73 The degree of brain retraction required dur-
ing the frontal and temporal approaches to expose the 
sellar region motivated experimentation with extracra-
nial routes on cadavers.74 This echoed the ancient mum-
mification rites used by the Egyptians to extract cerebral 

tissue through a transnasal transethmoid conduit without 
facial mutilation.75 Hans Schloffer pioneered the transna-
sal technique in human patients with the first transmaxil-
lary transethmoidal resection of a pituitary tumor using a 
lateral rhinotomy in Austria in 1907.76 Several variations 
of the transnasal theme ensued with the goal of minimiz-
ing brain injury and shortening surgical distance to the 
pituitary gland, all of which resulted in disfiguring facial 
scars.77-80 In particular, Theodor Kocher, who later won 
the Nobel Prize in Medicine and Physiology, advanced 
the concept of a submucosal dissection of the sphenoid 
septum to reach the sella without exenteration of adja-
cent frontal and paranasal sinuses.79 Upon reaching the 
pituitary gland, an iodine-saturated gauze attached to a 
string trailing out of the nose was placed in the tumor 
bed. Although a far cry from the precision of modern 
selective extracapsular resection of pituitary masses, 
Kocher’s innovation significantly decreased exposure to 
adjacent infections and maintained a midline trajectory 
to the deep-seated pituitary gland.

Allen Kanavel of Chicago brought the focus down 
from the forehead and midface to an infranasal inci-
sion.81 Oskar Hirsch made the next leap in pituitary sur-
gery by performing the first fully endonasal procedure 
using a hemitransfixion incision and a nasal speculum 

Figure 16-4 The Hardy classifi-
cation of extrasellar extension of 
pituitary mass. (Image courtesy of 
Melmed S, Kleinberg D: Pituitary 
masses and tumors; In: Williams 
textbook of endocrinology. Phila-
delphia, Saunders Elsevier, 2011, 
p. 248)
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over five stages within a 2-week span in Vienna in 1910.82 
In the same year, Albert Halstead of Chicago introduced 
the sublabial aperture to the transnasal technique, per-
forming the first successful resection of a craniopharyn-
gioma.83 Contemporaneously, Harvey Cushing began 
to develop his transsphenoidal approach in 1909. He 
coalesced the technique of many others to establish his 
classic submucosal paraseptal approach to the sphenoid 
sinus using a sublabial incision, under the guidance of 
an electric headlamp.84 Both Hirsch and Cushing, along 
with their peers, helped transform pituitary surgery from 
an era of approach development to one of focusing on 
reducing the historically high operative mortality.85

In the absence of antibiotic therapy, steroids, or ade-
quate illumination, the pace of transsphenoidal surgical 
development halted in the 1920s and 1930s. Instead, 
neurosurgical giants such as Harvey Cushing, Walter 
Dandy, and Fedor Krause added finesse to the subfrontal 
and frontotemporal transcranial approaches to the sellar 
region.86 The introduction of electrocautery by William 
Bovie in 1926 further augmented the perceived safety of 
transcranial approaches in contrast to the limited corri-
dor provided by extant transsphenoidal approaches.

During this period of near-abandonment, Cushing’s 
transsphenoidal technique was promulgated by his dis-
ciple, Norman Dott of Edinburgh, who added two light 
bulbs to the nasal speculum.80 Gerard Guiot continued 
the practice in Paris and introduced the use of fluo-
roscopic imaging and cisternal pneumography during 
surgical removal of pituitary tumors to increase extent 
of resection.87,88 However, concordant damage to sur-
rounding tissue and a concern for increased postopera-
tive hormonal deficits constrained Guiot’s practice. Jules 
Hardy of Montreal further improved visualization, and 
consequent tumor removal, using an operative micro-
scope.89,90 At higher magnification, he discovered that a 
plane frequently demarcates the pituitary tumor from the 
surrounding normal gland. Furthermore, he rejected the 
hypothesis that a diffusely hypersecreting pituitary gland 
underlies hypersecretory hormonal states and instead, 
introduced the principle of the microadenoma.90,91  
In essence, Hardy elevated pituitary tumor resection from 
a subtotal and blind debulking to a controlled radical 
resection under magnification and illumination.

Transsphenoidal approaches for sellar lesions resumed 
popularity and became the standard of treatment for 
multiple pathologies during the 1980s and 1990s. The 
next giant landmark in pituitary surgery arrived with 
technical improvements in the endoscope. Although first 
used by Guiot in 1963, endoscopic transsphenoidal tech-
niques did not mature until the 1990s.92-95 Endoscopic 
approaches represent a conceptual evolution in addi-
tion to the technological advancements within skull base 
surgery. The goals of pituitary surgery remain constant: 
to optimize visualization, maximize exposure through 
removal of obstructing bone, minimize the working 
distance, preserve intrinsic neurovascular structures, 
avoid brain retraction, and create functional and cos-
metic reconstructions. Prudent selection of transcranial 
or transsphenoidal approaches, using microsurgical or 
endoscopic techniques, must be based on each individual 

case and applied with equipoise, ever seeking to push the 
“edge of the envelope.”96

SURGICAL APPROACH
Once the decision for surgical resection of a sellar, supra-
sellar, or parasellar mass has been made, several criti-
cal factors contribute to the choice of a transcranial or 
a transsphenoidal approach (Fig. 16-5).97 These include: 
the goal of surgery—resection versus biopsy for diagno-
sis; the origin, epicenter, and extension of the lesion; the 
suspected pathology; the consistency of the mass and any 
cystic or calcific components; the nature of neurologic 
compromise, particularly of visual impairment; involve-
ment of the optic apparatus, circle of Willis, and other 
neurovascular structures; presence of hydrocephalus; 
prior surgical interventions or radiation; and ultimately, 
the surgeon’s experience and preference.

The transsphenoidal route is increasingly accepted as 
the standard of care for most sellar pathologies. Tech-
nical and technological advances have gradually over-
come historic concerns of higher infectious rate, limited 
visualization, restricted access to extrasellar regions, 
and constrained ability to manipulate fine neurovascular 
structures. Namely, the ability to probe difficult-to-access 
corners with an angled endoscope, improved visualiza-
tion by increasing bony removal, and growing confidence 
at repair of large skull base defects with vascularized flaps 
have all transformed the gamut of accessible lesions via a 
transnasal endoscopic route.

Despite the increasing preponderance of the trans-
sphenoidal endoscopic approach in the modern era, a 
transcranial approach may be favored for some pituitary 
tumors. These indications include: pituitary masses with 
significant extension into the anterior, middle, or poste-
rior fossa; a primarily extrasellar tumor with a small sella 
turcica; masses with a dumbbell configuration above and 
below the diaphragm; recurrent pituitary tumors with 
a known firm or fibrous consistency; or the coexistence 
of an aneurysm that might be treated during the same 
surgical approach as planned for a pituitary mass.98 A 
presellar or conchal sphenoid sinus may also sway some 
surgeons to favor a transcranial approach over a trans-
sphenoidal approach. Several of these indications are 
relative, given the variety of extended transsphenoidal 
techniques and increasing experience with utilizing a 
transsphenoidal route for purely suprasellar lesions. The 
goals of surgery should remain the same independent 
of surgical approach; similarly, the choice of a surgical 
approach should not compromise the degree of resection.

TRANSSPHENOIDAL APPROACHES
Transsphenoidal resection of pituitary masses may use 
the operating microscope, the endoscope, or a combina-
tion of both. The principal microsurgical transsphenoidal 
approaches are: transnasal transseptal transsphenoidal, 
sublabial transseptal transsphenoidal, and endonasal 
transsphenoidal. Microsurgical transsphenoidal tech-
nique, utilizing a speculum for retraction of obstruct-
ing nasal tissue, affords bimanual dexterity during fine 
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manipulation and dissection of tumor from surrounding 
neurovascular structures. However, the angles of view 
can be limited. Endoscopic techniques, especially with 
angled prototypes and other constantly updated instru-
ments, offer a wider scope of view and the flexibility to 
change perspectives all the way from the cribriform plate 
to the cervical junction in pursuit of a renegade lesion. 
Traditional lateral limitations of the optic nerve and 
lateral cavernous sinus are steadily abolished through 
refinement of extended transsphenoidal techniques and 
increased understanding of anatomic corridors. Impor-
tantly, the surgeon dictates the optimal utilization of 
operative approaches, and not vice versa. The ability to 
leverage a combination of surgical tools can often achieve 
greater success than either technique in isolation.

All transsphenoidal approaches to the sella can be parsed 
into three major stages: nasal, sphenoidal, and sellar.99 
Microscopic and endoscopic methods differ primarily in 
the initial exposure. In the nasal phase, either a sublabial 
or endonasal incision may be made to avoid any external 
cosmetic disfigurement. Turbinates are deflected and the 
sphenoid ostium is expanded to travel posteriorly. Within 
the sphenoid sinus, mucosa and septations are removed, 
with attention to the limits of the carotid protuberances, to 
access the sellar floor. The bone and dura overlying the pitu-
itary gland are then opened to reach the pathology of inter-
est. Extracapsular dissection of microadenomas is favored. 
Large tumors should be removed piecemeal in a methodical 
fashion. After adequate resection is complete, a durable clo-
sure and reconstruction is critical to prevent CSF leaks.

A

C

B

Figure 16-5 Transcranial routes to the sella include the (A) pterional approach and (B) bilateral subfrontal approach. C, Endoscopic transsphenoi-
dal approach to the sella, with subdural extracapsular dissection of a pituitary tumor with a ring curette (inset). (C, Courtesy of Dan Kelly.)
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Operative Setup
Patients are positioned to maximize exposure to the sel-
lar region while maintaining surgeon comfort and spa-
tial orientation (Fig. 16-6). Microscopic transsphenoidal 
approaches can be applied with the surgeon standing ros-
tral to a supine patient’s head or facing the patient in a 
reclined lawn-chair position. The latter setup is obligatory 
for endoscopic approaches, and also allows the use of 
both techniques dependent on conditions that arise during 
the surgery. As such, we turn the operating table approxi-
mately 170 degrees from anesthesia for pituitary cases. 
The scrub nurse is positioned to the patient’s left side, the 
surgeons stand on the patient’s right side, and anesthesia 
remains at the feet. The assistant stands to the surgeon’s 
left to hold the endoscope from a rostral perspective and 
allow for a two-surgeon three-handed technique.

The operating table is adjusted to a lawn-chair posi-
tion, with the torso elevated 20 to 30 degrees and the 
knees flexed, to minimize venous congestion and to pro-
mote drainage of blood from the sellar region. The table 
is tilted slightly to the right to decrease the reach over 
the torso while maintaining a midline position.100 The 
patient’s vertex is then turned slightly to the left, to allow 
the dorsum of the nose to be parallel to the walls of the 
room as well as the floor. For tumors that creep along 
the anterior fossa, the head may be extended to facilitate 
access to the planum sphenoidale or cribriform plate.101 
Extension, compared to flexion, also provides greater 

visualization of the upper cervical spine using an angled 
endoscope from a transnasal approach. In contrast, slight 
flexion facilitates the approach to the clival region.101 For 
complex tumors, the ability to subtly manipulate head 
and neck position intraoperatively can be critical. As 
such, image guidance systems that use facemask registra-
tion technology instead of rigid fixation may be prefer-
able for some surgeons. Either system is compatible with 
use of neuro-navigation, which is recommended for most 
pituitary surgery cases, especially those involving com-
plex pathology or extension beyond the sella.102,103

Patient Preparation
Intranasal oxymetazoline spray (0.05% solution, Afrin™) 
is given starting in the preoperative area to promote vaso-
constriction and minimize nasal mucosa bleeding, with 
2 sprays administered into each nostril every 15 min-
utes. On arrival into the operating theater, both nares 
are packed first with long cotton pledgets saturated with 
oxymetazoline and then pledgets soaked in 1% lidocaine 
with 1:200,000 epinephrine, each for 5 to 10 minutes. 
The nares are then swabbed or briefly packed with an 
antibiotic scrub solution, such as chlorhexidine. Broad-
spectrum antibiotic is given prior to and through the first 
24-hours following surgery, or while nasal packing is in 
place. If preoperative adrenal axis testing suggests insuf-
ficiency, which is defined as a serum fasting morning cor-
tisol level of <10 mcg/dL at our institution, intravenous 
hydrocortisone is given prior to induction.104 Steroids are 
avoided in patients with Cushing’s disease to allow for 
postoperative evaluation of successful resection.

Induction is carried forth, with the particular anesthe-
sia considerations previously discussed for acromegaly 
and Cushing’s disease patients. An orogastric tube is 
introduced to suction out dependent blood from the gas-
tric cavity at the end of surgery to decrease postoperative 
nausea. A subumbilical or lower-quadrant abdominal site 
is prepared on all patients to allow for potential fat graft 
harvest should a CSF leak be encountered.

Nasal Phase
The goal of the nasal phase is to reach the sphenoid sinus 
via the sphenoid ostium, which is located near the root of 
the superior turbinate and the middle turbinate. There-
fore, the turbinates need to be gently lateralized to access 
the back of the nasal cavity. The subsequent degree of 
mucosa and nasal septum manipulation differentiates the 
various transsphenoidal approaches.

The endoscopic endonasal transsphenoidal technique 
begins with insertion of a 0-degree endoscope into one 
nostril, first identifying the inferior turbinate laterally, the 
nasal septum medially, and the choana posteroinferiorly 
to verify orientation. The middle turbinate, which serves 
as the key obstacle as well as landmark to the sphenoid 
ostium, is lateralized with blunt pressure, taking care to 
avoid excessive mucosal injury, which will obscure visu-
alization. Upon creation of a suitably wide working cor-
ridor, the sphenoid ostium is identified 1.5 cm above the 
choana. Similar maneuvers are carried out in the con-
tralateral nostril to identify both ostia. At this point, the 
sphenoid ostia can be widened directly, with care to avoid 
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Figure 16-6 Endoscopic transsphenoidal surgery operative room set-
up. A, Patients are positioned to maximize exposure to the sellar region 
while maintaining surgeon comfort and spatial orientation. The table is 
turned 170 degrees with the surgeon (SGN) on the patient’s right side 
and the assistant (ASST) to the left of the surgeon. The patient is aligned 
with the upper right-most corner of the table (arrow), with head turned 
slightly to the left. B, The operating table is adjusted to a lawn-chair 
position, with the torso elevated 20 to 30 degrees and the knees gently 
flexed. The dorsum of the nose is parallel to the walls of the room as 
well as the floor. (Image adapted from Jane JA, Jr, et al. Pituitary sur-
gery: transsphenoidal approach. Neurosurgery. 2002;51[2]: 435-444.)
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injury to the sphenopalatine artery as it emerges near the 
infero-lateral rim of the ostium.105 Alternatively, a muco-
sal incision can be made to widen the exposure of the 
sphenoid rostrum.

The placement of the mucosal incision depends on 
anticipated closure needs and whether or not a nasosep-
tal flap would behoove reconstruction against a CSF leak. 
1% lidocaine, with or without 1:200,000 epinephrine, 
may be injected along both sides of the nasal septum to 
promote hemostasis if planning a mucosal incision. An 
incision can be made at the junction of the bony and car-
tilaginous septum and carried inferiorly and posteriorly 
for a standard transsphenoidal approach for an intrasellar 
lesion, with subsequent submucosal dissection to expose 
the face of the sphenoid sinus and the bilateral ostia. In 
contrast, expanded transsphenoidal approaches for com-
plex sellar, parasellar, and suprasellar lesions often result 
in high-flow CSF leaks, which are most effectively coun-
tered by a vascularized nasal septal flap closure to exploit 
natural wound-healing mechanisms. In this circumstance, 
the classic Hadad-Bassagasteguy pedicled nasoseptal  
flap, deriving its vascular supply from the nasoseptal 
artery, can be harvested by making parallel incisions 
along the maxillary crest inferiorly and 1 to 2 cm beneath 
the upper limit of the nasal septum to preserve olfactory 
epithelium superiorly, with an anterior connecting verti-
cal incision.106 The size of the flap may be tailored to the 
magnitude of anticipated defect, although bias toward a 
larger size prevents later remorse at an inadequate clo-
sure. The flap is tucked into the nasopharynx during the 
operation, while the contralateral nasoseptal mucosa is 
often folded over to protect the cartilaginous septum.

While endoscopic endonasal methods are increas-
ingly standard in the modern era, indications remain 
for a microscopic or combined endoscopic-microscopic 
approach. Traditional microscopic transsphenoidal 
techniques include the sublabial submucosal transseptal 
approach, transnasal transseptal approach, and the direct 
anterior sphenoidotomy approach. A sublabial incision 
was the traditional opening favored by Harvey Cushing 
during the advent of microscopic transsphenoidal pitu-
itary surgery, which may be preferred in patients with a 
small nasal portal, as in children. The sublabial submuco-
sal transseptal approach begins with a transverse gingival 
incision between the two incisors, above the insertion of 
the upper teeth to avoid devitalization of their roots. The 
mucosa is dissected away to reveal the piriform aperture 
and the anterior nasal septum. Submucosal dissection 
creates a tunnel along the nasal septum. The septum is 
fractured at its cartilaginous-bony junction septum and 
reflected to the contralateral side, to allow continuation 
of submucosal dissection on both sides and isolation of 
the perpendicular plate of the ethmoid and vomer, which 
form the bony septum. The sublabial opening can also 
be merged with the transnasal submucosal transseptal 
approach to facilitate visualization.

For transnasal and endonasal microscopic approaches, 
the initial opening can be made at the superficial trans-
columellar junction,107 unilaterally at the anterior bor-
der of the cartilaginous septum using a hemi-transfixion 
incision,108 at the junction of the bony and cartilaginous 

septum,109 or at the junction of the bony nasal septum 
with the sphenoid rostrum.110 The transnasal submucosal 
transseptal approach utilizes a vertical hemi-transfixion 
incision to access the cartilaginous septum.108 One layer 
of the nasal mucosa is dissected, making an anterior tun-
nel until the junction of the bony septum. Transgression 
of the nasal septum at this point allows further dissection 
of the mucosa from both sides of the bony septum to cre-
ate bilateral posterior tunnels. After adequate expansion 
of these posterior tunnels, the sphenoid rostrum should 
be fully exposed. The anterior nasal septum is displaced. 
Then, a nasal speculum can be introduced underneath the 
mucosal tunnels for the microscopic technique, or bony 
removal can proceed to expansion of the sphenoid ostia.

To spare manipulation of the cartilaginous septum, and 
the concordant risks of septal perforation, an initial inci-
sion can be made at the junction of the bony and cartilagi-
nous septum.111 Mucosal dissection then ensues along the 
two sides of the bony septum to create a wide posterior tun-
nel that exposes the face of the sphenoid sinus. The bony 
septum itself is partially removed to improve visualization, 
leaving a portion of the vomer to guide midline orientation 
throughout the surgery. A nasal speculum can be placed 
if using the operating microscope, or alternatively, the 
submucosal window is also wide enough for subsequent 
purely endoscopic maneuvers as described earlier.

An even more posterior entry point can be made by 
directly opening the sphenoid rostrum, providing maxi-
mal sparing of nasal mucosa.110 In the microscopic direct 
anterior sphenoidotomy approach, a nasal speculum is 
introduced under direct microscopic visualization and 
utilized to dislocate the middle turbinate laterally and the 
posterior septum to the contralateral side.112 A longer 
speculum is expanded to frame the opening to the sphe-
noid rostrum, which tends to be narrow due to the long 
posterior corridor created. Excess force is avoided while 
spreading of the speculum to prevent iatrogenic fractures 
to the optic foramen or adjacent maxillary structures, 
which may lead to facial numbness, lacrimal dysfunction, 
and visual impairment.108 Upon placement of the specu-
lum, subsequent visualization with a microscope or an 
endoscope overlaps in the sphenoidal phase. Note that 
the turbinates are not resected routinely.

Sphenoidal Phase
The sphenoid face of a pneumatized sinus can be entered 
by fracturing the vomer or by enlarging the ostia in a cir-
cumferential fashion. In a presellar or conchal sphenoid 
sinus, significant bony removal is required using a chisel 
or drill, with regular confirmation using  neuro-navigation. 
The sphenoid rostrum is opened widely to permit maximal 
movement of instruments during exploration of the sella. 
The anterior sphenoidotomy is completed upon reaching 
the planum sphenoidale superiorly, the floor of the sinus 
inferiorly, and the ostium laterally. Care is taken to avoid 
injuring the sphenopalatine artery, which emerges from 
the sphenopalatine foramen between the choana and the 
sphenoid ostium, partial to the inferolateral border of the 
ostium. This is especially critical when a nasoseptal flap 
is harvested at the beginning of surgery for anticipated 
reconstruction of high-flow CSF leaks after removal 
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of large lesions. Mucosa within the sphenoid sinus is 
removed to reduce risk for postoperative mucocele. Sep-
tations within the sphenoid sinus are also removed, with 
care to note their relation to the cavernous carotid canals. 
Inspection at this point should reveal the sellar floor in 
the center, the planum sphenoidale superiorly, the rostral 
clivus inferiorly, the wings of the optic nerves coursing 
superolaterally with respect to the sella, the bulge of the 
internal carotid siphon immediately juxtaposed to the 
sella, and the opticocarotid recess in between the optic 
nerve and the carotid artery, which leads to the anterior 
clinoid process (Fig. 16-7).

The sella floor can be remarkably thin due to chronic 
remodeling by a large intrasellar mass. It is entered using 
a chisel, blunt nerve hook, or drill after verification of the 
midline. The bony removal is widened using a 1- or 2-mm 
Kerrison punch or a drill to reach the planum above, the 
optic canals superolaterally, and the bilateral cavernous 
sinuses laterally. Extended transsphenoidal approaches 
also may involve removal of the posterior planum sphe-
noidale, tuberculum sellae, or portions of the clivus. The 
surgeon tailors the operative approach to address tumors 
with suprasellar, anterior cranial base, or posterior fossa 
extension.113-115

Sellar Phase
Upon adequate removal of overlying bone, the dura is 
opened after using a microvascular Doppler probe to 
confirm the position of the cavernous carotid arteries.116 
Pulsatile flow may be transmitted from the basilar artery 
through a cystic mass, which should be distinguished 
from the much more ominous intrasellar aneurysm.23 An 

ectatic carotid artery or persistent trigeminal artery may 
also be located within the sella, especially in acromegalic 
patients. The venous plexus between the two leaves of 
the dura may be significantly compressed by macroad-
enomas, making for a relatively bloodless opening. In 
contrast, robust venous channels may course through the 
dura surrounding microadenomas or within the intercav-
ernous sinuses, which must be dealt with decisively before 
proceeding further into the resection. The dura is incised 
in a linear, X-shaped cruciate, or rectangular fashion.  
A rectangular opening is chosen when dural invasion by 
the pathology is suspected and a piece of dura is desired 
for pathologic examination.

After the dura is opened and adequate hemostasis 
achieved, exploration of the intrasellar mass depends on 
the nature of the pathology. For microadenomas, an extra-
capsular dissection is desired, which is abetted through 
mobilization of the pituitary gland itself. For larger masses, 
such as macroadenomas or craniopharyngiomas, resection 
proceeds in a deliberate and sequential fashion. The infe-
rior and lateral portions should be removed first to allow 
the superior aspect to descend into the field. If the superior 
portion is delivered first, diaphragmatic descent will then 
obscure the operative field. For suprasellar lesions, the dia-
phragm can be sharply dissected from the roof of the sella 
and incised. On occasion, the infundibulum also needs to 
be transected to provide adequate access to superiorly and 
posteriorly extending tumors. Sharp transection, rather 
than avulsion, of the pituitary stalk results in a lower inci-
dence of permanent DI as the hypothalamic neuronal bod-
ies may be preserved and still able to secrete vasopressin. 
Tumors with suprasellar extent in the setting of a narrow 
diaphragmatic window that do not descend after removal 
of the intrasellar component may be expelled with the 
aid of a pulse of increased intracranial pressure, such as 
through Valsalva maneuver, jugular vein compression, or 
injection of air or saline through a lumbar drain.96 For most 
cystic lesions, removal of the cyst wall will decrease recur-
rence risk. Staged or combined transcranial and endonasal 
approaches have also been performed for certain complex 
tumors.

Closure
CSF leaks may occur during pituitary surgery as a result 
of removal of tumor from a thinned or incompetent dia-
phragma sella, creation of a new orifice in the diaphragm 
due to traction exerted during dissection, and deliberate 
opening of the diaphragm to access suprasellar lesions.117 
Depending on the etiology of CSF leak, the efflux of 
fluid can be small or high in volume, flow, and pressure 
exerted, thus creating different demands on the layers of 
reconstruction needed for an effective watertight closure.

A Valsalva maneuver is performed at the end of all 
transsphenoidal resections, in the absence of an overt leak 
during the surgery, to assess for CSF leak. A trickle of dark 
fluid against the background of venous bleeding suggests 
an occult leak. A moderate CSF leak occurs with visu-
ally apparent diaphragm tears and a steady stream of CSF 
efflux. A high volume CSF leak follows many extended 
transsphenoidal approaches, especially with tumors that 
extend to the suprasellar compartment or third ventricle.

PS

SF

OP
OCR

CP

CP

C

CP

Figure 16-7 Intraoperative image of the exposed sphenoid sinus, dem-
onstrating the sellar floor (SF) in the center, the planum sphenoidale 
(PS) superiorly, the rostral clivus (C) inferiorly, the wings of the optic 
nerves coursing superolaterally with respect to the sella, the bulge of 
the internal carotid siphon (CP) immediately juxtaposed to the sella, 
and the opticocarotid recess (OCR) in between the optic nerve and the 
carotid artery, which leads to the anterior clinoid process. (Courtesy of 
Dr. Paolo Cappabianca.)
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For small leaks, a combination of fat, fascia, synthetic 
collage, and allograft or synthetic buttress can be used 
for the reconstruction. We favor harvesting abdominal 
fat from a subumbilical incision for cosmesis, which is 
then dissected into small sections, soaked in a 10% chlor-
amphenicol solution, blotted dry, lightly dusted with 
wisps of cotton to provoke an inflammatory response 
which improves the sealant effect, and coated in Avitene™ 
(Davol Inc, Cranston, RI) collagen powder to promote 
hemostasis.100 Overzealous packing of fat is avoided, to 
prevent postoperative visual loss due to compression of 
the optic chiasm. The sellar floor is reconstructed with 
allograft bone or cartilage, or with a biosynthetic sub-
stitute such as the MedPor® polyethylene plate (Stryker, 
Kalamazoo, MI) that is ideally placed in the intrasellar 
extradural space. Multiple alternative reconstruction 
techniques have been reported, including the gasket-seal 
method, the use of synthetic grafts reinforced with fibrin 
sealant, and employment of nasal cavity balloon stents to 
prevent graft migration.118-122

For large CSF leaks, a vascularized flap, in addition 
to the previously mentioned maneuvers, may provide the 
most effective closure technique, utilizing the body’s own 
wounding-healing apparatus to help seal against high-
volume high-velocity flow.106,123-128 Options include the 
pedicled nasoseptal flap described earlier, a nasoseptal 
rescue flap, a pericranial flap, or an inferior turbinate 
or temporoparietal flap.124,128-131 The choice of a flap 
depends on locally available and accessible donor tissue, 
the recipient site (sellar region, anterior skull base, or cli-
vus), and whether prior operation and tissue harvest has 
occurred. The vascularized flap is further reinforced with 
fibrin-based glue. Postoperative detection of a CSF leak, 
despite reconstructive precautions, merits return to the 
operating room for exploration and repair. Some groups 
favor an initial trial of lumbar drain placement for CSF 
diversion, which is associated with an additional set of 
risks and complications.

TRANSCRANIAL APPROACHES
A number of transcranial approaches have been applied 
to pathologies of the sellar region, including the follow-
ing: cranio-orbital or cranio-orbito-zygomatic, pteri-
onal transsylvian, subfrontal, bifrontal interhemispheric, 
transcallosal, dorsal frontal transcortical, subtemporal, 
and transpetrosal approaches.14,98,132-135 Prechiasmatic, 
opticocarotid, carotidotentorial triangles, and the lamina 
terminalis then serve as entry portals to reach the tumor. 
As with all surgical approaches, the route chosen depends 
on the individual pathology and patient characteristics. In 
general, the most commonly utilized techniques to access 
the pituitary region are the frontotemporal and subfrontal 
approaches.

Pterional Approach
The pterional, or frontotemporosphenoidal, approach 
exploits the natural planes of the cranial base to reach the 
sellar region.136 The patient is positioned with the head 
turned 30 degrees away from the side of the craniotomy, 
with the vertex pointed down 20 degrees, such that the 

malar eminence becomes the superior-most point of the 
field. A curvilinear incision is made behind the hairline, 
either unilaterally, or curving back toward the contralat-
eral side. The temporalis muscle and fascia are reflected 
with care to avoid injury to the temporalis branch of the 
facial nerve supplying the frontalis muscle. A frontal burr 
hole is placed just above the frontozygomatic suture, 
another in the squamous temporal bone near the base of 
the middle fossa, and a third at the frontoparietal junc-
tion just beneath the superior temporal line. Additional 
burr holes can be placed depending on how adherent the 
underlying dura is to the calvarium and the difficulty of 
dissecting free dura. The craniotomy is made, exposing 
the junction of the frontal and temporal lobes, with a size 
tailored to degree of exposure anticipated. The greater 
wing of the sphenoid and the squamous temporal bone 
are drilled to widen the angle of view and allow for brain 
relaxation away from the Sylvian fissure. The supra-
orbital rim and roof of the orbit may also be removed 
to increase exposure to basal structures.137 The dura is 
incised in a curvilinear fashion and draped forward. The 
Sylvian fissure can be widely split to permit direct access 
to the sellar and parasellar region while minimizing brain 
retraction.

Sequential opening of basal cisterns after the Sylvian 
fissure is splayed open reveals the underlying mass. The 
carotid cistern leads to the internal carotid artery and its 
major branches. Opening of the optochiasmatic cistern, 
interpeduncular cistern, and laminar terminalis cisterns 
creates a pyramidal space through which major neurovas-
cular structures, as well as the underlying tumor, should 
be seen. The anterior clinoid may need to be removed 
on occasion to further enhance visualization. In addition, 
a lateral or superior entry to the cavernous sinus may 
improve resection of pituitary tumors extending beyond 
the sella.135

Frontal sinus that is violated during the opening must 
be repaired at the end of the surgical procedure. Mucosa 
within the frontal sinus is stripped to prevent formation 
of mucoceles. The sinus is obliterated with a fat graft and 
an anteriorly pedicled pericranial flap swung over the 
sinus in front of the dura.

Subfrontal Approach
The subfrontal approach is often better in pediatric 
patients because of the relatively large size of the tem-
poral lobe proportional to the frontal lobe in children. 
The subfrontal approach can be applied in a unilat-
eral or bilateral fashion.138-140 A unilateral subfrontal 
approach begins with a similar patient positioning as in 
the pterional approach, with the patient in supine posi-
tion, head rotated 20 to 30 degrees towards the contra-
lateral side, and extended slightly to facilitate frontal 
lobe retraction away from the orbital roof. A bilateral 
subfrontal approach naturally obliterates the need for 
head rotation, as a midline trajectory down the base 
of the frontal lobe is desired. A bicoronal skin incision 
is made behind the hairline, and the scalp retracted 
forward. Attention is paid to preserve the pericranium 
during the skin opening, to provide a vascularized 
graft for repair of frontal sinus violations, if necessary.  
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A burr hole is placed at the keyhole position, expos-
ing the base of the frontal lobe, orbital roof, and intra-
orbital space. Further burr holes are made as needed 
to facilitate dissection of the dura away from the cal-
varium prior to making the frontal craniotomy. The 
inferior extent of the frontal craniotomy depends on 
whether there is intent to avoid the frontal sinus or a 
deliberate decision to transect through the sinus with 
planned reconstruction. If frontal sinus is encountered, 
cranialization and repair must be performed at the 
end of the procedure. The frontal craniotomy may be 
enhanced by the addition of a superior orbitotomy to 
reduce necessary frontal lobe retraction.141

The dura is again opened in a curvilinear fashion and 
the frontal lobe allowed to collapse away from floor of 
the anterior fossa upon release of CSF. The olfactory tract 
may need to be dissected off the inferior frontal lobe to 
prevent its avulsion. Microneurosurgical techniques are 
applied for resection of the pituitary mass, in similar fash-
ion to that pursued within the pterional approach. Maxi-
mal resection of tumor is the goal of surgery, as there 
is a propensity for residual adenoma to hemorrhage and 
cause local mass effect.

RADIOTHERAPY/RADIOSURGERY
While pituitary masses are often thought of as benign 
pathologies by histologic criteria, some can be refrac-
tory to both medical and surgical interventions. In 
cases of refractory tumor recurrences, persistent hor-
mone secretion, or insidious invasion of surrounding 
neurovascular structures not amenable to resection, 
radiotherapy or radiosurgery may be pursued.142-150 
Radiation therapy has long been applied to pituitary 
masses. The pioneering surgeon Oskar Hirsch applied 
local radiotherapy following resection of pituitary 
tumors from 1910 to 1956.151 In his description, he 
applied a radium-loaded plaque attached to a rod into 
the nasal cavity with the radiating surface in contact 
with remnant tumor.85 Subsequent studies have fur-
ther refined the precise dose volume and target focus 
of radiation applied to the sellar region in treatment 
of pituitary tumors. A commonly accepted range for 
pituitary adenomas is 45 Gy given at 1.8 Gy per frac-
tion over 5 weeks for radiotherapy and 20 to 25 Gy 
in a single dose for stereotactic radiosurgery, although 
some centers use higher doses.142,152

Control of tumor growth after radiation therapy is 
dependent on the tumor volume treated, with dimin-
ishing effect for larger tumors.147,153 Cushing’s disease 
demonstrates a relatively faster hormonal response than 
growth-hormone–secreting tumors, with a majority of 
ACTH-secreting adenomas demonstrating hormonal 
remission within 2 years (range of 6 to 60 months).146 
Acromegaly patients exhibit a 50% hormone reduc-
tion rate after 27 months, with full remission occurring 
up to several years after radiation treatment, either as 
the primary modality or adjunctive means after sur-
gery.142,152,154,155 Prolactinomas are treated less fre-
quently with radiation therapy due to their excellent 
response to multiple medical regimens, in conjunction 

with surgery. Radiotherapy following subtotal resection 
of craniopharyngiomas has also demonstrated excellent 
tumor control rates on long-term follow-up.156 Radio-
therapy may be equally effective when applied as salvage 
treatment after postoperative recurrence, as compared to 
immediately following surgery, allowing its reserved use 
when necessary.145

The most common complication of radiotherapy for 
pituitary lesions is new-onset hypopituitarism, found 
in 35% to 100% of cases, in a dose-dependent man-
ner.145,157,158 The adenohypophysis demonstrates selec-
tive vulnerability to radiation therapy, with preferential 
loss of growth hormone, gonadotropin, corticotrophin, 
and thyrotrophin secretory function, in order of preva-
lence.157 In contrast, radiation-induced optic neuropathy 
occurs in 1% or less of cases.145,154 Radiation therapy for 
pituitary adenomas may also be associated with a slightly 
increased risk for stroke, especially in older patients, and 
a small risk for secondary tumors within the radiation 
field.147,159,160

POSTOPERATIVE CONSIDERATIONS
Patients are hospitalized for 2 to 3 days after uncompli-
cated pituitary surgery for monitoring of CSF leak, any 
signs of neurologic decline, endocrinologic changes, and 
DI. The introduction of antibiotics and steroid therapy 
revolutionized outcomes following both transcranial and 
transsphenoidal pituitary surgery. All patients are given 
antibiotics for 24 hours following surgery, or while nasal 
packs remain in place. Nasal packs are selectively used 
when intraoperative hemostasis is a concern, and typically 
removed the following morning after surgery. Removal 
of nasal packing frequently ameliorates postoperative 
headache, the most common complaint following sur-
gery. Strict control of postoperative nausea is promoted 
to prevent surges of elevated intracranial pressure with 
retching and emesis. Likewise, patients are cautioned to 
avoid sneezing or straining. Bowel regimen is provided 
to all postoperative patients after transsphenoidal resec-
tion of a pituitary mass. We also prescribe daily low-dose 
aspirin for patients with Cushing’s disease after surgery 
due to their increased risk for pulmonary embolus and 
deep venous thrombus.161,162

Endocrinologic monitoring after surgery includes mea-
surement of any hormones produced in excess by the tumor 
prior to surgery. Patients given intraoperative stress dose 
steroids are continued on 50 mg of intravenous hydrocor-
tisone every 8 hours on the first postoperative day, with 
subsequent taper to a twice per day oral regimen, admin-
istered at 6 am or immediately after awakening and again 
at 6 pm to simulate the natural diurnal variations of cor-
tisol production. Steroids are deferred on Cushing’s dis-
ease patients initially after surgery. Instead, they undergo 
repeat cortisol and fasting cortisol checks, with attention 
to the fact that early postoperative cortisol levels may 
reflect a stress-induced response following surgery, which 
can precipitously drop as the body reestablishes homeo-
stasis. On confirmation of adrenal insufficiency with a 
serum cortisol level less than 2, hydrocortisone replace-
ment is initiated. Growth hormone and IGF-1 levels are 
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assayed for all acromegalic patients as a measure of cure. 
Thyroid function tests, including T3, are also checked in 
patients with TSH-secreting tumors or preoperative hypo-
thyroidism, with the caveat that acute hospitalization and 
illness may mar interpretation of the results.

Vigilant attention is paid to the fluid balance and 
sodium level after pituitary surgery. The full classic tri-
phasic response of DI, SIADH, and DI is only seen in a 
small fraction of patients following pituitary surgery.163 
However, isolated excess polyuria or hyponatremia are 
frequently encountered.164,165 Often in the early postop-
erative period, the initial response is a hyponatremic state 
rather than a hypernatremic hypovolemic state, which may 
be due to intraoperative fluid management. We favor a 
strict regimen of regular serum sodium, urine specific grav-
ity, and daily body weight measurements for all patients 
following pituitary surgery. Serum and urine osmolality 
may also narrow the diagnosis. Furthermore, patients are 
scheduled for a serum sodium assay about 1 week follow-
ing surgery due to the risk for delayed hyponatremia.

COMPLICATIONS AND SURGICAL OUTCOMES
Knowledge of complications, and how to avoid them, drives 
the evolution of surgical technique. At times, the goals of 
surgery and choice of surgical approach may be tailored 
based on expected complications unique to the patient’s pro-
toplasm. The deep-seated nature of the sella as well as the 
prevalence of transsphenoidal techniques extend pituitary 
surgery complications beyond the usual neurologic spec-
trum encountered with transcranial cases, but also include a 
multitude of sinonasal considerations (Table 16-3).

On the whole, pituitary surgery, especially transsphe-
noidal approaches, is quite safe, with rare (<1%) post-
operative mortality.166,167 The success of resection can be 
quantified on radiographic follow-up; through measure-
ment of hormonal remission in excess hormonal states; or 
upon relief of mass effect and neurologic deficits (Table 
16-4). Imaging findings, especially for microadenomas and 
small masses, can be confounded by a range of postopera-
tive findings, especially due to the frequent utilization of 
fat and packing materials during sellar closure. Therefore, 
postoperative imaging is often obtained in a delayed man-
ner for pituitary masses, in contrast to other primary brain 
tumors where early assessment of the extent of resection is 
the norm. Even partial resection of large, complex tumors 
that need adjuvant radiation can increase the safety mar-
gin between critical neurovascular structures and residual 
disease for radiation field planning. One caveat of partial 
resection, especially of macroadenomas, is a risk for post-
operative hemorrhage from residual tumor and ensuing 
malignant cerebral edema. Debulking, in the absence of 
maximal resection when feasible, also increases the tech-
nical complexity and risks in a subsequent reoperation.

During the approach to the sella, multiple muco- 
osseous structures are injured to create a sufficiently large 
orifice to work within the sphenoid sinus. Patients may 
report anosmia, congestion, minor or major epistaxis, 
sense of difficulty breathing or the empty-nose syndrome, 
sinusitis, or visual changes. Postoperative rhinologic exam 
may reveal crusting, adhesions, septal perforation, saddle 

nose deformity, septal hematoma, or infection. Planned 
or actual skull base reconstructions using a nasal flap may 
also result in its own complications with sacrifice of tissue. 
Prospective examination of sinonasal quality of life after 
endoscopic transsphenoidal pituitary surgery revealed 
decline in early postoperative smell and taste, which 
improved to baseline by 12 months.168 Vision, in contrast, 
usually improves rapidly after pituitary mass resection in 
patients with preoperative deficit and remains improved at 
1 year after surgery.168,169 Overall, retrospective review of 
patient surveys on sinonasal quality of life also reveals no 
significant perceived decline following endoscopic endona-
sal pituitary surgery.170 Of course, postoperative satisfac-
tion also depends on reconciliation of patient expectations 
with realistic goals and consequences of surgery.

Hemostasis is promoted starting from the preoperative 
period using vasoconstrictive sprays. However, the eth-
moidal, sphenopalatine, and septal arteries remain vulner-
able during the nasal phase of transsphenoidal surgeries. 
Most patients experience mild intermittent oozing from 
the nares in the first day or two after transsphenoidal 

TABLE 16-3 Complications Following Pituitary 
Surgery

Sinonasal complications: sinusitis, septal perforation, crusting, 
epistaxis

CSF leak
Hypopituitarism
Diabetes insipidus
Visual loss
Meningitis
Seizure
Vascular injury: pseudoaneurysm; subdural hematoma, subarach-

noid hemorrhage, intraparenchymal hemorrhage, cerebral 
infarction

TABLE 16-4 Results of Transsphenoidal 
Resection of Pituitary Adenomas

Tumor
Remission  
(%)

Recurrence at  
10 Years (%)

Living Well, Without 
Evidence of Disease 
at 10 Years

Nonfunctioning 
adenoma

NA* 16 83

GH adenoma 1.3 72
 Microadenoma 88
 Macroad-

enoma
65

PRL adenoma 13 65
 Microadenoma 87
 Macroad-

enoma
56

ACTH adenoma 12 (adults), 
42 (pediat-
rics)

75

 Microadenoma 91
 Macroad-

enoma
65

*Visual improvement in 87% of those with preoperative visual loss.
(Adapted from Jane JA, Jr, Laws ER, Jr: The surgical management 
of pituitary adenomas in a series of 3,093 patients. J Am Coll Surg 
193(6):651-659, 2001.)
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surgery and wear a drip pad. Severe epistaxis, unrespon-
sive to pressure tamponade, may require embolization by 
interventional radiology after emergent packing is applied 
in the acute situation.171 Likewise, carotid injury and 
pseudoaneurysms also require ready access to an angi-
ography team. Subdural, subarachnoid, and intraparen-
chymal hemorrhage have all been reported in association 
with pituitary surgery.172,173 Subdural hematoma can 
arise from rapid and excessive loss of CSF, either during 
surgical resection or through iatrogenic lumbar drainage 
of CSF. Ischemic disease may be attributed to vasospasm 
secondary to irritation of perforators.174 On rare occasion, 
vascular complications of pituitary surgery can be fatal 
and require ready-to-deploy response paradigms.116,175

CSF leaks occur during 6% to 50% of transsphenoidal 
operations, with even higher rates quoted for cases invok-
ing an extended transsphenoidal approach.117,167,176-179 
Effective closure methods, tailored to the volume of 
leakage, tapers down the rate toward 5% to 10% in 
the postoperative period, with up to 21% of extended 
transsphenoidal cases. Clear CSF leak, which manifests 
as rhinorrhea that worsens when upright with the head 
flexed forward, should prompt urgent CT to assess degree 
of pneumocephalus or prompt surgical exploration and 
repair, although some favor a trial of CSF diversion via 
lumbar drain first. The halo ring sign, beta-2-transferrin 
assay on collected fluid, and CT cisternograms can be 
pursued for more ambiguous cases of possible CSF leak. 
The incidence of CSF leak following microscopic trans-
sphenoidal surgery for craniopharyngiomas ranges from 
1.5% to 17% among reported case series.13,180-185 Non-
CSF rhinorrhea may also ensue following trauma to the 
cavernous sinus, the periarterial sympathetic plexus, or 
the greater superficial petrosal nerve in extensive skull-
base surgeries.186

Visual acuity and visual field deficits often demon-
strate dramatic improvement following resection of large 
pituitary masses.169,183,185,187-190 At the same time, visual 
deterioration can occur at multiple steps of a pituitary 
surgery.191,192 Intraorbital lesions can affect vision as a 
result of injury to the anterior ethmoid artery with resul-
tant compartmentalized hematoma and increased intra-
orbital pressure, or due to direct injury to the optic nerve 
itself during ventral exposure of the sella. Excessive force 
in bony removal or spreading of a nasal speculum may 
lead to fractures extending into the optic foramen.108 The 
bony covering of the optic nerve can be thin or dehis-
cent in the superior lateral aspect of the sphenoid sinus 
and within the Onodi cell, allowing for another region of 
susceptibility during transsphenoidal approaches. Intra-
cranially, injury to microvasculature supplying the optic 
apparatus can occur during tumor dissection, which is 
made vulnerable through previous treatment interven-
tions.190 Prior surgery or radiotherapy, prolonged preop-
erative visual impairment, and suprasellar tumor invasion 
are associated with higher risk for postoperative visual 
decline.

Pituitary dysfunction may begin or worsen after sur-
gery from both transsphenoidal and transcranial routes. 
New hypopituitarism occurs in about 1.4% to 5% of 
patients following transsphenoidal resection of pituitary 

adenoma, with increased risk correlating to increased 
tumor size.193,194 This risk appears to be higher, and 
with less likelihood of recovery, following transcra-
nial approaches for resection of pituitary adenomas.193  
In comparison, new-onset hypopituitarism was reported 
to occur in about 30% of craniopharyngiomas and 6% 
of Rathke’s cleft cysts following endonasal resection.195 
Hormonal recovery is more likely to occur in younger 
patients and in the absence of intraoperative CSF leak.194 
Conversely, improvement in preoperative hormonal dys-
function was noted in 49% of patients after removal of 
pituitary adenoma.194

Transient DI occurs commonly following pituitary 
surgery, with a majority that subsequently recovers as 
the hypothalamic neurons regain homeostasis. In one 
case series examining DI among almost 900 transsphe-
noidal operations, early postoperative DI was noted in 
18.3%, with 12.4% of patients receiving desmopres-
sin treatment during hospitalization, but only 2% who 
remained on long-term desmopressin for permanent 
DI.165 Similarly, across disease states, permanent DI 
has been reported in 1% to 3% of cases after resection 
of pituitary adenoma,193,194 2% of Rathke’s cleft cyst, 
and 0% of suprasellar meningioma following endonasal 
resection.195 However, new-onset DI has been reported 
in 14% to 56% of craniopharyngioma cases following 
resection.184,187,195-197 The observation of an intraopera-
tive CSF leak is also associated with a higher risk for 
DI.165 Preexisting DI is unlikely to recover following sur-
gical resection of a pituitary lesion. Of note, acromegalic 
patients may experience a profound diuresis of retained 
body fluid following successful resection of a growth 
hormone–secreting tumor, which is not accompanied 
by the hypernatremia and hypovolemic state associated 
with DI.

All complications, including mortality, escalate to 
some degree following repeat surgery for resection of 
pituitary lesions.198

CONCLUSION
Pituitary surgery has witnessed an impressive evolution 
in techniques over the past century, affording increas-
ingly safe and effective means to achieve diagnoses, 
eliminate mass effect, and improve neuroendocrinologic 
function. Given the myriad of intertwined physiologic 
systems involved in pituitary masses, a multidisciplinary 
team approach is crucial to overall patient outcome. 
Prudent patient selection and recognizing the limits of 
any single treatment modality can only be made with 
a wide perspective of knowledge and experience. Fur-
thermore, even the most pristine surgery may not result 
in an optimal clinical outcome without close follow-up 
and monitoring.
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K E Y  P O I N T S

 •  Hypothalamic and pituitary tumors presenting in childhood include a diverse group of 
lesions with management strategies and long-term prognosis.

 •  The presenting manifestations result from pressure effects, different on surrounding 
structures (local mass effects with raised intracranial pressure, focal neurologic and 
ophthalmologic signs, pituitary hormone deficits), and/or from possible hormonal 
hypersecretion.

 •  Craniopharyngiomas are the most common hypothalamic-pituitary tumors in children 
with the adamantinomatous variant being the most common pathologic subtype; they 
remain a therapeutic challenge and are associated with significant long-term morbidities.

 •  Pituitary adenomas are rare in children and adolescents with the most frequent subtypes 
encountered being corticotroph adenomas and prolactinomas.

 •  The management approach for hypothalamic-pituitary tumors in childhood is 
individualized and, given the rarity of a number of these lesions in this age group, long-
term outcome results with adequate sample size are often not available.
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Hypothalamic and pituitary tumors presenting in child-
hood include a diverse group of conditions with a vari-
ety of manifestations resulting from pressure effects to 
surrounding structures and/or from possible hormonal 
hypersecretion. The advances in therapeutic approaches 
(surgery, radiotherapy, chemotherapy) have led to signifi-
cant improvement in the prognosis and survival rates of 
these children. This chapter focuses on the main manifes-
tations of childhood hypothalamic and pituitary tumors 
and will also provide further details on the diagnosis and 
management of the most common of them.

CLASSIFICATION
Tumors in the hypothalamic and pituitary area present-
ing in childhood mainly include craniopharyngiomas, 

germinomas, hypothalamic hamartomas, astrocytomas, 
arachnoid, dermoid, and epidermoid cysts, pituitary ade-
nomas, Rathke’s cleft cysts, gliomas, meningiomas, epen-
dymomas, metastases, lymphomas, and leukemia.

CLINICAL MANIFESTATIONS
The clinical manifestations of childhood hypothalamic 
and pituitary tumors depend on the age of the child, the 
location and extensions of the tumor (local mass effects 
with raised intracranial pressure, focal neurologic and 
ophthalmologic signs, pituitary hormone deficits), and 
the possible hormonal hypersecretion.

The local mass effects related to increased intracra-
nial pressure may cause subtle and nonspecific symptoms 
and signs including headaches, nausea and vomiting, 
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papilledema, seizures, irritability and change in behav-
ior, macrocephaly, loss of developmental milestones, 
lethargy, cranial nerve palsies, weight loss, or failure to 
thrive. Seizures may also be caused by hypoglycemia, as 
a result of growth hormone or ACTH deficiency, or by 
hyponatremia, as a result of ACTH deficiency or of Syn-
drome of Inappropriate Secretion of Antidiuretic Hor-
mone. In cases of pituitary tumors, the headaches are 
usually the consequence of dural stretching; they can be 
variable in location (occipital, retroorbital, bitemporal), 
and are often nonspecific.

The neuro-ophthalmologic effects include visual 
field defects (usually bitemporal hemianopia or upper 
temporal quadrantanopia, any unilateral or bilateral 
visual field defect, or rarely blindness) from compres-
sion of the optic chiasm, optic atrophy, squint, ophthal-
moplegia, ptosis from ocular nerve palsies caused by 
lateral tumor extension, or nystagmus. Compression of 
the first or second branch of the trigeminal nerve may 
rarely result in facial pain. Inferior invasion and erosion 
of the sella floor may result in recurrent sinusitis, cere-
brovascular fluid rhinorrhea, and recurrent meningitis. 
Extension into the temporal lobe may rarely be associ-
ated with temporal lobe epilepsy and extension to the 
cerebral peduncles with motor and/or sensory distur-
bances. Superior expansion to the hypothalamus may 
be associated with hypothalamic dysfunction including 
disorders of appetite, thirst, temperature regulation, 
behavior, sleep, consciousness, and also with obesity or 
autonomic nervous system dysfunction. Diencephalic 
syndrome may rarely be a manifestation of tumors in 
the suprasellar or third ventricular area in infants or 
young children. It is characterized by profound ema-
ciation with the absence of subcutaneous adipose tis-
sue despite normal or reduced caloric intake. The linear 
growth is maintained and other features also include 
locomotor overactivity, hyperalertness, hyperkinesis, 
and euphoria.1

Manifestations of pituitary hormone deficits include 
growth failure after initially normal growth, delayed or 
arrested puberty, secondary adrenal insufficiency, sec-
ondary hypothyroidism, and diabetes insipidus. The 
phenomenon of growth without GH has been reported 
in some children with craniopharyngioma who show 
normal or even accelerated linear growth despite their 
untreated GH deficiency. The pathophysiologic mech-
anism has not been clarified; the obesity-associated 
hyperinsulinemia or the presence of hyperprolactinemia 
have been proposed as factors stimulating growth by 
affecting the serum concentrations of IGF-I or by bind-
ing directly to the IGF-I receptor.2 Gonadotrophin-
dependent precocious puberty may also be a presenting 
manifestation. Although the prevalence of precocious 
puberty is higher in girls compared with boys, the 
likelihood of an organic cause is much higher in boys. 
Tumors causing precocious puberty are most commonly 
located in the sellar and/or suprasellar area and usu-
ally disrupt directly the normal pubertal inhibition of 
the hypothalamic-pituitary-gonadal axis. This group of 
lesions includes low-grade gliomas, pineal tumors (e.g., 
germ cell tumors, pineal parenchymal tumors, and glial 

tumors from either tumor-induced hydrocephalus or, in 
the case of germ cell tumors, through human chorionic 
gonadotrophin secretion), craniopharyngiomas, hypo-
thalamic hamartomas (through endogenous pulsatile 
release of GnRH or the indirect action of glial factors 
including transforming growth factor-α that stimulates 
the hypothalamic GnRH), and arachnoid cysts.3 It has 
been proposed that predictors for the presence of CNS 
lesions in girls with precocious puberty include age <6 
years, estradiol >100 pmol/L, and absence of pubic 
hair.4 In case of a functioning pituitary adenoma, the 
clinical manifestations depend on the type or types of 
anterior pituitary hormone(s) hypersecreted. In cortico-
troph adenomas (Cushing’s disease), the clinical picture 
is the result of the excessive cortisol production. The 
most frequent signs in children are weight gain together 
with growth failure.5,6 Facial plethora, hirsutism, acne, 
buffalo hump, purple striae, fatigue, impaired glucose 
tolerance and hypertension, muscle weakness and easy 
bruising, neuropsychiatric manifestations (e.g., obses-
sive behavior, emotional lability) may also be present. 
True precocious puberty is uncommon, but virilization 
with pseudoprecocious puberty has been reported. In 
adolescent girls, hypercortisolism may cause pubertal 
delay and amenorrhea.6,7 In prolactinomas, the hyper-
prolactinemia results in delayed or arrested puberty 
combined or not combined with galactorrhea in girls 
and gynecomastia in boys.8,9 In somatotroph adenomas, 
gigantism is present when the disease manifests before 
the fusion of the epiphyseal growth plates, whereas 
after the completion of growth, the clinical signs and 
symptoms are similar to those seen in adults with acro-
megaly (including coarse facial features, acral enlarge-
ment, organomegaly, and increased sweating). Very rare 
cases of TSH-secreting adenomas have been described 
in children and are associated with hypethyroidism,10,11 
as well as cases of functioning gonadotroph adenomas 
causing isosexual precocious puberty.12,13,14

SPECIFIC TUMORS

Craniopharyngiomas
Craniopharyngiomas are epithelial tumors arising along 
the path of the craniopharyngeal duct (the canal con-
necting the stomodeal ectoderm with the evaginated 
Rathke’s pouch). They have an overall incidence of 0.13 
per 100,000 person-years, and they account for 5.6% to 
15% of the intracranial tumors in children. They may be 
diagnosed at any age with peak incidence rates between 
5 to 14 and 50 to 74 years.15 In children, the main histo-
logic subtype is of the adamantinomatous one, whereas 
the papillary variety accounts for up to 2% of the 
cases.15,16 The majority (94% to 95%) has a suprasel-
lar component (purely suprasellar 20% to 41% versus 
both suprasellar and intrasellar 53% to 75%), whereas 
the purely intrasellar ones represent the least common 
variety (5% to 6%).15 Headaches, nausea and vomit-
ing, visual disturbances, and growth failure are the most 
frequent presenting manifestations in children.17 The 
pituitary function at presentation may also be severely 
affected, and in a series of pediatric cases, GH, ACTH, 
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TSH deficiency and DI were reported in 68%, 25%, and 
22%, respectively.17 Useful imaging tools for the detec-
tion of craniopharyngiomas include plain skull x-rays, 
CT, and MRI. Plain skull x-rays may show calcification 
and abnormal sella. CT is helpful for the evaluation of 
the bony anatomy, the identification of calcifications, 
and the identification of the solid and the cystic compo-
nents (the cystic fluid appears hypodense, and the solid 
portions, as well as the cyst capsule, show enhancement 
after contrast administration). The MRI is particu-
larly useful for the topographic and structural analysis 
of the tumor. The appearances depend on the propor-
tion of the solid and cystic components, the content of 
the cyst(s) (cholesterol, keratin, hemorrhage), and the 
amount of calcification present. A solid lesion appears 
as isointense or hypointense relative to the brain on pre-
contrast T1-weighted images; it shows enhancement fol-
lowing gadolinium administration, and it is usually of 
mixed hypointensity or hyperintensity on T2-weighted 
sequences. A cystic element is usually hypointense on  
T1-weighted and hyperintense on T2-weighted sequences. 
Protein, cholesterol, and methemoglobin may cause high 
signal on T1-weighted images, whereas very concentrated 
protein and various blood products may be associated 
with low T2-weighted signal (Fig. 17-1).18 Craniopha-
ryngiomas remain challenging tumors, even in the era 
of modern neurosurgery. This is mainly attributed to 
their sharp, irregular margins and to their tendency to 
adhere to vital neurovascular structures, making surgi-
cal manipulations potentially hazardous to vital brain 
areas. Consequently, the attempted degree of excision 
has been a subject of a long-standing debate. In cases 
of hydrocephalus, resection can be more easily achieved 
after decompression of the ventricles and stabilization of 
the clinical status of the patient. Similarly, when large 
cystic components are present, fluid aspiration provides 
relief of the obstructive manifestations and facilitates the 

consecutive removal of the solid tumor portion; the lat-
ter should not be delayed for more than a few weeks 
because of the significant risk of cyst refilling (reported 
in up to 81% of the cases at a median period of 10 
months).17,19 Alternatively, and particularly in infants 
and very young children, the implantation of an intracys-
tic catheter with a subcutaneous reservoir is used for the 
relief of pressure effects. Surgery, combined or not com-
bined with adjuvant external beam irradiation, is cur-
rently the most widely used first therapeutic approach. 
Gross total removal carries the risk of damage to vital 
structures and particularly the hypothalamus with sig-
nificant adverse impact on the long-term morbidity and 
survival. The 10-year recurrence rates following gross 
total removal range between 0% and 62%. These are 
significantly lower than those reported after partial or 
subtotal resection (25% to 100% at follow-up after 10 
years). In cases of limited surgery, adjuvant radiother-
apy improves significantly the local control (recurrence 
rates 10% to 63% at follow-up after 10 years).15 The 
proton beam therapy results in childhood craniopharyn-
gioma seem to be encouraging, and longer-term studies 
are needed for further confirmation.20 In cases of cystic 
tumors, intracystic irradiation or intracystic installation 
of the antineoplasmatic agent bleomycin has been used 
as alternative options with variable results.21,22 It should 
be noted that direct leakage of the bleomycin to sur-
rounding tissues during the installation procedure, dif-
fusion though the cyst wall, or high drug dose have been 
associated with more serious toxic (e.g., hypothalamic 
damage, blindness, hearing loss, ischemic attacks, peri-
tumoral edema) or even fatal effects. The long-term mor-
bidity of patients with craniopharyngiomas is substantial 
and it mainly involves endocrine, visual, hypothalamic, 
neurobehavioral, and cognitive sequelae compromising 
the normal psychosocial integration and the quality of 
living. These complications are attributed to the damage 

Figure 17-1 MRI of craniopha-
ryngioma in the sellar and supra-
sellar area causing distortion and 
elevation of the optic chiasm. The 
tumor is predominantly hyperin-
tense on the T1-weighted sequences 
with a more isointense to hypoin-
tense portion inferiorly: A, sagit-
tal postgadolinium T1-weighted 
images,  and B, coronal postgado-
linium T1-weighted images.

A B
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of critical neuronal structures by the primary or recur-
rent tumor and/or to the adverse effects of the therapeu-
tic interventions. The severity of the radiation-induced 
late toxicity (endocrine, visual, hypothalamic, neurocog-
nitive) is associated with the total and per-fraction doses, 
the volume of the exposed normal tissue, and the young 
age in childhood populations.15 It has been proposed 
that the use of modern high energy machines and irradi-
ation doses of 55 Gy or less at 1.8 Gy per fraction should 
minimize toxicity.23 Among the long-term morbidities, 
hypothalamic damage remains the most devastating, and 
it may result in hyperphagia and uncontrollable obesity, 
disorders of thirst and water/electrolyte balance, behav-
ioral and cognitive impairment, loss of temperature con-
trol, and disorders in the sleep pattern. Among those, 
obesity is the most frequent (reported in 26% to 61% 
of the patients treated by surgery combined or not with 
radiotherapy) and is a consequence of the disruption of 
the mechanisms controlling satiety, hunger, and energy 
balance.15,24 In a study of 63 survivors of childhood cra-
niopharyngioma, all subjects with marked obesity after 
surgery showed evidence of significant alterations of the 
normal hypothalamic anatomy with their MRI showing 
either complete deficiency or extensive destruction of 
the floor of the third ventricle.25 Factors proposed to be 
associated with significant hypothalamic morbidity are 
young age at presentation, hypothalamic disturbance at 
diagnosis, hypothalamic invasion, attempts to remove 
adherent tumor from the region of hypothalamus, mul-
tiple operations for recurrence, and hypothalamic radia-
tion doses >51 Gy. Hypothalamic obesity often results in 
devastating metabolic and psychosocial complications, 
necessitating provision of dietary and behavioral modifi-
cations, encouragement of regular physical activity, psy-
chological counseling, antiobesity drugs, and bariatric 
surgery.26

Rathke’s Cleft Cysts
Rathke’s cleft cysts are benign, sellar, and/or suprasellar 
lesions originating from the remnants of Rathke’s pouch. 
Cases in pediatric populations have been reported but 
are generally rare.27 They usually appear as well-circum-
scribed, spherical, ovoid, or dumbbell sellar lesions in 
the region of the pars intermedia; lobular protrusion has 
seldom been reported.28 On CT, they usually appear as 
low or isodensity homogeneous lesions or appear with 
slight hyperdensity relative to the brain parenchyma 
with or without enhancement. The enhancement is ring-
like or capsular. On MRI, they usually appear as well-
demarcated cystic lesions with a homogeneous intensity 
signal sometimes combined or not with thin cyst wall 
enhancement. The signal intensity varies widely (hypoin-
tense, isointense, or hyperintense) and depends on the 
cyst content28 (Fig. 17-2). A combination of a number of 
MRI findings may be useful for the preoperative differ-
ential diagnosis of intrasellar and suprasellar masses. An 
ovoid shape, small tumor volume, cystic characteristics, 
and little or no cyst wall enhancement suggest a Rathke’s 
cleft cyst. A “snowman” shape, solid characteristics, and 
homogeneous enhancement of the solid portion sug-
gest a pituitary adenoma. A superiorly lobulated shape, 

third ventricle compression, mixed solid and cystic char-
acteristics, and reticular enhancement of the solid por-
tion suggest a craniopharyngioma. In comparison with 
craniopharyngiomas, Rathke’s cleft cysts are smaller and 
rarely show calcification (up to 13% of cases).28 Given 
the rarity of this lesion in children, data on the outcome in 
this population group are lacking. Based on results from 
adult series, the relapse rates following surgical interven-
tion range between 0% and 30% with the presence of 
squamous metaplasia in the cyst wall being a predictor 
of relapse.28

Pituitary Adenomas
Corticotroph Adenomas
Corticotroph adenomas are the most common pituitary 
adenomas in prepubertal children, and these adenomas 
include a significant male preponderance.29 Their fre-
quency decreases during puberty when there are also 
no differences in the gender distribution.5 Corticotroph 
adenomas are the most frequent cause of Cushing’s syn-
drome after the age of 5 years6 with the median age of 
presentation 14.1 years. Germline AIP and MEN 1 muta-
tions have been detected in children with Cushing’s dis-
ease.30,31,32,33 Their diagnosis is established by increased 
24-hour urine-free cortisol levels, by loss of the circadian 
rhythm of the serum/salivary cortisol, and by no suppres-
sion of the serum cortisol on the overnight or the low-
dose dexamethasone suppression test (serum cortisol >50 
nmol/L).34 The ACTH levels are detectable (>10 ng/mL).6  
The CRH test may help in the differential diagnosis 
from ectopic Cushing’s. Most ACTH-secreting pituitary 
tumors in children are microadenomas with a diameter 
<5 mm. They usually appear as hypointense lesions on 
MRI with no enhancement after gadolinium administra-
tion, although in a significant number of cases the scans 
do not demonstrate any abnormality6 or there is discor-
dance between imaging and surgical findings.35 Inferior 
petrosal sinus sampling is of major value in confirming 
Cushing’s disease, and its contribution in the lateraliza-
tion of the pituitary adenoma, although less well recog-
nized, is generally considered to be better than that of the 
pituitary MRI.36,37 Transsphenoidal surgery aiming to 
remove the adenoma and preserve the pituitary function 
is the treatment of choice. The cure rates range between 
50% and 98% and in experienced centers are more 
optimal. In cases of no cure or relapse, repeat surgery, 
radiotherapy, or bilateral adrenalectomies are additional 
management options. Children respond rapidly to radio-
therapy38 but surveillance for possible radiation-induced 
late effects including hypopituitarism is needed. Bilateral 
adrenalectomy carries a significant risk of Nelson’s syn-
drome.39,40 Medical therapy mainly with metyrapone or 
ketoconazole can be used as a short-term option before 
surgery or following radiotherapy while waiting for the 
cure of the disease.

Prolactinomas
Among the childhood and young adult population, the 
majority of prolactinomas occurs in adolescence and 
includes a female preponderance. Germline AIP and 
MEN 1 mutations have been detected in this group of 
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patients,30,41,42,43 and aggressive tumoral behavior in cases 
with AIP mutations has been described.44 In males and in 
cases with AIP and MEN1 mutations, they are most com-
monly macroadenomas.45,46 The diagnosis is established 
by confirming hyperprolactinemia after excluding second-
ary causes (particularly prolactin increasing medications 
or hypothyroidism). In case of a macroadenoma, prolactin 
levels above 3000 mU/L are diagnostic of a prolactinoma.47 
Levels below this value may be also attributed to a lesion 
causing “stalk effect” and a trial with a dopamine agonist 
may help in the differential diagnosis. Dopamine agonists 
(usually cabergoline or bromocriptine) are the treatment 
of choice and are effective in achieving normal prolactin 
and tumor shrinkage in the majority of cases. Given that 
in children the duration of treatment with dopamine ago-
nist is anticipated to be long, the surveillance for cardiac 
valvulopathy needs to be kept in mind. Surgical removal 
of the tumor is indicated when resistance/intolerance to 
medical therapy is evident or in severe neurologic compli-
cations as hydrocephalus. Radiotherapy has a place in the 
management algorithm in cases where there is failure of 
medical or surgical treatment.

Somatotroph Adenomas
Somatotroph adenomas comprise approximately 5% 
to 15% of pituitary adenomas in children and adoles-
cents.48 It has been reported that somatotroph adenomas 
presenting in early life are often macroadenomas and are 
invasive.49,50 Early-onset acromegaly may be a feature of 
MEN1 or of Carney complex.51,46 It may also be seen in 
kindreds with isolated familial somatotropinomas posi-
tive for AIP mutations, and it possibly has a more aggres-
sive behavior.30,41,45 Gigantism has been described in the 
context of McCune-Albright syndrome.52 The diagno-
sis relies on IGF-I values above the reference range for 
gender and age, but the fact that significant elevations of 
IGF-1 may be present during normal puberty needs to be 
remembered. Lack of suppression of the growth hormone 
on the oral glucose tolerance test confirms the diagnosis, 
and high prolactin may also be present as a result of pro-
duction by the tumor or of “stalk effect.” Most of the 
somatotropinomas are macroadenomas. Transsphenoidal 
surgery is the first management option and does not lead 
to disease control in cases of macroadenomas with para-
sellar extensions. Long-acting somatostatin analogs have 
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Figure 17-2 MRIs of Rathke’s cleft cysts. A, Coronal (i) and sagittal (ii) T1-weighted postgadolinium images showing low signal intensity and 
rim enhancement. The same cyst demonstrated hyperintense signal on T2-weighted images (arrow) (iii). B, Coronal (i) and sagittal (ii) T1-weighted  
images showing hyperintense signal. (From Trifanescu R, Ansorge O, Wass JA, et al. Rathke’s cleft cysts. Clin Endocrinol [Oxf]. 2012;76[2]:151-160.)
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been shown to be safe in pediatric patients and effective 
in achieving biochemical control and tumor shrinkage in 
a number of cases.53 Further medical treatment options 
include dopamine agonists or the GH receptor antagonist 
pegvisomant. Limited data on pegvisomant treatment in 
children report successful outcomes.54,55 Radiotherapy 
has slow onset of action and carries the risk of hypopitu-
itarism and of other radiation toxicities.

TSH-Secreting Adenomas
These adenomas are rare tumors with only a few cases 
having been reported in the pediatric population.56,57 
They are usually invasive macroadenomas.10,11,58 Typical 
biochemical abnormalities include normal or high serum 
TSH with high free T4 and free T3 levels. Serum alpha 
subunit concentrations and α-subunit/TSH ratio are usu-
ally elevated.59 Antithyroid drugs are not indicated in 
these patients, and surgery or long-acting somatostatin 
analogues are the treatments of choice.10

Nonfunctioning Pituitary Adenomas
Nonfunctioning pituitary adenomas are rare in childhood 
and adolescence.48,60 The majority are macroadenomas 
at diagnosis. Surgical excision in the treatment of choice.

Functioning Gonadotroph Adenomas
Functioning gonadotroph adenomas are extremely rare 
in childhood and adolescence.12,13,14,61,62 In the very 
limited number of reported cases, hormonal investiga-
tions have shown increased levels of gonadotrophins and 
gonadal steroids and a marked response of LH after the 
GnRH and TRH test. Both microadenomas and invasive 
macroadenomas have been described. Transsphenoidal 
surgery is the primary treatment and may lead to restora-
tion of the biochemical abnormalities and to partial or 
complete reversal of the pubertal signs. Medical therapies 
have not shown to be effective.12,13,14,61,62

Optic Chiasmatic-Hypothalamic Gliomas
Optic chiasmatic-hypothalamic gliomas are well-differen-
tiated, low-grade tumors, and adolescence63 accounts for 
30% to 60% of optic pathways gliomas; 75% of them are 
diagnosed before the age of 10 years. Males and females 
are affected approximately equally. Around one third 
of the patients with low-grade gliomas associated with 
the optic pathway have neurofibromatosis type 1. They 
exert pressure effects to the optic pathways and to other 
surrounding structures. Endocrinopathies resulting from 
hypothalamic extension are present in 10% to 20% of the 
cases.64 The clinical behavior is unpredictable; spontane-
ous regression, malignant degeneration, and metastatic 
dissemination through ventriculo-peritoneal shunts have 
all been reported. On MRI they almost always present 
as hypointense lesions on T1-weighted sequences and as 
hyperintense ones on T2-weighted and FLAIR sequences. 
Large tumors are typically heterogeneous with cystic and 
solid components with the latter enhancing markedly 
after contrast administration.65 Their optimal treatment 
is controversial and the management plans should take 
into account the patient’s age, the presence of neurofibro-
matosis type 1, and the location and size of the tumor. 

If possible, a period of observation should precede treat-
ment initiation in young patients and in those with neu-
rofibromatosis type 1. Given the risks associated with 
surgical removal (vision loss, hypothalamic damage),66 
this approach is not currently the recommended stan-
dard of management, although in selected cases, careful 
attempts at debulking could be an option. Chemotherapy 
with a variety of regimes results in high response rates 
and it is often preferred as initial treatment rather than 
irradiation, especially in children aged less than 5 years. 
Radiotherapy may control tumor progression and subse-
quent visual and neurologic impairment but it has a slow 
onset of action and carries risks for radiation-induced 
morbidities.

Hypothalamic Hamartomas
Hypothalamic hamartomas are rare developmental 
malformations that consist of a disordered collection 
of mature neurons, glia, and fiber bundles arising from 
the floor of the third ventricle, tuber cinereum, or mam-
millary bodies. Boys are more often affected than girls. 
Hypothalamic hamartomas are usually sporadic but they 
can occasionally be associated with the Pallister-Hall syn-
drome (autosomal dominant syndrome with anomalies 
including hypothalamic hamartoma, pituitary abnormal-
ities such as aplasia/dysplasia, and/or hypopituitarism, 
imperforate anus, and polydactyly).67

Gelastic seizures, the hallmark feature of hypotha-
lamic hamartomas, commonly present in early childhood. 
Patients may also present with other types of refractory 
seizures and progressive cognitive, behavioral, and psy-
chiatric dysfunction. There is a well-established link 
between hypothalamic hamartomas and central preco-
cious puberty, which tends to occur considerably earlier 
than idiopathic central precocious puberty.68 Hypotha-
lamic hamartomas are classified as sessile or as peduncu-
lated lesions depending on the width of their attachment 
to the tuber cinereum and their pattern of growth (into 
the hypothalamic parenchyma or expanding mainly 
toward the ventricular or interpeduncular space). Ses-
sile or intrahypothalamic hamartomas seem to be associ-
ated more often with gelastic seizures rather than with 
precocious puberty. Pedunculated or parahypothalamic 
hamartomas are attached to the floor of the hypothala-
mus by a narrow base and more frequently they present 
with precocious puberty rather than with gelastic sei-
zures. On CT, they appear as a small nonenhancing mass 
in the interpeduncular and suprasellar cistern, isodense 
to normal brain parenchyma. On MRI, they present as 
well-defined pedunculated or sessile lesions at the tuber 
cinereum and are isointense or mildly hypointense on 
T1-weighted images and isointense to hyperintense on 
T2-weighted ones with no contrast enhancement and 
no calcification. The absence of any change in the size, 
shape, or signal intensity of the lesion in long-term fol-
low-up strongly supports the diagnosis of hypothalamic 
hamartoma.69 Precocious puberty is adequately treated 
with GnRH analogue therapy. Antiepileptic drugs are 
generally ineffective in controlling the seizures. With fur-
ther understanding of the intrinsic epileptogenesis of the 
hamartoma, surgical approaches have been developed 
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including microsurgical resection and/or disconnection. 
These techniques have shown very good outcomes. Ste-
reotactic radiosurgery has also provided optimal results in 
seizure control and improvement in behavior, cognition, 
and development.70,71 No single neurosurgical approach 
is likely effective for treating all forms of hypothalamic 
hamartomas, and the decision regarding the management 
plan needs to rely on the patient’s age, size of the lesion, 
and hypothalamic attachment.

Germ Cell Tumors of the Hypothalamic  
and Pituitary Regions
Primary intracranial germ cell tumors are neoplasms 
most commonly presenting during childhood and young 
adulthood. CNS variants develop around the midline 
with 80% of them arising around the third ventricle, 
mainly in the pineal gland and followed by the supra-
sellar compartment and the anterior hypothalamic area. 
Synchronous gem cell tumors at both of these sites have 
been reported in 5% to 10% of the cases.72 Germino-
matous germ cell tumors include choriocarcinoma, 
teratoma, yolk sac tumor, and embryonal carcinoma. 
Hypothalamic germinomas affect males and females 
with equal frequency and present with diabetes insipi-
dus, hypopituitarism, visual disturbance, or precocious 
puberty. The diagnosis is established by pathology, 
although in a subgroup of them it can rely on increased 
specific tumor markers in the serum or CSF (yolk sac 
tumors secrete a-fetoprotein, choriocarcinomas secrete 
beta-human chorionic gonadotrophin, and 10% of ger-
minomas contain syncytiotrophoblastic elements and 
secrete human chorionic gonadotrophin).73 Biopsy is 
helpful particularly in nonsecretory germ cell tumors but 
it may be associated with significant morbidity or may 
lead to nondiagnostic specimens. On MRI, they appear 
as homogenous, well-marginated, round, solid masses 
with gray matter signal intensity involving the infun-
dibular stalk and the floor of the third ventricle. They 
are isointense to hypointense on T1-weighted images and 
isointense to slightly hyperintense on T2-weighted ones. 
They show homogenous contrast enhancement and they 
lack cystic and calcific components (Fig. 17-3). On CT, 
they appear slightly hyperdense and they enhance after 
contrast administration.65,72 In a number of cases of chil-
dren with diabetes insipidus, the hypothalamic lesion 
may be small or not visible on MRI, and regular imaging 
surveillance every 3 to 6 months is required.74 The tools 
for the management of germ cell tumors include irradia-
tion of the tumor to achieve local control, craniospinal 
irradiation to cover leptomeningeal tumor spread, and 
chemotherapy to eliminate leptomeningeal and systemic 

tumor dissemination.75 Germinomatous germ cell tumors 
are the most radiosensitive, whereas the nongerminoma-
tous ones show a poorer response and a worse progno-
sis. In young patients with germinoma, particularly those 
younger than the age of 8 years, the toxicity of craniospi-
nal radiotherapy is a concern, and a combined approach 
with chemotherapy followed by ventricular radiotherapy 
may be another option. Platinum-based chemotherapy 
has proven to be effective in nongerminomatous germ 
cell tumors. A cumulative dose of cis-platin of more than 
300 mg/m2 with tumor bed irradiation dose of 50 to 
54 Gy combined with craniospinal irradiation achieves 
relapse-free survival between 60% and 70%.73,76 The 
presence of CNS dissemination requires more aggressive 
treatment including high-dose chemotherapy with stem-
cell transplantation or intraventricular treatment.72
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Figure 17-3 MRI of germinoma occupying the pituitary and stalk 
area. The lesion shows enhancement following gadolinium administra-
tion (sagittal postgadolinium T1-weighted images).
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In humans, normal cellular function is dependent on nor-
mal tonicity of the extracellular fluid. In order to main-
tain normal extracellular tonicity, there needs to be a 
sophisticated regulation of water homeostasis—the pro-
cess of osmoregulation. Osmoregulation is dependent on 
the integration of the production and action of vasopres-
sin, the antidiuretic actions of vasopressin on the renal 
collecting ducts, and normal regulation of thirst and 
fluid intake. Disturbances of osmoregulation can pro-
duce a variety of syndromes, ranging from vasopressin 

deficiency, which manifests as diabetes insipidus, to inap-
propriate secretion of AVP, which is the most common 
cause of hyponatremia.

In this chapter, we discuss the physiologic control of 
vasopressin secretion, the renal antidiuretic actions of 
vasopressin, and the interaction with the regulation of 
thirst. We will then apply these physiologic principles to 
the pathophysiologic mechanisms that are the basis for 
diabetes insipidus and the syndrome of inappropriate 
antidiuresis.

K E Y  P O I N T S

 •  Vasopressin (antidiuretic hormone) is the key hormone controlling water homeostasis 
in humans through a complex physiologic process known as osmoregulation.

 •  Absence of vasopressin or resistance to vasopressin action leads to diabetes insipidus, a 
syndrome characterized by hypotonic polyuria.

 •  The most common cause of hyponatremia is the syndrome of inappropriate antidiuretic 
hormone secretion (SIADH), in which abnormal vasopressin secretion leads to 
inappropriate water retention at the level of the kidney with resultant dilutional 
hyponatremia.

 •  The most common cause of SIADH is vasopressin secretion by a malignancy, in 
particular small-cell lung cancer.
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VASOPRESSIN

Synthesis and Secretion
Vasopressin (AVP) is a polypeptide containing nine 
amino acids, with a disulfide bridge between cysteine 
residues, which has important antidiuretic and vaso-
pressor actions and a variety of other actions including 
glycogenolysis. It has considerable structural homology 
with oxytocin, which is also secreted from the poste-
rior pituitary gland (Fig. 18-1).1 Vasopressin is synthe-
sized predominantly in the magnocellular neurons in the 
paraventricular (PVN) and supraoptic (SON) nuclei of 
the anterior hypothalamus (Fig. 18-2). The cell bodies 
of the vasopressinergic neurons in the PVN and SON 
have axonal projections which connect to the posterior 
pituitary gland.

In addition to magnocellular neurons, which project 
from the SON and PVN to the posterior pituitary, there 
are also parvocellular vasopressinergic neurons in the 
PVN and the suprachiasmatic nucleus.2 These smaller 
neurons project via the median eminence to the portal 
vascular system of the anterior pituitary gland and secrete 
vasopressin and corticotrophin-releasing factor (CRF); 
they stimulate secretion of ACTH from the anterior pitu-
itary gland. Some parvocellular vasopressinergic neurons 
also project from the PVN to the forebrain, brain stem, 
and spinal cord. Vasopressin is also released into the cen-
tral nervous system, where it acts as a neurotransmitter 
and/or neuromodulator.3

The gene encoding the AVP precursor is expressed 
mainly in the hypothalamus and to a lesser extent in other 
tissues including adrenal glands, gonads, cerebellum, and 
pituicytes in the posterior pituitary gland. The vasopres-
sin and oxytocin genes are closely linked in a tail-to-tail 
orientation on chromosome 20 with an intergenic region 
of 12 kb.4 There is significant posttranslational process-
ing needed to form the mature hormone. The posttrans-
lational product prepro-AVP-NPII is the precursor from 
which AVP is derived.4 The precursor consists of a signal 
peptide, AVP, neurophysin II (NPII, 95 amino acids), and 
a glycopeptide, copeptin (39 amino acids).

Neurophysin II is cleaved from prepro-AVP-NPII and 
is stored in a molecule complex with AVP, prior to cleav-
age into the component parts and subsequent secretion 
into the bloodstream by exocytosis. Vasopressinergic 
neurons open voltage-gated calcium channels in nerve-
terminal membranes. This transient calcium ion influx 
results in fusion of neurosecretory granules with the nerve 
terminal membrane and release of AVP and NPII in equi-
molar amounts into the circulation.5 Copeptin, while of 
unknown biological significance, may be a stable indirect 
marker of AVP release.

Magnocellular neurons in the supraoptic and para-
ventricular nuclei synthesize vasopressin within their cell 
bodies. The hormone is carried within neurosecretory 
granules down the predominantly unmyelinated axons of 
the magnocellular neurons, in the supraoptic-hypopyseal 
tract, at a speed of 2 mm per hour. The precursor under-
goes successive cleavage by basic endopeptidases.6 These 
axons terminate in the posterior pituitary gland, which is 
rich in fenestrated capillaries.

Cellular Action of Vasopressin
Vasopressin binds to seven transmembrane, G-protein–
coupled receptors on the plasma membrane of target 
cells. Three subtypes of vasopressin receptor exist (V1 
to V3) with distinct distribution, actions, and signal 
transduction.7,8

The V1 Receptor
The V1 receptor is found in vascular smooth muscle, liver, 
platelets, and multiple sites in the central nervous system. 
It is a 418–amino acid protein linked to the phosphinosi-
tol signaling pathway. AVP binding to the receptor causes 
activation of Gq/11-mediated phospholipase C, resulting 
in an increase in intracellular calcium.

Binding of AVP to V1 receptors at physiologic plasma 
concentrations has been shown to exert a weak pressor 
effect.8 Vasopressin-mediated vasoconstriction is most 
noticeable in the splanchnic, renal, and hepatic artery 
beds.9-11 The powerful vasopressor effects of high plasma 
concentrations of AVP are, however, clinically signifi-
cant; in clinical scenarios, this pressor effect is utilized 
in the management of bleeding esophageal varicies.12 A 
highly selective V1 vasopressin analogue has been shown 
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to have similar effects in patients with sepsis.13 Rebound 
hypotension on withdrawal of treatment, coupled with 
concerns regarding reduced cardiac output, pulmonary 
hypertension, hyponatremia, and bowel ischemia, have 
limited the widespread use of vasopressin in the setting 
of septic shock.

The V2 Receptor
The V2 receptor is predominantly expressed on the baso-
lateral membrane of the distal convoluted tubule and 
collecting ducts of the kidney. Binding of AVP to renal 
V2 receptors stimulates the recruitment of selective water 
channels (aquaporins), which allow reabsorption of renal 
tubular water and concentration of urine. Extrarenal 
effects of V2 activation include factor VII release from 
hepatocytes and release of von Willebrand factor from 
vascular endothelium. AVP also causes activation of liver 
glycogen phosphorylase with release of glucose into the 
circulation.

When AVP binds to the V2 receptors on the baso-
lateral membrane of the cells of the collecting ducts, it 
triggers an increase in cytoplasmic cyclic AMP, which 
activates protein kinase (Fig. 18-3). Subsequently, there 
is movement of stored aquaporin-2 to the luminal mem-
brane of the cell. Aquaporin-2 forms tetramers in the cell 
membrane, with each monomer acting as a water chan-
nel14 that allows passage of tubular water into the cell. 
Free water reabsorption from the distal nephron and 
thus urine concentration are directly influenced by serum 
vasopressin levels. This relationship was established prior 
to the discovery of aquaporins. The AVP/V2 receptor 
interaction also simultaneously causes an increase in the 
expression of the aquaporin-2 gene, with increased gen-
eration of mRNA for aquaporin-2.

The V3 Receptor
The V3 receptor is found on corticotrophic cells in the 
anterior pituitary gland. In isolation AVP is a weak 

ACTH secretagogue, but when it acts synergistically 
with CRF it causes significant secretion of ACTH, which 
is physiologically important. Parvocellular neurons that 
coexpress AVP and CRF project via the median eminence 
and terminate in the hypophyseal portal bed, which pro-
vides circulation to the anterior pituitary gland. AVP and 
CRF expression by these parvocellular neurons is subject 
to negative feedback control by glucocorticoids.15-17 AVP 
has no secretagogue properties with respect to the other 
anterior pituitary hormones.

REGULATION OF VASOPRESSIN RELEASE

Osmoregulation of Vasopressin Release
Water balance in healthy humans is so carefully regulated 
that plasma osmolality varies by only 1% to 2% in physi-
ologic conditions where there is free access to water.18 
Changes in plasma osmolality are detected by specialised 
osmoreceptor cells in the anterior hypothalamus (see Fig. 
18-2). Fenestrations in the blood-brain barrier covering 
the anterior hypothalamus allow the magnocellular cells 
of the circumventricular organs—the subfornical organ 
and the organum vasculosum lamina terminalis—to be 
bathed in plasma. Changes in plasma osmolality cause 
these hypothalamic nuclei to depolarize, sending neural 
signals, via the nucleus medianus, to the supraoptic and 
paraventricular nuclei. Elevation in plasma osmolality 
causes depolarization of these nuclei, leading to increased 
synthesis of AVP, and secretion of AVP from the poste-
rior pituitary gland. The osmoreceptor cells are solute-
specific, in that they respond vigorously to changes in 
plasma sodium concentration, but less so to variations 
in blood urea.19 They respond to mannitol, but are com-
pletely insensitive to changes in blood glucose concentra-
tion in experimental situations.19,20

There is a linear relationship between plasma osmo-
lality and plasma AVP concentrations throughout the 
physiologic range of plasma tonicity.21-23 If plasma con-
centrations are lowered by excessive ingestion of hypo-
tonic fluid to below 280 to 285 mOsm/kg, secretion of 
AVP is suppressed, and plasma concentrations of the hor-
mone are undetectable on radioimmunoassay measure-
ment. In the absence of AVP-mediated water reabsorption 
from the kidney, hypotonic polyuria develops.23 The 
increase in free water clearance allows plasma osmolality 
to rise into the normal range. If plasma osmolality rises, 
due to dehydration, there is an increase in plasma concen-
trations of AVP in proportion to the rise in plasma osmo-
lality. The action of AVP, to concentrate the urine and 
allow reabsorption of water, restores plasma osmolality 
to normal. This homeostatic process occurs continuously 
to maintain plasma osmolality within a narrow reference 
range. The relationship between plasma AVP concentra-
tion and urine osmolality is shown in Figure 18-4.

The development of sensitive radioimmunoassays 
has allowed the nature of this relationship to be studied 
experimentally. Using the intravenous infusion of hyper-
tonic sodium chloride solution to increase plasma osmo-
lality in healthy volunteers, plasma AVP can be shown to 
increase in a linear fashion. Application of linear regres-
sion analysis to the data shows that a direct correlation 
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ter moves through the apical membrane to the blood via aquaporin-3 
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defines the relationship between plasma osmolality and 
plasma AVP concentration (Fig. 18-5). The qualitative 
relationship is expressed by the equation:

pAVP=0.43 (pOsm− 284),

where pAVP indicates plasma AVP concentration, and 
pOsm indicates plasma osmolality.24

This mathematical formula describes two important 
physiologic characteristics of the relationship between 
plasma osmolality and plasma AVP that are clinically 
relevant. The first of these is the osmotic threshold for 

AVP release, which is defined by the abscissal intercept 
of the regression line. At a mean plasma osmolality of 
284 mOsm/kg, plasma AVP is secreted, with increments 
in secretion as plasma osmolality rises. This represents 
the “set point,” or the osmotic threshold for AVP release, 
which is identical in man to the osmotic threshold for the 
onset of thirst.24 This is an important physiologic con-
cept, as hypotonic polyuria develops when plasma osmo-
lality is suppressed by water ingestion to concentrations 
below this set point. AVP detectable in the plasma by 
radioimmunoassay at plasma osmolalities below this is, 
by definition, therefore “inappropriately” elevated. Mea-
surements of plasma AVP with ultrasensitive cytochemi-
cal methods at plasma osmolalities below the physiologic 
threshold have led to suggestions that secretion cannot 
be completely suppressed by hypotonicity.25 However, 
the very low concentrations demonstrated experimen-
tally seem not to exert a significant biological effect, as 
they are unable to prevent hypotonic polyuria, and they  
could simply represent incomplete clearance of pre-
secreted AVP.

The slope of the regression line, which represents the 
change in plasma AVP concentration per unit change in 
plasma osmolality, is the second important character-
istic of the formula. This defines the sensitivity of the 
osmoreceptor-AVP releasing unit. Steeper slopes indi-
cate a larger rise in plasma AVP concentrations after 
osmotic stimulation. Shallow slopes indicate lower 
rates of AVP secretion in response to hyperosmolality;  
a pathologic example of this can be seen in partial 
hypothalamic diabetes insipidus.26

In a few rare cases, complete disconnection of AVP-
secreting neurons from their osmoreceptors has been 
described. The pathologic abnormality is persistent low-
grade AVP release, despite plasma osmolalities that may 
fall below the osmotic threshold.27 AVP secretion can 
increase above this “basal” rate by stimulation of osmo-
receptors, but secretion is never switched off entirely. It is 
hypothesized that there are also cells that exert an inhibi-
tory effect on AVP release, and if these cells malfunction, 
AVP secretion is abnormally continuous.

The osmotic threshold and sensitivity of AVP release 
vary significantly between individuals, but repeat test-
ing has shown that there is good reproducibility of these 
parameters within individuals.28 Studies in twins have 
suggested that the characteristics of the osmoregulatory 
line may be genetically determined, given that they are 
similar in monozygous, but not dizygous twins.29

Although physiologic control of AVP secretion and 
thirst is almost entirely osmotic, the switch-off of both 
is nonosmotic and is triggered by the act of drinking. 
In studies of healthy humans who have been rendered 
hyperosmolar by either hypertonic saline infusion30 or 
dehydration,31 drinking is associated with an immedi-
ate fall in plasma AVP and thirst, before any changes in 
plasma osmolality can be measured. The fall in plasma 
AVP is so rapid that it mimics the half-life of AVP,30 sug-
gesting that a neuroendocrine reflex, stimulated by oro-
pharyngeal distension, switches off AVP secretion. This 
reflex prevents overhydration during periods of drinking 
in response to osmotic stimuli.
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The conventional relationship between plasma osmolal-
ity and plasma AVP concentration is altered in a number 
of physiologic and pathophysiologic situations. Pregnancy 
causes a lowering of the threshold for AVP secretion in both 
rats32 and humans,33 which is responsible for the fall in 
basal plasma sodium concentration during pregnancy. The 
sensitivity of the osmoregulatory line remains unchanged. 
The mechanism is unclear but may be related to increased 
plasma concentrations of HCG. In the luteal phase of the 
ovulatory cycle, a small but significant decrease in plasma 
osmolality also occurs as a result of downward resetting of 
the osmotic thresholds for thirst and AVP release.34

Normal physiologic aging is associated with complex 
changes in osmoregulation.35 Basal circulating AVP con-
centrations increase with age, and the AVP response to 
osmotic stimulation has been shown to be enhanced in 
comparison to younger subjects.36,37 Thirst, as measured 
by visual analogue scales, is attenuated, however, and 
measured water intake after osmotic stimulation intake 
is reduced.38 This makes older adult humans more vul-
nerable to hypernatremia, and many older adult patients 
in long-term care institutions exhibit permanent hyperna-
tremia, though cognitive impairment may contribute to 
reduced thirst in these individuals.39

Osmoregulation in diabetes mellitus seems normal,20 
even in the presence of hypernatremia,40 with preserved 
solute specificity of both AVP release and thirst; hyper-
glycemia neither stimulates thirst nor AVP secretion. 
Chronic hyperglycemia renders the renal tubules resistant 
to the antidiuretic effects of AVP, however, due to fail-
ure of recruitment of aquaporin-2.41 Improved glycemic 
control reverses the state of partial nephrogenic diabe-
tes insipidus.41 Survivors of hyperglycemic hyperosmolar 
nonketotic coma (HONK), however, show typical osmo-
regulatory changes of aging with exaggerated AVP secre-
tion and attenuated thirst in response to dehydration.42

Baroregulation of Vasopressin Release
Although small variations in plasma osmolality can have 
profound effects on AVP secretion, physiologic fluctua-
tions in blood pressure have almost no effect on plasma 
AVP secretion. However, pathophysiologic falls in both 
blood volume and pressure can stimulate AVP secre-
tion. Although small falls in arterial blood pressure (of 
the order of 10%) have been shown to slightly increase 
plasma AVP concentrations (see Fig. 18-5), larger falls 
of 20% to 30% are required to stimulate sufficient AVP 
to exert a compensatory pressor effect.43,44 This makes 
teleological sense as falls in blood pressure of up to 10% 
are common during a daily cycle, and if AVP were stimu-
lated by these small falls, humans would be in a perma-
nent state of antidiuresis. The relationship between blood 
pressure and plasma AVP is shown in Figure 18-6.

The baroreceptors are situated in the cardiac atria the 
carotid sinus and the aortic arch. They exert a tonic inhibi-
tory effect on AVP secretion in normal circumstances, but 
when they are unloaded during hypotension or hypovole-
mia, they can stimulate very high plasma concentrations 
of AVP, via pathways quite separate from the osmore-
ceptors. The relation between blood pressure and AVP is 
exponential rather than linear and can be modified by 

neurohumoral influences such as atrial natriuretic peptides 
that inhibit AVP responses, and norepinephrine which 
augments baroregulatory AVP responses.45 Baroregulatory 
inputs also modify osmotic AVP secretion, in that hypo-
volemia augments the AVP response to hypernatremia.46,47

Other Mechanisms Regulating Vasopressin Release
In addition to osmotic and baroregulatory stimuli, AVP 
secretion occurs in response to nausea,48,49 manipulation 
of abdominal contents at surgery,50 and hypoglycemia.51 
All of these secretagogues stimulate AVP secretion inde-
pendently of the osmotic pathways.

DIABETES INSIPIDUS
Diabetes insipidus is a clinical syndrome characterised by 
hypotonic polyuria due to failure to concentrate urine. 
Urine flow rates in excess of 40 mL/kg per 24 hours in 
adults, or more than 100 mL/kg per 24 hours in infants 
are suggestive of diabetes insipidus. There are three major 
categories of diabetes insipidus.52

  
 1.  Central or hypothalamic diabetes insipidus (HDI). 

Polyuria is caused by insufficient AVP secretion, 
so that there is no effective antidiuretic hormone. 
There needs to be a loss of at least 80% of the mag-
nocellular neurons that synthesize and secrete AVP 
before polyuria develops.

 2.  Nephrogenic diabetes insipidus, in which AVP 
secretion is normal, but there is renal insensitivity 
to the antidiuretic effects of the hormone.

 3.  Dipsogenic diabetes insipidus, where excessive fluid 
intake reflects abnormal perception of thirst.

  
A list of causes of diabetes insipidus is shown in  

Table 18-1.
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Hypothalamic Diabetes Insipidus
Hypothalamic diabetes insipidus (HDI; also known as 
neurogenic, central, or cranial DI) occurs when AVP 
secretion is insufficient to prevent the development of a 
hypotonic diuresis, such that the patient presents with 
polyuria and nocturia. The lesion in the vast majority 
of cases spares the thirst mechanism53; because thirst 
appreciation is intact, patients respond to the polyuria 
with appropriate drinking. The increase in fluid intake 
is nearly always sufficient to maintain normonatremia; 
plasma sodium is so rarely elevated at presentation of 
DI that the presence of hypernatremia, in circumstances 
in which fluid is freely available, should always raise the 
suspicion of associated hypodipsia. AVP deficiency may 
be complete, with no detectable plasma AVP, or partial, 
where AVP is detectable in the plasma at low concentra-
tions inappropriate to the ambient plasma osmolality.

HDI is rare in the general population, with an esti-
mated prevalence of 1:25,000 but is common in certain 
subgroups, such as patients undergoing pituitary surgery 
or transiently in other forms of neurosurgical intervention.

The majority of HDI is acquired during adult life, and the 
most common cause of DI in most endocrine practices is sur-
gery for pituitary tumors. Pituitary adenomas rarely cause 
DI, and when a pituitary mass is associated with polyuria, 
craniopharyngioma, granuloma, or hypophysitis are far 
more likely diagnoses. Table 18-2 shows the distribution of 
causes of permanent HDI in our own large series of patients. 
The predominance of neurosurgical causes reflects our work 
in conjunction with the National Neurosurgery Center.

DI following pituitary surgery occurs in the immediate 
postoperative period in 18% to 30% of cases,54-57 with 
most patients presenting in the first 2 days following sur-
gery. The most common natural history is spontaneous 
resolution over the next 2 to 5 days. The pathophysiol-
ogy of acute transient DI is thought to be surgical contu-
sion injury to the magnocellular neurons projecting from 
the supraoptic and paraventricular nuclei to the posterior 
pituitary gland. In some patients, however, DI persists 
and AVP deficiency becomes permanent. Most neuro-
surgical series report a low incidence of 1% to 8% for 
permanent DI following transsphenoidal surgery.54,56-58 
Many published studies are retrospective, however, and 
have used polyuria alone as the criteria for diagnosis of 
DI. We found that formal screening for diabetes insipi-
dus using water-deprivation testing or hypertonic saline 
infusion identifies much higher rates of permanent DI 
occurring, for instance, in 30% of patients who had tran-
scranial surgery for pituitary adenoma and much higher 
figures of over 90% following craniopharyngioma sur-
gery.55 Many of these patients had partial DI with minor 
symptoms, but nearly all patients benefitted from thera-
peutic intervention.

In a small minority of patients, posthypophysectomy 
DI follows the triple-phase response. Initially, classi-
cal postoperative DI presents in the first 2 days follow-
ing surgery. However, after 4 to 8 days of hypotonic 
polyuria, urine output drops and plasma sodium begins 
to fall, even after discontinuation of desmopressin ther-
apy. This second, antidiuretic phase is characterized by 
a rise in plasma AVP concentrations, presumably from 
uncontrolled release of prestored peptide from damaged 
magnocellular neurons. If hypotonic intravenous fluids 
continue to be administered, the fall in plasma sodium 
concentration can be abrupt. The antidiuretic phase of 
the triple-phase response usually lasts 5 to 7 days, but 
there is considerable variation, from 2 to 14 days, before 

TABLE 18-1 Causes of Diabetes Insipidus

Hypothalamic Diabetes Insipidus

Congenital Hereditary (X-linked or autosomal dominant)
DIDMOAD

Acquired Pituitary surgery
Tumors (craniopharyngioma, germinoma, 

pinealoma metastases)
Traumatic brain injury
Granuloma (TB, sarcoid, histiocytosis X)
Infections (encephalitis, meningitis)
Vascular disorders (Sheehan’s syndrome, aneu-

rysms, subarachnoid hemorrhage, GI bleed)
Hypophysitis (A/immune, lymphocytic)
Idiopathic
Pregnancy

Nephrogenic Diabetes Insipidus

Congenital Hereditary (X-linked recessive or autosomal 
dominant)

Acquired Chronic renal disease
(polycystic kidneys, obstructive uropathy)
Metabolic disease (hypercalcemia, hypokalemia)
Drugs (lithium, demeclocycline)
Osmotic diuresis (glucose, mannitol)
Amyloidosis
Myelomatosis

Dipsogenic Diabetes Insipidus

Compulsive water drinking
Affective disorders (e.g., schizophrenia)
Craniopharyngioma/Rathke’s cleft cyst
Sarcoidosis

TABLE 18-2 Causes of Permanent HDI in 231 
Patients on the Beaumont Hospital Pituitary Register

Cause of DI N %

Pituitary tumors
Surgery of pituitary  

adenoma
Craniopharyngioma
Pituitary apoplexy

167

108
52
7

73

47
23
3

Other tumors
Germinoma
Pinealoma
Pituitary stalk metastases
Pituitary stalk meningioma

13
8
2
2
1

6
4
1
1
0.5

Idiopathic/autoimmune 19 9
Traumatic brain injury 7 3
Subarachnoid hemorrhage 4 2
Lymphocytic hypophysitis 10 5
Langerhans’ giant cell histiocytosis 2 1
Sarcoidosis 4 2
Postencephalitis 1 0.5
Postmeningitis 1 0.5
Tuberculoma of pituitary gland 1 0.5
Inherited 2 1
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progression to the final phase, the development of perma-
nent DI. It is thought permanent DI occurs when gliosis 
of damaged neurons prevents further AVP release.

The major factor influencing the risk for developing 
diabetes insipidus following pituitary surgery is tumor 
type. Craniopharyngioma is associated with preoperative 
DI, but in addition, surgical intervention is far more com-
monly associated with the development of DI than surgery 
for any other intracranial tumor.55,59 Surgery for ACTH-
secreting pituitary adenomas has been associated with a 
higher risk for developing DI in a number of series.54,56,58 
The data from the literature are conflicting on the influ-
ence of tumor size on the risk for postoperative diabetes 
insipidus. A recent review found that a plasma sodium 
concentration >145 mmol/L had 98% specificity in pre-
dicting the presence of DI.59 Although pituitary adenomas 
rarely cause HDI, metastatic deposits in the hypothala-
mus, or more often the pituitary stalk, can result in HDI. 
Metastatic deposits usually have no endocrine effects, 
even when they are in the stalk or the pituitary gland 
itself, but some, particularly from carcinoma of the breast 
or bronchus, produce HDI. Other tumors such as germi-
noma, pinealoma, and parasellar meningiomas can also 
cause HDI. Interestingly, although radiotherapy for non-
pituitary cranial tumors causes anterior pituitary dysfunc-
tion commonly, it does not seem to cause DI.60

Lymphocytic infiltration of the neurohypophysis 
(infundibulo-neurohypophysitis), recognized by a thick-
ened pituitary stalk and inflammatory infiltrates of T 
lymphocytes and plasma cells with eosinophils, is a 
well-described cause of HDI.61 HDI is present in up to 
30% of adult patients with Langerhans’ cell histiocytosis 
(LCH).62

Idiopathic DI is less often diagnosed, as better imaging 
techniques have been introduced and awareness of auto-
immune etiologies has increased.63,64 It has been estimated 
that one third of patients previously diagnosed to have 
idiopathic HDI may have an autoimmune etiology. The 
characteristics of autoimmune DI include the presence of 
circulating antibodies against AVP-secreting cells, young 
age of onset, and thickened pituitary stalk T1-weighted 
magnetic resonance imaging (MRI).65 Our own data 
show that patients with autoimmune DI have evidence of 
other organ-specific autoimmune endocrine disease, par-
ticularly thyroid disease, in one third of cases.66

Traumatic brain injury causes acute diabetes insipidus 
in 20% of cases,67 some of which develop a triple-phase 
response similar to that seen after pituitary surgery. DI 
following brain injury is nearly always transient, how-
ever, with the vast majority recovering on retesting at 
6 months.68 Persistent DI in the acute phase after brain 
injury is a powerful predictor of acute mortality.69 Only 
7% of long-term survivors of head injury have permanent 
DI when formally tested with water deprivation.70

Sheehan’s syndrome is now rare in developed countries, 
as a result of improvements in obstetric care. It is not usu-
ally associated with HDI, even when there is widespread 
anterior hypopituitarism, but maximal urine-concentrat-
ing ability is impaired in some patients.71 HDI can occa-
sionally occur in a normal pregnancy, due to increased 
activity of circulating vasopressinase, the placental 

aminopeptidase.72 Symptoms resolve postpartum. The 
actions of vasopressinase can unmask partial HDI in 
patients with pituitary disease or can worsen symptoms 
in undiagnosed partial HDI. As a result, patients with 
pituitary disease need to be monitored during pregnancy 
because they may have altered requirements for desmo-
pressin. HDI in pregnancy must be differentiated from 
the transient NDI that is seen very occasionally.70

Nephrogenic Diabetes Insipidus
NDI occurs when renal resistance to the antidiuretic 
effects of VP allows hypotonic diuresis to develop. An 
outline of potential causes is given in Table 18-1. Lith-
ium therapy is the most common cause of NDI in clinical 
practice occurring in up to 30% of patients. Although 
polyuria usually disappears with cessation of treatment, 
a minority of patients develop interstitial nephritis, and 
permanent NDI occurs. For reasons that remain unex-
plained, patients with lithium-induced NDI seem more 
vulnerable to the development of hypernatremia than 
patients with untreated HDI. This implies coexistent 
impairment of thirst, with inadequate fluid intake, but has 
not been adequately defined experimentally. Hypokale-
mia and hypercalcemia can produce acquired NDI, which 
is reversible with correction of the metabolic abnormality. 
Poorly controlled diabetes mellitus causes renal resistance 
to AVP, which seems to be due to failure to recruit aqua-
porin-2.20,40,41 The reversibility of the metabolic causes 

Familial HDI is extremely rare. Autosomal-dominant 
HDI (adHDI) is associated with loss-of-function muta-
tions in the AVP gene, resulting in the production of 
a folding-incompetent peptide precursor that accumu-
lates in the secretory pathway apparatus of magnocel-
lular neurons.73,74 This mutant precursor is responsible 
for an autophagocytic process, causing progressive 
damage and loss of VP neurons. A single mutant allele 
is sufficient for this process to occur. The majority of 
mutations affect exons 1 and 2 of the AVP gene.75-77 
Familial HDI almost always presents in childhood.78

Wolfram or DIDMOAD syndrome (WS) is a rare 
autosomal recessive, progressive, neurodegenerative 
disorder characterized by the association of HDI with 
diabetes mellitus, optic atrophy, and bilateral senso-
rineural deafness, though other manifestations may 
occur, such as gonadal failure, renal outflow tract dila-
tation (secondary to reduced nerve fibers in the bladder 
wall), and progressive ataxia with brain stem atrophy.79 
The syndrome is associated with premature death, usu-
ally due to ascending renal tract infection secondary 
to atonic bladder and hydronephrosis. Although DI is 
often reported to occur in only one third of cases, in 
one series where careful testing with AVP responses to 
hypertonic saline was performed, subnormal responses 
in all patients were seen.80 WS is associated with loss-
of-function mutations in the WFSI gene on Ch.4p16.1, 
which encodes an 890-amino acid glycoprotein (wolfra-
min) found in the endoplasmic reticulum. An additional 
locus for (WS) has been identified recently at Ch.4q22-
24, suggesting that the syndrome may be genetically 
heterogeneous.80
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As mentioned, familial NDI is rare. X-linked-recessive 
familial NDI (X-FNDI) is caused by inherited loss-of-
function mutations in the V2-R. More than 70 different 
mutations have been described, affecting all aspects of 
receptor physio logy including expression, ligand bind-
ing, and G-protein coupling.81 The vast majority cause 
complete loss of function and present in infancy, though 
some mutations are associated with partial loss of func-
tion.82 A minority of FNDI families are autosomal-
recessive (AR-FNDI), with loss-of-function mutations 
of the gene encoding AQP2. The majority of mutations 
occur in the region of the gene encoding the transmem-
brane domain of the water-channel protein. Other kin-
dreds have been described with an  autosomal-dominant 
NDI (AD-NDI) due to  loss-of-function mutations in 
AQP2 affecting the  carboxyl-terminal intracellular 
domain of the protein. NDI is expressed in these kin-
dreds because the protein product of the mutant allele 
forms mixed oligomers with the product of the wild-
type allele, resulting in sequestration within the Golgi 
or mistargeting to the basolateral rather than the apical 
membrane in a dominant negative manner.83,84

of NDI show how the generation of aquaporins can be 
vulnerable to metabolic and pharmacologic insults.

Dipsogenic Diabetes Insipidus
Dipsogenic diabetes insipidus (DDI) occurs when excessive 
fluid intake lowers the plasma osmolality to levels below 
the osmotic threshold for vasopressin secretion.85 In the 
absence of circulating AVP, hypotonic polyuria develops. 
Many patients seem to have no underlying illness, but 
careful osmoregulatory studies have identified a number 
of abnormalities of thirst regulation. Patients typically 
have a low osmotic threshold for thirst that compels them 
to drink, even when plasma osmolality is lowered below 
the usual physiologic thirst threshold. In addition, they 
have an exaggerated thirst response to osmotic challenge 
and an inability to suppress thirst in response to drinking, 
so the volume of fluid drank is in excess of that required 
for normal hydration.86 Some forms of DDI are associ-
ated with psychiatric disorders, and up to 20% of patients 
with chronic schizophrenia have DDI. If these patients are 
simultaneously prescribed drugs that can cause SIADH, 
hyponatremia is inevitable and occasionally severe. Rarely, 
the problem may be associated with irritative structural 
abnormalities in the hypothalamus or posterior pituitary 
gland, such as hypothalamic sarcoidosis or craniopharyn-
gioma,87 but usually brain imaging is normal.

Investigation of Diabetes Insipidus
A careful history is always valuable in the investigation of 
a polyuric patient. Daytime polyuria without nocturia is 
a suggestive of dipsogenic DI. Frequent passage of small 
volumes of urine may suggest prostatism, urinary tract 
infection, or bladder instability. A history of lithium or 
diuretic therapy is relevant. Knowledge that a sellar mass 
is present raises the diagnosis of craniopharyngioma or 
germinoma; equally, the presence of DI in a patient with 
a sellar mass indicates that the mass is not a pituitary 

adenoma. A strong family history of autoimmune thyroid 
disease might suggest an autoimmune etiology for the DI.

Initial investigations should aim to confirm that the 
patient is polyuric; 15% of patients who are referred 
to our service for investigation of polyuria have normal 
urine volumes, with frequency of micturition due to uri-
nary tract disease. A 24-hour urine volume <3 L indicates 
that osmotic studies are unnecessary. Simple ambulatory 
investigations include electrolytes, calcium, MSU, and uri-
nalysis; if the patient does not have glycosuria, polyuria is 
not due to diabetes mellitus. Plasma and urine osmolality 
obtained in the outpatient clinic setting are rarely diag-
nostic unless the urine osmolality exceeds 700 mOsm/kg, 
which implies normal AVP secretion and action. In this 
circumstance, the diagnosis is nearly always polydipsia 
and formal osmoregulatory investigations are unneces-
sary. Urine osmolality is low in all three forms of DI. 
However, an elevated plasma osmolality is more likely 
with HDI or NDI, whereas a plasma osmolality at the 
low end of the reference range is suggestive of DDI.

In most patients, it is necessary to proceed to a water 
deprivation test.52 This is a two-step test of osmoregula-
tory function. The first step is an 8-hour period of dehy-
dration. The normal physiologic response is to respond 
to the rise in plasma osmolality with secretion of AVP, 
and concentration of urine to over 700 mOsm/kg. The-
oretically, patients with DDI have a normal osmoregu-
latory mechanism and should respond to dehydration 
with appropriate urine concentration. In the simplest use 
of this test, therefore, the key measurement is the final 
urine osmolality, and the result answers the key question, 
“Does the patient have true DI, or not?” In patients being 
investigated for posthypophysectomy HDI, only this step 
is needed to make the diagnosis.

The second step is the response to desmopressin. Urine 
osmolality is measured at intervals after intramuscular 
desmopressin; in patients with HDI, there should be a 
normal concentrating response with a rise in urine osmo-
lality to >750 mOsm/kg. In contrast, patients with NDI 
will fail to respond to desmopressin. Step 2 is therefore to 
distinguish between HDI and NDI.

In practice, the water deprivation test does not always 
produce straightforward results. Surreptitious water 
intake can give spurious results, so the test should be 
undertaken with strict supervision; results are best in 
units with experience in performing the test. Partial forms 
of HDI and NDI are difficult sometimes to differentiate 
from DDI.88 Furthermore, prolonged polyuria from any 
cause leads to partial resistance to the antidiuretic action 
of VP.89 This can mean that patients with severe polyuria 
due to dipsogenic DI may appear to have partial NDI. The 
accuracy of the test can be enhanced by the incorporation 
of measurement of AVP with a reliable radioimmunoas-
say, if available. We incorporate measurement of thirst by 
visual analogue scale, which gives valuable information 
in the diagnosis of specific thirst problems.53,86

The most accurate diagnosis of HDI is by direct mea-
surement of plasma AVP concentration during intravenous 
infusion of hypertonic saline89,90 (Fig. 18-7). Patients with 
HDI are identified by undetectable or subnormal plasma 
AVP concentrations with respect to plasma osmolalities, 
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whereas patients with DDI and NDI have plasma AVP 
responses in the normal range. DDI and NDI can be dis-
tinguished by relating plasma AVP concentration to urine 
osmolality at the end of the test. NDI is characterized 
by inappropriately high plasma AVP values for the con-
comitant urine osmolality, whereas DDI patients show an 
appropriate relation. The use of a visual analogue scale53 
is equally useful in this form of osmotic stimulation.

As the concentrations of AVP in urine are higher than 
those in plasma, and thus detectable by a wider range of 
available assays, measurement of urinary AVP concentration 
during osmotic stress has been proposed as an additional 
alternative to the measurement of plasma AVP in the diag-
nosis of HDI, but this method needs further evaluation.91

Once the diagnosis of HDI is confirmed, imaging of 
the hypothalamic-pituitary region with MRI scanning is 
mandatory to exclude structural lesions. Sellar tumors 
in patients with HDI are most often craniopharyngio-
mas. Identification of a stalk mass has a wider differen-
tial diagnosis including craniopharyngioma, germinoma, 
metastasis, lymphocytic hypophysitis, and stalk thicken-
ing in autoimmune HDI. A recent review of 152 patients 
with pituitary stalk lesions showed that 28% had diabe-
tes insipidus; neoplastic (40%) and inflammatory (20%) 
conditions were the most common etiologies.92 Typical 
appearances may also be found in sarcoid, hemochroma-
tosis, and other inflammatory conditions. The posterior 
pituitary gland has as a characteristic bright signal on 
T1-weighted MRI that is absent in the majority of patients 
with HDI.93 The posterior lobe signal is also diminished 
in older adults, anorexia nervosa, septic shock, poorly 
controlled diabetes mellitus, and in hemodialysis patients. 
It is thought that this may represent persistent hypersecre-
tion and thus decreased VP-NPII complex content.

If the diagnosis is thought to be idiopathic DI, aware-
ness of the possibility of an autoimmune etiology is 

important. Measurement of thyroid function, vitamin 
B12, and autoantibodies is worthwhile routinely, whereas 
tests for primary adrenal failure should be considered 
where clinically indicated. Serum angiotensin-converting 
enzyme concentration and chest films should be con-
sidered if sarcoid is suspected. It is important to repeat 
MRI imaging when the initial films are normal, as some 
parasellar tumors, such as germinomas, can present with 
DI prior to the development of radiologic abnormali-
ties. If stalk lesions are present, serum HCG and alpha 
fetoprotein measurements may give a clue to the pres-
ence of germinoma, and early repeat MRI to assess 
tumor growth is important. Biopsy should be considered 
early as germinomas are best treated with chemother-
apy and radiotherapy rather than surgical intervention.  
Dynamic tests of anterior pituitary function should be 
considered where structural pituitary lesions exist, though 
we have found that adult patients with idiopathic/autoim-
mune DI do not seem to have coexistent anterior pituitary 
hormone deficits.66 In contrast, data in children suggest 
that growth hormone deficiency commonly accompanies 
autoimmune HDI.94,95

Patients with NDI should have renal investigations 
as appropriate to exclude obstruction, including urine 
microscopy and renal tract ultrasound, and tests of other 
aspects of tubular function. Genetic studies in suspected 
familial disease remain research tools.

Adipsic Diabetes Insipidus
Although diabetes insipidus is almost always associated 
with normal thirst and drinking appropriate to clini-
cal needs, adipsic diabetes insipidus (ADI) is a rare but 
highly complex condition. It is most commonly seen after 
clipping of anterior communicating artery aneurysms, 
following subarachnoid hemorrhage96,97; the vascular 
supply to the osmoreceptors is derived from small arter-
ies arising from the anterior communicating artery, and it 
is assumed that these vessels were damaged during aneu-
rysm clipping, with infarction of the circumventricular 
organs where the osmoreceptors are sited. The osmoregu-
latory defect is almost always permanent, although there 
are occasional reports of recovery.98 Extensive hypotha-
lamic surgery for craniopharyngioma97,99 or, rarely, pitu-
itary macroadenoma99 have been reported to cause ADI.

In ADI secondary to clipping of the anterior com-
municating artery, there is a pure osmoreceptor defect. 
Osmotic stimulation with hypertonic saline causes no rise 
in plasma AVP or in thirst ratings, despite marked hyper-
osmolality. In contrast, nonosmotic baroregulated AVP 
secretion is completely normal, with the secretion of AVP 
to produce plasma concentrations 100-fold higher than 
those needed for maximal urine concentration.100 The 
AVP synthesis/secretion unit of the SON/PVN/posterior 
pituitary gland is thus intact but not innervated by the 
osmoreceptors. In patients who have destructive surgery 
to the pituitary gland, all secretory function is lost.100

The diagnosis of ADI presents a management 
dilemma.101 Patients are unable to perceive changes 
in plasma tonicity via the usual thirst mechanisms and 
vulnerable to marked swings in plasma sodium concen-
tration. Severe hypernatremia in ambulatory setting is a 
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Figure 18-7 Dynamic tests of the arginine vasopressin (AVP) axis in 
patients with polyuria. Plasma AVP (pAVP) and osmolality (pOsm) re-
sponses to hypertonic (855 mmol/L) saline infusion. pAVP and urine 
osmolality (uOsm) responses to a period of fluid restriction in the same 
group of patients. Shaded area, Range of the normal response; red trian-
gles, normal patients; blue squares, patients with nephrogenic diabetes 
insipidus (NDI); green and yellow circles, patients with hypothalamic 
diabetes insipidus (HDI).
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particular hazard, which is in marked contrast to patients 
with intact thirst. In addition, patients are particularly 
vulnerable to hypernatremia during intercurrent illness. 
Management requires regular desmopressin, fixed fluid 
intakes that may vary with climatic conditions, and reg-
ular review for measurement of plasma sodium. Recent 
data have also highlighted associated hypothalamic 
abnormalities that are often seen with ADI (Table 18-3), 
including hypothalamic obesity, seizure disorders, sleep 
apnea, and thermoregulatory disorders.97 Episodes of 
dehydration are often complicated by thrombotic com-
plications, including pulmonary thromboembolism,97,102 
and rhabdomyolysis has also been reported.103 Many 
patients die prematurely, due to postsurgical complica-
tions, electrolyte abnormalities, or sleep apnea.97,104

Treatment of Diabetes Insipidus
Although the intact thirst mechanism prevents dehydra-
tion in DI, the need to continually seek fluids and facilities 
for polyuria is a great inconvenience. The treatment of 
choice is DDAVP, a synthetic, long-acting VP analogue 
that possesses minimal pressor activity and has twice the 
antidiuretic potency of AVP. It can be administered as 
an intranasal spray, but more often is given orally in two 
to three daily doses. The main complication is dilutional 
hyponatremia, which can produce headaches, bloating, 
and occasionally seizures, and is more common with use 
of higher dosages and more frequent administration, such 
as three times daily. Dilutional hyponatremia is minimized 
by omission of DDAVP once weekly, to allow a hypotonic 
diuresis that prevents water intoxication. Partial HDI 
(urine volume, <4 L per 24 hours) can be managed with 
adequate fluids to quench thirst with a nocturnal dose of 
DDAVP to prevent loss of sleep due to nocturia. Plasma 
electrolytes should be measured at regular intervals after 
the introduction of treatment to look for hyponatremia; a 

decrease in plasma sodium concentration should prompt 
a therapy review. Outpatient hypernatremia almost never 
occurs in DI, but may manifest during acute illness, par-
ticularly in association with vomiting or diarrhea.

NDI due to an acquired metabolic problem is best 
managed by addressing the underlying cause and main-
taining adequate hydration while function recovers. 
For those patients with congenital NDI or in whom the 
acquired defect is irreversible, a number of additional 
measures including thiazide diuretics (hydrochloro-
thiazide, 25 mg/24 hours); prostaglandin inhibitors 
such as nonsteroidal antiinflammatory drugs (ibupro-
fen, 200 mg/24 hours); and dietary salt restriction can 
be used. All probably work through a combination of 
reducing glomerular filtration rate and interfering with 
the diluting capacity of the distal nephron. Occasion-
ally DDAVP can produce some benefit. Data in the 
rat suggest that there may be therapeutic potential in 
the use of sildenafil for NDI, but there are no data in 
humans.105

As with other causes of DI, the approach to DDI 
should try to address the underlying cause. This may be 
difficult. Switching treatment to alternative agents may 
help those patients with chronic schizophrenia and a his-
tory of hyponatremia. Individuals with persistent DDI are 
at risk for hyponatremia if treated with DDAVP. Reduc-
tion in fluid intake is the only rational treatment.

SYNDROME OF INAPPROPRIATE ANTIDIURESIS
SIADH is the most common cause of hyponatremia in 
clinical practice. It was first described in 1956 by Fred-
eric Bartter and William Schwartz in two patients with 
lung carcinoma who had severe hyponatremia at presen-
tation.106 By alternating fluid restriction with fluid load-
ing, the investigators demonstrated that the patients were 

TABLE 18-3 Comorbidities Associated with Adipsic Diabetes Insipidus

Patient Diagnosis
Baroregulated
AVP Release Sleep Apnea DVT BMI kg/m2 Other Morbidity Death (years)

A ACAA Yes No No 24.8 Nil
B ACAA Yes No No 24.2 Hemiparesis
C ACAA Yes No No 27.6 Seizures, hypothermia
D ACAA Yes Yes Yes 37.2 Nil
E ACAA Yes No Yes 32.9 Nil
F TBI Yes No No 25.5 Nil
G Toluene Yes Yes No 35.7 Hypothermia, hypotha-

lamic seizures, abnor-
mal thermoregulation

H Cranio No No No 56.9 Hypercholesterolemia
I Cranio No Yes Yes 33.5 Seizures, hydrocephalus 24
J Cranio No No No 34.7 Seizures
K Cranio No Yes No 28.2 Hypernatremic seizures
L Cranio No Yes Yes

PTE
41.3 Abnormal thermoregu-

lation
48

M PRLoma No Yes Yes 53.0 Nil
N N/sarcoid Yes Yes No 57.1 DM, seizures 36
O Congenital Yes Yes Yes

PTE
32.4 Behavioral disorder, 

acute pancreatitis, 
seizures

18

ACAA, Post clipping of anterior communicating artery aneurysm; Cranio, craniopharyngioma (all postsurgery); DVT, deep venous thrombosis; 
PTE, pulmonary thromboembolism; DM, diabetes mellitus.
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Many drugs are important clinical causes of hypo-
natremia. The selective serotonin reuptake inhibitors 
(SSRIs) are thought to cause SIADH by direct stimulation 
of AVP secretion by serotonin.112 SIADH usually occurs 
in the first few weeks after commencing SSRIs, particu-
larly in older adult patients.113 It has been estimated that 
12% of hospitalized patients on SSRI therapy develop 
SIADH.114 Psychotropic drugs such as phenothiazines, 
haloperidol, and tricyclic antidepressants all cause 
SIADH. Many patients who have conditions treated 
with psychotropic drugs also have abnormal thirst, and 
if these patients develop drug-induced SIADH, they can 
develop very significant hyponatremia. For instance, up 
to 20% of patients with chronic schizophrenia have psy-
chogenic polydipsia, and excess fluid intake can precipi-
tate severe hyponatremia. MDMA (“Ecstasy”) is thought 
to stimulate both AVP release and thirst as a result of 
hyperthermia, and this has been implicated in the devel-
opment of cases of life-threatening hyponatremia.115

in a state of antidiuresis. They hypothesized that their 
patients manifested a clinical syndrome of inappropriate 
antidiuresis secondary to excess circulating antidiuretic 
hormone, well before the hormone itself was character-
ized. With the development of radioimmunoassays for 
the measurement of plasma AVP, their classic index clinic 
description and pioneering pathophysiologic hypoth-
esis were substantiated by published reports of elevated 
plasma vasopressin concentrations in the syndrome.107 
SIADH is now recognized to occur in wide spectrum of 
disease states; however, differentiation of SIADH from 
other causes of hyponatremia remains important to the 
prescription of appropriate treatment regimens.

Causes of SIADH
SIADH is associated with a great number of illnesses 
and most often presents as a coincidental biochemical 
manifestation of the causative disease. The most com-
mon causes of SIADH are summarized in Table 18-4. 
The etiology of SIADH is divided into four main clinical 
categories: malignancy, pulmonary, pharmacologic, and 
neurologic causes.

Bartter and Schwartz first described SIADH in asso-
ciation with bronchogenic lung carcinoma. In small-cell 
carcinoma of the lung, SIADH is relatively common, 
occasionally occurring as the presenting abnormality 
that prompts a search for the tumor.108 Hyponatremia 
has been associated with poor outcome in small-cell lung 
tumors.109 Most neoplasms have now been reported to 
cause SIADH, and the association between malignant 
disease and SIADH is so strong that a patient presenting 
with SIADH, general malaise, and unexplained weight 
loss should be considered to have an underlying malig-
nancy until proven otherwise.

SIADH is also commonly associated with intracra-
nial diseases, particularly traumatic brain injury,67,68,70 
where almost all cases resolve spontaneously with recov-
ery from brain injury. Over 50% of patients with sub-
arachnoid hemorrhage develop hyponatremia in the first 
week following the bleed, and 80% of these are due to 
SIADH.110,111 A significant proportion of patients pre-
senting biochemically with SIADH after both TBI69 and 
SAH111 have hyponatremia due to acute glucocorticoid 
deficiency; such patients respond to treatment with 
hydrocortisone, rather than fluid restriction. SIADH also 

commonly occurs after hypophysectomy and surgery for 
primary brain tumors.

SIADH needs to be distinguished from exercise-asso-
ciated hyponatremia (EAH),116 where the electrolyte 
profile mimics SIADH. The pathophysiology is different, 
however. EAH occurs in athletes who ingest excessive 
hypotonic fluid during exercise, with resultant dilutional 
hyponatremia. Women, marathon runners racing for 
more than 4 hours, and athletes of low body mass index 
are most at risk.117 Although some athletes with EAH fail 
to suppress AVP, EAH should probably be considered to 
be distinct from SIADH.

Pathophysiology of SIADH
SIADH occurs by definition when AVP secretion is not 
suppressed when plasma sodium concentration falls 
below the osmotic threshold for vasopressin release. 
However, Zerbe and colleagues were able to define four 
different types of SIADH, depending on the pattern of 
AVP secretion107 (Fig. 18-8).
  

 1.  Type A is the most common form of SIADH (40%). 
Characteristically, Type A patients exhibit exces-
sive, random secretion of AVP, with loss of the 

TABLE 18-4 Etiology of SIADH

Malignancy Drugs Pulmonary
Intracranial
Pathology Miscellaneous

Small-cell carcinoma  
of the lung

Mesothelioma
GI tract
Pancreas
GU tract
Nasopharyngeal
Lymphoma
Sarcoma

DDAVP
PGs
SSRIs
TCAs
Phenothiazines
Haloperidol
MDMA
Quinolones Levetiracetam  

Carbamazepine  
Cyclophosphamide  
Vincristine

Pneumonia (esp.
mycoplasma)
TB
Abscess
Vasculitis
Positive pressure
ventilation

Tumors
Meningitis
Encephalitis
Abscess
Vasculitis
Subarachnoid hemorrhage
Subdural
hemorrhage
Traumatic
brain injury

Multiple sclerosis
Guillain-Barré
syndrome
Acute intermittent
porphyria
HIV
Idiopathic

MDMA, 3,4-methylenedioxymethamphetamine; PGs, prostaglandins; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic antidepressant.
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close linear relationship between plasma osmolality 
and plasma AVP. Plasma AVP concentrations fluc-
tuate widely in this variant, with no relationship 
to ambient plasma osmolality but with consistent 
antidiuresis and inappropriate urine concentration 
despite hyponatremia. Type A is common in lung 
cancer; in vitro studies have demonstrated that some 
lung tumors synthesize AVP118 and tumor tissue 
stains positive for AVP messenger RNA.119 How-
ever, Type A SIADH also occurs in non- neoplastic 
disease when ectopic AVP secretion could not be 
implicated. Plasma AVP concentrations in Type A 
SIADH are not suppressed by drinking,120 which 
makes patients vulnerable to the development of 
severe hyponatremia.

 2.  Type B is also common (40%). The osmotic thresh-
old for AVP release is lowered—a “reset osmo-
stat”—such that secretion of AVP occurs at lower 
plasma osmolalities than normal. At plasma osmo-
lalities above this reset threshold, the linear relation-
ship between plasma AVP and plasma osmolality is 
preserved. Equally, because AVP is suppressed at 
plasma osmolalities below the lower reset thresh-
old, overhydration leads to suppression of AVP 
release. A hypotonic diuresis then develops, which 
protects against the progression to severe hypona-
tremia. Similar lowering of the osmotic threshold 
occurs in hypovolemia and hypotension, leading to 
speculation that the function of afferent baroregu-
latory pathways is disturbed in these patients.

 3.  Type C is a rare condition characterized by failure 
to suppress AVP secretion at plasma osmolalities 
below the osmotic threshold. Plasma AVP con-
centrations are thus inappropriately high at low 
plasma osmolalities, but there is a normal relation-
ship between plasma osmolality and plasma AVP 
at physiologic plasma osmolalities. This variant 
may be due to dysfunction of inhibitory neurons in 
the hypothalamus, leading to persistent low-grade 
basal AVP secretion.

 4.  Type D is a rare clinical picture of SIADH without 
detectable circulating AVP.121 It is postulated that a 
nephrogenic syndrome of inappropriate antidiure-
sis (NSIAD) may be responsible for the Type D pic-
ture of SIADH.122 Two male infants were recently 
described, in whom gain-of-function mutations in 
the V2 receptor led to a clinical picture of SIADH, 
with undetectable AVP levels. Both children were 
diagnosed in infancy. The identified mutations had 
different nucleotide substitution with different lev-
els of V2 receptor activation.122 Studies in rat mod-
els of SIADH have demonstrated that the increase in 
water reabsorption is secondary to AVP-mediated  
expression of renal aquaporin-2123 expression with 
a consequent increase in AQP protein excretion 
in the urine.124 Aquaporin 2 recruitment has been 
shown to be reversible by administration of a V2 
receptor antagonist,123,125 which provides the sci-
entific rationale for the use of AVP antagonists in 
the treatment of this condition. Prolonged SIADH 
is associated with “escape” from antidiuresis, with 
down-regulation of AQP2 mRNA and protein 
expression.

  
Although patients with SIADH have ambient plasma 

osmolalities that are below the physiologic osmotic 
threshold for thirst, they continue to drink apparently 
normal fluid volumes. In experiments in which patients 
with SIADH of mixed etiology were infused intrave-
nously with hypertonic sodium chloride solution, the 
osmotic threshold for thirst was lowered to a setting that 
was identical for that of AVP.120 The parallel lowering 
of the thresholds for thirst and AVP release ensured the 
maintenance of fluid intake, predisposing to persistent 
hyponatremia.

As fluid intake is maintained in the face of reduced 
free water clearance, patients with SIADH can develop 
severe hyponatremia. However, hyponatremia is often 
limited by “escape from antidiuresis.” This protective 
homeostatic mechanism occurs when the kidney begins 
to increase free water clearance despite inappropriate 
plasma AVP concentrations.126 Initial natriuresis is fol-
lowed by an increase in urine flow127 with consequent 
water loss; this allows plasma sodium to stabilize and 
occasionally to rise. Although plasma sodium concen-
tration does not usually rise into the normal physiologic 
range during escape from antidiuresis, the development 
of severe hyponatremia is prevented.

Experimental models of SIADH, where hyponatremia 
was induced in Sprague-Dawley rats by the injection of 
subcutaneous desmopressin, showed that desmopressin 
administration alone did not lead to hyponatremia.128 
Plasma volume expansion due to water loading, leading 
to increased renal perfusion pressure, was vital for initi-
ation of escape from antidiuresis.129 A decrease in AQP2 
protein expression and V2 receptor binding capac-
ity130,131 has been postulated to cause the renal resis-
tance to AVP observed during escape from antidiuresis.

In normal physiology, AVP has long-term effects on 
AQP2 via mRNA and protein expression, but also has short-
term effects via the V2 receptor, leading to increased cAMP. 

P
la

sm
a 

va
so

pr
es

si
n 

(p
g/

m
L)

18

16

14

12

10

8

6

4

2

Plasma osmolality (mOsmol/kg)

260 270250 280

A
B

C

D

300290

Figure 18-8 Summary of the four different patterns of arginine vaso-
pressin (AVP) secretion in syndrome of inappropriate antidiuretic hor-
mone secretion (SIADH).
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It is likely that this short-term AVP action is also altered in 
escape, since reduced levels of cyclic AMP in the collecting 
ducts of “escaped” rats have been demonstrated.132 This 
finding of reduced cAMP activity suggests both the short-
term regulation of AQP activity by reduced vesicle “shut-
tling” and the long-term downregulation of AQP mRNA 
expression in the genesis of “escape from antidiuresis.”

Diagnosis of SIADH
The essential criteria for diagnosis of SIADH are pre-
sented in Table 18-5. There are two additional supple-
mental criteria—raised plasma vasopressin concentration 
and abnormal water load test—but in clinical prac-
tice they are rarely used. Water loading a patient with 
SIADH runs the risk for symptomatic hyponatremia, and 
therefore this procedure should be restricted to centers 
with considerable experience in managing disorders of 
water balance. Plasma AVP concentrations are elevated 
in almost all causes of hyponatremia and are therefore 
rarely of diagnostic benefit in hyponatremic patients; lack 
of access to local radioimmunoassays dictate that the 
results of tests may take weeks to come back, which fur-
ther diminishes their clinical value.

The minimum data set for the diagnosis of SIADH is 
hyponatremia in a euvolemic patient with inappropriate 
concentrated urine (osmolality <100 mOsm/kg), elevated 
urine sodium (>30 mmol/L), and exclusion of cortisol and 
thyroid hormone insufficiency. Older textbooks dictate 
that urine osmolality should exceed plasma osmolality for 
the diagnosis to be secure, but osmoregulatory physiology 
indicates that this criterion is redundant. If plasma osmo-
lality is below the osmotic threshold for AVP secretion, 
plasma AVP levels should be suppressed, allowing hypo-
tonic diuresis with urine osmolality <100 mOsm/kg. Urine 
osmolalities in excess of 100 mOsm/kg indicate inappro-
priate urine concentration and are compatible with the 
diagnosis of SIADH. Many hyponatremic patients do not 
undergo the requisite tests and may be misdiagnosed with 
SIADH without satisfying the diagnostic criteria.

Differential Diagnosis of SIADH
Glucocorticoid Deficiency
ACTH deficiency causes hyponatremia with a biochemi-
cal profile identical to classical SIADH. Hyponatremia 
responds to glucocorticoid replacement133 and fluid 
restriction, which is first-line therapy for SIADH, but 
can be is deleterious because it worsens hypovolemia.134 
Measurement of plasma cortisol is therefore essential, as 

clinical signs are not always sufficiently reliable to differ-
entiate between glucocorticoid deficiency and SIADH.135  
Glucocorticoid-deficient patients have impairment of free 
water clearance, causing a relative excess of body water 
to sodium.136,137 Glucocorticoids are thought to suppress 
AVP release, and elevation of plasma AVP concentra-
tions has been reported in ACTH-deficient patients who 
develop hyponatremia.138

The differentiation of SIADH from glucocorticoid defi-
ciency is particularly important in patients with neurosurgi-
cal conditions, who commonly present with hyponatremia, 
which is traditionally ascribed to SIADH.139 Recent evi-
dence indicates that acute pituitary dysfunction occurs 
commonly following traumatic brain injury and subarach-
noid hemorrhage. ACTH deficiency was reported in 16% 
of patients with acute67 and 12.7% patients with chronic 
head injury140; recent data suggest that up to 80% of 
patients have inappropriately low plasma cortisol concen-
trations in the acute phase of brain injury, some of whom 
present as “SIADH.”69 Up to 10% of cases of SIADH 
presenting after SAH may be secondary to acute ACTH/
cortisol deficiency.111 Glucocorticoid deficiency may pres-
ent with hyponatremia; coexistent hypoglycemia or hypo-
tension suggest the diagnosis of hypopituitarism.131 We 
have seen acute ACTH deficiency severe enough to cause 
a biochemical picture that mimics SIADH in traumatic 
brain injury, subarachnoid hemorrhage, and intracranial 
hemorrhage. Therefore, in patients presenting with SIADH 
against a background of sudden intracerebral catastrophe, 
we consider that the possibility of acute hypopituitarism 
should be considered in the differential diagnosis.

Hypothyroidism
Hyponatremia in hypothyroidism is rare, but life-threat-
ening hyponatremia has been occasionally reported.141,142 
Hypothyroid patients have elevated AVP responses to 
subtle volume contraction, with increased recruitment of 
AQP2.143 However, the hyponatremia is probably mul-
tifactorial. Thyroxine has direct effects on sodium reab-
sorption from the tubule and renal ability to excrete free 
water,144,145 and decreased glomerular filtration rate also 
occurs in hypothyroidism, which corrects with thyroid 
hormone replacement.146

Treatment of SIADH
Factors Affecting Therapy
Symptomatic cerebral irritation is the most important fac-
tor in determining whether and how hyponatremia should 
be treated. Although published data have suggested that 
the degree of hyponatremia determines symptomatology, 
morbidity, and mortality,147 the rate of fall of plasma 
sodium is crucial to the development of symptoms.

Patients with chronic hyponatremia (>48 hours duration) 
are much less likely to develop symptoms than those in whom 
the fall in plasma sodium concentration occurs rapidly (acute 
hyponatremia, <48 hours duration), and they may have no 
symptoms despite marked hyponatremia. For instance, many 
patients can withstand chronic hyponatremia due to diuret-
ics for long periods with no symptoms other than postural 
dizziness due to hypotension. These patients undergo cere-
bral adaptation by extruding solutes such as potassium and 

TABLE 18-5 Essential Criteria for the Diagnosis 
of SIADH

Decreased plasma osmolality of the extracellular fluid (Posm 
<280 mOsm/kg H2O)

Inappropriate urinary concentration during hypo-osmolality 
(Uosm >100 mOsm/kg H2O, normal renal function)

Clinical euvolemia
Elevated urinary sodium excretion (>30 mmol/L) on normal salt 

and water intake
Absence of other potential causes of euvolemic hypo-osmolality, 

particularly hypothyroidism, hypocortisolism, and diuretic use
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organic osmolytes into the plasma. This prevents osmotic 
movement of water into the brain, and, as a result, cerebral 
edema is avoided. In contrast, in acute hyponatremia this 
time-dependent process does not occur with the subsequent 
development of brain edema and cerebral irritation.148 Rapid 
treatment is therefore more likely to be necessary where 
hyponatremia has developed quickly, as serious symptoms 
are more likely, and failure to treat can be fatal.149

Treatment of Chronic Hyponatremia
New recommendations for the management of hypona-
tremia have been published recently.150 Modest hypona-
tremia of >130 mmol/L will rarely need treatment, but 
there is increasing likelihood of cerebral irritation suf-
ficient to cause neurologic symptoms as plasma sodium 
concentrations fall below 120 mmol/L.

Stable hyponatremia without symptoms does not need 
emergency intervention, but treatment may be consid-
ered because of comorbidities, such as gait instability and 
falls,151 fractures,152 and osteoporosis.153 After careful 
exclusion of treatable underlying conditions such as glu-
cocorticoid deficiency, water restriction is the treatment 
of choice in most units, despite the absence of a strong 
evidence base. Fluid restriction of 1 L/day is occasionally 
sufficient to correct hyponatremia,154 although the rate of 
rise in plasma sodium is not predictable. It is important to 
stress that fluid restriction is inclusive of all fluids, includ-
ing intravenous fluids, liquid dietary supplements, and so 
on. Fluid restriction is difficult to maintain in patients with 
cognitive difficulties, in those with a history of polydip-
sia, or in patients receiving intravenous medications. In 
addition, in more severe hyponatremia, the degree of fluid 
restriction necessary to correct hypo-osmolality may be too 
difficult to maintain. If the urine osmolality is more than 
600 mOsm/kg, fluid restriction is unlikely to be effective.

Pharmacologic therapy tends to be reserved for cases 
that are unresponsive to fluid restriction. Demeclocycline, 
a tetracycline antibiotic that induces nephrogenic diabetes 
insipidus by a postreceptor effect, can be effective, but it 
is not licensed for use in all countries. There is variable 
response to this agent, and very little evidence base to justify 
its use, particularly as side effects including photosensitivity 
and nephrotoxicity can complicate chronic therapy, partic-
ularly in patients with liver disease. Occasionally hyperna-
tremic dehydration can develop if polyuria is marked. Urea 
therapy has been used and in one small study, was found to 
be as effective as vaptans.155 The same group have reported 
data suggesting, from uncontrolled studies, that urea is a 
safe therapy for use in euvolemic hyponatremia in intensive 
care patients.156 The taste is unpleasant, and it is contrain-
dicated in renal failure. Readily available formulations for 
patient use are difficult to source, and its use is limited to a 
few countries such as Belgium and France.

The development of specific V2 receptor antagonists 
offers a specific antidote to AVP-mediated hyponatremia.157 
These agents act as “aquaretics” that increase free water 
excretion without a natriuresis and offer a therapeutic effect 
regardless of the etiology of raised AVP. The selective V2 
antagonist tolvaptan is licensed for use as an oral agent in 
Europe, whereas in the United States both tolvaptan and the 
combined V1a/V2 antagonist conivaptan158 are available.

The efficacy and safety of oral tolvaptan in ambulatory 
patients was explored in two randomized, double-blind, 
placebo-controlled multicenter trials (SALT-1 and SALT-
2) consisting of 448 patients with hyponatremia of multiple 
etiologies, including SIADH, heart failure, or cirrhosis.159 
The administration of tolvaptan resulted in a significant 
increase in serum sodium concentration, compared with 
placebo, without the requirement of water restriction. The 
incidence of overrapid correction of hyponatremia was 
low, and no patients developed central pontine myelin-
olysis. A subsequent extension study, the SALTWATER 
trial, showed that the safety and efficacy of tolvaptan was 
maintained over a mean of almost 2 years,160 with no sig-
nificant adverse effects. However, a recent multicenter trial 
(TEMPO3:4), which was designed to examine the poten-
tial beneficial effects of vasopressin antagonism on the pro-
gression of kidney disease in patients with polycystic kidney 
disease, raised concerns about the safety of tolvaptan,161 as 
raised liver enzymes was more common among patients 
who received tolvaptan. In the United States, where tolvap-
tan is licensed for treatment of both euvolemic and hyper-
volemic hyponatremia, the FDA has issued safety warnings 
that tolvaptan should not be used for longer than 30 days 
and in patients with liver disease. In Europe, where tolvap-
tan is only licensed for the treatment of euvolemic hypona-
tremia, no such warning was issued.

Treatment of symptomatic hyponatremia is difficult; 
untreated severe hyponatremia, especially when associ-
ated with evidence of cerebral irritation, is potentially 
fatal here the footnotes are outside the semicolon;162,163 
on the other hand, treatment itself is hazardous, as rapid 
correction of hyponatremia leaves the patient vulner-
able to the risk for osmotic demyelination. The risk for 
osmotic demyelination is highest when chronic hypona-
tremia is rapidly corrected, and so it has been tradition-
ally advised not to correct plasma sodium by a rate more 
than 0.5 mmol/L/hour.164 Recent expert panel recom-
mendations have suggested some changes to this tradi-
tional guideline.150 The first change is that the elevation 
in plasma sodium does not need to be evenly distributed 
across the first 24 hours as, given that symptomatic hypo-
natremia is a medical emergency with significant associ-
ated morbidity and mortality, there is generally a need for 
rapid initial correction. Therefore, the new recommended 
approach to hyponatremia with neurologic symptoms is 
to elevate the plasma sodium initially by 3 to 5 mmol/L 
over 2 to 4 hours, which will reverse cerebral edema, 
reduce intracranial pressure, and prevent seizures, and 
the remainder of the target rise in plasma sodium can 
occur over 24 hours. The target rise in plasma sodium 
concentration has also been revised, with a new target 
rise in plasma sodium concentration of <8 mmol/L over  
24 hours, to minimize the risk for osmotic demyelination.150

The treatment of hyponatremia is complex and is dealt 
with in detail in Chapter 112.
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The pineal gland is a midline structure located in the ver-
tebrate brain (Fig. 19-1); it is also referred to as the pineal 
body and the epiphysis cerebri. The function of the gland 
is to convert the environmental 24-hour cycle in light-
ing into a hormonal signal, melatonin (Fig. 19-2). In all 
species, melatonin synthesis and circulating melatonin 
are elevated at night (Fig. 19-3), independent of lifestyle. 
This has earned melatonin the moniker “hormone of the 
night.” It serves as a signal of time and does not have a 
specific conserved physiologic effect, in contrast to those 
hormones dedicated to control of a physiologic process 

in all vertebrates. The daily rhythm in melatonin can be 
viewed as an extension of environmental lighting shared 
by all vertebrates that functions to synchronize daily and 
seasonal activities of vertebrates with the light/dark cycle 
and with each other.

EVOLUTION
An understanding of the evolution of melatonin provides 
a background for understanding the biology of this mol-
ecule. The melatonin pathway found in vertebrates and 
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K E Y  P O I N T S

 •  The pineal gland is the primary source of circulating melatonin.
 •  Melatonin is the “hormone of the night” and is elevated at night in all vertebrates, 

independent of lifestyle.
 •  The key enzyme at the interface of regulation and melatonin synthesis is arylalklyamine 

N-acetyltransferase (AANAT), the timezyme.
 •  The pineal-derived melatonin plays an essential role coordinating circadian rhythms in 

vertebrates with the environmental lighting cycle.
 •  Melatonin and melatonin-based pharmaceuticals are used to treat sleep disturbances, 

mood disorders, and circadian dysfunction.
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the pineal gland coevolved at about the same time, 500 
million years ago, in the Cambrian period (Fig. 19-4).1 
Prior to this point in time, there was no evidence of a 
pineal gland or the key enzyme in melatonin synthesis 
that controls the daily rhythm, the vertebrate form of 
arylalkylamine N-acetyltransferase (AANAT), sometimes 
called the timezyme (Fig. 19-5).2

The melatonin-producing cell of the pineal gland, the 
pinealocyte, evolved from a primitive photodetector that 
also was the ancestor of retinal photoreceptors.3,4 This 
common origin is supported by genetic, anatomic, bio-
chemical, and functional features shared by both cells. Sub-
mammalian pinealocytes detect light and have anatomical 
features similar to those of retinal photoreceptors. Although 
the mammalian pineal gland has lost the capacity to detect 
light, it carries unequivocal genetic markers of phototrans-
duction—genes expressed at exceptionally high levels only 
in the pineal gland and retina and not in other tissues.4-7

The evolution of the pineal gland was driven by the 
need for a hormonal signal of environmental lighting. 
This information enhances the ability of organisms to 
optimally coordinate their activities with the environ-
ment and anticipate changes in the photic environment. 
In mammals, melatonin is part of the circadian system, as 
both an output signal and as a feedback signal that com-
municates with the central circadian oscillator.8-11

The answer to the question of how the role of time sig-
naling was acquired by melatonin may be linked to the 
toxic nature of two tryptophan derivatives, serotonin and 
tryptamine. These compounds and related aromatic ary-
lalkylamine can accumulate in cells, through uptake or by 
decarboxylation of the parent amino acids. These amines 
are toxic by virtue of the highly reactive amine group. An 
efficient metabolic mechanism of amine detoxification 
is acetylation. In the case of the primitive photodetector, 
amines posed a unique problem because they react rapidly 
with a molecule that is essential for light detection, retinald-
hyde. The reaction involves Schiff base formation, thereby 
destroying retinaldehyde. Accordingly, aromatic amine 
reaction with arylalkylamine will decrease sensitivity. 

A B

Figure 19-1 The pineal gland. The pineal gland is a midline organ found only in vertebrates. It is located on the surface of the brain in some animals 
and in others deep within the brain as in humans. A, The zebrafish pineal gland (bright green spot) is located close to the surface of the brain. This is 
true for rodents and most submammals. The figure shows the pineal gland of a 3-day-old zebrafish expressing green fluorescent protein under control 
of the AANATgene regulatory region. B, The human brain, with the pineal gland highlighted. The insert shows the pineal gland and surrounding 
structures at a higher magnification.
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Figure 19-2 Melatonin (molecular weight = 232 ) is a small lipophilic 
molecule derived from circulating tryptophan. The O-methyl and N-
acetyl groups are essential for the biological effects of this compound.
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Figure 19-3 The biological role of pineal melatonin is to convert time 
into a hormonal signal. In all vertebrates, circulating melatonin levels 
are elevated at night, as a result of dynamic changes in production and 
release by the pineal gland, coupled with rapid degradation by the liver. 
This provides an indication of time that is used in different ways to in-
fluence daily and seasonal changes in biology. The duration of the night 
is converted into longer periods of elevated melatonin.
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Figure 19-4 Evolution of the pineal gland. The 
current view of the evolution of the pineal gland 
is that it evolved from an ancestral photodetector 
that also evolved into the retina about 500 mil-
lion years ago during the Cambrian period. At the 
earliest stages of these developments, the ancestral 
photodetector acquired the ability to make mela-
tonin, which became identified as a valuable hor-
monal signal of night. Chemical conflict between 
melatonin synthesis and photodetection (serotonin 
inactivation of retinaldehyde) and competition for 
energy were resolved by independent evolution of 
pinealolcytes, and retinal photodetectors.Ancestral photodetector
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Figure 19-5 Synthesis of melatonin from serotonin. The concentration of serotonin in the pineal gland is among the highest in any vertebrate tissue, 
due to high levels of tryptophan hydroxylation and aromatic amino acid decarboxylase (not shown). Serotonin is converted to melatonin by a two- 
step pathway involving N-acetylation by arylalkylamine N-acetyltransferase (AANAT) and O-methylation of N-acetylserotonin by acetylserotonin 
O-methyltransferase (ASMT). The dynamic changes in melatonin production are due to large changes in the activity of AANAT. The increase in 
AANAT activity produces a rapid increase in N-acetylserotonin, which in turn drives the increase in melatonin production by a mass action effect. 
The dotted line represents the effects of light on this system, which rapidly decreases AANAT activity, resulting in a rapid drop in the production of 
N-acetylserotonin and melatonin. No other tissue contributes significantly to circulating melatonin, making the pineal gland a highly reliable endo-
crine signal of the photic environment. Low levels of melatonin production in the retina are thought to serve a local paracrine function.
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Hence, evolution of a more efficient acetylation mecha-
nism would improve photodetection, which would be an 
obvious advantage in pursuit of food and navigation in 
dim light. The daily rhythm in acetylation may have been a 
selective response to the pressure to enhance vision at night.

The nocturnal increase in acetylated tryptamine and 
acetylated serotonin was likely recognized nonspecifi-
cally by a receptor. This ligand/receptor relationship is an 
important mechanism of obtaining information, and it is 
proposed that there was pressure to improve this by the 
coevolution of melatonin and a family of highly selective 
melatonin-specific receptors. The independent evolution of 
the pineal gland and retina from a common ancestral cell 
may reflect the resolution of a conflict between retinalde-
hyde and the high levels of serotonin required from optimal 
melatonin synthesis; another factor may have been compe-
tition for energy for visual transduction versus melatonin 
synthesis.1,3,4 It is certainly possible that both pressures con-
tributed to the evolution of melatonin signaling. The ver-
tebrate form of arylalklylamine amine N-acetyltransferase, 
which evolved to control melatonin synthesis, is capable of 
rapid and large changes in activity, thereby closely mimick-
ing changes in environmental lighting (see Fig. 19-5).2

THE PINEAL GLAND

History
Studies on seasonal reproduction strongly stimulated 
interest in the pineal gland.12-18 These studies clearly estab-
lished that the pineal gland mediates effects of the photic 
environment on many aspects of physiology, including size 
of the testes and ovary and, in some cases, body weight, 
coat color, and behavior. This interest has led to a detailed 
molecular understanding of how the pineal gland acts to 
control reproduction through melatonin.

Anatomy
The location and anatomy of the pineal gland vary signifi-
cantly among vertebrates (see Fig. 19-1).19-23 In humans, 
nonhuman primates, and ungulates the gland is located 
deep in the brain in the epithalamus, where it makes direct 
contact with the third ventricle via the pineal recess. It 
is positioned at the posterior of the third ventricle under 
the internal cerebral veins and above the midbrain. The 
anatomy of the rodent pineal gland is more complex. It 
has a superficial pineal gland located at the surface of the 
brain, positioned between the cerebellum and cerebral cor-
tex;24,25 in addition, a much smaller deep pineal gland is 
found in the epithalamic region. The deep and superficial 
pineal glands are connected by a well-defined pineal stalk. 
A remarkable diversity of pineal anatomy is found among 
fish, reflecting adaptive evolution.20,21,26

Cellular Composition
The pinealocyte defines the pineal gland and functions to 
synthesize melatonin.20,21,27,28 It is responsible for essen-
tially all melatonin in the circulation and for the increase 
that occurs at night. Photic regulation of the pineal gland 
varies among vertebrates. Photoreceptors are clearly evi-
dent in the pinealocytes of submammals, including fish, 
birds, and other submammals. The pinealocytes of these 

species have photoreceptor features similar to those of reti-
nal photoreceptors, in addition to expressing many photo-
transduction genes found in the retina and nowhere else. 
Anatomic features of photoreceptors are seen only tran-
siently in mammals, which show little or no evidence of 
being directly photosensitive.29,30 As discussed later, light 
acts on the pineal gland through the retina and a neural 
pathway in mammals. The pinealocyte of submammalian 
pinealocytes, in addition to being photosensitive, also con-
tain an endogenous circadian clock that drives melatonin 
synthesis;31-35 mammalian pinealocytes, in contrast, do not. 
The clock controlling melatonin synthesis in mammals is 
located in the suprachiasmatic nucleus, as discussed below.

Pinealocytes are identified histologically using agents 
that stain for enzymes involved in melatonin synthesis 
and for some proteins involved in phototransduction.36 In 
this regard, one target that stands out is S-antigen,5,37-40 
which is expressed at high levels only in the pineal gland 
and retina. S-Antigen plays an important role in photo-
chemical signal transduction in the retina and is thought 
to play a similar role in submammal phototransduction. 
It is proposed that it plays a parallel role in neurochemi-
cal signal transduction in the mammalian pineal gland.

In addition to the pinealocyte, which represents the 
large fraction of cells in the tissue, the mammalian pineal 
gland contains small populations of other cell types, 
including interstitial cells, glial cells, and perivascular 
phagocytes, in addition to endothelial cells.28,39,41

Mammalian pinealocytes send projections into the 
brain.36,42 In mammals, the projections, which are likely 
to originate in pinealocytes based on S-antigen staining, 
course to the posterior commissure and habenular nuclei. 
Neural projections from the zebrafish pinealocyte are found 
in several brain areas, some of which also receive retinal 
input. The roles of these projections remain undefined.

Calcification
A notable feature of the pineal gland of humans is that 
it becomes calcified with age.43 This process is not well 
understood, as regards function or developmental mecha-
nisms, and does not markedly interfere with the capacity 
of the pineal gland to make melatonin. The calcified pineal 
gland can be used to detect brain swelling or tumors that 
displace the pineal gland off the midline, described as a 
pineal shift. The importance of this as a tool has dimin-
ished as modern imaging techniques displaced radiologic 
methods, although the calcified pineal gland remains a 
useful anatomic feature44,45 to study as it relates to a 
broad range of disease states.

Tumors of the Pineal Gland
Tumors of the pineal gland that develop from pineal 
cells are described as pineocytomas, pineoblastomas, 
and mixed pineal tumors, which can be imaged using 
S-antigen.46-49 In addition, tumors can develop in this 
area from other origins. Tumors in this area have been 
associated with precocious puberty.50-52 Pineal-region 
tumors are treated with radiation therapy and/or surgery. 
These tumors are rare but represent ~5% of brain tumors 
in children. The tumors can extend into the ventricles 
and disrupt cerebrospinal fluid flow. Extensive literature 
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is available on pineal tumors and tumors of the pineal 
region.53-55

Of special interest are tumors described as trilateral reti-
noblastomas.56 These first present as unilateral retinoblas-
tomas, a common retinal tumors. In some cases, bilateral 
retinoblastoma develops; trilateral retinoblastoma refers to 
the subsequent appearance of a tumor of the pineal gland. 
This occurs before 6 months of age and results in early 
mortality.57,58 The development of tumors in the pineal 
gland and retina is consistent with the common origin of 
both tissues from a photodetector cell, as described earlier, 
and of shared expression patterns of transcription factors.7 
A retinoblastoma-derived cell line, termed Y79, has been 
used in pineal and retina research,59-61 and expresses genes 
associated with melatonin synthesis.62,63

MELATONIN

History
To a large degree, current pineal research can be traced to 
the discovery of melatonin by the dermatologist Aaron B. 
Lerner (1920 to 2007), who first reported this advance in 
1958.64-71 Lerner was generally interested in the control of 
skin color. In the case of melatonin, Lerner knew from the 
literature that the pineal gland contained a chemical that 
could lighten frog skin. He used a frog skin assay to monitor 
the purification of melatonin, which he extracted from thou-
sands of bovine pineal glands and subsequently synthesized.

Melatonin research was influenced by the question of 
how the chemical was synthesized in the pineal gland in the 
laboratory of Julius Axelrod (1912 to 2004).72-76 Axelrod 
received a Nobel Prize in 1970 for his work on catechol-
amine neurotransmitters. He knew that the pineal gland 
contained a high amount of serotonin and was able to 
demonstrate that it had the enzymatic capacity to convert 
serotonin to melatonin by acetylation and O-methylation. 
A second stimulus to melatonin research were findings 
made by Wilbur Quay (1927 to 1994) and others includ-
ing Axelrod77 that linked environmental lighting to daily 
and light-induced changes in melatonin and related com-
pounds.73,78,79 Axelrod also introduced the concept of 
the pineal gland as a neuroendocrine transducer, with the 
capacity to convert neural signals into hormonal signals.77

These initial findings ultimately led to the identifica-
tion of the AANAT as the critical enzyme that controls 
daily rhythm in melatonin synthesis in vertebrates,2 iden-
tification of highly selective melatonin receptors,80-84 
description of the neural pathway that regulates melato-
nin synthesis in mammals,85-88 extensive clinical studies 
on melatonin,89 and the development of melatonin-based 
pharmaceuticals.90-94 Investigators have also embraced 
the pineal gland as an experimental model used to 
reveal how a transmitter can control cellular metabo-
lism through effects on second messengers, which include 
changes in protein phosphorylation and in the transcrip-
tome.7,95-98 Of special importance was the discovery that 
an endogenous circadian clock located in the suprachias-
matic nucleus, referred to as “the mind’s clock,” regulates 
the daily rhythm in melatonin synthesis in mammals.99 
This advance immediately focused attention on this small 
hypothalamic nucleus that had no recognized function 

in the early seventies; it is now recognized as the master 
oscillator that coordinates circadian rhythms in other tis-
sues either directly or indirectly.100,101

Modern interest in the function of the pineal gland 
is broad, comprising many of the >12,000 publications 
with the term melatonin in the title. However, effects of 
the pineal gland and melatonin on seasonal reproduc-
tion remain the most clearly established role of mela-
tonin, reflecting extensive work primarily on hamsters 
and sheep.12,102-105 Perhaps the most important impact 
of these studies was the realization that melatonin does 
not have a conserved positive or negative role in repro-
duction, with enhanced production of melatonin having 
opposite effects in these animals. This led to the recogni-
tion that the only conserved function of melatonin was as 
an analogue signal of environmental lighting.

Publications in the popular press brought attention 
to melatonin and has taught the public about the link 
between daily changes in environmental lighting and 
the link to the endogenous clock in the brain. This has 
fueled growth of a large market in melatonin as a dietary 
supplement in the United States, where it is readily avail-
able. Commercially available melatonin is generally con-
sidered to be safe. The most popular use is as a sleep 
aide. Concerns about the purity of melatonin as a dietary 
supplement and search for compounds with specificity 
for one of the two melatonin receptors have contributed 
to the development of melatonin-based pharmaceuticals 
(e.g., Ramelteon, Agomelatine, Tasimelteon)90-93 for use 
in treating disturbances in sleep, circadian timing, and 
depression; a prolonged-release preparation of melato-
nin (Circadin) is also is use.94,106

Chemistry
Melatonin is a derivative of tryptophan, with a molecular 
weight of 232 (see Fig. 19-2). The most important physi-
cal characteristic of the molecule is that it is highly hydro-
phobic, as indicated by high solubility in organic solvents. 
Hydrophobicity is of physiologic importance because it 
facilitates rapid transit across membranes. This explains 
why newly synthesized melatonin is rapidly released and 
not stored to a significant degree. High solubility also 
means that circulating melatonin has access to all compart-
ments. As discussed later, it is transferred to the developing 
embryo via the placenta and to the suckling via milk 
(Fig. 19-6). For analytical purposes, the high hydrophobic-
ity of melatonin is important because it is the basis of meth-
ods used to extract, concentrate, and chromatographically 
resolve melatonin. The two moieties that together confer 
biological specificity of melatonin are the O-methyl group 
and the N-acetyl group. Removal of these moieties drasti-
cally reduces the potency of melatonin, as does addition of 
a hydroxyl group adjacent to the O-methyl group.107,108

Melatonin Synthesis
The pineal gland is a melatonin factory; trace amounts of 
melatonin have been reported to be produced elsewhere, 
but it is clear that essentially all melatonin in the circu-
lation comes from the pineal gland, and that the daily 
changes in circulating melatonin are due to changes in 
pineal melatonin production.109-112 The pineal gland has 
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very high levels of the enzymes required for this conver-
sion, which is not seen in other tissues. This combina-
tion is essential for significant melatonin production. In 
the case of the retina, elements of the melatonin path-
way are present, including AANAT, but this tissue has 
a low capacity to make serotonin; AANAT may serve 
another purpose, or trace levels of melatonin might have 
local paracrine effects.113-116 In any case, it is reasonable 
to ignore the retina and other tissues as sources of the 
endocrine signal of melatonin. The first two enzymes in 
this pathway generate serotonin, and as such do not rep-
resent a unique transformation; in contrast, the last two 
enzymes represent a unique synthetic feature of the pineal 
gland regarding evolutionarily conserved high expression 
(see Fig. 19-5).

Tryptophan Hydroxylase
The first step in melatonin synthesis is tryptophan hydrox-
ylation by the enzyme tryptophan hydroxylase (TPH), 
yielding hydroxytryptophan.117 Two genes are known to 
encode tryptophan hydroxylases.118 One, termed TPH1, 
is expressed at high levels in the pineal gland; it is also 
expressed in the gut and in bone; the second, TPH2, is 
expressed in the Raphe nucleus of the midbrain, and is 
responsible for the production of brain serotonin.119,120 
The very high cellular expression of TPH1 explains the 
high levels of serotonin in the pineal gland, which reaches 
0.5 mM in some species. Associated with the high level 
of TPH1 are high levels of the enzymes121,122 required for 
synthesis of biopterin, the cofactor for this enzymatic step 
(e.g., GTP cyclohydrolase).117

Aromatic Amino Acid Decarboxylase (Dopamine Decarboxylase)
The second step in melatonin synthesis is dopamine decar-
boxylation, mediated by aromatic amino acid decarbox-
ylase (AADC), an enzyme that occurs in many tissues, 
dedicated to removal of the carboxyl groups of aro-
matic amino acids including tryptophan, phenylalanine, 

tyrosine, and dihydroxyphenylalanine.123 Whereas this 
enzyme is essential for melatonin synthesis, it plays differ-
ent roles in many other tissues as required for production 
of serotonin, dopamine, and epinephrine.

Arylalkylamine N-Acetyltransferase
The third enzyme in melatonin synthesis is arylalkylamine 
N-acetyltransferase (AANAT), which acetylates trypt-
amine serotonin (Fig. 19-7).2 As stated earlier, AANAT 
is referred to as the timezyme because of the critical role 
it plays in chronobiology by switching melatonin syn-
thesis on and off through large daily changes in activ-
ity. AANAT exhibits very limited tissue distribution and 
is found consistently at high concentrations only in the 
pineal gland at night. It is also found in the retina and 
pituitary gland of some species at significantly lower lev-
els. As indicated earlier, the expression of AANAT in the 
retina reflects the evolution of the pineal gland and ret-
ina from a common ancestral photodetector.3,4 AANAT 
found in vertebrates is derived from a related arylalklyl-
amine N-acetyltransferase found in lower nonvertebrate 
forms of life; that enzyme lacks the capacity to be rapidly 
regulated and to selectively acetylate serotonin efficiently.

Evolution produced changes that optimized the func-
tionality of the enzyme both as a catalyst and as a target 
for regulation (see Fig. 19-7).1 These changes are evident in 
the lowest vertebrates and highly conserved. They include 
the addition of regulatory sites flanking the catalytic core 
and changes in the active site that facilitate acetyl transfer. 
The regulatory sites are targets of cyclic AMP-dependent 
kinase; phosphorylation promotes binding of AANAT 
to 14-3-3 protein, resulting in activation and protection 
against proteolytic destruction.98,124 Proteolysis by the 
proteasome is thought to involve ubiquitination of a highly 
conserved lysine residue in the NH2 terminal flanking regu-
latory region. The regulatory regions flanking the catalytic 
core make it possible for rapid changes in activity to occur, 
because dephosphorylation reduces 14-3-3 binding, lead-
ing to reduced activity and proteolytic destruction.2

During the course of evolution, catalytic capacity of 
the AANAT molecule was enhanced by increasing the 
turnover rate in the active site and by facilitating the rate 
at which protons exit the molecule during the course of 
acetyl transfer.2,125

A powerful and selective inhibitor of AANAT activity 
has been developed for broken cell assays.126 It mimics 
the intermediate complex formed during acetyl transfer 
and has been used to stabilize the enzyme during purifica-
tion and crystallization.127-129

Acetylserotonin O-Methyltransferase (Hydroxyindole 
O-Methyltransferase)
The final enzyme in melatonin synthesis pathway trans-
fers a methyl group from S-adenosyl methionine to the 
hydroxy group on the indole ring of N-acetylserotonin.130 
As true of AANAT and TPH1, acetylserotonin O-meth-
yltransferase (ASMT) is expressed in a very limited pat-
tern, with high levels in the pineal gland and varying 
levels in the vertebrate retina. ASMT activity does not 
exhibit the dynamic changes of AANAT activity seen in 
all vertebrates.

Figure 19-6 Maternal sources of melatonin. The highly lipophilic 
 nature of melatonin allows it to quickly pass through membranes. As a 
result, melatonin can pass to the developing fetus via the placenta and 
via milk to the newborn suckling. This provides a means of transmitting 
photic information to the developing individual prior to development of 
the ability to make melatonin.
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What Limits Melatonin Production?
The question of what limits the rate at which melatonin 
production occurs is somewhat difficult to answer with 
confidence, because the capacity to synthesize melatonin 
reflects all the enzymes in the pathway and the capacity of 
the tissue to synthesize cofactors. It has been proffered that 
ASMT may limit maximal levels of melatonin production 
at night,131 whereas AANAT may limit melatonin pro-
duction during the day. However, without knowledge of 
the availability of all cofactors and activities of enzymes 
in the pathway, it is impossible to be confident of this. In 
contrast, there is no doubt that the striking daily rhyth-
micity and dynamic changes in melatonin synthesis are a 
direct consequence of changes in acetylation.

Melatonin Rhythm-Generating Systems
Two features of vertebrate melatonin rhythm-generating 
systems are highly conserved (Fig. 19-8). One feature 
is that the 24-hour rhythm in melatonin production is 
driven by an endogenous clock.132 As a result, melato-
nin production can continue to cycle on a ∼24-hour basis 
in constant darkness in mammals, birds, and most fish  

(see Figs. 19-8 and 19-9). The second characteristic is pho-
tic regulation. Light controls melatonin synthesis in two 
ways. One is to reset and integrate the circadian phase 
with environmental lighting, and the other is to turn off 
stimulation of AANAT. Whereas these functional fea-
tures are highly conserved, the anatomy and organization 
of the regulatory systems are not.

In submammals, the pinealocyte contains photore-
ceptors and a circadian clock that drives melatonin pro-
duction through cellular mechanisms. Hence, bird and 
non-salmonoid fish pineal glands can be cultured and 
continue to exhibit a 24-hour rhythm in melatonin pro-
duction and to be sensitive to light.31,133,134

The mammalian melatonin rhythm-generating system 
has a more complex anatomy (see Figs. 19-9 and 19-10). 
The oscillator regulating the pineal gland is located in the 
suprachiasmatic nucleus (SCN),135,136 the master oscilla-
tor in the hypothalamus that coordinates all mammalian 
circadian rhythms. The SCN is linked to the pineal gland 
by a pathway through the brain and peripheral nervous 
system. SCN projections make synaptic connections in 
the paraventricular nucleus with neurons that project 
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through the spinal cord in the intermediolateral cell col-
umn.111,112,137 There, preganglionic cells send projections 
to the superior cervical ganglia. Adrenergic cells in the 
ganglia, in turn, project to the pineal gland through post-
ganglionic fibers coursing through the nervi conarii.28,138 
It is of interest to note that the neural pathway inner-
vating the pineal gland is insulated from stress-induced 
activation of the sympathetic nervous system.139 Only 
stimulation from the SCN results in activation of the 
pineal gland at night, with the release of norepinephrine, 
which is essential for the increase in melatonin production 
through activation of β1-adrenergic and α1-adrenergic 
receptors.140-144 This leads to elevation of cyclic AMP and 
intracellular calcium, resulting in an increase in activity of 
cyclic AMP-dependent protein kinase.

The increase in the activity of this kinase has several 
effects. In addition to phosphorylating AANAT, cyclic 

AMP-dependent response element binding protein is also 
phosphorylated, which triggers gene expression.7,95,145 
Studies in rodents indicate one of the genes that is induced 
is AANAT, which does not occur to a significant degree 
in ungulates or primates.145-147

In addition to these two centralized versus decentralized 
systems, birds have a system that combines features of both, 
in that melatonin synthesis reflects both an endogenous 
clock in the pinealocyte and adrenergic input.115,133,145 
However, during the day, adrenergic input to the pineal 
gland increases, resulting in activation of α2 adrenergic 
receptors, which suppresses melatonin synthesis.

The Protective Role of Reuptake in Controlling Melatonin 
Production
As indicated earlier, stimulation of the SCN-pineal path-
way in mammals results in activation of the pineal gland 

Eye

Photodetector Oscillator Gate

SCN Pineal Gland

Trout, salminoids

cAMP

AANAT mRNA

AANAT

(–)

Rat NE

Ca++

cAMP

AANAT mRNA

AANAT

(+)

Rhesus, sheep cAMP

AANAT mRNA

AANAT

(+)
NE

Chicken

Ca++

cAMP

AANAT mRNA

AANAT

(–)
(–)

(+)
NE

Zebrafish, pike
cAMP

AANAT mRNA

AANAT

(–)

Figure 19-8 Regulation of AANAT activity in vertebrate melatonin rhythm-generating systems. The daily rhythm in AANAT activity and protein 
are highly conserved features of vertebrate biology. However, the systems controlling these changes vary among vertebrates. In mammals, light is 
detected by the eye, which influences AANAT activity and protein through a neural circuit that includes the circadian clock in the suprachiasmatic 
nucleus (SCN). In some cases, including rodents, AANAT mRNA levels are also under control of this system, which is not the case in sheep and rhesus 
macaques, which do not exhibit large changes in the abundance of AANAT mRNA. In some fish, including the pike and zebrafish, light is detected by 
photoreceptors on pinealocytes that contain the clock that drives melatonin synthesis by these cells. That is, all components of the rhythm-generating 
system are within single cells. Birds have a system that is more complex, and includes by a pinealocyte clock and a central oscillator. An exception 
to the association of an endogenous clock with melatonin synthesis is found in the trout and other salmonids, in which AANAT activity is regulated 
without the involvement a clock.



320 PART 2 NEUROENDOCRINOLOGY AND PITUITARY DISEASE

through release of norepinephrine from the sympathetic 
nerves terminating in the pineal gland. In addition to this 
role in mediating activation, sympathetic nerves play an 
important role through reuptake mechanisms that remove 
catecholamines from the pineal extracellular space.139,148 
This results in rapid termination of neural stimulation. 
This reuptake system also functions to prevent stress-
induced changes in pineal function due to elevation of 
circulating catecholamines. Accordingly, drugs that block 
reuptake result in stimulation of the pineal gland under 
stressful conditions, which does not otherwise occur.

Melatonin Secretion
The lipophilic nature of melatonin precludes storage in gran-
ules. Secretion occurs as a function of production, which 
controls melatonin content of the pineal gland. When pro-
duction stops, pineal stores of melatonin rapidly decrease.

Assaying Melatonin Levels and Production
Nearly all studies on circulating and salivary melatonin 
have been done using radioimmunoassays, the develop-
ment of which was a powerful factor stimulating melato-
nin research.149-151 Radioimmunoassay kits for melatonin 

detection are commercially available and have been highly 
useful in documenting daily changes in circulating mela-
tonin. Whereas these assays have been validated to vary-
ing degrees regarding specificity, all radioimmunoassays 
carry with them the potential for nonspecificity. This is 
because they rely on indirect competitive interactions 
that make it possible for similar compounds to influence 
observed results. For example, one of the earliest reports of 
a melatonin antiserum indicated that N-acetyltryptamine 
and melatonin were detected equally well.150 The question 
of nonspecific interference with the accurate detection of 
plasma melatonin by radioimmunoassay remains an under-
lying concern, as is the case for all assays of this nature.

Melatonin in plasma and saliva can also be detected 
by electrochemical (EC) and mass spectrometric (MS) 
methods.152-155 Samples are generally subjected to 
purification using high-performance liquid chroma-
tography. The sensitivity of EC limits use of it to mea-
surement of melatonin in pineal extracts and culture 
media from pineal and cell cultures. Moreover, there 
are potential problems with specificity. High-perfor-
mance liquid chromatography in conjunction with tan-
dem mass spectrometry (HPLC-MS/MS) represents the 
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ultimate melatonin-detection method currently avail-
able. Although it is not widely used as of this writing, 
it is reasonable to expect that it will play a prominent 
role in the future. This is because the method directly 
measures molecules of melatonin at very high levels of 
sensitivity. Moreover, the use of internal deuterated 
standards provides an elegant approach to precise and 
reliable quantitation. Another advantage of this method 
over radioimmunoassay is that several compounds can 
be measured in a single run, which provides the inves-
tigator with more information from each biological 
sample.152-155

Melatonin Metabolism and Melatonin Metabolites  
as Indicators of Melatonin Synthesis
Melatonin is catabolized in the liver by cytochrome P450 
enzymes.156-161 6-Hydroxymelatonin is conjugated to form 
the 6-sulfatoxy and 6-glycuronide derivatives. In humans 
and many other species, the main product is 6-sulfatoxy 
melatonin. Although the daily rhythm in melatonin is reg-
ulated by melatonin production in the pineal gland, reflect-
ing the activity of AANAT, degradation of melatonin is 
an often overlooked essential for the rapid translation of 
changes in melatonin production into rapid changes in 
melatonin in the circulation. Without rapid destruction of 
melatonin in the liver, the marked daily dynamic changes 
in melatonin would be blunted.

A productive method to estimate melatonin produc-
tion is by detection of 6-sulfatoxy melatonin or 6 hydrox-
ymelatonin in urine.162,163 Urinary 6-suflatoxy melatonin 
measurements are attractive for clinical investigations 
because 24-hour collections of urine can be obtained 
routinely from a range of subjects in nonclinical settings 
and can provide a useful indication of melatonin produc-
tion during large blocks of time. This allows estimation 
of both total melatonin produced and day versus night 
production. Whereas this approach does not provide an 
indication of rapid melatonin dynamics, the information 
it provides can be valuable.164-167

Mother as a Source of Melatonin: Placental  
and Milk Transfer
Melatonin passes through the placenta168,169 by virtue 
of strong hydrophobicity (see Fig. 19-6). In the nonhu-
man primate, changes in maternal melatonin produce 
parallel changes in fetal melatonin,169 a relationship that 
appears to occur in other species.170,171 Accordingly, the  
transfer of maternal melatonin to the fetus is one of 
the earliest endocrine signals received by the embryo at  
the very earliest stages of development. The full impact 
on this has not been established, but one possible tar-
get are melatonin receptor–expressing cells in Rathke’s 
pouch, which gives rise to the pituitary gland.172 As dis-
cussed elsewhere, melatonin suppresses the response of 
gonadotrophs to GnRH early in development, prior to 
disappearance of the melatonin receptors. Hence, it is 
possible that melatonin receptors play a role in prevent-
ing activation of developing gonadotrophs.

Melatonin is present in milk and transferred to suck-
lings.173 Studies in several species, including humans, 
indicate that there is a daily rhythm in milk melatonin 

that parallels that in the maternal circulation.174,175 Milk 
transfer of melatonin appears to influence the circadian 
biology of the newborn.176-178

Melatonin Receptors
The actions of melatonin in mammals are mediated pri-
marily by two G protein–coupled receptors, referred 
to as MT1 and MT2, encoded by the closely related 
MTNR1A and MTNR1B genes.107 These receptors 
are found in all vertebrates. In addition, the genomes 
of subvertebrates also contain a third receptor called 
Mel1C. The receptors exhibit the general structure of 
G protein–coupled receptors, including a seven-trans-
membrane spanning domain. They act through per-
tussis toxin-sensitive and insensitive G proteins and 
second messengers to modulate cell biology. Melato-
nin receptors exhibit a >100-fold weaker affinity for 
the melatonin precursor N-acetylserotonin, the partial 
agonist N-acetyltryptamine, and the melatonin metab-
olite 6-hydroxymelatonin; they exhibit little affinity 
for other naturally occurring compounds. The mela-
tonin derivative 2-iodomelatonin179 has higher affinity 
for these receptors than melatonin and is used widely  
to histologically localize melatonin receptors, to char-
acterize their binding feature, and to measure mela-
tonin levels by radioimmunoassays. Pharmaceuticals  
with MT1/MT2 selectivity have been developed, 
and some are in clinical use90,107,180 for treatment of 
sleep disorders, circadian biology abnormalities, and 
behavior.

Melatonin and Quinone Reductase 2
In addition to exhibiting high-affinity binding to MT1/
MT2, melatonin also binds to quinone reductase 2, which 
had initially been referred to as MT3 based on the mela-
tonin binding characteristics. There is no structural simi-
larity between quinone reductase 2 and MT1/MT2. In 
contrast to MT1/MT2, the former exhibits higher affin-
ity for N-acetylserotonin than melatonin. Pharmacologic 
(micromolar) concentrations of melatonin can inhibit 
this enzyme; however the physiologic relevance of bind-
ing of melatonin to quinone reductase 2 has not been 
established.

Endocrine Effects of Melatonin
As discussed below, melatonin receptors are highly 
expressed in the suprachiasmatic nucleus, and through 
these receptors melatonin plays an important role in con-
trol of the the internal clock. Hence, in this way, melato-
nin plays a broad role in regulating circadian changes in 
all aspects of endocrinology.

In addition to this very general role, melatonin acts on 
the neonatal gonadotroph to block effects of GnRH on 
the release of LH and FSH.181-184 This effect disappears 
during development, as melatonin receptors decrease in 
abundance through a mechanism mediated by GnRH 
receptors.185-187 The inhibitory effect of melatonin is 
robust and remains one of the few cellular responses stud-
ied in primary mammalian cells from any stage of devel-
opment. It represents at attractive experimental model for 
the study of melatonin signal transduction. The effect of 
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melatonin on LH and FSH release may be of importance 
in suppressing the effects of GnRH during the early stages 
of development.187,188

Melatonin and Seasonality
Melatonin plays a critical role in synchronizing seasonal 
reproductive cycles to changes in the photic environment, 
as seen in studies on sheep and hamsters.189-197 Melatonin 
acts on sites in the hypothalamus198 to time the gonadotro-
phin/gonadal cycle and directly within the pituitary gland.

Melatonin as a Clock-Resetting Signal
The SCN contains high levels of melatonin receptors. 
Melatonin acts on cells in this tissue via electrophysi-
ologic and second-messenger–mediated mechanisms to 
reset the circadian clock.11,199-202 The effect of melatonin 
on the clock mechanism in the suprachiasmatic nucleus 
represents the most important physiologic function of 
the hormone at all stages of life (Fig 19-10). Convinc-
ing evidence of the role of melatonin in circadian biology 
comes from studies of the effects of melatonin in blind 
subjects.203-206 Totally blind subjects with no ability to 
detect light typically have free-running daily sleep-wake 
rhythms with periods shorter or longer than 24 hours. 
Melatonin administration can coordinate daily rhythms 
with the environmental lighting cycle.

Melatonin as a Circadian Clock Diagnostic
Melatonin is used in a clinical test to characterize cir-
cadian phase of the SCN and for evaluating circadian 

misalignment.205,207,208 As described earlier, melatonin 
production increases at night in the dark as a result of 
neural stimulation originating in the SCN; in humans, 
this increase occurs without the lag seen in some  
vertebrates. Accordingly, the onset of melatonin pro-
duction in humans provides a unique and immediate 
measure of the phase of the SCN. The test is performed 
in dim light that is too weak to block melatonin pro-
duction. Saliva or blood is sampled periodically, and 
melatonin is measured. The onset of nocturnal mela-
tonin production is then determined and is formally 
referred to as the dim-light melatonin onset (DLMO). 
The DLMO can vary among individuals and is used 
to diagnose sleep disorders linked to phase advance  
or phase delay in the SCN in adults, adolescents, and 
children.205,209-215 The DLMO is the most accurate 
clinical tool available to study the circadian clock in 
humans.

FUTURE DIRECTIONS FOR PINEAL AND MELATONIN 
RESEARCH
It is likely that investigators interested in pineal func-
tion will continue to focus on melatonin, especially its 
role in human physiology and disease. Broad claims for 
a role of melatonin in human disease appear in the lit-
erature, and although a clear and unequivocal role for 
melatonin has not yet appeared, it is likely that this 
will occur as our understanding of circadian biology 
develops. The areas that are likely to receive the most 
attention will be linked to circadian function, sleep, 
depression, and mood disorders. In addition, a role for 
melatonin in cancer therapy should attract significant 
attention.216 It is reasonable to expect that analytical 
practices in the field will shift toward the use of LC-MS/
MS-based methods to measure melatonin and related 
compounds because this approach is superior to immu-
noassay. This is especially true for determination of the 
DLMO, which strongly depends on accurate measure-
ment of low levels of melatonin.207 It is also reasonable 
to expect that there will be increased interest in the 
mechanisms involved in controlling the development 
of the pineal gland and expression of the pineal-spe-
cific transcriptome. With the increase in availability of 
melatonin-based pharmaceuticals, one can predict that 
there will be significant interest in the broad effects of 
these chemicals. Similarly, interest in the role of the 
melatonin-like naturally occurring chemical N-acetyl-
tryptamine will grow as methods become available to 
study it. With improved methods and strategies, our 
understanding of the pineal gland and melatonin will 
grow, and the use of melatonin and melatonin-based 
pharmaceuticals to treat human disease will continue 
to improve and find new applications.
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Figure 19-10 The mammalian melatonin rhythm-generating system. 
The daily rhythm in melatonin production is driven by an autonomous 
circadian clock located in the SCN of the hypothalamus, located in 
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GROWTH HORMONE GENE FAMILY
In humans, the growth hormone (GH) gene family is 
located on chromosome 5 and consists of the follow-
ing five genes (GH, placental growth hormone (GH-V), 
chorionic somatomammotropin hormone 1 (CSH1), cho-
rionic somatomammotropin hormone 2 (CSH2), and a 
pseudogene called chorionic somatomammotropin-like 
hormone, all located on the long arm of chromosome 
17 in what is known as the GH gene locus, which spans 
∼46.8 kilobases (kb). Additionally, a related protein, 
human prolactin (PRL), is included in the GH gene fam-
ily and resides on chromosome 6. All of these genes share 
similar structure and are believed to have evolved from a 
common ancestor.5 Unlike GH, which is expressed pri-
marily, although not exclusively, in the pituitary gland, 
GH-V is a glycosylated protein that is produced in the 
syncytiotrophoblast cells of the placenta fundamentally 
replacing pituitary GH during pregnancy. It differs from 
pituitary GH in 13 of 191 amino acid residues5 and has 
been shown to promote growth and mediate maternal 
insulin resistance. In humans, the CSH genes are also 
expressed in the placenta and encode a protein that is 
known as placental lactogen. Each member of the GH 
family of proteins contains ∼200 amino acids, with two 
(GH) or three (PRL) disulfide bonds and a molecular 
mass of ∼22,000 with similar sedimentation and diffusion 
coefficients. The amino acid composition and sequence 
of the molecules are comparable, ranging from ∼60% to 
90% in amino acid sequence identity.6 Members of the 
GH family are synthesized as precursor proteins, that is, 
they contain amino terminal secretory signal peptides.5

The primary mRNA transcripts of each respective gene 
contain five exons and four intervening sequences with 
the translational start and stop codons located in exons 

1 and 5, respectively.5 Several expressed GH-related 
genes also undergo alternative precursor mRNA splicing. 
One well-documented alternatively spliced mRNA tran-
script is that of pituitary GH. Alternative splicing of the 
GH precursor mRNA results in a new mRNA encoding 
a 20-kD GH isoform. This mRNA contains a deletion 
encoding amino acids 32 to 46 (Fig. 20-1) in exon 3 of 
the GH precursor mRNA. The 20kDA GH can easily be 
detected in the pituitary and blood.7

A family of genes that encodes several transcription 
factors including POU1F1 (POU domain, class 1, tran-
scription factor 1, formerly called PIT1) and PROP1 
(prophet of PIT1) have been identified and cloned, and 
have been found to have a major influence on the devel-
opment of GH-producing cells. Expression of these genes 
is important in differentiation of pituitary cell lines to 
somatotrophs that ultimately synthesize and release GH.8 
Expression and secretion of GH by somatotrophs are 
controlled by nutrition, sleep, exercise, and several hor-
mones, as well as by hypothalamic peptides such as GH-
releasing hormone (GHRH) and somatostatin, and GH 
secretagogues, including ghrelin. This topic is thoroughly 
covered later in the chapter.

Since the initial discovery of a growth-promoting prin-
ciple from the pituitary gland in 1921,1 human growth 
hormone (GH) has been identified, purified, and charac-
terized. In 1979, GH complementary DNA (cDNA) was 
cloned and expressed.2 Subsequently (in 1985), recombi-
nant (r)hGH was generated and approved for clinical use 
in GH-deficient (GHD) patients. Since then, several other 
clinical indications have been approved for GH use that 
are discussed later.

Major scientific findings during the past few decades 
have established the mechanism by which GH interacts 
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with its receptor (GHR), identified downstream intracel-
lular signaling pathways, generated several mouse lines 
with altered GH action, and reported on the relationship 
of GH with aging and longevity. Another important series 
of findings has been the discovery of molecules that regu-
late GH secretion from the pituitary gland. This chapter 
summarizes recent and significant findings in the GH field 
and provides pertinent background information and ref-
erences to more detailed reviews of earlier work.

GH ACTIVITIES
As the name implies, the major function of GH is growth 
promotion. However, several other GH actions have 
been demonstrated, most of which relate to the role of 
GH in metabolism. We will briefly mention some of these 

activities here; they are reviewed further in Chapter 12, 
which focuses on acromegaly, and Chapter 23, which 
concentrates on GH deficiency in children.

Hyposecretion of GH during childhood and adolescence 
leads to a GH-deficient state associated with dwarfism, 
whereas hypersecretion of GH before the end of puberty 
leads to gigantism when left untreated. These disorders are 
due to the lack or excess of the growth-promoting action 
of GH on the bone growth plate. In contrast, during adult-
hood, when linear growth has already been completed, GH 
deficiency does not affect growth; however, it does affect 
body composition, carbohydrate and lipid metabolism, 
cardiovascular risk profile, and quality of life.9 Hyperse-
cretion of GH in adults, mainly derived from a pituitary 
adenoma, results in a clinical condition known as acro-
megaly, which is characterized by soft tissue enlargement 
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Figure 20-1 Schematic representation of the human GH1 gene showing the alternative splicing of exon 3. This gene contains five exons and four 
introns; exons are numbered E1 through E5, and introns are shown as A through D. Lengths of these introns and exons are shown as the number 
of base pairs. As shown on the left, normal gene transcription and precursor mRNA splicing produces an mRNA that is translated to produce a GH 
precursor of 217 amino acids (isoform 1). The mature protein, as a result of posttranslational cleavage of the secretory signal peptide (which allows it 
to exit the cell), contains 191 amino acids and has a molecular weight of 22 kD. As shown on the right, alternative precursor mRNA splicing gives rise 
to a variant GH of 20 kD (isoform 2) that lacks 15 amino acids from the beginning of exon 3 (amino acid residues 58 through 72). This alternative 
splicing reaction (indicated by the dashed line) takes place because of the presence of a 3′ cryptic alternative splice acceptor site in exon 3. Each GH 
isoform can undergo further posttranslational modification. Several such variants of hGH have been described, including variable phosphorylation of 
residues Ser132 (white circles) and Ser176 (white circles with black dots). mRNA, Messenger RNA; UTR, untranslated region; P, phosphate group. 
(From Kopchick JJ, Sackmann-Sala L, Ding J: Primer: Molecular tools used for the understanding of endocrinology, Nat Clin Pract Endocrinol Metab 
3[4]:355-368, 2007.)
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(mostly in the acral regions) and involves abnormal growth 
and enlargement of many organs, including the heart, liver, 
kidneys, and craniofacial tissue, including the tongue and 
the soft palate. Together, these pathologic changes lead 
to life-threatening conditions, including diabetes mellitus, 
cardiovascular disease, and obstructive sleep apnea.10

In healthy adults, GH displays several metabolic 
effects, including those associated with protein, fat, 
and carbohydrate metabolism. Insulin is the main hor-
mone that controls substrate metabolism during the fed 
state; however, during fasting, when insulin secretion is 
suppressed, this function shifts to GH.11 Nevertheless, 
the specific impact of GH on carbohydrate metabolism 
is not fully understood, with two contradictory actions: 
acute or early insulin-like activities, and chronic or late 
anti-insulin effects. The chronic effect is also described 
as GH’s diabetogenic activity. Acute insulin-like activi-
ties of GH include hypoglycemia and increased glu-
cose and amino acid transport and metabolism, with 
increased protein synthesis, increased glycogenesis, and 
increased lipogenesis.9 These insulin-like activities are 
seen primarily in vitro or under special in vivo circum-
stances and are thought to be secondary to an imme-
diate increase in pancreatic insulin release caused by 
GH.12

The anti-insulin activities of GH in animals were 
described in 1936,13 when pituitary extracts were found 
to inhibit the action of insulin, with associated rises in 
serum glucose levels. This activity, later identified as GH, 
was also shown in humans in the 1960s.14 Additionally, 
up to 50% of individuals with acromegaly develop type 
2 diabetes that results from high serum GH giving rise 
to an insulin-resistant state, resulting in elevated circu-
lating insulin levels. This increase in insulin results in an 
increased rate of triglyceride production along with an 
altered lipoprotein profile.10

The diabetogenic effect of GH is exerted directly by 
GH-induced intracellular signaling through the Janus 
kinase (JAK)/signal transducer and activator of transcrip-
tion (STAT) pathway (discussed later in this chapter). 
Subsequently, upregulation of the p85α regulatory sub-
unit of phosphoinositide (PI)-3 kinase in rodent white 
adipose tissue (WAT), skeletal muscle, and liver results 
in inhibition of the insulin signaling pathway and ulti-
mately insulin resistance. However, other studies have 
questioned the role of PI-3 kinase in GH-induced insulin 
resistance in human muscle tissue.15

Many of the functional effects of GH may result from 
the autocrine, paracrine, and endocrine actions of insu-
lin-like growth factor 1 (IGF-1), production of which is 
directly stimulated by GH. IGF-1 action will be reviewed 
in Chapter 21. Nevertheless, determining which of the 
GH-associated physiologic effects are the direct outcomes 
of GH action and which are caused indirectly by IGF-1 
has been, and continues to be, an active and controver-
sial area of research. In this regard Lupu and colleagues 
have shown that mouse growth is a result of both GH 
and IGF-1 action. In particular, 14% GH, 35% IGF-1, 
34% overlapping GH/IGF-1 function, and 17% non-GH/
IGF-1 action is responsible in mediating mouse growth. 
This data suggests that GH and IGF-1 have distinct and 

overlapping functions in terms of growth.16 Again, dis-
secting the actions of GH versus IGF-1 continues. Suffice 
it to say that GH is lipolytic, and IGF-1 is not; GH binds 
to GH receptors (R) on liver cells, and IGF-1 does not; 
and GH is diabetogenic, and IGF-1 is not. Thus, not all 
GH actions are manifested by the action of IGF-1.

The non–growth-related roles of GH have expanded 
the clinical utilization of recombinant (r)hGH. Initially, 
rhGH was indicated for GH-deficient children. For 
example, rhGH is now indicated for growth promotion 
during childhood and adolescence in several conditions 
associated with growth impairment in the absence of GH 
deficiency. These indications include Turner and Prader-
Willi syndromes, chronic renal insufficiency, SHOX gene 
defects, and children born small for gestational age (SGA) 
without catch-up growth. Two further indications—idio-
pathic short stature and Noonan’s syndrome—have been 
approved in the United States but not in Europe for spe-
cific brands of rhGH. In addition, accepted medical uses 
in adults include treatment of GH deficiency and the 
wasting syndrome encountered with human immunodefi-
ciency virus/acquired immunodeficiency syndrome (HIV/
AIDS).16a

GHR Gene Disruptions Reveal Several  
GH-Related Actions
GH receptor gene disrupted mice (GHR-/-) were gener-
ated in 1997. Since GHR-/- mice have no GH-induced 
activities, their phenotypes provide insight into the actions 
of GH.17 As expected, GHR-/- mice are dwarf with low 
IGF-1 despite elevated GH. GHR-/- mice are obese with 
elevated levels of leptin. Despite the obese phenotype 
and counterintuitively, GHR-/- mice are extremely insu-
lin-sensitive with decreased levels of insulin and low to 
normal levels of glucose. Adiponectin levels are elevated 
in GHR-/- mice, which is unexpected since adiponectin 
is usually inversely correlated to adiposity and suggests 
that GH signaling may negatively regulate adiponectin 
since it is elevated when GH signaling is disrupted. One 
of the most remarkable traits of these mice is that they 
have greatly extended life spans and are currently recog-
nized by the Methuselah Foundation as the longest-lived 
laboratory mouse. The mechanisms responsible for life 
span extension in GHR-/- mice are not fully understood; 
however, studies have shown that these mice are resis-
tant to cancer and are protected from experimentally 
induced diabetes.18 GHR-/- mice share numerous traits 
with human Laron syndrome (LS) individuals including; 
dwarfism, GH resistance, decreased IGF-1, increased GH, 
delayed sexual development, decreased bone mineral den-
sity, decreased muscle mass, hypoglycemia at a younger 
age, increased adiposity, and increased leptin and adipo-
nectin levels.25 (LS is discussed further in the next sec-
tion of this chapter). Importantly, both GHR-/- mice and 
humans with LS are resistant to the development of dia-
betes and cancer.17-19 These observations of “increased 
healthspan” in GH-resistant mice and humans are per-
haps the most important new GH-related findings since 
the last edition of this textbook.

In order to further delineate the actions of GH on indi-
vidual tissues, various conditional GHR gene–disrupted 
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mice have also been generated including those with 
tissue-specific GHR ablation. Fat-specific GHR gene– 
disrupted (FaGHRKO) mice have normal glucose homeo-
stasis and normal levels of circulating GH and IGF-1, 
but are severely obese (Fig. 20-2).20 Furthermore, since 
FaGHRKO mice do not have elevated adiponectin levels 
similar to global GHR-/- mice (as described earlier), this 
suggests that GH does not directly regulate adiponectin 
levels in adipose tissue. Disruption of GHR specifically 
in liver decreases circulating IGF-1, increases GH, and 
causes insulin resistance and hepatic steatosis.21 Surpris-
ingly, disruption of GHR in liver also results in elevated 
adiponectin, suggesting that certain adipokines may 
be regulated indirectly via hepatic GH action (List and 
Kopchick, unpublished results). Furthermore, since GH-
stimulated liver-derived IGF-1 accounts for ∼90% of cir-
culating IGF-1 (also referred to as endocrine IGF-1), these 
mice also provide a model for determining the effects of 
endocrine versus local IGF-1. Also, it appears that local 
production of IGF-1 by the liver and, to a lesser extent, 
endocrine IGF-1 are required for normal growth. Other 
examples of tissue-specific disruption of the GHR gene 

have been reported. Pancreatic β-cell–specific disruption 
of GHR results in impaired insulin secretion.22 Disrup-
tion of GHR in skeletal muscle has been performed in two 
separate laboratories with conflicting results.23,24 One 
laboratory described reduced adiposity and improved 
glucose metabolism, while the other observed increased 
peripheral adiposity and impaired glucose metabolism. 
Taken together, these studies show that removal of GH 
action specifically in individual tissues can influence adi-
posity and glucose homeostasis. However, no single tis-
sue-specific disruption of the GHR produces a phenotype 
that matches GHR-/- mice and implies the importance of 
tissue cross-talk for the various in vivo actions of GH.

Clinical Manifestations of Mutations in the GHR Gene
GH-insensitive individuals with a dwarf phenotype were 
first described by Laron.25 The original molecular defect 
in these Laron syndrome (LS) individuals was found in 
the GHR. Since the initial series of GHR mutations was 
documented, many other sites of GHR mutation and 
mutations in downstream signaling intermediate genes 
have been documented.77 For example, genetic defects in 

Figure 20-2 Mouse lines with altered 
size (GH action) commonly used to 
study the various activities of GH. A, 
Pictured from left to right: bGH trans-
genic, wild-type, GH receptor antagonist 
transgenic, GHR gene disrupted GHR-/-
, and GH gene disrupted (GH-/-) mice.  
B, Pictured on the left is a fat-specific 
GHR gene–disrupted (FaGHRKO) 
mouse compared to a wild-type littermate 
control (right).

A

B
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STAT5b have recently been identified in humans. These 
individuals exhibit GH insensitivity, profound short 
stature, pulmonary disease, and immune dysfunction.78 
Whatever the genetic cause, these LS individuals are GH 
insensitive (or resistant) with corresponding low levels of 
serum IGF-1; thus treatment with IGF-1 is the only clini-
cal option.77

Other mutations within the GHR gene have been doc-
umented. In 2004, Dos Santos and colleagues79 reported 
that a rather frequent polymorphism of the GHR gene 
was associated with increased responsiveness to GH. 
This GHR gene mutation resulted in removal of exon 3 
and has been termed the d3 GHR allele.79 Children born 
short for gestational age (SGA), children with idiopathic 
short stature, girls with Turner syndrome, and children 
with severe GH deficiency all in the presence of a d3 GHR 
polymorphism have a greater response to exogenous 
rhGH administration than do similar individuals who 
express the full-length GHR. These findings suggest that 
a subpopulation of individuals with the d3 GHR allele 
may have increased sensitivity to GH. Also, in a study of 
acromegalic individuals,80 the wild-type full-length GHR 
was found to be homozygous in 50% of patients, while 
50% had at least one d3 GHR allele. The GHR genotype 
(specifically, the deletion of exon 3) was hypothesized to 
modulate the relationship between GH and IGF-1 serum 
concentrations in these acromegalic individuals.80 How-
ever, the functional and clinical importance of this exon 3 
deletion in the GHR continues to be controversial.

GH AND CANCER
Involvement of GH in cancer was, and still is, a provoca-
tive issue. Data from several international databases pro-
vide no evidence that administration of rhGH to humans 
causes or promotes cancer.26 Additionally, in a long-term 
study in mice and rats, administration of rGH had no 
effect on the incidence of cancer.27 However, Swanson 
and colleagues have shown that GH signaling is impor-
tant in mouse prostate28 and mammary29 carcinogen-
esis. These investigators crossed the GHR-/- mouse with 
the C3(1)/TAg mouse, in which males develop prostatic 
intraepithelial neoplasia (PIN) and females develop mam-
mary carcinomas driven by the large T antigen (TAg). 
Offspring of this cross were genotyped, and TAg/GHR-
/- mice were compared to TAg/GHR+/+. In both prostate 
and mammary cancer models, carcinogenesis was signifi-
cantly slowed in animals harboring TAg that lacked GHR 
(TAg/GHR-/-) compared with TAg mice expressing wild-
type GHR (TAg/GHR+/+).

Swanson’s group also has shown that the spontane-
ous dwarf rat (SDR), which lacks GH as the result of a 
point mutation in the GH gene, is resistant to chemically 
induced mammary carcinogenesis or TAg-driven pros-
tate cancer.30 This model is significant in that the SDR 
differs from the Sprague-Dawley rat only by this single 
point mutation. Exposure of the Sprague-Dawley rat to 
N-methyl-N-nitrosourea (MNU) is one of the most com-
monly used and thoroughly characterized models for 
human breast cancer, particularly for the ability of hor-
mones to regulate tumor growth, and is considered to be 

an excellent model of human breast cancer. Finally, this 
group has reported that the SDR can be made vulnerable 
to MNU-induced mammary carcinogenesis by treatment 
with GH, and that once mammary tumors were estab-
lished, cessation of GH treatment induced rapid and dra-
matic regression of mammary tumors.31

Through analysis of converging results from epide-
miologic research and in vivo carcinogenesis models, 
Pollak and coworkers have established an association 
between the GH/IGF-1 axis and cancer, showing that 
relatively high levels of circulating IGF-1 are associated 
with a modest increase in the risk for several common 
cancers, such as colorectal, prostate, and breast cancer.32 
Based on these findings, experimental pharmacologic 
strategies that reduce IGF-1 receptor (IGF-1R) signal-
ing are currently under development. In addition, when 
mice that express a GHR antagonist, pegvisomant, (dis-
cussed later), were exposed to chemically induced breast 
cancer, significant suppression of the development of 
breast cancer was noted.33 Finally, pegvisomant inhibited 
the growth of human meningiomas and colorectal and 
breast carcinomas in xenograft experiments in mice, sug-
gesting this class of drugs as potential therapeutic agents 
through blockade of GHR-mediated signal transduction 
pathways.34

Recently, Lobie and colleagues have shown that GH is 
synthesized at a number of extrapituitary sites, with auto-
crine GH expression found in certain human carcinoma 
cell lines. This autocrine GH was found to stimulate sur-
vival, proliferation, migration, and invasion of human 
microvascular endothelial cells. Furthermore, this group 
reported that autocrine GH is a wild-type orthotopically 
expressed oncogene involved in the immortalization of 
human mammary epithelial cells. As one may imagine, 
this concept is extremely controversial. However, auto-
crine and paracrine GH may play a key role in angiogenic 
and lymph-angiogenic processes in tumor neovasculariza-
tion.35 It is important to note that the GHR antagonist, 
pegvisomant, inhibits some of these processes.36 Thus, 
the association of GH with the initiation and progression 
of a variety of cancers is controversial, requiring further 
study before any conclusions can be drawn. Nonetheless, 
pegvisomant or any interventions that downregulate the 
GH-IGF axis may be possible treatment options for sev-
eral types of cancer.

STRUCTURE OF GH
To explain these various GH actions, several hypotheses 
have been presented. Some are quite old and include (1) 
the existence of multiple GHRs; (2) the presence of multi-
ple “active centers” in the GH molecule; and (3) the pres-
ence of small, active GH fragments (∼90 fragments have 
been studied) with a variety of activities.37 Data related to 
some of these hypotheses are presented in the following 
section.

The crystal structure of the GH molecule, in particular, 
porcine (p)GH, was solved in 1987.38 The structure of 
human GH is shown in Figure 20-3. GH was found to 
be an elongated molecule with approximate dimensions 
of 55 × 35 × 35 A. The molecule contains four α-helices, 
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which are tightly packed as antiparallel bundles aligned 
in an up-up-down-down orientation, and contain 54% of 
the 191 amino acids of GH. The molecule also contains 
a “large loop” between residues 33 and 75, a “smaller 
loop” between residues 129 and 154, and a “small loop” 
located at the carboxyterminus.38 In 1992, the crystal 
structure of hGH, along with the hGH binding protein 
(GHBP), was solved.39 Again, four hGH α helices were 
detected: α-helix I (residues 9 through 34), α-helix II (resi-
dues 72 through 92), α-helix III (residues 106 through 
128), and α-helix IV (residues 155 through 184). Two 
small mini-helices, residues 38 through 47 and 64 through 
79, were also found in the large loop between α-helices I 
and II.39,40

The third α-helix of GH possesses amphiphilic charac-
teristics, that is, the hydrophobic residues are geographi-
cally separated from the hydrophilic ones. For example, 
the third α-helix of bovine (b)GH is imperfect in that 
Glu 117 (a hydophilic residue) is found in the hydropho-
bic one half of the α-helix, while Ala 122 and Gly 119 
(hydophobic residues) are positioned in the hydrophilic 
portion of the α-helix. Amphiphilic secondary structures 
have been proposed to be important functional domains 
for many peptide hormones, as well as for transcriptional 
activators. The importance of this helix will be discussed 
shortly.

Bovine (b) GH has four Cys residues located at posi-
tions 53, 164, 181, and 189, which are conserved among 

all GH, PRL, and placental lactogen molecules.6 The four 
Cys residues form two disulfide bridges in bGH (three 
in PRL) that are located between Cys 53 and Cys 164, 
which results in a large loop, and between Cys 181 and 
Cys 189, which forms a small C-terminal loop. Conser-
vation of these Cys residues and disulfide bridges among 
members of the GH family (including hGH) may indicate 
that these residues are important for the structural integ-
rity and biological activity of the molecule.

Structure/Function Studies of GH
Multiple studies have been performed to assess the impor-
tance of structural motifs as they relate to the activity of 
the GH, including bond splitting and site-directed muta-
genesis techniques targeting the Cys residues involved 
in disulfide bond formation. Results derived from these 
experiments were contrasting but suggested that the bio-
logical significance of the disulfide bond integrity may be 
species-specific, and that the integrity of the large loop, 
but not that of the small loop, is essential for the growth-
enhancing activity of GH.41 However, the effect of GH 
on lipid metabolism using these Cys-altered GH protein 
was unchanged.42

Information about functional domains of GH obtained 
through fragment experiments peppered the early GH lit-
erature, but was limited because the overall conforma-
tion of the protein is not maintained. In the early 1990s, 
a novel approach toward understanding the structure of 
GH was employed using recombinant DNA techniques 
termed homologue scanning. Cloned DNA sequences 
encoding hPRL, which possess minimal GHR binding 
affinity, were substituted for corresponding regions of 
GH, and the PRL/GH chimeric molecules were assayed 
for their ability to bind PRLR or GHR. This approach was 
very effective in defining the receptor binding domains of 
GH.43 It was found that the GHR binding domains in 
GH are located mainly in the NH2-terminal portion of 
α-helix I, a loop region between amino acid residues 54 
and 74, and the COOH-terminal portion of α-helix IV.43 
However, these experiments could not identify the spe-
cific residues involved in the ligand/receptor interaction.

Following the GH homologue scanning studies, a 
more refined approach was applied to the structure/bind-
ing relationships of GH and GHR. In this approach, Ala 
codons were systematically substituted for many codons 
in the GH gene, including those encoding residues found 
in α-helix I, the large loop, and α-helix IV. This “ala-
nine scanning” approach was used to define specific 
amino acid residues important for GHR binding.47 It 
was reported that amino acid residues 10, 54, 56, 58, 64, 
and 68, located in the loop region, and 171, 172, 175, 
178, 182, and 185 found in the C terminus are involved 
in GHR binding.43,44 The scanning mutagenesis studies 
largely ignored the third α-helix of GH because of the 
fact that amino acid substitutions in this region resulted 
in little change in GHR binding affinity.

The Third Alpha Helix of GH
The search for a growth-related domain in GH was pio-
neered by Sonenberg’s group in the late 1960s and early 
1970s. Their main finding was that a short sequence, 

Figure 20-3 Structural representation of human GH (Protein Data 
Base, code 1HUW). This figure represents a superposition of the sec-
ondary structure of GH with the atomic volume as a transparent gray 
cloud. The N-terminus is blue, the C-terminus is red, and α-helices are 
denoted as different colored ribbons. (This figure was kindly provided 
by Isabelle Broutin and Vincent Goffin.)
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generated by tryptic digestion of bGH and containing res-
idues 96 through 133, retained low but significant bone 
growth–stimulating activity, whereas segments 1 through 
95 and 134 through 191 had much less activity. It is inter-
esting to note that the tryptic peptide, 96-133, contains 
the third α-helix of GH. Subsequently, it was reported 
that a GH fragment (1-134) was active in an assay using 
the IM-9 strain of human lymphocyte assay.45 This frag-
ment also contains GH’s third α-helix.

This data, along with other reports, laid the foundation 
for structure/function studies of the third α-helix of GH. 
By combining site-specific mutagenesis of the bGH gene 
with the ability of resulting bGH analogues to enhance 
the growth of transgenic mice, Kopchick and colleagues 
reported a region of the GH molecule that is critical for 
growth. It is localized in the third α-helix,46-51 which is 
not a perfectly amphiphilic helix because of the presence 
of Glu 117, Gly 119, and Ala 122, as stated previously. 
To convert the imperfect third amphiphilic α-helix of GH 
to a “perfectly amphiphilic” α-helix, Kopchick and col-
leagues substituted Glu 117, Gly 119, and Ala 122 with 
Leu, Arg, and Asp, respectively, and hypothesized that 
this new GH isoform would have increased potency.46 
The resulting GH analogue bound to GHRs with the same 
affinity as native GH. However, when the Glu117Leu, 
Gly119Arg, Ala122Asp GH analogue (termed M8) was 
assayed for its ability to enhance growth in transgenic 
mice, this GH analogue did not enhance growth but sup-
pressed it, resulting in mice with a dwarf phenotype. This 
was the first report of a GH analogue that antagonized 
the action of endogenous GH and, thus, the first report of 
a GHR antagonist.46

In a subsequent study, this observation was extended 
by performing individual amino acid substitutions. 
Conversion of Leu 117 for Glu resulted in a GH ana-
logue that behaved identically to native GH, so it was 
concluded that residue 117 of bGH is not likely to be 
involved in growth-promoting activity.47 In contrast, the 
bGH analogue Gly119Arg was found to bind to GHRs 
with the same affinity as native GH, but transgenic mice 
that expressed this analogue were about one-half the size 
of their nontransgenic littermates.47 This exciting discov-
ery was the second report of a GHR antagonist. Further, 
this observation was confirmed by generating hGHG-
ly120Arg dwarf transgenic mice.50 Also, several other 
amino acids were substituted for bGH Gly119 and were 
found to act as GHR antagonists.51 Finally, substitution 
of Asp for Ala at residue 122 results in a bGH analogue 
that binds to GHRs but does not enhance (or suppress) 
growth in transgenic mice and may be acting as a partial 
agonist. Together, these studies were the first to docu-
ment the discovery of GHR antagonists.47-49

It is important to note that GH analogues with amino 
acid substitutions that resulted in changes in growth-pro-
moting activity are located within a region of nine amino 
acids, that is, between Asp 115 and Leu 123,51 which 
form two turns of the third α-helix. In viewing the side 
chains of these potentially important amino acids, one 
finds that Gly 119 and Ala 122 contain the smallest side 
chains of the twenty amino acids, namely a hydrogen and 
methyl group, respectively, and are located one helical 

turn from Asp 115 and Leu 123. Together, these residues 
(and their side chains) are responsible for the formation 
of a “hingelike” or “cleft” structure. As stated earlier, 
the Gly found in the third α-helix of all GH molecules 
is located near the middle of the wild-type helix (Fig. 
20-4). It was postulated that this cleft is important for 
the growth-promoting activity of the GH molecule, and 
that Gly (or alanine) may be the only residue(s) that is 
(are) tolerable at this position.47 Extension of this model 
yields the prediction that any other amino acid substitu-
tion at this position would decrease the flexibility of the 
molecule and/or “fill” the cleft, which ultimately would 
result in decreased biological activity.

To accommodate all of the data related to amino acid 
substitutions in GH, including those derived from the 
alanine scanning studies44 and those directed at the third 
α-helix of GH,46 a second target hypothesis was proposed 
for GH action. In this model, residues in α-helices I and IV 
and the large loop region of GH interact with the GHR, 
as reported by Cunningham.44 Additionally, it was pos-
tulated that the cleft region in the third α-helix interacts 
with an unidentified target, and the tripartite complex is 
the functional unit responsible for the induction of GH 
action.45

GH Receptor Antagonists
Gly 119 is conserved among all members of the GH fam-
ily, including PRL and PL.6 Gly is unique among amino 
acids in that it possesses a single hydrogen atom as a 
side chain. The absolute conservation of this amino acid 
within a strong α-helical forming region of helix III of GH 
implies a crucial role for this residue.

As stated earlier, when bGH Gly 119 was replaced 
with a variety of amino acids and the mutated genes were 
expressed in transgenic mice, dwarf animals resulted.46,47,50 
It was also confirmed that substitution of arginine for gly-
cine at position 120 in hGH gave rise to a GHR antagonist.53

Figure 20-4 A space-filling model of the third α-helix of GH (right) 
and a GHR antagonist (left). The amino terminal of the helices is located 
on the top of the figure, and the carboxy end is located at the bottom. 
Note the cleft that is located in the middle of the wild-type helix (right) 
and the occupancy of this cleft with the side chain of Arg (left). (From 
Chen WY, et al: Glycine 119 of bovine growth hormone is critical for 
growth-promoting activity, Mol Endocrinol 5[12]:1845-1852, 1991.)
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Finally, the ability of the GH-substituted molecules to 
inhibit GH-dependent conversion of mouse preadipocytes 
to adipocytes was tested. The bGH Gly119Arg or hGH 
Gly120Arg analogues were found to inhibit this reaction 
by ∼50% at equal molar concentrations of GH, thereby 
defining them as GHR antagonists.52

Other reports of GHR antagonists have appeared. 
Two case reports in children with short stature have 
described mutations in hGH resulting in naturally occur-
ring GHR antagonists or bio-inactive GH, the first being 
Arg 77 mutated to Cys,54 and the second being Gly 112 
Asp mutated to Asp.55 However, the Arg77Cys mutation 
failed to inhibit growth in a follow-up study (Stevens and 
Kopchick, unpublished results) and no additional data 
have been reported on these GH gene mutations.

Development of a GHR Antagonist into a Drug
In vitro and in vivo studies of GH receptor antagonists 
(GHRAs) have demonstrated that they possess great 
potential to counteract the pathologic conditions of 
excess GH. Clinical indications for GHRAs would there-
fore include acromegaly, diabetic nephropathy, diabetic 
retinopathy, and, as stated earlier, certain types of can-
cers. Additionally, when GH (giant) and GHA (dwarf) 
mice are crossed, the resulting offspring are intermedi-
ate in size, showing that GHRAs overcome the growth-
enhancing properties of GH.56

The GHRA (GH-Gly120Lys), like wild-type GH, has 
a short half-life,57 which limits its utility in the clinical 
setting. In order to develop the GHRAs for therapeutic 
use, the half-life of the molecule needed to be increased. 
To this end, the GHRA was modified by the addition 
of polyethylene-glycol (PEG). The resulting hGH-Gly-
120Lys with four to six PEGs and a molecule mass of 
∼50 Kd has a half-life of approximately 6 days in humans 

after single intravenous (IV), intraperitoneal (IP), or sub-
cutaneous (SC) injection.58 When mice received a daily 
SC single injection of various doses (0.25 to 4 mg/kg) of 
hGHGly120Lys-PEG or vehicle for 5 days, a significant, 
dose-dependent suppression of IGF-1 became discern-
able, starting on day 3. The maximum suppression (up to 
70%) of IGF-1 production was achieved by 1 mg/kg dos-
ing on day 6 after the first injection. Hepatic GHRs were 
significantly increased on day 8, also in a dose-dependent 
manner (Chen et al., unpublished data). These results sug-
gest that exogenous administration of hGHGly120Lys-
PEG can dramatically decrease serum IGF-1 levels.

These mouse data led to the development of the 
first GHRA (pegvisomant) for the treatment of indi-
viduals with acromegaly. This GHRA included eight 
amino acid substitutions at Site 1 of GH and the 
original hGHGly120Lys substitution at Site 2, along 
with four to five PEG additions. This molecule was 
termed B2036-PEG and was also called pegvisomant. 
Pegylation of the molecule reduces clearance and there-
fore increases the serum half-life and reduces immu-
nogenicity.59 Relatively high doses of pegvisomant 
are required to lower serum IGF-1. Also, pegvisomant 
binds to the preformed GHR dimer60 with an affinity 
similar to wild-type Gly120Lys and induces internal-
ization but not subsequent GH-dependent intracellu-
lar signaling (Fig. 20-5).59,61 Counterintuitively, the 
importance of the eight amino acid substitutions in 
pegvisomant was not one of increased GHR-binding 
characteristics. However, because two of the amino 
acid substitutions at GH Site 1 involved Lys, and since 
Lys residues are potential pegylation sites, the impor-
tance of the changes may be that GH Site 1 cannot be 
pegylated. Thus, the molecule would be able to interact 
with the GHR.59

A B

Figure 20-5 The GH/GHR complex. The 2-GHR/1-GH structure is represented as a superposition of the secondary structure with the atomic vol-
ume as a transparent gray cloud. A, GH interacting with the preformed GHR dimer (Protein Data Base, Code 1HWG). B, GHR antagonist, G120R, 
interacting with one GHR (Protein Data Base, Code HWH). GH is depicted in green, GHR1 interacting at site 1 is in yellow, GHR2 interacting at 
site 2 is in blue, Trp104GHR2 is in red (A), and G120R is in red (B). The atom’s surfaces are colored in three different gray levels according to the 
three components of the complex. (This figure was kindly provided by Isabelle Broutin and Vincent Goffin.)
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Debate has occurred over the mechanism of action 
of the GHRA. Fuh and coworkers53 suggested that the 
GHRA prevented the formation of the GHR dimer. How-
ever, because the GHR is predimerized,59-61 (discussed 
later) the GHRAs do not prevent GHR dimerization 
but prevent proper or functional GHR dimerization and 
subsequent signal transduction that ultimately results in 
decreased IGF-1 levels.62

Pegvisomant has been approved worldwide for use in 
acromegalic individuals. Data describing the results of 
pegvisomant in acromegalic individuals, as well as their 
quality of life after treatment, have been presented63 and 
are discussed in Chapter 12.

GROWTH HORMONE RECEPTOR

GHR and GHBP
Growth hormone receptors (GHRs) have been found on 
the cell surfaces of many tissues throughout the body, 
including liver, muscle, adipose, and kidney, and in early 
embryonic and fetal tissue. Although most GHRs reside 
on the cell surface and in the endoplasmic reticulum, pro-
nounced nuclear localization is noted in many cells.64 Evi-
dence for the importance of the GHR in growth has come 
from studies on individuals expressing different muta-
tions located throughout the GHR gene that result in the 
dwarf phenotype and a GH-insensitive state.

The GHR is a member of the class 1 hematopoietic 
cytokine family. The human GHR gene encompasses 10 
exons and approximately 90 kb, and encodes an extra-
cellular domain, a small transmembrane domain, and an 
intracellular domain. The protein-coding region of the 
GHR gene is encoded by exons 2 through 10. Exon 2 of 
the GHR gene encodes the secretory signal peptide and 
the first six amino acids of the mature form of the protein; 
exons 3 through 7 encode the extracellular domain, exon 
8 the transmembrane domain, and exons 9 and 10 the 
intracellular domain.

The extracellular portion of the GHR consists of 
two fibronectin type III domains, each containing seven 
β-strands, arranged to form a sandwich of two antipar-
allel β-sheets.39 Stabilizing the GHR structure is a salt 
bridge between Arg 39 and Asp 132, and hydrogen bonds 
between Arg 43 and Glu 169.39 Also, the GHR contains 
seven cysteine residues in its extracellular domain39; the 
six in the GH binding domain form three disulfide bonds 
in the active signaling conformation, and help the recep-
tor to maintain its correct structure.65 Van den Eijnden 
and coworkers have suggested, after studying the effects 
of replacing the Cys with Ser and Ala residues, that 
the middle disulfide bond, Cys83-Cys94, is important 
for ligand binding, whereas removal of disulfide bond 
Cys108-Cys122 has little effect on GH-induced intra-
cellular signaling.65 The GHR has a cellular half-life of 
approximately 1 hour and is internalized and degraded 
continuously, even in the absence of GH through two 
known mechanisms: endocytosis and ectodomain cleav-
age. Excellent reviews of the molecular aspects of the 
GHR have been published and are cited here.40,64

In addition to the membrane-bound GHR, a sol-
uble form exists that is composed of a portion of the 

extracellular domain, GHBP. In mice and rats, GHBP is 
encoded by an additional exon of the GHR gene, namely 
Exon 8A, and is produced by alternative splicing of the 
GHR precursor mRNA. In other vertebrates, it is gener-
ated by proteolytic cleavage of the extracellular domain 
of the GHR. A metalloprotease tumor necrosis factor 
(TNF)-α converting enzyme (TACE/ADAM-17) has been 
reported to act on surface GHR to generate the GHBP.67 
The function of the GHBP is not fully understood, but it 
may modulate GH activity by enhancing its serum half-
life or reducing its availability to bind the GHR. The 
reader is referred to a review paper on GHBPs for further 
information.68

GH/GHR Interaction
Examination of the 2.8 Å crystal structure of the complex 
between GH and the extracellular domain of the GHR 
produced by Escherichia coli (GHBP) demonstrated that 
the complex consisted of one molecule of GH and two 
molecules of the GHR (Fig. 20-6).39 Furthermore, the 
crystal structure reveals how a nonsymmetrical molecule, 
that is, GH, binds to two copies of the GHR, with one of 
the GHRs binding with high affinity to the GH molecule 
at Site 1, and with a weaker binding between Site 2 of GH 
and a second GHR.

The model for GHR activation postulates that GH 
induces GHR dimerization and, consequently, activation 
and signaling in which most amino acid residues in the 
two binding interfaces act in an additive fashion.70 In 
addition, the GHR contains a GH-induced dimerization 
domain in which Cys 241 undergoes GH-induced inter-
molecular disulfide bonding, thus bridging together two 
GHRs. Eight GHR amino acid residues are involved in 
the salt bridge and the hydrogen bond interactions across 

N

N

C

3
2

4

1

C

N

C

Figure 20-6 Representation of the GH/GHR co-crystal structure. The 
GH α-helices are indicated as cylinders and are labeled 1, 2, 3, and 4. 
α-helices 1 and 4 (Site 1) are shown interacting with one GHBP; α-
helix 3 (Site 2) is shown interacting with a second GHBP. (From de Vos 
AM, Ultsch M, Kossiakoff AA: Human growth hormone and extracel-
lular domain of its receptor: crystal structure of the complex, Science 
255[5042]:306-312, 1992.)
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the extracellular dimerization domain.39 Of these eight 
residues, five are important for GH/GHR-mediated sig-
nal transduction, namely, Ser 145, His 150, Asp 152, Try 
200, and Ser 201, but not Leu 146 or Thr 147. This study, 
as well as others using monoclonal antibodies to induce 
a GH response,71 suggest that a GH-induced conforma-
tional change in the GHR is required for a full biological 
response. Additionally, subtle but significant differences 
between the 1-GH/2-GHR43 and 1-GH/1-GHR72 co-crys-
tal structures suggest that a conformational change does 
occur in the one ligand/two receptor complex.

Although most if not all of these GH/GHBP interac-
tive studies use a nonglycosylated, bacterially expressed 
GHBP, and not the membrane-bound GHR, the interac-
tion of one GH with two GHBPs has been extrapolated to 
the in vivo interaction of GH with the GHR. This finding 
has led to the theory of a sequential binding mechanism in 
which GH binds to two GHRs.69 In this model, GH must 
first bind to one GHR using a high-affinity receptor bind-
ing site, which subsequently allows binding of the second 
receptor. The binding Site 1 of GH is located at residues 
identified by Ala scanning mutagenesis studies,44 that is, 
α-helix I, the loop between amino acids 54 through 74 
and α-helix IV. Binding Site 2 is located at the N-terminus 
(Ile 4), and the third α-helix, namely, Gly 120. The model 
predicts that Tyr 104 of the GHR “fits” into the “cleft” 
of the third α-helix of GH. As stated earlier,52 Kopchick 
and colleagues have proposed that the reason that GH-
Gly120Arg acts as a GHRA is because substitution of Arg 
for Gly at position 120 blocked or inhibited the “second” 
GHR from properly interacting with binding Site 2 on 
the GH molecule. This would inhibit proper or functional 
GH-induced GHR dimerization. These data nicely sup-
ported the “cleft” theory pertaining to the interaction of 
GH Gly 120 with a second target.52 The importance of 
GH-induced GHR dimerization in humans has been sup-
ported by the finding of an adenine-to-guanine mutation 
in the GH gene that results in the conversion of Asp112 
to Gly. In the heterozygous state, this mutation is believed 
to be the cause of dwarfism in a female child, with the 
encoded GH analogue binding to GHR in vitro, but 
not inducing GHR dimerization and JAK2 and STAT5 
activation.55

Later studies have dramatically changed the GH-
induced dimerization theory. The work of Gent and 
coworkers,60 who used coimmunoprecipitation and epi-
tope-tagged truncated GHRs, conclusively showed that 
ligand-independent GHR dimerization occurs in the endo-
plasmic reticulum and on cell membranes independent of 
GH binding.60 In addition, studies with GHRAs (bGH 
Gly119Arg, GH Gly120Lys; B2036 and pegvisomant) 
have demonstrated that these antagonists exist in a com-
plex with two GHRs and are internalized properly.59,61 
Thus, results showed that GHRAs prevent neither GHR 
dimerization nor internalization, but they interfere with 
proper or functional GHR dimerization. This has led to 
the proposed model of GH binding to a constitutively 
homodimerized GHR, causing a structural change that 
results in activation of JAK2 and signal transduction.64

The mechanism by which GH binding converts the 
inactive pre-dimerized GHR to its active conformation 

remains uncertain. However, it has been shown that the 
composition and/or length of the transmembrane domain 
does not affect GH-induced GHR dimerization.73 Also, 
through the mutation of Site 2 in GHR, this site has been 
shown not to be essential for GHR to achieve its active 
conformation (identified by GHR disulfide linkages) and 
to trigger subsequent intracellular signal transduction. 
Additionally, the extracellular domain of GHR shows 
substantial flexibility to achieve active conformation in 
response to GH and will even accommodate GH-GH 
dimers.74 The interaction of GH with the GHR has 
been shown to cause rotation of the two GHRs relative 
to each other that result in repositioning of the intracel-
lular domain of GHR bringing the catalytic domains of 
the associated JAK2 molecules in position for transphos-
phorylation to occur (first to the JAK2 molecules, then to 
receptor tyrosines in the GHR cytoplasmic domain, which 
enables binding of adaptor proteins, as well as direct 
phosphorylation of target proteins).40,75 This elegant data 
of the GH/GHR interaction and the animated model of 
GH-induced GHR rotation developed by Waters and col-
leagues over the past few years has greatly influenced and 
stimulated research on the interaction of GH with GHRs 
and represents a seminal finding in the GH field.40,75

Finally, the mechanisms responsible for GHR turnover 
(proteolysis) have been shown to influence GH sensitiv-
ity. As stated before, cleavage of the extracellular domain 
of the GHR is catalyzed by a transmembrane ectoenzyme 
termed TACE (tumor necrosis-α cleaving enzyme, also 
known as ADAM-17).67 GHR proteolysis renders cells 
less sensitive to subsequent GH-induced signaling by 
downregulating GHR abundance. Recent in vivo stud-
ies indicate that this mechanism of receptor downregula-
tion may also mediate desensitization to GH in vivo.76 It 
is interesting to note that the GHR remnant that results 
from metalloproteolysis is further cleaved within the 
transmembrane domain by an enzyme termed γ-secretase, 
leading to release of the intracellular domain into the 
cytosol and its accumulation in the nucleus. The conse-
quences of this inducible nuclear localization of the GHR 
intracellular domain are as yet unknown, but may suggest 
novel GHR-dependent signaling pathways.

We have only touched on a few of the structural char-
acteristics of the GHR. For a more exhaustive review of 
this subject, the reader is referred to reviews by Brooks 
and Waters40 and Brooks and colleagues.64

GH-INDUCED SIGNAL TRANSDUCTION
The molecular mechanisms by which GH transmits its 
signals via its receptor have been largely elucidated by 
experiments in cultured cells or hypophysectomized rats. 
However, GH-induced in vivo tissue-specific signal trans-
duction systems are still largely unknown, although data 
are beginning to emerge in this area, as is knowledge about 
modulators of GHR.81 Several GH-mediated intracellular 
signal transduction pathways are summarized later, some 
of which may overlap with signal transduction interme-
diates induced by insulin and other hormones, thus pro-
viding opportunities for “biological cross-talk” between 
these molecules. It is interesting to note that one of the 
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hormones involved in this cross-talk is GH-induced IGF-
1. Examination of GH signaling in murine 3T3-F442A 
preadipocytes revealed that GH induces formation of a 
complex that includes the GHR, JAK2, and the IGF-1 
receptor (IGF-1R).82 Even though both the GHR and 
JAK2 in the complex are tyrosine phosphorylated, forma-
tion of this complex does not depend on tyrosine phos-
phorylation of any of the partners. It is interesting to note 
that co-treatment of cells with the combination of GH 
and IGF-1 resulted in enhancement of downstream sig-
nals compared with GH alone. This suggests functional 
consequences of the complex formation. Further evidence 
for the idea that the GHR and the IGF-1R may func-
tion in parallel has come from studies in primary mouse 
osteoblasts in which the IGF-1R gene is flanked by loxP 
sites that enable excision of the gene when Cre recombi-
nase is expressed. When IGF-1R was deleted from these 
cells, GH-induced STAT5 activation was substantially 
diminished, suggesting that the IGF-1R, even when not 
engaged by IGF-1, contributes to optimal GH-induced 
GHR signaling.83

Janus Kinase Activation
In the early 1990s, GH treatment of responsive cells was 
found to induce association of a tyrosine kinase with the 
GHR. This kinase was later identified as a 121 kD protein 
and was found to be a member of the Janus kinase (JAK) 
family of proteins, in particular JAK2. Activation of JAKs 
appears to be an initial step in one of the GH-induced 
signal transduction systems. Although three JAK mole-
cules are involved in GH/GHR signal transduction, JAK2 

exhibits the greatest degree of activation. GH-dependent 
JAK2 activation requires interaction between JAK2 and 
the membrane-proximal, proline-rich motif (termed Box 
1) located in the intracellular region of GHR. Because the 
GHR itself has no intrinsic kinase activity, it is thought 
that co-localization of two JAK2 molecules by the dimer-
ized GHR results in trans-phosphorylation of one JAK2 
by the other, leading to JAK2 activation. Activated JAK2, 
in turn, is thought to phosphorylate GHR on multiple 
tyrosine residues providing docking sites for cytosolic 
components of at least three distinct signaling pathways: 
the STAT, MAPK, and PI3K pathways.81,84 An overview 
of these pathways is presented in Figure 20-7.

Signal Transducers and Activators of Transcription
Many of the physiologic effects of GH result from tran-
scriptional regulation of a variety of genes. Several dif-
ferent signaling pathways contribute to this regulation, 
but the pathway that was discovered in the mid-1990s, 
and perhaps the most universal pathway implicated in 
GH action, involves signal transducers and activators of 
transcription (STAT) proteins. Upon phosphorylation, 
cytoplasmic STAT proteins form homodimers or het-
erodimers, translocate into the nucleus, bind DNA, and 
activate transcription.85

GH-dependent tyrosyl phosphorylation requiring 
JAK2 activation has been demonstrated for STAT1, 
STAT3, and STAT5 (a and b). In addition, STAT5 acti-
vation requires regions of GHR not involved in JAK2 
activation, suggesting that STAT5 also interacts directly 
with GHR. As previously stated, the docking of STAT5 
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Figure 20-7 A model depicting intracellular signaling intermediates induced by binding of GH with the GHR dimer. (From Brooks AJ, Waters MJ. 
The growth hormone receptor: mechanism of activation and clinical implications. Nat Rev Endocrinol. 2010 Sep;6[9]:515-525.)
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with the GHR requires phosphorylated tyrosine residues 
presumably mediated by JAK2. The tyrosine residues 
found to be phosphorylated and important in STAT5 
docking and subsequent activation have been reported.84 
Although STAT5 has been found to directly associate 
with the GHR, STAT1 and STAT3 probably do not 
interact with the GHR but with JAK2 instead. STAT1, 
STAT3, STAT5, and possibly STAT4 have also been 
identified in GH-induced DNA binding complexes of sev-
eral genes, and their presence is required for maximum 
transcriptional gene activation.81

In liver and other GH-responsive tissues, STAT5 acti-
vation following the stimulation of cell surface GHRs by 
plasma GH occurs intermittently, reflecting the pulsa-
tile nature of pituitary GH secretion. GH secretion and 
consequently the temporal patterns of plasma GH levels 
differ between males and females, with more frequent 
episodes of pituitary GH release and shorter plasma 
GH interpulse intervals in females as compared with 
males, both in rodents and in humans.86 This sex differ-
ence or dimorphism in plasma GH profiles leads to sex 
differences in hepatic STAT5 signaling and liver gene 
expression. Thus, in male rat liver, intracellular STAT5 
signaling is intermittent and is followed by downregu-
lation of hepatic STAT5 signaling and resetting of the 
intracellular signaling apparatus in time for STAT5 to 
respond to the next plasma GH pulse. In females, more 
frequent plasma GH pulsation leads to partial desensiti-
zation of hepatic STAT5 activation, with the peak level 
of active STAT5 in the nucleus being substantially lower 
than in males.87

Additional studies of these gender differences have 
shown that male mice with a targeted disruption of the 
STAT5b gene display two striking phenotypes that are 
not seen (or are much less dramatic) in female mice: (1) 
Growth rates are reduced in STAT5b-deficient males 
beginning just prior to puberty; and (2) sex-specific 
liver gene expression is abolished, with more than 1000 
genes that are STAT5b-dependent and sex-specific being 
identified in the liver.88 These genes are important for 
physiologic processes such as lipid metabolism and ste-
roid hormone metabolism, and include genes that code 
for pheromone-binding proteins, cytochrome P-450, 
and other enzymes that metabolize steroids, drugs, and 
environmental chemicals. The loss of liver sexual dimor-
phism that is seen in global STAT5b-knockout male mice 
and in liver-specific STAT5a/STAT5b–double knockout 
male mice involves downregulation of ∼90% of male-
specific genes and upregulation (derepression) of ∼60% 
of female-specific genes.88 The mechanisms that underlie 
these effects of STAT5b on liver sexual dimorphism are 
complex and most likely involve both direct and indirect 
effects of STAT5b on sex-specific genes.89 Sex-dependent 
effects of GH on liver gene expression may be impor-
tant in humans as well, as CYP3A4, the major catalyst 
of human hepatic drug metabolism, shows sex-specific 
expression (female > male)90 and a pattern of GH regula-
tion similar to that of several mouse Cyp3a genes. These 
findings have important implications for the sex-depen-
dent metabolism and pharmacokinetics observed with a 
wide range of drugs in humans.

Mitogen-Activated Protein Kinase Signaling Pathway
Another GH-inducible pathway that ultimately culmi-
nates in transcriptional regulation of a number of genes 
involves activation of two mitogen-activated protein 
kinases (MAPKs), termed extracellular signal-regulated 
kinase (ERK) 1 and ERK2.91 This pathway was first 
described for insulin-mediated signal transduction. The 
pathway most likely begins with GH-stimulated bind-
ing of adapter protein (SHC) family members to phos-
phorylated residues in both GHR and JAK2, followed 
by phosphorylation of the SHCs by JAK2. Subsequently, 
the tyrosyl-phosphorylated SHC proteins interact with 
growth factor receptor bound 2 (GRB2) that, in turn, 
interacts with son of sevenless (SOS).92 Finally, GH acti-
vates RAS GTPase, RAF kinase, and MAP-ERK kinase 
(MEK).92 These studies, as well as those by Winston and 
Hunter,93 implicate GH as the inducer of the SHC-GRB2-
SOS-RAS-RAF-MEK pathway for activation of MAPK. 
GH also activates insulin receptor substrates (IRS)-1 and 
IRS-2,94 which can lead to activation of the RAS-MEK 
signaling pathway.

GH activates the S6 kinase, p90RSK, most likely via 
MAPK. p90RSK, in turn, can phosphorylate a transcription 
factor, termed serum response factor (SRF), that binds 
to the GH-responsive serum response element (SRE) of 
the c-fos promoter/enhancer.95 GH may activate another 
protein, the ternary complex factor p62TCF/ELK1, which 
interacts with SRF to bind SRE but is directly activated 
by ERKs 1 and 2.96 Further evidence that MAPKs are 
involved in the GH-dependent transcriptional regula-
tion of c-fos comes from the observation that the same 
regions of GHR required for activation of MAPK are also 
required for c-fos gene induction.98 As mentioned earlier, 
STAT proteins are also involved in c-fos gene regulation, 
demonstrating a convergence of at least two divergent 
GH signaling pathways in the regulation of a single gene. 
MAPK activation, also inducible by a number of growth 
factors, may represent a common signal transduction sys-
tem, whereas activation of STAT proteins (in particular 
STAT5) may be more specific to GH.91

Based on recent GHR gene mutational studies, disrup-
tion of the conformational change induced by GH on the 
F′G′ loop of the GHR (residues 216 through 221) causes 
specific impairment of ERK signaling without affecting 
STAT activation in FDC-P1 cells.98 This finding suggests 
that movements of this F′G′ loop could determine the sig-
naling choice after GH binding to the GHR. It is interest-
ing to note that this conformational change in the GHR is 
not induced after binding of pegvisomant to the GHR.98

Insulin Receptor Substrate/PI3K-AKT Signaling Pathway
In addition to sharing some MAPK pathway intermedi-
ates with insulin, GH activates members of an additional 
insulin signaling pathway: IRS-1 and IRS-2. Although the 
nature of the interaction between the IRS molecules and the 
GHR/JAK2 complex is not clear, it does appear that JAK2 
activation results in tyrosyl phosphorylation of IRS-1 and 
IRS-2, which is involved in the insulin-like effects of GH. 
Phosphoinositol-3-kinase (PI3K) is also involved in the 
insulin-like effects of GH, in that a GH-induced interac-
tion between the regulatory subunit of PI3K and tyrosyl 
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phosphorylated IRS-1 and IRS-2 has been demonstrated in 
adipocytes. The ability of the PI3K-AKT pathway to pro-
mote cell proliferation and differentiation and to prevent 
apoptosis has been well documented.

A role for GH induction of the PI3K-AKT pathway in 
GH regulation of IGF-1 expression cannot be ruled out, 
because inhibition of this pathway results in reduction of 
GH-induced IGF-1 expression in mouse cells. Neverthe-
less, targeted gene disruption studies of the p85α regula-
tory subunit of PI3K, as well as the downstream effector 
of PI3K-AKT, indicate that, although the PI3K-AKT 
pathway is essential for survival and normal growth, its 
effects are not necessarily direct functions of GH action.99

Protein Kinase C Signaling Pathway
Experiments designed to inhibit or deplete protein kinase 
C (PKC) activity have suggested the involvement of this 
family of enzymes in a number of physiologic responses 
to GH. These responses include the insulin-like stimula-
tion of lipogenesis, induction of c-fos gene expression, 
and stimulation of Ca2+ uptake.

One pathway for PKC activation involves GH-induced 
1,2-diacylglycerol (DAG) production by phospholipase C 
(PLC) that is possibly coupled to GHR via a G protein.111 
Another proposed pathway for PKC activation involves 
the IRS/PI3K.100 This proposal is supported by our find-
ing that GH promotes activation and translocation of a 
PK isoform, PKC-ε, from the cytosol to plasma mem-
brane, suggesting that GH-dependent activation of PKC 
may involve the IRS/PB′-kinase pathway.101

Suppressors of Cytokine Signaling and Protein  
Tyrosine Phosphatases
Several molecules have been implicated as inhibiting GH-
induced intracellular signaling. Suppressors of cytokine 
signaling (SOCS) proteins are important in the regula-
tion of GHR/JAK2 signaling. The SOCS family has eight 
members, SOCS 1-7 along with CIS which stand for cyto-
kine inducible SH2-containing protein. SOCS 1-3 and 
CIS are thought to play a critical role in GH signaling 
via several mechanisms including direct inhibition of JAK 
kinase activity (SOCS1), SH2-recruitment to the receptor 
cytoplasmic domain followed by inhibition of JAK activ-
ity (SOCS3), or by competition with STAT-SH2 domains 
for specific receptor phosphotyrosine residues (CIS, 
SOCS2).102,103 In addition to SOCS proteins, several pro-
tein tyrosine phosphatases (PTP) are involved in termina-
tion of GH-activated STAT signaling. Among the PTPs, 
SHP1 and SHP-2 inactivate the GHR by dephosphory-
lating JAK2.103 PTP-H1 has been found to downregulate 
GHR signaling and systemic growth through downregu-
lation of IGF-1 secretion.104 Thus, the mechanism(s) by 
which GH coordinates and stimulates a variety of intra-
cellular signaling pathways resulting in diverse and dis-
tinct physiologic effects is still an active area of research.

GROWTH HORMONE SECRETION
Growth hormone (GH) secretion is regulated by a com-
plex system involving two releasing hormones produced 
in the hypothalamus: GH-releasing hormone (GHRH) 

and ghrelin (which is also produced in even greater quan-
tities in the stomach), and one inhibiting hormone: soma-
tostatin. In addition to their effects on the pituitary gland, 
these hormones interact with one another in the hypo-
thalamus as well as being influenced by other neurotrans-
mitters within the central nervous system. Importantly, 
feedback mechanisms involving both GH and IGF-1 con-
stitute another level of regulation of GH secretion and 
involves both the hypothalamus and pituitary gland. 
Gonadal, adrenal, and thyroid hormones also modulate 
the environment in both the hypothalamus and pituitary 
gland with resulting effects on the GH secretory response. 
A schematic model of the main components of this regu-
latory system is shown in Figure 20-8. In the remainder 
of this chapter, we will discuss relevant data associated 
with GHRH and ghrelin. We have not emphasized data 
concerning somatostatin because this topic is covered in 
several chapters of this volume.

GROWTH HORMONE RELEASING HORMONE

History
Growth hormone–releasing hormone (GHRH) was the 
last of the originally proposed hypophysiotropic hor-
mones to be identified structurally, in 1982. Its existence 
had been proposed by Reichlin, because selective hypo-
thalamic lesions led to growth failure and GHD.3,4 It was 
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subsequently identified in bronchial and pancreatic neu-
roendocrine tumors106,107 and finally isolated from pan-
creatic islet adenomas in patients with acromegaly.108,109 
Two different laboratories sequenced a 40 amino acid 
peptide, GHRH(1–40)-OH. In one tumor, two closely 
related peptides, GHRH(1–44)-OH, and GHRH   (1–37)- 
 OH were also identified.108,109 There was complete amino 
acid sequence identity apart from a varying C-terminus, 
suggesting peptide processing prior to release. The full 
biologic activity of GHRH resided in residues 1 to 29,110 
and sequence homology revealed the peptides to be mem-
bers of the glucagon-secretin family. These peptides were 
eventually demonstrated to fulfill all the requirements of 
a hypophysiotropic GHRH.

Molecular and Cellular Biology
GHRH is produced predominantly by neurons in the 
arcuate nucleus of the ventromedial hypothalamus, which 
sends axon terminals to the median eminence, where the 
hormone is released into the pituitary portal circulation. 
GHRH then stimulates pulsatile release of GH from 
somatotrophs of the anterior pituitary gland.111 Both 
GHRH(1–44)-NH2 and GHRH(1–40)-OH are present in 
the human hypothalamus112,113 and in pituitary tumors 
of acromegalic patients.114 GHRH is also produced in 
small quantities in other tissues, where it may serve auto-
crine or paracrine roles.

GHRH Peptide
GHRH is a member of a family of homologous peptides 
that in humans include secretin, glucagon, glucagon-like 
peptides (GLP-1, GLP-2), vasoactive intestinal peptide 
(VIP), pituitary adenylate cyclase–activating peptide 
(PACAP), PACAP-related peptide (PRP), peptide histi-
dine-methionine (PHM, known as PHI in other species 
where the C-terminal residue is isoleucine), and glucose-
dependent insulinotropic polypeptide (GIP, also called 
gastric inhibitory peptide).115,116 These peptides are 
thought to have arisen from a common ancestor through 
a series of gene duplications.130 Because of their sequence 
and structural similarities, these peptides can interact at 
each other’s receptors to varying extents.115 The N-termi-
nal (1-29) portion of GHRH is required for receptor bind-
ing in the human110 and is 62% identical in the mouse159 
(the most divergent known mammal) and less conserved 
in more distant species, including fish and protochordate 
invertebrates.117,118 This is in contrast to related peptides 
such as PACAP, VIP, and glucagon, which are 100% 
identical in many mammals and more than 90% identical 
in more distant vertebrates.116,118 Indeed, due to sequence 
similarities between PRP and GHRH in nonmammalian 
vertebrates, some of the peptides from nonmammalian 
species originally named as GHRH or GHRH-like are 
now seen to be orthologs of PRP, and not GHRH.119 
The relative cross-reactivities of these PRPs at GHRH 
receptors appear to differ between species120 and specific 
receptors that preferentially respond to PRPs have been 
identified in fish,119-121 but a corresponding PRP receptor 
gene appears to be absent in mammals.121

It has been proposed that the active tertiary struc-
ture of the GHRH peptide is an amphiphilic α-helix that 

runs from residue 4 onward.122 This helical structure, 
with polar and hydrophobic faces, is presumably sta-
bilized when the peptide is bound to its receptor but is 
not stable in aqueous solution.123 Circulating GHRH is 
rapidly inactivated in vivo by dipeptidylaminopeptidase 
IV (DPP-IV) acting at Ala2,124 and more slowly by oxi-
dation at Met27.110 The GHRH scaffold has been used 
to develop peptidic GHRH analogues with increased sta-
bility and potency. These efforts have utilized combina-
tions of strategies that include increasing the stability of 
the α-helix with helix-forming residues or ring structures; 
prolonging the half-life of the peptide in the circulation 
by introducing unnatural amino acids or polyethylene 
glycol residues to decrease DPP, tryptic, and chymotryp-
tic protease susceptibility; and replacing the oxidizable 
methionine.110,127 An analogue of GHRH has also been 
developed that binds to endogenous circulating albu-
min when injected, thus conferring an extended serum 
half-life,383 and modified GHRH sequences have been 
expressed in muscle tissue by electrophoration of injected 
plasmids.131 Substituting the alanine at position 2 with 
D-arginine was found to produce a GHRH antago-
nist,132 and subsequently more stable, higher-affinity ver-
sions of this type of antagonist have been developed133 
that may prove useful to block the mitogenic affects of 
GHRH.134 While GHRH acts as a low-affinity agonist at 
the VIP receptor, GHRH analogues such as N-Ac-Tyr1, 
D-Phe2GHRH(1–29)-NH2 have been developed as VIP 
antagonists.135

GHRH has also been used as a targeting agent for 
toxic compounds to be selectively delivered to somato-
trophs. A recombinant botulinum toxin–derived secretion 
inhibitor targeted to the GHRH receptor by including a 
modified GHRH domain has been shown to inhibit GH 
secretion in rats by depleting a SNARE protein involved 
in GH exocytosis, resulting in decreased IGF-1 levels and 
a reduction in growth.136 This approach may have poten-
tial for the treatment of excessive GH secretion.

GHRH Gene and mRNA
The single-copy GHRH gene is located on human chro-
mosome 20.137 The human,138 rat,139 and mouse140 
genes span approximately 10 kb of DNA and include 
five exons. The third exon encodes residues 1-31, which 
are sufficient for the known biologic activities of GHRH. 
However, the human mRNA encodes a 108–amino acid 
precursor protein, the middle region of which is processed 
to form the mature GHRH peptide. Brain-, placental-, 
and gonadal-specific forms of GHRH mRNA have been 
isolated,139,141 the messages for which initiate at different 
sites, have distinct gene promoters, and result in mRNAs 
of different sizes, although the encoded precursor protein 
remains identical. Immunologic evidence shows that the 
C-terminal fragment of the precursor protein is processed 
into an additional peptide known as GHRH-related pep-
tide (GHRH-RP), which is expressed in the human hypo-
thalamus142 where its role is not known. In rat testis, it is 
reported to regulate Sertoli cell function.143 An additional 
alternatively spliced mRNA found in rat placenta but not 
hypothalamus encodes the normal GHRH but includes 
an altered GHRH-RP.144
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GHRH Tissue Distribution
In humans and a number of other species, GHRH immu-
noreactivity is present in the basal hypothalamus, appro-
priate anatomically for release into the pituitary portal 
vessels.113,145,146 GHRH cell bodies whose axons project 
to the median eminence originate from both the peri-
fornical nucleus147 and the arcuate (rat) or infundibular 
(human) nucleus. GHRH perikarya are also found in the 
ventromedial nucleus,146 electrical stimulation of which 
can induce increased release of GH.148 There is a recipro-
cal innervation between GHRH and somatostatin neu-
rons in the rat hypothalamus,149 providing the potential 
for direct communication between the major stimula-
tory and inhibitory neurons governing GH release. This 
relationship may participate in the ultradian oscillation 
of hypothalamic GHRH and somatostatin mRNAs.150 
GHRH neurons also directly express the somatostatin 
sst2A receptor in a sexually dimorphic manner, which 
may explain the sexually differentiated pattern of GH 
secretion.151 GHRH axon terminals in the infundibular-
median eminence region of the human brain also show 
juxtapositions with other GHRH perikarya, suggesting 
that these may be functional synapses and provide ana-
tomic evidence for synchronized GHRH neuronal activ-
ity resulting in pulsatile GHRH release.152 A number of 
other brain regions outside of the hypothalamus contain 
immunoreactive GHRH.145-147 GHRH neurons appear in 
the human fetus between 18 and 29 weeks of gestation,153 
and in the rat on embryonic day 18, reaching adult levels 
by postnatal day 30.154

There is much evidence for GHRH outside the central 
nervous system in a number of cell types and tissues in 
humans and in rodents, but its function outside the GH 
axis remains to be established. mRNA for GHRH, immu-
noactive GHRH, or bioactive GHRH content is reported 
in the anterior pituitary gland,155 ovaries,156 testes,141 
placenta,141 leukocytes,157 adrenal medulla,158 pan-
creas,159 gastrointestinal tract,159 and in tumors associ-
ated with the GH axis,114,155 as well as many other tumor 
types including human breast, endometrium, and ovar-
ian.160 Trace amounts of GHRH have also been found in 
most rat tissues examined by RT-PCR,161 although their 
physiologic significance is unknown. Within the somato-
troph, immunoreactive GHRH is present in secretory 
granules and the cell nuclei.162 Somatotroph uptake of 
labeled GHRH has been shown into secretory granules, 
lysosomes, and the nuclear membrane.163

GHRH Receptor
GHRH acts through a high-affinity G protein–coupled 
receptor (GHRH-R) found on the anterior pituitary 
somatotroph and coupled to cAMP.164 The receptor was 
cloned from a human pituitary tumor, and from a rat and 
mouse pituitary,165-167 and was found to be a member of 
the G protein–coupled receptor family B, also called the 
secretin family; the rat and human protein sequences are 
82% identical.165 The GHRH-R protein has 47%, 42%, 
35%, and 28% sequence identity with receptors for VIP, 
secretin, calcitonin, and parathyroid hormone, respec-
tively.165,166 The isolated cDNAs encode a 423 amino-
acid protein that has seven transmembrane domains, and 

a 108- residue extracellular N-terminal domain (after sig-
nal peptide cleavage) containing one glycosylation site. 
The GHRH-R sequence predicts ten extracellular cysteine 
residues that are also found in secretin, VIP, and PACAP 
receptors. Eight of these ten are conserved in nearly all 
reported members of this receptor family and are pro-
posed to form sulfhydryl cross-links that stabilize an 
extracellular domain involved in hormone binding.168

The pituitary GHRH-R, when expressed in cell lines, 
demonstrates saturable, high-affinity, GHRH-specific 
binding, as well as stimulation of intracellular cAMP 
accumulation in response to physiologic concentrations 
of GHRH.165-167 Unlike some related receptors that 
can signal through both cAMP:PKA and phospholi-
pase C:IP3:PKC pathways, only cAMP activation could 
be detected after exposure to GHRH, though there was 
stimulation of phospholipid turnover in somatotroph 
cells. A specific GHRH antagonist blocked both binding 
and second messenger responses.

Results using the cloned receptor were consistent with 
photoaffinity cross-linking studies of GHRH-R in sheep 
pituitary membranes that revealed high-affinity binding 
sites with an apparent molecular weight of 55 kD and one 
glycosylation site. After deglycosylation and taking into 
account the mass of the coupled GHRH-analogue, the 
MW of the native ovine receptor protein was estimated 
at 42 kD,169 in agreement with the prediction from the 
human cDNA sequence of 45 kD, assuming cleavage of 
a signal peptide.166 Further, the binding characteristics of 
the natural sheep receptor and the cloned human recep-
tor are largely in agreement with a single high-affinity site 
with a Kd of ∼0.2 nM.

Various radiolabeled forms of GHRH bind to mem-
branes of the pituitary gland, thymus, and spleen. The 
dissociation constants estimated in these studies vary 
wildly from 41 pM170 to 590 nM.171 No binding was 
measurable in three nonfunctional pituitary adenomas, 
while there was consistent GHRH binding to five acro-
megalic adenomas, with dissociation constants averaging 
0.3 nM.172

Studies attempting to delineate the receptor’s GHRH 
binding domains using chimeric receptor constructs168 
suggest that while the large N-terminal extracellular 
domain plays a major role in GHRH binding, other 
domains are also essential for ligand selectivity and bind-
ing. In vitro studies of a naturally occurring receptor 
truncation mutant173 and a receptor truncation resulting 
from alternative splicing174 show a dominant negative 
effect on GHRH signaling, suggesting that the receptor 
may function as a dimer.

GHRH Receptor mRNA and Gene
Two GHRH-R mRNA transcripts of approximately 2.5 
and 4 kb were identified in rat pituitary, 2.0 and 2.1 kb in 
mouse, and 3.5 kb in ovine pituitary.165-167 Further, the 
mouse receptor is expressed in a spatial and temporal pat-
tern that corresponds to the expression of GH.167 In the 
mouse, the first evidence of POU1F1 (a pituitary specific 
transcription factor also called Pit-1 or GHF1) expression 
occurred at embryonic day 14.5, while transcripts encod-
ing the cloned receptor first appeared on embryonic day 
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16.5.167 Mutations that cause a loss of POU1F1 expres-
sion, such as in dw/dw mice, lead to a lack of GHRH-R 
gene expression and somatotroph hypoplasia.167

The human GHRH-R gene is located on chromosome 
7p14-15, is 15 kb in length, and contains 13 exons sepa-
rated by variably sized introns.175,176 Studies of the recep-
tor gene’s promoter region found no traditional initiator 
motifs such as a TATA box.211 Putative binding sites for 
several transcription factors including POU1F1, Oct-1, 
Brn-2, NF-1, cAMP response element (CRE), and estro-
gen receptor response elements (ERE) were identified. An 
in vitro reporter system demonstrated that expression was 
enhanced by POU1F1 and glucocorticoids, and inhibited 
by estrogen.177 POU1F1 stimulation is consistent with 
previous studies in Snell and Jackson dwarf mice show-
ing POU1F1 dependence of receptor expression;167 five 
different POU1F1 sites have been shown to contribute 
to this POU1F1 dependence.178 The glucocorticoid effect 
on the promoter may be the mechanism for glucocorti-
coid upregulation of GHRH binding sites214 and receptor 
mRNA180 in rats. The estrogen inhibition of promoter 
transcription is consistent with the observed sexual 
dimorphism in receptor mRNA expression.181 Studies 
have suggested that GHRH-R expression is downregu-
lated by GHRH itself,182 though while a putative CRE 
that could explain this effect was found in the receptor 
gene promoter, in vitro regulation of the promoter by for-
skolin could not be demonstrated.177

The structure of the rat GHRH-R gene183 closely 
matches that of the human, but includes an additional 
exon that would predict an alternatively spliced recep-
tor mRNA encoding 41 additional amino acids in the 
third intracellular loop. Both rat and mouse GHRH-R 
cDNA clones for this long form have been isolated,165,167 
although analysis of rat pituitary mRNA by PCR only 
found evidence of the shorter form.165 When the long 
form of the rat GHRH-R is stably expressed in cell lines, 
it binds GHRH, but no intracellular signaling could be 
detected.183

In mice, there is evidence of an alternative splice variant 
that encodes a receptor devoid of the first transmembrane 
domain.167 Alternatively spliced GHRH mRNA encoding 
a receptor lacking the last two transmembrane domains 
has been reported in human pituitary tumors and in nor-
mal pituitary.184 In the rat, an alternative splice replacing 
the last five amino acid residues at the C- terminus with 
a new 17-residue sequence has been found by PCR;185 
this receptor variant appears to signal cAMP normally. 
No functional role for any of these alternatively spliced 
GHRH-R messages has been established, though it is 
proposed that a truncated receptor variant expressed 
in tumors can act as a dominant negative in inhibiting 
GHRH signaling.174

Synthetic GHRH antagonists can inhibit the growth 
and proliferation of a variety of human tumors and 
tumor cell lines,186-188 which is consistent both with 
the hypothesis that GHRH can act as a local autocrine/
paracrine factor in the stimulation of cell growth189 
and with the mitogenic actions of GHRH at the 
somatotroph.190 The mechanism underlying this action 
is unclear because the full length GHRH receptor could 

not be detected in the cell lines that responded to the 
GHRH antagonist.188 However, many tumor cells 
and also normal human prostate express low levels of 
alternatively spliced forms of GHRH-R messages not 
found in the pituitary gland.188A receptor splice vari-
ant with an alternative N-terminal domain (SV1) may 
be the site of action for the antiproliferative effects 
of GHRH antagonists,191 as well as for ligand-inde-
pendent stimulation of tumor growth.192 In contrast, 
GHRH antagonists do not inhibit basal GH secretion 
from somatotroph adenoma cells in vitro, arguing 
against the secretion of GHRH in an autocrine manner 
by these tumors.193 A GHRH antagonist has also been 
shown to increase telomerase activity and improve 
measures of oxidative stress in the brain in the SAMP8 
strain of mice that develop aging cognitive defects and 
have a shortened life expectancy.194

GHRH-R mutations resulting in dwarfism have been 
identified in mouse and humans. The first such mutation 
was found in the little mouse, a dwarf strain that has an 
inherited autosomal defect resulting in low levels of GH 
and pituitary hypoplasia, but is responsive to exogenous 
GH. Pituitary cells from these mice did not respond to 
GHRH but released GH in response to other activators 
of cAMP, suggesting a receptor defect.195 The mouse 
GHRH-R gene is located in the midregion of chromo-
some 6.196,197 Sequencing of the receptor demonstrated 
an Asp-to-Gly point mutation at residue 60 of the recep-
tor’s extracellular domain, which is highly conserved in 
related receptors, mutation of which resulted in a com-
plete loss of cAMP signaling. Further studies demon-
strated that this mutant receptor was properly expressed 
and localized in the cell membrane, but was unable to 
bind GHRH.198

In humans, a variety of loss of function GHRH-R 
mutations have been identified in patients with GHD, 
and proportionate short stature.199 Two such muta-
tions have been found in large kindreds, one in three dis-
tantly related families from India,200 Pakistan,201 and Sri 
Lanka,202 and another in a Brazilian kindred with over 
100 affected individuals.203 Additional receptor muta-
tions continue to be identified, and it has been suggested 
that 10% of all human familial isolated GHD type 1 
is caused by GHRH-R defects.204 Affected individuals 
are homozygous for point mutations or deletions in the 
receptor protein coding region, at an intron splice junc-
tion, or in the gene’s promoter. In addition, some affected 
individuals are compound heterozygotes with two dif-
ferent loss-of-function mutations.205 Individuals hetero-
zygous for an inactivating missense point mutation of 
the GHRH-R gene did not show a significant reduction 
in adult stature or in serum IGF-1, but changes in body 
composition and possibly an increase in insulin sensitivity 
have been reported.206 In contrast, two different receptor 
truncations have been shown to have dominant negative 
properties in vitro,173,174 and thus truncation mutations 
could potentially affect heterozygotes. It is proposed 
that activating receptor mutations could be associated 
with acromegaly or adenoma, but screening of pituitary 
tumors for activating mutations have so far yielded only 
ambiguous207 or negative results.208
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GHRH Intracellular Signaling
GHRH activates many of the classical signaling systems 
in somatotrophs, including cAMP, calmodulin, calcium 
mobilization, and phospholipid pathways. As with many 
secretory cells, GHRH-stimulated GH release requires 
both calcium209 and calmodulin.210 Intracellular cal-
cium is elevated within seconds of a GHRH stimulus, 
both in pituitary cells211 and thymocytes.212 This calcium 
response is dependent on influx of extracellular calcium 
rather than the release of intracellular stores.213 cAMP 
also signals to the cell nucleus, regulating gene expression 
through multiple transcription factors.214

cAMP Metabolism
GHRH stimulates cAMP accumulation and GH release, 
and these responses are blocked by somatostatin.215-218 
Glucocorticoid pretreatment enhances both the potency 
and efficacy of GHRH in increasing cAMP accumula-
tion and GH release;219 after several days in culture, this 
steroid is necessary for GHRH-induced cAMP accumula-
tion. Adenylate cyclase activity in membranes of normal 
rat pituitary or human acromegalic tumors220 is enhanced 
by GHRH in a guanine nucleotide- and calmodulin-sensi-
tive manner.210 Pertussis toxin enhances GHRH-initiated 
cAMP accumulation and GH release.215,217 The sponta-
neous reduction in GHRH-stimulated cAMP levels that 
occurs over time can be blocked by cycloheximide,215 
while the stimulatory ability of GHRH is potentiated by 
protein kinase C activation.216 This indicates that another 
receptor system that stimulates protein kinase C may 
directly enhance the productivity of the GHRH-R–cou-
pling protein-adenylate cyclase complex;222 a candidate 
for which is the ghrelin (growth hormone secretagogue 
[GHS]) receptor.221

Phospholipids
GHRH increases phosphatidylinositol labeling223 and free 
arachidonate levels224 in the pituitary gland. Although in 
most systems no effect of GHRH on polyphosphoinosit-
ide hydrolysis is detectable,225 GHRH stimulates both 
cAMP- and inositol phosphate–dependent second mes-
senger pathways in porcine low-density somatotrophs.226 
Other metabolic pathways involving phospholipid 
metabolism may be activated by or modulate GHRH 
activity.216 cAMP metabolism can be dissociated from 
GH release after GHRH with some phospholipid meta-
bolic enzyme inhibitors, indicating they can act distal to 
the cAMP system to evoke exocytosis.261

Mitogenic Signaling
The proliferative action of GHRH in somatotrophs is 
mediated by the cell cycle regulators c-myc and cyclin 
D1 and is dependent on Pit-1.227 Thus, Pit-1 is required 
for both promoting GHRH-R expression and for down-
stream effects after receptor activation that modulates 
cellular proliferation. Insufficient GHRH signaling dur-
ing development as a result of a GHRH-R defect197 or 
GHRH antisera administration228 results in somatotroph 
hypoplasia. In normal rats, GHRH infusions induce 
pituitary enlargement within days.291 Excess GHRH 
signaling through tumor expression,105 Gs mutation,229 

or transgenic overexpression230 stimulates somatotroph 
hyperplasia and tumorigenesis.231 The progression from 
hyperplasia to adenoma in mice expressing the GHRH 
transgene is associated with loss of p27 activity and a 
decrease in somatostatin receptor sst5 mRNA.232 GHRH 
is a mitogenic signal for somatotroph proliferation 
in vitro.190 The MAPK pathway is a potential mechanism 
for this action, and GHRH dose dependently stimulates 
tyrosine phosphorylation of MAPK.233

GH mRNA and Release Dynamics in Culture
GHRH stimulates both the level and transcription rate of 
GH mRNA, 234 the release of newly synthesized GH235 
and total GH (stored plus released),236 and the prolifera-
tion of somatotrophs in vitro.190 The GHRH effect on the 
somatotroph varies according to the anatomic location 
of the somatotroph within the pituitary gland237 and the 
GH-releasing effect is further enhanced by acute adminis-
tration of glucocorticoids,238 possibly through increased 
GHRH binding.179 Triiodothyronine,239 ghrelin,240 and 
ghrelin mimetics221 also amplify GHRH-stimulated GH 
secretion. In contrast, IGF-1238,241 and somatostatin263 
are noncompetitive inhibitors of GHRH-accelerated GH 
release in vitro.

Accelerated GH release occurs immediately after expo-
sure to GHRH215 and remains elevated for the duration 
of the GHRH pulse,215 albeit at declining rates of release 
after about 10 minutes.242 This spontaneous decline occurs 
without GH content depletion242 and is blocked by cyclo-
heximide, suggesting the participation of a rapidly turn-
ing over inhibitory protein.210 The reciprocal interaction 
of GHRH and somatostatin, as suggested neuroanatomi-
cally,149 and by pituitary portal blood measurements243 
results in a greater mass of GH release per GHRH pulse, 
which has been demonstrated in perifusion culture.244

Picomolar to nanomolar concentrations of GHRH that 
are present in pituitary portal blood243 regulate a graded 
GH response from the somatotroph. GHRH also stimu-
lates modest prolactin release at low GHRH concentra-
tions in vitro245 and the secretion of a protein known as 
peptide 23 (identical to pancreatitis-associated protein 
and a member of the C-type lectin supergene family).246

GHRH Release
The pulsatile release of GH is influenced by numerous fac-
tors including nutrition, body composition, metabolism, 
age, sex steroids, adrenal corticoids, thyroid hormones, 
and renal and hepatic function.247 A major common path-
way for these factors is through their effects on GHRH 
release from the hypothalamus through direct actions on 
GHRH neurons, and also through effects on somatostatin 
neurons. These effects may be mediated through other fac-
tors such as ghrelin, catecholamines, interleukin-1, soma-
tostatin, opioids, leptin, inhibin, obestatin, and NPY.248,249 
Nevertheless, the pulsatile pattern of hypothalamic GHRH 
release appears to be the most important mechanism under-
lying pulsatile GH secretion from the pituitary gland.243

Effects on the GH Axis
GHRH was first demonstrated to stimulate GH release 
in vivo using anesthetized rats. 250 These GH responses 
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to GHRH could be enhanced by passive immunization 
against somatostatin251 or blocked by passive immuni-
zation against rat GHRH.251 It was subsequently shown 
that GHRH could enhance GH secretion in every ver-
tebrate species tested, including monkey,252 bovine,253 
swine,254 chicken,255 and carp.117

GHRH is necessary for endogenous pulsatile GH secre-
tion, as anti-GHRH serum treatment eliminated these 
pulses in rats and sheep.256,257 However, rhythmic GH 
secretion persists in an amplitude-miniaturized version in 
the absence of a GHRH-R signal, at least in humans.258 
This observation is supported by a gender-specific differ-
ence after administration of a GHRH antagonist, with no 
change in basal secretion in men but a significant decrease 
in women.259 Antisera to GHRH also decreased statural 
growth260 and GHRH-R mRNA expression182 in the rat. 
Conversely, GHRH administered over several days to 
weeks enhanced body or organ growth and function in 
experimental animals.261 The effect is particularly strik-
ing in mice expressing the GHRH transgene.262 Pulses 
of GHRH are measured in pituitary portal plasma of 
unanesthetized sheep with peak values of 25 to 40 pg/ml,  
and a period of 71 minutes.243 However, temporal analy-
sis of GH pulses in sheep suggested a complex regulation 
that can only be partially explained by GHRH and soma-
tostatin pulses, and ghrelin.

During development, basal GH responses to exogenous 
GHRH decrease from postnatal day 1 to 28 in the rhesus 
monkey.263 Passive immunization against GHRH shows 
that endogenous GHRH is an active secretagogue up to 
day 9.264 In the rat, GHRH injections do not increase 
GH levels at postnatal day 2,265 whereas stimulatory 
responses of similar magnitude are measured at postnatal 
days 10, 30, and 75, as well as at 14 months.266 Likewise, 
GHRH injections elevate GH biosynthesis in rat pituitar-
ies at postnatal day 10.267 Rat pituitary GHRH-R mRNA 
expression was highest in late gestation, declined to a 
nadir at 12 days of age, increased at the onset of sexual 
maturation, and then declined with aging.268

Significant changes in GHRH status occur during aging. 
In the hypothalamus, there is a reduction in GHRH gene 
expression and content269 as well as a decrease in GHRH 
binding to pituitary in 18 month old rats.270 GHRH-R 
mRNA is correspondingly decreased in 18-month-old 
rats, but can be partially restored to levels observed in 
younger animals by treatment with GHRH.271 Decreased 
GHRH-R expression may contribute to the diminished 
pituitary response to GHRH in aged male rats272 and 
humans.273

GHRH synthesis, secretion, and action are also strongly 
influenced by gender (or gonadal steroids). Hypothalamic 
GHRH mRNA levels are greater in male than in female 
rats,274 and are reduced by orchidectomy and increased 
by testosterone treatment in intact275 or castrated276 male 
rats. Estradiol has no effect on hypothalamic GHRH 
mRNA.276 The ability of GHRH to elicit a GH response 
in vivo varies during the rat estrous cycle,277 is of greater 
magnitude in males than in females,266,278 and is strongly 
sex steroid dependent.278 Somatotrophs from male rats 
likewise have a greater cAMP and GH response to GHRH 
than those from female rats when studied in static279 or 

perifusion278 cultures. Furthermore, somatotrophs from 
intact and castrate male rats treated with testosterone 
are highly GHRH-responsive,278 as are cultured somato-
trophs treated with testosterone.280 Gender differences 
can be measured at the level of the single somatotroph 
using the hemolytic plaque assay in which testosterone 
(administered in vivo) increases secretory capacity281 and 
recruits a subpopulation of somatotrophs, while estradiol 
has the opposite effects.282 GHRH-R mRNA levels are 
dramatically lower in female than in male rats,181 and 
estrogen acts on the receptor gene to inhibit GHRH-R 
mRNA expression.177

In addition to sex steroids effects, free fatty acids283 and 
GH itself284 reduce the in vivo release of GH in response 
to GHRH. GH treatment decreases hypothalamic 
GHRH content in intact rats,274 and after hypophysec-
tomy GHRH levels in the hypothalamus rise,285 suggest-
ing feedback regulation of GHRH by GH or IGF-1.241 
Thyroxine replacement restores hypothalamic GHRH 
levels reduced by thyroidectomy in rats,286 and both tri-
iodothyronine and cortisol protect against the reduction 
in GHRH-stimulated GH release in hypothyroid287 or 
adrenalectomized rats,288 respectively. However, chronic 
glucocorticoid treatment decreases GHRH expression in 
GHRH neurons of the arcuate nucleus.289 GH feedback 
occurs at the pituitary as well as hypothalamic level and 
is modulated by gender, sex-steroid treatment, and the 
secretagogue type (i.e., GHRH or ghrelin mimetics) (see 
Fig. 20-8).290

Effects Unrelated to the GH Axis
GHRH stimulates gastrin release and epithelial cell prolif-
eration in the digestive tract292 and insulin, glucagon, and 
somatostatin secretion from the pancreas.293,294 In hypo-
thalamic paraventricular neurons, GHRH coexists with 
tyrosine hydroxylase295 and can enhance its activity296 as 
well as that of choline acetyltransferase,297 while inhibit-
ing thyrotropin-releasing hormone secretion from the rat 
hypothalamus.298 GHRH influences eating behavior,299 
and the levels of GHRH in the circulation are increased 
by feeding in humans.300 The latter effect is presumably 
due to release of GHRH from extra-CNS sites. GHRH 
enhances non–rapid eye movement sleep in rats.301 
GHRH antisera302 or GHRH antagonists303 inhibit sleep, 
and sleep deprivation enhances hypothalamic GHRH 
mRNA levels. 304 Anti-GHRH serum treatment of female 
rats results in osteopenic effects,305 and plasmid-mediated 
GHRH expression in an animal model of cancer cachexia 
was able to prevent weight loss.306 Most of these activi-
ties, including the control of GH secretion, suggest that 
an important function of GHRH is to act as a nutrient-
partitioning hormone, to regulate body composition.

Circulating GHRH in Humans
Following the initial synthesis of GHRH, its detection in 
peripheral circulation by radioimmunoassay (RIA) sug-
gested that it was principally of hypothalamic origin and 
that its measurement would serve as an index of hypo-
thalamic secretion. However, most circulating GHRH 
originates from the gut.307 Further, RIA should ideally 
measure intact biologically active hormone. However, 
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due to cleavage by DPP-IV, GHRH(1–44)-NH2 has a 
very short half-life in the circulation of 6.8 minutes and 
its primary metabolite GHRH(3-44)NH2 appears within 
1 minute of an IV injection of GHRH(1-44)NH2.308 The 
biological activity of GHRH(3-44)-NH2 is less than 10-3 
that of GHRH(1-44)-NH2.124 Unfortunately, most RIAs 
measure GHRH(1-44)-NH2 and GHRH(3-44)-NH2 
with equal efficiency and therefore do not reflect bio-
logic activity in the circulation. Most assays are directed 
to the midportion of the GHRH molecule and therefore 
do not distinguish between different circulating forms. 
More recently, ultrasensitive enzyme immunoassays for 
GHRH measurement have been developed.309 However, 
even these assays exhibit full cross-reactivity with the bio-
logically inactive GHRH(3-44)-NH2, which constitutes 
the majority of GHRH immunoreactivity in circulation. 
Thus, the only indication for measuring serum GHRH 
is for the diagnosis and management of GHRH-secreting 
tumors.

GHRH Levels in Acromegaly
The frequency of ectopic GHRH as a cause of acromegaly 
has been addressed in two studies. In one study, GHRH 
levels were normal in 76 of 80 patients with acromeg-
aly;310 of the four with elevated levels, one was previ-
ously known to harbor a GHRH-secreting tumor; no 
source for the GHRH was found in the other three. In 
the other study, 3 of 177 patients with acromegaly exhib-
ited elevated serum levels of GHRH.311 In all 3 patients, 
the GHRH levels were markedly elevated (i.e., in the 
nanogram per milliliter range), and they were previously 
known to have GHRH-secreting tumors. Thus, although 
apparently rare, ectopic secretion of GHRH must be con-
sidered as a possible cause of acromegaly, and measure-
ment of peripheral GHRH seems prudent as a part of the 
evaluation in patients in whom no tumor is detectable on 
pituitary MRI. Although ectopic hormone secretion may 
be intermittent, there are no reports of acromegaly due to 
confirmed ectopic GHRH-secreting tumors with normal 
circulating GHRH levels.

The subject of GHRH-producing tumors has been 
previously reviewed.312 Unique features of patients with 
acromegaly harboring tumors secreting GHRH were 
young age, female preponderance, foregut derivation of 
the tumors, with benign biologic behavior despite the 
frequent presence of metastases, small secretory granules 
in the tumor, and occasional association with multiple 
endocrine neoplasia, type 1 (MEN-1) syndrome. The 
pancreas and lung are the most common primary sites. 
GHRH-containing tumors that are not associated with 
acromegaly include those of the gut and thymus, small 
cell carcinoma of the lung, and medullary carcinoma of 
the thyroid, indicating that not all tumors containing 
GHRH secrete the hormone into peripheral blood. Sev-
eral tumors are plurihormonal. In contrast to somato-
troph adenomas seen in patients with classic acromegaly, 
patients with GHRH-producing tumors also exhibit 
somatotroph hyperplasia. This finding indicates that 
GHRH not only increases somatotroph secretory activ-
ity, but causes somatotroph proliferation. The impor-
tance of GHRH in the etiology of classic acromegaly is 

still unresolved. Preliminary evidence suggests that the 
level of GHRH mRNA expression in somatotroph adeno-
mas is associated with the progression and aggressiveness 
of these tumors.114,155 GHRH-R mRNA is specifically 
expressed in GH-producing adenomas and somato-
trophs.114,155 Treatment of transgenic mice overexpress-
ing the human GHRH gene with GHRH antagonists 
resulted in suppression of GH, and secretion of IGF-1313 
and GHRH-R antagonists inhibit the effect of exogenous 
GHRH in human somatotroph adenoma tissue.193 How-
ever, they do not suppress basal GH secretion, suggesting 
that GHRH produced by somatotroph adenomas exerts 
at best, only a minor autocrine role.

A relationship between at least some GHRH-secret-
ing tumors and MEN-1 syndrome has been described 
and in some, mutations of the menin gene has been 
reported.314,312 However, the frequency of this asso-
ciation among ectopic GHRH-secreting tumors is not 
known.

Eutopic GHRH Secretion
Occasionally, hypothalamic gangliocytomas may be asso-
ciated with acromegaly; immunocytochemical staining of 
such tumors for GHRH has been described. It has been 
suggested that these tumors should be considered as an 
unusual cause of acromegaly.315 In one patient, selec-
tive angiography strongly suggested a CNS origin of the 
excessive GHRH secretion, though no tumor was identi-
fied on imaging studies or during surgical exploration.316 
On occasion these tumors are intrasellar; in such cases, 
the observation that somatotrophs are in close anatomic 
association with neurons suggests that GHRH not only 
stimulates GH secretion but may also cause adenoma 
formation. An intrasellar gangliocytoma with somato-
troph adenoma has been described, which was strongly 
positive for gastrin and weakly positive for GHRH. Since 
gastrin administered intracerebroventricularly increases 
GH secretion, it has been suggested that gastrin release 
may act in a paracrine fashion on gangliocytoma to 
enhance GHRH secretion and thus cause somatotroph 
adenoma.317

GHRH Levels in GH-Deficient Children
Many reports concerning serum and cerebrospinal fluid 
(CSF) concentrations of GHRH in children with various 
forms of growth deficiency have appeared. Of 22 chil-
dren with the diagnosis of constitutional short stature, 
basal GHRH levels (8 to 148 pg/mL) were no different 
from those noted in normal children.318 In addition, in 
five of nine children, GHRH levels rose two-fold 15 min-
utes after administration of L-dopa. In another study of 
16 children with idiopathic delayed puberty, the rise in 
peak serum GHRH following L-dopa was impaired when 
compared with that in children with constitutional short 
stature.319 Similarly, in patients with hypothalamic hypo-
pituitarism, there was no increase in circulating GHRH 
levels after L-dopa, which contrasts with responses in 
normal subjects.320 Patients with hypothalamic hypopi-
tuitarism do respond to exogenous GHRH administra-
tion. Insulin-induced hypoglycemia increased circulating 
GHRH levels in normal subjects, but not in six patients 
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with isolated GH-deficiency.321 In ten children with short 
stature, GHRH levels increased 15 minutes after hypogly-
cemia322 but there was no increase in GHRH after argi-
nine administration, even though hypoglycemia alone or 
arginine alone increased GH concentrations.

In contrast to children with constitutional short stat-
ure, children with GHD associated with hypothalamic 
germinomas were reported to have undetectable concen-
trations of GHRH in the CSF.323 In addition, CSF GHRH 
levels in children with idiopathic GHD were lower than 
those in normal children.

GHRH as a Diagnostic Agent
Until 1985, the availability of cadaveric GH was strictly 
limited and its use was restricted to children with short 
stature due to severe GHD. Dynamic tests of GH reserve 
were therefore of clinical significance only in children. 
With the development of recombinant human GH, now 
available in unrestricted quantities, and its approval for 
use worldwide in adults with GHD resulting from hypo-
thalamic pituitary disease, the need to diagnose GHD 
safely and effectively has become an important issue in 
adults as well.

Many of the tests used to determine GH status are 
hazardous under certain circumstances. For example, the 
insulin tolerance test (ITT) is contraindicated in older 
adults and in patients with ischemic heart disease or a 
history of seizures. Other provocative tests for GH are 
associated with unpleasant side effects (glucagon causes 
nausea and delayed hypoglycemia, clonidine is associ-
ated with drowsiness and hypotension, and arginine may 
cause dizziness and phlebitis). Tests that are effective in 
children, such as those using arginine or clonidine as the 
stimulus, are less effective at releasing GH in adults.324 
The ITT is frequently quoted as the gold standard inves-
tigation for diagnosing GHD in children and adults, but 
many endocrinologists shy away from this procedure 
because of concerns about the effects of hypoglycemia 
in their patients and because the test must be supervised 
throughout its duration by a physician.

GHRH and the GH-releasing substances (e.g., GHRP-6,  
GHRP-1, GHRP-2, hexarelin, MK-0677) are powerful 
secretagogues that are safe and well tolerated in both 
adults and children. These agents have attracted increas-
ing attention as stimuli used to determine GH status in 
both adults and children. Typically, tests of GH reserve 
in both children and adults have utilized procedures that 
depend on effects mediated by the hypothalamus. For 
example, agents such as arginine, glucagon, clonidine, or 
L-dopa and insulin-induced hypoglycemia are assumed to 
elicit a hypothalamic signal that acts upon the somato-
trophs to stimulate the release of GH either by stimulat-
ing GHRH, inhibiting somatostatin, or a combination of 
both. A lesion of the hypothalamus or the pituitary gland 
may produce an abnormal GH response to these stimuli. 
The use of GHRH to stimulate GH release directly from 
the somatotrophs allows a theoretical distinction to be 
made between patients with a pituitary abnormality, who 
will have an abnormal response to GHRH, and those 
with hypothalamic lesions, who may respond normally to 
GHRH. However, longstanding GHRH deficiency may 

lead to impaired GH responses to GHRH, making the 
distinction more difficult.

Administration of GHRH to Normal Individuals
The effects of GHRH and its analogues given as a bolus 
have been studied in healthy men, women, and chil-
dren.325,326,327 Following IV injection of GHRH, GH 
levels begin to rise within 5 minutes, and reach a peak 
between 30 and 60 minutes. The response is dose-depen-
dent,327 with the maximal response occurring at a dose of 
1 μg/kg.325 In adults, the GH response to GHRH is simi-
lar in men and women, although women are more sensi-
tive to GHRH than are men, and the response in women 
is not altered by the changes in sex steroid hormones that 
occur during the menstrual cycle.326

The effect of pubertal development on the GH 
response to GHRH is minimal.328 When prepubertal chil-
dren were compared with children at various stages of 
puberty, no overall difference in GH response to GHRH 
was observed.328 In a more detailed study that exam-
ined children at each stage of puberty, a slight decrease 
in GH response to GHRH was seen in boys, though not 
in girls, during mid-puberty.329 In prepubertal children 
being evaluated for poor growth, priming the hypotha-
lamic-pituitary-GH axis with sex steroids can normal-
ize a suboptimal GH response to some stimuli. The GH 
response to GHRH is not affected by priming with estro-
gen,330 suggesting that sex steroids assert their effects at 
the hypothalamus rather than at the pituitary, possibly by 
reducing somatostatin tone.

The ability of GHRH to release GH is similar in pre-
pubertal and pubertal children and in young adults. 
However, over the course of the adult life span, the mag-
nitude of the GH peak following GHRH declines with 
increasing age.331 The likely mechanism for the age-
related decline of the response to GHRH is an increase 
in somatostatin tone. Support for this is found in studies 
that utilize GHRH in combination with pyridostigmine 
or arginine. These agents have both been used alone 
as diagnostic tests for GHD, producing a GH pulse 
postulated to be by reducing somatostatin tone.332,333 
Arginine and pyridostigmine act synergistically with 
GHRH, producing large GH pulses similar to those 
seen in younger adults. Additional support for the role 
of somatostatin inhibition as a mediator of the effects 
of arginine has been provided by the observation that 
no increases in GH levels were observed in somatostatin 
knockout mice.334

The GHRH Test
Which Analogue to Use?
The potency of the two naturally occurring analogues 
of GHRH, GHRH(1–40)-OH and GHRH(1–44)-NH2 
and the truncated GHRH(1-29)-NH2 (sermorelin)335 has 
been compared and found to be equal. Of these three 
compounds, only sermorelin has been approved for clini-
cal use. However, it has been withdrawn by the manu-
facturer and is not commercially available in the United 
States. Another GHRH analogue, tesamorelin, described 
under therapeutic uses of GHRH, has not been evaluated 
for diagnostic use as a GH secretagogue.
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Test Procedure
The GHRH test is typically performed in the morning, 
after an overnight fast. GHRH is administered as an IV 
bolus. The dose of GHRH in both adults and children is  
1 μg/kg. Serum GH levels are measured immediately 
before and at 15, 30, 45, and 60 minutes following the 
administration of GHRH.

Side Effects
Overall, side effects are uncommon following the admin-
istration of GHRH, and when they occur they are usually 
mild. The most frequently reported side effect is tran-
sient warmth and flushing of the face that passes within 
5 minutes of administration. Other side effects reported 
are pain and redness at the injection site, nausea, vomit-
ing, headache, a strange taste in the mouth, and tightness 
in the chest. These symptoms are transient and resolve 
rapidly.

The Normal GH Response to GHRH
The normal range of GH responses to GHRH in 86 chil-
dren with a normal GH axis was 11.8 to 172.4 μg/L 
in one study, and the authors concluded that a GH 
response of less than 10 μg/L should be used as the diag-
nostic threshold for growth hormone deficiency (GHD) 
in children.336

The diagnostic threshold of 10 μg/L has been used in 
other studies utilizing the GHRH test337 and is now gen-
erally accepted in pediatric practice. This peak is similar 
to that used to define GHD when using the majority of 
stimuli in children, despite it being recognized that the 
different stimuli are not equal in their ability to release 
GH.328 Such thresholds are defined arbitrarily, despite 
attempts to rationalize them.338 This may reflect the fact 
that the diagnosis of GHD in a child depends primarily 
on auxologic criteria (the clinical finding of poor growth), 
and that the stimulation test is used to confirm the pres-
ence of GHD.

In adults, the diagnostic threshold used to identify 
patients with GHD is lower than that used in children. 
For example, a GH peak of less than 3 μg/L during an 
ITT is considered to be indicative of severe GHD that 
warrants therapy with exogenous GH, and the diagnostic 
cutoff for arginine stimulation is even lower.339 In adults, 
the GHRH test is a more potent stimulus of GH secretion, 
resulting in higher pulses than those seen following the 
ITT, the arginine test, or the glucagon test.340 This would 
suggest that the diagnostic cutoff for severe GHD might 
be higher than 3 μg/L using the GHRH test in adults, but 
this has not been determined.

GHRH and the Diagnosis of GHD in Children
Normal Hypothalamic-Pituitary-GH Axis
The GH response elicited by GHRH in children with short 
stature due to a variety of etiologies has been well char-
acterized. Children who have constitutional short stature 
with no underlying pathology have a normal GH peak 
following GHRH administration, 336,342 but the timing 
of this peak may be delayed.341 Children who are short 
as a result of intrauterine growth retardation also have a 
normal GH response to GHRH.

GHD
Children with GHD defined using conventional tests fre-
quently have a greater response to GHRH than to other 
tests of GH status. In children diagnosed clinically, and 
defined as partial (peak GH 5-10 μg/L) or severe (peak 
GH <5 μg/L) GHD based on conventional testing, 76% 
of partial and 39% of severe GHD cohorts had a peak 
GH response to GHRH of >10 μg/L, while 10% of nor-
mal children had a peak response of <10 μg/L.341 This 
discordancy between conventional tests of GH status and 
the GHRH test suggests that somatotroph function is pre-
served in a substantial percentage and that the cause of the 
GHD is hypothalamic rather than pituitary dysfunction.

Patients who develop GHD following cranial irradia-
tion also exhibit discordance between the GHRH test and 
conventional tests of GH status. Typically, such patients 
have received radiotherapy for a tumor distant from the 
hypothalamic-pituitary axis, but this region was included 
in the radiation field, or cranial irradiation was given pro-
phylactically during the treatment of acute lymphoblastic 
leukemia. The GH response to GHRH in such patients 
was greater than the response to the ITT and the arginine 
test in 80% of patients in one study343 and suggests that 
radiation primarily affects the hypothalamic mechanisms 
that regulate pituitary GH secretion. The magnitude of 
the GH peak during the GHRH test decreases as the 
time from radiation increases, suggesting that the effects 
of radiation do, ultimately, impinge upon somatotroph 
function. This may be a direct effect of radiation on the 
somatotrophs or, more likely, the indirect effect of long-
standing GHRH deficiency depleting the available GH 
pool within the somatotroph. The latter is supported by 
the observation that priming with GHRH for several days 
prior to the GHRH test can significantly increase the GH 
response to GHRH.344

GHRH and the Diagnosis of GHD in Adults
There are few published reports on the use of GHRH 
alone as a diagnostic test in adults. Much of the work 
was carried out before the advent of recombinant 
hGH when the diagnosis of GHD in adults was not an 
issue. The few studies were performed on small num-
bers of patients, the majority of whom had childhood-
onset GHD. Subsequent studies that have investigated 
GHRH as a diagnostic agent in adults have utilized 
it in combination with other agents, the aim being to 
normalize the GH response across the adult life span 
(discussed later).

Limitations of the GHRH Test
The use of GHRH alone as a diagnostic test for GHD 
is limited by several factors. The discordance observed 
between the results of the GHRH test and the results of 
other stimulation tests such as the ITT can lead to dif-
ficulties interpreting the results of the GHRH test. There 
is considerable inter- and intraindividual variation in the 
results of the GHRH test. The coefficient of variation for 
the GHRH test has been reported as 60% for children345 
and 45% for adults,340 although the variability dimin-
ishes with increasing age in adults.346 The sensitivity of 
the GHRH test is relatively poor in children with short 
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stature and varies with the severity of the GHD as deter-
mined by other tests of GH status. The specificity of the 
GHRH test has been reported to be 85% to 90%.328,341 
The ability to interpret the GHRH test is confounded 
further by the inhibition of the GH response in obese 
subjects.347,348 This may be particularly important when 
assessing patients with GHD, as they have abnormal 
body composition with a propensity to abdominal obe-
sity. The GH response to GHRH in obese patients with 
pituitary tumors is reduced, making it difficult to define 
their GH status accurately, particularly if the GHD is 
isolated.349

Thus, while the GHRH test is an attractive test for use 
in the outpatient setting, the problems outlined earlier 
make it difficult to interpret the results in clinical practice 
and the test must, therefore, be used with caution.

Tests Utilizing GHRH in Combination with Other Agents
The observation that GHRH acts synergistically with 
agents that reduce somatostatin tone has led to the 
development of tests combining GHRH with arginine, 
pyridostigmine, or clonidine. The magnitude of GH 
pulses using these combinations of agents frequently 
exceeds 50 μg/L in healthy subjects,328,340 increases the 
reproducibility of the test, and improves diagnostic 
accuracy.

GHRH in combination with pyridostigmine or 
arginine causes profound release of GH. In one study 
of normal children and adolescents, the normal range 
for GHRH plus pyridostigmine was 22.6 to 90.0 μg/L  
(n = 94), and that of GHRH plus arginine was 22.4 to 
108 μg/L (n = 81).328 The results of these tests were not 
influenced by pubertal stage in either girls or boys.328,350 
However, in patients with acquired childhood-onset 
GH-deficiency, the number of pituitary hormone deficits 
and the patient’s age affect the GH response to the com-
bined GHRH + arginine test. A further study suggests 
that both BMI and age have an impact in the GHRH 
+ arginine test in children with idiopathic GHD.351 In 
obese healthy adults but not obese adults with GHD, 
acipomax (which reduces circulating free fatty acid lev-
els) can restore normal GH responsiveness to GHRH + 
arginine and improves the distinction between the two 
groups.352

In children with GHD, the GHRH + pyridostigmine 
test, used with the diagnostic threshold of 20 μg/L, con-
firmed the diagnosis in 100% of patients with organic 
GHD (caused by craniopharyngioma) and 80% of 
patients with idiopathic GHD.353 GHRH in combina-
tion with arginine has been extensively evaluated in 
adults with pituitary disease in the hope that it will 
provide a safer alternative to the ITT, the gold stan-
dard investigation of GH status in adults. There was no 
difference in sensitivity and specificity in young adults 
among the Arg + GHRH test, PD + GHRH test, and 
the ITT in assessing GH secretion.354 The combination 
of GHRH with arginine was chosen over pyridostig-
mine because the side effects with pyridostigmine were 
unpleasant and the GH response to GHRH + arginine 
is not affected by age.355 In adults, the GH response 
to GHRH + arginine is not affected by gender or age. 

Across the adult life span, the 3rd percentile limit of 
GH response to GHRH plus arginine is 16.5 μg/L, and 
the 1st percentile limit is 9 μg/L.

Adults with GHD all had a peak GH response to 
GHRH + arginine that fell below 16.5 μg/L, and 92% of 
patients had a peak below 9 μg/L. The GH peaks achieved 
during the GHRH + arginine test correlate well with 
those during the ITT, although the absolute GH response 
to GHRH + arginine is considerably greater than that to 
the ITT. Of the seven patients who had achieved a peak 
GH greater than 9 μg/L during the GHRH + arginine test, 
six had achieved a GH peak greater than the diagnostic 
threshold for the ITT (3 μg/L). Thus, the authors pro-
posed that the diagnostic cutoff for the GHRH + arginine 
test should be 9 μg/L for severe GHD in adults and 16.5 
μg/L for GH insufficiency. The comparison of sensitivity 
and specificity of six different tests: ITT, arginine, L-dopa, 
arginine + L-dopa, and arginine + GHRH in the diagno-
sis of GHD found the greatest diagnostic accuracy with 
the arginine + GHRH test, and the ITT. The former was 
preferred over the latter due to fewer side effects.356 The 
GRS consensus of 2007357 suggested that the GHRH + 
Arg, GHRH + ghrelin, and the glucagon test are as sensi-
tive as the ITT in GHD, provided that appropriate cutoff 
limits are considered. The clinical practice guidelines of 
the Endocrine Society358 suggest that ITT and the GHRH 
+ arginine tests have sufficient sensitivity and specificity 
to establish the diagnosis of GHD. In the clinical situation 
of radiation-induced GHD, ITT should be used instead 
of the GHRH + arginine test.359 GHRH directly stimu-
lates the pituitary gland, and therefore it can give a falsely 
normal GH response in patients with GHD of hypotha-
lamic origin (e.g., those having received irradiation of the 
hypothalamic-pituitary region). Therefore, in patients 
with new-onset GHD (within 10 years), for example, due 
to irradiation, testing with GHRH + arginine may be mis-
leading. The guidelines also suggested that in the pres-
ence of deficiencies of three or more pituitary axes, the 
presence of GHD is very likely and provocative testing is 
optional. The validated cutoff levels for GHD in adults for 
the ITT and the glucagon test is a peak GH response <3 
μg/L. For the GHRH + arginine test, the following cutoff 
levels have been validated depending on BMI: <25 kg/m2, 
a peak GH <11 μg/L, for BMI 25-30 kg/m2, a peak GH <8 
μg/L; for BMI >30 kg/m2, a peak GH <4 μg/L.360 Depend-
ing on the cutoff limit used and including measurement 
of IGF-1, the GHRH + arginine test has been reported 
to identify 96% of patients with three pituitary deficits 
and 98% of normal subjects.361 The cutoff level validated 
for the GHRH + GHRP-6 is 10 μg/L in lean patients and 
5.0 μg/L in obese patients.362,363 In a meta-analysis of the 
various tests available for the diagnosis of GHD in adults, 
the pooled sensitivity and specificity of the ITT was found 
to be 95% and 89%, while that of the GHRH + argi-
nine test was 73% and 81%, respectively.364 There was 
a substantial degree of heterogeneity, indicating a high 
risk for bias. At the present time, with the unavailability 
of GHRH, a renewed interest has developed in the use of 
glucagon.365,366 However, in a retrospective analysis, age, 
BMI, and glucose tolerance all influenced the response,367 
as has been noted with other stimuli.
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GHRH Therapy in GH-Deficient Children
The potential of GHRH as a therapeutic agent for GH-
deficient children has been examined in several studies. 
The majority of GH-deficient children with short stature 
and growth failure have a disorder of hypothalamic regu-
lation of the pituitary gland rather than a defect of the 
somatotroph. In these children, GHRH, as well as other 
GHSs, might be a useful treatment option. One of the 
first studies published in 1985 reported the use of GHRH 
(1-40)-OH administered SC with a peristaltic pump every 
3 hours to two children with organic hypopituitarism 
(posttraumatic, hydrocephalus).368 The children received 
3-hourly doses of 1 or 3 μg/kg GHRH for 6 months. Both 
children increased their growth rate by 1.5- to 6.0-fold.

Several subsequent studies have been performed to 
evaluate the benefits of GHRH therapy in GH-deficient 
children with different GHRH injection regimens and 
different doses.344,369,372,373,374 However, the groups of 
children who were treated were not homogeneous; their 
diagnoses varied from GHD and short stature to nor-
mal variant short stature without GHD. The GHRH 
preparations used included GHRH(1-40)-OH, GHRH(1-
44)-NH2, and GHRH(1-29)-NH2.

GHRH Given by Pump
The response to administration of GH with a pump varied 
from 71% to 100%. The growth rate on GHRH therapy 
varied from 6.2 to 10 cm/year over the first 6 months and 
was maintained in patients for up to 5 years. The growth 
velocity appears to be related to the total daily dosage. 
To date, no studies have evaluated whether it is the fre-
quency of administration or the total daily dose that has 
the greatest impact on therapeutic outcome. The first 
study that looked at administration by pump or single 
injections of GHRH was published in 1988.369 In a study 
evaluating different routes of GHRH administration in 
24 GH-deficient children, GHRH (1-40) was given either 
by pump every 3 hours SC, every 3 hours SC overnight 
only, or twice daily for 6 months. Under all three circum-
stances, the growth velocity increased between 1.8- and 
2.9-fold, with the greatest effects seen during the pump 
therapy with injections every 3 hours.

Unfortunately there are no long-term compara-
tive studies examining the growth-promoting effects of 
GHRH with GH. Two short-term studies (6 months’ 
treatment) provided conflicting results: one suggested a 
comparable growth response with GHRH similar to GH 
treatment,370 whereas the other suggested that GHRH 
was less effective.371

GHRH Given SC Twice a Day
The most impressive results with GHRH injections given 
twice daily were achieved in a multicenter study using 
GHRH(1-44)-NH2 in 20 GH-deficient children.372 All 
of the children responded with accelerated growth veloc-
ity, which increased from 3.6 cm/year before treatment 
to 8.6 after 6 months, and 8.1 after 12 months. A sig-
nificant beneficial effect of GHRH(1-29)-NH2 given to 
children with radiation-induced GHD for 1 year resulted 
in a 1.8-fold increase of growth velocity GHD. GHRH 
(1-29)NH2 therapy for 3-6 months in growth retardation 

caused by chronic renal failure resulted in an increase in 
growth velocity from 3.8 to 8 cm/year.373

GHRH Given SC Once a Day
Several groups have investigated the effects of GHRH 
given SC by once-daily injections.344,474 A study investi-
gating 110 GH-deficient children treated with a dose of 
30 μg/kg/day of GHRH(1-29)-NH2 showed a significant 
increase in linear growth velocity, with 4.1 cm/year before 
treatment and 7.2 cm/year after 1 year of treatment. 
The largest number of children was investigated in the 
GHRH European Multicenter Study,374 which reported 
the treatment of 111 GH-deficient children. Height veloc-
ity increased from 3.8 cm/year before to 6 cm/year during 
6 months of treatment. The optimal growth velocity was 
observed in the first 9 months of therapy in most of the 
studies.

Criteria for GHRH Therapy in Children
In 1997, the FDA approved the use of GHRH(1-29)-NH2 
in the treatment of idiopathic GHD in children with 
growth failure. The recommended daily dose is 30 μg/kg/
day given SC at bedtime. The patients should be selected 
according to the following criteria: All children should 
be prepubertal, with a bone age of less than 7.5 years 
for females and less than 8.0 years for males. Children 
who do not adequately respond (i.e., peak GH level of  
≤2 μg/L) to a GH stimulation test with GHRH prior to 
the study should not be treated with GHRH. However, 
with the withdrawal of GHRH(1-29)NH2 (sermorelin) 
from the commercial market in 2008 for reasons other 
than safety or efficacy, neither native GHRH nor any 
of its analogues are currently available for treatment of 
GHD in children.

Adverse Effects
In children, development of antibodies during GHRH 
treatment has been described.369,374 Treatment-related 
adverse events have been reported, including local injec-
tion reactions characterized by pain, swelling, or red-
ness, as well as headache, flushing, dysphagia, dizziness, 
hyperactivity, and urticaria. There are few reported data 
on thyroid function in children with GHD. One study 
reported an increase in thyroid replacement requirements 
in one of seven patients;375 another study reported a 5% 
incidence of hypothyroidism.369 The mechanism underly-
ing the change in thyroid function is unclear, but it has 
been hypothesized that an increase in GH levels results in 
an increase in somatostatin tone with subsequent inhibi-
tion of TSH secretion.376

GHRH Therapy in Adults
Optimal GHRH therapy requires the functional integrity 
of somatotroph cells.377 While this is no longer the case in 
GH-deficient adults with diseases causing destruction of 
the somatotrophs, older adults in whom the somatotroph 
hyposecretion is thought to be caused by the decreased 
activity of GHRH-secreting neurons378 still have an intact 
hypothalamic-pituitary axis. In addition, the pituitary 
GH-releasable pool in older adults is comparable to that 
in young adults.
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In fact, the few available studies dealing with the 
administration of GHRH in adults have been per-
formed in older adults to investigate whether GHRH 
treatment could counteract the age-dependent decline 
of GH. Twice-daily injections of GHRH(1-29)-NH2 
for 2 weeks,379 as well as continuous GHRH(1-
4)-NH2 infusions for 2 weeks in healthy older men,380 
partially reversed the age-related decrease of GH as 
well as IGF-1 levels. Another study, performed over  
6 weeks,381 suggested that administration of GHRH to 
older adults might attenuate some effects of aging on 
muscle strength.

The half-life of GHRH after IV injection is 7 minutes, 
which is one of the limitations of its use as a therapeutic 
agent. The long-acting analogue of GHRH, CJC-1295, 
contains full biologic activity of GHRH(1-44)-NH2; binds 
to endogenous serum albumin after SC administration, 
which prolongs its duration of action; and is modified by 
substitution of four amino acids that make the compound 
resistant to proteolytic cleavage. Subcutaneous injection 
of CJC-1295 resulted in increased GH and IGF-1 levels 1 
week after injection in healthy adults, which was mainly 
explained by the increase in trough levels of GH.382 CJC-
1295 administration in healthy adult men elevated GH 
and IGF-1 serum concentrations for 6 and 14 days, and 
tachyphylaxis did not occur.383 The SC administration 
of another compound, PEG-GHRH, increased GH lev-
els in healthy adults; an effect which was persisted for  
12 hours.384

Another indication for the use of GHRH has been in 
patients with HIV-associated lipodystrophy who have 
increased visceral adiposity, dyslipidemia, and insulin 
resistance, resulting in an increased cardiovascular risk, 
and have diminished nocturnal GH secretion and reduced 
IGF-1 levels.385 These patients were initially treated with 
GH at high doses, which reduced the visceral adiposity 
but was associated with increased insulin resistance and 
other adverse effects.386 Recently, two large placebo-
controlled, double-blind studies have used tesamorelin, 
a GHRH(1-44)-NH2 analogue modified by the addition 
of a hexenoyl moiety at the N-terminus to prolong its 
half-life in circulation.387 Daily injections of tesamorelin 
reduced visceral adiposity, preserved subcutaneous adi-
pose tissue, improved body image and lipid levels, was 
well tolerated, and did not significantly alter glucose or 
insulin levels. The effects persisted for up to 1 year of 
therapy, and the drug has been approved by the FDA on 
the basis of these results. The likely explanation for the 
avoidance of GH adverse effects of tesamorelin therapy 
relates to the preservation of endogenous GH inhibitory 
feedback effects on the stimulatory effects of tesamorelin 
on pituitary GH secretion.

In an extension of these studies, tesamorelin treat-
ment of patients with abdominal obesity and reduced GH 
secretion has been shown to reduce visceral adipose tis-
sue, lower triglycerides, and improve C-reactive protein 
and carotid intimal media thickness.388 Further studies 
are required to determine whether tesamorelin or other 
GH-releasing analogues lower cardiovascular morbidity 
and mortality and improve quality of life, and whether 
continued overstimulation of the pituitary gland will 

increase the risk for pituitary neoplasm or of cancer in 
susceptible patients.

GHRELIN AND GROWTH HORMONE SECRETAGOGUES
Opiates have long been recognized to stimulate GH secre-
tion. The GHS story evolved from the seminal observation 
by Bowers and colleagues that met-enkephalin analogues, 
such as GH-releasing peptide-6, exhibited GH-releasing 
activity.389 Numerous peptide and non-peptide analogues 
with GH-releasing activity were developed, one of which 
(MK-0677)391 led to the cloning of the GHS receptor.392 
A natural ligand for this receptor, ghrelin, was iden-
tified in 1999 as a result of a “reverse pharmacology” 
process.393,394 Although the highest concentration of 
the receptor is in the hypothalamus and pituitary gland, 
ghrelin was identified in the stomach. At the same time, 
the ghrelin mRNA sequence was also identified from 
the stomach and named motilin-related peptide m46.395 
Ghrelin, well-conserved over 400 million years, has been 
detected in a number of tissues, including the pituitary 
and hypothalamus, is a member of the family of brain-gut 
peptides,396 and exerts profound GH-independent orexi-
genic effects.397

Another peptide has been identified arising from the 
proghrelin molecule (Fig. 20-9) named obestatin.398 Con-
troversy surrounds the physiologic effects and the target 
receptor of this circulating peptide,399 with suggestions 
of its having anorectic effects and inhibitory effects on 
gastric motility.

Ghrelin Structure
Ghrelin is a 28–amino acid peptide with a unique fatty 
acid chain modification on the N-terminal third amino 
acid. The acylation of the hydroxyl group of Ser3 is neces-
sary for the activities mediated by the GHS-R1a receptor 
such as calcium mobilization, GH release, and appetite 
effects.393 In contrast, ghrelin’s proliferative, anti-apop-
totic, lipogenic, and cardiovascular effects do not appear 
to require acylation.396 As shown in Figure 20-9, several 
forms of ghrelin are found in the circulation.401 Amino 
acid Gln14 may be omitted due to variations in intron 
splicing, and Arg28 may be removed due to variations in 
cleavage from the prohormone. Also, the acylation at Ser3 
can be 8 or 10 carbons long and occasionally includes one 
double bond, yet all of these acylated variants appear to 
have comparable biological activity.401

The prohormone convertase 1/3 (PC1/3) is the endo-
protease responsible for the production of ghrelin from 
proghrelin.402 In the absence of PC1/3, ghrelin is still 
acylated normally, suggesting that acylation takes place 
on the nascent peptide before cleavage. The enzyme that 
acylates ghrelin403 is a member of the family of mem-
brane-bound O-acyl transferases (MBOATs) named 
GOAT (ghrelin O-acyl transferase). GOAT mRNA is 
found in stomach, intestine, and pancreas, consistent 
with ghrelin’s location. GOAT is the only MBOAT capa-
ble of acylating ghrelin in vitro, and a GOAT knockout 
animal had no detectable circulating acyl-ghrelin,404 
suggesting that GOAT is the physiologic mechanism of 
ghrelin acylation.405
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Measurement of Ghrelin
Most published studies have used single-antibody ghre-
lin assays that recognize an epitope unique to acyl-
ghrelin (active ghrelin), or common to both acyl- and 
des-acyl-ghrelin (total ghrelin). About half of the sig-
nal detected in a single site, total ghrelin assay is due 
to inactive ghrelin fragments.406 Two-site sandwich 
assays have greater specificity and avoid cross-reactivity 
with peptide fragments.407 These two-site assays report 
lower levels of ghrelin, but see greater percent suppres-
sion upon eating,408 suggesting greater physiologic rel-
evance. Circulating acyl-ghrelin is quickly deacylated by 
esterase activity and likely other mechanisms.409 Ghrelin 
measurement is further complicated by ghrelin’s strong 
basic charge and hydrophobic acylation that can cause 
it to stick to surfaces. In the circulation, ghrelin, but not 
des-acyl-ghrelin, may be predominantly bound to car-
rier proteins,410 with ghrelin having specific lipopro-
tein interactions not seen with des-acyl-ghrelin411 and 
ghrelin antisera differing in their ability to detect these 
bound forms.410

Sites of Ghrelin Synthesis
In the stomach, ghrelin is synthesized in the X/A-like 
cells, which represent about 20% of the chromogranin 
A-immunoreactive endocrine cells. Circulating ghrelin 
levels are reduced after gastrectomy in rats and humans, 
but levels increase over time postoperatively.396 Ghrelin 
expression has been identified in a number of tissues, at 
the mRNA or protein level, or both. In the hypothala-
mus, ghrelin peptide has been detected by immunostain-
ing and is localized in the internuclear space between 
the hypothalamic nuclei and the ependymal layer of the 
third ventricle.396 Ghrelin was also seen in the axon ter-
minals, and these axons innervated the arcuate, ventro-
medial, paraventricular, the dorsomedial nucleus, and the 
lateral hypothalamus as well as outside the hypothala-
mus in the bed nucleus of the stria terminalis, amygdala, 
thalamus, and habenula.412 Although circulating ghrelin 
might reach the hypothalamic nuclei directly or by cross-
ing the blood-brain barrier,400 peripheral (vagal) connec-
tions to the brainstem may also play an important role 
in the effect of ghrelin (see Fig. 20-10) and is also likely 
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that hypothalamic effects of ghrelin depend on its local 
production. Within the pituitary gland, ghrelin immunos-
taining is colocalized to PRL-, GH-, and TSH-secreting 
cells.414 Ghrelin mRNA and/or protein expression has 
been described in all normal human tissues studied as 
well as in different tumors including pituitary adeno-
mas, neuroendocrine tumors, thyroid and medullary thy-
roid carcinomas, and endocrine tumors of the pancreas 
and lung.415 It does not, however, serve as a biomarker 
of biologic behavior or response to therapy in pituitary 
adenomas.416 Ghrelin peptide has also been shown to be 
expressed in pituitary, immune cells, lung, placenta, tes-
tis, kidney, and cyclical expression in the ovary. In the 
pancreas, expression has been reported in the β and α 
cells and in a new islet cell type, the ε cell.417

Regulation of Ghrelin
In the human, ghrelin levels are high during short-term 
caloric restriction and fall immediately after food intake. 
Higher levels are observed during the night.418 However, 
after prolonged fasting, both total and acyl-ghrelin lev-
els are lower when compared to fed conditions.408,419 
Chronic regulation is influenced by body weight, with 
high levels in lean and low levels in obese subjects.420,421 
Insulin appears to be an important regulator of ghrelin 
levels as both insulin resistance and hyperinsulinemia 
are associated with low ghrelin levels.422 Sexual dimor-
phism of ghrelin levels have been reported in some but 
not all studies.423 Exogenous estrogen elevates the peak 
overnight production rate of acyl-ghrelin,424 and com-
bined estrogen-progestin supplementation enhances GH 
responsiveness to ghrelin in postmenopausal women.425

Physiology and Molecular Biology
GHS effects are similar to a number of recognized effects 
of ghrelin, though individual GHSs seem to differ in their 
relative potencies for these effects. This suggests differing 
cross-reactivities at possible known or unknown recep-
tor subtypes and raises the potential for new compounds 
tailored specifically for these sites. Though ghrelin and 
some GHS compounds are reported to elevate prolactin, 
ACTH, and cortisol, others may have greater specificity 
on appetite, sleep, and cardiac function.426 The effects of 
GH release and appetite can be separated, as a pharma-
cologic antagonist of GHS-R1a that fails to induce GH 
release can still induce appetite and weight increase. Exer-
cise suppresses serum ghrelin (but not des-acyl-ghrelin) 
levels in men, which may be mediated by activation of the 
sympathetic nervous system.427

Sites of Action
The GH-releasing effect of ghrelin and GHSs occur pri-
marily in the hypothalamus but also in the pituitary 
gland. Ghrelin has been shown to increase GHRH neu-
ronal excitability, an effect blocked by obestatin.249 The 
dominant role of this hypothalamic action is suggested 
by the fact that GHSs do not release GH in children and 
adults with pituitary stalk transsection, although this 
could be due to the lack of GHRH input on GH synthe-
sis as exogenous GHRH reverses this effect. The major 
site of ghrelin effects on appetite is more complex. The 

arcuate nucleus, the ventromedial nucleus, the paraven-
tricular nucleus, and the nucleus tractus solitarius have 
been shown to express GHS-R1a and participate in ghre-
lin’s orexigenic effects.

GHS Receptor
Two types of GHS-R cDNA (types 1a and 1b) have 
been identified.392 The human type 1a cDNA encodes 
a 366–amino acid seven-transmembrane receptor of the 
rhodopsin family, and has a relatively limited tissue dis-
tribution including the pituitary gland, hypothalamus, 
hippocampus (dentate gyrus, CA2 and CA3 regions), 
pars compacta of the substantia nigra, ventral tegmen-
tal area, dorsal and medial raphe nuclei, Edinger-West-
phal nucleus, pons, medulla oblongata, and peripheral 
tissues such as the thyroid, intestine, pancreas, kidney, 
heart and aorta, as well as in various endocrine tumors of 
the pituitary gland, pancreas, lung, and stomach.426 The 
type 1b GHS-R cDNA is an alternatively spliced message 
from the same gene, but encodes only 289 amino acids 
representing the first five transmembrane domains and 
appears to be nonfunctional.392 Although type 1b mRNA 
is widely detectable in tissues, it is unclear whether the 
type 1b receptor is expressed as a protein.

In the CNS, ghrelin is bound primarily on presynap-
tic axon terminals, suggesting that the receptor regulates 
neurotransmission.428 In the mouse pituitary gland, the 
GHS-R is present in most somatotrophs and in a small 
fraction of other cell types where expression is sexually 
dimorphic and also decreased in calorie restricted ani-
mals, potentially influencing reproductive function and 
energy metabolism during periods of negative energy 
balance.429 Ghrelin and the GHSs act on somatotrophs 
through a phospholipase C–inositol triphosphate-PKC 
signaling pathway distinct from the cAMP-PKA pathway 
activated by GHRH.393 Cyclic AMP levels are elevated 
when ghrelin and GH secretagogues are coadministered 
with GHRH, but the exact mechanism of this synergism 
is not known.221,430 Ghrelin signaling also requires acti-
vation of the nitric oxide synthetase/nitric oxide and 
guanylcyclase/GMP pathway.431 The GHS-R, as other 
G-protein–coupled receptors, shows desensitization in 
its calcium and GH effects, although long-term treat-
ment with ghrelin mimetics showed sustained elevation 
of IGF-1 levels.432

Studies using the dw/dw rat model or normal rats to 
investigate the effects of GH on hypothalamic and pitu-
itary GHS-R expression, suggested that GHS-Rs are 
involved in feedback regulation of GH. Whether these 
effects occur directly at the pituitary level or are medi-
ated indirectly through the hypothalamus has yet to be 
determined. In addition, the expression of the pituitary 
GHS-R mRNA seems to be sex-dependent, whereas the 
hypothalamic expression of this receptor showed no 
significant sex difference.434 GHS-R is upregulated by 
GHRH, GH deficiency, estrogen, glucocorticoids, and 
thyroid hormones.426,413

Evidence for Alternative Ligands and Receptor Subtypes
Evidence exists for alternative ligands for the GHS recep-
tor. Cortistatin, a 14 amino-acid peptide neuropeptide 
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with similarity to somatostatin, has been shown to bind to 
GHS-Rs in the pituitary gland.435 GHRH binds directly to 
the GHS-R expressed in vitro, activating calcium mobili-
zation and enhancing ghrelin binding, suggesting positive 
cooperativity between two distinct binding sites on the 
GHS-R, one for ghrelin and one for GHRH.436 Recently, 
semagacestat, a non-peptidyl γ-secretase inhibitor, has 
been shown to activate GHS-R1a, a finding that is consis-
tent with the neuroprotective effects of ghrelin.437

Animals with a deleted GHS-R showed neither an 
appetite change nor increased GH release in response to 
acyl-ghrelin.438 Yet these GHS-R KO animals continue to 
respond to des-acyl-ghrelin, and it is possible that other 
actions of acyl-ghrelin may be independent of GHS-R. 
Alternative binding sites for ghrelin, des-acyl-ghrelin, and 
some GHSs have been identified in the pituitary gland, 
thyroid gland, heart, and other tissues.

Ghrelin Effects
In recent years, the metabolic effects of ghrelin came to 
the forefront of research as opposed to the originally 
described classical pituitary hormone effects on GH, 
ACTH, and PRL release. Ghrelin has been described to 
have effects on feeding, glucose and lipid metabolism, 
gastric acid secretion, gastric motility, and cell prolifera-
tion as well as sleep, anxiety, and memory (Table 20-1). 
Data from ghrelin and GHS-R knockout mice suggest 
that alternative pathways can compensate for a number 
of the known effects of ghrelin (discussed later), but sub-
tle abnormalities are detected under various experimental 
conditions (Table 20-2).

GH-Related Effects
The GH-releasing effect of ghrelin acts via a dual mecha-
nism involving the hypothalamus and the pituitary gland. 
In rat pituitary cultures, ghrelin has been shown to spe-
cifically activate the GHS-R and stimulate GH release393 
via the phospholipase C – diacylglycerol – IP3 – Ca2+ – 
protein kinase 3 pathway. GHSs increase the number of 
GH-secreting cells without altering the amount of GH 
released per cell. In contrast, GHRH increases both the 
amount of GH secreted per cell and the number of GH-
secreting cells, while somatostatin predominantly acted 
to decrease the number of secreting cells, which supports 
the view that GHSs act as functional antagonists of soma-
tostatin.466 However, when leptin receptor null mice, 
which have reduced GH stores, were exposed to GHRH 
and ghrelin but not GHRH alone, GH stores and secre-
tion were normalized, providing evidence for direct stim-
ulatory effects of ghrelin on somatotrophs.467 The effect 
of GHSs in vivo is much stronger than in vitro; Admin-
istration of ghrelin via an IV route to freely moving rats 
causes a dose-dependent increase in GH release,470 but 
the effect depends on the presence of GHRH. In sheep, 
the GH stimulatory effects of ghrelin are significantly 
greater in the fed state as compared to the fasting state.468 
Although hypothalamic activation can be seen in the lit/
lit mouse, which has an inactivating mutation of GHRH-
R, no GH release was observed with GHRP-6471 but was 
seen after GHRP-2.469 In humans with GHRH-R muta-
tions, a very small but significant GH response can be 

TABLE 20-1 Summary of the Effects of Ghrelin

Hormonal  
effects

↑ release of growth hormone in humans and 
animals531

↑ release of adrenocorticotropin (ACTH) and 
cortisol in humans and animals426

↑ prolactin release in rats and adult humans 
but ↓ in prepubertal children439

↓ secretion of testosterone and luteinizing 
hormone (LH)439,440

↑ release of antidiuretic hormone441

↑ secretion of aldosterone in humans240

Metabolic effects ↑ appetite in animals and humans397, 531

↑ insulin resistance independent of GH442

regulation of metabolic substrates426

↑ gastric emptying and gastrointestinal (GI) 
tract motility426

↓ colonic transit time443

stimulates glucose output by hepatocytes444

anti-lipolytic effects on adipose tissue445

Cardiovascular 
effects

↑ left ventricular ejection fraction and ↑ car-
diac output in humans426

↑ stroke volume426

↑ systemic vasodilatation and ↓ systemic 
vascular resistance426

↓ blood pressure426

↑ coronary perfusion pressure via vasocon-
striction of coronary arterioles446

reversal of right ventricular hypertrophy 
and vascular remodeling in pulmonary 
hypertension447

reversal of endothelial dysfunction (the first 
step in the process of atherosclerosis)448

improved survival after myocardial 
 infarction449

Autonomic 
nervous  
system  
effects

↓ sympathetic activity426

↓ thermogenesis426

possible anti-emetic effects448,450

↓ release of serotonin451

Immunological 
effects

↓ expression of various pro-inflammatory cy-
tokines, including interleukin (IL)1-β, IL-6, 
and tumor necrosis factor-α (TNF-α)452

↓ proliferation of anti-CD3 activated T cells 
and inhibition of both Th1 and Th2 cyto-
kines in rats and mice452

attenuates the known pro-inflammatory 
effects of leptin in human neutrophils and 
T cells452

↑ phagocytosis and ↑ superoxide production 
in trout453

may have a renal-protective effect on kidneys 
damaged by acute renal failure454

exerts protective effects on the gastric muco-
sa when exposed to stress,455 at least partly 
mediated by anti-inflammatory effects456

anti-inflammatory effect in arthritis457

improves tissue perfusion in severe sepsis458

Musculoskeletal 
system effects

promotes bone formation459 and ↑ bone 
mineral density460

↓ metabolic activity in chondrocytes461

↑ spontaneous locomotor activity in gold-
fish462 and may affect locomotor activity 
in rats463

Other effects promotes sleep426

↑ anxiety426

protects against depressive symptoms of 
chronic stress464

improves memory and learning465

may play a role in embryonic implantation 
and fetal growth426

may have effects on cell proliferation426
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observed with sensitive GH assays, while the ACTH and 
prolactin-releasing effects of GHSs are intact.472 The 
efficacy of GHSs or ghrelin is greatly attenuated follow-
ing administration of anti-GHRH serum in rats473 or a 
GHRH antagonist in humans.474 Pituitary stalk lesions 
cause attenuation of GHS or ghrelin effects but less so 
if the lesion occurred recently and the pituitary somato-
trophs are not atrophic due to long-term GHRH defi-
ciency.475 Coadminsitration of GHS with GHRH causes 
a synergistic GH release476 that has been used for diag-
nostic purposes to diagnose adult GH deficiency.362 Both 
peripherally and centrally administered GHSs and ghre-
lin stimulate the hypothalamic arcuate nucleus GHS-R as 
well as directly acting at the pituitary GHS-R to release 
GH. However, blockade of the afferent fibers of the vagus 
nerve abolished both central and peripheral ghrelin-
induced GH release and downregulated pituitary GHR-R 
mRNA,477 indicating the complexity of the GH-releasing 
mechanism attributable to peripheral ghrelin.

In humans, the GH rise after an equivalent dose (1μg/
kg) of IV bolus GHRH, hexarelin, and ghrelin shows sig-
nificantly different responses, with ghrelin stimulating the 
highest release. Ghrelin infusion stimulates the release of 
both total and 20 kD GH in proportions similar to those 
seen under basal conditions.478 Studies in rodents found no 
change in the magnitude of the ghrelin-induced GH release 
with age.480 A reduced GH release is observed in obese 
subjects in response to ghrelin or to GHSs,481 and food 
intake decreases the effect of ghrelin on GH release.482

Ghrelin is a natural ligand for GHS-R, potently stimu-
lates GH release when administered exogenously, and may 
also play a role in physiologic GH regulation. Both SC and 

intracerebroventricular infusion of the rat GHS-R antago-
nist BIM-28163483 did not alter the pulsatile pattern of 
GH secretion but lowered the GH pulse amplitude. In 
humans, a GHS-R missense mutation, which impairs the 
constitutive activity of the GHS-R, is associated with short 
stature.484 Consistent with these results, GHS-R-null mice 
have lower IGF-1 levels when compared with wild-type 
animals.438 Despite these effects, transgenic mice depleted 
of ghrelin-producing cells show only a transient decrease 
in the GH response to GHRH, normal IGF-1 levels, and 
no growth retardation, suggesting that circulating ghre-
lin does not play a crucial role in somatic growth.486 The 
GH-releasing effects of ghrelin are not inhibited by acute 
GH autofeedback but are reduced after 4 days of GH 
treatment, suggesting the possibility of a feedback effect 
of IGF-1.487 In a patient with ghrelin-secreting pancreatic 
tumor and 50 times higher ghrelin levels, GH and IGF lev-
els were in the normal range, although desensitization and 
downregulation of the GHS-R could not be excluded.488 
Several clinical studies have found a relationship between 
ghrelin and GH levels,489,490 while others have not491,492 
but all of these studies measured total ghrelin and did 
not distinguish between acyl-ghrelin, des-acyl-ghrelin, 
and inactive fragments. In a study using a two-site ghre-
lin assay and more frequent sampling, a close association 
between full length acyl-ghrelin levels and amplitudes of 
GH secretory events was demonstrated, suggesting that 
acyl-ghrelin modulates GH release.493

Other Hormone–Related Effects
Ghrelin stimulates the HPA axis, resulting in increased 
ACTH and cortisol levels, via hypothalamic CRH and 

TABLE 20-2 Transgenic and Knockout Models for Ghrelin and GHS-R

Embryonic/Adult Finding Reference

Ghrelin

Embryonic ghrelin KO No detected difference as compared to wild type (WT) Sun 2003485

Embryonic ghrelin KO KO animals on a high-fat diet showed preferential use of fat as a metabolic substrate Wortley 2004525

Embryonic ghrelin KO Males on high-fat diet show less weight gain and higher locomotor activity Wortley 2005526

Embryonic ghrelin KO Young animals show lower respiratory quotient and higher heat production De Smet 2006527

Adult (given spiegelmer to  
neutralize effects of ghrelin)

Weight loss occurred in diet-induced obese mice Shearman 2006513

Adult (given ghrelin antibody) Weight loss and reduced food intake in pigs Vizcarra 2006514

Overexpression of des-acyl-
ghrelin in mice

Lower body weight, body length, and GH and insulin-like growth factor (IGF)-I 
levels

Ariyasu 2005528

Transgenic overexpression of 
ghrelin

Normal size animal. No desensitization of the food intake effect of exogenous  
ghrelin shown, but lower epididymal fat pad growth response and GH response

Wei 2006529

Embryonic ghrelin/leptin double 
KO

Obesity and hyperphagia shown, but with improved insulin sensitivity Sun 2006512

Embryonic ghrelin KO, fully 
backcrossed for 10 generations

Not resistant to high-fat diet, reduced blood sugar during starvation Sun 2008518

GHS-R

Embryonic GHS-R KO Lower IGF-1 and body weight Sun 2004438

Embryonic GHS-R KO Reduced food intake and weight gain on high-fat diet, increased fat burning Zigman 2005516

Adult (given GHS-R antagonist 
[D-Lys-3]-GHRP-6)

Reduced food intake in lean, diet-induced-obesity and ob/ob mice, and reduced 
weight gain in ob/ob mice

Asakawa 2003517

Embryonic (given antisense GHS-
R mRNA, which selectively 
attenuates GHS-R protein ex-
pression in the arcuate nucleus)

Lower body weight and less adipose tissue, reduced food intake, and abolition  
of the stimulatory effect of GHS on feeding

Shuto 2002515

Embryonic GHS-R KO, fully 
backcrossed for 10 generations

Not resistant to high-fat diet, reduced blood sugar during starvation Sun 2008518
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vasopressin stimulation, while having no direct pitu-
itary or adrenal effects. Ghrelin and GHSs release PRL 
by activation of the somatomammotrophs in the pitu-
itary gland and exert inhibitory effects on FSH and 
LH, most likely by a hypothalamic action on GnRH 
secretion.496

Feeding Effects
Ghrelin stimulates feeding in both animal and human 
studies.396 Ghrelin acts via stimulating NPY/AGRP cells 
and orexin cells and indirectly inhibiting POMC cells in 
the hypothalamus.412 The vagus also seems to play an 
important role in the feeding effects, as vagotomy inhib-
its the feeding effect of peripheral ghrelin.479 Therefore 
the feeding effect of ghrelin could occur via three pos-
sible mechanisms (Fig. 20-10): 1) via peripheral ghrelin 
reaching the arcuate nucleus and stimulating orexigenic 
cells; 2) via GHS-R in the peripheral vagal afferents and 
the nucleus tractus solitarius; or 3) via locally produced 
ghrelin stimulating arcuate and lateral hypothalamus 
orexigenic cells and/or inhibiting anorectic cells. The 
feeding effects of peripheral ghrelin, however, are seen 
only after infusion of high doses causing supraphysiologic 
circulating ghrelin levels, suggesting that the effects are 
attributable to ghrelin of central origin.497 The mecha-
nism of ghrelin effects on appetite involves the meta-
bolic enzyme adenosine monophosphate-induced protein 
kinase (AMPK).498 A recently suggested pathway for 
the orexigenic effect of ghrelin includes the activation of 
Ca2+ signaling in NPY neurons in the ARC that leads to 
CAMKK2 activation, which can stimulate hypothalamic 
AMPK. AMPK activation leads to increased mitochon-
drial oxidation and activation of the uncoupling protein 2 
(UCP2), which can regulate NPY/AGRP neuronal activity 
and ultimately stimulate appetite (Fig. 20-11).499

GHRELIN LEVELS IN PATHOLOGIC CONDITIONS

Abnormal Body Weight
Ghrelin is negatively correlated with weight, and higher 
ghrelin levels were found in patients on a low-calorie 
diet418 and in those with cancer-associated anorexia,500 
cardiac disease,501 and anorexia nervosa.502 Patients with 
anorexia nervosa have high ghrelin levels, and weight 
gain decreases ghrelin concentrations.503 Neonates with 

Figure 20-11 Schematic diagram showing the 
proposed molecules involved in the appetite-
inducing effect of ghrelin. This figure is based 
on results from several studies reviewed in refer-
ence 499. GHSR, growth hormone secretagogue 
receptor; CaMKK2, calmodulin kinase kinase; 
CB1, cannabinoid receptor type 1; AMPK, AMP-
activated protein kinase; ACC, acetyl- coenzyme 
A carboxylase; malonyl-CoA, malonyl coenzyme 
A; FAS, fatty acid synthase; CPT1, carnitil palmi-
toyl transferase 1; ROS, reactive oxygen species; 
UCP2, uncoupled protein 2; NPY, neuropeptite 
Y; AgRP, agouti-related peptide; POMC, proopi-
omelanocortin.
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Figure 20-10 Ghrelin exerts its effects in the hypothalamus via three 
different pathways.426

 1.  Ghrelin synthesized in the stomach reaches the arcuate nucleus via 
the blood stream and possibly other brain areas via an active trans-
port through the blood-brain barrier.393

 2.  Ghrelin synthesized in the periphery stimulates vagal afferents that 
express GHS-R, and vagal connections reach the nucleus tractus 
solitarius in the brainstem, which then communicate with the hypo-
thalamus.479

 3.  Ghrelin synthesized locally in the hypothalamus has direct connec-
tions with NPY/AGRP and other hypothalamic neurons.412
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intrauterine growth retardation have higher ghrelin levels 
than normal neonates, and the increased orexigenic drive 
could contribute to postnatal catch-up growth.504

Obese subjects have lower ghrelin levels than do lean 
subjects.420 Weight loss through dieting increases circu-
lating ghrelin levels.418 Data suggest that ghrelin depends 
on body weight, probably regulated by insulin, and does 
not depend on fat mass or fat distribution.423

A review of 18 prospective and cross-sectional stud-
ies on the effects of bariatric surgery on ghrelin levels 
found insufficient evidence to support any firm conclu-
sion about the relationship between ghrelin levels and 
bariatric surgery.505

Prader-Willi Syndrome
While all forms of human obesity, including simple obe-
sity, congenital leptin deficiency, leptin receptor or mela-
nocortin-4 receptor mutations, or hypothalamic obesity 
from craniopharyngioma, show low ghrelin levels, 
patients with Prader-Willi syndrome (PWS) have inappro-
priately high ghrelin levels in the range of patients with 
anorexia nervosa.506 PWS is the most common syndro-
mal cause of genetic obesity, caused by loss of expression 
of imprinted genes on the paternally-inherited chromo-
some 15q11-q13 and characterized by life- threatening 
childhood-onset hyperphagia and obesity, as well as 
GH deficiency and hypogonadism, thought to be due to 
hypothalamic abnormalities.507 The hyperghrelinemia, 
which is three to four times higher than in BMI-matched 
controls, decreases after food intake in parallel to nor-
mal subjects.508 Somatostatin treatment of PWS patients 
inhibited ghrelin levels, but there was no change in the 
hyperphagia.509

Acromegaly and GH Deficiency
Ghrelin levels increase after surgery in acromegalic sub-
jects in inverse correlation with GH, IGF-1, and insulin 
levels, suggesting that one or a combination of these hor-
mones result in suppressed ghrelin levels in active acro-
megaly.510 GH-deficient patients have low or normal 
ghrelin levels compared to BMI-matched subjects, and 
GH replacement causes a reduction in ghrelin levels.511

MODELS OF GHRELIN OR GHRELIN RECEPTOR 
DEFICIENCY
The functional importance of ghrelin has been studied in 
animal models that had either a genetic or an acquired 
deficiency of ghrelin or ghrelin receptor (see Table 20-2). 
Both the timing of onset of ghrelin deficiency and the 
backcrossing of the genetically modified animals influ-
ence the observed results. Embryonic knockout animals 
show very little if any difference in energy metabolism 
and no difference in pituitary function (see Table 20-2). 
The leptin-ghrelin double knockout model shows obesity 
and hyperphagia but improved insulin release (via reduc-
tion of levels of the uncoupling protein 2 [UCP2]) and 
insulin sensitivity, suggesting an important role for ghre-
lin in β-cell physiology.512 An acquired ghrelin deficiency 
resulted in diet-induced obese mice eating less and stor-
ing less fat, and ultimately having a lower body weight 

and body fat mass as compared to control or vehicle 
groups,513 while pigs also showed reduced food intake 
and weight loss after ghrelin immunoneutralization.514 
The prominent phenotype in acquired ghrelin deficiency 
as opposed to the mild phenotype of the embryonic 
knockouts suggests that the prenatal ablation of the ghre-
lin gene produced more subtle phenotypic effects as a 
consequence of the plasticity within the system, as other 
metabolic pathways had been able to develop in a way 
that enabled them to compensate for loss of ghrelin. This 
suggests that ghrelin is an important player in the field 
of energy homeostasis and appetite regulation, as part 
of a bigger network of regulatory molecules, which can 
only compensate for its loss if this occurs early in devel-
opment. A selective hypothalamic knockout model using 
antisense GHS-R mRNA expression under the tyrosine 
hydroxylase control showed lower GH and IGF-1 levels 
in female animals.515

GHS-R knockout mice have lower body weight438 
and lower IGF-1 values.438 Antagonizing the GHS-R 
in adult mice led to decreased feeding in both lean and 
obese animals, decreased body weight gain, and reduced 
rate of gastric emptying.517 GHS-R knockout animals are 
not resistant to high-fat diet-induced obesity and exhibit 
reduced blood sugar during starvation.518 The physio-
logic roles of ghrelin, based on ghrelin- and GHS-R–defi-
cient mice have recently been reviewed.519

In one human study, mutations in ghrelin or GHS-R 
genes did not explain short stature or weight regulation 
disorders,520 although in a group of 127 Japanese chil-
dren with short stature, 4 were found to have loss-of-
function mutations in the GSH-R1a gene,521 suggesting 
that decreased ghrelin function maybe responsible for 
growth deficiency in a small percentage of children.

Ghrelin Overproduction
Several reports of ghrelin-secreting gastroenteropancreatic 
neuroendocrine tumors (ghrelinomas) have appeared, but 
in only a few were circulating ghrelin levels elevated,522,523 
and patients had no evidence of increased GH or IGF-1 
levels and no stigmata of acromegaly. A transgenic mouse 
ghrelin model with elevated plasma ghrelin levels did 
exhibit an increase in IGF-1 levels and a suppression of 
insulin secretion, but normal insulin sensitivity.524

CLINICAL IMPLICATIONS OF GHRELIN AND GHS

Growth Hormone Secretagogues
Peptide and nonpeptide GHSs are powerful stimulators 
of GH release, effective when administered IV or PO,530 
leading to an interest in their potential as diagnostic 
agents. These agents typically cause GH release in excess 
of that observed following GHRH or during ITT.

GHS Action in Healthy Subjects
The effect of GHSs on GH release is dose dependent531 
and more reproducible than that of GHRH. The peptide 
GHSs (e.g., GHRP-6, GHRP-1, GHRP-2, and hexarelin) 
and the nonpeptide GHSs differ in terms of their phar-
macokinetics. The nonpeptides MK-0677 and macimo-
relin532 have been developed specifically as orally active 
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agents. The peptidyl GHSs are also active PO, but only 
at doses several hundred times higher than that required 
when administered IV.

An intact hypothalamic-pituitary axis is required 
to achieve the maximal effect of GHSs on GH release. 
GHRH and somatostatin both influence the action of 
GHSs, augmenting and diminishing the magnitude of 
the GH pulse, respectively. When GHRH is adminis-
tered in combination with GHSs, the effect is synergistic, 
the magnitude of the GH pulse being greater than that 
obtained from the sum of the two agents administered 
separately.533 GHS stimulation of GH secretion requires 
the presence of GHRH. In members of a family with a 
homozygous inactivating mutation of the GHRH recep-
tor, hexarelin was ineffective in stimulating GH release. 
In addition, children who are GH-deficient as a result of 
pituitary stalk transsection are unresponsive to GHSs.535 
Thus, somatotroph exposure to GHRH is necessary for 
GHSs to exert their action.

Manipulation of somatostatin tone also affects the GH 
response to GHSs. When hexarelin was given to subjects 
in combination with somatostatin, the amount of GH 
released was significantly reduced.536 When arginine, a 
postulated inhibitor of somatostatin, was administered to 
older adults, a group proposed to have increased soma-
tostatin tone, GH levels following the administration of 
GHRP-6 increased significantly, to levels seen in younger 
subjects.537

GHSs demonstrate comparable GH-releasing activity 
from the neonatal period throughout prepubertal life.538 
During puberty, there is an increased GH response to 
GHSs that persists into adult life.539,540 Subsequently, the 
GH response to GHSs declines with age, in line with the 
reduction in spontaneous GH secretion.537

The response to GHSs is not gender related, except 
during puberty, when girls exhibit a greater response than 
do boys.540 The GH responses to both GHSs and ghrelin 
are similar during the early-follicular, late-follicular, and 
luteal phases of the menstrual cycle, suggesting that they 
are not affected by changes in estrogen levels.541 However, 
estrogen as well as estrogen-progestin supplementation 
enhances the GH response to ghrelin after menopause.425

GHSS AND THE DIAGNOSIS OF GH DEFICIENCY
Few studies have evaluated the potential of GHSs as 
diagnostic agents in adults with GH deficiency primar-
ily because of the age-dependent decline in secretagogue-
stimulated GH release. Instead, efforts have concentrated 
on finding ways of overcoming the effects of age by 
administering a GHS in combination with arginine or 
GHRH.

The combination of GHRH and GHS is the most potent 
stimulus of GH release known and provides a promising 
alternative to the ITT. The GH response to GHS+GHRH 
is reproducible within an individual and do not appear 
to decline with age.534 Like GHRH+Arg, the combined 
GHRH + GHRP-6 is partially refractory to the inhibi-
tory effect of glucose and free fatty acid loading as well 
as of exogenous GH.542 Perhaps the most important fea-
ture of the GHS+GHRH test is its ability to discriminate 

GH-deficient patients from normal subjects. The combi-
nation of GHS + GHRH had a specificity and sensitivity 
of 100%.543 The combination of GHS + GHRH is safe 
and well tolerated; side effects are similar to those seen 
when the two agents are administered separately. When 
the effects of GHRP-2 were compared to those of a classi-
cal ITT in patients with severe GHD, the diagnosis could 
be confirmed with high reliability in all subjects using a 
threshold of 15 μg/L.544 To date, the use of ghrelin or a 
ghrelin mimetic alone has not been found useful for the 
diagnosis of childhood GH deficiency. Ghrelin at a dose 
of 1 μg/kg in adults with isolated GH deficiency increased 
GH levels significantly higher than did the ITT or GHRH 
+ arginine.545 Recent data indicates that acylated ghrelin is 
a reliable diagnostic tool for the diagnosis of adult GHD. 
However, the GH response is strongly reduced by obe-
sity, necessitating a weight-related reduction in the cutoff 
limit for the GH response and resulting in decreased reli-
ability of the test.546 Unfortunately, neither ghrelin nor 
GHRH is commercially available for diagnostic purposes 
in the United States at this time.

THE GHRH AND GHS TEST IN DIFFICULT  
DIAGNOSTIC SITUATIONS
The power of the combined stimulus of GHRH + GHS 
has resulted in its application to difficult diagnostic situa-
tions in which GH release, both spontaneous and stimu-
lated, is reduced by a coexisting process. In particular, 
obesity and syndromes of glucocorticoid excess may con-
found the diagnosis of GH deficiency.

Obesity
Spontaneous and stimulated GH secretion is reduced in 
obese subjects,347,348 and a variety of mechanisms have 
been suggested. They include increased somatostatin 
tone, a reduction in the secretion of GHRH or ghrelin, or 
any combination of these.547 The GH response to a num-
ber of stimuli, including GHRH,347 GHRH + arginine,548 
GHRP-6,549 and hexarelin550 is inversely correlated with 
body fat mass, specifically abdominal fat mass. The 
diminished GH response can make it difficult to accu-
rately define the GH status of an obese patient with hypo-
thalamic-pituitary disease, particularly those in whom 
GH deficiency may be the only hormone abnormality.

The combination of GHRH with either arginine551 or 
GHS549 administered to an obese subject causes a GH 
response far greater than any other stimulus, although 
the GH level does not reach that seen in normal con-
trols. These tests are useful tools in the differentiation of 
true GH deficiency from hyposomatotropism caused by 
obesity. The lower limit of normal in adults with GHD 
for the ITT and the glucagon test is a peak GH response 
<3 μg/L, but the responses are inversely correlated with 
degree of obesity.552 For the GHRH + arginine test, the 
following cutoff levels have been validated, depending on 
BMI: For BMI <25 kg/m2, a peak GH <11 μg/L; for BMI 
25 to 30 kg/m2, a peak GH <8 μg/L; for BMI >30 kg/m2, 
a peak GH <4 μg/L.360 The cutoff level validated for the 
GHRH+GHRP-6 is 10 μg/L in lean patients and 5 μg/L in 
obese patients.362,363
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Syndromes of Glucocorticoid Excess
In humans, there is a biphasic effect of pharmacologic 
doses of glucocorticoids. In normal men, a single IV 
bolus of 4 mg dexamethasone given 3 hours prior to an 
injection of GHRH increased the peak GH response to 
GHRH 8 mg dexamethasone given 12 hours prior to 
GHRH attenuated the peak GH response to GHRH, sug-
gesting an acute stimulatory response followed by a late 
inhibitory effect.553 Pretreatment with pyridostigmine, a 
presumed inhibitor of somatostatin, before administering 
GHRH partially reversed the effects of 48 hours of dexa-
methasone therapy, suggesting that somatostatin tone 
may be increased by glucocorticoids.554

Patients with Cushing’s disease or receiving exogenous 
steroids have markedly impaired GH secretion.555 This 
may result from the combined effects of chronic exposure 
to glucocorticoids and the changes in body composition 
associated with Cushing’s disease, particularly the cen-
tral adiposity. The suppression of GH in these patients 
may persist for up to 1 year after resolution of the glu-
cocorticoid excess556 and may give rise to misinterpreta-
tion of a patient’s GH status. GHRH and GHRP-6 have 
been administered to patients with Cushing’s disease 
separately and in combination. The effect of GHRH in 
these patients was almost abolished, and the response to 
GHRP-6 was considerably reduced. The combination of 
GHRH + GHRP-6 was considerably more potent than 
either GHRH or GHRP-6 alone, but the GH peaks were 
still only 20% of those seen in normal subjects.476 Simi-
larly, the GH-releasing effects of ghrelin are significantly 
reduced in patients with Cushing’s disease.557 Since the 
response to GHRH and pyridostigmine is increased three-
fold following 7 days priming with GHRH,558 these data 
suggest that the effects of chronic glucocorticoid excess are 
primarily caused by reduced GHRH secretion. Whether 
the combination of GHRH + GHS will be able to predict 
which patients with Cushing’s disease will recover nor-
mal GH secretion is a matter for further study.

THERAPEUTIC POTENTIAL OF GHSS
Several different types of GHSs have been developed 
over the past three decades, including a series of non-
peptidyl GHSs.532 The concept that these agents amplify 
the pulsatile GH secretory pathway, instead of overrid-
ing normal physiology, has made this group of drugs the 
target of intensive research. The initial enthusiasm which 
accompanied the concept of orally available peptidergic 
and nonpeptidergic GHSs, however, has been mitigated 
by the controversial results of several studies raising the 
question of benefits in terms of changes in body compo-
sition, as well as tolerance.559,560 When considering the 
usefulness of GHSs, it must be recognized that each GHS 
is unique in terms of its bioavailability profile, metabo-
lism, and specificity of action, making it hazardous to 
extrapolate from one GHS to another.

Therapeutic Potential in Children
The use of GHSs in children with growth retardation has 
been thought to have therapeutic potential. Several stud-
ies have shown the GH-releasing effects of peptidergic 

as well as non-peptidergic GHSs in short-term studies in 
children. As a GH stimulus, they are as potent as or even 
more potent than GHRH.

After 6 months of daily injections of GHRP-2 and 
another 2 months of GHRH, spontaneous GH secretion 
increased progressively as did growth velocity in prepu-
bertal children with GH deficiency.561

In a 6 month double-blind placebo-controlled study 
using MK-0677 in previously untreated, prepubertal 
GH-deficient children, mean growth velocity increased 
by more than 3 cm/year after 6 months of treatment.562 
In prepubertal non–GH-deficient children with constitu-
tional short stature treated with hexarelin intranasally 
for up to 8 months, growth velocity was significantly 
increased.563 Whether these changes would translate into 
increased adult height after a longer therapy period is 
not known. Overall, the growth response to GHS in GH-
deficient children has been lower than that seen with GH 
treatment. Whether this is explained by the type of GH-
deficient children selected for the trials or a suboptimal 
dosing regimen has yet to be determined. These results are 
similar to the responses previously observed with GHRH.

Therapeutic Potential in Adults
As most adults with GH deficiency do not have an intact 
hypothalamic-pituitary axis, only some would potentially 
benefit from the use of GHSs. Currently, the potential pos-
itive effects of treatment with ghrelin or ghrelin mimetics 
in AIDS-related wasting syndrome are not known, even 
though it might be a suitable candidate for this kind of 
disease based on the GH-releasing and anorexic effects of 
ghrelin and ghrelin mimetics.

Another potential use is in the catabolic state of severe 
illness. A relative hyposomatotropism occurs in the pro-
longed catabolic state of critical severe illness that is 
partly of hypothalamic origin.564 GHRP-2, given alone 
or together with GHRH in this condition, results in a 
somatotroph response.565 A 5-day infusion of GHRP-2 
and TRH in protracted critical illness not only reactivated 
the blunted GH and TSH secretion but also showed meta-
bolic effectiveness.566 In a double-blind placebo-controlled 
study in a small number of healthy subjects, diet-induced 
nitrogen wasting was reduced after 7 days of treatment 
with an oral GH secretagogue (MK-0677).567 Ghre-
lin is also capable of increasing energy intake in cancer 
patients568 and in animal cancer models,569 and a 3-week 
unblinded non–placebo-controlled study in patients with 
pulmonary cachexia showed positive effects on lean body 
mass and respiratory muscle strength.570 Beneficial car-
diac and skeletal muscle effects have been reported in 
patients with congestive heart failure after daily IV ghrelin 
administration for 3 weeks.571 These findings support the 
concept of GHS use in the catabolic state.

Another potential field of application for GHSs is in 
the normal older population. The few existing studies of 
the effects of GHSs in older adults have shown conflict-
ing results. One study, using hexarelin, did not show a 
beneficial effect on body composition after 16 weeks of 
SC treatment, and a partial and reversible attenuation of 
the GH response to hexarelin was observed 4 weeks after 
cessation of therapy.
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In contrast, studies with an oral GHS (MK-0677) 
resulted in a significant increase in IGF-1 concentration 
compared to that of healthy young adults after 4 weeks 
of treatment accompanied by an increase in the mean 
24-hour GH concentration, GH pulse height, and inter-
pulse nadir concentrations without desensitization of the 
hypothalamic-pituitary GH axis.494 Fasting insulin levels, 
as well as glucose levels, have been reported to increase 
under MK-0677 treatment.495,572 In a double-blind pla-
cebo-controlled trial, MK-0677 significantly increased 
IGF-1 levels in healthy older men and women for 2 years. 
Muscle strength and function did not change significantly 
despite an increase in fat-free mass.433 Similar changes 
in body composition and an improvement in functional 
parameters were found with the orally active ghrelin 
mimetic capromorelin.432 The effects of MK-0677 alone 
and in combination with an antiresorptive agent (alendro-
nate) in postmenopausal women resulted in an increase in 
bone mineral density at the femoral neck.573 However, in 
healthy older adults recovering from hip fracture, treat-
ment with MK-0677 did not result in a significant change 
in overall performance measures.574 These divergent 
results re-emphasize that each GHS is unique in terms of 
its bioavailability and specificity profiles.

The GH-releasing effects in obesity are decreased when 
compared with the non-obese population.575 Treatment 
with MK-0677 in obese men did not lead to any change 
in total or visceral fat, although fat-free mass increased 
significantly and IGF-1 levels increased approximately 
40%.560

The results of long-term studies with MK-0677433 sug-
gest that this intervention is safe and well-tolerated. How-
ever, before a final conclusion about the beneficial effects 
of these compounds can be made, studies with carefully 
selected target populations and outcome parameters are 
recommended.

Ghrelin and GHS Antagonists
Ghrelin and GHS antagonists have been developed in 
an attempt to inhibit ghrelin effects, particularly those 
related to metabolism. A GHRP-6 antagonist has been 
shown to have anorexic effects as well as to increase 
uncoupling protein-1 mRNA in brown adipose of obese, 
estrogen-deficient mice.576 Such antagonists may be use-
ful in certain types of human obesity in the future but are 
unlikely to have a role in suppression of GH secretion.

SUMMARY
The GH axis is crucial not just for its role in initial growth 
and development, but also in maintaining the adult body 
via the regulation of bone metabolism; nutrient partition-
ing; appetite; response to starvation; longevity; sleep; 
mental, immune, and cardiac function; with additional 
roles still being uncovered. The unlimited availability of 
recombinant GH has led to its use in the treatment of GH 
deficiency. Studies of the structure of GH, its receptor, 
and their interaction have led to the development of GH 
antagonists useful for the treatment of clinical indications 

of GH excess including acromegaly. Additionally, the ele-
gant model of the interaction of GH with the preformed 
GHR dimer, in which GH binding induces rotation of the 
GHRs, has stimulated a great deal of excitement concern-
ing further studies involving the interaction of GH with 
its receptor. Furthermore, improving our knowledge of 
the GH signaling pathway may allow us to understand its 
complex interactions or cross-talk with other pathways, 
and allow us to intelligently intervene so as to more selec-
tively control specific actions.

Examination of the endogenous pulsatile pattern of 
GH release has demonstrated that pulsatile delivery is 
required for ultimate physiologic GH action, whereas 
even relatively low levels of continuous GH can cause 
symptoms of acromegaly. Hypothalamic GHRH is the 
major stimulus for pituitary somatotroph proliferation 
and for GH synthesis and release. GHRH may also have 
an autocrine/paracrine role in the proliferation of other 
cell types. Identification of GHRH and its receptor has 
led to the use of GHRH to stimulate endogenous pul-
satile GH release, to the development of GHRH ana-
logues with prolonged half-life, and to the development 
of GHRH antagonists that have promising anti-tumor 
activity.

Synthetic GHSs, originally developed from enkepha-
lin, stimulate GH release through a mechanism distinct 
from that of GHRH and act synergistically with GHRH. 
Identification of the secretagogue receptor led to the iden-
tification of its endogenous ligand ghrelin. Ghrelin acts 
at the hypothalamus to stimulate GHRH secretion and 
at the somatotroph to enhance the amplitude of endog-
enous GH pulses. As it is secreted primarily from the 
stomach, ghrelin is in position to tie the GH actions on 
metabolism and nutrient utilization directly to nutrient 
availability. Ghrelin also has major effects on appetite, 
adipogenisis, lipid metabolism, gastric motility and secre-
tion, cell proliferation, insulin secretion, blood pressure, 
mental function, sleep, and more. Ghrelin has a unique 
hydrophobic modification of Ser3, an acylation that is 
cleaved by serum esterases, making ghrelin unstable and 
requiring careful pre-analytical processing of samples to 
assay for the active form. While the GHS receptor medi-
ates acyl-ghrelin’s orexigenic and GH-releasing actions, 
other actions of ghrelin and all the actions of des-acyl-
ghrelin work through unknown mechanisms, suggesting 
that there are additional receptors and possibly additional 
ligands to be discovered. Some GHSs (ghrelin mimetics) 
appear to differentially affect appetite, gastric motility, 
or GH release, suggesting the possibility of orally active 
agents that might specifically target obesity, gastrointes-
tinal hypermotility, some disease-associated cachexia, or 
the sarcopenia of aging.
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IGF-I stimulates not only growth but several differentiated 
cellular functions. The ability of IGF-I to regulate differ-
entiated functions is as important for cellular homeo-
stasis as its ability to stimulate growth.The insulin-like 
growth factors (IGFs) are unusual when considered in the 

context of traditional hormones. Like classically defined 
hormones, these substances are secreted into extracellular 
fluids and act on cells at distal target sites but they also 
act on cells that are adjacent to cell of origin and on the 
cells of origin themselves, processes that have been termed 

K E Y  P O I N T S

 •  IGF-I functions as an interface between nutrient intake and growth hormone 
stimulation, thereby functioning as a regulator of the anabolic response to GH.

 •  The major structural difference between IGF-I and insulin is the ability of IGF-I to bind 
to one of six high-affinity binding proteins.

 •  IGF-I receptors are present on all cell types, and this accounts for its ability to stimulate 
balanced growth among tissues.
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autocrine and paracrine growth stimulation. Therefore, 
they can be viewed as either traditional hormones or as 
locally produced growth factors. The ability to alter gene 
expression in animals has resulted in a greater understand-
ing of the role of locally produced and systemically trans-
ported IGF-1 in regulating growth in vivo. The results of 
these studies have shown that a complete understanding 
of the mechanism of action of IGF-1 cannot be elucidated 
without an appreciation for both its systemic endocrine 
effects, which can be demonstrated in classic in vivo infu-
sion experiments, and its local actions, which require 
cell-specific gene knockout experiments, wherein local 
production is attenuated. Clearly, both of these sources 
of peptide (i.e., autocrine produced and endocrine trans-
ported) are important for regulation of growth. Clinical 
attempts to replicate the actions of IGF-1 in vivo, such as 
in treating short children who have GH receptor muta-
tions, will have to consider the consequences of replacing 
only the circulating IGFs but not replacing local tissue 
production. Thus, complete understanding of the physio-
logic mechanisms that regulate both types of production 
and the cooperativity between these two growth regula-
tory systems is necessary.

The IGFs belong to a family of polypeptides that 
evolved from a common ancestral precursor into IGF-1, 
IGF-2, and proinsulin. All three peptides evolved before 
the emergence of a pituitary gland, and growth hormone 
(GH) control of IGF-1 appeared near the time that IGF-1 
and insulin diverged. Unlike insulin, both IGF-1 and 
IGF-2 circulate bound to high-affinity binding proteins. 
This results in a very different plasma half-life and differ-
ences in their target cell actions. Similarly, the IGFs have 
distinct cellular receptors that bind IGF-1 and IGF-2 with 
much higher affinity than insulin. The insulin receptor 
has similar selectivity. IGF-1 or IGF-2 are ubiquitously 
secreted in all tissues, and the IGF-1 receptor is present on 
all cell types thus enabling it to regulate systemic growth.

IGF-1 was discovered because of its ability to stimulate 
sulfation of cartilage proteoglycans. The administration 
of GH to hypophysectomized animals resulted in induction 
of a substance in serum that was a potent stimulant of 
cartilage sulfation, whereas direct addition of GH in vitro 
had minimal bioactivity. Purification of this inducible sub-
stance from serum showed that its amino acid sequence 
was similar to insulin and made it possible to undertake 
studies that showed that it could stimulate the growth 
in vivo.

Molecular technology made it possible to determine 
the structure of the IGF receptors, and further studies 
identified the signal transduction pathways that are linked 
to each receptor. The ability to delete IGF-1 or IGF-2 
expression in cells made it possible to more completely 
characterize the role of autocrine/paracrine production 
and its role in regulation of cell growth and differentiation. 
However, a more complete description of the relative 
roles of IGF-1, IGF-2, and insulin in growth and meta-
bolic regulation ultimately awaits the elucidation of all 
proteins that are induced by activation of each receptor 
and a better understanding of the interaction between this 
system and other humorally regulated systems and their 
relative hierarchical importance in growth regulation.

IGF-1 GENE AND PROTEIN STRUCTURES
The insulin-like growth factor-1 gene is a complex multi-
component gene with six exons. The gene structure is 
shown in Figure 21-1. The first and second exons encode 
the 5’ untranslated and pre-propeptide regions of IGF-1. 
Exon 3 encodes the distal propeptide sequence and the 
regions of the mature peptide that are homologous to 
the B chain of insulin, the region homologous to the C 
peptide and to the A chain region. Exon 4 encodes a D 
extension peptide. The fifth and sixth exons are shuffled 
and can encode one of two sequences termed IGF-1 A 
and IGF-1 B. This alternative splicing occurs in multiple 
tissues, and both IGF-1 A and IGF-1 B have been found 
to be secreted by specific cell types in culture.

Several forms of IGF-1 mRNA are transcribed, and 
multiple transcripts have been detected in tissues. The 
most abundant IGF-1 transcript (6 kb) contains multiple 
polyadenylation sites and a long 3’ untranslated sequence. 
The abundance of this transcript is regulated by GH. GH 
increases transcription of IGF-1 by inducing STAT5b, 
which binds to multiple paired binding sites and increases 
transcriptional activity.1 The activity of STAT5b is regu-
lated by hormones and cytokines. The glucocorticoid 
receptor is a transcriptional coactivator and functions 
with STAT5b. In contrast, FGF21 and interleukin 6 nega-
tively regulate GH-stimulated STAT5b transcription. 
Two distinct promoters have been identified, and they 
account for distinct transcript patterns in various tissues 
and the appearance of various forms at specific periods in 
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Figure 21-1 Structure of the human insulin-like growth factor 1 (IGF-1)  
gene and the precursor proteins it encodes. The black boxes that are 
shown represent exons. The portions of each exon that encode parts of 
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sor forms are represented by boxes. The B, C, A, and D domains of the 
mature peptides are noted.
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development.2 Other abundant transcripts include a 3.2-kb  
transcript, a 2.7-kb transcript, and a 0.9-kb transcript. 
Stimuli other than GH have been shown to influence the 
abundance of these transcripts in various tissues.3 For 
example, estrogen is a potent stimulator of transcription 
in the uterus. The small 0.9-kb transcript is one source of 
the mature 70–amino acid IGF-1 peptide. This transcript 
is present in the liver and is an important source of the 
peptide that is present in the systemic circulation. Alter-
native processing of IGF-1 mRNA following its transcrip-
tion has been shown to occur in multiple tissues and may 
be physiologically relevant in specific situations, such as 
muscle repair after injury. Variable polyadenylation sites 
and regulation of processing of the 3’ untranslated RNA 
extensions have been demonstrated and can result in differ-
ent length transcripts.

The polypeptide structures of three members of the IGF 
gene family are shown in Figure 21-2. Mature IGF-1 and 
IGF-2 contain 70 and 67 amino acids, respectively. Pro-
insulin has a longer C peptide region compared to IGF-1 
or IGF-2. The A chain and B chain peptide regions are 
of similar length. The sequence in this region is not con-
served. The sequences in this region are 41% and 43% 
homologous with proinsulin. IGF-1 and IGF-2 contain D 
domain extensions of 8 and 6 amino acids, respectively. 
Unlike proinsulin, IGF-1 and IGF-2 are not cleaved into 
two chain polypeptides during intracellular processing, 
but rather they are secreted as intact single-chain proteins. 
Forms of IGF-1 have been isolated from serum and from 
cell culture supernatants that contain the E peptide exten-
sions (e.g., both A and B), but the relative abundance of 
these forms in most tissues is unknown. The frequency 
of processing of the E peptide domains is unclear, since 
longer forms of IGF-1-A or IGF-1-B have been shown to 
be secreted by cells in culture. However, some cell types 
(e.g., hepatocytes) secrete the 70–amino acid mature form 
of IGF-1 with no E peptide extension.

Specific amino acids within the IGF-1 molecule have 
been shown by site-directed mutagenesis or the occurrence 
of spontaneous mutations to account for receptor and/
or binding protein association (Table 21-1). Specifically, 
Ala8, Glu9, Phe 23, Tyr24, Val44, Tyr60, and, to some 
extent, Tyr31, Arg36 and 37, and Met59 are required for 
IGF-1 receptor recognition.4 The tyrosines at positions 24 
and 60 as well as Glu9, Phe23, and Val44 are conserved 
within IGF-2. The residue within the proinsulin sequence 
that is homologous to Tyr-24 (e.g., Phe 25) is important 
for insulin binding to its receptor. Tyr60 appears to be 
necessary for IGF-1 to maintain a stable conformation. 
Studies using mutant forms of IGF-1 with large deletions 
indicate that the region between residues 24 and 37 con-
tains the primary receptor binding site. Mutations in this 
region have very little effect on binding protein affinity. 
More recent crystallographic5 and NMR studies have 
confirmed the importance of these residues for receptor 
binding. These studies have also shown the importance of 
specific residues in the C domain, particularly Arg35 and 
Arg36. Alanine scanning mutagenesis has confirmed that 
Phe23, Tyr31, Arg36, Arg 37, Val44, and Tyr60 were the 
most important residues that compose the primary bind-
ing site. Substitution for these residues resulted in a 33- to 
100-fold reduction in receptor affinity.6

IGF-1 and IGF-2 contain 4 amino acids that are the 
primary determinants of their high affinity for IGF-1 
binding proteins. These include the amino acids at positions 
3, 4, 15, and 16 of the B chain region of IGF-1 and the 
homologous residues 6, 7, 18, and 19 in IGF-2. These 
residues are critical for recognition by all six forms of 
IGF-binding proteins. Mutant forms of IGF-1 that con-
tain substitutions of proinsulin residues in these four posi-
tions have a nearly total loss of binding protein activity. 
In addition, residues at amino acids 49, 50, and 51 in 
the A chain are important for recognition by four of the 
six high-affinity binding proteins. Leu54 is important for 
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binding to IGFBP-2 and 5. X-ray crystallographic studies  
of the IGF-1/IGFBP-4 complex have confirmed the impor-
tance of these residues. They confirmed that they are the 
primary sites within IGF-1 that interact with IGFBP-4 
and explained how the interaction between IGF-1 and 
IGFBP-4 interferes with receptor binding.7 In addition, 
they noted the importance of Val11, Asp12, Tyr24, 
Phe25, Asn26, and Cys48 for binding to the C-terminal 
domain of IGFBP-4. This C-terminal interaction forms 
a shield that prevents IGF-1/receptor association. Addi-
tional studies of the tertiary structures of IGF-1 and IGF-2 
have shown that these residues are surface exposed. A 
recent NMR study showed that two of three helices that 
are present in IGF-1 form a surface-exposed hydrophobic 
patch that contains these A and B chain residues. A peptide 
that bound to this patch inhibited IGF-1/IGFBP binding. 
The three disulfide linkages are conserved in IGF-1 and 
IGF-2.

Computer modeling studies have indicated that the 
three-dimensional structure of IGF-1 is probably similar to 
that of insulin, which has been analyzed by x-ray crys-
tallography except for the C-peptide.5 Analysis of the 
IGF-2 crystal structure has shown that the B domain con-
tains three alpha helices and the A domain contains two. 
Except for residues contained in the C-peptide, many of 
the IGF-1 residues that bind IGF-1 receptor are also pres-
ent in insulin. Therefore the high affinity of IGF-1 for the 
IGF-1 receptor as compared to insulin is explained by the 
presence of the C-peptide.6,8 In contrast, the higher affin-
ity of the insulin receptor for insulin is accounted for by 
residues 4, 15, 49, and 51. If these insulin residues are 
substituted for the corresponding residues in IGF-I, the 
IGF-I mutant has an affinity for the insulin receptor that 
is equal to insulin.8 Different forms of IGF-1 have been 
found to be present in human serum and tissues. The most 
extensively studied form is des-1-3 IGF-1, which occurs 
in brain and in serum. This IGF variant has much lower 
affinity for IGFBPs and therefore it binds to the IGF-I 
receptor in the presence of high concentrations of unsatu-
rated IGFBPs.

IGF-1 RECEPTOR
The IGF-1 receptor is ubiquitously present and is present 
in cell types derived from all three embryonic lineages, 
thus accounting for IGF-1’s ability to stimulate growth 
of all tissues. The receptor number per cell is tightly 

controlled and is maintained in a narrow range of 20,000 
to 35,000. This may be an important regulatory function, 
since cellular transformation in response to IGF-1 usually 
requires >1,000,000 receptors per cell, whereas cells that 
have <100,000 receptors per cell rarely induce tumors 
in experimental animal models. Thus, the variables that 
regu late IGF-1 receptor number may be important in 
terms of the genesis of neoplasia.

Hormones such as GH, FSH, LH, progesterone, estra-
diol, and thyroxine have been shown to increase IGF-1 
receptor expression.9 Similarly, PDGF, EGF, FGF, and 
angiotensin 2 upregulate receptor expression in specific 
cell types.9 Following hormone binding, there is down-
regulation of receptor number with internalization of 
receptors. However, possibly due to IGF-binding proteins, 
the rate of internalization of IGF-1 receptors is substan-
tially slower than that of other growth factors, such as 
epidermal growth factor or insulin. Recently, several 
microRNAs have been shown to regulate IGF-1 receptor 
expression,10 and this has been shown to be important for 
skeletal muscle development.11

The human IGF-1 receptor is encoded by a single-copy 
gene located on bands q25 → 26, at the distal end of chro-
mosome 15. This gene spans 100 kb of genomic DNA 
and contains 21 exons. The exon/intron organization  
of the gene is similar to the insulin receptor gene. How-
ever, the IGF-1 receptor gene does not contain an equiv-
alent of the alternatively spliced exon 11 of the insulin 
receptor gene.

The IGF-1 receptor gene is developmentally regulated, 
with highest levels of IGF-1R mRNA and protein detected 
at late embryonic stages. IGF-1R mRNA and protein 
levels decrease progressively and are much lower in adult 
animals. This developmental pattern reflects the central 
role of the IGF-1R in regulating cellular proliferation and 
promoting cell survival. The highest IGF-1R mRNA levels 
in the adult rat are observed in the central nervous system. 
Intermediate levels of expression are found in kidney, stom-
ach, testes, lung, and heart, with undetectable levels seen in 
hepatocytes. The molecular mechanisms that are respon-
sible for normal and pathologic regulation of IGF-1R  
gene expression are highly variable and in general are 
controlled by specific transcription factors.

The biochemical structure of the receptor is similar to 
other polypeptide growth factor receptors (Fig. 21-3). The 
receptor is a heterotetrameric glycoprotein composed of 
two ligand-binding subunits termed alpha subunits that 
contain 706 amino acids and two beta subunits that con-
tain 627 amino acids. Only the beta subunits have a trans-
membrane domain (see Fig. 21-3). In humans, the protein 
is translated from a single mRNA transcript. The prepro-
peptide is 1367 amino acids, and it is cleaved between Lys 
708/Arg 709 to generate the alpha and beta subunits. These 
are linked together by disulfide bonds to form the hetero-
tetrameric receptor. Amino acid sequence comparison with 
the insulin receptor reveals 46% amino acid identity.

The alpha subunit contains three domains that are 
essential for ligand binding. These have been termed leucine 
rich (LR), cysteine rich (CR), and carboxy terminal (CT) 
domains. The receptor binds IGF-1 with a kd of 10-9 M. 
IGF-2 binds with sixfold lower affinity, and insulin with a 

TABLE 21-1 Specific Amino Acids in Insulin-Like 
Growth Factor 1 (IGF-1) That Mediate Binding 
Protein and Receptor Association

Region of IGF-1 Ligand Interaction

B chain Glu3, Thr4, 
Gln15, Phe16

Required for binding to IGF-binding 
proteins (IGFBPs) 1-6

A chain Phe 49, Arg50, 
Ser51

Required for optimal binding to 
IGFBP-1, -2, -4, -5

Tyr24, Tyr31, Tyr60, IGF-1 receptor
Tyr24-Arg37 Contains the primary receptor  

binding site
Tyr60 Necessary for a stable conformation
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200- to 300-fold lower affinity. The composition of crystal 
structure of the first three domains of the α subunit of 
both the IGF-1 and insulin receptors shows that there are 
two important differences, one in LR1 and one in CR1, 
that account for these differences in ligand binding.12 
Mutagenesis studies have shown that the residues Asp8, 
Tyr28, His30, Leu33, Phe58, Tyr79, Phe90, and Glu242 
within the LR1 domain are important for binding.12,13 
The cysteine-rich region contains four residues (Arg240, 
Phe241, Phe251, and Phe266) that are essential to main-
tain high affinity.11 A short C-terminal region (692-702) 
is also very important since changes in 7 of these 10 residues 
reduced binding affinity 10- to 30-fold.13 Following Site 
1 contact in the LR, the ligand becomes immobilized and 
then cross-links through its second binding domain to 
the distinct site in the CR on the second monomer, thus 
resulting in high-affinity binding.

The beta subunit of the receptor is composed of 
an insert domain followed by two fibronectin repeat 
domains and then a transmembrane domain between 
positions 906 and 929 that is followed by an intracyto-
plasmic domain. This region contains intrinsic tyrosine 
kinase activity and critical sites of tyrosine and serine 
phosphorylation. The tyrosine kinase (TK) domain is 
84% homologous with the insulin receptor TK domain. 
The catalytic domain contains an ATP-binding motif 
and a catalytic lysine at position 1003. Substitution for 
this lysine abolishes IGF-1–stimulated biological actions. 
Ligand binding to the alpha subunit triggers a conforma-
tional change that leads to auto-activation. This, in turn, 
leads to trans subunit autophosphorylation wherein a 
specific tyrosine 1135 on one beta subunit is transphos-
phorylated by the TK activity located on the paired beta 
subunit. This nonphosphorylated tyrosine is autoinhibi-
tory, and its phosphorylation leads to kinase activation 
and transphosphorylation of the paired tyrosine 1135 
on the corresponding subunit followed by sustained TK 
activation.14

There are at least ten important tyrosines contained 
within the cytoplasmic domain of the beta subunit that 

are phosphorylated by the intrinsic tyrosine kinase. The 
most important is a triple tyrosine motif at positions 
1131, 1135, and 1136. Substitutions for these tyrosines 
abolishes IGF-1 signaling.13 Crystal structure analysis 
has shown that phosphorylation of all three tyrosines is 
required to obtain the optimal conformation for kinase 
activation.15 Following the tyrosine kinase activation the 
enzyme autophosphorylates tyrosine 950, which forms 
a binding site for two important intracellular substrates, 
insulin receptor substrate-1 and 2 (IRS-1 and 2). Substi-
tution for this residue attenuates IRS-1 phosphorylation. 
Following IRS-1 binding to Tyr950 the IGF-1R kinase 
phosphorylates specific sites on IRS-1 that provide binding 
sites for adaptor proteins, such as Grb-2, which in turn 
leads to Ras activation. Other kinases, such as phosphoti-
dylinositol-3 (PI-3) kinase are activated by binding to 
phosphorylated IRS-1. Mutation of tyrosine 1316 in the 
beta subunit abrogates the ability of IGF-1R to activate 
PI 3-kinase. The receptor can also directly phosphorylate 
other substrates, including Shc, Crk, and Grb-10.12 Phos-
phorylation of beta subunit residues 1280 and 1283 is 
necessary for binding to 14-3-3, an additional signaling 
intermediate. Other tyrosine kinases such as CTK can be 
recruited directly to specific phosphotyrosines on the beta 
subunit. The NPXY motif that is located near the trans-
membrane domain is required for internalization.

Chimeric receptors that contain heterodimers of the 
IGF-1 and insulin receptor have been described.16 These 
dimers are disulfide linked. Receptor hybrids have been 
detected in several tissues and cell types. It is possible 
that they exist in all cells in which both IGF-1 and insulin 
receptors are expressed. The ligand specificity and affinity 
properties of hybrid receptors are much closer to those of 
the IGF-1 receptor as compared to the insulin receptor. 
Hybrid receptor activation leads to stimulation of signal 
transduction in vitro,16 however the biological significance 
of hybrid receptor activation in tissues in whole animals 
has not been determined. Following IGF-1 activation of 
the receptor, it undergoes endocytosis. This is regulated 
in part by the adaptor protein 2 complex.17 Following 

Figure 21-3 Structural charac-
teristics of the insulin, insulin-like 
growth factor 1 (IGF-1), and hybrid 
receptors.
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its recruitment to endosomes, the receptor is cleaved by 
a cysteine protease and ligand is released. Ubiquitination 
also regulates this process, and two E3 ligases, Nedd4 
and MDM2, have been shown to play a role in this pro-
cess. Nedd4 binds to IGF-1R through Grb10 and MDM2 
through beta arrestin, thus these molecules also play a 
role in IGF-1R degradation.18

The IGF-1 receptor has been overexpressed in several 
types of cells in culture. Receptor overexpression enhances 
tumor formation in nude mice. Studies using antisense 
oligonucleotides to lower IGF-1 receptor number have 
confirmed its importance for growth and transforming 
activity of human tumor cells.19 Importantly, deletion of 
specific tyrosines, such as Tyr1280 and 1281, results in 
diminution in receptor transforming activity, although 
mitogenic activity is preserved. Additionally, the receptor 
is important for IGF-1’s ability to modulate the effects of 
other growth factors. Mouse fibroblasts containing defi-
cient numbers of IGF-1 receptors do not undergo DNA 
synthesis in response to the addition of epidermal growth 
factor. Similarly, overexpression of the EGF and PDGF 
receptors does not lead to proliferation of fibroblasts in 
soft agar in the absence of IGF-1 receptors, and reexpres-
sion of the IGF-1 receptor allows proliferation to occur. 
Large T-antigen induction by the cellular transforming 
virus, SV-40, requires expression of the IGF-1 receptor, 
and wild type Ras activation has less of an effect on cel-
lular transformation if the IGF-1 receptor is absent. Src 
oncogene expression results in transforming activity only 
in the presence of an IGF-1 receptor. The receptor also 
interacts directly with other membrane proteins that 
modulate kinase activation, such as the αVβ3 integrin,20 
TIMP-2, LRP-1,21 and decorin.22 Adapter proteins such 
as Grb-10 and SH2B also directly bind to IGF-1R and 
alter kinase activity.23 Several membrane proteins can 
transactivate the receptor.24 Serine phosphorylation of 
the cytoplasmic tail by GSK3β or AKT directly inhibits 
ligand-stimulated tyrosine kinase activation.25

The IGF-1 receptor has an important role in normal 
development and normal fetal growth. Animals that have 
had the IGF-1 receptor deleted by homologous recombi-
nation are born 40% of normal size.26 These animals are 
not viable at birth due to hypoplasia of diaphragmatic 
muscle. Defects in the development of the nervous sys-
tem, skin, and bones have been noted. These develop-
mental abnormalities apparently occur relatively late in 
gestation.

The receptor is also important for prevention of apop-
tosis. IGF-1 and its receptor support the viability of non-
proliferating cells in culture, such as neurons. The extent 
of apoptosis that can be induced in neurons by osmotic 
hyperglycemia or ischemia is dependent upon normal 
IGF-1 receptor expression, suggesting that it is neuropro-
tective. IGF receptor–mediated inhibition of apoptosis is 
important for a variety of biological processes including 
development of the brain,27 cardiac and skeletal mus-
cle, and angiogenesis. Modulation of IGF-1 receptor– 
mediated inhibition of apoptosis has been implicated in 
the pathogenesis of ischemic brain injury, glucocorticoid-
induced myopathy,28 heart failure29 loss of beta cell func-
tion,30 and cartilage metabolism.

Specific mutations within the receptor have been 
shown to attenuate ligand binding or intraceullar 
signaling, thereby leading to abnormal growth and  
development.31 Both missense and compound heterozy-
gous mutations have been described and lead to short 
stature. These mutations may account for as much as 3% 
of children who are born small for gestational age.32

RECEPTOR-MEDIATED SIGNAL TRANSDUCTION
Following activation of the intrinsic tyrosine kinase activity 
and phosphorylation of tyrosine 950, the docking pro-
tein, insulin receptor substrate-1 (IRS-1), binds directly to 
the receptor through its PTB domain (Fig. 21-4). A func-
tionally similar protein termed IRS-2 has been shown to 
bind by a similar mechanism. Following binding, IRS-1 is 
tyrosine phosphorylated by the receptor at multiple sites, 
creating docking motifs that provide docking sites for 
intracellular signaling proteins that contain Src homol-
ogy-2 (SH-2) domains. These domains contain approxi-
mately 100 amino acids that share sequence similarity 
cellular oncogene, Src. Several tyrosines in IRS-1 occur 
within sequences that provide a recognition motif for 
SH-2 domains. IRS-1 gene deletion in mice results in a 
major decrease in body weight with proportionate reduc-
tion in liver, heart, and spleen.33 Activation of signaling 
pathways that lead to enhanced IRS-1 degradation result 
in attenuation of IGF-1 signaling. Serine phosphorylation 
of IRS-1 can lead to its recognition by chaperones that 
mediate its translocation to proteasomes and ultimately 
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its degradation. This occurs in response to hyperglycemic 
stress. Additionally, serine phosphorylation can function 
to directly inhibit IGF-1–stimulated tyrosine phosphory-
lation. For example, during energy restriction AMP kinase 
is activated and phosphorylates IRS-1 Ser794, which 
inhibits IGF-1 receptor–stimulated tyrosine phosphoryla-
tion, thereby inhibiting the ability of IGF-1 to stimulate 
protein synthesis.

Signaling proteins that bind directly to the phosphory-
lated tyrosines on IRS-1 include the adaptor proteins, Shc 
and Grb-2, and the p85 subunit of PI-3 kinase. Grb-2 
forms a complex with the Ras-activating protein (Son of 
Sevenless [SOS]), and this complex leads to subsequent 
P-21 Ras activation, which activates Raf and downstream 
components of the MAP kinase pathway. Activation of 
this pathway is important for the mitogenic function of 
IGF-1.

IRS-1 phosphorylation also results in binding of the 
p85 subunit, and this leads to recruitment of the catalytic 
subunit, p110, and its activation.34 This results in gene-
ration of inositol triphosphate and activation of protein 
tyrosine kinase B. This kinase activates mTOR and P70 
S6 kinase, which leads to activation of protein translation. 
This pathway is utilized by IGF-1 to stimulate protein 
synthesis, and it mediates its major anabolic actions. This 
pathway is also important for IGF-1–induced increases 
in cell motility and for inhibition of apoptosis. AKT also 
phosphorylates GSK-3 beta, leading to its inactivation, 
which is important for several responses including stimu-
lation of glucose transport.

Sustained levels of activated IRS-1 also lead to IGF-1–
stimulated differentiation, and this response is mediated 
through PI-3 kinase/AKT activation. Activation of this 
pathway has been shown to be important for skeletal 
muscle and chondrocyte, osteoblast differentiation.35,36 
Stimulation of the MAP kinase, which is important for cell 
proliferation, requires Grb-2/Shc association with IRS-1. 
It may also require localization of IRS-1 and MAP kinase 
within specific subcellular locations.37 Pathophysio-
logic conditions such as oxidative stress,38 glucocorti-
coid excess,39 hyperglycemia40 and cytokine activation41 
result in IRS-1 downregulation. In some cell types, such 
as skeletal muscle and cartilage, this results in atrophy39 
or apoptosis.38 Other cell types, such as vascular endo-
thelium or smooth muscle, respond to IRS-1 downregula-
tion by activating aberrant signaling pathways that are 
activated in response to IGF-1. Although these cell types 
do not undergo atrophy or apoptosis, aberrant pathway 
activation can result in pathophysiologic changes in cel-
lular functions.40 The IGF-1 receptor can directly bind 
and phosphorylate p52Shc, and this leads to Shc associa-
tion with Grb-2, which activates RAS and MAPK inde-
pendently of IRS-1. In contrast, in some pathophysiologic 
situations as increased oxidative stress, Shc activation 
proceeds by a different mechanism. In vascular cell types 
that express the αVβ3 integrin, oxidative stress leads to 
increased secretion of αVβ3 ligands. αVβ3 activation 
results in translocation of an adaptor protein SHP-2 to the 
plasma membrane–associated scaffolding protein SHPS-
1.42 The IGF-1 receptor phosphorylates SHPS-1, which 
results in recruitment of Src and the NAPDH oxidase, 

Nox4. Nox4 activates Src, which phosphorylates Shc.43 
This IRS-1–independent MAP kinase leads to smooth-
muscle cell proliferation or endothelial dysfunction.

An important mediator of IGF-1 action is the nuclear 
protein FOXOA1. This protein is serine phosphorylated 
in response to AKT activation, which leads to its trans-
port out of the nucleus.44 This results in decreased expres-
sion of proteins that regulate apoptosis and the cell stress 
response. The IGF-1 receptor also signals through direct 
interactions with G proteins.45 Similarly, activation of 
protein kinase C isoforms has been shown to alter sig-
naling through IGF-1R.43 Several signaling intermediates 
have been shown to modulate or directly inhibit IGF-1R 
signaling. One of the best examples is the SOCS proteins, 
which also inhibit GH receptor signaling. Cytokines such 
as Il-1 and IL-6 that antagonize IGF-1 actions activate 
SOCS3, which inhibits IRS-1 activation.46 The sirtuins, 
which are histone deacetylases, also negatively modulate 
IGF-1–stimulated AKT activation.47

Specific intracellular signaling pathways have been 
shown to mediate specific IGF-1 actions. The PI3-kinase 
pathway is important for glucose transport, cell migra-
tion differentiation, protein synthesis, and hypertrophy, 
and inhibitors of PI 3-kinase have been shown to inhibit 
these IGF-1–stimulated effects.34,38,40 Similarly, the MAP 
kinase pathway is the predominant pathway for mito-
genesis and rescue from apoptosis.38,48 Protein kinase C 
isoforms facilitate IGF-1–stimulated cell migration and 
stimulation of the transcription of specific genes. The 
induction of specific proteins by IGF-1 has been shown to 
be required for proliferation,49,50 differentiation,51,52 and 
protein synthesis and apoptosis.53 However, the require-
ment of stimulation of a specific pathway for a specific 
function is not absolute, since the results generated using 
specific inhibitors of each pathway support the conclu-
sion that there are overlapping functions.

In addition to interactions between the IGF-1 and 
insulin receptor–linked signaling pathways, several other 
signaling pathways have been shown to influence IGF-1–
stimulated signaling events. Several hormones and growth 
factors such as EGF, angiotensin 2, aldosterone, endothe-
lin-1, PTH, PTHrP, and sonic hedgehog have been shown 
to activate signaling intermediates that modulate IGF-1 
receptor–linked signaling events.54-57 Conversely, cellular 
activation by IGF-1 has been shown to result in transacti-
vation of the androgen receptor, EGFR, VEGFR, and the 
chemokine receptor CXR4.58,59 In addition, postreceptor 
signaling pathway cross-talk has been demonstrated for 
the GH, estrogen, androgen, progesterone, and glucocor-
ticoid receptors.60-62

IGF-BINDING PROTEINS
A characteristic of IGF-1 and IGF-2 that distinguishes 
them from insulin is the ability to bind to IGF-binding 
proteins (IGFBPs). The IGFBPs are a family of six proteins 
that have high affinity for IGF-1 and IGF-2.63 In each 
case, their affinity is greater than the affinity of the type I 
IGF receptor for IGF-1 and IGF-2. One or more members 
of this family is present in all extracellular fluids. There-
fore, they control the ability of IGF-1 and IGF-2 to bind 
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to receptors. In addition to this property, the major func-
tions of the IGFBPs include: (1) transporting the IGFs in 
the vasculature, (2) controlling their access to the extra-
vascular space, (3) controlling tissue localization and dis-
tribution, (4) controlling access to receptors and thereby 
modulating the biological responses of cells to IGF-1, and 
(5) in some cases binding to distinct receptors or intracel-
lular proteins to function cooperatively with IGF-1.

The gene structure of the IGFBPs shows that each 
of the six forms contains four exons.63 Their protein 
structures show great similarity. Of the 18 cysteines, all 
are conserved in 5 of the 6 binding proteins. If the cys-
teine structure is disrupted, IGF-1 binding is markedly 
attenuated. The affinity of each protein for IGF-1 and 
IGF-2 is shown in Table 21-2. The greatest difference 
is in IGFBP-6, which has a 40-fold higher affinity for 
IGF-2.

There is a high degree of sequence homology in both 
the N-terminal and C-terminal domains of each pro-
tein.63 In contrast, the middle third sequence termed 
linker region diverges completely. This is important func-
tionally because this is the major site of proteolytic cleav-
age for IGFBPs. Two of the proteins are  N-glycosylated, 
and glycosylation sites occur in the middle third of 
the sequence, thereby providing specificity. Recent  
structural studies have yielded a great deal of informa-
tion regarding the specific residues that are responsible 
for IGF binding. Two-dimensional NMR studies showed 
that a hydrophobic pocket in the amino terminus (resi-
dues 49 to 74) contained six amino acids that form the 
binding pocket R49, V50, K68, L70, L72, and L74.64 
Mutagenesis studies confirmed the significance of this 
region for IGFBP-5 binding and showed that similar 
residues in IGFBP-3 had a similar function.64 Similarly, 
mutagenesis of the residues in IGFBP-2, 4, and 6 that are 
comparable to Leu 70, 73, and 74 in IGFBP-5 results in 
a major (>1000-fold) decrease in affinity for IGF-1. A 
specific domain in the C-terminus of these proteins also 
contributes to high-affinity IGF binding. In IGFBP-2, 
this includes Gly217 and Gln223. Recent studies have 
suggested there is strong cooperativity between these 
domains that contributes to high-affinity binding of the 
full-length proteins and that covalent linkage between 
the N and C terminus is necessary for maximal affinity.65 
The residues in IGF-2 that bind to the C-terminal domain 
binding site in IGFBP-4 and IGFBP-6 are similar to those 
that bind the IGF receptor, and this steric hindrance 

probably accounts for the ability of the IGFBPs to inhibit 
IGF-2 binding to the receptor.66

Specific Properties of Each Form of IGFBP
IGFBP-1 contains an Arg-Gly-Asp near its carboxyl termi-
nus, which mediates binding to the α5β1 integrin.63 The 
affinities of IGFBP-1 for IGF-1 and IGF-2 are nearly equal. 
It is serine phosphorylated (Ser101, 119, and 169), and this 
increases its affinity for IGF-1. The IGFBP-2 sequence is 
highly conserved across species63 and also has an Arg-Gly-
Asp sequence near its carboxyl terminus. It contains two 
heparin-binding domains. One is located between amino 
acids 227 and 234 and is shared with IGFBP-3 and IGFBP-
5. A unique heparin-binding domain is present in the linker 
region between amino acid 200 and 212. This region medi-
ates binding to the cell surface receptor RPTPβ.67

IGFBP-3 is variably N-glycosylated and it is serine 
phosphorylated, but neither modification alters its affin-
ity. IGFBP-3 contains a highly basic region between resi-
dues 216 and 244, which accounts for its ability to adhere 
to glycosaminoglycans63 and for its ability to bind to a 
protein termed acid labile subunit (ALS). This binding 
has functional significance since it prolongs the half-life 
in plasma to 16 hours. This region also mediates IGFBP-3 
nuclear localization.

IGFBP-4 is N-glycosylated, which does not affect its 
affinity for IGF-1 or IGF-2. IGFBP-4 is cleaved by a prote-
ase that is present in extracellular fluids to 16- and 14-kD 
fragments that have a reduced affinity for IGF-1 and IGF-2.

IGFBP-5 is the most highly conserved form of IGF-
binding protein. IGFBP-5 contains the same heparin-
binding domain as IGFBP-3, located between amino acids 
201 and 218.63 This sequence mediates its binding to 
extracellular matrix, and specific ECM proteins.68 ECM 
binding lowers the affinity of IGFBP-5 for IGF-1 by eight-
fold, thereby allowing more IGF-1 to bind to the recep-
tor. This sequence also binds to ALS. It is proteolytically 
cleaved into a 22-kD fragment in physiologic fluids that 
has a much lower affinity.

IGFBP-6 has 16 cysteines. The protein is  O-glycosylated, 
which modulates stability and localization. It has a much 
higher affinity for IGF-2 compared to IGF-1, but the 
physiologic significance of this difference has not been 
ascertained.69

Control of IGF-1 Concentrations in Serum
Age is an important determinant of the normal serum 
IGF-1 concentrations. Plasma concentrations rise from 
very low levels, 20 to 60 ng/ml, at birth to a peak value 
between 600 and 1100 ng/mL at puberty.70 The concen-
trations then fall rapidly in the second decade, reaching 
mean values of 350 ng/mL by 20 years of age, and then 
decline more slowly over each decade, decreasing an 
additional twofold by 60 years of age (Fig. 21-5). A major 
determinant of this change is the age-dependent change in 
GH secretion. Although the change in GH may account 
for much of the decline that occurs during adulthood, it 
does not account for all of the major increase that occurs 
during childhood.

There are important genetic determinants of plasma 
IGF-1 concentrations. Studies in twins have shown that 

TABLE 21-2 Affinities of Insulin-Like Binding 
Proteins (IGFBPs) for Insulin-Like Growth Factor 1 
(IGF-1) and IGF-2

IGFBPs

AFFINITY (Ka × 109) L/M

IGF-1 IGF-2

IGFBP-1 1.1 1.2
IGFBP-2 3.4 10.9
IGFBP-3 8.9 22.1
IGFBP-4 2.6 6.0
IGFBP-5 38 41
IGFBP-6 0.1 4.4
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approximately 40% of each individual’s IGF-1 vari-
ability can be accounted for on the basis of undefined 
genetic factors, which are linked to height. There is a 
very close correlation between IGF-1 concentrations 
and statural height in many different types of popula-
tions, and these appear to be due, at least in part, to this 
genetic factor. This genetic determinant is independent 
of intrinsic GH secretion. Recently, a polymorphism in 
the IGF-1 gene that occurs in 12% of Caucasians has 
been shown to be associated with a lower mean serum 
IGF-1 concentration (∼30% reduction) and a decreased 
final adult height (e.g., ∼2 cm). The presence of this 
polymorphism in individuals >60 years of age was asso-
ciated with a twofold increase in the prevalence of type 
2 diabetes and an increased incidence of heart attacks 
and strokes.71 Studies in other ethnic groups have not 
detected this association. Other IGF-1 gene polymor-
phisms have been shown to correlate with low serum 
IGF-1 concentrations.72

The major hormonal determinant of plasma IGF-1 
concentrations is growth hormone. Children with definitive 
evidence of growth hormone deficiency (GHD) usually 
have IGF-1 values that are below the 95% confidence 
interval.72 Because values vary so much throughout 
childhood, however, age-adjusted normative data are 
required to interpret low plasma IGF-1 values (see Fig. 
21-5). Consideration of developmental stage (skeletal 
age) is also important for interpreting low values.72 In 
children, a normal IGF-1 value is strong evidence that 
GH deficiency is not present. Conversely, a low IGF-1 
is very suggestive of GHD, but it does not definitively 
prove that GHD is present. Other causes of growth retar-
dation can be associated with a low IGF-1, although 
causes such as constitutional growth delay are usually 
associated with normal levels. Administration of GH to 
patients with GHD results in a substantial rise in IGF-
1, and values peak at 24 hours. GH also increases the 
plasma concentrations of IGFBP-3 and a third protein, 
termed acid labile subunit (ALS), which binds IGFBP-3, 
IGFBP-5, and the IGFs. The formation of these ternary 
complexes accounts for the extended half-life of serum 
IGF-1. The IGF-1 response of a short child to GH admini-
stration has not proven to be a useful diagnostic test of 

GH deficiency.73 In spite of these problems in interpret-
ing low values, basal IGF-1 measurements have proven 
very useful as a screening test for selecting individuals 
who should undergo stimulation testing to assess their 
GH secretory response.72,74

In states of GH excess, IGF-1 values are invariably 
increased. The mean IGF-1 for patients with acro-
megaly is seven times the normal age-adjusted control 
value.75 The sensitivity and specificity of a single IGF-1 
measurement for accurately diagnosing acromegaly 
in patients older than 20 years of age is >97%. The 
severity of the IGF-1 abnormality appears to corre-
late with disease activity, and values correlate with 
measurement of soft-tissue growth, such as heel pad 
thickness.75 IGF-1 measurements are useful in moni-
toring the response to therapy and correlate well with 
residual GH secretion in these patients.75 Generally, if 
24-hour mean GH values are less than 1.0 ng/mL, then 
IGF-1 will be within the age-adjusted 95% confidence 
interval. IGF-1 values are also elevated during the last 
trimester of pregnancy, due to increases in placental 
growth hormone secretion.

Another hormonal variable that controls IGF-1 con-
centrations is thyroxine. Plasma IGF-1 concentrations are 
low in severe thyroxine deficiency and rise with thyroid 
hormone replacement.63 Serum IGF-1 values are not sup-
pressed in Turner’s syndrome, and estrogen replacement 
results in little change.

Nutritional status is an important determinant of 
plasma IGF-1 concentrations. Adequate caloric and protein 
intake have to be maintained in order to maintain an ade-
quate serum IGF-1, both in children and adults.76 Fast-
ing results in substantial reduction in total serum IGF-1 
and a blunted response to the administration of GH.63 
Following a 5-day fast, values decline by 53%, and sub-
jects must be refed for at least 8 days for values to return 
to normal. During fasting and refeeding, the changes in 
IGF-1 correlate with changes in nitrogen balance. These 
changes are due to both energy and protein deficiency. 
An energy intake of 20 Kcal/kg is required to maintain a 
normal IGF-1, whereas an intake of 0.6 g/kg of protein 
is required. The energy must be supplied as at least 100 g  
of carbohydrate.77 Similarly, the quality of the protein 
intake (e.g., the amount of essential amino acids) is an 
important determinant of IGF-1 if the protein intake is 
below 0.5 g/kg/day. Children with severe protein-calorie 
malnutrition have low IGF-1 values that respond to treat-
ment.78 Other catabolic conditions, such as hepatic failure, 
inflammatory bowel diseases, or renal failure are asso-
ciated with low serum IGF-1 concentrations.78-80 Insulin 
is an important determinant of IGF-1 concentrations. 
Although it is difficult to differentiate between nutritional 
regulation and insulin action, insulin perfusion of the 
liver in diabetic animals results in a substantial increase 
in plasma IGF-1. Patients with poorly controlled type 1 
diabetes mellitus have low-normal IGF-1s that rise into 
the normal range with adequate insulin treatment.75 
Furthermore, in poorly controlled type 1 diabetes, there 
is a correlation between hemoglobin A1C values and IGF-
1. Similarly, patients with severe insulin resistance have 
low IGF-1 values.75
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CONTROL OF IGF-BINDING PROTEIN 
CONCENTRATIONS IN BLOOD AND EXTRACELLULAR 
FLUIDS
IGFBP-3 is the most abundant form of IGFBP in plasma. 
It has the highest affinity for IGF-1 and IGF-2; it also 
binds to ALS, and the ternary complex that is formed 
has a long half-life. These characteristics explain why 
IGFBP-3 accounts for most of the binding protein activity 
in blood. The IGFBPs in plasma perform three functions. 
The first is to act as transport proteins for the IGFs. The 
second is to regulate their half-lives, and the third is to 
provide a specific means for transcapillary transport into 
extravascular fluid compartments.

The plasma concentrations of IGFBP-3 are regulated 
by GH. IGFBP-3 concentrations are low in patients with 
GHD and increase as a function of GH secretion.75 
This increase is partially due to a direct effect of GH 
on IGFBP-3 synthesis; however, it is also due to the fact 
that the half-life of IGFBP-3 is prolonged by binding to 
the two other proteins to form a ternary complex (con-
sisting of IGF-1 or IGF-2, IGFBP-3, and ALS). ALS is 
an 88-kD glycoprotein containing several leucine-rich 
domains that are known to facilitate protein/protein 
interactions, and it is this domain structure that accounts 
for its binding to IGFBP-3.81 Since IGF-1 and ALS syn-
thesis are also increased by GH, all three components 
are increased, and this acts to prolong the half-life of 
each component. The binding of IGF-1 to this complex 
in plasma functions to prolong its half-life from 6 min-
utes in the free form, which is similar to that of insulin, 
to 16 hours. The prolongation of the half-life of ALS-
associated IGF-1/IGFBP-3 complexes is also due to the 
fact that this macromolecular complex (150 kD) cannot 
freely cross capillary barriers, and therefore it is not 
excreted by the kidney. If sufficient IGF-1 and IGFBP-3 
are infused to exceed the binding capacity of ALS, then 
their half-lives are shortened substantially, indicating 
that it is the ternary complex that maintains the stability 
and prolongs their half-lives. The molar concentration 
of IGFBP-3 in serum is generally equal to the sum of 
IGF-1 and IGF-2, and therefore it is usually saturated. 
The affinity of IGFBP-3 for IGF-1 and IGF-2 is not low-
ered by binding to ALS. The exact function of this large 
storage pool of IGF-1 and IGF-2 in serum is unknown. 
However, it is clear that changes in the IGF-1 concentra-
tions within this large complex correlate with the ana-
bolic response to GH administration. Plasma IGFBP-3 
levels are elevated in patients with acromegaly and low 
in patients with GH deficiency, as are ALS levels.75 Age 
is an important determinant of IGFBP-3 concentrations, 
and serum IGFBP-3 varies with age in a manner that is 
similar to IGF-1.72

Hormones other than GH can influence IGFBP-3 
plasma concentrations. IGFBP-3 is low in prepubertal 
males and increases following testosterone administra-
tion. It decreases 40% following menopause and can be 
increased in postmenopausal females with physiologic 
estrogen replacement. IGFBP-3 concentrations are low in 
patients with hypothyroidism and increase 55% follow-
ing administration of thyroxine.

Insulin enhances the IGFBP-3 synthesis response to 
GH, but it does not appear to have a direct effect. Insulin 
also stimulates ALS secretion, and severe diabetes results 
in reduced ALS levels and reduced ternary complex for-
mation. Although GH directly stimulates IGFBP-3 and 
ALS synthesis, infusion of IGF-1, while increasing serum 
IGFBP-3 transiently, acts to suppress IGFBP-3 and ALS 
concentrations over time by suppressing GH release from 
the pituitary gland and thereby lowering ALS synthesis.

IGFBP-3 abundance in serum is also regulated by prote-
ase activity.63 Several proteases that degrade IGFBP-3 have 
been described, including PSA and plasmin, but the exact 
identity of the serum protease has not been determined. 
Protease concentrations are abundant in human preg-
nancy serum82 and are also present in GH-resistant states 
such as diabetes. Proteolytic cleavage reduces the affinity 
of IGFBP-3. The IGF-1 that is released binds to unsatu-
rated IGFBP-1, IGFBP-2, and IGFBP-4 and IGFBP-3 frag-
ments wherein it can equilibrate more readily with the 
interstitial fluids. Therefore, a function of proteases that 
cleave IGFBP-3 may be to liberate IGF-1 and IGF-2 from 
the IGFBP-3/ALS complex and allow a more favorable 
equilibrium with the extravascular space. Serum IGFBP-3 
levels are also regulated by a polymorphism, rs2854744. 
The –202AC allele frequency is 50%. Carriers of the AA 
genotype (21%) have the highest IGFBP-3 levels.83

The next most abundant IGFBP in plasma is IGFBP-2.  
The affinity of IGFBP-2 for IGF-1 is less than IGFBP-3, 
and its plasma concentrations are substantially lower. 
Unlike IGFBP-3, IGFBP-2 does not bind to ALS, and 
there is no ternary complex in plasma; therefore, its half-
life when bound to IGF-1 is 90 minutes. It is not satu-
rated, and excess binding capacity exists. Intact IGFBP-2 
crosses the capillary barriers. Hepatocytes appear to be 
the major source of serum IGFBP-2, and the abundance of 
its mRNA in liver is regulated in parallel with its plasma 
concentrations.63 IGFBP-2 concentrations are inversely 
regulated by GH. GH administration to normal or GH-
deficient humans results in substantial lowering of plasma 
IGFBP-2.63 IGF-1 is a major regulator of IGFBP-2 concen-
trations in serum, and it stimulates a threefold to fourfold 
increase in IGFBP-2.63 Plasma IGFBP-2 concentrations 
are also increased by IGF-2, and they are elevated in 
patients with retroperitoneal tumors that produce IGF-2.  
Hepatic IGFBP-2 mRNA expression is increased in  
type 1 diabetes and suppressed with insulin.63 Severely 
limiting nutrient intake in humans results in increases in 
plasma IGFBP-2. The response to low protein intake is 
similar to nutrient restriction.76 Since the half-life of the 
IGF-1 bound to IGFBP-2 is considerably less than IGF-1 
bound to IGFBP-3, it has been assumed that IGF-1 that 
is bound to IGFBP-2 is in more rapid equilibrium with 
IGF-1 in the extravascular space. In contrast to type 1 
diabetes, obesity and type 2 diabetes function to suppress 
IGFBP-2. Diabetic risk is fivefold lower for women with 
IGFBP-2 in the upper quintile versus the lower quintile.84 
Following billiopancreatic diversion in obese subjects, 
IGFBP-2 levels increased 4.7-fold.85 IGFBP-2 has been 
shown to suppress preadipocyte differentiation, and fat 
cells synthesize IGFBP-2, suggesting that it regulates fat 
cell development.86
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IGFBP-1 also circulates in binary complexes with 
IGF-1 and IGF-2. Its affinity for the two growth factors is 
coequal (see Table 21-2). IGFBP-1 is acutely regulated by 
insulin.63 Insulin- deficient states, such as fasting or type 1 
diabetes, are associated with high IGFBP-1, and adminis-
tration of insulin or ingestion of a meal results in marked 
suppression.63 The liver is the major site of IGFBP-1 syn-
thesis, and hepatic synthesis is primarily under the control 
of insulin.87 IGFBP-1 in blood is unsaturated, and there-
fore IGFBP-1 is proposed to be a major modulator of free 
IGF-1 levels, in response to food intake. Postprandially, 
changes in serum insulin result in a fourfold to fivefold 
decrease in IGFBP-1. This is due to direct suppression 
of hepatic synthesis mediated through a direct effect of 
insulin on an insulin response element in the 5’ flanking 
region of the IGFBP-1 gene that regulates expression.87

Because IGFBP-1 can bind free IGF-1, it has been pro-
posed to have a glucoregulatory function, that is, since 
IGF-1 enhances insulin sensitivity, factors that lead to 
excessive IGFBP-1 could lead to reduced insulin sensitivity. 
In states of significant insulin resistance, there is enhanced 
phosphorylation of IGFBP-1, which increases its affinity 
for IGF-1 and therefore results in further attenuation of 
IGF-1’s ability to enhance insulin sensitivity. Both fasting 
and diabetes have been shown to cause disproportionate 
increases in serum IGFBP-1 concentrations.63,76 In addi-
tion, administration of glucocorticoid increases IGFBP-1, 
though through a direct effect on IGFBP-1 gene transcrip-
tion.87 Administration of IGFBP-1 to hypophysectomized 
rats resulted in increases in glucose concentrations, sug-
gesting that IGFBP-1 regulates the insulin-like actions of 
IGF-1. Serum IGBP-1 levels are suppressed in obesity pre-
sumably due to insulin hypersecretion, and they predict 
the development of type 2 diabetes.88 As insulin resistance 
worsens over time the levels increase, and this change has 
been documented to be a specific marker of hepatic insu-
lin sensitivity.89 Administration of piglitazone to type 2 
diabetics increased IGFBP-1.

The exact roles of IGFBP-1 and IGFBP-2 in control-
ling the distribution of the IGFs has not been determined. 
In catabolic states, such as nutritional deprivation, GH 
deficiency, or renal failure, IGFBP-1 and IGFBP-2 levels 
are increased. Similarly, in these conditions, the amount 
of IGF-1 that is bound to IGFBP-3 is decreased.89 There-
fore, they can become the predominant serum-binding 
component.

IGFBP-4 concentrations in serum have been shown to 
correlate with changes in bone physiology. Specifically, in 
states of low bone turnover and in states associated with 
low parathyroid hormone concentrations, serum IGFBP-4 
concentrations are increased. Serum concentrations cor-
relate negatively with BMD. IGFBP-4 is in general a nega-
tive effect of IGF-1 action. Increased IGFBP-4 levels are 
present in children with fetal growth suppression.90

IGFBP-5 exists in serum mostly as proteolytic frag-
ments, and intact IGFBP-5 is present at low concen-
trations. The fragments that are present have very low 
affinity for IGF-1 and IGF-2, and therefore their plasma 
concentrations are unlikely to be major regulators of 
IGF-1 action. IGFBP-5 in plasma binds to ALS, and its 
concentrations are regulated by growth hormone and 

IGF-1. Both intact IGFBP-5 and its major fragment 
increase substantially when GH is administered to GH-
deficient patients.91

Circulating IGFBP-6 levels are lower in females than 
in males, but estrogen does not change its concentration. 
IGFBP-6 increases with physical stress, and serum concen-
trations are elevated in patients with critical illnesses.92 
Similarly they are increased in renal failure.

Control of IGF-1 Synthesis in Tissues
While it is beyond the scope of this chapter to discuss the 
expression of IGF-1 in all tissues, some general principles 
are important for a fundamental understanding of the 
autocrine/paracrine–mediated actions of this growth factor. 
Connective tissue cells within a given tissue or organ are 
often the origin of IGF-1 transcripts. In situ hybridization 
studies have shown that fibroblasts and other cells of mes-
enchymal origin are the primary extrahepatic source of 
IGF-1 in vivo.63 Importantly, the abundance of this tran-
script in connective tissue cells is increased in response 
to GH, and its synthesis is also regulated by factors that 
are released in response to injury such as PDGF. Animal 
models in which the IGF-1 synthesis response is impaired 
(e.g., diabetic animals) show impaired tissue responses.93 
IGF-1 secretion acts to both attenuate the extent of the 
injury and to enhance the repair process.60

Cartilage and Bone
In cartilage, both GH and fibroblast growth factor have 
been shown to be potent stimuli of IGF-1 synthesis by 
prechondrocytes.94 Its synthesis is most abundant in 
those cells that are actively differentiating, and, when 
chondrocytes reach the hypertrophic state, IGF-1 synthesis 
decreases. During fetal development, chrondrocytes are 
an abundant source of IGF-1.

Similar to cartilage, osteoblasts are a source of IGF-1 
peptide, and it is synthesized in fetal calvarial tissue.95 
GH and osteogenic protein-1 stimulate IGF-1 synthesis by 
osteoblasts. IGF-1 synthesis rates correlate with changes 
in osteoblast DNA synthesis, type I collagen synthesis, 
and synthesis of other components of bone extracellular 
matrix.95 PTH also stimulates IGF-1 gene transcription 
and its effect is mediated through cAMP induction, which 
enhances IGF-1 gene transcription.96 Bone morphogenic 
proteins and estrogen also stimulate the synthesis of IGF-
1.95 In contrast, glucocorticoids, FGF, PDGF, and TGF-
β downregulate IGF-1 expression. IGF-1 appears to be 
an important factor for erythropoesis. Red cell mass is 
decreased in IGF-1–deficient humans and is restored to 
normal with IGF-1 administration.97 Erythroid precursor 
cells synthesize IGF-1, and its synthesis can be stimulated 
in these cells both by GH and erythropoetin. Similarly, 
granulocyte precursor cells synthesize IGF-1 mRNA, and 
this is stimulated by granulocyte/macrophage colony-
stimulating factor.

Reproductive Tract
IGF-1 expression is decreased in the ovary of the hypophy-
sectomized rat, and ovarian expression increases in 
response to GH.98 Estrogen can increase ovarian IGF-1 
expression, and this has been localized primarily to the 
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granulosa cells of the early follicle. IGF-1 receptors are 
also present in these follicular cells, indicating the pos-
sibility for an autocrine loop. Follicular fluid contains 
IGF-1 and IGF-2 peptides, and their concentrations are 
increased following FSH administration. Several studies 
suggest that the effects of IGF-2 predominate over IGF-1 
in the ovary, and much more IGF-2 is produced in that 
organ. IGF-1 and IGF-2 are present in oviductal fluid, and 
oviductal cells express mRNAs encoding both IGF-1 and 
IGF-2, as well as IGF-1 receptors. Endometrium normally 
expresses IGF-1 mRNA, and, in rats, a 20-fold increase 
can be induced with estradiol administration.99 Estrogen 
induces IGF-1 expression primarily in the epithelium, 
whereas progesterone induces it in the stroma. In the late 
proliferative phase, IGF-1 mRNA is present almost exclu-
sively in the stroma. Similarly, IGF-1 receptor mRNA is 
upregulated during the secretory phase of the menstrual 
cycle. The testes express IGF-1 mRNA, and the source of 
origin is the Leydig cell. IGF-1 expression by Leydig cells 
is downregulated by interleukin-1 and stimulated by LH.

Neural Tissue
Circulating plasma IGF-1 crosses the blood-brain barrier. 
However, much of the IGF-1 that is present in CSF is 
believed to arise from IGF-1 synthesis within the CNS. 
The major sites of IGF-1 mRNA are the Purkinje cells 
of the cerebellum, the olfactory bulb, and the hippocam-
pus.100 The retina is also a site of postnatal expression. 
Astroglial cells in the cerebellum are also an important 
site of IGF-1 synthesis. Immunohistochemical staining 
has shown that IGF-1 is transported along axons and 
dendrites, and that IGF-1 peptide is present in the choriod 
plexus. Factors that regulate IGF-1 synthesis in peripheral 
tissues such as nutrition, thyroid hormone, and estrogen 
also regulate CNS IGF-1 expression.101 TNFα and other 
cytokines downregulate IGF-1 expression.

Skeletal Muscle
IGF-1 mRNA is expressed in the satellite cells and myo-
blasts.102 Following an ischemic or toxic injury, there is 
a major increase in IGF-1 mRNA expression. The wave 
of increase of expression after skeletal muscle injury coin-
cides with the appearance of regenerating tissue and rapid 
cell division, and IGF-1 receptor activation is essential for 
repair.103 Work-induced hypertrophy in muscle can lead 
to an increase in expression of IGF-1 and IGF-2, indicating 
that this change is GH independent.104 Cardiac muscle is 
also a site of IGF-1 synthesis, and it is increased in models 
of cardiac hypertrophy that have been induced either by 
pressure or volume overload.105 Blood vessels are also an 
important site of IGF-1 synthesis. Both endothelial and 
smooth muscle cells contain IGF-1 mRNA. Pressure over-
load, oxidative stress, and angiotensin 2 increase IGF-1 
expression.106 Following mechanical injury to blood ves-
sels, there is an increase in IGF-1 expression by smooth 
muscle cells.61

Liver
IGF-1 expression in liver correlates extremely well with 
changes in plasma GH concentrations. Expression in 
hepatic tissue is low in hypophysectomized animals and 

increases after administration of GH.107 The effect of GH 
has been shown to be mediated through the transcription 
factor STAT 5B. Likewise, nutritional deprivation results 
in a major decrease in IGF-1 mRNA abundance, and 
this can be restored with refeeding. A part of this change 
is due to a change in transcription, and part is due to a 
decrease in mRNA stability.

The liver is a major site of insulin action, and insulin  
regulates the ability of GH to induce hepatic IGF-1 
expression.108 Similarly, the effect of thyroxine on serum 
IGF-1 is mediated through its effect on hepatic IGF-1 
expression.

IGF-1 Expression in Kidney
IGF-1 is expressed at low levels in the fetal kidney; however, 
in the adult kidney, IGF-1 mRNA is abundant. Immu-
nohistochemical staining shows moderate amounts of 
IGF-1 in both the proximal and distal tubules of human 
fetuses. In adult rats, IGF-1 is localized primarily over the 
collecting ducts. Overexpression of IGF-1 in transgenic 
animal kidneys has been shown to result in renal growth, 
and GH administration to GH-deficient rats results in 
increased expression of IGF-1 in the kidney. Unilateral 
nephrectomy in rats results in compensatory growth of 
the contralateral kidney and in increased mRNA expres-
sion.63 This increase in compensatory synthesis is partly 
dependent on GH, since it is reduced in hypophysecto-
mized animals. After ischemic injury, there is increased 
IGF-1 immunoreactivity in the regenerating cells of the 
proximal tubules.

Development
IGF-1 transcripts are easily detected in developing 
rodents, in intestine, liver, lung, and brain. Expression 
is present as early as day 11, and IGF-1 mRNA abun-
dance increases 8.6-fold by day 13.63 In early embryos, 
IGF-1 is detected in yolk sac, hepatic bud, and dermal 
myotomes, sclerotomes, and brachial arch mesoderm. In 
late fetal development, IGF-1 content is increased in mus-
cle, precartilagenous mesenchymal condensations, peri-
chondrium, and the immature chondrocyte periostium, 
as well as ossification centers. In human fetal embryos, 
IGF-1 mRNA levels are relatively low at 16 weeks, and 
the highest levels are found in placenta and stomach. At 
20 weeks, fetal kidney, placental lung, brain, cartilage, as 
well as liver, have detectible transcripts.63 The perisinu-
soidal cells of the liver and the perichondrium appear to 
be foci of intense expression in 20-week fetuses, and the 
cells of origin appear to be fibroblast-like.

Control of IGFBP Concentrations in Tissues
Since IGF-1 and IGF-2 function not only as endocrine 
hormones, but also as paracrine regulators of growth and 
differentiation in tissues, the one role of the IGFBPs in 
tissues may be to control the amount of locally produced 
IGF that is accessible to receptors. However, recent stud-
ies indicate that IGFBPs have distinct receptors and that 
signaling through these receptors functions coordinately 
with signaling through IGF-1R. The exact regulation of 
each of the six binding proteins in each tissue in which 
they are expressed is beyond the scope of this chapter. 
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The reader is referred to reference 63, which comprehen-
sively discusses this subject.

THE ACTIONS OF THE IGFS: IGF-1 ACTIONS IN VITRO
IGF-1 receptors are present in almost all cell types and 
mediate most of the effects of IGF-1 and IGF-2 in vitro, 
as well as the growth-promoting effects of insulin, when 
it is present in sufficiently high concentrations to activate 
this receptor (e.g., >10–7 M). Several biological actions of 
IGF-1 have been studied using cells in culture, including 
anabolic effects such as increases in protein synthesis and 
cell size; effects on carbohydrate metabolism, such as 
glucose transport, glucose oxidation, and lipid synthesis; 
and the effects on cell growth, including stimulation of 
DNA synthesis, mitogenesis, and inhibition of cell death. 
Other generalized processes that have been analyzed 
include cell cycle progression, cell differentiation, and 
migration. Specific events, such as synthesis of individ-
ual proteins, have been analyzed, as well as the ability of 
IGF-1 to augment specific functions of differentiated cells 
that are stimulated by other hormones or growth factors.

Cell Cycle Progression
One of the most commonly studied effects of IGF-1 
in vitro is its ability to stimulate DNA synthesis. IGF-1 
appears to act principally by stimulating entry into DNA 
synthesis from the latter part of the G1 phase of the cell 
cycle.109 IGF-1 is not as potent in stimulating quiescent 
cells to enter G1 compared to other growth factors, such 
as PDGF or FGF, but once cells have entered the cycle, 
it is often sufficient to stimulate progression through to 
“S” phase. In some cell types, it is possible to alter this 
requirement by overexpressing EGF, the c-myb proto-
oncogene, or SV40 T antigen.63 Generally, these manip-
ulations cause cells to secrete more autocrine-produced 
IGF-1 and thereby stimulate the IGF-1 receptor. Support 
for the hypothesis that constitutively synthesized IGF-1 
is still required in such systems derives from studies in 
which antibodies that inhibit IGF-1 binding to the recep-
tor block DNA synthesis. Furthermore, cells that have 
had the IGF-I receptor deleted grow poorly in response 
to stimulation by other growth factors. Similarly, in some 
systems, enhanced expression of the IGF-1 receptor will 
abrogate the need for PDGF or FGF. IGF-1 stimulates 
expression of cyclins such as cyclin A, B, and D to facili-
tate “S” phase progression.110,111

IGF-1 is a mitogen for essentially every type of cell. 
These include all mesenchymal cell types, most types of 
epithelial cells, including neuronal epithelium, and multi-
ple endodermally-derived cell types. Cell lines in culture 
that have been shown to have an increased number of 
IGF-1 receptors are more sensitive to IGF-1’s growth-
promoting actions. A factor complicating the interpreta-
tion of all of the studies that analyze IGF-1 effects on 
growth in vitro is the autocrine secretion of IGF-1. This 
autocrine-synthesized IGF-1 is capable of constitutively 
activating the IGF-1 receptor.63 Therefore, analysis of 
the effects of IGF-1 added to cells in culture often must 
take into account this confounding variable. In many 
of the studies in which synergism between IGF-1 and 

other growth factors has been analyzed, the end result is 
often influenced by autocrine-secreted IGF-1. Hormones, 
such as TSH and FSH, angiotensin 2, PTH, ACTH, and 
growth factors, such as PDGF and EGF, may exert part of 
their proliferative effects by stimulating autocrine IGF-1 
secretion.63

Effects of IGF-1 on the Proliferation of Different Types of 
Cells and Tissues

Cartilage
Many of the growth-promoting actions of GH on skeletal 
growth are believed to be due to the local production of 
IGF-1 by prechondrocytes or early differentiating chon-
drocytes within the epiphyseal growth plate. In vitro, 
IGF-1 stimulates cartilage cell division and size, as well 
as proteoglycan synthesis, which contributes to enhanced 
extracellular matrix synthesis.112 IGF-1 also inhibits 
apoptosis in these cells. GH stimulates IGF-1 mRNA 
expression locally in the growth plate.113 Transplantation 
of articular chondrocytes that have been transfected with 
IGF-1 cDNA shows increased cell growth and matrix 
synthesis.114 IGF-1 functions coordinately with FGF-2, 
CTGF, BMP-2, and BMP-7 to stimulate both cartilage 
proliferation and differentiation.115

Bone
IGF-1 stimulates several anabolic effects in osteoblasts. 
Exposure of pre-osteoblast cells to IGF-1 results in stimu-
lation of type 1 collagen synthesis, DNA and RNA syn-
thesis, as well as total protein synthesis.113 In addition, 
skeletal tissue is a rich source of stored IGF-1. Osteo-
blasts synthesize IGF-1, and several of the IGF-binding 
proteins are present in bone extracellular matrix and act 
as a storage reservoir.95 IGF-1 expression is stimulated 
by GH and a number of hormones and cytokines that 
are potent trophic growth factors for bone, implying that 
many of their effects may be mediated locally through 
IGF-1 production. Genetic models in which compo-
nents of the IGF system have been altered have con-
firmed the importance of locally synthesized IGF-1.116 
Targeted overexpression of IGF-1 in bone is associated 
with increased bone mineral density,26 and targeted dele-
tion of the IGF-1 receptor is associated with decreased 
mineralization, poor responsiveness to parathyroid hor-
mone,117 as well as decreased bone size and formation 
rates.48 Targeted deletion of hepatic IGF-1 gene expres-
sion, which reduces serum IGF-1, results in decreased 
cortical bone thickness.26 Matrix-associated IGF-1 also 
stimulates mesenchymal cell differentiation into osteo-
blasts.118 Skeletal unloading, which is known to reduce 
bone formation and osteoblast proliferation, results in 
refractoriness to IGF-1 stimulation.119 As for cartilage, 
IGF-1 functions coordinately with several known bone 
growth factors including BM7, BMP-2, BMP-9, WNT-5, 
and the estrogen receptor.48

Skeletal and Cardiac Muscle
Several types of myoblasts in culture have been shown 
to respond to IGF-1 addition. Both IGF-1 and IGF-2 
stimulate muscle cell protein synthesis, as well as DNA 
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synthesis.120 Their effects are complex, because they 
also stimulate differentiation in these cells (see later). 
IGF-1 is synthesized by the satellite cells that are pre-
myoblast precursors, and its synthesis in satellite cells 
is controlled by the need to maximize the proliferative 
pool. Following stimulation of myoblast proliferation, 
prolonged exposure to higher concentrations of IGF-1 
results in terminal differentiation. This effect is linked 
to the ability of IGF-1 to enhance the expression of the 
myogenic differentiation protein, myogenin. Muscle-
specific deletion of the IGF-1 receptor results in muscle 
hypoplasia at birth and IGF-1 overexpression enhances 
DNA synthesis during regeneration after injury. 
Increased expression increases muscle DNA synthe-
sis and cell number in normal animals. Several factors 
that are known to stimulate muscle growth including 
catacholamines, testosterone, and follistation require 
expression of IGF-1 and IGF-1R.121 In differentiated 
muscle, IGF-1 induction is important for hypertro-
phy.122 IGF-1 expression plays a major role in muscle 
repair after injury, and receptor expression is required 
for myoblast proliferation as well as myofibril matura-
tion.105 Cardiac muscle IGF-1 overexpression has been 
shown to reduce ventricular dilatation in models of car-
diomyopathy. It also plays a role in cardiac hypertrophy 
and in preventing apoptosis following injury or during 
normal aging.123

Smooth Muscle and Vasculature
Targeted overexpression of IGF-1 results in enhanced 
smooth muscle cell growth in response to balloon injury. 
The expression of contractile proteins such as myo-
sin heavy chain is increased in these animals leading to 
enhanced contractility. Similarly, IGF-1 overexpression 
in intestinal smooth muscle leads to increased growth of 
the muscularis. In the vasculature, IGF-1 also functions to 
maintain vascular endothelial relaxation though stimula-
tion of nitric oxide synthase.

Nervous System
The major cell types that grow in response to IGF-1 are 
astrocytes and glial cell precursors.27 In end-terminally 
differentiated neurons, IGF-1 has been shown to stimu-
late neurite outgrowth and myelin synthesis. Cells derived 
from the sympathetic nervous system, such as adrenal 
chromafin cells, are stimulated to divide by IGF-1. IGF-1 
is also a stimulant of neurite outgrowth in axons dam-
aged by denervation.124 In animals, IGF-1 is required for 
normal growth of the olfactory bulb and cerebral cor-
tex control. Deletion of IGF-1 or IGF-1R results in brain 
growth retardation, and, conversely, a localized increase 
in cerebellar expression was associated with increased 
cerebellar size.27 Detailed analysis has shown that 
some of these changes are due to changes in cell num-
ber and to inhibition of apoptosis. Similarly, following 
injury, animals that had had IGF-1 receptor expression 
deleted in brain showed decreased proliferation of oli-
godendrocytes, reduced myelin synthesis, and increased 
apoptosis.125 Severe animal model experiments have sug-
gested that IGF-1 has an important role in preventing 
neurodegeneration.126

Adipose Tissue
IGF-1 is expressed in preadipocytes, and its expression 
increases tenfold with differentiation.127 In preadipo-
cytes, IGF-1 stimulates proliferation, and the effect is 
enhanced by GH. IGF-1 can induce some proteins that 
regulate adipocyte differentiation, but the formation 
of lipid requires exposure to insulin.128 IGF-1 receptor 
expression is markedly downregulated during differentia-
tion. Administration of IGF-1 to patients with GH resis-
tance results in increased fat oxidation and decreased fat 
mass. Since GH is also an important regulation of adipose 
tissue metabolism, negative feedback regulation of pitui-
tary GH secretion by IGF-1 plays an important role in 
maintaining adipose tissue mass and responsiveness.

Other Cell Types
Other cell types that have been shown to be IGF-1 respon-
sive include mammary epithelial cells, vascular smooth 
muscle cells, endothelial cells, mesangial cells, erythroid 
progenitor cells, oocytes, adrenal fasiculata cells, granulosa 
cells, promyelocytic cells, granulocyte colony-forming cells, 
fetal hepatocytes, pancreatic islet cells, oligodendrocytes, 
Sertoli cells, and spermatogonia.63

Effects on Cell Death
In many systems, IGF-1 has been shown to be a potent 
inhibitor of programmed cell death. The systems that have 
been the best characterized are hematopoetic, cardiomyo-
cyte, and neuronal cell precursors. In hematopoetic cells, 
erythroid progenitor cells can be induced to undergo apop-
tosis with serum or erythropoietin deprivation, and this 
effect is suppressed by IGF-1.63 IGF-1 inhibits apoptosis 
in myeloid precursors, which occurs following the with-
drawal of stimulatory cytokines such as interleukin-3. In 
tumor cell types, transfection with a dominant-negative 
form of the IGF-1 receptor (a form of IGF receptor that has 
a tyrosine kinase–defective subunit) results in enhancement 
of the apoptotic effect that is induced by cytotoxic agents. 
During ovarian follicle development, IGF-1 stimulation 
by gonadotropins may prevent apoptosis of the develop-
ing follicular cells. IGF-1 has been shown to inhibit the 
apoptosis that occurs during development in myoblasts, 
neurons, and oligodendrocytes.105,123

Effects on Cellular Differentiation
In cultured myoblasts, IGF-1 induces the expression of 
myogenin, a specific myoblast differentiation factor, 
and myogenin induction can be blocked with antisense 
oligonucleotides that inhibit the synthesis of autocrine-
stimulated IGF-1.67 The programmed events that occur 
during differentiation in response to IGF-1 are time-specific. 
Cellular exposure to high concentrations of IGF-I early 
in the differentiation program acts to inhibit differentia-
tion, but if IGF-I is added at later time points, differen-
tiation is accelerated. Induction of IRS-1 in response to 
IGF-1 stimulation has been shown to be required in sev-
eral model systems.34 Differentiation markers have also 
been shown to be pre ferentially stimulated in response 
to IGF-1 in osteoclasts, chondrocytes, and neural progeni-
tor cells.115 The addition of IGF-1 to different types of 
cultured neurons has been shown to enhance neuronal 
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differentiation.27 Maintenance of neuroepithelial cultures 
in several model systems has been shown to be enhanced 
by IGF-1, probably by inhibiting apoptosis.

Effects on Specific Cellular Functions
Production of steroids by ovarian granulosa cells and thecal 
cells has been shown to be stimulated by IGF-1 and IGF-2, 
and their effects are synergistic with FSH.129 IGF-1 also 
stimulates steroid hormone secretion by ACTH-responsive  
adrenal cortical cells.63 IGF-1 stimulates testosterone secre-
tion from Leydig cells and acts synergistically with LH to 
increase the response. Similarly, thyroglobulin produc-
tion by thyroid follicular cells is synergistically enhanced 
with TSH plus IGF-1. GH secretion by pituitary cells is 
inhibited by IGF-1.63 IGF-1 inhibits glutamate-stimulated 
release of gamma amino butyric acid from Purkinje cells. 
IGF-1 is a specific stimulant of IGFBP-5 transcription by 
muscle cells and fibroblasts. Other proteins whose tran-
scription is stimulated by IGF-1 include elastin by smooth 
muscle cells, crystallin by lens epithelial cells, and choles-
terol side cleavage enzyme by adrenal cortical cells. Some 
proteins whose expression is increased following IGF-1 
have been shown to result in specific functional changes in 
that cell type, for example, the increased α actin in skel-
etal muscle,130 the increased TAZ in osteoblasts,52 and the 
increased myelin in neuronal cells.126

Several metabolic processes that are stimulated by 
IGF-1 in a variety of cell types have been analyzed. These 
include glucose uptake, glycolysis, glycogen synthesis, 
and glucose oxidation in skeletal muscle cells.131 These 
metabolic effects can be mediated by the insulin receptor 
if sufficient IGF-1 is added in vitro (e.g., concentrations 
>10–8 M); however, antibody-blocking studies have indi-
cated that IGF-1 can have direct effects on this process 
through its own receptor in some cell types. Similarly, the 
hybrid IGF-1/insulin receptor may play a role in mediat-
ing these effects in some cell types. IGF-1 is an important 
stimulant of free fatty acid oxidation by skeletal muscle. 
Total protein synthesis, extracellular matrix protein syn-
thesis, and the synthesis of proteoglycans and collagen, in 
particular, are stimulated consistently in connective tissue 
cells. IGF-1 is a potent stimulant of cell migration and 
stimulates this process by both chemotaxis and chemo-
kinesis. IGF-1 is not directly angiogenic, but it can stimu-
late the synthesis of angiogenic peptides, such as vascular 
endothelial cell growth factor.132

Role of IGF-1 in Malignant Tumors
Because IGF-1 is a potent inhibitor of apoptosis, its effects 
on tumor cell propagation have been analyzed in several 
experimental animal models. The presence of an intact 
IGF-1 receptor is required for propagation of several 
types of tumors.133 Often, the presence of a normal IGF-1 
receptor number is inadequate for tumor formation, and 
the IGF-1 receptor needs to be overexpressed. Deletion 
of the receptor results in inability of injected tumor cells 
to form tumors in mice, and mutation of specific tyro-
sine residues on the receptor and expression of these 
mutated receptors results in lack of tumor formation.134 
In human tumors, a direct causal role for the receptor in 
tumor pathogenesis has not been proven. All of the data 

that exist are correlative. In Wilms’ tumor, small-cell lung 
carcinoma, uterine cancer, and some colorectal cancers, 
the IGF-1 receptor number is increased.134 No mutations 
of the receptor have been identified as a cause of human 
tumors.

Several cell types that form tumors in animals have been 
shown to overproduce IGF-1 or IGF-2. However, in these 
systems, antisense IGF-1 often does not inhibit tumor for-
mation or induce apoptosis. Precancerous liver nodules that 
occur in virally induced models of hepatic cancers overex-
press IGF-2. Pancreatic tumor cells that have been trans-
formed with SV-40 T antigen require IGF-2 for continued 
growth. Certain fetal tumors, such as Wilms’ tumor and 
neuroblastoma, are accompanied by loss of imprinting of 
the IGF-2 gene, and overproduction of IGF-2 accompanies 
tumor formation.63 The IGF-2 receptor has also been impli-
cated as a tumor suppressor in hepatocellular carcinomas, 
possibly through its role in the clearance and degradation of 
IGF-2. The only paraneoplastic syndrome that is known to 
be definitively linked to IGF-2 overproduction occurs with 
retroperitoneal sarcomas. Overproduction of IGF-2 by the 
tumor results in hypoglycemia.63 The mechanism that has 
been proposed is that IGF-2 forms binary complexes with 
specific forms of IGFBPs in plasma that do not bind ALS 
(such as IGFBP-2), and this allows accelerated equilibration 
of IGF-1 and IGF-2 with extravascular fluids, thus leading 
to increased IGF-1 in interstitial fluids and to hypoglycemia.

Studies in mice have shown that IGF-1 overexpression 
is associated with mammary intraepithelial neoplasia, and, 
conversely, expression of dominant-negative forms of the 
IGF-1 receptor is associated with decreased tumor pro-
gression.135 Similarly, animals with low serum IGF-1 due 
to gene targeting of hepatic IGF-1 have delayed onset and 
reduced severity of many types of tumors. Recent studies 
have documented the important role of IGF-1/IGF recep-
tor in immunocompromised animals having brain tumor 
xenografts. These studies showed that an anti–1GF-1 
receptor antibody and IGF-1R tyrosine kinase inhibitor 
had potent effects in inhibiting tumor cell propagation 
and they prolong mouse survival. In addition, studies have 
shown that antibodies can alter the metastatic potential 
of the primary tumor, suggesting that IGF-1/IGF-1R may 
play a role in tumor cell dissemination.134

CONTROL OF IGF-1 ACTIONS IN CELLS AND TISSUES 
BY IGFBPs
Since the IGFBPs are ubiquitously present in all tissues 
and have high affinity for IGF-1, they function in regulat-
ing IGF-1 actions by controlling access to receptors. The 
most important determinant of this capacity to modulate 
IGF-1 action is their affinity, although other variables 
that lead to IGF-1–independent actions may play a role, 
such as binding to other cell surface proteins, internaliza-
tion, or nuclear localization.

VARIABLES THAT REGULATE IGFBP AFFINITY
The affinities range between 2- and 50-fold greater 
than the affinity for the type 1 IGF receptor for IGF-1 
(see Table 21-2). The biological consequence of this 
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high-affinity binding is the inhibition of IGF-1 or 
IGF-2 binding to cell surface receptors. Variables that 
lower IGFBP affinity to levels that are less than the 
IGF-1 receptor, such as proteolysis, function to allow 
an increase in the amount of receptor-associated IGF. 
In contrast, variables that lower IGFBP affinity into a 
range where it approximates that of the receptor but 
leaves the form of IGFBP intact may result in prolonged 
but enhanced diffusion of IGF-1 and IGF-2 on to recep-
tors, thereby enhancing IGF-1 actions. Additionally, 
IGFBPs may function to alter the clearance rate of 
IGF-1 and IGF-2 in tissues and thereby provide a more 
stable reservoir of peptides. At present, three variables 
have been identified that significantly alter the affinity 
of one or more of the IGFBPs. These include proteolysis,  
phosphorylation, and adherence to cell surfaces or 
extracellular matrix.

Proteolysis
Cleavage of IGFBP-1-6 by proteases results in marked 
reduction in their affinities for IGF-1. In some cases, 
such as cleavage of IGFBP-3, the protein remains linked 
by disulfide bonds allowing retention of relatively high 
affinity. In other cases, the affinity for IGF-1 is reduced 
significantly. The IGFBP-3 protease activity is increased 
in pregnancy, diabetes, and nutritional deprivation. 
Matrix metalloproteases, such as MMP-1, MMP-2, and 
MMP-9, degrade several forms of IGFBPs and consti-
tute part of protease activity of pregnancy. Several well-
defined proteases have been shown to degrade IGFBP-3, 
including plasmin, cathepsin-D, and prostate-specific 
antigen. IGFBP proteolytic activity has been noted in 
lymph, follicular fluid, peritoneal fluid, and amniotic 
fluid. Analysis of IGF-1 in interstitial fluid has shown 
that IGFBP proteolysis increases IGF-1 bioactivity.136 
IGFBP-5 is cleaved by proteases in a variety of physi-
ologic fluids, including serum, and by the complement 
C1s that is present in cell culture supernatants from 
fibroblasts, osteoblasts, chondrocytes, and smooth 
muscle cells. IGFBP-5, like IGFBP-3, is also cleaved by 
MMP-2, MMP-9, and PAPP-A. Blocking proteolytic 
cleavage by incubating IGF-1 with a mutated, prote-
ase-resistant form of IGFBP-5 was shown to inhibit 
IGF-1–stimulated cell growth. IGFBP-4 proteases are 
also present in several physiologic fluids. PPAP-A, a 
metalloprotease, has been shown to cleave IGFBP-4. 
There is correlative data suggesting that degradation of 
IGFBP-4 results in relief of inhibition of IGF-1 actions 
in vivo.

IGFBP Phosphorylation
Three of the six forms of IGFBPs have been shown to 
be phosphorylated including IGFBP-1, IGFBP-3, and 
IGFBP-5. IGFBP-1 is phosphorylated on serine residues 
at positions 101, 119, and 169. Caseine kinase-2 phos-
phorylates IGFBP-1, which increases its affinity for IGF-1 
by sixfold. The form of IGFBP-1 that is increased during 
poorly controlled diabetes is a very highly phosphorylated 
form.63 IGFBP-3 is phosphorylated at positions 111 and 
113, and IGF-1 stimulates its phosphorylation. Caseine 
kinase 2 phosphorylates IGFBP-3.

Adherence to Cell Surface, Extracellular Matrix,  
and Glycosaminoglycans
IGFBP-2, IGFBP-3, and IGFBP-5 have been shown to 
adhere to cell surfaces. Proteoglycans may be important 
cell surface–binding components for both proteins. Spe-
cific receptors have been postulated to exist for IGFBP-3.  
The type V TGF-β receptor is a cell surface protein that 
binds IGFBP-3. Recently IGFBP-2 was shown to bind 
through its heparin binding domain to a specific receptor 
RPTPβ. IGFBP-2 binding to RPTPβ inhibits its phospha-
tase activity, thereby altering PTEN tyrosine phosphory-
lation.67 This has direct consequence for IGF-1 signaling 
(see later). IGF-1 that is bound to ECM or cell-associated 
IGFBP-3 is in more favorable equilibrium with recep-
tors, since IGFBP-3 binding to cells lowers its affinity. 
IGFBP-5 binding to ECM or to proteoglycans causes 
an eightfold reduction in its affinity. In addition to pro-
teoglycans, other types of extracellular matrix proteins 
bind to IGFBP-5, such as plasminogen activator inhibi-
tor-1, osteopontin, and thrombospondin.137 Localization 
of IGFBP-5 within the extracellular matrix may provide 
an important means for focally concentrating IGF-1 or 
IGF-2 in the pericellular environment.

EFFECTS OF SPECIFIC FORMS OF IGFBPs  
ON IGF-1 ACTIONS

IGFBP-1
When present in concentrations that are greater than 
IGF-1, IGFBP-1 inhibits IGF-1 actions. If high affinity 
forms of IGFBP-1 are added in a 4:1 molar excess over 
IGF-1, they inhibit its receptor binding, DNA synthesis, 
glucose incorporation, and glucose transport.63 IGFBP-1 
can also enhance the cellular response to IGF-1. If the 
dephosphorylated form of IGFBP-1 is utilized and added 
in an equimolar ratio or less with IGF-1, IGFBP-1 can 
potentiate the in vitro response of smooth muscle cells, 
keratinocytes, and fibroblasts to IGF-1.63 IGFBP-1 
has been shown to directly stimulate cell migration by 
binding to the α5β1 integrin receptor through its RGD 
sequence.63 This effect does not require IGF-1 binding to 
IGFBP-1. IGFBP-1 is induced by stress, for example, insu-
lin deficiency,87 hypoxia, and ER stress.81 This suggests 
that it functions to coordinate the IGF-1 response in these 
pathophysiologic conditions.

IGFBP-2
IGFBP-2 has been shown to be inhibitory in some in vitro 
experiments. The initial studies showed IGFBP-2 inhibited 
IGF-1–stimulated DNA and protein synthesis in mul-
tiple cell types.138 More recent studies have shown that 
it stimulates hematopoetic stem cell growth as well as 
osteoblast growth and differentriation.139,140 Addition-
ally, it induces VEGF synthesis and directly inhibits 
preadipocyte differentiation.141,142 IGFBP-2 adheres to 
ECM through its heparin-binding domain, and matrix-
associated IGFBP-2 enhances the effect of IGF-2 on osteo-
blast growth.143 Like IGFBP-1, IGFBP-2 is upregulated 
particularly in the CNS in response to injury, and this 
is believed to be an important mechanism for targeting 
IGFs to sites of injury.144 When IGFBP-2 binds to RPTPβ 
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in the presence of IGF-1, PTEN tyrosine phosphorylation 
is enhanced. This inhibits PTEN enzymatic activity, lead-
ing to enhanced IGF-1–stimulated AKT activation and 
stimulation of cell growth and protein synthesis.67 This 
interaction is also a potent stimulant of osteoblast pro-
liferation in vitro and trabecular bone accretion in vivo. 
IGFBP-2 enhances glioblastoma invasion and stimulates 
the growth of prostate cancer cells, but whether these 
effects are direct or mediated by enhancing IGF-1 activity 
has not been determined.

IGFBP-3
IGFBP-3, if added in molar excess, inhibits IGF-1 acti-
vation in vitro.63 Maximum inhibition was noted at 
a 5:1 molar ratio. IGFBP-3 inhibits IGF-1–stimulated 
glucose incorporation. It also stimulates apoptosis in 
both mammary epithelial and glomerular podocytes.145 
If IGFBP-3 is preincubated with muscle cells, then 
removed from the medium, it can enhance AIB trans-
port in response to IGF-1.63 Mechanistic studies show 
that IGFBP-3 can stimulate sphingosine kinase-1,146 
and this resulted in EGF receptor activation, which 
subsequently transactivated IGF-1R. IGFBP-3 not only 
inhibits IGF-1-stimulated actions by preventing receptor  
binding, but it also binds directly to LRP-1 (also termed 
the TGFB V receptor), which functions to regulate 
IGFBP-3 internalization. Like IGFBP-5, IGFBP-3 has 
been shown to adhere to extracellular matrix, and 
matrix-associated IGFBP-3 enhanced the ability of 
IGF-1 to stimulate MAP kinase activation. IGFBP-3 also 
signals through the TGFBR-1 and TGFBR-2 to modulate 
SMAD activation, thereby resulting in growth inhibi-
tion.147 IGFBP-3 can translocate to the nucleus and 
bind to RXR, thereby altering RXR-dependent gene 
expression and retinoic acid signaling. Like IGFBP-2, 
IGFBP-3 can inhibit preadipocyte differentiation by 
blocking PPAR gamma activity.148

Modulation of IGF Actions by IGFBP-4
IGFBP-4 has been consistently shown in in vitro experi-
ments to inhibit the actions of IGF-1 on cartilage and bone 
growth.63 Several differentiated functions of IGF-1 are 
inhibited by IGFBP-4, including the generation of cyclic 
AMP, protein synthesis and glycogen synthesis, as well 
as the steroidogenic response of granulosa cells to FSH. 
IGFBP-4 potently inhibits smooth muscle cell replication, 
as well as AIB transport.63 A protease-resistant mutant 
of IGFBP-4 inhibited osteoblast proliferation. Cultured 
myoblasts overexpressing IGFBP-4 showed impaired pro-
liferation and differentiation. The proteolytic cleavage of 
IGFBP-4 by PAPP-A has been proposed as a mechanism 
for releasing IGFs to bind to receptors and thus enhanc-
ing IGF actions.149 Recent studies show that IGFBP-4 
inhibits IGF-1–induced VEGF synthesis.150 High levels 
of IGFBP-4 in early pregnancy are associated with fetal 
growth resistriction.151

IGFBP-5
IGFBP-5 has been shown to potentiate the effects of 
IGF-1 in stimulating protein synthesis and DNA synthesis 
in skeletal tissue, including myoblasts, smooth muscle 

cells, fibroblasts, osteoblasts, and chondrocytes.63 The 
potentiation of IGF-1–stimulated fibroblast and smooth 
muscle cell growth is believed to occur by association 
of IGFBP-5 with ECM. ECM binding requires a specific 
region of basic amino acids, and mutation of these resi-
dues results in the loss of ECM association and an inabi-
lity of IGFBP-5 to potentiate IGF’s effects. IGFBP-5 binds 
to several specific ECM proteins, and association with 
these proteins has been shown to facilitate its capacity 
to enhance IGF-1 actions.63 It also increases interstitial 
collagen, and its production is increased in pulmonary 
fibrosis.152 IGFBP-5 has been shown to have effects that 
are independent of IGF-1. In the presence of IGF-IR inhi-
bition, IGFBP-5 stimulated intestinal SMC proliferation. 
A fragment of IGFBP-5 that does not bind IGF-1 has 
been shown to potentiate the effect of IGF-1 on osteo-
blast DNA synthesis and to stimulate mesangial cell and 
fibroblast migration. Direct injection of IGFBP-5 into 
bone in IGF-1–deficient mice resulted in enhanced osteo-
blast growth.153 Overexpression of IGFBP-5 has been 
shown to activate MAP kinase independently of IGF-1. 
IGFBP-5 enhanced the autocrine production of IGF-1R 
by myoblasts, and this effect was required for muscle cell 
differentiation.154 In contrast, in some studies IGFBP-5 
overexpression resulted in growth inhibition. In mam-
mary gland its expression is induced during involution, 
and inhibition of its expression reduces epithelial cell 
apoptosis.63 In skeletal myoblasts, IGFBP-5 has been 
shown to inhibit cell proliferation and thereby facilitate 
differentiation.

IGFBP-6 appears to preferentially inhibit the effects 
of IGF-2 in several tissues and cell types. Addition of 
IGFBP-6 inhibits cartilage growth, and its overexpression 
in rhabdomyosarcoma or bronchial epithelial cells results 
in growth inhibition.69 It facilitates apoptosis in oligoden-
drocytes and inhibits the antiapoptotic effect of IGF-1. 
It also suppresses myelin synthesis. Cellular toxins have 
been shown to induce IGFBP-6 and blocking its induction 
has been associated with a reduction in toxin induced cell 
death.66

In summary, IGF-binding proteins are important modu-
lators of IGF-1 and IGF-2 actions. They function to con-
trol the half-life of IGFs in blood and their distribution 
among tissues and extracellular fluids. In extracellular flu-
ids, they control the ability of IGF-1 and IGF-2 to associ-
ate with receptors. Factors that alter the affinity of IGFBPs 
for IGF-1 and IGF-2 can result in enhancement of IGF-1 
actions. The recent example of cooperative signaling 
between IGF-1 and IGFBP-2 through their own distinct 
receptors suggests that each of these binding proteins may 
have specific functions that modulate the pleotropic action 
of IGF-1 and IGF-2.

ACTIONS OF IGF-1 IN VIVO
Administration of IGF-1 to whole animals results in bal-
anced growth, and the effect is enhanced if the animal 
has been hypophysectomized.3 IGF-1 also feeds back on 
the pituitary gland and suppresses GH. This results in 
a reduction in total serum IGF-1 concentrations due to 
suppression of ALS and IGFBP-3. If animals are made 
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catabolic, either by nutritional deprivation or admin-
istration of glucocorticoids, administration of IGF-1 
results in a partial reversal of catabolism.63 Likewise, 
systemic administration of IGF-1 has been shown to 
improve wound healing, to enhance recovery of renal 
function after kidney injury, and to stimulate whole-
body protein accretion.63 When IGF-1 is given to nutri-
tionally compromised animal models, the increase in the 
weight of organs such as spleen and kidney appears to be 
enhanced preferentially as compared to changes in ske-
letal growth.155 In contrast, in well-nourished, hypophy-
sectomized rats and mice, there is proportionate body 
growth in response to IGF-1, with skeletal tissue being 
stimulated in a manner nearly identical to nonskeletal 
tissue.63 IGF-1 stimulates an increase in glomerular fil-
tration rate and has a direct trophic effect on gut epi-
thelial proliferation. Infusion of IGF-1 lowers IGFBP-3 
and raises IGFBP-2, changes that are similar to those 
that occur in GH deficiency. Infusion of IGF-1 to insulin-
deficient, diabetic rats results in improved growth and 
improvement in glucose utilization. Similarly, peripheral 
glucose uptake and glycerol synthesis are stimulated. 
Infusion of IGF-1 into the insulin-deficient BB rat results 
in suppression of hepatic glucose output, possibly due 
to suppressive effect on glucagon and GH, and these 
actions led to enhanced sensitivity to insulin.63 Diabetic 
animals that receive IGF-1 have less increase in body fat 
compared to animals that are treated with insulin.

MODULATION OF IN VIVO ACTIONS BY IGFBPS
In vivo studies have been performed, wherein specific 
forms of IGFBPs have been administered with IGF-1. 
Administration of an equimolar amount of IGFBP-1 
with IGF-1 reduced the growth response of hypophysec-
tomized rats compared to IGF-1 alone. Administration 
of a large single dose of IGFBP-1 without IGF-1 resulted 
in a modest increase (6%) in plasma glucose concen-
trations. Acute increases in plasma IGFBP-1 result in 
decreased protein synthesis basally and in response to 
IGF-1. In contrast, administration of IGFBP-1 with IGF-1  
(1:4 molar ratio) to wounds results in enhanced wound 
healing, including increases in re-epithelialization and 
formation of granulation tissue. Similarly, targeted dele-
tion of IGFBP-1 in liver decreases hepatic regeneration 
after injury.156 In addition, overexpression of IGFBP-1 in 
pancreas in vivo was shown to have a trophic effect on 
islet cells. These findings indicate that in some specialized 
circumstances, increased tissue expression of IGFBP-1 
may enhance IGF-1 actions as compared to global inhibi-
tion that occurs when IGFBP-1 is administered systemi-
cally. Subcutaneous administration of IGFBP-2 together 
with IGF-2 has been shown to stimulate bone formation 
and to inhibit the development of disuse osteoporosis in 
mice. Administration of a complex of IGFBP-2 and IGF-2 
stimulated osteoblast differentiation.

Because of its role in carrying IGFs in serum, animal 
studies in which IGF-1 and IGFBP-3 are infused together 
have been important for defining the endocrine actions of 
IGF-1. In vivo administration of a combination of IGF-1 
and IGFBP-3 has been shown to consistently enhance 

IGF-1’s trophic effects.63 Administration of an equimolar 
concentration of IGF-1/IGFBP-3 to hypophysectomized 
rats showed increased bone mineralization and increased 
growth rates compared to IGF-1 alone. Administration 
of equimolar concentrations of IGF-1/IGFBP-3 to estro-
gen-deficient rats resulted in a 30% improvement in bone 
mineral density. Muscle mass was also increased in these 
animals. One study showed that IGFBP-3 induced insu-
lin resistance when administered to rats without IGF-1, 
however when administered with IGF-1 it protected mice 
against the development of diabetes.157 When IGFBP-3 
is given without IGF-1, it can induce apoptosis.158 
Administration of IGFBP-4 with IGF-1 to mice resulted 
in increased serum IGF-1 and increased rates of bone 
formation.159 This effect was dependent upon ongoing  
IGFBP-4 proteolysis. IGFBP-5 administration with IGF-1 
to ovarectomized mice resulted in enhanced bone 
formation.

TRANSGENIC ANIMAL AND GENE TARGETING 
STUDIES
IGF-1 was termed somatomedin initially because it media-
ted the growth-promoting actions of GH, and it was 
presumed to be a growth stimulant for all tissues. The 
initial somatomedin hypothesis stated that GH stimu-
lated IGF-1 synthesis in the liver and the increased plasma 
IGF-1 was transported to skeletal tissues, where it acted 
to stimulate growth.1 The development of recombinant 
DNA technology has allowed new types of experiments 
that have addressed the question as to what percentage 
of the generalized growth-promoting actions of IGF-1 are 
mediated by this autocrine/paracrine secretion and what 
percentage are mediated by its endocrine effects.

In experiments, in which the IGF-1 gene was deleted, 
the fetuses were born alive and were 60% of normal birth 
length and weight.26 Homozygous animals had extremely 
high juvenile mortality rates, and only 20% of these ani-
mals survived to adulthood. This appears to be due some-
what to the gene dosage effects, since animals that had 
only a partial reduction in IGF-1 expression survived into 
adulthood. The cause for the increased premature death 
is unknown. The animals that survive to adulthood are 
disproportionately short and have an abnormally slow 
growth rate during the juvenile period. They reach 30% 
of normal adult weight. They also have poor Leydig cell 
development and small brain sizes. Fetal growth retarda-
tion begins at day 13.5 in utero, and body size is reduced 
progressively at each stage up to birth. IGF-1 gene dele-
tion in multiple other organisms has confirmed the rela-
tionship between IGF-1 expression and body size.160 
These studies have been particularly important for con-
firming the role of IGF-1 in linking nutrient intake and 
growth.

Deletion of the IGF-1 receptor results in a much more 
severe phenotype. The animals are 55% of the normal 
size at birth.26 All have a hypoplastic diaphragm and die 
at birth. Likewise, there are multiple skeletal and skin 
defects, indicating that the receptor is necessary for normal 
muscle, skin, and bone development in utero. Haploin-
sufficiency of the IGF-1 receptor results in survival and 
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modest growth retardation (e.g., 8% reduction in adult 
size).161 These animals tolerate oxidative stress better 
than controls and have a 16% to 33% increase in life 
span. Deletion of IGF-1 receptor expression in endothe-
lium resulted in some protection against the development 
of neovascularization.162

IGF-2 gene deletion gives a very different phenotype. 
The animals are approximately 60% of normal size at 
birth, but, unlike the IGF-1 mice, they grow normally 
postnatally and do not die in excessive numbers.26 No dif-
ferentiation defects or structural tissue defects are noted. 
Deletion of both IGF-1 and IGF-2 resulted in extremely 
small mice that are approximately 30% of normal birth 
size. This manipulation is lethal, since the mice cannot 
generate a normal inspiration. They are phenotypically 
similar to the mice lacking the IGF-1 receptor. Studies 
in models of placental insufficiency have confirmed the 
importance of IGF-1 and IGF-2 for fetal growth. Deletion 
of IGFBPs results in less severely affected phenotypes. 
A triple knockout of IGFBP-3, IGFBP-4 and IGFBP-5 
resulted in a 22% reduction in body weight, even though 
serum IGF-1 was reduced 65%.163 Deletion of IGFBP-3 
resulted in increased fat mass and induction of hepatic 
steatosis in response to high-fat feeding.164 Deletion of 
IGFBP-2 yielded mice with decreased femur length, 
although weight was analyzed at birth and progres-
sively increased greater than control mice during devel-
opment.165 Knockdown of IGFBP-4 resulted in a 10% 
reduction in body weight.166 A recent study showed that 
deletion of IGFBP-5 resulted in more rapid gain. The mice 
had glucose intolerance, which was increased in response 
to high-fat feeding.167 Deletion of ALS results in reduced 
serum IGF-1, IGFBP-3, and IGFBP-5 (decreased 62% to 
88%). Growth retardation is modest with a 20% reduc-
tion in body weight.168

Several transgenic animal models of IGF-1 action 
have been utilized in which IGF-1 has been overex-
pressed. To determine if IGF-1 could substitute for GH 
and stimulate generalized somatic growth, GH secre-
tion was eliminated by cytotoxic destruction of somato-
trophs, and then IGF-1 was expressed in several tissues.63 
These animals grew normally, although there was some 
disproportionate growth of the kidneys, liver, pancreas, 
and spleen. Additionally, small bowel length and mass 
are greater as is villus height and crypt depth. Likewise, 
brain size appeared to be particularly sensitive to IGF-1 
transgene overexpression. If IGF-1 is overexpressed on 
a background of no growth hormone deficiency, then 
more modest increases in somatic growth compared to 
control animals are noted; however, total body size can 
be increased by 30%. Brain size is increased dispropor-
tionately by 50%. The effect is due in part to inhibition 
of apoptosis. Interestingly, the GH-deficient mice have a 
somewhat hypoplastic liver, and this effect is not totally 
reversed by IGF-1 transgene overexpression.63 The major 
conclusion from these studies was that most but not all 
of the growth-promoting effects of GH are mediated by 
IGF-1 using both autocrine/paracrine as well as endo-
crine mechanisms and that local expression of IGF-1 in 
tissues such as brain results in disproportionate increases 
in growth.

Attempts to determine the effects of IGFBPs have also 
utilized transgenic animals. IGFBP-1 transgenic animals 
show variable phenotypes, depending upon which organs 
express the transgene. Mice who had expression pre-
dominantly in pancreas, kidney, and brain had normal 
organ sizes, except brain, which was decreased in size. In 
contrast, in mice with abundant hepatic expression, there 
was a slight growth retardation at birth and a 10% to 
15% reduction in postnatal growth. Hepatic overexpres-
sion during fetal life also results in growth retardation 
(e.g., 18% reduction in birth weight).169 If the level of 
expression of IGFBP-1 in the liver is increased to a very 
high level, this results in more severe growth retardation 
and delayed skeletal maturation. A more recent study 
showed that overexpression resulted in direct activation 
of NO synthase, which protected vasculature against cho-
lesterol-induced changes.170

Overexpression of IGFBP-2 resulted in fetal and post-
natal growth retardation.138 This effect is present even 
in the face of GH and IGF-1 excess. Overexpression also 
resulted in resistance to the development of obesity that 
occurs in response to high-fat feeding.

In IGFBP-3 transgenic animals, there is modest (10%) 
fetal and postnatal reduction in growth in spite a 2.8-fold 
increase in total serum IGF-1 concentrations. Analysis 
of bone showed that resorption was increased and for-
mation was decreased. Overexpression of the non–IGF-
binding mutant form of IGFBP-3 resulted in an increase 
in GH and IGF-1 levels in serum but no evidence of 
growth retardation.171 Deletion of IGFBP-3 alone has not 
been reported, however generalized knockout of steroid 
receptor coactivation 3, which regulates IGFBP-3 syn-
thesis, was associated with a 20% decrease in postnatal 
growth.172

Targeted overexpression of IGFBP-4 in smooth 
muscle or in bone has been shown to attenuate IGF-1 
actions. Cancellous bone formation was reduced, and 
this was associated with impaired growth.173 When 
IGFBP-4 is overexpressed in smooth muscle, several 
organs (e.g., bladder and uterus) show disproportion-
ate growth impairment. Overexpression of IGFBP-5 
(fourfold increase in serum concentrations) resulted in a 
fetal growth retardation and a significant (17% to 23%) 
reduction in body size in the early postnatal period.174 
This was confirmed in another study that also overex-
pressed a nonbinding mutant form and found that this 
resulted in a similar level of growth retardation. Weight 
reduction averaged 34%. Overexpression of ALS resulted 
in modest postnatal growth restriction (e.g., 5.3% to 
8.1%).175 Taken together, these studies show that over-
expression in which there is an excess concentration of a 
specific form of IGFBP compared to IGF-1 often results 
in growth retardation. This finding suggests that it is the 
balance between free and bound IGF-1 as well as the 
ability of IGFBPs to prolong IGF-1’s half-life and deliver 
the optimal amount to tissue receptors that determines 
how they modulate the growth response. This conclu-
sion is strengthened by studies in which mutant forms of 
IGF-1 that have major alterations in their ability to bind 
to IGFBPs result in tissue overgrowth and an imbalance 
in organ size.176



378 PART 3 GROWTH AND MATURATION

AUTOCRINE/PARACRINE REGULATION OF  
IGF-1–MEDIATED GROWTH
Experimental animal models have been useful in read-
dressing the question of the relative importance of  
autocrine/paracrine-secreted IGF-I for regulation of 
growth. Administration of GH to hypophysectomized 
rats showed that IGF-1 transcripts were increased in skel-
etal tissue, such as cartilage, bone, muscle, skin, and other 
organs, such as the brain, indicating that this autocrine/
paracrine–produced IGF-1 could be regulated locally in 
specific cell types.

An additional example of local control of IGF-1 is the 
response to injury that occurs following several types of 
injury models, such as freezing ear cartilage or thermal 
burns. Fibroblast or chondrocyte precursor cells surround-
ing the damaged area immediately begin to synthesize 
IGF-1, and the peak of synthesis usually occurs between 
3 and 7 days after injury. Following balloon denudation 
of blood vessels, the increase in IGF-1 mRNA expression 
coincides with an increase in the number of precursor 
cells that are entering the proliferative pool. Therefore, it 
has been assumed that local regulation of growth, parti-
cularly in response to injury, but also in response to other 
stimuli (such as unilateral nephrectomy, wherein the con-
tralateral kidney makes more IGF-1 and enlarges) may be 
more responsive to local IGF-1 regulation.

Transgenic animals that overexpress IGF-1 in tissues 
(other than liver) showed normal growth rates if a high 
level of IGF-1 expression is maintained.63 Another type 
of experiment that has reinforced the importance of tissue 
expression is analysis of brain growth. The blood/brain 
barrier provides some partitioning between blood IGF-1 
and locally produced IGF-1. Transgenic animals in which 
there is intense expression of IGF-1 within the CNS show 
larger brains than animals that do not have this intense 
expression, indicating a paracrine regulation of growth 
that is probably partially independent of blood IGF-1 
concentrations.27

An experimental animal model that has helped to 
further understand the relative components of auto-
crine/paracrine-produced IGF-1 as compared to blood-
transported IGF-1 is the mouse in which hepatic IGF-1 
expression has been selectively targeted.177 This results 
in an 80% reduction in plasma IGF-1 concentrations. In 
contrast to global IGF-1 knockout animals, in which the 
expression of IGF-1 in peripheral tissues as well as liver 
is eliminated, all other tissues in these animals synthe-
sized IGF-1 normally. These animals were normal size at 
birth, and postnatal growth was very minimally retarded 
(e.g., 6%). This indicates that although deletion of IGF-1 
expression in the liver results in a major reduction in 
endocrine-produced IGF-1, the autocrine/paracrine IGF-1 
in these experimental mice is adequate to allow normal 
statural growth. Although it might not be surprising that 
fetal growth was normal in these animals, since IGF-2 is 
an important fetal growth factor, it is striking that there 
was no juvenile growth retardation, in spite of these low 
plasma IGF-1 concentrations. These studies have been 
extended by simultaneously deleting liver ALS expression. 
This dual inhibition results in a 16% reduction in growth 

and a more severe decrease in serum IGF-1.26 These ani-
mals also have reduced bone mineral density. These find-
ings indicate that a normal serum IGF-1 is necessary for 
normal growth but also that tissue IGF-1 is making a 
very significant contribution. In more recent studies, an 
animal model in which IGF-1 expression was deleted in 
peripheral tissues but transgenic overexpression of IGF-1 
is induced in liver has been developed. These animals 
have a threefold to sixfold increase in serum IGF-1 that 
results in maintenance of normal growth in spite of the 
complete absence of local tissue expression.178 Skeletal 
structure is also increased in these animals. However, 
local synthesis of IGF-1 is required for a normal skeletal 
response to PTH, even if serum IGF-1 is increased179 and 
for maintenance of skeletal size. This finding can be repli-
cated by deletion of the GH receptor, suggesting that GH 
stimulation of skeletal IGF-1 expression is important.180 
Local expression of IGF-I in bone is required to prevent  
trabecular bone loss that occurs with aging.181 In con-
trast, lean mass, kidney, and spleen size could be main-
tained with increased serum IGF-1 alone.178

Therefore supraphysiologic concentrations of IGF-1 in 
serum alone are sufficient for normal growth, however 
these animals show a disproportionate increase in growth 
of the spleen, thymus, and kidneys. In summary, these 
findings support the conclusion that both hepatic and 
extrahepatic IGF-1 synthesis are necessary for normal 
growth. They further support the conclusion that normal 
growth hormone secretion is required for balanced organ 
growth and for coordination between the effects of blood 
transported and locally synthesized IGF-1.

Genetic manipulation of IGF-1 expression in specific 
cell types has also been helpful for determining the effect 
of disruption of IGF synthesis in local tissues on both 
growth and metabolism.

Osteoblasts and Chondrocytes
Inactivation of the IGF-1 gene during fetal development 
resulted in a severe bone phenotype. Femoral length was 
short, and there was decreased chondrocyte proliferation 
and a 25% reduction in cortical thickness.182 Global dele-
tion of the IGF-1 receptor results in retardation at birth 
with a delay in long bone ossification. Similarly, a loss of 
function in IRS-1 in bone results in growth retardation 
and low bone mineral density with both reduced cortical 
and trabecular thickness as well as decreased bone forma-
tion rates.26 Chondrocyte-specific IGF-1 deletion results 
in decreased bone mineral density and bone mineral con-
tent. Bone length is reduced.48 Interestingly, osteoblast 
deletion of the IGF-1 receptor did not result in impaired 
bone growth, but there was marked impairment of min-
eralization, suggesting an important role in differentia-
tion.115 Studies in which IGF-binding proteins have been 
manipulated helped to elucidate the role of changing IGF-1 
bioavailability. Transgenic overexpression of IGFBP-1 
resulted in reduced skeletal mineralization and growth 
rate.48 IGFBP-2 deletion resulted in decreased femur 
length and bone mineral density.165 IGFBP-3 transgenic 
animals had reduced volumetric and cortical bone mineral 
density.26 IGFBP-4 transgenic animals had growth retar-
dation and small bones166 whereas IGFBP-5 transgenic 
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animals showed a sex-related decrease in bone mineral 
density and impaired mineralization.26 ALS knockout 
animals had reduced volumetric and cortical bone min-
eral density as well as reduced femoral length. The liver-
specific IGF-1 knockout animals that had only reduced 
serum IGF-1 had a slight reduction in femoral length 
(5%) but a significant decrease in cortical bone mineral 
density, although trabecular density was normal.26 The 
role of locally synthesized IGF-1 has been emphasized 
by animals in which the growth hormone receptor was 
deleted in bone, which showed reduced femur length as 
well was decreased trabecular density.180 A recent study 
showed that disruption of IGF-1 gene expression in 
osteocytes resulted in shortened femur length, decreased 
periosteal expansion, and thinner calvaria.183 Therefore, 
IGF-1 appeared to play an essential role in regulating bone 
turnover. In summary, the studies using genetic mouse 
models provide sound evidence for the key role of IGF-1 
in regulating skeletal growth. Both endocrine and locally 
derived IGF-1 appear to have critical roles in acquisition 
of normal bone size as well as mineralization.

Muscle Metabolism
Generalized knockout of the IGF-1 receptor had a pro-
found effect on skeletal muscle leading to severe hypo-
plasia at birth.53 Mice that overexpress a muscle-specific 
dominant negative form of the IGF receptor have impaired 
muscle growth and reduced cross-sectional area and muscle 
mass.184 Similarly overexpression of IGF-1 in satellite cells 
results in the ability to resist age-related muscle atrophy as 
well as changes induced in dystrophy models.185 Muscle 
cells isolated from IGF-1 transgenic animals show increased 
proliferative capacity. One study showed that the effect of 
increased local expression was dependent upon the stage 
of development. Specifically, overexpression in muscle in 
young animals resulted in significant hypertrophy, but over-
expression in adult muscle resulted in muscle mass mainte-
nance but not an increase.186 However, in adult muscle, it 
was able to counteract the effect of dystrophic stimuli.

Metabolism
The evidence now clearly supports the conclusion that 
IGF-1 plays a role in glucose homeostasis in normal 
animals, but many of the animal models in which IGF-1 
or IGF-1 receptor has been deleted are complicated by 
the fact that they hypersecrete growth hormone, a known 
insulin antagonist, thereby leading to impaired carbohy-
drate metabolism and difficulty in determining whether 
these changes are direct or indirect. Deletion of the insu-
lin-like growth factor 1 receptor in beta cells results in the 
defect in insulin secretion and the subsequent development 
of insulin resistance. Intraventricular infusion of IGF-1 
also increases insulin sensitivity. Inactivation of both the 
insulin and the IGF-1 receptor in muscle results in severe 
insulin resistance and the development of diabetes; how-
ever, deletion of the insulin receptor alone did not have 
this effect, suggesting that cooperative signaling between 
these two receptors is required to maintain normal insu-
lin sensitivity.187 Overexpression of IGFBP-3 resulted in 
impaired glucose regulation in mice and inhibition of 
insulin secretion, and these effects were growth hormone 

independent. The importance of IGF-1 was indirectly sup-
ported by a study in which the transcription factor HMGA1 
was knocked out, resulting in activation of IGFBP-1 and 
IGFBP-3, and this resulted in an enhancement in IGF-1 
bioactivity that correlated with increased glucose uptake 
by muscle compared to control mice.188

EFFECTS OF IGF-1 IN HUMANS
The data regarding IGF-1 administration into humans as 
compared to administration of GH have been reevaluated 
in light of recent findings regarding autocrine/paracrine 
actions of IGF-1. Following GH administration, IGF-1 
mRNA is induced in multiple tissues in experimental ani-
mals that have been made GH-deficient, and there is a rise 
in serum IGF-1. This indicates that both autocrine/para-
crine mechanisms, as well as endocrine ones, are activated 
by GH. In contrast, administration of IGF-1 alone to GH-
deficient animals or humans does not result in autocrine/
paracrine activation of IGF-1 gene expression. Similarly, 
other growth regulatory molecules such as IGFBP-3 and 
ALS are regulated differentially in response to GH and 
IGF-1. Therefore, IGF-1 administration does not always 
induce the same gene expression profiles as GH, and the 
changes in proteins that function coordinately with IGF-1 
lead to distinctly different tissue responses.

GH selectively stimulates whole-body protein synthe-
sis and has a lesser effect on inhibiting proteolysis. With 
prolonged administration of IGF-1 (e.g., 5 to 7 days given 
as a subcutaneous injection), there is no effect on pro-
teolysis, but a marked increase in protein synthesis, and 
the effects are indistinguishable from GH.189 Therefore, 
the mode of administration and the actual dose of IGF-1 
that is given are important determinants of whether 
IGF-1 has an acute insulin-like effect on protein synthesis 
(e.g., inhibiting proteolysis) or a chronic GH-like effect 
in preferentially stimulating protein synthesis. Adminis-
tration of IGF-1 to patients with GH receptor mutations 
stimulated protein synthesis.189 The combination of GH 
plus IGF-1 has a greater effect on decreasing protein oxi-
dation in GH-deficient subjects compared to either sub-
stance given alone.190 When catabolism is induced by 
administering high doses of glucocorticoids, IGF-1 has a 
significant effect on attenuating proteolysis and a small 
effect on increasing protein synthesis.189 These effects are 
less dramatic than those with GH. The effect of IGF-1 
in enhancing insulin sensitivity appears to be preserved, 
even in dexamethasone-treated patients.

Administration of IGF-1 to normal humans results in 
changes that are comparable to those noted previously 
in animal studies. A large bolus of rapidly administered 
IGF-1 (e.g., 100 mcg/kg) results in hypoglycemia.189 
When analyzed on a molar basis, IGF-1 is 1/12 as potent 
as insulin in reducing glucose. A continuous infusion of 
24 mcg/kg/hour of IGF-1 to normal humans results in 
a 50% reduction in C-peptide but maintenance of eug-
lycemia. Peripheral glucose uptake is increased at these 
infusion rates, and hepatic glucose production and free 
fatty acid levels are suppressed. Protein breakdown is 
also decreased. However, using lower infusion rates  
(5 mcg/kg/hour), which do not necessitate supplemental 
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glucose to avoid hypoglycemia, there is no effect on pro-
tein breakdown. Insulin sensitivity is also enhanced, as 
assessed by insulin-to-glucose ratios measured during the 
IGF-1 infusion. IGF-1 has consistently suppressed insulin 
levels and resulted in more efficient glucose responsiveness 
to insulin.189 Since GH is also suppressed, inhibition of 
several of the known insulin antagonist actions of GH 
may contribute to this change. IGF-1 also suppresses glu-
cagon, and such suppression probably contributes to the 
enhanced insulin sensitivity that is observed during IGF-1 
infusions.189

Administration of exogenous IGF-1 to catabolic sub-
jects results in improvement in nitrogen balance. The 
degree of improvement is comparable to that achieved 
with GH administration.189 A study that used the same 
design (i.e., 6 days of a 50% caloric restriction) showed 
that concomitant administration of GH with 12 mcg/kg/
hour infusion of IGF-1 resulted in further enhancement of 
nitrogen retention compared to either treatment alone.189 
GH inhibited the development of symptomatic hypogly-
cemia. Infusion of IGF-1 alone resulted in suppression of 
IGFBP-3 concentrations and suppression of acid labile 
subunit, but administration of concomitant GH resulted 
in maintenance of normal levels of IGFBP-3 and ALS in 
plasma.189 This high level of IGF-1/IGFBP-3 probably 
contributed to improved nitrogen balance. Other changes 
in IGFBPs also occur. IGF-1 alone increases IGFBP-2 con-
centrations threefold, suggesting that a larger fraction of 
the IGF-1 is bound to IGFBP-2 under these conditions, 
and thus it has a shorter half-life. A reduced anabolic 
response to IGF-1 alone may occur as a consequence 
of these changes in IGFBP profiles. Several other studies  
have suggested that maintenance of ternary complex 
activity results in a better anabolic response. Adminis-
tration of the IGF-1/IGFBP-3 complex to patients with 
severe burns resulted in increased protein synthesis 
rates.189 The mechanism of improvement may be multi-
factorial since administration of the complex to thermally 
injured rats results in preservation of normal gut mucosa 
and improved nutrient absorption.

Cholesterol is also lowered in response to IGF-1 infu-
sion, as is potassium. Renal function improves, with an 
approximately 25% increase in glomerular filtration rate 
and renal blood flow.189 The fractional excretion of phos-
phate is decreased, which probably contributes to the 
antiphosphaturic effect noted in acromegaly. In addition 
to improvement in renal function, there is an improvement 
in the anemia that accompanies renal failure.

Bone Metabolism
Short-term IGF-1 administration to normal subjects 
increases bone turnover, with a preferential effect on bone 
formation.189 Young women with anorexia nervosa and 
severe osteopenia also respond by increasing bone turn-
over, and there is a short-term anabolic effect.189 IGF-1 
is also an effective stimulant of bone formation in men 
with osteoporosis.188 Patients with growth hormone defi-
ciency also respond to IGF-1 with increased bone turn-
over.189 IGF-1 has been given to older adult subjects with 
osteoporosis and results in increased markers of bone 
resorption, such as pyridinoline cross-links in the urine. 

However, there are also increases in markers of bone 
formation, indicating that bone turnover is stimulated. 
Serum IGF-1 concentrations correlated with the pres-
ence of vertebral fractures in diabetic postmenopausal 
women and predicted low bone mass in premenopausal 
women.191 However, the net effect of long-term admin-
istration of IGF-1 on bone mineral content is unknown. 
Studies in rats have shown that administration of IGF-1, 
in combination with IGFBP-3, may be a potent stimu-
lant of cortical bone formation, and a 4-month course 
of treatment in humans with osteoporosis with IGF-1/
IGFBP-3 supported this conclusion.189 Administration of 
IGF-1/IGFBP-3 to osteoporotic patients post hip fracture 
for 4 weeks showed that it was anabolic and improved 
bone density. These enhanced effects of IGF-1/IGFBP-3 
compared to IGF-1 alone may be due to the inability of 
IGF-1 administration alone to sustain high plasma IGF-1 
concentrations over prolonged periods.

Other Effects of IGF-1
In addition to its effects in suppressing free fatty acids, 
ketone bodies, and triglycerides acutely, IGF-1 suppresses 
apolipoprotein B-100 levels. Administration to patients 
with GH receptor mutations stimulated FFA oxidation in 
muscle and loss of fat mass.192 IGF-1 administration also 
suppresses plasminogen activator inhibitor-1 levels, and 
this has the potential to lower the risk for thrombosis in 
patients with atherosclerosis. IGF-1 has been shown to be 
neurotrophic in humans, and trials in amyotrophic lateral 
sclerosis have shown some improvement in nerve regen-
eration and a slight prolongation of survival, indicating 
improved muscle function. However, significant improve-
ment could not be demonstrated in a placebo-controlled 
trial.

IGF-1 in Diabetes
Studies in mice have shown that overexpression of 
IGFBP-3 results in reduced insulin action in muscle and 
fat. Similarly, deletion of IGF-1 expression in liver results 
in increased GH secretion and reduced insulin sensitiv-
ity.193 In contrast, overexpression of IGFBP-2 results in 
enhanced insulin sensitivity. This effect is probably direct 
since the animals are refractory to the development of glu-
cose intolerance, even when fed a high-fat diet.194 When 
insulin sensitivity is assessed formally with the euglycemic 
hyperinsulinemic clamp method, IGF-1 administration 
to type 2 diabetics results in a substantial improvement 
in sensitivity to insulin.195 This also occurs in insulin-
deficient diabetics and in patients with extreme insulin 
resistance syndromes, including those involving muta-
tions of the insulin receptor. IGF-1 infusion into type 
1 diabetics lowers hepatic glucose output and increases 
peripheral glucose utilization.196 Preliminary studies have 
indicated that administration of IGF-1 to patients with 
severe insulin resistance results in long-term lowering of 
glucose and improved insulin sensitivity.189 Adolescents 
with type 1 diabetes who were treated for 4 weeks with 
subcutaneously administered IGF-1 had reduced insu-
lin requirements and improved their metabolic control. 
These effects were attributed to suppression of the dawn 
phenomenon.189 Administration of IGF-1 to patients with 
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type A extreme insulin resistance has resulted in improved 
metabolic control. Some studies, however, have not seen 
the same degree of improvement in patients with type A 
insulin resistance. Administration of IGF-1 to subjects 
with type 2 diabetes shows that it results in a 3.4-fold 
improvement in insulin resistance as assessed by direct 
measurement. More importantly, IGF-1 lowers hemo-
globin A1C by 1.7% and improves glucose tolerance.189 
Insulin concentrations are lowered in these patients, sug-
gesting that a change in insulin sensitivity is the primary 
mechanism accounting for this improvement. Similarly, 
the requirement for exogenous insulin can be lowered in 
type 1 diabetics by IGF-1 while maintaining good glyce-
mic control.189 In a large (n = 208) group of type 2 diabet-
ics who were treated with four different doses of IGF-1 
for 3 months, the groups that received the two highest 
doses had a 1.6% reduction in hemoglobin A1C, indi-
cating that long-term improvement in diabetic control is 
achievable with IGF-1.

Side effects have been noted both in normal subjects 
and in diabetics who have received high concentrations 
of IGF-1 for several weeks. These include parotid gland 
tenderness, subcutaneous edema, and a 10% increase in 
heart rate. In rare subjects, there is edema of the retina 
and, occasionally, pseudotumor cerebri has been noted. 
Other unusual side effects include Bell’s palsy and severe 
myalgias. All of these side effects have been noted to be 
reversible and remit after stopping IGF-1.189 Administra-
tion of the combination of IGFBP-3 and IGF-1 to type 
1 diabetes for 2 weeks resulted in a 48% reduction in 
insulin dosage and a 23% reduction in blood glucose, 
indicating improvement in insulin sensitivity.189 This 
combination also improved control in patients with type 
2 diabetes and was associated with a reduction in side 
effects.189

Growth Hormone and IGF-1 Insensitivity Syndromes
The types of genetic defects that lead to growth hormone 
insensitivity syndrome have been expanded to include GH 
receptor mutations, Stat 5b mutations, ALS mutations, 
and mutations in the IGF-1 gene.197 Administration of 
IGF-1 to patients with GH insensitivity syndrome who 
have mutations of the GH receptor results in improve-
ment in growth rates. Analysis of growth rates in nine 
such subjects who were treated for 1 year showed that 
they grew 7.5 cm in the first year, as compared to pre-
treatment growth rates of 4 cm per year. Longer-term 
studies administering IGF-1 subcutaneously at 50 mcg/kg 
twice a day to patients with GH insensitivity syndrome 
has shown that the first-year growth velocity cannot be 
maintained in the second year, and the growth rates are 

reduced to 6 cm per year.198 This growth rate has been 
maintained for periods as long as 8 years in subjects who 
received IGF-1, and therefore there appears to be a growth 
benefit, which, if projected to adulthood would result in 
significant improvement in final adult stature. However, 
the growth rates during the second through fifth years 
are not as robust as those in GH-deficient subjects who 
received GH during a similar interval. Hypoglycemia 
occurs occasionally in these patients but is usually avoid-
able by a dosage adjustment. Other side effects that have 
been noted with acute, high-dose administration of IGF-1 
to adults have not been observed in these children. Some 
children with GH insensitivity syndrome have developed 
pseudotumor cerebri, which resolves while treatment is 
continued. Another troublesome feature, however, that 
has been noted is a coarsening of the facial features, 
particularly in subjects who are receiving the treatment 
during initiation of adolescence. This effect appears to 
be more significant than that noted with GH administra-
tion during puberty. Evaluation of these patients 1 to 2 
years after stopping IGF-1 shows that their coarse facial 
features resolve. Whether the suboptimal growth rates 
and coarsening of facial features are due to stimulation 
by IGF-1 in the absence of the direct actions of GH that 
are mediated through the GH receptor is unknown. Simi-
lar growth responses have been demonstrated using the 
IGF-1/IGFBP-3 combination.199

Two patients have been described in whom there was 
a mutation resulting in deletion of a major portion of 
the IGF-1 gene.200 They both had severe growth retar-
dation at birth that persisted into adulthood. Head cir-
cumference was also reduced. Sensorineural hearing loss 
was present. Administration of IGF-1 prior to epiphyseal 
fusion resulted in growth acceleration. It also resulted 
in improvement in insulin sensitivity. A patient with a 
less extensive mutation and a partially functional protein 
has been described. The patient had less severe growth 
retardation and normal hearing.201 Heterozygous carri-
ers with short stature (–2.5 to 4.8 SD) have also been 
described.202 Several patients have been described with 
either a single allele or point mutation in the IGF-1 recep-
tor.203,204 All cases resulted in growth retardation. These 
children responded to high doses of growth hormone 
with an increase in growth.205
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K E Y  P O I N T S

 •  Prenatal growth is dependent on genetic programming, delivery of nutrients, substrates, 
and oxygen from the mother, and hormonal influences (primarily the insulin like 
growth factor system).

 •  Postnatal growth is dependent on genetic potential, environmental factors, specific 
genes, nutritional status, and hormonal influences (growth hormone, thyroid hormone, 
glucocorticoids, and sex hormones).

 •  Postnatal growth patterns of normal children are well characterized, and standard 
growth charts are available.

 •  Etiologies for short stature include familial variants, genetic and chromosomal 
disorders, intrauterine growth retardation, undernutrition, chronic nonendocrine 
disease, and endocrine disorders (growth hormone deficiency or insensitivity, 
hypothyroidism, glucocorticoid excess, untreated sexual precocity).

 •  Disturbances of linear growth can be categorized into three growth patterns: intrinsic 
shortness, delayed growth, and attenuated growth.

 •  Management of short stature should be directed at the primary cause of pathologic 
short stature.

 •  Growth hormone is approved for the treatment of short stature due to growth hormone 
deficiency, Turner’s syndrome, chronic renal failure prior to transplantation, persistent 
short stature in children born SGA, Prader-Willi syndrome, selected cases of idiopathic 
short stature, SHOX gene mutations, and Noonan’s syndrome.

 •  Etiologies for tall stature include familial variants, genetic and chromosomal disorders, 
overnutrition, and endocrine disorders (gigantism, hyperthyroidism, early stages of 
sexual precocity, and inactivating mutations of the estrogen receptor or aromatase 
deficiency).

 •  Four patterns of growth causing tall stature can be distinguished: intrinsic tallness, 
advanced growth, accelerated growth, and prolonged growth.
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Growth is an inherent property of life. Normal somatic 
growth requires the integrated function of many of the 
hormonal, metabolic, and other growth factors discussed 
in preceding chapters. This chapter first briefly reviews 
the determinants of growth. Then it deals in detail with 
the overall result of these processes—normal patterns of 
linear growth. Finally, the differential diagnosis and the 
management of disorders of growth are discussed.

DETERMINANTS OF NORMAL GROWTH

Cellular Growth
Normal growth requires an intrinsically normal cell that 
is nourished by an optimal milieu (with respect to pH, 
trace minerals, and substrates for structural and energy 
purposes) and is exposed to the necessary growth factors. 
It is regulated by the same molecular mechanisms that 
determine physiologic responses in the mature cell.

The body grows primarily through proliferation of 
cells by mitosis.1,2 In contrast, increased cell size gene-
rally plays a greater role in organ growth as develop-
ment approaches completion. Growth factors and other 
environmental signals are necessary for the entry of a 
quiescent cell into the cell cycle, and they affect cell divi-
sion by modulating passage through the first phase of the 
mitotic cell cycle (G1).3,4 The first subphase of G1 requires 
“competence factors,” such as fibroblast growth factor, 
which induces cells to become competent to synthesize 
DNA. Cells then require essential amino acids to progress 
to a critical point in the cycle at which “progression fac-
tors” can induce completion of G1. Progression factors 
are exemplified by insulin-like growth factors (IGFs), 
insulin, thyroxine, and hydrocortisone. Growth factors 
modulate the internal regulatory pathways governed by 
cyclins and cyclin-dependent kinases (CDKs), which are 
proto-oncogenes, and CDK inhibitors (CDKI), which 
are tumor suppressors. Specifically, growth factors lead 
to accumulation of the D-type cyclins, which sense and 
mediate growth factor stimulation in G1. The binding 
of cyclin D with CDK 4/6 results in phosphorylation of 
“pocket” proteins (pRb, p107, and p130) and release of 
inhibitory control of these proteins on the E2F family 
transcription factors, which then drive expression of vari-
ous effectors of DNA synthesis.5 The balance between 
cyclin, CDK, and CDKI activity therefore determines the 
start of DNA synthesis (S phase of the cell cycle). From 
this point onward, cell-cycle processes depend entirely on 
intracellularly triggered controls involving cyclins. After 
completing DNA synthesis, the cell finishes doubling its 
entire contents (G2 phase) and then undergoes the mitotic 
(M) phase of the cycle, during which cell division is com-
pleted. Cyclin A-CDK2 activity builds up during the S 
and G2 phases, and is followed by increases in Cyclin B1. 
The Cyclin B1-CDK1 complex is inactive in the G2 phase 
and activated by rising levels of Cyclin B1 at a set time 
before the breakdown of the nuclear envelope.6,7 Progres-
sive activation of the Cyclin B1-CDK1 complex triggers 
mitosis.

The doubling of cell mass requires energy and availa-
bility of nutrients including lipids and amino acids. The 
triad of mammalian target of rapamycin complex-1 

(mTORC1), AMP-activated protein kinase (MAPK) and 
the serine-threonine kinase Unc-51-like kinase 1 (ULK1) 
is a key regulator of cell growth that senses nutrient sta-
tus of the cell and determines whether the cell should 
be directed toward anabolic pathways and cell growth 
or toward catabolic pathways such as autophagy. This 
mediation occurs through mTORC1 versus AMPK-medi-
ated phosphorylation of ULK1, which respectively inhibits 
or stimulates ULK1 activity.8,9

Reduction in growth factors leads to rapid decreases in 
expression of D-type cyclins and exit from the cell cycle, 
resulting in quiescence. Death-effector domain containing 
protein (DEDD) is an inhibitor of mitotic CDK1/cyclin 
B1 within the nucleus that peaks at the G2/M phase.10,11 
In addition, “contact inhibition,” or the lack of available 
space for cell division, can lead to an accumulation of 
p27, causing growth arrest without affecting expression 
of cyclin D.

The cell cycle to a great extent is also regulated by 
nuclear factor κB (NF-κB).12 This transcription factor is 
held inactive in the cytoplasm when bound to its inhibi-
tory partner Iκβ. When Iκβ undergoes regulated serine 
phosphorylation, it is polyubiquinated, which targets 
it for degradation within the proteosome. This releases 
NF-κB to move to the nucleus, where it promotes cell-
cycle progression and inhibits programmed cell death 
(apoptosis).

Cell senescence is the response of the cell to condi-
tions such as telomere attrition, DNA damage, and 
oncogene activation—processes that appear to be inter-
related. During each mitotic cycle, a portion of the ter-
minal end (the telomere) of each chromosome is lost; 
this eventually shortens the chromosome to the point 
where cell proliferation becomes impossible and the cell 
dies.13 The enzyme telomerase supports the synthesis of 
telomeric DNA, which maintains telomere length and 
proliferative potential. Telomerase is present in somatic 
cells of the fetus, permitting continued growth. With 
maturation of the fetus, however, telomerase levels 
begin to fall and decline progressively with aging, thus 
limiting mortality.

Somatic Growth
Prenatal Growth
Prenatal and postnatal requirements for growth differ 
in several respects. Embryonic growth is determined 
primarily by genetic programming of local sequen-
tial inductions.14 Coordination of cell differentiation 
and morphogenesis requires a class of developmental 
genes that belong to the homeobox family.15-17 Homeo-
box genes encode transcription factors that bind DNA, 
thereby controlling gene expression, cell differentiation, 
and organ development. Abnormalities of several homeo-
box genes are known to cause organ malformation and to 
affect linear growth (see Chapter 5).

Familial and environmental variables that predict 
birth size independent of gestational age include parental 
heights, sibling birth weight, maternal weight, gestational 
weight gain, parity, glycemic status, history of smoking, 
altitude, gender, and uterine constraints, such as the number 
of fetuses carried.18-25
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Fetal growth depends heavily on the delivery of nutri-
ents, metabolic substrates, and oxygen, as well as IGFs, 
from the mother. The placenta regulates many of these 
and contributes to the fetal nutritional and hormonal 
milieu.26-28 Glucose transport across the placenta to 
the fetus is facilitated by SLC2A3 (previously known as 
GLUT3), and amino acid transport is dependent on activ-
ity of TORC1, a regulator of amino acid transporters, 
and the activity and site of these transporters.29 Fatty 
acid delivery is critical for growth, as fatty acids are a 
component of both cell membranes and precursors to 
cell signaling molecules and serve as a source of energy.30 
Nutrient transport across the placenta depends on mul-
tiple factors including nitric oxide (an angiogenic factor), 
hormones such as glucocorticoids (which impact expres-
sion of SLC2A1 and SLC2A3), and imprinted genes (such 
as the IGF-2-H19 locus).30 Placental size is a determinant 
of fetal growth, and placental growth itself is influenced 
by genomic factors,28,31 growth factors, maternal weight 
and nutrition (perhaps via leptin),32 parity, parental 
size,18 and uterine blood flow. In addition, environmen-
tal factors can induce epigenetic modifications and influ-
ence expression of both imprinted and non-imprinted 
placental genes.33 Placental regulation of fetal blood 
flow is a determinant of growth; discordance in the size 
of monozygous twins has been attributed to the unequal 
distribution of blood flow that results from placental 
arteriovenous anastomoses.34 Both placental growth and 
function involve hormones. Specific deletion of placen-
tal IGF-2, which is an imprinted gene expressed from 
the paternal allele, sequentially reduces placental growth, 
decreases nutrient delivery, and restricts fetal growth.28 
In Russell-Silver syndrome, a condition of asymmetri-
cal growth retardation associated with a small placenta, 
there is reduced placental expression of IGF-2 associated 
with hypomethylation of the paternally derived differen-
tially methylated region upstream of H19.35 In contrast, 
in Beckwith-Wiedemann syndrome, overexpression of 
IGF-2 from hypermethyla tion of the imprinting control 
region of H19 is associated with a large placenta.36 The 
placenta also influences fetal growth through its elabora-
tion of hormones. For example, human placental lacto-
gen influences regulation of fetal IGF-1,37 although the 
role of the placental variant of GH in regulating fetal 
IGF-1 and growth remains unclear.38,39 Umbilical cord 
leptin appears to be an index of fetal nutrition in humans 
and correlates with birth size independent of IGF-1.40,41

Some hormonal requirements for fetal growth differ 
from those that regulate postnatal growth. For example, 
prenatal growth is less dependent on GH and thyrox-
ine, although the latter is critical for fetal neurological 
development. Individuals with congenital GH deficiency 
or resistance often have normal birth length despite 
low IGF-1 levels, although in large population studies, 
average birth length is reduced by 1 standard deviation 
(SD).26,42,43 Similarly, newborns with congenital hypo-
thyroidism typically have normal birth size, although 
their bone maturation lags during the last trimester.44

In contrast, the IGF system affects prenatal and post-
natal growth, although specific influences and regulatory 
components differ according to stage of development. 

Immunoreactive IGF is present in most fetal tissues. 
Rodent models that lack IGF-1, IGF-2, or the IGF-1 recep-
tor have reduced birth weights, and deletion of the IGF-1 
type 1 receptor gene results in greater growth retarda-
tion that deletion of IGF-1 or IGF-2 alone (in addition to 
being lethal), suggesting a role for both IGF-1 and IGF-2 
in prenatal growth.45-48 IGF-1 and IGF-2 act through the 
IGF-1, insulin, and IGF-2 receptors, and IGF-2 is approx-
imately equal in importance to IGF-1 for fetal growth, 
each contributing about 40%.48,49 IGF-2 abundance in 
early pregnancy promotes fetal growth and viability near 
term, primarily through effects of IGF-2 on placental 
growth and differentiation.50 IGF-1, in contrast, is impor-
tant for fetal but not placental growth, and its effects are 
mediated by decreased release of vasoconstrictors, thus 
optimizing placental blood flow and nutrient delivery to 
the fetus. Polymorphisms in the IGF-1 gene (but not the 
IGF-2 gene or the IGF-2 receptor) have been associated 
with birth weight in large birth cohorts.51 Six IGF-binding 
proteins (IGFBPs) regulate the amount of free IGF avail-
able and are regulated in turn by IGFBP proteases. High 
levels of IGFBPs have been associated with fetal growth 
inhibition, likely from sequestration of fetally derived 
IGF-1.52-55 IGFBP-3 also prolongs the half-life of IGFs in 
circulation, and levels are reduced in the cord serum of 
small for gestational age (SGA) fetuses.56

Pregnancy-associated plasma protein A (PAPP-A), 
which cleaves IGFBP-4, increases free IGF availability,57 
and low first-trimester PAPP-A levels in pregnant women 
are associated with lower birth weight.58

In contrast to fetal growth, postnatal growth is less 
dependent on IGF-2 than on IGF-1 levels. Whereas ani-
mals lacking IGF-2 that survive may have relatively nor-
mal postnatal growth, those with IGF-1 deficiency remain 
stunted. During fetal life, IGF-1 is relatively independent 
of GH and is regulated greatly by nutritional status (par-
ticularly glucose availability and consequent fetal insu-
lin secretion) and placental lactogen, whereas postnatal 
levels are dependent on both GH and nutritional sta-
tus.14,26,37,42 Although the serum IGF level is even lower 
prenatally than in infancy, it rises during gestation and 
correlates with size at birth.26 IGF-2 blood levels are 
higher than those of IGF-1 in utero, in contrast to postna-
tal life. Human correlates, substantiating the role of IGFs 
in prenatal growth, are the identification of a patient with 
homozygous partial deletion of the gene encoding IGF-1 
and identification of patients with IGF-1 receptor muta-
tions with severe intrauterine growth retardation (IUGR), 
as well as postnatal growth failure.59

In addition to IGFs, insulin influences fetal growth 
through its anabolic effects on carbohydrate and protein 
metabolism. Infants of diabetic mothers and children with 
Beckwith-Weidemann syndrome (with hyperinsulinism) 
have excessive fetal growth, and those with pancreatic agen-
esis have poor fetal growth. Mutations in the insulin recep-
tor and in IRS-1, a downstream molecule in the signaling 
pathways of both IGF-1 and insulin receptors, are associ-
ated with suboptimal fetal growth and insulin resistance.60

Sex hormones may play a subtle role in normal fetal 
growth: Plasma levels of testosterone, estradiol, and 
dehydroepiandrosterone are at or above pubertal levels 
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by midgestation; estrogen promotes fetal bone develop-
ment61; and androgen action seems to account for the 
greater birth weight of boys compared with girls.1,42

The embryologic development of the pituitary gland 
and placental physiology are discussed further in Chapter 
5 and Chapter 144.

An understanding of the regulation of fetal growth 
has assumed particular importance because of potential 
links between prenatal growth and later disease. Strong 
experimental evidence in animal models indicates that an 
adverse fetal environment, as reflected in birth size, can 
lead to poor health outcome in adults.62 Diverse causes 
of poor fetal growth (including maternal undernutrition 
or glucocorticoid exposure) can have similar deleterious 
effects on postnatal health (including hypertension, car-
diovascular disease, and glucose intolerance). Consider-
able human data support such a “fetal origins of adult 
disease” model.47 The risks for insulin resistance, diabe-
tes, and visceral adiposity are particularly high in SGA 
infants with rapid postnatal “catch-up growth.”63-65 
Although the underlying mechanisms are not fully under-
stood, evidence points to the development of a “thrifty” 
phenotype, with fetal metabolism adapting to under-
nutrition through epigenetic modifications in key genes 
(including the glucocorticoid receptors, peroxisome-
proliferator-activated receptor [PPAR-α], Pdx1, and 
Glut4), which persist into adulthood and may contribute 
to impaired carbohydrate and fat metabolism and adult 
hypertension.66-68 Another proposed mechanism invokes 
a defect in placental inactivation of maternal cortisol due 
to decreased 11β-hydroxysteroid dehydrogenase activity, 
leading to elevated fetal cortisol and reprogramming of the 
hypothalamic-pituitary-adrenal axis for hyperresponsive-
ness to stress.69 Dehydroepiandrosterone (DHEAS) and 
androstenedione levels have been reported to be higher in 
SGA children,70 and early pubarche and polycystic ovary 
syndrome (PCOS) may be important sequelae of SGA.71 
In addition, a reduction in the total number of nephrons 
as a consequence of IUGR with compensatory effects 
influencing the renin-angiotensin system may predispose 
these individuals to subsequent hypertension.72

Postnatal Growth
Familial and environmental determinants of early postna-
tal growth include gestational age at delivery, birth size, 
parental heights, socioeconomic status, and breast feed-
ing.33 Maternal breast milk serves as a materno-neonatal 
relay system transferring preferential amino acids to the 
neonate, which then increase glucose-dependent insulino-
tropic polypeptide (GIP), glucagon-like peptide-1 (GLP-
1), insulin, GH, and IGF-1 secretion in the neonate for 
mTORC1 activation. Breast milk is thus is the ideal food 
for infants, allowing appropriate postnatal growth and 
species-specific metabolic programming.73 Studies suggest 
that it is rapid early postnatal weight gain that increases 
the risk for obesity and the metabolic syndrome in later 
life, rather than prenatal nutritional status per se. Thus, 
overfeeding in early postnatal life in both SGA and LGA 
infants may predispose to later obesity.74 Particularly, 
infants of obese or diabetic women, and those with exces-
sive gestational weight gain are at higher risk for postnatal 

overfeeding and subsequent obesity. Conversely, bariat-
ric procedures in obese women causing significant weight 
loss before pregnancy result in improved fetal/neonatal 
outcome including a more normal birth weight (without 
risk for SGA) and a reduced rate of obesity.75

Genetic determinants exist for both postnatal and 
prenatal growth.76 Genes on the Y chromosome seem to 
enhance stature commencing in antenatal life,76,77 and 
the X chromosome carries genetic determinants, includ-
ing the SHOX gene (see the section entitled “Genetic and 
Familial Conditions”), which promotes linear growth and 
regulates body proportions.76,78 The epigenetic process of 
genomic imprinting, like X-inactivation, is due to meth-
ylation of genes to silence them,31 and clusters of autoso-
mal “imprinted” genes also regulate growth. The IGF-2 
gene is silenced in eggs and thus is maternally imprinted, 
whereas the IGF-2 receptor is paternally imprinted. Other 
genes that regulate height include those implicated in 
Noonan’s syndrome79 and other genetic causes of short 
stature (described later). In addition, genomewide anal-
ysis has allowed the identification of single nucleotide 
polymorphisms in regions that include candidate and 
novel genes and implicate pathways (let-7 targets, chro-
matin remodeling proteins, Hedgehog signaling) that may 
regulate height.80,81

The axial and appendicular skeletons account for the 
vast majority of postnatal linear growth. These bones are 
formed by endochondral ossification, which commences 
with chondrocytes of the epiphyses laying down an 
orderly cartilage template, which osteoblasts then convert 
to bone.82-84 The cranium and some of the clavicle are 
formed by direct intramembranous ossification. The cycle 
of bone cell remodeling for structural purposes is linked 
closely to the overall metabolic needs for calcium and 
phosphorus homeostasis, primarily through the actions 
of parathyroid hormone, FGF23, and calciferol. In addi-
tion to its role in bone mineralization, phosphate is essen-
tial for cartilage proliferation and differentiation, and is 
regulated by FGF23.

Homeobox family genes such as Hox, MSX, and DLX 
are essential for both the initial differentiation and subse-
quent maintained growth of skeletal tissues. Chondrocyte 
proliferation is inhibited by parathyroid hormone–related 
protein (PTHrP) and fibroblast growth factor (FGF) para-
crine signaling mediated through the PTH receptor and 
FGF receptor 3 (FGFR3). This effect is opposed by Indian 
hedgehog signaling, which operates in a negative feedback 
loop with PTHrP. The natriuretic factor system, particu-
larly involving the C type, plays a local role in endochon-
dral ossification as a positive regulator.85,86 In addition, 
chondrocyte proliferation and differentiation into bone 
requires Notch signaling, and bone formation requires 
the bone morphogenetic proteins (BMPs). Importantly, 
for orderly bone growth, periods of growth inhibition 
and bone modeling/remodeling are essential.

Nutrition and metabolism must be adequate for nor-
mal growth. Adult height has been used as a marker for 
the nutritional status of populations during childhood and 
has been related to cognitive function.87,88 Calories seem 
particularly critical for cell multiplication. Two percent to 
13% of normal energy consumption goes into promoting 
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growth.1,89 Protein intake is particularly important for 
normal growth in cellular size. It must be adequate with 
respect to both amount and provision of essential amino 
acids or their ketoanalogues.90-92 Essential fatty acids are 
necessary for normal growth in lower animals, but this 
may not hold true for primates.93 Vitamins A and D are 
important for normal growth.1,94 Trace metals, such as 
zinc and copper, are probably essential for normal growth 
and sexual maturation95-98 because of their role as cofac-
tors for enzyme function. The pH must be maintained at 
optimal levels to conserve mineral homeostasis.99

The general level of activity seems to promote overall 
body growth, just as normal muscular activity is neces-
sary for limb growth. The mechanism is unclear; it may 
be related to neural trophic factors or to blood flow. In 
children with quadriplegic cerebral palsy, fatty infiltra-
tion of skeletal muscle occurs, associated with the degree 
of inactivity.100 Muscle activity is also critical for optimal 
bone accrual. The efficiency of nitrogen accretion and 
growth is decreased in inactive rats.101

Hormones are essential “catalysts” of growth. Under 
normal circumstances, the growth hormone (GH)-IGF 
system, thyroid hormone, and sex steroids are fundamen-
tal regulators of linear growth.

Growth hormone (GH) ontogeny, biology, secre-
tion, and mechanism of action are reviewed in detail in 
Chapter 20. A complex interplay of extracellular pep-
tides with intracellular transcription factors and signal-
ing systems governs the development of the hypothalamic 

and the pituitary GH secretory system,102,103 and these 
are described in Chapter 20. Pituitary secretion of GH is 
normally under the immediate control of hypothalamic 
hormones: somatostatin, which inhibits its release, and 
growth hormone–releasing hormone (GHRH). GHRH 
stimulates GH synthesis and secretion. Defects in GHRH 
synthesis or action stunt growth in mouse models, and 
humans with a defect in the GHRH receptor similarly 
show growth failure,104 attesting to the fundamental 
importance of GHRH in GH secretion and growth.

The balance between GHRH and somatostatin is deter-
mined by a complex flux of input from higher cerebral 
centers, which mediate nutritional, metabolic, and endo-
crine signals (Fig. 22-1).105-113 Diverse neurotransmitters 
are involved; they include acetylcholine, galanin, and 
neuropeptide Y. Dopamine is inhibitory to GH release in 
the newborn period.114

Endocrine input includes the endogenous GH secre-
tagogue (GHS), ghrelin, an orexigenic 28 amino acid 
peptide originating in the stomach and hypothalamus. 
Ghrelin is activated to octanoylated ghrelin by the 
enzyme ghrelin O-acyl transferase enzyme, and acts via 
the GH secretagogue receptor (GHS-R1a) to stimulate 
GH release, primarily through promoting GHRH release, 
but also by acting directly on the pituitary gland, through 
specific receptors (GHSR). In addition, there is negative 
feedback on GH secretion by circulating IGF-1, which is 
primarily of hepatic origin, and glucose levels.115,116 GH 
secretion is also influenced by androgens and estrogen, 
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which appear responsible for the rise in GH secretion dur-
ing normal puberty. After secretion, GH is approximately 
50% bound to GH-binding protein (GHBP). GHBP rises 
through childhood.117,118 It is the extracellular domain of 
the GH receptor (GHR); its underlying alternate splicing 
may be differentially regulated from the intact GHR.119 
GHR is a member of the cytokine family. One molecule 
of GH binds to pre-dimerized GHR molecules, critical for 
GH action. This leads to activation of a receptor-associ-
ated Janus tyrosine kinase [JAK-2] and, in turn, transduc-
tion through a number of pathways, including the MAPK 
[mitogen-activated protein kinase] and STAT [signal 
transducers and activators of transcription] pathways.120 
These paths result in activation of genes (including IGF-1) 
that mediate GH’s biological effects. Abnormalities of the 
GHR and its signaling system result in GH insensitivity 
and growth failure (see discussion to follow). Suppressor 
of cytokine signaling-2 (SOCS2) is a negative regulator of 
GH signaling via inhibition of the JAK/STAT pathway.121

GH stimulates growth through a combination of 
direct effects and effects mediated by IGFs122 (described 
in Chapter 20). It stimulates the production of endocrine 
IGF-1 and its major binding protein (IGFBP-3). It also 
directly induces the clonal expansion and differentiation 
of target stem cells (such as prechondrocytes), and these 
differentiating cells (chondrocytes) then respond to GH 
by forming IGF-1 and IGF-1 receptors, which makes 
them responsive to the growth-promoting effect of endo-
crine IGF-1 and autocrine and paracrine IGFs.123,124

IGF-1, produced by the liver and other tissues, is a 
critical regulator of postnatal growth and represents a 
major mechanism by which GH promotes growth. Circu-
lating IGFBPs sequester IGFs, whereas at the cell surface 
they can promote IGF action and exert novel actions.125 
The IGFs and IGFBPs are discussed in detail in Chapter 
33. Defects in IGF-1 synthesis or action lead to growth 

failure in humans and laboratory animals. The effects of 
IGF-1 may depend on the tissue of origin. Local produc-
tion of IGF-1 in peripheral tissues appears to mediate 
GH-induced somatic growth, whereas circulating IGF-1, 
which originates primarily in the liver, may not be essen-
tial for growth, but provides negative feedback for the GH 
axis.124 Circulating IGF-1 is, however, critical for optimiz-
ing bone density and structure, particularly before accu-
mulation of peak bone mass, as demonstrated in mouse 
models.126 The free (unbound) IGF-1 is thought to be 
the biologically active fraction of circulating IGF-1, but 
the validity of current assays for this moiety is in ques-
tion.127,128 IGF-1 production is regulated primarily by GH 
when nutrition is normal. IGF-2 is produced by cells inde-
pendently of GH and seems to be normally important only 
for local growth regulation.129 IGF-2 levels are modulated 
locally by the activity of a metabolizing receptor complex 
consisting of the IGF-2 receptor and glypican-3.130

There is more to the regulation of plasma IGF-1 concen-
trations and bioactivity than GH. Hepatic IGF-1, the major 
source of blood IGF-1, is fundamentally under broad regu-
lation by nutrition. Undernutrition decreases plasma IGF-1 
levels despite normal or elevated GH concentrations.131 
Overnutrition (i.e., obesity) has the opposite effect and is 
associated with marked reductions in GH secretion with 
variable circulating IGF-1.132,133 Studies in rats suggest 
that insulin plays a role in mediating nutritional effects on 
hepatic IGF-1 formation through its stimulation of amino 
acid uptake.134,135 The increased plasma-free IGF-1 con-
centration in obese patients has been attributed to the sup-
pressive effect of their insulin excess on IGFBP-1.136

Factors other than GH and nutrition—including age—
determine IGF production, and these are poorly under-
stood. Plasma IGF-1, IGFBP-3 levels,137 and somatomedin 
activity138 rise slowly during the prepubertal years with 
no change in GH production (Fig. 22-2).139 As a result, 

Figure 22-2 Plasma insulin-like 
growth factor-1 (IGF-1) and IGF-
binding protein-3 (IGFBP-3) normal 
ranges from infancy to adulthood. 
Increases after 10 years of age are re-
lated to pubertal stage rather than to 
age. IGF-1 values are given in terms 
of the World Health Organization 
reference preparation 87/518, which 
is of low (44%) purity with respect to 
authentic recombinant human IGF-1, 
so the values shown are in excess of 
the true IGF-1 concentration.41 (Data 
from Diagnostic Systems Laborato-
ries, Inc., 1997, Webster, TX.)
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IGF-1 levels in normal children younger than 5 years of 
age overlap with those of GH-deficient children, making 
use of these tests in diagnosing GH deficiency difficult 
in young children. During puberty, IGF-1 levels rise fur-
ther, and since IGFBP-3 levels rise to a lesser degree, free 
plasma IGF-1 rises even more markedly.137 The pubertal 
increase in IGF-1 is mediated by sex hormone stimulation 
of GH secretion,140-142 although a separate direct effect 
on IGF-1 has been suggested.143 IGF-1 levels during ado-
lescence, therefore, correlate more with pubertal develop-
ment and bone age than with chronologic age.

The relationship of plasma IGF-1 levels to normal lin-
ear growth is not a simple one. Plasma IGF-1 levels do 
not correlate with growth rate in childhood except during 
the pubertal growth spurt, when levels peak about 1 year 
after peak height velocity.144 IGFBPs in plasma determine 
the unbound concentration of IGF-1, transport the IGFs to 
target cells, and influence the interaction of IGFs with their 
receptors; a tissue IGFBP-protease system modulates IGF-1 
bioavailability to target cells.123,125,145,146 Whereas IGF-
BP-3 levels determine serum IGF concentrations, IGF-BP-5 
may facilitate, while IGF-BP-4 inhibits local IGF actions. 
IGFBPs also appear to be bioactive molecules that have 
IGF-independent functions.125,146 IGF bioactivity may be 
influenced by circulating somatomedin inhibitory activity, 
which is attributable to both glucocorticoids and incom-
pletely characterized peptides.147,148 The cytokines inter-
leukin-6 and tumor necrosis factor-α have direct inhibitory 
effects on chondrocytes.149

Growth may be normal with subnormal GH produc-
tion in the poorly understood “growth without growth 
hormone syndrome.”150 Most often, this syndrome has 
been identified after surgical treatment for large hypotha-
lamic and pituitary tumors, but the syndrome occasionally 
has been recognized in benign forms of hypopituita-
rism.151 IGF-1 levels may be low, but bioactivity normal. 
Most such patients are obese, so insulin excess or sensitiv-
ity has been suspected to be the underlying growth fac-
tor. Individual variation in local aromatase activity and 
thus availability of estrogen has also been suggested.152 
Hyperprolactinemia is seldom found.

Thyroid hormone is necessary for postnatal bone 
growth because of both indirect effects on the GH-IGF 
axis and direct effects on bone growth.153 Thyroid hor-
mone is required for normal GH secretion in response 
to GHRH and for normal GH action as indexed by 
GHBP, IGF, and IGFBP levels.. Thyroid hormone effects 
on growth plate chondrocyte proliferation and terminal 
differentiation are mediated via IGF-1/IGFR signaling 
pathways.154 Hypothyroidism (and, to a lesser degree, 
mutations of the thyroid receptor-β) can cause short stat-
ure with delays in bone maturation.

Glucocorticoids in above-normal amounts are inhibi-
tors of linear growth.148,155 The mechanism is both 
indirect and direct. Glucocorticoid excess inhibits spon-
taneous GH secretion by stimulating somatostatin tone. 
The bioactivity of plasma IGF-1 falls during glucocor-
ticoid therapy; this may reflect an increase in IGF-bind-
ing protein.156,157 Glucocorticoids can directly impact 
growth plate chondrogenesis through increased apoptotic 
activity. They also reduce GHR and IGF-1 expression in 

the growth plate in the short-term, while increasing IGF-1 
expression in the long-term.158

Increased secretion of sex hormones clearly initiates the 
pubertal growth spurt. The growth-promoting actions of 
sex hormones require adequate GH; GH-deficient children 
will not undergo a normal pubertal growth spurt unless 
GH is replaced. About half of the contribution of sex hor-
mones to the pubertal growth spurt is due to their stimu-
lation of the GH-IGF axis, which appears to be mediated 
primarily by estrogen.107,140,141,159 The remaining effects 
of sex steroids on growth are direct or are mediated by 
a direct effect on IGFs.143,160-162 Estrogen and androgen 
both stimulate bone growth, bone turnover, and epiphy-
seal growth.143,163,164 Androgens stimulate and estrogen 
inhibits periosteal bone formation, while estrogen pro-
motes greater cortical thickening by inhibiting endosteal 
bone resorption. Androgens have direct effects on bone 
mediated by the androgen receptor, and indirect effects 
mediated through their aromatization to estrogen. Estro-
gen is particularly effective in reducing osteoclastic bone 
resorption through stimulation of osteoprotegerin and 
inhibition of RANKL expression. ER-α modulates bone 
effects of estrogen in males and females, whereas ER-β 
inhibits ER-α–regulated gene transcription in females, 
which may account for differential effects of estrogens on 
the male versus the female skeleton.165 Estrogens in both 
males and females are responsible for epiphyseal closure, 
as demonstrated by continued linear growth in male 
patients with aromatase deficiency and with ER-α muta-
tions.166-168 GPR30 is a third estrogen receptor, which 
may be required for a normal response to estrogen at the 
growth plate, although studies are necessary to confirm 
this finding.165,169 To some extent, sex steroid effects may 
be exerted prenatally, as maternal estrogen can have per-
manent effects on fetal bone development.170 Differences 
between these actions of sex hormones account for wom-
en’s bones being shorter and narrower than men’s.

Early pubertal amounts of estradiol (about 0.25 mg/
month) stimulate growth in girls, in contrast to inhibi-
tion of growth by high doses of estrogen.171 Peak growth 
velocity of boys occurs at a testosterone production rate 
of about 50 to 100 mg/month.172 Whether other sex ste-
roids play an independent role in growth is unknown; it 
has been reported that dehydroepiandrosterone sulfate 
promotes calcification of cartilage, and subandrogenic 
doses of androstenedione promote growth.61

PATTERNS OF NORMAL SOMATIC GROWTH

Intrauterine Growth
During the first trimester, tissue patterns and organ sys-
tems develop. In the second trimester, major cellular 
hyperplasia occurs in the fetus and its growth velocity 
is maximal. During the third trimester, organ systems 
mature and weight gain is maximal. Weight increases 
relatively more than length does in the third trimester 
because of the accumulation of fat and muscle. Overall, 
fetal growth is more rapid than postnatal growth.

Standards for intrauterine growth are shown in Figure 
22-3.173 Race, altitude, and gender cause subtle differ-
ences from these norms.174
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Healthy infants born prematurely have weights appro-
priate for gestational age and continue to grow at the 
same rate that they would have grown in utero.175 When 
corrected for postconceptional age, length and weight 
follow postnatal standards. Consequently, the lengths of 
children born prematurely remain slightly less through 
infancy than those of children born at term, but the dif-
ferences become negligible over time. Very premature 
infants, however, require intensive care to survive and 
uniformly lose weight during the first weeks of life; it 
takes several years for the great majority to catch up to 
the weight and length of term infants, and females achieve 
greater catch-up growth than males.176,177 In contrast to 
premature infants, 10% to 15% of those born SGA prove 

to have persistent short stature beyond 4 years of age178 
(see discussion that follows).

Postnatal Growth
Growth is the fundamental characteristic of childhood. 
Patterns of childhood growth are highly predictable, and 
deviation from these patterns often signifies the presence 
of serious disorders.

Postnatal growth patterns of normal children are well 
characterized, resulting in several clinical parameters for 
assessment of growth.
  

 1.  Linear growth is assessed as supine length until 2 to 
3 years of age (using a firm box with inflexible head 
board and movable foot board) and, thereafter, as 
erect height measured with the use of calibrated sta-
diometers. Stature then is plotted on growth charts. 
Traditionally, these linear growth standards have 
been derived from cross-sectional data as shown 
in Figure 22-4.179 Because differences in the tim-
ing of puberty can influence normal growth rates, 
longitudinal growth charts are useful in sequential 
assessment of individual children.180,181 Height 
SD in relation to the mean for age and gender can 
be determined from the Centers for Disease Con-
trol and Prevention website.179 Syndrome-specific 
growth charts have now been developed for many 
conditions, including Turner’s syndrome, Down 
syndrome, and achondroplasia.182-184 There is a 
“secular trend” toward increasing height of popu-
lations with time associated with improvements in 
nutrition and health,185 although the most recent 
U.S. data suggest little change in the past 25 years.

 2.  Weight and body mass index (BMI; weight [kg]/
height [cm]2) are measured and plotted on appro-
priate growth charts.179 Weight is a labile parame-
ter relative to height, being sensitive to acute illness 
and changes in nutrition, activity, and muscle mass. 
Whether weight is appropriate can be estimated by 
comparing a child’s percentile position for weight 
with respect to height age or by calculating the BMI. 
BMI is the recommended parameter for assessing 
whether children over 2 years of age are overweight 
(BMI from the 85th to 94th percentile for age) or 
obese (BMI at or above the 95th percentile for age).

 3.  Growth velocity is assessed from sequential height 
measurements and can be plotted on growth veloc-
ity charts (Fig. 22-5).180,181 A minimum interval of 
6 months is needed for meaningful assessments of 
growth velocity. Growth occurs in three phases—
infantile, childhood, and pubertal—each of which 
has distinct characteristics.186 Linear growth velocity 
is most rapid in infancy, averaging 15 cm/year in the 
first 2 years of life. Two thirds of infants cross per-
centile channels on the linear growth curves.187 The 
growth of infants seems to result from an initial steep 
vector, which is generated by the GH- and thyroxine-
independent cell proliferation that uniquely drives 
intrauterine growth, superimposed on a shallow vec-
tor, which is dependent on the endocrine factors that 
determine subsequent growth during childhood.
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 4.  Growth patterns: From the end of infancy until 
puberty begins, growth normally proceeds along a 
channel that closely corresponds to a given height-
attained percentile on cross-sectional growth stan-
dards. A child normally establishes this channel 
by 2 to 3 years of age,187 although, on rare occa-
sions, a gradual drift by as many as 40 percen-
tile positions in height attained may occur over a 
period of several years in normal children.188 The 
velocity of growth (cm per year) actually deceler-
ates slightly during this period (see Fig. 22-5) and 
averages about 6 cm per year in midchildhood.181 
However, normal children cross height-velocity 
percentiles to maintain their height channel (Fig. 
22-6).180,189,190 A growth velocity that is consis-
tently along the third percentile will lead to a sub-
normal height.

The growth channel seems to be genetically deter-
mined. Children grow as if to reach a genetically pre-
determined height. This target height, which represents 
the child’s genetic potential, can be approximated by 

calculating the midparental height (the average of 
the parents’ heights) and adding 6.5 cm for boys or 
subtracting 6.5 cm for girls (to adjust for the aver-
age differences between men and women). Alternative 
functions have been proposed for children with short 
parents. However, all such predictions are accurate 
only within a range of 7 to 10 cm.191

Deflections from this channel are firmly resisted, as 
if growth is being developmentally canalized.192 The 
mechanisms by which the growth channel is main-
tained are unknown. They may involve recognition of 
cell density, which is a determinant of the cell popu-
lation in culture systems.193 In the course of 1 year, 
healthy children maintain their percentile position 
with respect to height attained by means of short-term 
fluctuations in growth velocity, termed stasis and sal-
tation.194 These oscillations may be marked, growth 
sometimes seeming nil over 3-month periods, and are a 
potential source of error in growth diagnosis. GH vari-
ability has been reported to increase during periods of 
short-term growth.195 Variations tend to be seasonal, 
a “blooming” trend most often occurring in the spring.
During puberty, children may again cross height-
attained percentiles because the pubertal growth spurts 
of individuals occur out of phase. The magnitude of 
this pubertal growth spurt is apparent only from 
growth-velocity standards based on age of menarche 
or longitudinal data. Peak growth velocity occurs 
approximately 1 year before menarche196 in girls, and 
at a bone age of approximately 12 years in girls and 13 
years in boys.197 Girls on average achieve only 7 cm 
further growth after menarche.198 During the course 
of sexual maturation, the epiphyseal cartilage plates 
become progressively obliterated, and growth ceases 
when the process is complete. Only about 1 cm of 
growth occurs after fusion is complete in the femur 
and tibia.
The causes of the decrease in growth velocity from 
the fetal to the neonatal and subsequent early child-
hood years are not known but may be a consequence 
of differential expression of IGF-1 versus IGF-2, their 
receptors, and the various IGF-binding proteins in the 
growth plate with increasing age.199 In addition, fibro-
blast growth factors may play a role.200

Some of the greater ultimate height of boys than of 
girls results from their later puberty and consequent 
longer period of prepubertal growth190; boys addi-
tionally have a slightly greater peak linear growth 
velocity than girls.156 Early maturers have more 
brisk pubertal growth than late maturers; however, 
they also stop growing earlier.180 This tendency 
occurs at comparable levels of bone maturation 
(Table 22-1).201 The growth patterns of non-white 
American children differ from those of whites in 
some particulars.202 Immigrant children go into a 
phase of catch-up growth in an optimum nutritional 
environment.203

 5.  Body proportions (arm span and upper-to-lower 
segment ratio) change in concert with growth. 
The limbs are relatively short in infancy. By about 
11 years of age, adult proportions are reached 

Figure 22-5 Longitudinal height velocity standards derived from the 
Fels, Berkely, and Denver growth studies.141 (Courtesy R.D. Bock.)



39322 SOMATIC GROWTH AND MATURATION

(Figs. 22-7 and 22-8).204,205 Occasional marked 
changes in segmental proportions appear during 
puberty.206 Many growth disorders are charac-
terized by abnormal body proportions (see later 
discussion).

 6.  Head circumference increases most rapidly during 
early infancy. It is related to both skeletal and brain 
growth, and about half the variation is familial 
(Fig. 22-9).207-209

  

Catch-up and Catch-down Growth and Compensatory 
Growth
Catch-up growth occurs upon relief from any disorder 
that has caused a deviation from a child’s genetic growth 
channel and restores the child to his or her original chan-
nel.192,210-212 In classic (“type 1”) catch-up growth, the 
rate of growth is supranormal and exceeds that expected 
for the age at which growth had been arrested. During 
adolescence, it may resemble the pubertal growth spurt. 
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Growth curves were generated by the TRI-FOUR program of Bock et al. (From Bock RD, du Toit SHC, Thissen D: A.U.X.A.L: Auxo-Logical Analy-
sis of Longitudinal Data, Scientific Software, 1993, Chicago, IL. Courtesy of R.D. Bock.)
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TABLE 22-1 Percentage of Adult Height Achieved at Successive Bone Ages, Variation in Height Prediction  
from Bone Age, and Variation in Bone Age in Relation to Chronologic Age

Bone Age (years)

6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0

Percentage of Mature Height

Boys

Average* 69.5 72.3 75.2 78.4 80.4 83.4 87.6 92.7 96.8 98.2 99.1 99.6
Accele rated* 67.0 69.6 72.0 74.7 76.7 80.9 85.0 90.5 95.8 98.0 99.0
Retarded* 68.0 71.8 75.6 78.6 81.2 82.3 84.5 88.0

Girls

Average 72.0 75.7 79.0 82.7 86.2 90.6 92.2 95.8 98.0 99.0 99.6 99.9 100.0
Accelerated 71.2 75.0 79.0 82.8 88.3 90.1 94.5 97.2 98.6 99.3 99.8
Retarded 73.3 77.0 80.4 84.1 87.4 91.8 93.2 96.4 98.3 99.4 99.8 100.0

Chronologic Age (years)

6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0

Height Prediction Standard

Deviation, inches
Boys 1.47 1.27 1.33 1.14 1.09 1.21 1.21 0.88 0.49 0.41
Girls 1.73 1.46 1.37 1.15 1.06 0.6 0.42 0.38 0.26 0.20
Bone age standard devia-

tion, months
Boys 9.3 10.1 10.8 11.0 11.4 10.5 10.4 11.1 12.0 14.2 15.1 15.4
Girls 9.0 8.3 8.8 9.3 10.8 12.3 14.0 14.6 12.6 11.2

*With respect to whether bone age is within 1 year of chronologic age.
From Gruelich WW, Pyle SI: Radiographic Atlas of skeletal development of the hand and wrist. Palo Alto, CA, Stanford University Press, 1959.
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Figure 22-7 Normal standards for the ratio of the upper segment to the lower segment of the body. The lower segment represents the measurement 
from the top of the symphysis pubis to the heel; the upper segment is computed by subtracting the lower segment from height. The dotted line shows 
the average for young children in 1932. (Percentile and Marfan data from McKusick VA: Heritable disorders of connective tissue, ed 4. St Louis, 
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This type of catch-up growth has been further subclas-
sifed.213 A different kind of catch-up growth (“type 2”) 
occurs following adequate therapy for sexual precoc-
ity.214 In this situation, restoration of height potential 
occurs because restitutional linear growth proceeds with-
out bone maturation advancement, that is, height age 
catches up to bone age (Table 22-2). This is particularly 

true for sexual precocity that occurs very early; however, 
suppression of pubertal progression around the lower 
limit of normal age for pubertal onset may not be associ-
ated with similar benefits for height potential. Complete 
compensation for growth failure can occur upon correc-
tion of the underlying disorder if diagnosed early. Catch-
up may be incomplete, however, if the growth disorder is 
of many years’ duration and extends into the age at which 
puberty normally occurs.

Growth plate physiology plays an important role in 
mediating “catch-up” and “catch-down” growth. The 
growth plate goes through a programmed pattern of 
senescence through childhood and adolescence, dependent 
on factors intrinsic to the growth plate.215,216 Information 
regarding previous growth history appears to be retained 
in the memory of the growth plate, likely in resting zone 
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Figure 22-9 Head circumference standards for the infant boys (A) and girls (B). (From Centers for Disease Control and Prevention, 2000, Atlanta, 
GA.)

TABLE 22-2 Definitions of Growth Parameters

Parameter Definition

Bone age Age for which bone maturation is average
Chronologic age Calendar age
Height age Age for which height is average
Weight age Age for which weight is average
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Figure 22-8 Standards for arm span as a percentage of height. The 
shaded area represents the normal range, smoothed. (Data from Engel-
bach W: Endocrine medicine, vol 1. Springfield, IL, Charles C Thomas, 
1932, p. 261.)
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“stem cell–like” chondrocytes, and influences future struc-
tural and functional changes in the growth plate, with 
effects on “catch-up” and “catch-down” growth.217

Endocrine deficiencies causing short stature have impor-
tant effects on the growth plate. Following induced hypo-
thyroidism and hypercortisolism in experimental models, 
growth plate chondrocyte proliferation slows down, with 
a slower depletion of resting zone chondrocytes, leading to 
preservation of proliferative capacity and slowing of senes-
cence. With normalization of hormone levels, growth plates 
grow more rapidly, resulting in “catch-up” growth.218,219 
However, akin to humans, catch-up growth after correction 
of hypothyroidism remains incomplete, with adult height 
being less than in euthyroid controls, particularly when 
hypothyroidism occurs in the peripubertal years. Estrogen 
administration accelerates growth plate senescence, and 
fusion occurs with exhaustion of proliferative potential.219 
The duration of estrogen exposure to induce epiphyseal 
fusion depends on age. A younger child requires more years 
of estrogen exposure than an older child, likely because a 
longer duration of estrogen exposure is required to exhaust 
the larger reserve capacity of growth plate chondrocytes in 
a younger child. Finally, although GH deficiency leads to 
marked growth deficits, provided sufficient time is avail-
able, GH replacement causes sustained “catch-up” growth 
sufficient to achieve target height.220

In contrast to situations of hormone replacement for 
endocrine deficiencies, “catch-up” growth in other situ-
ations of short stature is not as optimal. In SGA infants, 
an early increase in growth rate has been associated with 
an increase in IGF-1 levels after intrauterine constraints 

are eliminated, because high GH levels from intrauterine 
undernutrition and associated GH insensitivity take time 
to normalize.63 However, “catch-up” does not occur in 
as many as 10% to 15%, and only about half of very low 
birth weight, SGA infants demonstrate complete “catch-
up.” About a third remain shorter than target height, 
with the initial “catch-up” being followed by “catch-
down” growth.221 In addition, following GH therapy in 
short children born SGA, cessation of GH therapy before 
epiphyseal fusion leads to a reduction in growth veloc-
ity SD score (SDS) and height SDS over a 5-year period, 
with maximum growth deceleration occurring during the 
first year after GH therapy is stopped. Another form of 
“catch-down” growth occurs in children born in fami-
lies with a history of short stature, in whom length SDS 
decreases over the first 2 years of life to the familial range, 
and the extent of loss of length SDS is greater in appropri-
ate for gestational age (AGA) than SGA babies.

Compensatory growth is the term used for the local organ 
regeneration that occurs after the mass of an organ has been 
reduced, as by removal or destruction of a portion of that 
organ.192 Examples include the compensatory growth that 
occurs after partial hepatectomy or loss of a kidney. Local 
IGF-1 and IGF-2 are involved in this type of growth.129

Skeletal Maturation: Bone Age in Prediction of Adult 
Height and Pubertal Milestones
Bone growth is accompanied by a predictable pattern of 
bone maturation. After epiphyseal ossification centers first 
appear, they undergo modeling in shape and then fuse 
with the shaft. Bone maturation is assessed as bone age  

Figure 22-10 Progression of ossification 
of the hand and wrist in boys. Tracings 
are modified from the standards of Gru-
elich and Pyle,222according to the manner 
of Wilkins.223 Newly apparent ossification 
centers are shown in black. Late perfusion 
is depicted as a single line at the junction 
of the epiphysis and the shaft. Bony projec-
tions, which appear as a double contour 
within the outlines of a center, are not illus-
trated after their appearance has matured.
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(BA, skeletal age), based on x-rays of the left wrist (Table 
22-2). Figures 22-10 and 22-11 schematically show the 
Gruelich and Pyle BA standards.222,223 The normal range 
for BA is indicated in Table 22-1. The evaluation is most 
reliable if the maturation of each center is assessed for cal-
culation of the average,224 to circumvent normal variations 
in the epiphyseal ossification pattern.225 Other atlas meth-
ods are available for assessing bone maturation, and auto-
mated methods using a digital hand atlas are also becoming 
available.226-228 Skeletal development of young black chil-
dren is about 0.67 SD advanced over whites of comparable 
economic status.229 Other ethnic differences exist that are, 
to an unknown extent, nutritional.226 Bone age is influ-
enced by thyroid hormone, growth hormone, sex steroids, 
and unknown factors. In both boys and girls, estrogen is 
responsible for ultimate fusion of the epiphyses.

BA is a better predictor of pubertal milestones than is 
chronologic age. It is as if bone and neuroendocrine matura-
tion have common genetic, nutritional, and endocrine deter-
minants.230 A BA of 11 to 12 years corresponds better to the 
onset of puberty in girls and boys, respectively, than do these 
chronologic ages. Peak height-velocity phase differences are 
25% less when plotted against BA instead of chronologic 
age.189 In girls, menarche has been demonstrated to occur at 
a mean skeletal age of approximately 13 years.222,231

Bone age can be used to predict ultimate height poten-
tial, since the degree of bone maturation is inversely pro-
portional to the amount of epiphyseal cartilage growth 
remaining. It follows that if a child’s BA and height age 
(HA; see Table 22-2) are equal, he or she has the potential 
to reach an average adult height. The fraction of final height 

achieved at each BA is known (see Table 22-1). Therefore, 
predicted adult height can be calculated by dividing a child’s 
current height by this fraction (method of Bayley and Pin-
neau).201 The error inherent in this method is less than 1.5 
inches in normal children (see Table 22-1). However, spon-
taneous shifts by as much as 5 inches in predicted height 
may occur in 3% of the population for reasons that are 
unclear.232 The error is not reduced by serial readings.224 
Because height prediction methods were developed based 
on normal children, the error is greater in children who are 
very short233 or have abnormalities such as bone dysplasias.

To reduce the error in height prediction, elaborate 
tables have been devised that take into consideration 
not only a child’s BA and height but also the height and 
weight of the genetic target.234 Genetic influences on 
height predicted from bone age can be roughly accounted 
for by adding one-third the amount that the midparental 
height differs from the average.198

Three methods for assessing height predictions based, 
in part, on bone age have been developed.201,234,235 All 
are based on data from normal children. The Bayley-
Pinneau method can be applied simply to young children 
with abnormal bone ages, so it is used most frequently in 
children with growth disorders; however, its accuracy has 
not been verified in many of these.

GROWTH DISORDERS
Children who present for inadequate or excessive linear 
growth generally have either a genetically based, normal 
variant growth pattern or a disorder of the factors that 

NB

FEMALE

0.5 1 1.5 2 3 4 5

6 7 8 9 10 11

151413.51312

Figure 22-11 Progression of ossification of the hand and wrist in girls. See legend for Figure 22-10.
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control growth, as discussed previously. In some children, 
no cause for abnormal growth can be identified (idiopathic 
short stature). The following section first categorizes the 
disorders that cause short stature according to the factors 
that influence growth. Endocrinopathies are discussed here 
only insofar as they affect growth; detailed discussion of 
these disorders can be found in other chapters. Alterna-
tive categorizations of growth disorders are possible; the 
one presented is preferred because it follows from an 
understanding of factors that influence growth and avoids 
ambiguous terminology. Then we present an approach to 
the differential diagnosis of these disorders according to 
the clinical assessment of the growth pattern with which 

the patient presents, along with those clinical features and 
laboratory tests that discriminate among these disorders. 
Discussion of treatment for short stature follows. Tall stat-
ure is discussed in a parallel manner in the final section.

SHORT STATURE

Causes of Short Stature (Table 22-3)
Genetic and Familial Conditions
Familial Variants. Conditions traditionally considered to 
be normal variants dominate as the most frequent causes 
of short stature. Two major nonpathologic familial pat-
terns of growth cause the great majority of cases of short 

TABLE 22-3 Factors Causing Short Stature, with Representative Clinical Conditions

Factors Affecting 
Height Representative Conditions Clinical and Laboratory Features

Genetic “Normal variants” Familial short stature Family history of shortness, normal bone age; no clinical or 
laboratory abnormalities

Constitutional delay in 
growth and development

Family history of delayed growth and pubertal development, 
delayed bone age; no other clinical or laboratory abnormali-
ties

Chromosomal 
 aneuploidy

Turner’s syndrome Short, gonadal dysgenesis, otherwise variable phenotype, 
karyotype necessary to exclude X deletion

Trisomy 13-15 Mental retardation, congenital heart disease, bilateral cleft 
palate and lip, microphthalmia, colobomata, holoprosen-
cephaly, IUGR

Trisomy 16-18 Mental retardation, congenital heart disease, foot/hand defor-
mities, IUGR

Down syndrome “Mongoloid” facies, hypotonia, mental retardation
(trisomy 21)

Skeletal dysplasias See Table 22-4
Dysmorphic syndromes Noonan’s syndrome Similar to Turner’s (see Table 22-5), normal karyotype, and 

present in both sexes, PPN11 mutation in 50% and SOS1 in 
20%

Russell-Silver syndrome IUGR, relative macrocephaly, small triangular face, asymmetry, 
abnormalities in chromosome 7 in 10% or 11 in 60%

Prader-Willi syndrome Obesity, hypogonadism, hypotonia, intellectual and behavioral 
deficits, chromosome 15 abnormalities

Williams’ syndrome “Elfin facies,” supravalvular aortic stenosis, ± infantile hyper-
calcemia, IUGR,442 7q11.23 deletion

Leprechaunism mutation199 Congenital lipodystrophy, “puckish” facies, IUGR, insulin 
resistance and receptor

Bloom syndrome Photosensitive dermatitis with telangiectatic erythema, malar 
hypoplasia, small nose, DNA helicase mutation

Smith-Lemli-Opitz syndrome Male pseudohermaphroditism, microcephaly, syndactyly, 
 characteristic facies, cholesterol biosynthetic defect

Fanconi’s syndrome Radial aplasia, GH deficiency, DNA instability mutations
Rubinstein-Taybi syndrome Broad thumbs, antimongoloid eyes, hypoplastic maxilla, mental 

retardation, subset with CBP mutations
Cockayne’s syndrome Onset in early childhood, lipodystrophy, retinitis pigmentosa, 

photosensitivity, mental retardation, microcephaly, DNA 
repair defect

Progeria (Hutchinson-Gilford 
syndrome)

Onset in infancy, characteristic facies, arteriosclerosis, lipodys-
trophy, mental retardation, lamin A/C mutation

Werner’s syndrome Onset in late childhood, characteristic facies, atherosclerosis, 
cataract, lamin A/C or DNA helicase mutation

Rothmund-Thomson “Marbled” pigmentation ± photosensitivity (poikiloderma 
congenital), cataract, ± syndrome ectodermal dysplasia, DNA 
helicase mutation

Wolcott-Rallison syndrome Fetal growth retardation, diabetes, mental retardation, PERK 
mutation (affects IGF synthesis)

IGF-1 gene mutation Severe fetal growth retardation, sensorineural deafness, mental 
retardation

IGF-1 receptor mutations Prenatal and postnatal growth retardation, variable mental 
retardation, behavioral abnormalities, insulin resistance

Insulin receptor mutations Fetal growth retardation, mental retardation, insulin resistance
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stature. One is familial short stature (sometimes termed 
familial intrinsic short stature or genetic short stature), 
in which normal children’s growth approximates that 
of their short parents. The other is constitutional delay 
in growth and pubertal development, in which healthy 
children who are short (delayed puberty may be the 
most prominent symptom) spontaneously achieve their 
normal growth potential at a later than average age. 

Characteristically, a parent or close relative has a similar 
growth pattern. In both of these growth patterns, which 
traditionally are considered normal variants, the typical 
patient is of normal birth size, and length progressively 
crosses growth channels to fall below the fifth percentile 
by 2 to 3 years of age. Height age and bone age then char-
acteristically advance at a normal rate, so that height is 
below but closely parallel to the fifth percentile through 

TABLE 22-3 Factors Causing Short Stature, with Representative Clinical Conditions (Continued)

Factors Affecting 
Height Representative Conditions Clinical and Laboratory Features

Intrauterine Growth retardation Small for gestational age Ongoing growth failure in a minority of nonsyndromic  
cases; diverse maternal, placental, and fetal disorders,  
most unexplained

Fetal alcohol syndrome Characteristic facies (short palpebral fissure length, thin upper 
lip, indistinct philtrum), microcephaly, mental retardation

Fetal hydantoin syndrome Hypertelorism, terminal digit hypoplasia, mental retardation, 
seizures

Congenital rubella syndrome Hepatosplenomegaly, pancytopenia, patent ductus arteriosus, 
cataract, deafness

Nutritional Inadequate intake Starvation Weight generally depressed more than height
Psychosocial feeding prob-

lems
Anorexia due to chronic 

disease
Vitamin/mineral 

 deficiency
Rickets
Zinc deficiency

Nutritional deficiency in vitamin D is most common cause, but 
there are diverse other acquired and genetic causes; alkaline 
phosphatase elevated in most types

Nutrient loss Malabsorption Symptoms of gastrointestinal, liver, or pancreatic disease; 
 respiratory problems if due to cystic fibrosis

Chronic vomiting Obstruction to gastrointestinal tract, achalasia of esophagus, 
electrolyte disturbances, increased intracranial pressure

Metabolic wastage Uncontrolled diabetes 
 mellitus

High glycohemoglobin, hepatomegaly (Mauriac syndrome); 
exclude other causes of poor growth; fetal diabetes causes 
IUGR

Psychosocial Psychosocial dwarfism See description under GH/
IGF-1

Hormonal GH deficiency Congenital May have neonatal hypoglycemia, midline defects; may have 
only short stature

Isolated or CPHD
Associated with structural brain abnormalities and/or genetic 

defects, or idiopathic
Frequent MRI abnormalities

Acquired May have history of trauma, CNS insult, or abnormal CNS 
exam

Psychosocial deprivation May show abnormal behavior, hyperphagia; may mimic panhy-
popituitarism; growth improves with better environment

GH insensitivity GH/IGF-1 resistance: Birth size normal or low, severe postnatal growth failure, 
 hypoglycemia (see text)

GH receptor defects
GH signal transduction 

defects
IGF-1 defects
Bioinactive GH

Hypothyroidism Growth failure may be only symptom
Glucocorticoid Excess Supraphysiologic levels attenuate growth. Often associated 

with obesity
Pseudohypoparathy-

roidism
Resistance to PTH Short, obese, round face, short metacarpals, developmental 

delay, subcutaneous calcification, abnormal Ca and P
Sex steroids Deficiency Deficiency after 10-11 years of age impairs growth

Chronic 
 illness

May have history or symptoms of chronic condition, or short 
stature may be presenting feature; weight often impaired 
more than height

Idiopathic Idiopathic short stature Height more than 2 SDs below the mean, unexplained by above 
conditons. Some include familial short stature and constitu-
tional delay in growth and development in this category

CBP, CREB-binding protein; GH, growth hormone; IGF-1, insulin-like growth factor-1; IUGR, intrauterine growth retardation.
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the prepubertal years. These two normal variants differ, 
however, because in the former, the bone age is normal 
and puberty occurs at a normal age, whereas in the latter, 
the bone age is delayed and there is a corresponding delay 
of puberty until the child reaches a pubertal bone age, 
at which time a growth spurt results in an adult height 
that generally is normal for the family target height. These 
diagnoses rest on the family history, growth pattern, and 
bone age, and exclusion of other abnormalities. Predic-
tions of adult height are particularly prone to overestima-
tion of growth potential in some very short children.233 As 
the molecular controls of growth are elucidated, it is likely 
that some subgroup(s) of these children will be found to 
have specific diseases. Some endocrinologists now classify 
familial short stature and constitutional delay in growth 
and pubertal development as forms of idiopathic short 
stature (see later), although others disagree with catego-
rizing these conditions as disorders.236

Skeletal Dysplasias. Osteochondrodysplasias consist 
of a large group of developmental disorders of chondro-
osseous tissue, characterized by disproportionate growth, 
deformation of the skeleton or of individual bones or 
groups of bones, and genetic transmission; they often are 
associated with short stature. Osteochondrodysplasias 
include more than 150 mostly rare conditions, the num-
ber expanding as underlying molecular defects are charac-
terized (Table 22-4).237,238 Abnormal body proportions, 
such as upper body segment abnormally longer than lower 
body segment (see Fig. 22-7),204 or arm span dispropor-
tionate to height (see Fig. 22-8),205 are characteristic in 
skeletal dysplasias, which are diagnosed by these features 
together with specific radiologic bone abnormalities.

The most common is achondroplasia, an autosomal 
dominant condition that has a frequency of about 1 in 
approximately 20,000, with about 90% of cases repre-
senting fresh mutations.239 It causes short stature (often 
apparent at birth and with deceleration of growth rate 
in infancy), short limbs, macrocephaly, a low nasal 
bridge, caudal narrowing of the spinal canal, and, occa-
sionally, hydrocephalus (Fig. 22-12).239 The average 
adult height is about 125 cm in females and 131 cm in 
males.239 Growth curves for achondroplasia have been 
developed.240 Achondroplasia generally is caused by a 
gain-of-function mutation in the FGFR3 gene.241,242 The 
inactivating mutation of Indian hedgehog leads to a simi-
lar phenotype.243

Hypochondroplasia is an allelic variant of achon-
droplasia.241,242 Although it results from a mutation of 
the FGFR3 gene (as does achondroplasia), it is a dis-
tinct condition with autosomal dominant inheritance, 
and the two conditions have not been found in the same 
family. It manifests with short stature and dysmorphic 
features that often are milder than achondroplasia. 
Newborns may be slightly small, but short stature gener-
ally becomes evident by 3 years of age. Few craniofacial 
abnormalities are seen in hypochondroplasia. Children 
are minimally short limbed. The hands and feet are usu-
ally stubby, and genu varum may occur. Adult height 
is approximately 120 to 150 cm. The most objective 
radiologic finding is narrowing of the lower lumbosacral 
interpedicular distances.

Osteochondrodysplasias may cause specific patterns 
of disproportion. In spondyloepiphyseal dysplasia, the 
spine is disproportionately affected and growth slows 
in midchildhood, causing an attenuated growth pattern. 
On the other hand, some bone dysplasias cause propor-
tionate dwarfism. Tubular stenosis is a proportionate 
form of bone dysplasia that is associated with congenital 
hypoparathyroidism.244 Activating mutation of the PTH/
PTHrP receptor has been discovered to cause Jansen’s 
metaphyseal dysplasia, which is associated with asymp-
tomatic hypercalcemia.245 Various atlases are available 
to distinguish among the known types of bone dyspla-
sia.192,239,246,247 In recent years, it has become possible to 
make a specific genetic diagnosis in many cases.241

Leri-Weil dyschondrogenesis is a dominantly inherited 
skeletal dysplasia that affects both sexes and is charac-
terized by short stature, mesomelia, and Madelung wrist 
deformity.248 Short stature begins in early childhood. The 
underlying molecular abnormality is haploinsufficiency for 
the gene SHOX (short stature homeobox-containing gene), 
located on the distal part of the X chromosome pseudoau-
tosomal region. SHOX is highly expressed in osteogenic 
tissue. Langer mesomelic dysplasia (associated with severe 
dwarfism) is due to SHOX nullizygosity.249 SHOX insuf-
ficiency is also considered the major cause of short stature 
in Turner’s syndrome, and it has been suggested as a con-
tributor to idiopathic short stature in some cases (see later). 
The diagnosis of SHOX haploinsufficiency should be con-
sidered in young children with short stature (more than 2 
SDs below the mean), high-arched palate, increased upper-
to-lower segment ratio (see later), reduced arm span for age 
(see later), increased carrying angle, Madelung deformity 
or other wrist abnormality, tibial bowing, or appearance 
of calf muscular hypertrophy.248 Exposure to sex steroids 
may make these abnormalities more obvious. Molecular 
analysis for defects in the SHOX gene is available. GH 
treatment of short children with SHOX deficiency, some 
of whom had the full Leri-Weil phenotype, appears to 
increase growth velocity and height SDS, although it is not 
clear whether those with the Leri-Weil phenotype show as 
much growth as those who are simply short.250

Chromosomal Abnormalities, Monogenic Disorders,  
and Syndromes
Several syndromes are associated with short stature (see 
Table 22-3).239,251-259 Those in whom short stature or 
endocrine problems are prominent are discussed here.

Turner’s Syndrome. Turner’s syndrome (incidence 
1:2500 newborn girls), is the most common pathologic 
cause of short stature in girls. This syndrome is caused by 
deletion of X-chromosomal material260; thus, karyotype 
analysis is essential in the investigation of any girl with 
unexplained short stature. Haploinsufficiency for the 
SHOX gene contributes to short stature in Turner’s syn-
drome.261-263 Intrauterine growth is restricted, and aver-
age size at birth is at the lower end of the normal range. 
A decrease in postnatal growth velocity occurs as early as 
18 months of age, followed by progressive deviation from 
the normal growth channels and failure to experience the 
normal pubertal growth spurt.260,264 Without growth-
promoting therapy, adult women with Turner’s syndrome 
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TABLE 22-4 Representative Types of Skeletal Dysplasia of Known Genetic Basis

Dysplasia Group Inheritance IUGR Genetic Basis

Achondroplasia Group

Achondroplasia AD + FGFR3 activating mutation
Hypochondroplasia AD – FGFR3 activating mutation
Type II Collagenopathies
Spondyloepiphyseal dysplasia (SED) congenital AD + COL2A1

Type IX Collagenopathies

Stickler dysplasia AD + COL11A1

Other Spondyloepiphyseal Dysplasias

X-linked SED tarda XLD – Xp22.2-p22.1

Pseudoachondroplasia and Multiple Epiphyseal Dysplasias (MED)

Pseudoachondroplasia and MED (Fairbanks type) AD – COMP/cartilage oligomeric  matrix protein
MED (other types) ? – COL9A2
Chondrodysplasia Punctata
Zellweger syndrome AR + PEX1,2,5,6/peroxins
Brachytelephalangic type XLR + ARSE/arylsulfatase E

Metaphyseal Dysplasia

Jansen type AD + PTHR
Schmid type AD – COL10A1/COL10 α chain
Adenosine deaminase deficiency AD – ADA/adenosine deaminase

Acromelic and Acromesomelic Dysplasias

Trichorhinophalangeal syndrome types AD + TRPS1 ± EXT1
Grebe and Hunter-Thompson dysplasias AR + CDMP1/cartilage-derived  morphogenic protein
Albright hereditary osteodystrophy – GNAS1/guanine nucleotide α subunit, inactive

Dysplasias with Prominent Membranous Bone Involvement

Cleidocranial dysplasia AD + CBFA1/core-binding factor α subunit

Bent Bone Dysplasias

Campomelic dysplasia AD + SOX9/SRY box-9

Dysostosis Multiplex

Mucopolysaccharidosis II XLR – IDS/iduronate-2-sulfatase
Mucopolysaccharidosis, others AR – Diverse

Dysplasias with Decreased Bone Density

Osteogenesis imperfecta (diverse) AD/AR ± COLA1 or 2/α (1 or 2) I procollagen

Dysplasias with Defective Mineralization

Hypophosphatasia, infantile type AR + ALPL/alkaline phosphatase
Hypophosphatemic rickets XLD – PHEX

Increased Bone Density without Modification of Bone Shape

Osteopetrosis/renal tubular acidosis AR + CA2/carbonic anhydrase II
Pyknodysostosis AR + CTSK/cathepsin K

Disorganized Development of Cartilaginous and Fibrous Components of Skeleton

Fibrous dysplasia (McCune-Albright syndrome) Spmos – GNAS1, activating
Fibrodysplasia ossificans progressiva AD + BMP4/bone morphogenetic protein 4

AD, Autosomal dominant; AR, autosomal recessive; Spmos, sporadic mosaic; XLD, X-linked dominant; XLR, X-linked recessive.
From International Working Group on Constitutional Diseases of Bone: International nomenclature and classification of the osteochondrodyspla-
sias (1997). Am J Med Genet 79(5):376-382, 1998; and Superti-Furga A, Bonafe L, Rimoin DL: Molecular-pathogenetic classification of genetic 
disorders of the skeleton. Am J Med Genet 106(4):282-293, 2001.
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are 20 cm shorter than their peers with an average adult 
height of approximately 143.3 cm (56.4 inches).264,265

Along with short stature, gonadal failure is a cardinal 
feature of Turner’s syndrome; 90% require hormone-
replacement therapy to initiate and/or complete puberty 
and to complete growth.260 However, some girls have 
enough residual ovarian function to undergo spontane-
ous feminization,260 so the presence of pubertal devel-
opment should not deter consideration of the diagnosis. 
Additional manifestations of Turner’s syndrome include 
lymphedema, particularly in the newborn period, and 
the dysmorphic features and congenital anomalies listed 
in Table 22-5. Variation in the physical manifestations 
of Turner’s syndrome is illustrated in Figure 22-13.239 
The incidence of autoimmune thyroiditis, celiac disease, 

and diabetes mellitus is increased. Aortic root dilatation 
is rare, but potentially fatal.266 Although about 70% of 
patients with Turner’s syndrome have learning disabili-
ties that affect nonverbal perceptual motor and visuospa-
tial skills, most are of normal intelligence, and only about 
10% exhibit substantial developmental delay.260 Consen-
sus guidelines regarding the care of girls and women with 
Turner’s syndrome have been published.266

Although Turner’s syndrome does not involve GH defi-
ciency as a cause of growth impairment, GH treatment is 
effective in increasing final adult height. Height gains rang-
ing from 5 to 8 cm to as much as 15 to 17 cm have been 
reported in clinical studies differing in study methodology 
and treatment regimen.264,266,267 Factors predictive of a 
better height outcome include tall height at initiation of 
therapy, tall parental heights, young age at treatment initi-
ation, long duration of therapy, and higher GH dose.264,266 
There is conflicting evidence regarding the influence of 
X-linked imprinting on response to GH therapy.268,269

The optimum age for initiation of GH therapy has not 
been established. Traditionally, GH treatment was recom-
mended when height fell below the fifth percentile on the 
normal female growth curve; however some data suggest 
that treatment as early as 9 months of age may be ben-
eficial.270 The Turner Syndrome Study Consensus Group 
currently suggests starting treatment with GH as soon as 
growth failure is demonstrated.266 In addition to increas-
ing height, GH treatment is associated with increased lean 
body mass, but it does not affect bone mineral density.271 
The side effects of GH treatment are discussed later. Chil-
dren with Turner’s syndrome who are treated with GH 
appear to have an increased underlying risk for some of 
the adverse events associated with GH treatment.272

Low-dose estrogen therapy is required to induce 
pubertal development in girls with ovarian failure due 
to Turner’s syndrome. In the past, it was recommended 
that estrogen therapy be postponed until 15 years of age 
in order to delay epiphyseal fusion and maximize adult 
height. However, controlled studies indicate that earlier 
administration of very low dose estradiol does not inter-
fere with height attainment,273 and may be synergistic 
with growth hormone in promoting growth.274 Further 
research is necessary to determine the optimal form, 
dosage, route of administration, and timing of estrogen-
replacement therapy throughout the life span.275

Noonan’s Syndrome. Noonan’s syndrome, originally 
called “male Turner’s syndrome,” occurs in individuals 
of either sex at an estimated prevalence of 1 in 1000 to 
2500 live births.276,277 It is an autosomal dominant disor-
der with complete penetrance but variable expressivity.276 
Physical features, including short stature, distinctive facies, 
chest deformity, and congenital heart defects, are similar 
to those found in Turner’s syndrome, but the overall inci-
dence of malformations is different, with predominantly 
right-sided cardiac lesions in Noonan’s syndrome and 
left-sided lesions in Turner’s syndrome (see Table 22-5). 
Delayed puberty, but not gonadal failure, is a common 
feature. Until recently, diagnosis was based solely on clin-
ical findings, but genetic mutations have now been identi-
fied in over 60% of patients. Gene mutations identified 
in individuals with Noonan’s syndrome are involved in 

A B

Figure 22-12 Achondroplasia. A, One-year-old boy with a height 
age of 4 months. B, Four-year-old girl with a height age of 20 months. 
(From Jones KL [ed]: Smith’s recognizable patterns of human malfor-
mation, 4th ed. Philadelphia, WB Saunders, 1988.)

TABLE 22-5 Approximate Incidence of Somatic 
Abnormalities in Turner’s and Noonan’s Syndromes

Abnormality
Turner’s  
Syndrome, %

Noonan’s  
Syndrome, %

Short stature 95-99 50-80
Gonadal failure 90-95 ≤10
Cryptorchidism NA 60-90
Hypertelorism <25 95
High arched palate 40 45
Webbed neck 25 25
Short neck 40 55
Cubitus valgus 50 50
Chest deformity 50 70-95
Scoliosis 10 10-15
Renal malformations 20-40 10
Coarctation of aorta 5-20 <1
Pulmonic stenosis 10 50-60
Mental retardation 10 25-35
Pigmented moles, 

multiple
25 25

NA, Not applicable.
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the RAS-MAPK signaling pathway, including mutations 
in PTPN11 (accounting for about 50% of cases), SOS1 
(about 10%), RAF1 (about 10%), and KRAS (less than 
2%).277 Guidelines have been developed for the diagnosis 
and management of Noonan’s syndrome.276

Short stature is present in 50% to 80% of patients with 
Noonan’s syndrome. In contrast to Turner’s syndrome, 
intrauterine growth is normal, and height and weight are 
normal at birth. Both height and weight subsequently 
decline to the third percentile or less. At puberty, growth 
deceleration becomes more marked, due to an attenuated 
pubertal growth spurt.264,276,277 Reported mean adult 
height ranges from 161 cm (63.4 inches) to 169.8 cm (66.9 
inches) in untreated men, and 150.5 cm (59.3 inches) to 
153.3 cm (60.4 inches) in untreated women.264 Growth 
hormone secretory dysfunction, growth hormone defi-
ciency, growth hormone resistance, as well as completely 
normal growth hormone secretion have been reported in 
individuals with Noonan’s syndrome.276,277 GH treatment 
can increase growth in Noonan’s syndrome, and it seems 
that improved outcomes (gain in height of 9.5 to 13 cm for 
boys and 9.0 to 9.8 cm for girls) occur with earlier initia-
tion and longer duration of therapy, as has been demon-
strated for Turner’s syndrome.276 The U.S. Food and Drug 
Administration (FDA) approved GH for short stature 
associated with Noonan’s syndrome in 2007. Although a 
recent review reported no negative cardiac effects of GH 
treatment in individuals with Noonan’s syndrome, moni-
toring for potential development or worsening of left ven-
tricular hypertrophic cardiomyopathy is warranted.278

Prader-Willi Syndrome. In Prader-Willi syndrome, 
short stature is associated with neonatal failure to thrive 
and hypotonicity, obesity of onset at about 2 years of age 
due to development of a voracious appetite, intellectual 
impairment, and hypogonadism.279,280 It is associated 
with lack of expression of paternally inherited genes 
imprinted and located in a critical region of the proxi-
mal part of the long arm of chromosome 15; 70% of 
cases are due to a de novo paternally derived deletion in 
this region, and unimaternal disomy accounts for about 

25% of cases.281,282 Characteristic physical features are 
illustrated in Figure 22-14. GH deficiency has been docu-
mented in 58% to 100% of affected children.283

GH therapy increases linear growth, improves body 
composition and motor function, and has been approved 
by the FDA for this condition.284,285 Some reports have 
described fatalities in individuals with Prader-Willi syn-
drome soon after the start of GH therapy.286 Although 
the causes have not been completely elucidated, worsen-
ing of obstructive sleep apnea (to which individuals with 
Prader-Willi syndrome are predisposed), potentially due 
to IGF-1-mediated tonsillar hypertrophy, has been pos-
tulated. Consensus guidelines on GH therapy in Prader-
Willi syndrome have been published.287 These guidelines 
state that GH therapy is contraindicated in children with 
breathing difficulties until ear, nose, throat evaluation 
and treatment of associated respiratory compromise has 
been achieved. In addition, therapy should not be initi-
ated during an acute respiratory infection, and should 
be interrupted if respiratory infection with associated 
breathing difficulty develops.287

18q Deletions. Deletions of 18q occur in about 1 of 
40,000 children. Approximately two thirds of affected 
children have heights greater than 2 SDs below the mean, 
and most have abnormal growth velocities.288 These 
patients may be at increased risk for GH deficiency.288

Down Syndrome. Stunting of growth and cerebral 
dysfunction are virtually uniform features of autosomal 
aneuploidy. Down syndrome (trisomy 21 and variants 
thereof) is the most common multiple malformation 
syndrome in humans. Adult height averages 155 cm in 
affected males and 145 cm in females.184

Other dysmorphic syndromes associated with short 
stature are discussed in Table 22-3. More detailed descrip-
tions are available in Online Mendelian Inheritance in 
Man (OMIM) at http://www.ncbi.nlm.nih.gov/omim/.

Intrauterine Growth Retardation and Small for Gestational Age
Small for gestational age (SGA) has been variously defined 
as birth weight or length below the 10th percentile or 2 

Figure 22-13 Variable pheno-
types of Turner’s syndrome: five 
girls with 45,X syndrome illustrat-
ing the variability of features such 
as webbed neck and broad chest. 
(From Jones KL [ed]: Smith’s rec-
ognizable patterns of human mal-
formation, 4th ed. Philadelphia, 
WB Saunders, 1988.)

http://www.ncbi.nlm.nih.gov/omim/
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SDs below the mean.173,289-291 About 10% to 15% of 
children born SGA have persistent growth failure beyond 
2 to 3 years of age.292 SGA status is associated with 
increased long-term risk for developing insulin resistance, 
obesity, and type 2 diabetes mellitus. The term IUGR 
is sometimes used interchangeably with SGA; however, 
IUGR actually implies a pathologic process that restricts 
fetal growth and is diagnosed through serial prenatal 
ultrasounds.292

The reason for being born SGA is multifactorial and 
includes intrinsic fetal abnormalities (genetic alterations 
and syndromes, congenital malformations, congenital 
infections), placental factors, and maternal factors (e.g., 
ingestion of drugs, tobacco, and alcohol; malnutrition 
and intercurrent illness; and uterine abnormalities) (see 
Tables 22-3 and 22-4). Genetic causes include chromo-
somal abnormalities, single gene defects, and uniparental 
disomy (UPD).292-294 Congenital diabetes mellitus and 
insulin receptor mutations,135 congenital IGF-1 defi-
ciency, and IGF-1 receptor mutations in humans cause 
IUGR and SGA.46,59,295 In addition, polymorphisms in 
genes associated with obesity and type 2 diabetes296 and 
hypertension297 have been observed in patients with SGA. 
However, the exact origin in any given child remains 
unknown in up to 60% of cases.298

Russell-Silver Syndrome is a term applied to some chil-
dren with IUGR and postnatal growth restriction with 

associated dysmorphic features such as relative macro-
cephaly, triangular facies, clinodactyly, and subtle body 
asymmetry. It is a heterogeneous condition with an esti-
mated incidence of 1 in 3,000 to 100,000, depending on 
the criteria used for diagnosis.299 Clinical scoring systems 
have been suggested to establish the diagnosis.299 Mean 
final height is approximately 4 SDs below the mean.300 
Approximately 10% have uniparental disomy of mater-
nal chromosome 7, and 60% have hypomethylation of the 
imprinting control region 1 on chromosome 11p15.301,302 
In the latter group, loss of IGF-2 expression in the fetus 
may contribute to IUGR.302

Nonsyndromic etiologies of IUGR include intrauter-
ine infection, placental disorders (e.g. placenta previa, 
placental infarcts), maternal disease (vascular disorders 
and hypercoagulable states), maternal undernutrition, 
and maternal toxin exposure (e.g., alcohol, illicit drugs, 
tobacco).303,304 Placental malfunction and altered delivery 
of nutrients to the fetus are the common pathways that lead 
to growth restriction. Under adverse conditions, nutrients 
are redirected toward oxidative metabolism rather than 
mass accumulation, and organ growth and development 
can be compromised.305 Placental epigenetic modifications 
seem to be the major mechanisms by which nutritional and 
environmental factors affect fetal growth.306 While these 
adaptations increase the chances of perinatal survival, they 
lead to permanent changes in tissue structure and function 

Figure 22-14 Evolution of the 
phenotype in Prader-Willi syn-
drome in a patient with a 15q dele-
tion. A, 11 months. B, 2.5 years. C, 
3.5 years. D, 7 years. E, 13 years. F, 
27 years. (From Cassidy SB: Prad-
er-Willi syndrome. J Med Genet 
34:917-923, 1997.)

A B C

D E F
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that can predispose to metabolic dysfunction (e.g., insulin 
resistance) in later life.305,306

The clinical management of children with short stat-
ure attributed to SGA involves attempts to ascertain and 
manage the underlying cause of the condition.289 The 
FDA has approved GH therapy for SGA children who 
fail to manifest catch-up growth in height by 2 to 3 years 
of age. Prior to initiating GH therapy, other causes of 
short stature must be excluded. GH stimulation testing 
is not required before starting GH treatment in chil-
dren born SGA. GH therapy has been found to improve 
growth rate in these patients, resulting in an adult height 
gain of 5 to 8 cm, although wide individual variability 
exists.307 Younger age at initiation has been shown to 
improve outcome,308 and early initiation of therapy (at 2 
to 4 years of age) is recommended for those with severe 
growth retardation (height <-2.5 SDS).291 Children with 
a recognized syndrome respond less well to GH than 
those with nonsyndromic SGA.291 Although some data 
suggest reduced insulin sensitivity in short SGA children 
treated with GH,309 to date long-term GH treatment has 
not been found to increase the risk for type 2 diabetes 
mellitus.292,310

Undernutrition and Chronic Nonendocrine Disease. 
Undernutrition sufficient to reduce caloric intake to 
below 82% to 91% of the recommended level will arrest 
growth.311,312 This degree of undernutrition is suggested 
by weight for height, BMI, or body fat below the 10th 
percentile.313 Undernutrition may result from inadequate 
nutrient intake (due to psychosocial feeding or eating dis-
orders, or poor appetite due to chronic disease), excessive 
nutrient output (chronic vomiting or malabsorption as in 
inflammatory bowel disease, celiac disease, cystic fibrosis, 
or hepatic disease), or metabolic wastage (as in poorly 
controlled diabetes mellitus).314,315 A unique cause of 
malnutrition in infants is diencephalic syndrome. This is 
characterized by a paucity of body fat resembling lipodys-
trophy in a hyperalert, otherwise healthy child. Radiosen-
sitive brain tumors in the anterior hypothalamic area are 
the usual cause. Disturbance of the regulation of appetite, 
secretion of pituitary lipolytic hormones such as GH, and 
increased energy expenditure have been postulated as the 
mechanism.316,317 Deficiency of trace metals such as zinc 
and copper also causes growth failure.97,98 Rickets due 
to vitamin D deficiency can be due to inadequate intake, 
malabsorption, liver disease, or renal disease; impaired 
growth is a common feature.

Data indicate height attenuation in children treated 
with stimulants for attention deficit hyperactivity disor-
der318; although the mechanisms are not known, change 
in appetite with reduced caloric intake and suboptimal 
nutrition has been suggested. Strategies to improve nutri-
tion, drug holidays, and altering treatment regimen (stim-
ulant dose reduction or alternate medication) have been 
suggested as management strategies, but no data exist to 
support specific guidelines.319

Chronic nonendocrine disorders of virtually any organ 
system may attenuate growth.320 Generally, weight is sup-
pressed more than height, in contrast to primary endo-
crine disorders. Mechanisms of growth impairment vary 
according to the disease and often include undernutrition, 

medication effects (e.g., supraphysiologic doses of gluco-
corticoids), chronic acidosis, and/or secondary endocrine 
dysfunction. Examples include celiac disease, inflamma-
tory bowel disease, chronic renal failure, cardiovascular 
disease, hematologic disorders, poorly controlled diabe-
tes mellitus, chronic acidosis, cystic fibrosis, and chronic 
infections. Although the primary disorder is evident in 
many cases of short stature due to chronic illness, short 
stature is sometimes the primary presenting feature. This 
occurs notably in inflammatory bowel disease, celiac dis-
ease, and renal dysfunction.

Celiac disease and Crohn’s disease are notorious for 
presenting as short stature without gastrointestinal com-
plaints. In approximately 2% to 8% of children with 
short stature and no gastrointestinal symptoms, celiac 
disease may be the underlying cause, and if other causes 
of short stature are excluded, the risk for celiac disease is 
increased in some reports to 19% to 59%.321 Measure-
ment of immunoglobulin (Ig)A tissue transglutaminase 
and antiendomysial antibodies is a screening test for 
celiac disease, and sometimes referral to a gastroenterolo-
gist is needed.322

Poor growth in Crohn’s disease reflects poor food 
intake, malabsorption, disease severity, direct effects of 
the inflammatory process on the growth axis (with evi-
dence implicating tumor necrosis factor [TNFj-α, interleu-
kin [IL]-6, and IL-1-β]), the presence of jejunal disease, 
and perhaps genetic susceptibility factors (including IL-6 
gene polymorphism and polymorphism on the TNF-α pro-
moter gene).149,323-326 GH deficiency has been reported,327 
but an actual link between the two conditions is uncer-
tain. Growth in Crohn’s disease can also be adversely 
affected by glucocorticoid therapy and may improve with 
nutritional intervention or surgery.149,328 Although many 
children show an increase in height SDS after beginning 
treatment for Crohn’s and reach final heights close to tar-
get heights, about one fifth have final height significantly 
lower (>8 cm lower) than target height.325

Preliminary results of GH trials in children with 
chronic inflammatory disease, including Crohn’s dis-
ease, cystic fibrosis, and juvenile rheumatoid arthritis, 
show promising gains in height as well as non-height 
benefits.329 Additional, larger, and long-term studies are 
needed to confirm these findings. GH is not currently 
FDA-approved for these conditions.

Chronic renal disease—including renal tubular acido-
sis and chronic renal insufficiency— suppresses growth. 
Poor growth in chronic renal insufficiency probably 
reflects chronic acidosis, poor intake, anemia, subnor-
mal formation of 1,25-dihydroxycholecalciferol, renal 
osteodystrophy, and, at times, use of medications (e.g., 
glucocorticoids). In addition, serum IGF-1 is generally 
normal, but IGF bioactivity and free IGF-1 are low,330,331 
probably because of excessive circulating IGFBPs.332 The 
FDA has approved GH for the treatment of short stature 
due to renal failure before transplantation, and consensus 
guidelines have been developed.333 An analysis of 16 stud-
ies has confirmed that GH treatment improves first year 
growth velocity in children with chronic renal disease. 
Second-year growth velocity was reduced but remained 
significantly greater than in untreated children.334 GH has  
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also been used in some studies after transplantation, with 
promising results.333,335

Metabolic disorders may affect growth. Chronic aci-
dosis99 or chronic alkalosis336 may cause growth failure. 
Chronic anemia337 and rickets lead to a delayed growth 
pattern.338,339 Diabetes mellitus, when poorly controlled, 
can lead to Mauriac syndrome, involving growth failure 
and hepatomegaly due to excessive glycogen deposition. 
In thalassemia, growth impairment may reflect not only 
chronic anemia, but also endocrine dysfunction due to 
hemosiderosis.340

Endocrine Disorders
GH Deficiency
GH deficiency (see Chapter 23) is a key cause of short 
stature. It is difficult to diagnose because it may cause no 
phenotypic abnormalities other than slow linear growth, 
and diagnostic tests are controversial. If untreated, GH 
deficiency can result in adults with proportionate extreme 
short stature (formerly termed midgets). Recent advances 
in our understanding of molecular loci influencing GH 
synthesis and secretion have elucidated specific causes of 
previously unexplained GH-related growth failure.

GH deficiency can be congenital or acquired. Both 
congenital and acquired forms may be isolated or may 
coexist with other pituitary hormone deficiencies (panhy-
popituitarism or combined pituitary hormone deficiency 
[CPHD]).

Congenital forms of GH deficiency are due to pri-
mary hypothalamic and/or pituitary defects. They may 
be associated with structural brain defects, midline facial 
abnormalities, and/or genetic abnormalities. Among the 
midline defects are septo-optic dysplasia (involving vary-
ing degrees of hypoplasia of the optic nerves, chiasm, 
and infundibular region of the hypothalamus) and holo-
prosencephaly. Clues to the presence of midline defects 
include a cleft palate, a single central incisor, and micro-
phallus.341-344 Specific gene defects can disrupt pituitary 
development and GH secretion. Diverse patterns of 
pituitary hormone deficiency can result from mutations 
of homeodomain transcription factors, such as POU1F1 
(Pit-1), Prop-1 (considered the most common genetic 
cause of combined pituitary hormone deficiency), LHX3, 
LHX4, PTX2, GLI2, SOX3, and OTX2, which are essen-
tial for pituitary development (see Chapter 5).17,345-358  
Combined pituitary hormone deficiency (CPHD) of GH, 
prolactin, and thyroid-stimulating hormone (TSH) is 
the typical outcome of inactivating mutations of both 
POU1F1 and PROP1, while PROP1 defects also some-
times cause follicle-stimulating hormone (FSH), lutein-
izing hormone (LH), and adrenocorticotropic hormone 
(ACTH) deficiencies, sometimes associated with pituitary 
enlargement preceding hypoplasia. Mutations in HESX1 
can cause a broad spectrum of phenotypes, including 
septo-optic dysplasia, interruption of the pituitary stalk 
(ectopic posterior pituitary), and isolated GH deficiency 
or CPHD.359 Septo-optic dysplasia (SOD), in its complete 
form, involves hypoplasia or aplasia of the optic nerves 
and/or optic chiasm, agenesis or hypoplasia of the septum 
pellucidum, and defects in hypothalamic function (GH 
deficiency alone or CPHD); however, incomplete forms 

of SOD may occur. In one study, 35 of 73 subjects with 
CPHD, belonging to 18 unrelated families, had PROP1 
gene defects, and in another study of 195 patients with 
combined pituitary hormone deficiency, 20 had PROP1 
mutations.350,360

Other congenital primary pituitary disorders that lead 
to isolated GHD include defects in the GH gene,361-366 
bioinactive GH,367,368 and mutations in the GHRH-
receptor gene.369,370 It is surprising that primary genetic 
defects of the GHRH gene have not yet been identified. 
Genetic disorders of pituitary development leading to 
hypopituitarism are also discussed in Chapter 5, Chapter 
11, and Chapter 23.

Most GH deficiency currently is considered idiopathic, 
and this occurs in 1 in 3500 children.371 Magnetic reso-
nance imaging shows abnormalities in more than 70% 
of GH-deficient children, including a small anterior pitu-
itary, an attenuated pituitary stalk, and/or ectopic poste-
rior pituitary.372-374 Some believe that isolated idiopathic 
GH deficiency is prone to overdiagnosis.

Congenital GH deficiency may present with neona-
tal hypoglycemia. The combination of neonatal hypo-
glycemia, prolonged neonatal jaundice, and, in males, 
micropenis suggests panhypopituitarism.375 Congenital 
GH deficiency also may present with short stature in 
early infancy or childhood. In addition to shortness, GH 
deficiency classically causes relative adiposity, reduced 
musculature, a cherubic appearance, and a high-pitched 
voice. These manifestations are not present in all children 
with the disorder, however. The diagnosis of GH defi-
ciency should be considered in all children with subnor-
mal growth velocity.

Acquired GH deficiency may result from head trauma, 
tumors such as craniopharyngioma, Rathke’s pouch cyst, 
histiocytosis X and other infiltrative diseases, cranial irra-
diation, and surgery or chemotherapy.376-382 These chil-
dren show attenuation of growth after an initial period of 
normal growth. Acquired, isolated, permanent idiopathic 
GH deficiency is considered rare.

Functional hypopituitarism is another form of 
acquired GH deficiency. The prototypic cause of this is 
the psychosocial deprivation syndrome. This “depriva-
tion dwarfism” may be seen in children who are not mal-
nourished or overtly disturbed, but who show abnormal 
behavior patterns, including hyperphagia, food hoarding, 
drinking from toilets, and sleepwalking.383-385 GH defi-
ciency in this condition rapidly resolves in a nurturing 
environment. In one study, initial catch-up growth did 
not correlate with final height, and the mean final height 
attained was significantly lower than the midparental tar-
get height.386 Some short children who initially meet cri-
teria for the diagnosis of isolated GHD, on later retesting 
appear to have GH sufficiency; this may reflect, in part, 
vagaries in current diagnostic tools and/or the existence 
of transient forms of functional GHD.387

The diagnosis of GH deficiency classically rests on the 
demonstration of subnormal GH responses to two or 
more provocative pharmacologic tests of GH reserve (i.e., 
a GH peak less than 5 ng/mL, indicative of complete defi-
ciency, and 5 to 10 ng/dL, indicative of partial deficiency 
when a polyclonal GH assay is used388; some use 7 ng/
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mL as the cutoff point between complete and partial GH 
deficiency in a child with slow growth velocity, delayed 
bone age, and no other disorder that accounts for slow 
growth. Monoclonal antibodies yield GH values that 
are about half the values of assays using polyclonal anti-
sera.389 The development of assays to measure free GH390 
may alter diagnostic criteria in the future, and a new GH 
reference standard is being introduced that may require 
a downward adjustment of the lower limit of normal. 
Provocative tests of GH reserve include arginine, L-dopa, 
clonidine, glucagon, and insulin-induced hypoglyce-
mia.391,392 Two pharmacologic tests are used tradition-
ally because approximately 15% to 20% of apparently 
normal children have a poor response to a given single 
test of GH reserve. Untreated hypothyroidism, obesity, 
and glucocorticoid treatment may falsely lower GH lev-
els. Sex steroid priming with estrogen or androgen for 
1 to 7 days before the GH provocative test sometimes 
is utilized to distinguish GH deficiency from constitu-
tional delay in growth and development.393-395 Although 
this classic definition continues to have support, concern 
has been raised because of potential false-positive and 
false-negative diagnoses when this approach is used, and 
because of inconsistencies among GH assays.393,396-398 
Some have considered the false-positive rate to be related 
to evolving cutoff points in the diagnosis of GH deficiency 
and to inconsistencies in how GH tests have been used.399 
Alternative approaches have been proposed to diagnose 
forms of GH deficiency, such as neurosecretory defects 
and bioinactive GH. These include 12- to 24-hour mea-
surement of spontaneous GH secretion, but such tests are 
not used commonly today. Measurement of IGF-1 and/or 
IGFBP-3 has been suggested for the diagnosis; however, 
IGF-1 and IGFBP-3 levels are affected by undernutrition, 
chronic systemic diseases, and delayed puberty, and they 
must be interpreted in terms of age and pubertal stage 
(see Fig. 22-2).400,401 Combination testing with GHRH 
and a somatostatin suppressor such as arginine has been 
suggested106 as an alternative diagnostic procedure.402 
Because GH levels are higher in newborns than in infants 
and children, the diagnosis of GH deficiency has been 
made in neonates by demonstrating a random GH level 
of less than 10 to 20 ng/mL in the appropriate clinical 
situation (e.g., microphallus, hypoglycemia). Therapeutic 
trials of GH have also been suggested as a means to assess 
GH deficiency by examining the growth response to GH, 
but their interpretation is difficult (see later discussion). 
Overall, no single method has yet emerged as a gold stan-
dard alternative to the classical definition. Following the 
diagnosis of GH deficiency, magnetic resonance imaging 
is indicated to determine whether the hypopituitarism is 
due to structural lesions or tumors, and assessment of 
other potential pituitary deficiencies is needed.

GH therapy (usually in a dose of 0.3 mg/kg/week sub-
cutaneously, divided daily or 6 days/week) is the standard 
treatment for GH deficiency and is remarkably success-
ful for treatment of this condition (Fig. 22-15). Alternate 
doses have been used, and higher ones have been approved 
for adolescents in puberty; the relative cost-benefit of 
higher doses is not clear. In GH-deficient children treated 
with GH daily, the growth rate during the first year of 

treatment is, on average, 11.5 cm.403 Although it declines 
somewhat thereafter, the growth rate remains markedly 
above pretreatment growth velocity. GH therapy begun 
early is effective in bringing adult height into the nor-
mal range.404-406 Factors that influence adult height in 
GH-treated children with GHD include age at diagnosis, 
adequacy of GH replacement, appropriate treatment for 
other coexisting pituitary hormone deficits, and puber-
tal development. Height SDS at baseline and change in 
height SDS in the first year of treatment also may be pre-
dictive.407 Data on the role of GH receptor variants in the 
growth response to GH treatment are inconsistent.408,409 
GH treatment also increases bone mass and lean tissue 
mass in children with GH deficiency.410 Although some 
have advocated titration of GH dose to attain target 
IGF-1 levels in the high-normal range, substantive rea-
sons exist for maintaining weight-based dosing and moni-
toring IGF-1 levels for safety purposes.411

In addition to GH treatment, children with GH defi-
ciency associated with other pituitary hormone defi-
ciencies (i.e., panhypopituitarism) require adequate 
replacement of these hormones. A review of the Cana-
dian experience suggests that adrenal insufficiency rep-
resents a potentially avoidable cause of death in children 
with panhypopituitarism.412 Other aspects of treatment 
include the importance of having a pediatric endocrinolo-
gist monitor children on GH therapy at 3- to 4-month 
intervals to assess clinical progress and of having treated 
patients undergo screening for adverse effects (includ-
ing annual measurement of IGF-1 and IGFBP-3, glucose/
hemoglobin A1C, and thyroid function), assessment for 
adherence, and review of therapeutic targets. Monitor-
ing allows dose adjustments to ensure that IGF-1 and 
IGFBP-3 levels are within the normal range.

A B

Figure 22-15 Growth hormone (GH)–deficient patient before (A) and 
after (B) treatment with GH for 1 year. Note that the growth spurt is 
accompanied by normal maturation of body proportions.
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Whether to discontinue GH therapy in adolescents 
with GHD is an important decision. It is important not to 
discontinue GH therapy before secondary sex character-
istics are advanced because GH potentiates sex hormone 
effects.162,413,414 Traditionally, GH therapy for GH-defi-
cient children has been stopped after adult height has been 
reached and epiphyses have fused. However, low-dose GH 
improves metabolic status, body composition, and well-
being in adults with GH deficiency.393 Therefore, after lin-
ear growth has ended or an adequate adult height has been 
reached, GHD individuals should be retested to ascertain 
whether GHD persists, and for those with persistent GHD, 
low-dose GH treatment is recommended to maintain meta-
bolic function.415,416 The transition of GH dosing for older 
adolescents to adult doses and the use of GH in adults are 
discussed further in Chapter 11 and Chapter 23.

An initial trial of a once-weekly sustained-release 
injectable GH preparation has shown promising results 
(3-year efficacy and safety comparable to standard daily 
GH injections), and controlled phase III studies are cur-
rently underway.417 Neither GH-releasing hormone nor 
GH secretagogues have been shown to be effective alter-
natives to GH for the treatment of GHD.418

GH Insensitivity Syndromes
Whereas GH deficiency causes secondary IGF-1 defi-
ciency, a growing class of disorders is known to cause 
primary defects in IGF-1 production or action.419 These 
are termed GH insensitivity (GHI) syndromes. In these 
conditions, patients tend to have clinical manifestations 
similar to children with GH deficiency; however, in GHI, 
GH secretion is adequate, but peripheral tissues are inca-
pable of responding normally to GH. GHI can be subdi-
vided into primary and secondary forms. Primary GHI 
includes hereditary defects in (1) the GH receptor (the 
defects initially described by Laron and often termed 
Laron dwarfism), (2) the GH signal transduction system 
(i.e., postreceptor defects), (3) the synthesis or action of 
IGF-1, and (4) bioinactive GH molecules.367,420-425 Large 
kindreds with GH receptor defects have been described 
in the Mediterranean region and in Ecuador. Several 
different point mutations of the GH receptor have been 
described.426,427 Postreceptor defects, such as in STAT5b, 
have been identified.120,424,428,429 Growth failure due to 
defects of IGF-1 synthesis and to defects of the IGF-1 
receptor have also been reported.59,295,430,431 In general, 
the clinical phenotype associated with GHI includes 
severe postnatal growth failure, small face and frontal 
bossing, high-pitched voice, premature aging, delayed 
bone age, and additional features common to severe GH 
deficiency.423,425 Blue sclera and limited extensibility at 
the elbow have been variably described. In addition to 
postnatal growth failure, IGF-1 gene defects can be asso-
ciated with intrauterine growth failure, mental retarda-
tion, sensorineural deafness, and insulin resistance. The 
manifestations of GHI are heterogeneous. It has been 
suggested that mild forms of GHI exist59,425,432 and that 
some children with idiopathic short stature will be found 
to have forms of GHI.433

The diagnosis of GHI is suggested by extreme short 
stature, decreased serum concentrations of IGF-1 (and 

sometimes IGF-2 and IGFBP-3), and increased serum 
concentrations of GH. Decreased serum concentrations 
of GHBP are highly suggestive of a GH receptor defect, 
but normal and high concentrations of GHBP have also 
been reported.434 Inability to adequately generate IGF-1 
in response to GH administration is an important aspect 
of demonstrating GHI, although diagnostic criteria that 
distinguish mild GHI from a normal state are currently 
imprecise.433,435-437 Treatment with recombinant IGF-1 
seems effective in some of these conditions.420,421,438-442 
Although most patients have not experienced catch-up 
growth sufficient to bring their height into the normal 
range, they appear to have gained height over that pre-
dicted by natural history.441,442

The FDA approved biosynthetic IGF-1 in 2005 for use 
in conditions of severe primary IGF-1 deficiency due to 
genetic GH resistance or insensitivity (GHI) and GH gene 
deletions with development of neutralizing antibodies to 
GH. Adverse effects include hypoglycemia, increased BMI, 
growth of lymphatic tissue (including tonsils and adenoids), 
lipohypertrophy at injection sites, and benign intracranial 
hypertension.441 Although some have suggested that IGF-1 
should be used in other conditions, others do not believe 
this is the case,443 and the Drugs and Therapeutics Com-
mittee of the Lawson Wilkins Pediatric Endocrine Society, 
after evaluating the evidence, recommends that IGF-1 be 
used only in conditions approved by the FDA.444

Secondary GHI can be caused by a variety of ill-
nesses, malnutrition, or inhibitors of GH action, such as 
glucocorticoids.

Hypothyroidism
Hypothyroidism in childhood is characterized by slow 
linear growth velocity and if chronic may cause short 
stature and retard bone age. Acquired hypothyroidism, 
most commonly due to autoimmune thyroiditis, may have 
few clear clinical features aside from growth impairment. 
Pubertal delay is characteristic, and precocious puberty 
and premature menarche occur less commonly. Congeni-
tal hypothyroidism, if untreated, can stunt growth and 
often causes profound mental retardation if not treated 
within the first few months of life. Fortunately, neona-
tal screening programs in many countries enable early 
detection and treatment in most cases. Hypothyroidism 
is diagnosed by measurement of free thyroxine (T4) and 
TSH versus age-related norms; additional studies such as 
measurement of thyroid antibodies can help to establish 
the origin of hypothyroidism. It has been suggested that 
mild central hypothyroidism may contribute to 10% of 
idiopathic short stature.445 The replacement dose of thy-
roid hormone in children averages 100 mcg/m2/day.446 
Skeletal age usually (and sometimes markedly) is delayed. 
Catch-up growth is expected after treatment is provided 
for juvenile hypothyroidism if the diagnosis was made 
early.192 However, once treatment is begun, skeletal mat-
uration may accelerate unduly, resulting in patients not 
reaching their expected adult height.447

Glucocorticoid Excess
Glucocorticoid excess, whether endogenous or exogenous, 
profoundly slows growth. Doses of cortisol greater than 
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about 12 to 15 mg/m2/day (prednisone 3 to 5 mg/m2/day) 
may impair growth in normal prepubertal children.148 
Growth failure may be the only clear clinical sign of gluco-
corticoid excess in children.448,449 Cushing’s syndrome is 
usually iatrogenic, resulting from supraphysiologic doses 
of glucocorticoid treatment given by any route, includ-
ing topically. Endogenous glucocorticoid excess may be 
due to adrenal tumors (particularly in infants), primary 
pigmented nodular adrenocortical disease, bilateral adre-
nal hyperplasia secondary to ACTH-producing pitu-
itary adenoma (Cushing’s disease), or ectopic ACTH or 
corticotropin-releasing hormone (CRH) production. The 
growth attenuation seen with Cushing’s syndrome of any 
cause contrasts with exogenous obesity, in which height 
velocity is normal. Significant virilization also occurs with 
adrenal tumors that secrete androgen and glucocorticoids, 
and growth inhibition may be counteracted by andro-
gen.450 The diagnosis of endogenous glucocorticoid excess 
is based on clinical evidence, assessment of suppressibility 
of endogenous glucocorticoids by exogenous glucocor-
ticoid (dexamethasone suppression test), and radiologic 
studies undertaken to attempt localization of the lesion. 
Treatment for endogenous glucocorticoid excess focuses 
on removal or ablation of the underlying lesion (transs-
phenoidal removal of pituitary microadenoma in the case 
of Cushing’s disease).451-454 Early and effective treatment 
for glucocorticoid excess enables catch-up growth.192,455 
In cases in which growth inhibition is attributable to glu-
cocorticoid treatment for nonendocrine disease, four pos-
sible alternatives are available: (1) use of another form of 
therapy; (2) lowering of the daily steroid dose if the under-
lying disease can be controlled in this way; (3) switching 
the patient to alternate-morning glucocorticoid therapy456; 
or (4) switching the patient to topical (e.g., inhaled) steroid 
therapy.457 Alternate-day “pulses” of prednisone or topical 
administration often results in preservation of the desired 
therapeutic effect while unwanted cushingoid changes are 
avoided, but neither approach provides a certain solution 
to the dilemma. GH therapy may partially counterbalance 
growth suppression due to moderate doses of glucocorti-
coid, with considerable variability of response.155

Pseudohypoparathyroidism
Pseudohypoparathyroidism is discussed in Chapter 66. 
The condition is characterized by short stature, truncal 
obesity, short metacarpals, round face, mental retarda-
tion, and subcutaneous calcifications. Hypocalcemia and 
hyperphosphatemia due to end-organ resistance to para-
thyroid hormone can occur.

Idiopathic Short Stature (ISS)
The term idiopathic short stature (short stature of 
unknown cause; short, otherwise normal children) is 
used traditionally for children with heights greater than 
2 SD below the mean for age and gender, and who have 
none of the previously described conditions. However, 
it is increasingly applied to also include children with 
familial short stature and constitutional delay in growth 
and development.23,458-460 ISS accounts for the major-
ity of children with short stature. It is likely that some 
subgroups of children now considered to have ISS will 

be found to have specific molecular defects in GH, GH-
receptor, SHOX, IGF-1, or new genes that influence 
growth. However, investigations to date have revealed 
such abnormalities in only a minority of children with 
ISS.461-463 Because stature is a normally distributed char-
acteristic, and the definition of short stature is based 
on statistical criteria, most children with ISS may well 
continue without an identified molecular abnormality 
as the cause for their shortness. Some have advocated 
therapeutic trials of GH in individual children with 
idiopathic short stature to discern whether individuals 
should have continuing GH treatment; however, the 
robust growth response of many children with idio-
pathic short stature to short-term GH therapy suggests 
that short-term trials may not be particularly useful.464 
Long-term GH treatment can increase adult height by 
3.5 to 7.5 cm in children with idiopathic short stature, 
although considerable variability in response is noted. In 
2003, the U.S. FDA approved GH at a dose of 0.37 mg/
kg/wk for the “long-term treatment of idiopathic short 
stature, also called non–growth hormone deficient short 
stature, defined by height SDS <-2.25, and associated 
with growth rates unlikely to permit attainment of adult 
height in the normal range, in patients whose epiphy-
ses are not closed and for whom diagnostic evaluation 
excludes other causes associated with short stature that 
should be observed or treated by other means.”464,465 
Thus, depending on how this criterion is applied, 1.2% 
of all U.S. children are potentially eligible for GH treat-
ment, with substantial implications for policy and 
practice.466-470

Monitoring of GH treatment for children with ISS 
is similar to that for children with GH deficiency. An 
additional point, however, involves discussion and plan-
ning for the target and ultimate goal of treatment. Some 
endocrinologists aim to maximize height, whereas oth-
ers seek to alleviate disability and end treatment when 
a child has reached a reasonable height in the normal 
adult range. Given the costs and policy implications, 
these divergent approaches are important to consider 
with families as well.

Functional outcome and quality of life have not been 
found to be influenced by GH treatment458,471; this should 
be put in the context of ISS generally not being associated 
with psychopathology, although it can be associated with 
stress. To date, GH appears to have a similar safety pro-
file in ISS as in other conditions.472-474

Alternative or supplementary treatments such as aro-
matase inhibitors to delay epiphyseal closure) and gonad-
otropin-releasing hormone (GnRH) agonists to prolong 
growth by suppressing puberty have sometimes been sug-
gested; however, they are not approved by the FDA for 
ISS, and recent consensus statements did not advocate 
their use for this condition.236,475

Differential Diagnosis of Short Stature by Growth Pattern
To individualize the workup of short stature, it is useful 
to classify patients according to the relationships among 
chronologic age (CA), height age (HA), weight age (WA), 
bone age (BA), and growth rate. These terms are defined 
in Table 22-2.
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Diagnostic decisions can be simplified by first catego-
rizing the disorder of growth with regard to whether it is a 
primary disturbance of weight (undernutrition) or height 
by the relationship between HA and WA. If the child’s 
WA is depressed out of proportion to the HA (e.g., weight 
below the 10th percentile for height), primary nutri-
tional disorders or chronic disease should be the princi-
pal diagnostic consideration. If the height and weight are 
proportionately depressed (or height is depressed out of 
proportion to weight), genetic, endocrinologic, or meta-
bolic disorders are more likely to be responsible.

Primary linear growth disturbances result from inherent 
aberrations of bone growth or of systemic factors extrin-
sic to bone that affect its rate of growth. Disturbances of 
linear growth can be understood on the basis of three gen-
eral principles: (1) Normal linear growth during childhood 
proceeds toward a genetically determined target height by 
following a predictable channel that is achieved by the end 
of infancy; (2) normal bone growth is accompanied by a 
predictable rate of advance of BA; and (3) children nor-
mally enter puberty at a pubertal BA. Based on these prin-
ciples, linear growth disturbances can be categorized into 
three growth patterns: intrinsic shortness, delayed growth, 
and attenuated growth (see Fig. 22-6; Table 22-6).476

Intrinsic shortness is characterized by an inherent limi-
tation of bone growth that destines affected children to 
be short adults. Examples of this growth pattern include 
familial short stature, Turner’s syndrome and bone dys-
plasias, primary dysmorphic syndromes such as Prader-
Willi syndrome and Russell-Silver syndrome, severe 
IUGR-related short stature, and impaired spinal growth 
secondary to irradiation. The growth curves typically fall 
below normal by 3 years of age. In familial short stature, 
growth rates generally are near the normal range, so that 
the child’s growth curve then approximately parallels the 
normal curves, and those children are destined to be mod-
erately short. In more severe disorders of bone growth, 
such as Turner’s syndrome and achondroplasia, however, 

poor growth rates lead to the growth curve deviating pro-
gressively farther below normal with time. The BA typi-
cally approximates the CA. Puberty occurs at a normal 
age (barring associated hypogonadism, as in Turner’s syn-
drome). For example, a 9-year-old child with an HA of 
6.5 years and a BA of 9 years will be small as an adult. 
Children with a delayed growth pattern have delayed 
puberty and continue to grow for longer than their peers, 
thus potentially reaching normal adult height. By 3 years 
of age, the growth curves of these children closely parallel 
normal growth channels, with growth rates within or close 
to the normal range. In contrast to children with intrinsic 
shortness, the bone age is significantly delayed, typically 
to approximately the same extent as the height age. For 
example, a 9-year-old child with a height age of 6.5 and 
a bone age of 6.5 ordinarily has normal growth potential. 
Constitutional delay in growth and pubertal development 
is by far the most common cause of a delayed growth pat-
tern. Other examples of conditions that may be associated 
with a delayed growth pattern are mild undernutrition and 
indolent chronic disease, such as anemia and persistent 
poorly controlled asthma. Because familial intrinsic short 
stature and constitutional delay are both so common, they 
occur together about as often as they occur alone. When 
they coexist, the growth rate is likely to be slightly subnor-
mal and to resemble the attenuated pattern.

Children with an attenuated growth pattern have low 
growth rates, resulting in their progressive deviation from 
normal growth channels. BA is approximately equal to 
HA (or even less in hypothyroidism). Delayed BA indi-
cates that adult height potential is normal, if the underly-
ing disorder is treated effectively. Beyond 3 years of age, 
this pattern virtually always indicates underlying pathol-
ogy. The underlying disorders, unless optimally treated, 
preclude normal achievement of the height potential. 
Thus, a 9-year-old child with an HA and BA of 6.5 and 
subnormal growth velocity has an attenuated growth pat-
tern; this child has an endocrine, metabolic, or systemic 

TABLE 22-6 Differential Diagnosis of Short Stature by Growth Pattern

Type of Growth Pattern Bone Age Approximates Growth Rate Differential Diagnostic Categories

Intrinsic shortness Chronologic age  (BA = CA > HA) Approximates normal Familial short stature
Normal/subnormal
Genetic syndromes
 •  Chromosomal anomalies
 •  Bone dysplasia
 •  Dysmorphic syndromes
Intrauterine growth retardation, nonspecific
Spinal irradiation

Delayed growth Height age (BA = HA < CA) Approximates normal Constitutional delay in growth and development
Chronic disease
Undernutrition

Attenuated growth Height age (BA = HA < CA) Subnormal Endocrinopathies
 •  GH deficiency
 •  GH insensitivity
 •  Hypothyroidism
 •  Cushing’s syndrome
 •  Hypogonadism after 10-12 years old
Acid-base disturbances
Chronic disease, severe (e.g., Crohn’s)
Malnutrition

BA, Bone age; CA, chronologic age; GH, growth hormone; HA, height age.
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disease until proven otherwise. Examples of conditions 
that may cause this growth pattern include GH deficiency, 
hypothyroidism, glucocorticoid excess, severe chronic ill-
ness, and malnutrition.

Diagnostic Evaluation
Given the many potential causes of short stature, establish-
ing a diagnosis depends on eliciting several features on his-
tory, physical examination, and laboratory studies. Children 
who are severely short (more than 2.5 SDs below the mean), 
whose growth curve shows an attenuated pattern manifest-
ing a poor growth velocity, who are well outside their target 
height SD, and/or who have risk factors or clinical features 
suggestive of an organic cause for short stature need careful 
clinical and, in many cases, laboratory assessment. Docu-
mentation of the growth rate and bone age is key, as is dis-
cussed in the previous section on growth patterns.

If the child has a normal bone age, suggesting an 
intrinsically short growth pattern, it is important to 
seek a history of SGA, historical features suggesting 
Turner’s syndrome (e.g., presence/absence of neonatal 
lymphedema or coarctation of the aorta, recurrent otitis 
media), a history suggestive of hypocalcemia (compatible 
with pseudohypoparathyroidism), and a family history 
of short stature. Physical examination in this group of 
patients should be directed toward a search for body dis-
proportion (indicative of skeletal dysplasia) and dysmor-
phisms, as well as assessment of pubertal status. When 
the clinical assessment strongly suggests a particular 
diagnosis, appropriate and specific diagnostic tests can 
proceed, such as karyotype, gonadotropin and calcium 
levels, and a skeletal survey.

In the child with a significantly delayed bone age, indi-
cating a delayed or attenuated growth pattern, review of 
systems should be comprehensive to assess potential sys-
temic disease or endocrinopathy. It should focus on weight 
changes, appetite, food intolerance, vomiting, abdominal 
cramping, and stool characteristics to assess gastrointesti-
nal disease; genitourinary symptoms, particularly polyuria 
and enuresis; headache and visual disturbances (suggestive 
of CNS lesion); lethargy or cold intolerance (suggestive but 
not necessarily present in hypothyroidism); and pubertal 
development. The past medical history and history of the 
use of medications, particularly glucocorticoids in any 
form, may be important. A classic triad for congenital 
hypopituitarism is perinatal hypoglycemia, prolonged jaun-
dice, and, in boys, micropenis. The physician should seek a 
family history of delay of puberty or extreme short stature 
and should perform a careful general physical examina-
tion. Specific features on physical examination include the 
weight/height ratio, a search for finger clubbing or perianal 
sores (regarding inflammatory bowel disease), fundoscopy 
and examination of visual fields (to assess perichiasmatic 
central nervous system lesions such as craniopharyngio-
mas), assessment for goiter, and pubertal staging.

Constitutional delay in growth and development, 
which typically presents with a delayed growth pattern, is 
principally a diagnosis of exclusion, and in extreme cases 
is difficult to distinguish from isolated defects of gonado-
tropin or GH production. While puberty is delayed, the 
growth rate may fall to subnormal levels. Testing shows 

a delayed bone age, and the IGF-1 level remains at a pre-
pubertal level, compatible with the bone age. Gonadotro-
pin secretion may remain in the prepubertal range until 
the bone age has reached 11 to 12 years. The distinction 
between hypogonadism and delayed puberty sometimes 
can be made by determination of gonadotropin levels 
during sleep or in response to a gonadotropin-releasing 
hormone agonist test by 14 years of age.477 GH tests may 
be compatible with GH deficiency unless performed after 
sex steroid priming.393-395 Indeed, transient GH deficiency 
sometimes is associated with delayed puberty.

When the clinical assessment strongly suggests a par-
ticular diagnosis, appropriate and specific diagnostic tests 
should be performed. If the weight is below the 10th 
percentile for height, it may be difficult to distinguish 
undernutrition from constitutional underweight. Calo-
rie counting, sweat test, and screening tests for occult 
chronic disease may be helpful. These include complete 
blood count, urinalysis, chemistry profile, erythrocyte 
sedimentation rate, and antiendomysial or antitissue 
transglutaminase antibodies.

If the cause of poor growth still is not clear, but the 
child’s growth rate is subnormal (i.e., leading to an atten-
uated growth pattern) or the child’s height is markedly 
below age-appropriate standards or the family target 
height, additional tests are indicated to assess possible 
hypothyroidism (free thyroxine, thyrotropin), GH defi-
ciency (IGF-1, IGFBP-3, provocative tests of GH reserve), 
and, in girls, karyotype for assessment for Turner’s syn-
drome. Controversies regarding the diagnostic tests for 
GH deficiency are described at the beginning of this sec-
tion and in Chapter 23. Less common tests generally are 
based on clinical suspicion of the underlying condition 
(e.g., methylation analysis to diagnose Prader-Willi syn-
drome, SHOX protein, GH-binding protein).

Not uncommonly, previous measurements are unavail-
able and the child’s pattern of growth is not clear, although 
the child seems healthy overall. In this situation, it would 
be reasonable to follow the child’s height at regular inter-
vals to establish a pattern of growth that dictates whether 
additional tests are indicated.

The diagnosis of ISS rests on exclusion of other condi-
tions leading to short stature. In the absence of abnor-
malities on history, review of systems, and physical 
examination, laboratory tests should include screening 
for celiac disease, Turner’s syndrome in girls, hypothy-
roidism, anemia, chronic inflammatory disease, renal dis-
ease, GH deficiency, and GHI.460 Online resources such 
as GeneTests (www.genetests.org) identify laboratories 
capable of performing genetic tests for specific disorders 
like Noonan’s syndrome when such analyses are clinically 
indicated. SHOX gene analysis should be considered for 
patients with clinical findings compatible with SHOX 
haploinsufficiency.

Management
When at all possible, treatment should be directed at 
the primary cause of pathologic short stature. Examples 
include nutritional counseling for undernutrition, gluten-
free diet for celiac disease, psychotherapy for eating dis-
orders, thyroid hormone for hypothyroidism, and growth 

http://www.genetests.org
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hormone for GH deficiency. Many of these disorders are 
hereditary; genetic counseling should not be overlooked.

For conditions considered normal variants (famil-
ial short stature, constitutional delay), reassurance and 
explanation of the wide range of normal are often very 
helpful. In discussing therapeutic options, the physician 
must advise the child and family about the unknown fac-
tors (e.g., errors are inherent in height predictions). Many 
families often choose to forego medical intervention at 
this point.

Low-dose sex steroid therapy is indicated for the treat-
ment of hypogonadism if puberty is delayed beyond 13 
(girls) or 14 (boys) years of age.478,479 In extreme cases 
of constitutional delay, this modality is useful for a lim-
ited time to boost self-image by advancing secondary sex 
characteristics gently with a mild corresponding growth 
spurt. To minimize the possibility of loss of growth poten-
tial, we recommend that the initial course of therapy for 
the induction of sexual development should consist of six 
monthly injections of 50 mg/m2 repository testosterone in 
boys and 0.2 mg depot estradiol in girls.171,479 A reason-
able alternative regimen for girls begins with 5 μg ethi-
nyl estradiol given by mouth daily.480 Such a course of 
therapy has no deleterious effect on height potential and 
has positive effects on self-image. The patient’s growth, 
development, and predicted height should be carefully 
reevaluated immediately on completion of the therapeutic 
regimen and again 6 months later before a second course 
of therapy is undertaken. Depot testosterone, 100 mg/
m2/mo, and depot estradiol, 1.0 mg/mo, closely approxi-
mate midpubertal sex hormone production in boys and 
girls, respectively. We prefer administering injections of 
repository forms of sex hormones to avoid the occasional 
side effects of 17-alkylated steroid analogues. However, 
the anabolic steroid oxandrolone 0.1 mg/kg/day for  
3 to 6 months has been used without compromising final 
height.481 Premature use of adult replacement doses of 
androgen or estrogen (about twofold greater than the 
midpubertal doses) will cause a disproportionate advance 
of BA relative to linear growth and will compromise 
height potential. Children with delayed puberty should 
be followed closely from 10 years of age onward because, 
particularly in the most severely delayed cases with the 
most immature body proportions, puberty inexplicably 
occurs at an earlier than expected bone age, leading to 
children falling well short of predicted height.233,478

GH therapy is currently approved by the FDA for the 
treatment of short stature due to GH deficiency (0.18 to 
0.3 mg/kg/wk, divided into daily subcutaneous doses), 
Turner’s syndrome (up to 0.375 mg/kg/wk), chronic renal 
failure prior to transplantation (up to 0.35 mg/kg/wk), 
persistent short stature after SGA status (0.48 mg/kg/
wk), Prader-Willi syndrome, selected cases of idiopathic 
short stature (up to 0.37 mg/kg/wk), SHOX deficiency 
(up to 0.35 mg/kg/wk), and Noonan’s syndrome (up to 
0.34 mg/kg/wk), as described in previous sections. GH is 
contraindicated in the presence of active malignancy or 
critical illness. Data are inconsistent regarding the role 
of GH-receptor genotypes as determinants of the growth 
response to GH therapy.482-485 A higher dose for GH-
deficient adolescents in puberty has also been approved. 

Varying lines of data suggest that long-term GH therapy 
may promote growth in a variety of other conditions, 
although inconsistencies have been noted in the findings. 
See References 285, 466, and 474 and 486 to 500 for a 
review of medical, ethical, and policy issues related to GH 
therapy for nontraditional indications.

Potential adverse effects of recombinant GH include 
fluid retention (sometimes with cerebral edema), pan-
creatitis, glucose intolerance and/or insulin resistance, 
transient gynecomastia, slipped capital femoral epiphy-
sis, and growth of nevi.501-504 Concerns about leukemia 
and second tumors have not been confirmed among 
children who do not have other predisposing factors, 
although ongoing surveillance continues and discussion 
with families is appropriate.505-509 Cancer survivors, par-
ticularly those treated with radiotherapy, appear to be 
at increased risk for developing secondary neoplasms if 
subsequently treated with GH, although the risk appears 
to diminish over time.510 Growth deceleration associ-
ated with high-affinity, high-capacity antibodies to GH 
has been reported but appears very rare. Retinopathy has 
been described in patients with renal failure receiving GH 
to improve growth.511 Some adverse effects seem specific 
to children with underlying predispositions; for example, 
some children with Prader-Willi syndrome treated with 
GH have died of respiratory causes.512

The long-term risk for cancer from childhood GH ther-
apy appears low, but the exact risk is not known.513,514 
As noted earlier, the risk may be increased in children 
previously treated for cancer. A systematic review, how-
ever, found that circulating concentrations of IGF-1 and 
IGFBP-3 are associated with an increased risk for com-
mon cancers, although associations are modest.515

In 2012, the long-term safety of GH treatment in child-
hood came under scrutiny after Safety and Appropriate-
ness of Growth hormone treatments in Europe (SAGhE) 
data from France suggested increased all-cause, bone 
tumor–related, and circulatory system disease–related 
mortality among nearly 7,000 adults who had received 
GH treatment as children.516 However, the methodology 
(lack of ideal control group) of this study has come into 
question.517,518 SAGhE data from Belgium, The Neth-
erlands, and Sweden contrasted with the report from 
France, showing that the majority of the 21 deaths that 
occurred over the follow-up period were due to accidents 
or suicide and not to cancer or cardiovascular disease.519 
In August 2011, the FDA stated the evidence of increased 
risk for death is inconclusive.517,518

Because long-term GnRH agonist therapy is success-
ful in improving adult height of children with idiopathic 
sexual precocity by delaying epiphyseal fusion, attempts 
have been made to use this as a nonstandard method to 
promote growth in children with ISS. The height prog-
nosis in isolated GH deficiency seems to be improved 
by adding a GnRH agonist to GH therapy.520 Although 
increases in adult height of normal short children have 
been achieved by years of GnRH agonist therapy, this 
has been accompanied by significantly less accretion of 
bone mineral density; accordingly, long-term GnRH 
agonist treatment is not recommended for this condi-
tion.521,522 Adding GH to GnRH therapy is reported to 
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yield approximately twice as much of an increase in final 
height; the possibility that this combination will counter-
act the deleterious effects of a GnRH agonist alone on 
bone mineral density is unknown, and a recent consensus 
conference on the use of GnRH agonist did not recom-
mend it for this condition.523,524

Aromatase inhibitors are not currently approved by 
the FDA for children with short stature. Data primarily 
from Europe suggest that they may increase height in oth-
erwise normal short boys by delaying epiphyseal closure, 
and a U.S. study indicates that they can increase growth 
in adolescent boys with GH deficiency.525 However, a 
recent analysis did not support their widespread use.475

Recombinant human (rh) IGF-1 was approved by the 
FDA in 2005 for the treatment of children with severe short 
stature from GH insensitivity due to genetic defects of the 
GH receptor, postreceptor mechanisms, or the develop-
ment of GH-inactivating antibodies. Although it has been 
used off-label to treat children with other growth disorders, 
based on the evidence available to date, this practice cur-
rently is discouraged outside of experimental trials.444,526,527

TALL STATURE
Although tall stature (height more than 2 SDs above the 
mean for age and gender) is as common as short stature 
(more than 2 SDs below the mean for age and gender), 
referrals for evaluation of growth disorders are much 
more frequent in short than in tall children—underscor-
ing the importance of cultural norms and societal percep-
tions of desired body habitus in interpretations of normal 
and abnormal growth.

Causes of Tall Stature
Genetic normal variants cause most cases of tall stature 
(Table 22-7). Two distinct familial variants, which lead to 

different outcomes in tall children, can be identified. One 
is familial tall stature (sometimes called familial intrinsic 
tall stature or genetic tallness); children are typically of 
normal size at birth, and a high-normal growth rate is 
established by 3 years of age. Thus, the child typically 
crosses height percentiles during the first 3 years of life and 
thereafter maintains a height-attained channel above and 
closely parallel to the 95th percentile. The other is con-
stitutional advancement in growth and pubertal develop-
ment, in which children grow similarly during childhood 
but have an advanced BA and go into puberty early, so 
they stop growing at a normal height. Both these groups 
of children have a family history of a similar growth pat-
tern, and the child does not show clinical or biochemical 
features of the disorders described as follows.

Genetic and chromosomal disorders are known causes 
of tall stature. Hyperploidy of sex chromosomes predis-
poses to tall stature. The most common of these disor-
ders is Klinefelter’s syndrome (47,XXY), which occurs in 
approximately 150 in 100,000 men. It is characterized 
by a decreased upper-to-lower segment ratio dating from 
the prepubertal years, small testes and hypogonadism, 
and gynecomastia; it often is associated with mild mental 
retardation.528 XYY syndromes are characterized by tall 
stature with possible behavioral abnormalities.

The prototypic genetic syndrome associated with tall 
stature is Marfan syndrome, which usually segregates 
with mutations in the fibrillin gene.76,529 It is classically 
characterized by musculoskeletal signs (such as arach-
nodactyly and hyperextensibility), cardiovascular find-
ings (such as aortic aneurysm), ocular signs (such as lens 
subluxation), decreased upper-to-lower body ratio, and 
autosomal dominant heredity. Arachnodactyly can be 
quantitated from the body proportions or the metacarpal 
index (ratio of length to midshaft breadth of metacarpals 
II through V; normal: male <8.0:1, female <8.7:1) on a BA.  

TABLE 22-7 Factors Causing Tall Stature, with Representative Clinical Conditions

Factors Affecting 
Height Representative Conditions Clinical and Laboratory Features

Genetic Normal variants Familial intrinsic 
 tallness

Growth parallels 95th percentile; family history of tall stature; normal 
physical exam, puberty, and BA

Constitutionally 
 advanced

Growth parallels 95th percentile; puberty and BA slightly advanced

Chromosomal 
abnormalities

Klinefelter’s syndrome Hypogenitalism and hypogonadism, eunuchoid; 47,XXY
Fragile X syndrome Mental retardation; macroorchidism in males

Dysmorphic 
 syndromes

Marfan syndrome Arachnodactyly, hyperextensibility, lens subluxation, aortic dilation

Beckwith-Wiedemann 
syndrome

Infant gigantism, macroglossia, umbilical defects, neonatal syndrome hypogly-
cemia due to pancreatic β cell hyperplasia, may develop embryonal tumors

Sotos syndrome Cerebral gigantism: dolichocephalic large head, coarse facies, cerebral 
dysfunction

Nutrition Primary obesity IGF-1 blood level nutrition driven, “growth without GH”
Hormones GH excess Accelerated growth, acromegaloid signs with advancing age, occasional 

hyperprolactinemia; may be associated with
McCune-Albright syndrome

Hyperthyroidism Hypermetabolic features, goiter, eye abnormalities
Sex steroid Excess Precocious puberty: premature secondary sexual characteristics and 

 epiphyseal fusion, leading to compromise of adult height
Deficiency Deficiency beyond teenage years permits prolonged growth and may lead to 

eunuchoid habitus

BA, Bone age; GH, growth hormone; IGF-1, insulin-like growth factor-1.
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Congenital contractural arachnodactyly is a genetically 
closely related syndrome. Homocystinuria has marfanoid 
features but also may involve mental retardation, joint 
contractures, and a tendency to thromboembolism. Mul-
tiple endocrine neoplasia (MEN) type 2B also may have 
marfanoid features; the presence of mucosal neuromas 
may provide a specific clue to its presence.

Cerebral gigantism (also known as Sotos syndrome) 
is characterized by overgrowth during early childhood, a 
moderately advanced BA, macrocephaly, developmental 
retardation, and dysmorphisms, particularly acromega-
loid facial features.520-532 Most children are long and 
slender at birth; they reach an above average, occasion-
ally excessive, adult height. A great majority of cases are 
due to mutation of nuclear receptor binding SET-domain 
1 (NSD1),532-534 sometimes in association with a chromo-
some 5q35 microdeletion. Weaver syndrome, which has 
somewhat different facial dysmorphisms, is sometimes an 
allelic variant. Sotos syndrome can be mimicked by frag-
ile X syndrome. Disproportionate bone age advancement 
characterizes some other congenital overgrowth disor-
ders, such as Marshall-Smith syndrome, which is charac-
terized by poor weight gain.239

The prototypic congenital macrosomia syndrome is 
Beckwith-Weidemann syndrome. The most consistent 
features are overgrowth, macroglossia, umbilical defects 
ranging from hernia to omphalocele, and earlobe pits. 
Hyperplasia of various visceral (especially kidney) and 
endocrine organs (especially pancreatic β cells) is the 
rule. Birth size is above average, growth velocity is high 
until midchildhood, and adult height is 2.5 SD above 
normal. Children with this syndrome are predisposed 
to develop embryonal intraabdominal tumors in early 
childhood, most commonly Wilms’ tumor and adreno-
cortical carcinoma. The disorder is associated with loss 
of heterozygosity at chromosomal locus 11p15.5 due 

to duplications, translocation/inversion, unipaternal 
disomy, or mutations of the CDKI p57,KIP2 which cause 
imbalance between the function of growth-promoting 
genes such as IGF-2 and tumor suppressor genes on this 
imprinted region535; overexpression of IGF-2 therefore 
has been implicated in the overgrowth. Because of the 
associated genetic abnormalities, it has been suggested 
that Beckwith-Weidemann syndrome is the genetic 
opposite of Russell-Silver syndrome.301 The Simpson-
Golabi-Behmal syndrome is similar in consisting of mac-
rosomia, macroglossia, omphalocele, and Wilms’ tumor, 
but it has a different pattern of associated features, such 
as “bulldog facies,” polydactyly, fingernail hypoplasia, 
and even greater adult height. It is caused by an X-linked 
mutation of glypican-3, a receptor that modulates IGF-2 
action.130

Lipodystrophy, particularly the total form, whether 
congenital or acquired, is associated with tall stature.536 
Insulin resistance frequently is so severe as to cause pseu-
doacromegaly, and hyperlipidemia is prominent.

Overnutrition (exogenous obesity) during childhood 
typically accelerates growth slightly and advances BA 
comparably to HA. IGF-1 levels are normal in the pres-
ence of low GH levels.105

Hormonal disorders of GH, sex steroids, and thy-
roid hormone can cause tall stature. GH excess is a 
rare but important cause of accelerated growth. This 
condition, termed gigantism during childhood, may 
be associated with acromegaloid features in older chil-
dren (Fig. 22-16).537,538 It usually is due to a pituitary 
somatotroph adenoma or to somatotroph hyperplasia. 
Activating mutations of Gsa have been described in iso-
lated pituitary adenomas and in patients with McCune-
Albright syndrome associated with hypersecretion of 
hormones such as GH.539,540 Hyperprolactinemia may 
coexist.

Figure 22-16 Pituitary gigantism. A 
22-year-old-man with gigantism caused 
by excess growth hormone is shown to 
the left of his identical twin. The in-
creased height (A) and enlarged hand 
(B) and foot (C) of the affected twin 
are apparent. Their height and features 
began to diverge at approximately 
13 years of age. (From Gagel RF Mc-
Cutcheon IE: Images in clinical medi-
cine. Pituitary gigantism. N Engl J Med 
340:524, 1999.)

A

B

C
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Hyperthyroidism can accelerate bone growth and mat-
uration.536 Affected infants may have premature cranial 
synostosis.541

Sexual precocity accelerates height. Classically, BA is 
stimulated disproportionately, which leads to premature 
epiphyseal fusion. Thus, these children initially become 
tall but stop growing prematurely, so their adult height 
is stunted. Slowly progressive forms of precocious 
puberty do not necessarily deleteriously affect adult 
height, however.542

Sex hormone deficiency, conversely, prolongs the 
growing period because the epiphyses do not close. This 
leads to increased height and eunuchoid proportions 
in hypogonadal individuals.543 Through the discovery 
of patients deficient in aromatase or with inactivating 
mutation of the estrogen receptor, estradiol has been 
found to be the critical hormone that brings about 
epiphyseal fusion.143

Idiopathic tall stature refers to tall stature of unknown 
cause. Similar to idiopathic short stature, it sometimes is 

defined as including the genetic normal variants of famil-
ial tall stature and constitutional advancement of growth 
and development.

Differential Diagnosis of Tall Stature by Growth Pattern
Because supranormal height occurs because of inherent 
endowment or excessive stimulation of the rate of bone 
growth, the diagnostic approach based on the relation-
ships of CA, HA, BA, and growth velocity is analogous to 
that described for short stature. Four patterns of growth 
causing tall stature can be distinguished: intrinsic tallness, 
advanced growth, accelerated growth, and prolonged 
growth (Table 22-8 and Fig. 22-17).476,544

Intrinsic tallness is the term applied to literally long-
boned individuals. They come to grow above, but 
approximately parallel to, the 95th percentile on height-
attained curves. Their BA and age of puberty are normal. 
This usually is a normal variant (familial tall stature) but 
rarely is due to genetic disorders such as Marfan syn-
drome or homocystinuria.

TABLE 22-8 Differential Diagnosis of Tall Stature by Growth Pattern

Type of Growth Pattern Bone Age Relationships Growth Rate Differential Diagnostic Categories

Intrinsic tallness BA ≈ CA < HA Approximates normal Familial tallness
Chromosomal disorders
 •  XXY, fragile X, XXX
 •  XYY
 •  8p trisomy
Genetic disorders
 •  Marfanoid syndromes
 •  Cerebral gigantism syndromes
 •  Congenital macrosomia syndromes

Advanced growth BA ≈ HA > CA Approximates normal “Constitutional” normal variant
Obesity
Lipodystrophy
Hyperthyroidism

Accelerated growth BA > HA > CA Supranormal Sexual precocity
BA ≤ HA > CA Supranormal GH or IGF excess

Prolonged growth BA < HA > CA Normal Hypogonadism
Estrogen deficiency

BA, Bone age; CA, chronologic age; GH, growth hormone; HA, height age; IGF, insulin-like growth factor.
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Figure 22-17 Growth patterns of three boys of similar prepubertal tall stature. Growth data on the two boys on the left are from the Fels Institute 
files. One became a tall adult (intrinsic tall stature); the other grew to be of normal adult height after undergoing an early pubertal growth spurt 
(advanced height). Growth data on the boy with precocious puberty are derived from the data of Thamdrup.544 (Courtesy R.D. Bock.)
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Advanced growth is a pattern with similar growth in 
childhood, with a growth velocity that maintains them 
approximately parallel to the 95th percentile on height-
attained curves, but children go into puberty early to stop 
growing at a normal size. This pattern is indicated by a BA 
that is advanced in proportion to HA. Examples include 
normal variant (constitutional advancement of growth 
and development), obesity, and hyperthyroidism. Mild 
forms of sexual precocity also cause this growth pattern.

Accelerated growth refers to the pattern in which 
growth rate is excessive. Adult height is abnormal unless 
the underlying disorder is corrected. Adult height is sub-
normal in rapidly progressive sexual precocity and is 
excessive in GH excess.

Prolonged growth results from deficiency of sex hor-
mones, particularly estrogen. Such patients continue grow-
ing into adulthood.

Diagnostic Evaluation
The tall child whose height parallels the 95th percentile 
and has tall parents, no dysmorphic features, normal pace 
of puberty, and a normal bone age is likely to have intrin-
sic tallness of familial origin without a pathologic basis 
(familial tall stature). Additional investigations often are 
not needed. However, chromosomal disorders, Marfan 
syndrome, homocystinuria, and occasionally excessive 
GH can simulate the clinical picture. The presence of dys-
morphic features, macroorchidism, or intellectual impair-
ment in a tall child suggests the need for chromosome 
analysis, plasma amino acid assay, or genetics consulta-
tion to evaluate these possibilities.

The tall child with an advanced growth pattern (i.e., BA 
advanced in proportion to HA) is likely to have “constitu-
tional” normal variant tallness, particularly if the height 
parallels the 95th percentile, family history is compatible, 
and the clinical examination is otherwise normal. Because 
hyperthyroidism may mimic this presentation, the clinical 
examination includes evaluation for goiter, ophthalmo-
logic abnormalities, and hypermetabolism; thyroid func-
tion studies will provide confirmation. Exogenous obesity, 
in the absence of dysmorphic features or intellectual 
impairment, may present this pattern of tall stature. In the 
absence of puberty or symptoms or signs suggestive of a 
hypothalamic disturbance or hypoglycemia, the tall stature 
virtually excludes an endocrine basis for obesity.

An accelerated growth pattern (involving progres-
sive deviation of height above the 95th percentile and an 
advanced bone age) requires assessment for sexual precoc-
ity. This includes clinical assessment of primary and sec-
ondary sexual characteristics, as well as evaluation for the 
possibility of central nervous system disorders or abdominal 
masses and a search for nevi and bone deformities. If the 
BA is significantly advanced, screening should commence 
with determination of blood levels of estradiol, testosterone, 
dehydroepiandrosterone sulfate, gonadotropins (preferably 
in a third-generation assay), and possibly serum human 
chorionic gonadotropin (hCG). Screening for excessive GH 
secretion should be initiated with random GH, IGF-1, and 
IGFBP-3 blood levels. The definitive test for the diagnosis of 
GH excess is the failure of serum GH to suppress below 1 to 
2 ng/mL after an oral glucose load (1.75 g/kg, maximum 100 

g), although some false-positive tests have been reported.537 
Hyperprolactinemia often exists together with GH excess. 
If evidence of GH excess is found, serum GHRH may be 
measured (to assess the rare possibility of ectopic GHRH 
production) and appropriate imaging studies performed. In 
cases of GH excess, the clinician should also consider the 
possibilities of McCune-Albright syndrome, multiple endo-
crine adenomatosis type I, and carcinoid syndrome.

A prolonged growth pattern suggests sex hormone 
deficiency or resistance. Evaluation of pubertal develop-
ment, sense of smell (to evaluate Kallmann’s syndrome), 
and body proportions (eunuchoid habitus with long legs 
and a low upper-to-lower body segment ratio is char-
acteristic of sex hormone deficiency) are needed. Labo-
ratory studies include ascertainment of circulating sex 
hormone and gonadotropin levels, chromosome analysis, 
and, when indicated, imaging studies.

Management
Because familial intrinsic tall stature represents a variant of 
the normal, reassurance and support are needed. In certain 
cases (e.g., predicted adult height 3 SDs or more above the 
mean), familial tall stature may be particularly distressing, 
and treatment to curtail growth by accelerating epiphyseal 
fusion may be considered. Estrogen in large amounts (e.g., 
0.3 mg/d of ethinyl estradiol) can be given just before or 
early in puberty, daily without interruption, and continued 
until epiphyseal fusion has occurred. Progestin (e.g., 100 mg 
of progesterone) taken orally daily for 10 days for the first 
10 days of each month is also given to yield regular men-
ses. Potential risks of estrogen therapy include thrombosis, 
hyperlipidemia, cholelithiasis, glucose intolerance, nausea, 
mild hypertension, and weight gain. Although evidence 
suggests that estrogen therapy can reduce adult height by as 
much as 3.5 to 7.3 cm below that predicted, the results can-
not be assured545,546 and treatment is much less effective if 
given in late puberty. Additional caveats include at least one 
report that recipients of such treatment may not express 
long-term satisfaction with it,547 and that, for girls with 
normal variants, it may represent a form of social shap-
ing of medicine.548 Some authors have reported on estro-
gen treatment for tall stature girls with Marfan syndrome, 
androgen insensitivity, and other overgrowth problems.533 
Because of the potential adverse effects, relatively few endo-
crinologists currently offer high-dose estrogen for growth 
suppression.549 Somatostatin analogue has been suggested 
as a treatment to reduce adult height in selected cases, but 
recent results suggest that findings do not justify its use.550 
Depot testosterone in highly virilizing doses (about 400 
mg every 2 weeks) has been used to reduce predicted adult 
height in selected tall boys, but experience is limited.545

Hypersecretion of GH due to pituitary adenomas gen-
erally is treated by surgery and/or a somatostatin ana-
logue. Pituitary radiation has also been utilized. More 
recently, a GH receptor antagonist (Pegvisomant) has 
been used.551 Pituitary hyperplasia causing GH excess 
(as in McCune-Albright syndrome) can be treated with 
a somatostatin analogue. In ectopic GHRH-producing 
tumors, surgical removal is the treatment of choice.

The compromised height potential resulting from 
gonadotropin-dependent sexual precocity is treated by 
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suppressing gonadotropins with long-acting gonadotro-
pin-releasing hormone agonists. The most widely used 
agent in the United States is depot leuprolide (ordinar-
ily given as a monthly depot intramuscular injection). 
The treatment is effective when started at an early age, 
with an average height gain above pretreatment height 
prediction of about 1.4 cm for each year of therapy.552 
Coincident GH deficiency must be treated for optimal 
growth.553 Although GH-sufficient patients with central 
precocity who are started on gonadotropin-releasing 
hormone agonists relatively late and whose height veloc-
ity falls below the prepubertal normal range after 2 to 
3 years can gain an average of 2 cm per year when GH 

therapy is added,554 this approach is not fully accepted. 
Otherwise, premature puberty is treated by specific ther-
apy where possible, for example, using cortisol replace-
ment for congenital adrenal hyperplasia or inhibitors of 
steroidogenesis for McCune-Albright syndrome. Con-
versely, sex hormone deficiency can be replaced.
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K E Y  P O I N T S

 •  There are multiple causes for growth failure in children; before considering the 
diagnosis of GHD, other causes of short stature should be excluded.

 •  GHD in children can be congenital or acquired, occurring in isolation or in 
combination with other pituitary hormone deficiencies.

 •  Congenital isolated GH deficiency may be caused by mutations in genes directly 
implicated in the synthesis of GH (GH1, GHRHR) or genes encoding early 
transcription factors (HESX1, OTX2, SOX2, SOX3), or it may be the first presentation 
before the development of other pituitary hormone deficiencies. In many cases, 
however, the genetic etiology of GHD remains unknown.

 •  The diagnosis of GHD is a multistep process that requires evaluation of the clinical 
history, auxology, and biochemical data with further contributions derived from 
pituitary MR imaging and results of genetic studies.

 •  There are a number of GH provocation tests, with inherent limitations and variability. 
Factors such as age, sex, pubertal stage, and adiposity may have an impact on diagnosis 
and should be considered.

 •  The beneficial effects of rhGH treatment in children extend beyond height, with 
positive outcomes for body composition, lipid profile, cardiac function, bone 
mineral mass, and even development and neurocognition.

 •  Several studies have confirmed that, during the treatment period, rhGH has an overall 
favorable safety profile. However, long-term effects on cardiovascular health and 
overall mortality are debatable and the subject of international multicentre studies.
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The height of an individual is the culmination of a complex 
process that results from an interaction between genes, 
nutritional status, hormonal milieu, and environmen-
tal factors. In terms of adult height, fetal growth is criti-
cal and has major implications for the ultimate stature of 
an individual. Birth length is approximately 30% of final 
height, and with a crown-rump length velocity of 50 to 60 
cm/year, this period represents the fastest rate of growth 
achieved by an individual.1,2 This growth is mediated by 
maternal nutrition and a number of growth factors such 
as insulin-like growth factor-1 (IGF-1), IGF-2, fibroblast 
growth factor, epidermal growth factor, transforming 
growth factors α and β, and insulin. Any compromise in 
maternal nutrition or in the production of these growth 
factors is associated with intrauterine growth restriction.

Postnatal growth is best described by the ICP (infancy-
childhood-pubertal) model of growth.3 These three phases 
are regulated by different components of the endocrine 
system. During the infancy phase, growth is rapid but at a 
sharply decelerating rate. Growth at this stage is principally 

dependent on nutrition, although endocrine factors in the 
form of the growth hormone (GH)-IGF axis play an increas-
ingly important role during the first year of life. Over the 
first 2 years, a period of “catch-up” or “catch down” 
growth commonly occurs while the infant establishes his or 
her own growth trajectory, with a marked increase in the 
correlation between current height and final height (r = 0.8) 
by 3 years of age. As a result, growth along a predictable 
channel is a hallmark of the healthy child. Poor growth may 
be a manifestation of any underlying illness reflecting a wide 
variety of genetic, constitutional, and pathologic conditions, 
of which GH deficiency (GHD) is but one cause.4 Stature 
itself is merely an indication of a potential abnormal physi-
cal state and not a diagnosis. That comes from the answer to 
the question, what is the explanation for this abnormality?

By 4 years of age, average height velocity has declined 
to 7 cm/year, with a further decline to a rate of 5 to  
5.5 cm/year at 8 years of age (Fig. 23-1). The onset of the 
childhood phase of growth is apparent from 6 months of 
age, when there is an overlap between the childhood and 

Figure 23-1 Height velocity chart 
for boys 0 to 19 years of age. Cen-
tiles 3 to 97 illustrated with 50th cen-
tile in bold. Shaded zone, Variation 
in timing of pubertal growth spurt. 
Visually, the chart depicts the rapid 
but rapidly decelerating growth dur-
ing the first 4 years of life followed by 
a much slower declination until the 
onset of the pubertal growth spurt. 
(Copyright © Castlemead Publica-
tions.)
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infancy phases of growth. This childhood growth is depen-
dent mainly on endocrine factors such as GH and thyrox-
ine.5 The third phase of postnatal growth, the pubertal 
phase, is dependent upon the normal secretion of GH and 
sex steroids. It is extremely variable in terms of timing, 
with marked sexual dimorphism that gives rise to the aver-
age difference of 12.5 cm in adult height between the sexes.

Growth hormone is the main mediator of postnatal 
growth,5 and virtually any chronic childhood illness will 
modify secretion. As such, care needs to be exercised 
in the evaluation of GH secretion in these situations. 
Although GH deficiency (GHD) may be considered a 
form of IGF deficiency,6 this approach may be limited. 
Since GH receptor and post-receptor issues and GHD in 
adults are considered elsewhere, this chapter will focus 
primarily on GHD as related to disorders of the hypotha-
lamic-pituitary axis in children.

EPIDEMIOLOGY
The reported incidence of GHD is to a large extent depen-
dent on the criteria employed to establish the diagnosis 
and reflects the wide variation in the stringency of diag-
nostic testing. The incidence of congenital isolated GHD 
varies between 1:4,000 and 1:10,000 live births, depend-
ing on the population studied, while 3% to 30% of cases 
are familial, suggesting a genetic etiology.7,8

Several large surveys have indicated that approximately 
25% of children diagnosed with GHD have an underlying 
“organic” cause for their condition, such as trauma, CNS 
tumors, inflammation, irradiation, or anatomic abnor-
malities of the hypothalamus or pituitary gland.9,10 The 
remainder are labeled as “idiopathic” GHD. Such surveys 
are likely to overestimate the number of true cases of idio-
pathic GHD because of variation in the diagnosis of GHD. 
Recent advances in developmental endocrinology suggest 
that many patients labeled previously as idiopathic GHD 
have genetic abnormalities or subtle anatomic abnormali-
ties affecting the hypothalamus, pituitary gland, or both.

PATHOGENESIS
A list of causes of GHD is provided in Table 23-1. As 
mentioned already, “idiopathic” GHD constitutes by far 
the largest group of patients, although advances in devel-
opmental biology are forcing a rethink in this area.

Genetic and Structural Abnormalities
Pituitary Development
The pituitary gland, which consists of anterior, inter-
mediate, and posterior lobes, is a central regulator of 
growth, metabolism, and development. Its complex func-
tions are mediated via hormone-signaling pathways that 
act to regulate the finely balanced homeostatic control in 
vertebrates by coordinating signals from the hypothala-
mus to peripheral endocrine organs (thyroid, adrenal 
glands, and gonads). The mature anterior pituitary gland 
is populated by five neuroendocrine cell types defined by 
the hormone produced: corticotropes (corticotropin [for-
merly adrenocorticotropic hormone, ACTH]), thyrotropes 
(thyroid-stimulating hormone [TSH]), gonadotropes 

(luteinizing hormone [LH], follicle-stimulating hormone 
[FSH]), somatotropes (GH), and lactotropes (prolactin 
[Prl]).11 The posterior gland secretes vasopressin and oxy-
tocin. The origins of the anterior and posterior lobes of 
the pituitary gland are embryologically distinct. Rathke’s 
pouch, the primordium of the anterior pituitary gland, 
arises from the oral ectoderm, whereas the posterior pitu-
itary gland derives from neural ectoderm. Development of 
the anterior gland follows a similar pattern in a number of 
different species but has been best studied in rodents.11,12

In the mouse, anterior pituitary development occurs in 
four distinct stages: pituitary placode formation; the devel-
opment of a rudimentary Rathke’s pouch; the formation 
of a definitive pouch; and finally the terminal differentia-
tion of the various cell types in a temporally and spatially 
regulated manner (Fig. 23-2). The apposition of Rathke’s 
pouch and the diencephalon, which later develops into the 
hypothalamus, is maintained throughout the early stages 

TABLE 23-1 Causes of Growth Hormone 
Deficiency

Congenital

Genetic:

Isolated pituitary hormone deficiencies
Combined pituitary hormone deficiencies
See Table 23-2

Associated with Structural Defects of the Brain:

Agenesis of the corpus callosum
Septo-optic dysplasia
Holoprosencephaly
Encephalocele
Hydrocephalus

Associated with Midline Facial Defects:

Cleft lip/palate
Single central incisor

Idiopathic

Acquired

Trauma:

Perinatal trauma
Postnatal trauma

Infection:

Meningitis/encephalitis

CNS Tumors:

Craniopharyngioma
Pituitary germinoma
Histiocytosis

Following Cranial Irradiation

Following Chemotherapy

Pituitary Infarction

Neurosecretory Dysfunction

Transient:

Peripubertal
Psychosocial deprivation
Hypothyroidism



42123 GROWTH HORMONE DEFICIENCY IN CHILDREN

of pituitary organogenesis13 and appears to be critical for 
normal anterior pituitary development. A number of signal-
ing molecules—fibroblast growth factor-8 (Fgf8),13-15 bone 
morphogenetic protein 4 (Bmp4),13,14 and Nkx2.115—that 
are expressed in the neural ectoderm and not in Rathke’s 
pouch are thought to play a significant role in normal ante-
rior pituitary development, as illustrated by the phenotype 
of mouse mutants that are either null or hypomorphic for 
these alleles. These signaling molecules activate or repress 
key regulatory genes encoding transcription factors such as 
Hesx1, LIM homeobox 3 (Lhx3), and LIM homeobox 4 
(Lhx4) within the developing Rathke’s pouch that are essen-
tial for subsequent development of the pituitary gland.11,12,13

The final stage of pituitary gland development entails 
the terminal differentiation of the progenitor cells into 
the distinct cell types found within the mature pituitary 
gland. This process is tightly regulated by extrinsic factors 
(Fgf8, Bmp2, Bmp4, and Bmp7) that emanate from the 
surrounding infundibulum and the juxtapituitary mesen-
chyme. These then establish gradients of transcription fac-
tors (Lhx3, Six3, prophet of Pit1 [Prop1], Pou1f1 (Pit1), 
Nkx3.1, Islet-1 [Isl1], Lhx4, Six1, Brain-4 [Brn4], and 
pituitary forkhead [Pfrk]).14,15 These genetic gradients 
lead to a wave of cell differentiation. Each of the five ante-
rior pituitary cell types differentiates in a temporally and 
spatially regulated manner (Fig. 23-3),16-21 and this pro-
cess is dependent upon a number of transcription factors 
such as Pou1f1, Tpit, and steroidogenic factor 1 (Sf1).22,23

In this multistep process, somatotropes appear by embry-
onic day (E)15.5 in the anterolateral wings of the develop-
ing gland, following the appearance of corticotropes and 
thyrotropes. The onset of expression of the activator Prop1 
by E12.5 and its maintenance until E15.5 is a critical step. 
As it is required for the emergence of the Pou1f1 lineage 
(somatotropes, lactotropes, thyrotropes). In turn, Pou1f11 
is detected by E13.5, reaches its peak level of expression in 

Early inductive events

Formation of Rathke's pouch

Establishment of pituitary gland

Brain tissue
Oral ectoderm
AL = Anterior lobe
IL = Intermediate lobe
PL = Posterior lobe

AL

IL
PL

A

B

C

D
Figure 23-2 Formation of the pituitary gland. Four-stage process 
commencing with early inductive events as the infundibulum of the 
diencephalon abuts the roof of the oral cavity. The pituitary gland is 
established with signaling gradients generating spatially defined pat-
terns of gene expression and specific cell lineages in the definitive gland. 
(Reproduced from Valette-Kasic and Enjalbert, Topical endocrinology, 
February 2003.)

Pituitary
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Development
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Regulating
genes
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Pit-1(POU1F1)

Somatotrophs
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GATA2
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Dax-1

Gonadotrophs

Corticotrophs
NeuroD1/
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Figure 23-3 Temporal sequence of events of pituitary development in the mouse. (Reproduced from Valette-Kasic and Enjalbert, Topical Endocrinology, 
February 2003.)
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the differentiated somatotrophs by E16, and its expression 
is maintained in adulthood. Activation of Pou1f1 is required 
for the production of GH, the expression of growth hor-
mone–releasing hormone receptor (GHRHR), and the 
postnatal expansion of GH-producing cells. The appear-
ance of differentiated somatotropes is followed by a dra-
matic increase in their number and their migration by E18.5 
throughout the central and lateral parts of the anterior 
lobe.24 The preferential distribution of somatotropes in this 
location does not seem to depend on their time of exit from 
the cell cycle,25 but is rather a dynamic process during which 
somatotropes migrate to form homotypic three-dimensional 
networks.26 Recent elegant imaging studies reveal that this 
organization of somatotropes is not merely topographic, 
but somatotropes are organized into a functional and struc-
tural network that facilitates their coordinated physiologic 
response to different stimuli.27,28 This organization into a 
cellular continuum is maintained postnatally, thus ensuring 
the plasticity of the system and its adaptation throughout 
life.28,29 Although less is known about pituitary development 
in humans, it appears to mirror that in the rodent. Sponta-
neous or artificially induced mutations in the mouse have 
led to significant insights into human pituitary disease, and 
identification of mutations associated with human pituitary 
disease have in turn been invaluable in defining the genetic 

cascade responsible for the development of this complex 
structure.12

Syndromic GHD in Humans
A number of genetic abnormalities have been identified in 
children who were previously thought to have idiopathic 
GHD or combined pituitary hormone deficiency (CPHD) 
(Table 23-2). Mutations in early transcription factors 
may result in GHD in association with other develop-
mental abnormalities, such as septo-optic dysplasia, skel-
etal defects, or intellectual impairment with or without 
the development of other pituitary hormone deficiencies. 
For instance, mutations within the paired-like homeobox 
gene HESX1 are associated with the phenotypes of GHD, 
CPHD, and septo-optic dysplasia (SOD), a condition 
characterized by forebrain, pituitary, and eye abnormali-
ties such as optic nerve hypoplasia.30,31 The inheritance 
and phenotypes are variable, with both dominant and 
recessive modes of inheritance described. HESX1 muta-
tions are an uncommon cause of hypopituitarism, repre-
senting less than 1% of cases,32 and have been described 
in patients with variable phenotypes without obvious 
genotype-phenotype correlation. Intriguingly, HESX1 
mutations are classically associated with anterior pitu-
itary hypoplasia with an undescended posterior pituitary 

TABLE 23-2 Genes Implicated in Isolated Growth Hormone Deficiency and Combined  
Pituitary Hormone Deficiencies

Gene Murine Loss-of-Function Phenotype Human Phenotype Inheritance

HESX1 Anophthalmia or microphthalmia, agenesis  
of corpus callosum, absence of septum  
pellucidum, pituitary dysgenesis or aplasia

Variable: SOD, CPHD, IGHD with EPP Dominant or recessive

SOX3 Surviving animals have variable defects in size 
and fertility, craniofacial abnormalities.

Isolated GHD/CPHD with mental  
retardation, usually EPP

X-linked in humans

SOX2 Heterozygous animals have variable pituitary 
phenotype with abnormal morphology of the 
anterior pituitary gland; reduction in levels 
of GH, ACTH, TSH, and LH; and dose-
dependent eye abnormalities.

Hypogonadotropic hypogonadism, rare 
GHD, severe eye abnormalities (anoph-
thalmia/microphtalmia), association 
with spastic diplegia, developmental 
delay, esophageal atresia

Dominant

OTX2 Homozygous animals die at midgestation with 
severe brain abnormalities. Hetererozygous 
mutants have variable phenotype ranging 
from normal to severe eye and brain abnor-
malities (anophthalmia, holoprosencephaly 
or anencephaly).

CPHD or isolated GHD, variable eye 
phenotype including anophthalmia

Dominant

LHX3 Hypoplasia of Rathke’s pouch GH, TSH, gonadotropin deficiency with 
pituitary hypoplasia

Variable ACTH deficiency
Short, rigid cervical spine with limited 

rotation, deafness

Recessive

LHX4 Mild hypoplasia of anterior pituitary gland GH, TSH, cortisol deficiency, persistent 
craniopharyngeal canal, and abnormal 
cerebellar tonsils

Recessive in mouse, 
dominant in humans

PROP1 Hypoplasia of anterior pituitary gland with 
reduced somatotrophs, lactotrophs, thyro-
trophs, and gonadotrophs

GH, TSH, prolactin, and gonadotropin 
deficiency. Evolving ACTH deficiency. 
Enlarged pituitary gland with later 
involution

Recessive

POU1F1 (P1T1) Anterior pituitary hypoplasia with reduced 
somatotrophs, lactotrophs, and thyrotrophs

Variable anterior pituitary hypoplasia with 
GH, TSH, and prolactin deficiencies

Recessive in mouse, 
dominant/recessive in 
humans

GHRHR/ Reduced somatotrophs with anterior pituitary 
hypoplasia

GH deficiency with anterior pituitary 
hypoplasia

Recessive

GH1 GH deficiency Recessive or dominant

ACTH, Adrenocorticotropic hormone; CPHD, combined pituitary hormone deficiency; EPP, ectopic posterior pituitary; GHD, growth hormone 
deficiency; IGHD, isolated growth-hormone deficiency; SOD, septo-optic dysplasia; TSH, thyroid-stimulating hormone.
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gland and an absent or thin infundibulum.33 On rare 
occasions, heterozygous HESX1 mutations (p.E149K, 
p.S170L, p.T181A) may be associated with isolated GHD 
in patients with relatively milder phenotypes compared 
to the classic manifestations of SOD, who may or may 
not have optic nerve hypoplasia, while an ectopic/unde-
scended posterior pituitary and anterior pituitary hypo-
plasia is not always present (p.S170L).31

Orthodentic homeobox 2 (OTX2) is another early 
transcription factor important for the formation of ante-
rior structures and the forebrain that has been implicated 
in the etiology of 2% to 3% of anophthalmia/microph-
thalmia syndromes in humans.34,35 The pituitary phe-
notype of patients with heterozygous OTX2 mutations 
ranges from partial to complete GHD or hypopituitarism 
with or without an ectopic posterior pituitary gland on 
MRI. There is no clear genotype-phenotype correlation, 
even among patients with the same mutation and, in rare 
cases, patients may not even exhibit an ocular phenotype 
(p.N233S).36-39 As there are no long-term follow-up data 
for patients with heterozygous OTX2 mutations who 
present with isolated GHD, careful monitoring for the 
development of additional endocrinopathies is needed.

Mutations within the LIM-domain genes LHX3 and 
LHX4 are associated with CPHD with extrapituitary mani-
festations such as a short neck and steep cervical spine in the 
case of LHX340,41 and an abnormal cerebellum in the case 
of LHX4.42 The inheritance of LHX3 mutations is reces-
sive, whereas that associated with LHX4 mutations is dom-
inant, unlike the murine phenotype. To date, all reported 
patients with heterozygous LHX4 mutations had GHD and 
short stature on presentation, in association with variable 
endocrine deficits or panhypopituitarism. However, there 
is remarkable variability in the phenotype even within the 
same family, ranging from panhypopituitarism to GHD 
with partial TSH deficiency or even partial GHD and short 
stature, diagnosed later in life.43 Mutations within the gene 
encoding the transcription factor Sox2 are associated with 
hypopituitarism in mouse and humans. SOX2 is one of the 
earliest known genes to be expressed in embryonic stem cells 
and neural progenitors. Although mutations in the mouse 
are associated with a generalized reduction in all pituitary 
cell types, in the human, the most frequent pituitary defect is 
hypogonadotropic hypogonadism, with GHD being less fre-
quent. Other features include severe eye defects, esophageal 
atresia, hypothalamic hamartomata, learning difficulties, 
and sensorineural hearing loss.44,45 Studies with SOX3 sug-
gest a possible explanation for the predominance of males 
in many series of GHD, as it is now a recognized cause of 
X-linked or Type III GHD. SOX3 is located on the X chro-
mosome (Xq26-27) and appears to be important not only 
for pituitary development, but is also associated with mental 
retardation.46 These observations of GHD and brain devel-
opmental abnormalities are particularly important because 
neurodevelopmental handicap has often been ascribed to 
untreated neonatal hypoglycemia, whereas structural devel-
opmental problems may be a more pertinent explanation. 
Patients with overdosage or underdosage of SOX3 present 
with isolated GHD or combined pituitary hormone defi-
ciencies, with or without mental retardation or learning 
difficulties, and an ectopic/undescended posterior pituitary 

gland on MRI.47 In different pedigrees, large or submicro-
scopic duplications at the Xq26-27 locus encompassing 
SOX3 have been associated with the phenotype. In addi-
tion, expansion of the first polyalanine tract of SOX3 by 7 
or 11 residues or an in-frame deletion resulting in the loss of 
six alanine residues have been reported in association with 
variable phenotypes (isolated GHD or combined pituitary 
hormone deficiencies).47,48 The variability in the size of the 
polyalanine tract in SOX3 is an uncommon cause of hypo-
pituitarism or isolated GHD, and to date there have been 
no reported point mutations in SOX3 leading to functional 
compromise.

It is clear that our understanding of the etiology of 
hypopituitarism and the mechanisms whereby mutations 
lead to a particular phenotype is rudimentary and evolv-
ing. Additionally, many cases of hypopituitarism may be 
due to changes in regulatory regions of known genes or 
perhaps within novel genes that have yet to be identified.

Growth Hormone–Releasing Hormone and its Receptor
Because growth hormone–releasing hormone (GHRH) 
and its receptor (GHRHR; GHD Type 1B) are critical 
to somatotrope population expansion, abnormalities in 
either are likely to be associated with severe GHD. No 
mutations of the human GHRH gene have been identi-
fied,49 but mutations in GHRHR have been identified 
in a number of pedigrees.50-54 In most cases, patients 
were of consanguineous pedigrees or from specific ethnic 
backgrounds.

With one exception,55 all patients reported to date 
have been either homozygous or compound heterozygous 
for mutations of the GHRHR gene. Children have severe 
GHD and short stature, but compared to those with 
recessive GH1 mutations, mid-facial hypoplasia, neo-
natal hypoglycemia, and microphallus are not common. 
Serum GH concentrations fail to rise following standard 
provocative testing, as well as after GHRH administra-
tion. Because of the effect of GHRH on the proliferation 
of somatotropes, anterior pituitary hypoplasia on MRI 
is almost an invariable finding; the conflicting reports of 
apparently normal pituitary morphology in patients with 
the same GHRHR mutation56 may be explained by the 
different age groups and lack of age-matched reference 
standards.

Mutations in Late Transcription Factors Affecting  
Somatotrope Development
A number of mouse models exist in which somatotrope 
development has been impaired. These include the Ames, 
the Jackson, and the Snell dwarf mice. A missense point 
mutation within the prophet of Pit1, or PROP1 gene 
(S83P), has been shown to be responsible for the Ames 
dwarf mouse.57 The phenotype results from a failure 
of initial determination of the Pit1 lineage required for 
production of GH, PrL, and TSH. The Ames pituitary 
gland contains less than 1% of the normal complement of 
somatotrophs and decreased numbers of lactotrophs and 
thyrotrophs. In humans, mutations within the transcrip-
tion factor Prop1 are associated with CPHD in the form 
of GH, prolactin, TSH, and gonadotropin deficiency, 
while a proportion of individuals with PROP1 mutations 
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will develop cortisol deficiency.58,59 Additionally, a num-
ber of individuals with mutations within PROP1 develop 
transient pituitary masses with subsequent involution 
(Fig. 23-4).60 The exact mechanism underlying this phe-
nomenon remains unclear, but it is clearly important to 
exclude mutations within PROP1 in patients with pitu-
itary “tumors,” especially the nonfunctional variety. 
There is considerable variability in the timing of the endo-
crinopathy. A number of patients will actually commence 
puberty but then arrest halfway through; others may 
present in childhood with growth hormone deficiency 
before the gradual development of TSH, prolactin, and 
gonadotropin deficiency later in life,61 while in rare cases 
somatotrope function may be retained, as in the report 
of a patient who attained normal final height without 
GH replacement.59,62 Pit1 (now known as Pou1f1) is a 
member of the POU family of homeodomain proteins 
and contains a highly conserved bipartite DNA-binding 
domain consisting of the POU homeodomain, required 
for low-affinity DNA binding, and a POU-specific 
domain, responsible for the specificity of DNA binding 
and potential interactions with other proteins.59,63 The 
Snell dwarf mouse, characterized by pituitary hypoplasia 
and GH, PrL, and TSH deficiencies, has a point mutation 
(W261C) within the Pit1 gene, affecting the third helix of 
the POU homeodomain. This abrogates binding of Pit1 
to its target promoter sequences. Several mutations and 
deletions of the POU1F1 gene have been identified in 
humans with CPHD, characterized by the combination 
of GH, PrL, and TSH deficiency.63 Mutations have been 
described that separately affect the DNA-binding capac-
ity of POU1F1 or its transactivation properties. Autoso-
mal dominant transmission, resulting from a dominant 

negative effect, has been observed in mutations affecting 
dimerization of POU1F1, transactivation (p.P24L), or in 
the relatively common p.R271W mutation, which results 
in increased binding to promoter elements and disruption 
of transcriptional activation. Autosomal recessive trans-
mission is found with other mutations, such as p.A172X, 
p.E250X, p.R143G, p.A158P, and p.P239S. Variability 
in phenotype has been reported, although most patients 
exhibit growth retardation during the first year of life.64 
GH and PrL deficiency is complete; TSH secretion may be 
observed during infancy but declines progressively dur-
ing the early months of life. Magnetic resonance imag-
ing (MRI) scanning revealed a marked variability in the 
size of the anterior pituitary gland, with some patients 
demonstrating a normal pituitary gland and others hav-
ing a hypoplastic pituitary gland. After appropriate GH 
and thyroxine replacement, patients appear to enter 
puberty normally and have normal fertility. Lactation 
may be impaired. In some patients, TSH secretion may 
be normal.64

GH1 Gene
The GH1 gene, located at chromosome 17q22-24, is part 
of a cluster of five structurally related genes: GH1, CSHP 
(chorionic somatomammotropin pseudogene), CSH (cho-
rionic somatomammotropin), GH2 (or placental variant), 
and CSH2. Mutations within the GH1 gene are associ-
ated with isolated GH deficiency (Table 23-3).65 Large, 
recessive, inherited deletions are associated with absence 
of GH protein (Type 1A, autosomal recessive GHD). 
Complete loss of pituitary GH secretion occurs secondary 
to deletions resulting from nonhomologous crossing over 
at different sites in the GH and chorionic somatomam-
motropin (CS) gene cluster. The most common deletion is 
6.7 kb, but deletions of 7.0, 7.6, and greater than 45 kb 
have also been observed.65 Type 1A IGHD, however, is 
not synonymous to GH1 deletion as compound heterozy-
gous mutations that result in frameshift or homozygous 
nonsense mutations affecting the signal peptide can result 
in a severely truncated or absent GH molecule leading to 
IGHD type 1A.66 Patients typically present with severe 
growth failure (height SDS <-4.5) by the first 6 months 
of age, have an excellent initial response to GH therapy, 
but because of the absence of a normal GH molecule in 
fetal life, an attenuation of the growth response to exog-
enous GH may result from the development of anti-GH 

Figure 23-4 Pituitary “tumor” in a patient with a PROP-1 mutation. 
Saggital MRI scan of the pituitary gland revealing a large, globular anterior 
pituitary gland with normal posterior pituitary enhancement. Subsequent 
scans revealed involution of the mass and a resultant empty sella.

TABLE 23-3 Genetic Abnormalities in GH1

A. Type 1 Type 1A. Autosomal recessive GHD due to total 
absence of GH synthesis

Type 1B. Autosomal recessive GHD due to 
splicing defects in GH1 or defects in GHRHR 
genes

B. Type 2 Autosomal dominant GHD due to splice-site and 
missense mutations in the GH1 gene, resulting 
in dominant negative expression of the GH1 
gene. Abnormal folding of mutant interferes 
with storage and secretion.

C. Type 3 X-linked GHD, with/without mental retardation 
(SOX3) or in association with X-linked agam-
maglobulinemia
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antibodies, although this event has been described less 
frequently with newer GH preparations.

Type 1B GHD is due to homozygous splice-site, frame-
shift and nonsense mutations within the GH1 gene, or 
homozygous or compound heterozygous mutations 
within the GHRHR gene. Children with type 1B GHD 
present with marked short stature, poor growth veloc-
ity, low but detectable GH concentrations, and an excel-
lent response to GH treatment, with no formation of 
antibodies. In some families, unaffected carriers of the 
mutant allele may have significantly shorter stature than 
noncarriers.67

Type 2 GHD is autosomal dominant and associated 
with splice-site mutations. These mutations lead to the 
production of two alternatively spliced GH molecules, 20 
and 17.5 kD hGH. Mutations in an exon splice enhancer 
within exon 3 of the GH1 gene have also been associ-
ated with autosomal dominant GHD.68 The generation 
of the 17.5-kD form of hGH has a dominant-negative 
effect and prevents the secretion of the normal wild-
type 22kD hGH, with a consequent deleterious effect 
on pituitary somatotropes. In a murine model of this 
dominant-negative mutation, there is loss of somatotroph 
number69 and progressive damage to adjacent pituitary 
cells (with later failure of PrL, TSH, and gonadotropin 
secretion).70 In addition, missense mutations (p.R183H, 
p.P89L, and p.V110F) are also implicated in IGHD 
type 2. These patients have a normal GH1 allele but are 
unable to secrete the normal form of GH in appropri-
ate concentrations. The mutant protein therefore exerts 
a dominant-negative effect. As in the mouse, evolution 
of other hormonal deficiencies, including ACTH, TSH, 
and gonadotropin deficiencies, have been described in 
patients with some dominant GH1 mutations.71

GHD type 3, an X-linked form of isolated GH defi-
ciency (IGHD), has been reported in patients with hypo-
gammaglobulinemia. The role of the transcription factor 
SOX3 in the development of GHD with and without 
mental retardation was mentioned earlier in this chapter.

Bioinactive Growth Hormone Molecule
Since the GH molecule exists in multiple molecular forms 
resulting from alternative splicing or posttranslational 
processing, some cases of short stature have been hypoth-
esized to be the consequence of abnormal ratios of the 
various GH forms. Heterozygous missense GH1 muta-
tions may impair growth by a complex mechanism that 
affects not only the secretion of GH but also its bioac-
tivity. The first report of two individuals heterozygous 
for point mutations in GH1 was described by Takahashi 
and colleagues and detailed the biochemistry and molecu-
lar genetics.72 The mutant GH molecules (p.R77C and 
p.D112G) were capable of binding to the GH receptor, 
perhaps even with increased affinity, but were unable 
to stimulate tyrosine phosphorylation of GH-activated 
intracellular signaling intermediates in a normal manner. 
The ability of the p.R77C mutant to behave in a domi-
nant negative manner was demonstrated by its ability to 
inhibit the in-vitro actions of wild-type GH. Subsequently, 
the heterozygous p.R77C mutation has been reported in 
patients with growth retardation and delayed pubertal 

development, who showed normal catch-up growth with 
rhGH replacement therapy.73 However, there is no clear 
phenotype-genotype correlation as family members of 
normal stature were also carriers. In this case, patients 
do not always have short stature and they may have nor-
mal or slightly increased GH secretion and low IGF-1 
and GH-binding protein (GHBP) concentrations. Recent 
in vitro studies did not show any difference between the 
mutant and wild-type GH molecule in terms of binding to 
the GH receptor and activation of the downstream Jak2/
Stat5 pathway.73 However, it is possible that the muta-
tion results in reduced capability to induce the gene tran-
scription of the GHR/GHBP molecule.73 Missense GH1 
mutations (p.P59L and p.P59S)74 may result in reduced 
binding affinity for the GH receptor, while in some cases 
(p.R178H) the mechanism of action is more complex, 
with the mutation affecting both the dimerization and 
packaging of the GH molecule and its binding affinity for 
the GH receptor, resulting in reduced activation of the 
downstream signaling pathway.75

Structural Abnormalities
In addition to the structural abnormalities associated with 
the genetic problems described earlier, GHD can occur in 
the setting of other cranial or midline abnormalities such 
as holoprosencephaly, nasal encephalocele, single central 
incisor, and cleft lip and palate.

As methods of radiologic evaluation of the CNS have 
improved, an increasing percentage of patients with 
idiopathic GHD have been identified to have structural 
abnormalities.76 Many of these are associated with some 
of the genetic abnormalities described earlier, but the 
findings are worthy of separate consideration. In par-
ticular, earlier studies showed that the finding on MRI 
of an undescended (frequently called ectopic) posterior 
pituitary gland (posterior pituitary ectopia [PPE]) was 
more common in males than in females (3:1 when PPE 
was present vs. 1:1 if normal anatomy), in patients with 
CPHD as compared with IGHD (49% vs. 12%), breech 
delivery (32% vs. 7%), and associated congenital brain 
anomalies (12% vs. 7%).77,78

These findings appear to be best explained by a defect 
in induction of the mediobasal structure of the brain in 
the early embryo rather than the product of birth trauma, 
as previously suggested. Whether pituitary insufficiency 
is the result of hypothalamic or pituitary dysgenesis or 
the product of hypoplasia or sectioning of the pituitary 
stalk is not always clear. Perinatal problems, however, 
including breech presentation, may prove to be the con-
sequence rather than the cause of underlying CNS abnor-
mality. The concept that PPE, stalk section or hypoplasia, 
and pituitary hypoplasia may represent abnormal embry-
onic development rather than the consequences of birth 
trauma is supported by the finding of similar anatomic 
abnormalities in patients with septo-optic dysplasia, 
type 1 Arnold-Chiari syndrome, holoprosencephaly, and 
(increasingly) mutations in the genes controlling pituitary 
development.

In the empty sella syndrome, abnormalities of the sellar 
diaphragm allow herniation of the suprasellar subarach-
noid space into the region of the sella turcica.79,80 This 
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may result in damage to the sella, including the pituitary 
gland. Empty sella syndrome may be the consequence of 
surgery or irradiation, or it may be idiopathic. It is often 
found in patients with mutations in PROP-1, when it 
may have been preceded by a pituitary mass.

Acquired Defects
Destructive Lesions of the Hypothalamus and Pituitary Gland
A wide range of destructive lesions involving the hypo-
thalamus or pituitary gland may present with isolated 
GHD or CPHD. Birth trauma, associated with abrupt 
delivery, prolonged labor, or extensive use of forceps, has 
been associated frequently with subsequent hypothalamic 
or pituitary dysfunction.81 An increased incidence of 
GHD has been reported in breech deliveries, although it 
is still unclear whether such deliveries lead to acquisition 
of pituitary dysfunction or, on the other hand, whether 
preexisting CNS abnormalities result in higher rates of 
abnormal birth presentations.

Tumors
Central nervous system tumors are an important cause of 
isolated GHD and CPHD and must be excluded in every 
child with GHD who does not have an obvious alterna-
tive explanation for growth failure. Midline brain tumors 
include germinomas, meningiomas, gliomas, colloid cysts 
of the third ventricle, ependymomas, and optic nerve glio-
mas. GHD or CPHD may also occur from local extension 
of tumors affecting the head or neck, such as craniopha-
ryngeal carcinomas and lymphomas.

The major pediatric tumor involving the pituitary gland 
is the craniopharyngioma, which is probably an evolving 
congenital malformation that develops from remnants of 
Rathke’s pouch.82 It accounts for 5% to 15% of intracra-
nial tumors in childhood and 80% of tumors in the hypo-
thalamic-pituitary region. Arising from rests of squamous 
cells at the embryonic junction of the adenohypophysis 
and neurohypophysis, it forms an enlarging cyst filled with 
degenerating cells, leading to cyst fluid or calcification but 

never to malignant degeneration (Fig. 23-5). These calcifi-
cations may be seen at times on skull films and constitute 
an important diagnostic sign. Although craniopharyngio-
mas represent the consequences of a congenital malfor-
mation, they may present clinically at any age. Significant 
growth failure may be observed in 30% to 50% of chil-
dren at the time of diagnosis,83 but patients most com-
monly present with complaints of increased intracranial 
pressure, such as headaches, vomiting, and oculomotor 
disturbances; visual field defects are frequently noted at 
the time of diagnosis.82 Deficiency of at least one pitu-
itary hormone, most commonly GH or gonadotropin, is 
present in 50% to 80% of patients. Diabetes insipidus is 
reported in 25% to 50% of patients at diagnosis.82-84 The 
variation in the reported incidence of diabetes insipidus 
may be due to the fact that incidence of diabetes insipidus 
is either underestimated or may be masked by the simul-
taneous presence of ACTH deficiency.84

The most common type of craniopharyngiomas in 
childhood are adamantinomatous craniopharyngi-
oma (ACP). Activating mutations in the gene encoding 
β-catenin (CTNNB1), a component of the Wnt-signalling 
pathway, have long been identified in ACPs.85 A murine 
model that expresses a degradation-resistant mutant form 
of β-catenin in early progenitors of Rathke’s pouch has 
furthered our understanding.86 Most mutant mice die 
perinatally by 4 weeks age, and those who survive exhibit 
pituitary hyperplasia and marked hypopituitarism with 
severe disruption of differentiation of the POU1F1-lin-
eage and extreme growth retardation. Ultimately, all ani-
mals develop lethal pituitary tumors that closely resemble 
human ACPs. The tumorigenic effect of the activated 
mutant β-catenin is observed only when it is expressed in 
undifferentiated progenitors, demonstrating that mutated 
β-catenin in pituitary progenitor/stem cells has a caus-
ative role in the etiology of murine tumors resembling 
human ACPs.86 Langerhans’ cell histiocytosis may also 
present at any age. Langerhans cell histiocytosis (LCH) 
is characterized by clonal proliferation and accumulation 

Figure 23-5 MRI of cystic cranio-
pharyngioma. Saggital MRI scan 
(A) revealing large multicystic cra-
niopharyngioma arising from the 
pituitary fossa and extending up to 
hypothalamus. Coronal section (B) 
of same lesion delineating upward 
and lateral spread. Both images 
are T-1 weighted, gadolinium-en-
hanced scans.

A B
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of abnormal dendritic cells that can affect either a single 
site or many systems, causing multiorgan dysfunction. In 
children, the median age of diagnosis ranges between 1.8 
and 3.4 years of age. LCH infiltrates the hypothalamic-
pituitary area in 15% to 35% of patients, with subse-
quent development of at least one pituitary hormone 
deficiency.87 In a multicenter French national study of 
589 pediatric patients with LCH, 145 patients (25%) had 
pituitary dysfunction. In 60 patients, pituitary involve-
ment was already present at the time of diagnosis, and in 
20 of them, it was the first manifestation of the disease. 
Patients at high risk for pituitary involvement seem to be 
those with multisystem disease involving skull and facial 
bones, mastoid sinuses, sinuses, and mucous membranes 
(i.e., gums, ear, nose, and throat region). Furthermore, 
compared to patients without pituitary involvement, 
patients with pituitary involvement have a higher rate of 
relapse (10% at 5 years vs 4.8% at 5 years) and a higher 
incidence of neurodegenerative LCH.88

Diabetes insipidus is the most frequently reported per-
manent consequence of LCH and the most common endo-
crinopathy; almost all patients with pituitary involvement 
have diabetes insipidus. The second most common endo-
crinopathy is GHD, which occurs in 14% of all patients 
with LCH and in more than 40% of patients who have 
pituitary involvement.87 In the vast majority of patients, 
GHD is associated with diabetes insipidus, with a median 
interval of 2.9 to 3.5 years between the diagnosis of dia-
betes insipidus and the development of GHD. Isolated 
GHD, or the association of GHD with other anterior 
pituitary hormone deficiencies, occurs less commonly.

Pituitary MRI findings in patients with LCH include 
thickening of the pituitary stalk, suggestive of the infil-
trative process enhancing changes in the pituitary gland 
and hypothalamus, and absence of the bright signal of the 
posterior pituitary gland in T1-weighted images, caused 
by the loss of the phospholipid-rich ADH secretory gran-
ules. The latter is an invariable feature of patients who 
develop diabetes insipidus.89 Although 75% show a 
thickened pituitary stalk at the time of diagnosis of dia-
betes insipidus, only 24% have persistent stalk thickening 
after 5 years. These changes are variable and do not cor-
relate with treatment or with clinical recovery; diabetes 
insipidus persists in all cases.

Long-term follow up of patients with LCH has shown 
that the already established hormone deficiencies cannot 
be reversed by treatment.89 Recently, however, isolated 
case reports have suggested that treatment with the purine 
analogue 2-chlorodeoxyadenosine (2-CDA) may reverse 
established diabetes insipidus. Subsequent studies of this 
form of therapy, used in refractory cases of LCH involv-
ing the CNS, showed that 2-CDA may result in partial 
or complete radiologic improvement of the mass lesion, 
but the endocrine consequences of the disease, including 
DI and panhypopituitarism, do not reverse.90 Patients 
treated with the JLSG-96 protocol who have been fol-
lowed up for 5 years developed diabetes insipidus with an 
incidence of 3.1% to 8.9%, depending on the extension 
of the disease (single-system multisite vs. multisystem).91

Radiotherapy used for the treatment of LCH is within 
the dose range of 10 to 15 Gy, which is known to be 

unlikely to cause GHI. However, radiotherapy has been 
associated with an increased risk for GHD despite the 
fact that the dose was less than 15 Gy, a finding that may 
reflect the severity and extent of the disease rather than 
the direct effect of radiotherapy.

Irradiation of the Central Nervous System
Cranial irradiation used for the therapy of solid brain 
tumors and as prophylaxis for leukemia can lead to 
abnormal hypothalamic-pituitary function. The sensitiv-
ity of the HP axis to radiation depends upon the dose, 
fractionation, tissue location, and the age of the patient.92 
Such damage is typically difficult to assess precisely, since 
the hypothalamus and pituitary gland may differ in the 
extent of involvement, and the loss of function may evolve 
with time. Sensitivity to CNS radiation may differ among 
patients, although the majority of children will experi-
ence some degree of hypothalamic or pituitary dysfunc-
tion within 5 years of receiving 30 Gy. GHD also occurs 
with doses of 18 to 24 Gy,93 and subtle dysfunction may 
be observed at even lower doses. GH secretion generally 
appears to be the most sensitive to irradiation, followed 
by TSH, gonadotropins, and finally ACTH. This may 
relate to the unique position of the GHRH neurons on 
the surface of the hypothalamus and not deep within the 
structure as previously thought.94

Pituitary dysfunction evolves over several years fol-
lowing irradiation, so such children should be monitored 
for growth deceleration. Provocative GH testing may be 
within normal limits, but measures of spontaneous GH 
secretion frequently demonstrate abnormalities. Serum 
concentrations of IGF-1 or insulin-like growth factor-
binding protein-3 (IGFBP-3) may not be reduced in the 
early years following cranial irradiation.95

Cranial irradiation may also result in precocious 
puberty, leading to an early pubertal growth spurt, 
advanced skeletal maturation, and ultimately reduced 
stature. This may be superimposed upon any growth 
restriction that results from the spinal irradiation for the 
primary problem.96 Low-dose irradiation is frequently 
associated with a precocious onset of puberty; higher 
doses may result in gonadotropin deficiency and pubertal 
delay. In the irradiated child with early puberty, therapy 
with gonadotropin-releasing hormone (GnRH) analogues 
should be considered, with or without GH treatment, to 
delay epiphyseal fusion.

Lower doses of radiation (24 Gy) are also associated 
with GHD in approximately 30% to 60% of cases. Cra-
niospinal irradiation used in the treatment of posterior 
fossa tumors and total body irradiation used in condi-
tioning regimens for bone marrow transplant are also 
associated with damage to the epiphyses, with subsequent 
disproportionate short stature.

Traumatic Brain Injury
Traumatic brain injury (TBI) has been recognized as a 
cause of acquired hypopituitarism in a number of adult 
studies. Data on pediatric patients are sporadic, but TBI is 
probably underdiagnosed.97 These effects may be signifi-
cant, considering the scale of the problem. In the United 
Kingdom, 180 children per 100,000 population per year 
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sustain a head injury, with 5.6 per 100,000 requiring 
intensive care and almost one third of those admitted to 
ICU undergoing neurosurgery.

Although the pituitary gland is protected within the 
bony cavity of the sella turcica, the rich vascular network 
of the hypothalamus and pituitary gland and the structure 
of the pituitary stalk make it vulnerable to the effects of 
traumatic brain injury. The hypothalamus and pituitary 
gland have a complex vascular supply consisting of an 
arterial supply via the superior and inferior hypophyseal 
arteries from the internal carotid artery, as well as long 
hypophyseal vessels and a rich network of portal capillar-
ies that surround the pituitary gland and infundibulum. 
The pathophysiology of hypopituitarism related to TBI 
is not clearly defined, but it is thought to be the result of 
direct trauma or of vascular injury resulting in ischemia 
and infarction,98 an observation supported by the ana-
tomic findings of autopsies following head trauma that 
include anterior lobe necrosis, pituitary fibrosis, hemor-
rhage, infarction, or necrosis of the pituitary stalk.99

Hormone deficiencies may be identified in the first days 
to weeks posttrauma (acute phase) or may develop over 
time (late effect). Because there is overlap between the 
symptoms and signs of hypopituitarism and those of neu-
rologic and psychological sequelae of TBI, it is possible 
that late evolving or partial deficiencies can remain undi-
agnosed for extended periods.

In the acute phase, alterations in the endocrine func-
tion may reflect an adaptive response to acute illness. The 
clinically significant alterations involve mainly the regula-
tion of fluid and electrolyte balance (diabetes insipidus, 
SIADH, cerebral salt wasting) and the hypothalamic-
pituitary adrenal axis. Most of the pituitary hormone 
changes observed in the acute phase are transient, and 
their development cannot predict the development of per-
manent hypopituitarism.100

Pituitary hormone deficiencies present in the acute 
phase are usually transient, but they may persist or appear 
and evolve over time. In adults, the incidence of perma-
nent hypopituitarism ranges from 23% to 69%, depend-
ing on the study. The GH axis is the most frequently 
affected (10% to 33%), followed by the gonadal (8% to 
23%), adrenal (5% to 23%), and thyroid (2% to 22%) 
axis. The prevalence of permanent diabetes indipidus var-
ies between 0% and 6%.

Until recently, there were only sporadic reports of 
hypopituitarism following TBI in children, but prospec-
tive studies designed to address the problem in the pedi-
atric and adolescent population are in progress. The 
incidence of hypopituitarism is reported to range from 
10% to 60%, and although this is lower in children as 
compared with adults, it is not uncommon.101 In general, 
the long-term outcome of TBI seems to be more favor-
able in children, although quality-of-life issues and minor 
disability may persist. The extent to which endocrine 
dysfunction contributes to these outcomes has yet to be 
defined.

Growth hormone deficiency appears to be the main 
endocrine manifestation, followed by gonadotropin 
deficiency. GHD can present as growth failure, whereas 
delayed or arrested puberty and secondary amenorrhea 

may present in adolescents and in patients in the transi-
tion phase. In a number of case reports, central preco-
cious puberty has also been described in association with 
head injury, presenting 0.4 to 1.6 years after the event.102

Patients with hypopituitarism after head injury may 
have no clinical signs and symptoms suggestive of this 
disorder; its correct identification requires a high degree 
of suspicion. An international consensus guideline on 
the screening of adult patients post TBI suggests that all 
patients who had TBI, regardless of its severity, should 
undergo baseline endocrine evaluation 3 and 12 months 
after the event or discharge from intensive therapy unit 
(ITU).103 With reference to children, there are still not 
enough data from prospective studies to recommend a 
systematic approach for screening patients after TBI.104 
Even more controversial is the issue of recommending 
treatment with rhGH post TBI to improve cognitive out-
come and quality of life,105,106 or in patients with evi-
dence of abnormal GH secretion on provocation testing 
who have normal growth.104

Infiltrative and Inflammatory Disorders
Infiltrative diseases are uncommon causes of GHD in the 
pediatric population, but pituitary insufficiency may be 
observed secondary to CNS involvement in tuberculosis, 
sarcoidosis, or toxoplasmosis. Inflammation associated 
with bacterial, viral, fungal, or parasitic disease may also 
result in hypothalamic-pituitary dysfunction.107 Lymph-
adenoid hypophysitis has also been reported.

A recently reported rare cause of acquired hypopituita-
rism in adults with GH, TSH and PRL deficiency results 
from insults specific to the somatotrope cell-lineage, asso-
ciated with autoimmunity to Pit-1 (POU1F1), positive 
serum anti-Pit1 antibodies, and histologically a marked 
reduction of pituitary somatotropes with infiltration by 
lymphocytes and plasma cells.108 It is as yet unknown if 
this may also be a cause of acquired GHD in children and 
adolescents with autoimmune disorders.

Thalassemia is a hereditary disorder characterized by 
quantitative defects in synthesis of globin chains that result 
in ineffective erythropoiesis and, in its more severe forms, 
transfusion dependence. The majority of complications are 
the consequence of the toxic effects of iron that is depos-
ited in organs of the reticuloendothelial system, the heart, 
and all target organs of the endocrine system, including the 
pituitary gland.109 The anterior pituitary gland is very sensi-
tive to iron overload, resulting in defective GH secretion, 
reduced responsiveness of GH to GHRH, and hypogonad-
otropic hypogonadism. The gonadotroph cells seem to be 
particularly vulnerable to the toxic effects of iron deposi-
tion, which may be related to the way iron is transported in 
cells. Failure of pubertal development and growth impair-
ment are the most prominent endocrine complications and 
may occur despite early initiation of chelation therapy. It 
is estimated that 56% of thalassemic patients have at least 
one endocrinopathy; almost half have hypogonadism (40% 
to 59%), and 33% to 36% manifest growth failure.110 The 
growth impairment is the result of a number of factors that 
include chronic anemia and tissue hypoxia, overchelation 
due to the toxic effects of desferrioxamine on spinal carti-
lage, GH insufficiency, and possible GH insensitivity.111
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Vascular Lesions
Aneurysms may behave as space-occupying lesions and 
cause hypothalamic or pituitary destruction.

Psychosocial Dwarfism
Psychosocial dwarfism is a form of poor growth associ-
ated with bizarre eating and drinking behavior, social 
withdrawal, delayed speech, and on occasion other evi-
dence of developmental delay. Periodic hyperphagia is 
associated with decreased GH responsiveness to standard 
provocative stimuli but also with subnormal responses 
to exogenous GH therapy. Removal from the stressful 
environment, which usually involves removal from the 
home, is accompanied by a restoration of normal GH 
secretion, typically within weeks, and a period of catch-
up growth.112,113 The mechanisms for this reversible 
form of GHD are unclear, but it is of note that a vari-
ety of psychiatric conditions in adults may be associated 
with decreased spontaneous and provocative GH secre-
tion. Establishing the diagnosis of psychosocial dwarfism 
requires documentation of catch-up growth and restora-
tion of normal GH secretion following correction of the 
environmental situation.113

CLINICAL FEATURES

The Hypothalamic-Pituitary-Somatotropic Axis
Growth hormone is secreted by somatotropes in the ante-
rior pituitary gland. The secretory pattern is pulsatile, 
with discrete pulses of GH every 3 to 4 hours and virtu-
ally undetectable GH concentrations in between. Secre-
tion of GH varies considerably with age114 and shows a 
sexually dimorphic pattern, with a greater average daily 
GH output in women. This pattern is the result of an 
interaction between the hypothalamic peptides GHRH 
and somatostatin. The amplitude of the GH peak is deter-
mined by GHRH that stimulates the pituitary somato-
trophs to increase both the secretion of stored GH and 
GH gene transcription. Somatostatin determines trough 
levels of GH by inhibition of GHRH release from the 
hypothalamus and GH release from the pituitary gland. 
Withdrawal of somatostatin, on the other hand, deter-
mines the timing of a GH pulse.115

More recently, the use of synthetic GH-releasing pep-
tides (GHRP) has led to the identification of a GH secre-
tagogue (GHS) receptor (GHS-R type 1a). The receptor 
is strongly expressed in the hypothalamus, but specific 
binding sites for GHRP have also been identified in other 
regions of the CNS and peripheral endocrine and nonen-
docrine tissues in both humans and other organisms.116,117 
The endogenous ligand for the GHS receptor, ghrelin, 
was isolated from the stomach and is an octynylated pep-
tide consisting of 28 amino acids. It is expressed predom-
inantly in the stomach, but lower amounts are present 
within the bowel, pancreas, kidney, immune system, pla-
centa, pituitary gland, testis, ovary, and hypothalamus. 
Ghrelin leads not only to the secretion of GH but also 
stimulates prolactin and ACTH secretion. Additionally, 
it influences endocrine pancreatic function and glucose 
metabolism, gonadal function, appetite, and behavior.118 
It can also control gastric motility and acid secretion 

and has cardiovascular and antiproliferative effects.118 
The role of endogenous ghrelin in normal growth dur-
ing childhood remains unclear. Both ghrelin and GHRPs 
release GH synergistically with GHRH.118,119

The expression of the human GH gene is regulated not 
only by a proximal promoter but also by a locus control 
region (LCR) 15 to 32 kb upstream of the GH-1 gene. 
The LCR confers pituitary-specific, high level expression 
of GH.120 The full-length transcript from the GH1 gene 
encodes a 191-amino-acid, 22-kD protein that accounts 
for 85% to 90% of circulating GH. Alternative splicing of 
the mRNA transcript generates a 20 kD form of GH that 
accounts for the remaining 10% to 15%. Within both 
the proximal promoter and the LCR are located binding 
sites for the pituitary-specific transcription factor Pit1. 
Therefore, the LCR region may be considered as an ini-
tial “entry” point for the recruitment of the tissue-specific 
Pou1f1 (Pit-1), which in turn triggers chromatin remodel-
ing and recruitment of coactivators.121 Additional bind-
ing sites for the transcription factor Zn15 are also located 
within the proximal promoter.

In the circulation, GH binds to two binding proteins, 
high-affinity GHBP and low-affinity GHBP.122 Little is 
known about the low-affinity GHBP, which accounts 
for approximately 10% to 15% of GH binding, with a 
preference for binding to 20-kD hGH. The high-affinity 
GHBP is a 61-kD glycosylated protein that represents a 
soluble form of the extracellular domain of the GH recep-
tor that can bind to both 20- and 22-kD hGH and thereby 
prolong the half-life of GH. The GH receptor (GHR) is 
present in a number of tissues. The hormone sequentially 
dimerizes its receptor, activating a receptor-associated 
tyrosine kinase JAK2 that in turn is autophosphory-
lated and also phosphorylates the GHR. This then leads 
to signal transduction using the MAPK, STAT, and PI3 
kinase pathways. The end result is activation of a number 
of genes that mediate the effects of GH. These include 
early-response genes encoding transcription factors such 
as c-jun, c-fos, and c-myc, which are implicated in cell 
growth, proliferation, and differentiation, and IGF-1, 
which mediates the growth-promoting effects of GH.123 
IGF-1 and IGF-2 are single-chain polypeptide hormones 
that are widely expressed. Together with a family of spe-
cific binding proteins, they are believed to mediate most 
of the actions of GH.124,125

Neonatal Presentation
Recent studies in humans and in animal models have dem-
onstrated marked similarities but also critical differences 
between the clinical features of GHD and various forms 
of IGF deficiency.6,126-128 In GHD, prenatal growth is 
near normal, although mild reductions in birth length and 
weight have been observed. GHD does not cause severe 
IUGR, whereas loss of placental GH does. However, loss 
of IGF-1 in utero results in severe intrauterine growth 
restriction in both humans and mice,129 suggesting that 
IGF-1 and the IGF-1 receptor are critically involved in 
intrauterine growth.130 IGF-1 synthesis and secretion in 
utero are not regulated primarily by pituitary GH.

IGF-1 production comes under GH regulation either 
in the last few months of fetal life or shortly after birth 
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and is well established by 6 months of age. Growth fail-
ure is greater for skeletal growth than for body weight, so 
infants and young children have an appearance of relative 
adiposity. Neonates may present with hypoglycemia, and 
this suggests the possibility of other pituitary hormone 
deficiencies, especially ACTH. Normoglycemia is only 
maintained when cortisol replacement therapy is com-
menced, suggesting that ACTH (and consequently corti-
sol) secretion is critical for glucose homeostasis. However, 
the GH-IGF-1 axis also plays a role in maintaining glucose 
homeostasis, although IGHD is rarely associated with 
neonatal hypoglycemia. A diagnostic fast may be required 
to dissect CPHD from other causes of hypoglycemia, 
although the distinguishing feature from hyperinsulinism 
is the absence of ketone body formation in the latter.

The presence of concomitant gonadotropin deficiency 
is suggested by the presence of microphallus, cryptorchi-
dism, and scrotal hypoplasia. Genital ambiguity would 
not be expected, owing to placental production of hCG. 
Prolonged jaundice with conjugated hyperbilirubinemia 
and cholestasis may also be observed, typically in patients 
with CPHD. The relative contributions of GH, ACTH, 
and TSH deficiency to this presentation are unclear. It is 
imperative that the diagnosis of pituitary insufficiency be 
considered in any infant (especially term) with hypogly-
cemia, cryptorchidism, and microphallus, or conjugated 
hyperbilirubinemia. Associated features that might indi-
cate more widespread problems (midline defects of the 
face, a single central incisor, nystagmus, and/or optic nerve 
hypoplasia) should be looked for and MRI undertaken.131

Infant and Childhood Years
After the perinatal period, the defining feature of GHD is 
growth failure. Reduced skeletal growth may be observed 
during the first 6 months of life in congenital GHD, but 
by 6 to 12 months of age, early growth failure is almost 
inevitable.4,132 Height velocity is usually between –2 
and –5 standard deviations (SD) from the mean, leading 
to progressive height centile crossing. In patients with 
acquired GHD, the critical feature is a change in growth 
rate. Between 2 years of age and the onset of puberty, 
children maintain their height percentile with remarkable 
integrity. Deviation from this channel (either acceleration 
or deceleration) needs investigation. Thus a child who has 
been growing along the 75th percentile but moves across 
to the 25th percentile warrants evaluation, even though 
his or her height may still be within the normal range.

Bone age is often delayed in patients with GHD, but 
this may not be so in acquired GHD. The close prox-
imity of time to the growth failure or acquired GHD 
accompanied by accelerated puberty is occasionally seen 
in patients with intracranial tumors, when bone age may 
be accelerated. Delayed dentition may be observed, but in 
the absence of midline craniofacial abnormalities is oth-
erwise normal. Other skeletal appearances include hypo-
plasia of facial bones, hypoplastic nasal bridge, frontal 
bossing, and delayed closure of sutures. Head circumfer-
ence is usually at the lower limits of normal, indicating 
normal brain growth.4,133

An increase in adiposity, particularly central adipos-
ity, can be detected by careful measurement of skinfold 

thicknesses. Genital growth prior to the onset of puberty 
is usually proportional to body size. Puberty may be 
delayed, but in the absence of other endocrine deficien-
cies is otherwise normal.

Limited data are available on the adult height of 
untreated GHD patients. These results are often difficult 
to interpret because of 1) heterogeneity in the timing of 
GHD, 2) heterogeneity in the severity of GHD, 3) the 
presence or absence of other pituitary deficiencies, and 4) 
delay in puberty, resulting in late epiphyseal fusion. Wit 
and associates134 summarized the results from studies of 
22 untreated men and 14 untreated women with severe 
isolated GHD and reported a mean adult height of –4.7 
SD, although it is possible that the patients described in 
these early reports represent the extreme end of the spec-
trum of GHD.

DIAGNOSIS OF GROWTH HORMONE  
DEFICIENCY IN CHILDHOOD
The diagnostic evaluation of children with growth fail-
ure is complex because there are multiple causes for short 
stature (Table 23-4). In the pursuit of the diagnosis of 

TABLE 23-4 Causes of Short Stature

Nonpathogenic

Constitutional delay of growth and puberty
Familial short stature
Nutritional

Low Birth Weight

Systemic Disorders

Cardiovascular disease (e.g., congenital heart disease)
Renal (e.g., chronic renal failure, renal tubular disease)
Respiratory (e.g., cystic fibrosis, asthma)
Gastrointestinal disease (e.g., Crohn’s disease)
Neurologic (e.g., brain tumor)
Psychological (e.g., anorexia nervosa, child abuse)

Endocrine Causes

Growth hormone (GH)-related causes
GH deficiency: isolated or combined with other hormone defi-

ciencies
Resistance to GH
IGF-1 deficiency
Hypothyroidism
Pseudohypoparathyroidism
Glucocorticoid excess
Cushing’s syndrome
Congenital adrenal hyperplasia
Exogenous administration

Genetic Causes

Turner’s syndrome
Noonan’s syndrome
Down syndrome
Skeletal dysplasias: hypochondroplasia, achondroplasia,  

spondylo-epiphyseal dysplasia
Russell-Silver syndrome
Seckel’s syndrome
Prader-Willi syndrome
Miscellaneous other syndromes (e.g., Rothmund-Thompson  

syndrome, Leri-Weill syndrome, progeria, mucopolysaccharidoses)
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GHD, other causes for short stature need to be consid-
ered and excluded. This is because the diagnosis of GHD 
is a multistep process that requires meticulous evaluation 
of the clinical history, auxology, and biochemical data 
with increasing contribution from pituitary MR imaging 
and results of genetic studies.135 GH is the final common 
pathway for postnatal growth, and many causes of poor 
growth may secondarily affect GH secretion. There are a 
number of tests available for assessing GH status.136,137 
Considerable attention has been paid to the underlying 
mechanisms assessed by the tests, how the samples should 
be collected, and what type of measurement should be 
performed. Less attention has been paid to the statisti-
cal assumptions underlying the performance of diagnostic 
tests. The statistical theory behind many tests is complex 
because the results do not follow an all-or-none law. 
Rather than being left with a clear-cut answer to the ini-
tial diagnostic question, the clinician is more likely to be 
left with a series of probabilities as to whether or not the 
patient is likely to have GHD.

Guidance Derived from Clinical Assessment
Neonatal Period
Several pointers to the diagnosis of GHD have already been 
considered in this discussion, but in the neonatal period, 
GHD may be isolated or associated with other pituitary 
hormone deficiencies. Small genitalia may point to associ-
ated gonadotropin deficiency. Hypoglycemia in the new-
born period is often a feature of ACTH deficiency; although 
on an arbitrary basis, a serum GH of less than 10 ng/mL is 
considered consistent with a diagnosis of GHD under these 
circumstances. This is not universal, however, and caution 
needs to be exercised in interpreting the GH response to 
hypoglycemia under different circumstances.138 Recently, 
Binder and coworkers reported that, using a highly sensitive 
hGH-ELISA, the median GH concentration in dry blood 
spot samples of healthy neonates was 16.4 μg/L, while the 
median serum GH concentration of nine newborns diag-
nosed with hypopituitarism was 2.1 μg/L (maximum 5.5 
μg/L), with no significant overlap between the groups. 
Based on these groups, the authors concluded that a single 
cutoff value of 7 μg/L, when measured with the same assay, 
would have high sensitivity (100%) and specificity (98%) 
for the diagnosis of neonatal GHD.139

Prolonged neonatal jaundice raises the question of thy-
roxine (unconjugated) or cortisol (conjugated hyperbili-
rubinemia) deficiency. Given these features, it might be 
possible on the basis of pattern recognition to ascribe the 
diagnosis of GHD to a patient with a high degree of cer-
tainty. MRI of the brain should be obtained to look for an 
undescended posterior pituitary gland, anterior pituitary 
hypoplasia, hypoplasia or absence of the pituitary stalk, 
hypoplasia of the optic chiasm, and absence or hypopla-
sia of the corpus callosum and septum pellucidum.140,141

Infancy and Childhood
Diagnostic evaluation in children must be based upon aux-
ology. Although there are a number of clinical features 
of GHD that are said to be classic, none is specific. For 
example, obesity is listed as a clinical feature of GHD, but 
if we simply restricted biochemical evaluation to patients 

with obesity as the main feature, testing the GH axis 
would yield a large number of individuals with a poor GH 
response, because obesity per se is associated with blunted 
GH responses to various stimuli. Individuals who are GHD 
are often obese, but the converse is clearly not the case.

Little is known of the sensitivity and specificity of 
many of the clinical observations, either alone or in com-
bination. The prevalence of many of the clinical features 
within the general population is unknown, which height-
ens the problem. Even the presence of specific features or 
a combination of features will increase only slightly the 
likelihood of disease if they are relatively insensitive.

The manifestation of GHD as a result of a GH gene 
deletion is early, and poor growth can be detected as early 
as the sixth month of postnatal life. With advancing age, 
more GH has to be secreted to maintain concentrations of 
GH sufficient for growth, so idiopathic isolated pituitary 
GHD may present at any time. It is the degree of defi-
ciency that dictates when the individual comes to medical 
attention. Table 23-5 provides general clinical rules that 
are a useful aid when selecting patients for further study 
of the GH axis.

Principles of Testing
The aim of any diagnostic test is to progress the clinical 
history and examination to the point where the care of the 
patient is altered. No test will ever benefit a patient. It is only 
when subsequent treatment has to differ depending on the 
test result that patients will be better off. There is a vast and 
bewildering literature on GH testing, but the clinician can 
be guided by asking the questions detailed in Table 23-6. It 
is important to remember that a diagnostic test is not just 

TABLE 23-5 Clinical Indicators for Further 
Evaluation of the GH Axis

1. Height, at any age, below the 0.4th centile on the U.K. Reference 
Charts. The 0.4th level is chosen to improve diagnostic return 
from evaluation. The previous cutoff (3rd or 5th centile) lacks 
sensitivity and specificity.

2. Crossing of one or more height centiles on the U.K. Reference 
Charts over a period of 1 or more years. Centiles are equispaced 
(0.7 SD), allowing general rules to be applied at all ages.

3. A height that is inappropriately low for the heights of the 
parents.

4. Predisposing condition (e.g., tumor, radiation) or features  
suggestive of an underlying syndrome.

5. Neonatal signs consistent with pituitary hormone deficiencies.

TABLE 23-6 Underlying Principles of Assessing 
Tests

1. Has there been an independent blind comparison with the 
diagnostic “gold standard”?

2. Was the test conducted in a wide range of patients with and 
without the condition?

3. Is the test reproducible?
4. What was the definition of “normal” in the test situation?
5. How might the test interact with others in a diagnostic  

sequence?
6. Does the test entail risk or reduce risk for the patient?
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about whether or not a disease is present. It might also be 
important in determining severity and prognosis, respon-
siveness to and monitoring of therapy, and as a screening 
tool. As such, how the test performs under one circumstance 
may not be the same in another. Measuring serum IGF-1 
concentrations may be unhelpful in screening for GHD but 
may be excellent as a marker of response to therapy.

Two points deserve special mention. First, it is unusual 
in endocrinology for there to be a diagnostic gold standard. 
The anterior pituitary gland is not accessible, and molecu-
lar biology is not sufficiently advanced to give definitive 
answers. Second, care needs to be taken in ascribing the 
role of a gold standard. It may change with time, and the 
test must be well validated by application to large num-
bers of individuals with and without the condition. The 
temptation is to use the extremes, but this may lead to 
a considerable overestimate of sensitivity and specificity, 
which may not be borne out in field studies.142,143

Two principles operate when using diagnostic tests.144 
First, probability is a useful marker of diagnostic uncer-
tainty. This is when the sensitivity (ability to detect a 
target disorder when present or true positive rate) and 
specificity (ability to identify correctly the absence of the 
disorder or true negative rate) become important. If both 
were 85%, 15% of patients with disease would have a 
negative result (false negative) and 15% without disease 
would have a positive result (false positive). Abnormal 
results would occur in patients with and without disease. 
Whatever the result, new information has been generated 
that may or may not influence decision making. Second, 
diagnostic tests should be obtained only when they can 
alter the management of the case—that is, if the test result 
alters the probability of the disease.

Pretest and Posttest Probability
The relationship between the probability of disease after 
the results of diagnostic tests are known (the posttest 
probability) and pretest probability of disease depends 
on the sensitivity and specificity of the test as shown in 
Figure 23-6. There are two important points to note: the 
first is that the more certain the clinician is of the diagno-
sis before the test is performed, the less effect the confir-
matory test has on the probability of disease. The obverse 
is also true. The second point is that tests will have major 
effects on probability of disease in the intermediate zone. 
Testing is not likely to be beneficial if the pretest prob-
ability is very high or low. This is one reason why screen-
ing for GH problems in short children on the basis of 
biochemical tests is unhelpful; the pretest probability is 1 
in 3000 or 0.003%.

Clinicians are often faced with the situation where they 
feel really sure the patient has the condition, but the test 
does not confirm this. Table 23-7 analyzes this concept. 
Here, specificity and sensitivity have been fixed, and the 
effects on posttest probability are considered. In the situ-
ation where there is a 90% pretest probability that the 
patient is GH deficient, then even if the test is negative in 
the individual, there is still a 67% probability (reduced 
by 23%) that the individual has the condition, so treat-
ment would still be justified. When the pretest probabil-
ity was 5% (very certain that the patient does not have 

GHD) and the test is positive, all the result says is that the 
patient has a 1 in 4 chance of having the condition, so we 
would probably not treat. In the middle ground, certainty 
in either direction is dramatically improved.

Multiple Tests
Table 23-7 could have been made much larger by introduc-
ing any number of pretreatment probabilities. There comes 
a point, however, when posttest probability changes to a 
level where a decision has to be made to stop and either 
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Figure 23-6 The relation between pretest and posttest probability of 
disease. The data were constructed by using Bayes’ theorem with a test 
sensitivity and specificity of either 70% (solid line) or 90% (dashed line). 
A, The posttest probability if the test were positive; B, the posttest prob-
ability if the test were negative. If the posttest probability were the same 
as the pretest probability, then the relation would be given by the line 
of identity. (Reproduced from Brook CG, Hindmarsh PC, Jacobs HS, 
eds. Clinical pediatric endocrinology, 4th ed. London: Blackwell; 2001.)

TABLE 23-7 Effect on Posttest Probability of 
Differing Pretest Certainty, Assuming Constant 
Sensitivity and Specificity

POSTTEST PROBABILITY

Pretest Probability (%) Test Positive Test Negative

90 98 (+8) 67 (–23)
50 87 (+37) 19 (–31)
5 25 (+20) 1 (–4)

Change from pretest probability is in parenthesis.
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accept or reject the proposal that the condition is pres-
ent. The decision to stop investigation and to treat or not 
depends on how convinced the clinician is of the diagnosis, 
the benefits and risks of the therapy, and the potential yield 
and risks of further tests. There are two ways to assist this 
situation: conduct another test or use a more sophisticated 
analysis rather than a simple positive or negative.

This is problematic in the GH field because the meth-
odology assumes that the results of the two tests are inde-
pendent. In normal individuals undergoing repeat GHRH 
tests, dependence cannot be assumed.145 When repeat 
tests have been performed in children, concordance was 
observed 50% of the time, a value close to that calculated 
for independent events using a test with 70% to 85% 
efficiency. If all tests are treated as independent, there is 
a risk of overestimating or underestimating the presence 
of the condition. Another important issue is whether the 
test might change in individuals as they age. There is evi-
dence that the clonidine test is less effective in releasing 
GH in young adults compared with children.146 Whether 
the magnitude of the response to other stimuli can be 
assumed to remain unchanged is unknown.

Assuming that the two tests are performed (on differ-
ent days) and that they are dependent, then if both tests 
need to be positive for diagnosis, this maximizes speci-
ficity and avoids falsely labeling normal children, but it 
misses many treatable individuals. Insisting that both 
tests are negative maximizes sensitivity, minimizes mis-
diagnoses, but falsely labels a lot more normal children.

These challenges in the diagnosis of childhood GHD 
are highlighted by studies showing that up to 85% 
(28/33) of short prepubertal children who were diagnosed 
with GHD, based on a peak GH of less than 10 μg/L in 
two provocation tests, had a normal GH response when 
retested 1 to 6 months later.147 In other series, almost 
60% to 85% of patients diagnosed with GHD in child-
hood had an adequate GH secretion when retested in late 
adolescence or adulthood.148

Diagnosis of Growth Hormone Deficiency
Assessment of GH secretion is problematic, in part 
because of the pulsatile nature of GH secretion. The 

most consistent GH surges accompany slow-wave elec-
troencephalographic rhythms during phases 3 and 4 of 
sleep. Although this rhythmicity is characteristic of GH 
secretion at all ages, the size of the amplitudes and the 
total integrated GH secretion varies with sex, age, puber-
tal status, and nutrition.149 Between pulses, serum GH 
concentrations are extremely low, often less than 0.1 ng/
mL. Consequently, measurement of random serum GH 
concentrations is of no value in the diagnosis of GHD. 
Measurement of spontaneous GH secretion requires mul-
tiple sampling, typically every 15 minutes over a 12- to 
24-hour period. Such methodologies are inconvenient 
and expensive, and while they allow identification of the 
patient with severe GHD, it is not clear that they can 
discriminate between partial GHD and normal secretory 
variation.150 However, even the reproducibility of GH 
secretory patterns in children from day to day is uncer-
tain. Rose and colleagues150 reported that measurement 
of spontaneous GH secretion identified only 57% of chil-
dren diagnosed as GHD by provocative testing. Lanes151 
reported that approximately 25% of normally growing 
children have low overnight GH concentrations. A lon-
gitudinal study of GH secretion in normal boys during 
puberty indicated wide intersubject variation, and day-to-
day variation has been noted among normal subjects. An 
alternative approach has been the measurement of uri-
nary GH concentrations.152 This methodology requires a 
timed urinary collection and a GH assay of high sensi-
tivity because urinary GH concentrations are low. The 
theoretic advantages of this approach include its relative 
ease of performance and noninvasive nature, as well as 
the requirement for only a single GH measurement. This 
must be balanced, however, by the need to assess the 
effects of renal function, the wide interindividual varia-
tion, and the lack of adequate age- and sex-related refer-
ence ranges.

As a result of these difficulties, the standard for the 
diagnosis of GHD has been provocative testing of GH 
“secretory reserve” (Table 23-8). Physiologic stimuli for 
such tests have included sleep and exercise, and pharma-
cologic stimuli have included a wide variety of agents.153 
None of these tests truly mimics normal GH secretory 

TABLE 23-8 Growth Hormone Stimulation Tests

Stimulus Dose Sampling Protocol (min) Notes

Exercise Cycle for 10-15 min 15 min for 90 min Variable response, highly dependent on degree of exercise
Levodopa <15 kg, 125 mg; 15-30 kg, 

250 mg; >30 kg, 500 mg
15 min for 90 min Nausea

Clonidine 0.15 mg/m2 30 min for 90 min Tiredness; postural hypotension
Arginine HCl 0.5 g/kg (max, 30 g) IV given 

as 10% arginine HCl in 
0.9% NaCl over 30 min

15 min for 90 min May cause insulin release

Insulin 0.05-0.1 units/kg IV 15 min for 120 min Hypoglycemia; requires supervision. Can also measure 
cortisol reliably

Glucagon 0.1 mg/kg IM (max, 1 mg) 30 min for 180 min Nausea
GHRH 1 mcg/kg IV 15 min for 120 min Flushing. Only assesses pituitary reserve, not whole HP axis
GHRH-Arginine Needs further work to assess value in pediatrics

Tests should be performed after an overnight fast.
Patients should be documented to be euthyroid.
Prepubertal children should be primed with gonadal steroids.
GHRH, Growth hormone–releasing hormone; IM, intramuscular; IV, intravenous.
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physiology, and none has been evaluated adequately in 
normal children and normal short children. The limita-
tions of provocative GH testing in the diagnosis of GHD 
are described below and need to be considered in the light 
of statistical theory (see earlier):
  
 1.  Provocative testing by its nature is nonphysi-

ologic. None of the commonly used stimuli truly 
mimics normal regulation of GH secretion.

 2.  The definition of a “normal” response to stimu-
lation is arbitrary. Normal values are difficult to 
obtain in pediatric practice, and reference ranges 
would be needed for tall, normal, and short chil-
dren, because their GH secretion differs.154 In 
addition, both age and pubertal stage influence 
GH secretion, as does body composition.155,156 
Values for these would also have to be included.

The classic approach of defining normal data 
in terms of a Gaussian distribution does not come 
without hazard. Endocrine testing rarely fits this 
distribution; even if it did, it would imply that the 
lowest and highest 2.5% of values are abnormal 
and that all diseases have the same frequency—
clearly unlikely. Creating upper and lower limits 
does not help either. It is more appropriate to 
identify a range of diagnostic test results beyond 
which the disorder of GHD is likely.

Most decisions on placing the value have been 
empirical rather than statistical. In practice, cut-
off values could be chosen at an absolute extreme. 
If 100 short children were studied, and GH suf-
ficiency or deficiency was defined by a peak 
response of less than 3 ng/mL, only 3% to 5% 
might have a response at this level. When testing 
the next 100 children, one or two normal indi-
viduals might have such a response. They will be 
outliers, but they are important because the more 
patients studied, the greater the chance of finding 
outliers.

Moving the cutoff to more extreme values to 
exclude these patients restricts the population of 
treatable individuals. Relaxing the criteria inter-
poses normal individuals into the diagnosis zone. 
Placing the cutoff is based partly on clinical judg-
ment. Since there is no disadvantage apart from 
financial cost in falsely labeling someone with 
GHD and treating them, a relaxed cutoff would 
be acceptable.

The question of cutoff points for use in tests 
becomes more important as individuals with dif-
fering severities of the disorder are considered. 
In constructing normal ranges, it is clearly best if 
large sample sizes are chosen. Choosing popula-
tions of disease positive and disease negative is 
unwise, either for this task or assessing test per-
formance, since it is unlikely that in the less severe 
cases the test will perform as well.157 In the assess-
ment of studies, some useful points are outlined in 
Table 23-9. Referral bias remains a major issue 
in many studies. In studies emanating from refer-
ral centers, the strength of a factor such as short 

stature may appear to be less important in that 
patients are already selected for this in the refer-
ral. Changes in prevalence of a condition do not 
change test properties, whereas changes in the 
spectrum of the disorder do.158

 3.  The dependence of GH secretion on other factors 
needs to be taken into account. Marin and col-
leagues159 demonstrated that when exercise and 
arginine stimulation tests were performed on nor-
mal-stature children without sex steroid priming, 
the lower-limits-of-normal (–2 SD) peak serum 
GH concentration for prepubertal children was 
as low as 1.9 ng/mL and rose to 7.2 ng/mL on 
estrogen priming. Thyroxine and cortisol, which 
directly alter gene transcription, influence the 
results obtained, and these need to be controlled 
before undertaking a diagnostic study. Similarly, 
the presence of high concentrations of glucose 
or free fatty acids may influence the response 
obtained.160

 4.  GH assays may measure a variety of immunore-
active molecular forms of GH137 and individual 
standards need to be established for each labora-
tory.161 These should take into account factors 
intrinsic to the assay used, the heterogeneity of 
the GH molecule (different isoforms circulating 
in heterodimers and homodimers), circulating 
GHBP, and the standard preparation used for 
calibration.138 At the time of the 2000 Consen-
sus of the GH Research Society on the diagnosis 
of GHD in children,135 the international standard 
(IS) available was the IS 88/624 (recombinant 
22-kD GH). Since then, it has been replaced by 
the IS 98/574, the implementation of which has 
been recommended by an international consensus 
statement on the standardization and evaluation 
of GH and IGF assays.162 These recommendations 
and the current use of monoclonal assays make it 
imperative to review the accepted GH cutoff used 
for diagnosis of GHD in children. Assay precision, 
accuracy, and sensitivity play an important role in 
determining the success or failure of the diagnos-
tic test. For example, assays for IGF-1—despite 
having good standardization from the technical 
aspect (elimination of interference of IGF-1–bind-
ing proteins [IGFBP] and the use of high-affinity, 
high-specificity antisera)—may have different per-
formance characteristics when concentrations are 
either above or below the normal range.163

 5.  Most endocrine tests are conducted over short 
periods of time, and results are extrapolated to 

TABLE 23-9 Considerations to Give to Test and 
Control Populations

1. What is the population from which patients are drawn?
2. How have patients been filtered before joining the study?
3. Test properties may differ in subpopulations within the sample.
4. Recruit consecutive patients with the problem.
5. Can the findings be generalized?
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longer time frames. GH provocation tests take 2 
hours to perform, and the results are then com-
pared with height velocity measurements obtained 
over a longer period of time, often 1 year. That 
there is a relationship is perhaps surprising; that 
there are high false-positive and false-negative 
rates probably is not.

 6.  Hormone pulsatility may also influence diagnos-
tic tests if the test itself is influenced by oscilla-
tions (e.g., the stimulus applied) within the system 
under study. The GH response at any point in 
time is going to be heavily dependent on the inter-
play between the hypothalamic regulatory pep-
tides involved in GH release, namely GHRH and 
somatostatin. Somatostatin, in particular, is a key 
determinant of the amount of GH released as a 
result of GHRH stimulation. Attempts have been 
made to take control of this variable by the use 
of GHRH combined with arginine.164 An alterna-
tive approach is the use of ghrelin165 However, 
in patients with congenital hypopituitarism the 
GH response to ghrelin depends on the degree 
of anatomic abnormalities, as the main action 
of the peptide is at the hypothalamic level and 
requires the integrity of hypothalamic-pituitary 
connections.166

 7.  Endocrine systems are also subject to feedback 
from target tissues, and this is an issue not only in 
the interpretation of single provocation tests but 
also where second tests are performed in rapid 
succession to the first. A diminished response to 
GHRH can be observed if the second stimulus is 
applied 1, 2, or 3 hours after the first. The impli-
cation of doing two tests on the same day, often 
following each other, are immense; the cutoff that 
might be implied to determine normality or not 
may not be the same for the second test as for the 
first, especially if the second stimulus is different 
from the first.

 8.  Provocative testing fails to give any consideration 
to the effect of negative feedback by serum IGF-1. 
It probably makes more sense to interpret serum 
GH concentrations in the light of serum IGF con-
centrations, much as TSH concentrations are best 
assessed with a knowledge of circulating thyrox-
ine concentrations.

 9.  In assessing the results of endocrine evaluations, 
it is generally assumed that the single or multiple 
samples measured are relatively stable, at least 
over short periods. When important changes are 
postulated to be taking place (e.g., in a disease 
process), some knowledge of the inherent vari-
ability within the measurement system is required. 
In the short term, a number of studies have dem-
onstrated variability within and between indi-
viduals in terms of GH tests.167 Group data are 
usually reproducible, but problems can arise if it 
is assumed that individual oscillatory profiles are 
consistent from day to day.

 10.  In considering provocative tests, the situation may 
arise where no response is observed. A possible 

explanation is that the strength of the stimulus 
was insufficient to provoke hormone release. In 
such a situation, it is valuable to have an inde-
pendent marker of stimulus application. In the 
insulin-induced hypoglycemia test, this marker is 
glucose and the attainment of adequate hypogly-
cemia. In the glucagon test, it may be the release 
of glucose. In other tests, there may be no inde-
pendent markers, so doubt may be cast on the reli-
ability of the nonresponse.

 11.  Careful consideration needs to be given to the age 
of the child under study. Not only might the cutoff 
point criteria differ at different ages, but the like-
lihood of disease presence will change with age. 
It is highly unlikely that GHD will manifest itself 
during puberty. It is possible, but it is more likely 
that any growth or GH secretory problems at this 
age relate more to delayed puberty rather than an 
abnormality in the GH axis. Even in childhood, 
the return in terms of diagnosis of GHD is not 
high if height screening is undertaken at school 
entry so that with increasing age there is a dimin-
ishing diagnostic return.

 12.  Apart from the above-mentioned effects of age 
and sex on the diagnosis of GHD in childhood, 
adiposity also has an impact on the diagnosis. In 
children and adolescents, there is a well-estab-
lished negative correlation between visceral adi-
posity and body mass index (BMI) SDS with both 
spontaneous and stimulated GH secretion.168,169 
Studies in adults with hypopituitarism have sug-
gested different age- and BMI-dependent GH 
cutoff values after GHRH and arginine stimula-
tion for the diagnosis of GHD.170 For instance, 
in the 15 to 25 years of age group, the cutoffs 
suggested were 15.6 ng/mL, 11.7 ng/mL, and 8.5 
ng/mL for lean overweight and obese subjects, 
respectively.170 Recent studies in children have 
demonstrated that the peak GH response to a 
combination of at least two different stimulation 
tests decreases with increasing BMI SDS, and this 
relationship persists even for normal weight chil-
dren.171 Subsequent studies have confirmed the 
negative correlation between BMI and peak GH 
to different provocation tests and estimate that 
BMI accounts for almost 20% of the variability 
in peak GH concentration.172 These studies raise 
awareness of the risk of overdiagnosing GHD in 
obese children and adolescents and make a case 
for the need of BMI and provocation test-specific 
cutoff values.

 13.  Provocative GH testing is expensive, uncomfort-
able, and has risk. Insulin-induced hypoglycemia 
should only be performed in a supervised setting. 
Deaths have been documented in patients ren-
dered hypoglycemic and corrected in an overly 
vigorous manner.

  
Of the provocative tests listed in Table 23-8, it should 

be noted that stimulation with GHRH is not designed to 
document whether a patient has GHD but rather whether 
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GHD, established by other methodologies, is the result of 
pituitary or hypothalamic dysfunction. Failure to respond 
to GHRH suggests that the abnormality is at the pituitary 
level. This test may be enhanced by the addition of argi-
nine or pyridostigmine.173

Practical Approach to Diagnostic Evaluation
A practical approach to the diagnosis of a child with 
GHD is grounded on clinical assessment with allocation 
of pretest probability of disease presence. In the prepu-
bertal child with abnormal growth, serum concentra-
tions of IGF-1, IGFBP-3, and/or ALS provide a means for 
excluding a diagnosis of GHD. Provocative GH testing 
with appropriate sex steroid priming will provide infor-
mation on GH secretory capability, and GHRH stimu-
lation, with or without arginine or pyridostigmine, will 
allow determination of whether the defect is at the hypo-
thalamic or pituitary level. All data need to be interpreted 
together with known test performances and integrated 
with the pretest probability to generate a posttest prob-
ability that would then lead to a decision as to whether 
intervention is required. The interpretation of second 
tests of GH secretion is problematic from both the physi-
ologic and statistical standpoints and should be analyzed 
with extreme caution.

Documentation of GHD also requires that other pitu-
itary functions be assessed periodically, including TSH, 
ACTH, and gonadotropin status. Other pituitary deficien-
cies may not be evident upon initial assessment but may 
develop over time. MRI of the hypothalamus and pituitary 
gland should be performed initially to determine if there 
is evidence of intracranial tumors, pituitary hypoplasia, or 
midline defects. Even if the baseline MRI is normal, in the 
absence of an alternative explanation for GHD or CPHD, 
the possibility of tumors or structural defects should not 
be dismissed permanently. With increasing knowledge of 
the genetics of pituitary disorders, these should be looked 
for because they have an impact on the likelihood of other 
pituitary hormone deficiencies evolving with time and 
allow genetic counseling to be undertaken.

TREATMENT

Growth Hormone
The first successful treatment of human GHD with 
human pituitary–derived GH (hGH) was in the 1950s, 
while recombinant human GH (rhGH) became available 
in 1985. This allowed for potentially unlimited supplies, 
obviating the need for low-dose usage and interrupted 
therapeutic regimens. The initial rhGH preparation was 
an N-terminal methionine, met-rhGH, which was fully 
active biologically but was ultimately replaced by the 
mature 191–amino acid protein. Since then, informa-
tion on the safety of rhGH treatment has mainly been 
obtained from large postmarketing databases including 
patients with GHD of variable etiology and non-GHD 
subjects, confirming an overall safe profile.174,175

Dose Studies
Investigations of optimal dosing of rhGH have been com-
plicated by the use of heterogeneous study populations, 

so studies frequently include patients with unequivocal 
and complete GHD together with patients with partial 
GHD. Therefore, it is not surprising that despite the long 
experience in the use of rhGH, there still remains uncer-
tainty regarding the best dosing regimen, its calculation 
based either on weight or surface area, and a satisfactory 
way to quantify and predict responsiveness to treatment. 
It is generally accepted that a dose of 0.025 to 0.035mg/
kg/day is sufficient to increase growth velocity to more 
than 10 cm/year in children with severe GHD, and the 
adult height in treated patients ranges from –1.5 to –0.8 
SDS depending on the study.176-178 Several studies have 
demonstrated a dose-response relationship for hGH, but 
the slope of the response is relatively shallow. Cohen and 
colleagues179 compared the growth responses of prepu-
bertal naïve patients randomized to rhGH at a dosage of 
0.175, 0.35, or 0.7 mg/kg/week for the first 2 years of 
treatment. Significantly greater height velocities and gains 
in height SD resulted from the 0.35 mg/kg/week versus 
0.175 mg/kg/week regimens, but no further significant 
improvement was observed with the 0.7 mg/kg/week dos-
age. Ultimately, the issues that should determine dosage 
in the child with GHD are 1) how best to return the GHD 
child to the normal growth curve, 2) how best to ensure 
that the child attains his or her genetic height potential, 
3) risks, and 4) cost.

However, instead of fixed-dose regimens, titration of 
the dose of rhGH according to a target IGF-1 SDS near the 
mean (IGF-1 SDS of −0.5 to +0.5) seems to be beneficial 
in terms of growth, at least in the short term, with great 
variability in the dose required.180 Although dose titra-
tion to achieve higher IGF-1 targets (IGF-1 SDS of +1.5 
to +2.5) resulted in a higher growth response in a 2-year 
term, it is not possible to conclude that this dosing strat-
egy will result in improved adult height outcome.180,181

Response to GH therapy varies even when the diagno-
sis is homogeneous. This probably reflects differences in 
tissue responsivity that may relate in part to the function 
of the GH receptor. A polymorphism in the GH recep-
tor (GHR) gene leading to retention (full-length [fl]) or 
deletion of exon 3 (d3), which encodes a 22–amino acid 
(aa) residue sequence in the extracellular domain,182,183 
has been associated with the degree of height increase in 
response to GH replacement in children born short for 
gestational age (SGA), those with idiopathic short stat-
ure (ISS),184 and in a GHD population.185 Patients with 
at least one d3 allele had a significantly better first-year 
response leading to an improved adult height on GH 
treatment than patients with homozygosity for GHR-fl. 
However, reported studies are not all consistent, which 
may reflect differing populations and conditions.186-190 
False-positive findings are more likely with small sample 
sizes, and for quantitative trait loci, phenotypic variations 
tend to be overestimated with small sample sizes.191

Frequency of Administration
Several studies have compared the short-term effects of 
administering hGH either daily or thrice weekly. Gener-
ally, daily injections are more effective, but increasing 
the frequency more than this makes little difference.192 
Sustained-release rhGH preparations, which may be 
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administered as infrequently as every 2 to 4 weeks, have 
been developed in attempt to decrease the frequency of 
administration and improve compliance.193,194 Short-
term, nonrandomized studies have evaluated the use 
of some of these compounds in adults194,195 or chil-
dren,196,197 and long-acting formulations of GH have 
been shown to result in sustained GH concentrations. 
However, the few published studies are limited by the 
small number of patients, their short-term duration, and 
the wide variation in study design, characteristics, and 
severity of GHD of recruited patients as well as the dura-
tion and dosing regimen and measured outcomes. There 
is a lack of long-term studies to assess any side effects 
of the sustained elevated GH concentrations and their 
impact on metabolic parameters and final height.

Prediction Models
A series of models have been derived198-201 that describe 
factors that might influence response, but none have 
gone on to test these in formal randomized, controlled 
trials. Further problems arise when large multicontribu-
tor databases are used because of the accuracy of the 
data entered; when prognosis is considered, factors 
that may be important may not have been recorded. 
It has been reported that in children with GHD, auxo-
logic parameters, such as chronologic age (the younger 
the patient, the better the response) and the difference 
between target height and actual height (the smaller the 
patient, the better the response), are better predictors 
of growth response than the cumulative weekly GH 
dosage. There are several problems with these types of 
models:
  

 1.  Although prediction models are useful to give an 
average effect,202 they are not individualizable. 
These models explain only about 40% to 60% of 
the observed variability and are limited by their 
short-term endpoints, the lack of validation in 
long-term randomized trials, and the fact that they 
do not take into account the genetic makeup of the 
individual.

 2.  Prediction models often only focus on one out-
come, usually short-term growth, whereas interest 
may be more centered on final height. The two need 
not necessarily be related, and the factors that influ-
ence response in the first year of treatment may dif-
fer totally from those that lead to prediction of the 
individual’s final height.

 3.  Very few prediction models have been constructed 
from an a-priori hypothesis, and care needs to be 
taken that there has been no interference from 
other factors accompanying the disease that might 
affect prognosis.

 4.  Rules derived from one data set may reflect associa-
tions that have occurred by chance and often result 
from overfitting of the data.

 5.  There is always the possibility that the predictors 
are idiosyncratic to the population, the setting, the 
clinicians, or other aspects of the original study. 
Specific issues associated with growth-response 
models are summarized in Table 23-10.

  

Height and Other Outcomes
Early initiation of therapy, combined with careful atten-
tion to dosage adjustments and compliance, is the best 
predictor of cumulative growth response in patients with 
GHD. Final height correlates with height at the initiation 
of puberty, so it is important to maximize growth dur-
ing the prepubertal period, within the limits of safety and 
economy.203 Analysis of data on final heights of rhGH-
treated GHD is complicated by the heterogeneity of 
patient groups and dosage. In earlier reports, a common 
observation was a general failure of children to reach 
their full genetic height potential, especially in the case 
of IGHD and particularly in females. Price and Ranke204 
have reported final heights of –1.26 SD and –1.45 SD 
from the mean in males and females, respectively, with 
IGHD, and –0.22 SD and –0.52 SD from the mean in 
males and females, respectively, with CPHD. In patients 
with longer durations of treatment and higher dosages 
of rhGH, adult heights tended to be greater, although 
still failing to achieve full genetic height potential. Recent 
reports of the final height of GHD children treated with 
rhGH show that as a group they achieve a normal final 
height within their genetic potential,177,205 although there 
is still considerable vatriability in the response depending 
on the population, sex, and underlying diagnosis (IGHD 
compared to CPHD).205-207 Caucasian males with IGHD 
achieved a near-adult height of –0.8SDS, while females 
achieved a height of –1.0 SDS; differences between near-
adult height and midparental height ranged between –0.6 
and +0.2 SDS.177

It is clear that the timing of puberty has a significant 
impact on adult height of rhGH-treated GHD. The dura-
tion of rhGH treatment and the height gained prepu-
bertally are typically greater when puberty is induced 
rather than spontaneous. In the study by Ranke and 
colleagues,208 final height was attained at 17.8 and 19.2 
years in boys and at 16.0 and 17.0 years in girls follow-
ing spontaneous and induced puberty, respectively. Final 
heights were greater after induced puberty compared with 
spontaneous puberty in boys (171.3 vs. 166.0 cm) and in 
girls (157.0 vs. 155.0 cm). Therapy designed at delaying 
the onset of puberty (both normal and precocious) may 
augment the cumulative growth response to rhGH.

Final height gain can be particularly variable in chil-
dren who have had treatment for malignancies. The GHD 
is often complicated by skeletal damage following TBI or 
craniospinal irradiation, early puberty, hypothyroidism, 
gonadotropin deficiency, malnutrition, and concomi-
tant chemotherapy. Gonadotropin-releasing hormone 

TABLE 23-10 Specific Issues with Prediction 
Models of Response to Growth Hormone 
Treatment Development

1. Regression to the mean
2. Prediction gives average effect; how to apply to individuals for 

prognosis
3. Predictors may not be independent of each other; assumptions 

made in linear and multiple-regression modeling
4. Assumptions about uniformity of response
5. Spurious correlations involving time
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analogue (GnRHa) therapy to arrest early puberty has 
been used in conjunction with GH treatment in this 
group of patients, with encouraging results. The use of 
GnRHa reduces the concentration of sex steroid, with a 
consequent delay in epiphyseal fusion. However, the use 
of GH and GnRHa combination therapy in children with 
GHD209 is not widely used at present, and the long-term 
beneficial effects in terms of adult height are not well 
established.210,211 It may be beneficial under certain cir-
cumstances (e.g., when the diagnosis of GHD has been 
delayed). The effects of GnRHa in the long term are 
unknown, and the cost of this combination therapy needs 
to be weighed against the presumed benefit.210,211

Although considerable attention has been paid to 
growth, there now is recognition that the beneficial 
effects of rhGH in children extend beyond height. GH 
treatment in childhood can also normalize body compo-
sition, with a reduction in body fat, although effects on 
lean body mass are less evident.212-214 It is also associated 
with reversible insulin insensitivity206,215 and an increase 
in the ratio of high-density lipoprotein (HDL) to total 
cholesterol;216 improved cardiac function;216 and reduc-
tion of proinflammatory cytokines217,218 along with an 
increase in glomerular filtration rate (GFR) and accelera-
tion of bone remodeling, with an increase in bone mineral 
mass.219,220

An increasing number of studies focus on the role of GH 
in memory and neurocognition.221-223 On the other hand, 
functional MR imaging has shown that although chil-
dren with IGHD do not have a global reduction in brain 
volume, specific structures are affected with significantly 
lower volumes of the splenium of the corpus callosum  
(p< .02), right pallidum (p< .007), right hippocampus  
(p< .01), and left thalamus (p< .01) compared to controls, 
while the development of the corticospinal tract is also 
affected.224 They also exhibit specific impairments in cog-
nition and motor-skill function.224 Well-designed studies 
of both cognitive function and advanced MR imaging are 
needed in order to clarify whether treatment with rhGH 
can reverse these effects and affect the neurocognitive 
outcome and development of GHD children.

Adverse Effects of Human Growth Hormone
Treatment with rhGH has had an excellent safety 
record.174,175,206 Reports of anti-GH antibodies in 
patients receiving rhGH have been few, with no untow-
ard effect on the growth response. Fluid retention and 
carpal tunnel syndrome are observed in adults but are 
seldom significant in children. Whereas the incidence of 
type 1 diabetes mellitus is not higher in patients with idio-
pathic GHD than in the general population, the incidence 
of type 2 diabetes mellitus is greater in those patients 
treated with GH, although this tends to be in those pre-
disposed to developing the condition.206,215 Idiopathic 
intracranial hypertension (pseudotumor cerebri) has been 
observed occasionally but resolves with cessation of treat-
ment and then a gradual reintroduction of rhGH, but 
commencing at a lower dose.174 Slipped capital femoral 
epiphysis has been reported, but it is not clear that the 
incidence is greater than that observed in normal children 
during rapid periods of growth. Other possible rare and 

still unproven complications include acute pancreatitis, 
increased growth of pigmented nevi, and prepubertal 
gynecomastia.

Although early reports suggested a link between GH 
treatment and leukemia, Blethen and colleagues225 reported 
that an analysis of 47,000 patient-years of treatment in 
greater than 19,000 children indicated that in children 
without known risk factors, rhGH therapy was not asso-
ciated with an increased occurrence of tumors or recur-
rence rate of leukemia or CNS tumors. Subsequent reports 
with an increasing number of patient-years confirmed that 
rhGH treatment does not increase the risk for primary 
malignancy in children and adolescents without preceding 
risk factors.174,175 In a recent study, Bell and associates174 
reported on 54,996 patients enrolled in the NCGS data-
base, of whom 42% had idiopathic GHD (n = 23,393) and 
15% organic GHD (n = 8351). Among the children with 
organic GHD, the authors observed recurrence of intracra-
nial tumors (1.8%), second neoplasms (0.5%), and new-
onset malignancies without identifiable risk factors (0.1%) 
and suggested that rhGH may increase the risk for second 
malignancy in previously treated patients.174 However, in 
the entire cohort, the overall risk for malignancy was com-
parable to the reference population, with a standardized 
risk ratio of 1.12 (95% CI: 0.75-1.61). In reports from the 
Childhood Cancer Survivor Study, the adjusted relative 
risk for second neoplasm in patients treated with rhGH 
compared to nontreated patients ranged from 3.21226 to 
2.15227 (95% CI: 1.88 to 5.46 and 1.33 to 3.47, respec-
tively). It is customary to delay rhGH treatment in children 
with treated brain tumors until they have been shown to 
be tumor free for at least 1 to 2 years.

Long-term follow up has revealed a higher than 
expected incidence and mortality of colonic cancer and 
Hodgkin’s disease.228 However, these data need to be put 
in context, as the affected patients had been treated with 
high doses of human pituitary–derived GH given two 
to three times per week. Hence one could speculate that 
the IGF-1 concentrations generated by this mode of GH 
therapy may be excessive. IGF-1 concentrations at the 
upper end of the normal range (top quartile for colon and 
prostate and top tertile for breast) have been associated 
with colon, breast, and prostatic cancer.229,230 Given that 
lower doses of GH are given on a daily basis, it would be 
incorrect—at this stage at least—to extrapolate the data 
from the earlier studies to the present treatment regimens.

The study on the Safety and Appropriateness of 
Growth Hormone Treatments in Europe (SAGhE)231,232 
was set up to address the issue of the long-term safety 
of rhGH treatment, including 30,000 low-risk children 
treated with rhGH between 1980 and 1990 in eight Euro-
pean countries, who had attained 18 years of age by the 
census date. Patients were classified as low mortality risk 
if they were diagnosed with isolated idiopathic GHD, 
small for gestational age (SGA), or idiopathic short stat-
ure (ISS) without genetic syndromes or defects. An early 
report of the results on the analysis of mortality for the 
cohort treated in France231 showed an increase in the 
overall standardized mortality ratio (SMR) calculated at 
1.33 (95% CI: 1.08 to 1.64), with the majority of deaths 
observed in the group of idiopathic GHD. The increase 
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in all-cause mortality was associated with a higher rhGH 
dose of >50 mcg/kg/day (SMR 2.94; 95% CI: 1.22 to 
7.07) but not with the severity of GHD or the duration 
of total GH exposure.231 When looking at the cause of 
death, there was no increase in the overall risk for cancer-
related deaths, although numbers were relatively small. 
However, there was an almost fivefold increase of deaths 
due to bone tumors (SMR 5.0; 95% CI: 1.01 to 14.63) 
and an increase in mortality from cardiovascular disease 
(SMR 3.07; 95% CI: 1.40 to 5.83) and cerebrovascular 
hemorrhagic events (SMR 6.6; 95% CI: 1.79 to 17.05).231 
These results were in contrast with those published con-
currently in a joint report from Belgium, The Nether-
lands, and Sweden.232 The increase in mortality rate was 
not confirmed, and the deaths observed were mostly due 
to accidents; none was attributable to cardiovascular dis-
ease, cancer, or high dose of rhGH in the range of 0.048 
to 0.054 mg/kg/day.232

End-Points of Therapy
Given the discussion outlined earlier in terms of efficacy, 
safety, and clinical governance, Table 23-11 illustrates 
some suggested outcomes that can be monitored and used 
as a basis of short- and long-term audit, as well as safety 
monitoring.

Growth Hormone–Releasing Hormone and Growth 
Hormone Secretagogues
In children whose GHD is due to a hypothalamic abnor-
mality, treatment with GHRH would appear to be an 
appropriate therapeutic option.233 Both GHRH1-44 and 
GHRH1-29 are biologically active in humans. Unfortu-
nately, although GHRH can be absorbed nasally, this 
route of administration has not proved to be effective,234 
and treatment must be via subcutaneous or intramuscular 
injection, as is the case with rhGH. Direct comparisons of 

rhGH and GHRH have not been performed, but a num-
ber of studies indicate that GHRH administered once or 
twice daily can increase the growth rates of children with 
GHD. No specific therapeutic advantage of GHRH over 
rhGH has been demonstrated to date, although further 
studies are warranted to investigate optimization of dos-
age and frequency of administration.235

Since the discovery of growth hormone–releasing 
peptides (GHRPs), a variety of small GHRPs and non-
peptidyl small-molecule GH secretagogues have been 
manufactured.236 These molecules are potent stimulators 
of GH release, especially when administered together with 
GHRH, and may be active when administered by intrave-
nous, intramuscular, subcutaneous, nasal, and oral routes. 
These potential advantages must be balanced by the like-
lihood that normal GHRH production is required to see 
maximal benefit from such agents.236,237 Clinical trials of 
their therapeutic use have proven disappointing.235

Transition to Adult Care
It has been suggested that at the end of statural growth, GH 
secretion should be reassessed in all patients after a washout 
period of at least 1 to 3 months.238-240 Following advances 
in our understanding of the etiology of congenital hypopi-
tuitarism and the genetic causes of GHD, GH testing is not 
required for patients with childhood-onset GHD who have 
more than three pituitary hormone deficits, a mutation in a 
transcription factor (e.g., POU1F1 [Pit-1], PROP-1, HESX-
1, LHX-3, LHX-4) or those with isolated GHD associated 
with an identified mutation (e.g., GH-1, GHRH-R).241 The 
vast majority of patients diagnosed with GHD in child-
hood who have no structural pituitary abnormality on 
MRI will have adequate GH secretion when retested in late 
adolescence or adulthood (66% to 85% depending on the 
series, the test, and cutoff used).242,243,244 The investigation 
of choice is an insulin-tolerance test (ITT),241,242 although 

TABLE 23-11 Short-, Medium-, and Long-Term End Points of Growth Hormone Therapy in GHD Children

End-Point Rationale Measure

Short-Term 1. Growth acceleration 1. Assess response 1. Minimum response of greater  
than 2 cm/yr

2. Reduction in adipose mass 2. Assess response 2. Skinfold thickness
3. Correct dose 3. Optimize therapy 3. IGF-1 and growth
4. Vision and headaches 4. Raised intracranial pressure 4. Fundoscopy
5. Assessment of limp 5. Slipped femoral epiphysis 5. X-ray

Medium-Term 1. Bone maturation 1. Rate of skeletal maturation 1. Yearly bone age
2. Pubertal status 2. Early puberty or rapid progression 2. 6-monthly Tanner staging
3. Correct dose 3. Optimize therapy 3. IGF-1 and growth response; 

return to target height within 6 
years of therapy

4. Thyroid status 4. Altered status or evolving endocri-
nopathy

4. Yearly thyroid function tests

5. Other hormones 5. Evolving endocrinopathy 5. Gonadotroph and corticotroph 
function

6. Metabolic status 6. Insulin insensitivity 6. Fasting glucose and insulin
Long-Term 1. Growth 1. Outcome 1. Final height within target height 

of parents
2. Bone mineralization 2. GH effect on bone 2. DEXA Scan
3. Malignancy risk 3. ? GH cancer link 3. Cancer registry
4. Cardiovascular risk 4. Hyperinsulinism or GH effect  

(? long-term GHD)
4. Fasting glucose and insulin, blood 

pressure, fasting lipids

DEXA, Dual-energy x-ray absorptiometry; GHD, growth hormone deficiency; IGF, insulin-like growth factor.
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the arginine + GHRH test has recently been proposed as a 
safer alternative, particularly in patients who have a con-
traindication to an ITT.241,245

To define persistence of GHD, the 2007 International 
Consensus of the Growth Hormone Research Society241 
adopted a peak GH of less than 6 μg/L on ITT, as it had a 
higher specificity (100%) and sensitivity (96%) in detect-
ing permanent GHD.246 For 25% to 75% of patients, the 
GH response to provocation is in the normal range, as 
would be expected from the previous discussion on test-
ing, and probability theory needs to be employed to deter-
mine whether or not therapy should be continued.247 In 
the remainder, continuation of GH therapy should be 
considered in those with a peak GH less than 3 μg/L, who 
can be described as having severe GHD. Patients with 
a peak GH between 3 and 7 μg/L have moderate GHD 

and should be followed up by an adult endocrinologist. 
In these individuals, adverse changes in body composi-
tion, quality of life, and bone mineral density may be an 
indication to recommence GH treatment,248 although it is 
less likely that these individuals will develop adult GHD 
syndrome.247 In those patients with multiple pituitary 
hormone deficiency, GHD due to a congenital lesion, 
and GHD secondary to radiotherapy, surgery, or a mass 
lesion, the GHD is highly unlikely to reverse.249
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C H A P T E R  O U T L I N E

Sport is an ubiquitous human social activity that forms a 
unique intersection of health, recreation, entertainment, 
and industry.1 It is both a major economic activity as well 
as a profound influence on social behavior of individuals 
at home, work, and play. A practical, concise definition of 
sport is the organized playing of competitive games accord-
ing to rules. In those terms, rule breaking is cheating to 
achieve an unfair competitive advantage whether it involves 
using illegal equipment, match fixing, banned drugs, or 
other means. Hence doping, the illicit use of banned drugs 
to influence the outcome of a sporting contest, constitutes a 
fraud against competitors, spectators, sport, sponsors, and 
the public no different from other personal, professional, 
or commercial frauds. While performance enhancement is 
almost invariably the intent of cheating, impairing perfor-
mance is also well known in horse racing and even, rarely, in 
human elite sports (e.g., drink-spiking with banned drugs, 
physical assaults). Rules of sporting contests may change 
by agreement, but once set, represent the boundaries of fair 
competition. Nevertheless, fairness is an elastic, socially 
constructed concept that may change gradually over time. 
For example, a century ago deliberate training itself was 

considered an ungentlemanly breach of fairness as competi-
tion was then envisaged as a contest based solely on natural 
endowments, and, similarly, some sports once maintained 
a distinction between amateurs and professionals. The 
philosophical foundations of the concept of fairness is a 
deep and complex issue,2,3 where the focus has been mainly 
on distributive justice. Less attention has been given to the 
philosophical basis of fair competition in sport where the 
prior distribution of talent and training and the outcome 
of contest are intended to provide equality of opportunity, 
but not of outcome, between contestants. Despite naïve 
arguments denying that doping is cheating, unsafe or vio-
lates the spirit of sport and the misguided assertion that 
drugs should be freely available or under medical supervi-
sion,4-6 removing the prohibition on doping would imme-
diately render drug taking as pervasive as training is in elite 
sport and harm promising underage and sub-elite athletes. 
Ensuing demands for excessive, often massive, drug doses 
without medical indications could not be ethically or safely 
prescribed by doctors. This could make participation into 
a potentially dangerous rather than a healthful activity. In 
practice, creating enforceable boundaries for drugs in sport 

K E Y  P O I N T S

 •  Hormones are the most potent and prevalent performance enhancing drugs used illicitly 
in doping (drug cheating in sports).

 •  Doping may be undertaken by direct hormone administration or indirectly with drugs 
that increase endogenous hormones.

 •  Androgens enhance power sports through increased muscle mass and strength.
 •  Erythropoiesis-stimulating agents or autologous blood transfusion improve endurance 

by increasing oxygen transfer to exercising tissues.
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is unavoidable whether it is prohibition or, even under 
the most idealistic libertarian scenarios, by age or dos-
age. These philosophical issues are not considered further 
here and, recognizing that sport requires concrete, practi-
cal decisions, the establishment and enforcement of agreed 
rules is the basis of fair competition.

It is well understood that individual human genetic 
endowments are unequal and, among these, sporting 
prowess is at least partly genetically determined.7 How-
ever, little is still known of the genotype-phenotype cor-
relations that underlie beneficial genetic endowments for 
sports performance. Natural genetic advantages are rec-
ognized in height (tallness for basketball, shortness for 
jockeys and motor-cycle riders) and hereditary erythrocy-
tosis where a high circulating hemoglobin (due to a high-
affinity EPO receptor8) for endurance sports, or conversely 
genetic disadvantage such as the common α-actinin-3 dele-
tion genetic polymorphism, which limits anaerobic, explo-
sive power.9 More examples of genetic (dis)advantages for 
sports performance are likely to be identified as genomics 
continues to expand our understanding of the biological 
basis of health, including natural human sporting prowess. 
In the context of sports doping, however, a person’s natu-
ral genetic endowment is a given creating a natural bound-
ary whereby the use of exogenous drugs or chemicals 
(including DNA) may constitute drug cheating or doping.

WADA AND THE GLOBAL ANTI-DOPING  
REGULATORY ENVIRONMENT
While cheating is as old as sport itself, the present endemic 
of doping using pharmaceutical drugs to boost sports per-
formance is largely a Cold War legacy. Eastern European 
national doping programs were established by governments 
aiming to achieve a shortcut propaganda victory over their 
Western rivals, a challenge quickly reciprocated and then 
taken up by individual coaches and athletes, starting with 
power sports,10 from which it became entrenched as an 
endemic in sufficiently affluent circles. In 1967, following the 
introduction of anti-doping rules by some other federations, 
the International Olympic Committee (IOC) established 
its Medical Commission, which published their first list of 
prohibited substances. During the 1970s, the IOC Medi-
cal Commission took an increasingly active role by banning 
androgens, which required developing standardized, valid 
methods to detect and deter androgen doping. After discard-
ing alternatives such as immunoassays and blood sampling, 
mass spectrometry (MS)-based tests became the standard 
for detecting synthetic androgens in urine. In 1999, the IOC 
established the World Anti-Doping Agency (WADA), based  
in Montreal and to be equally supported by governments 
and sporting organizations with its charter, the WADA 
Code, representing a harmonized set of global anti-doping 
rules introduced in 2004 and revised in 2009 and 2015. 
WADA also publishes an annually updated Prohibited 
List of Substances and Methods and accredits anti-doping 
laboratories together with their operational anti-doping 
testing framework. WADA established the Court for Arbi-
tration in Sport (CAS) to settle anti-doping legal disputes 
as sport’s “Supreme Court.” By 2013, the WADA Code 
was adopted by 204 Olympic Committees and 89 Olympic 

and 239 non-Olympic national federations, and it is imple-
mented by 129 National Anti-Doping Organizations. The 
WADA Code prohibits substances or methods that meet  
two of three criteria comprising (1) enhanced performance 
(cheating), (2) being harmful to health (safety), or (3) violat-
ing the spirit of sport (unsporting). Although the primacy of 
penalizing cheating is widely understood, these criteria rec-
ognize ethical and practical difficulties in proving ergogenic 
effects of increasing numbers of illicit and/or nonapproved 
substances for which safety is unknown so that human 
testing is not feasible and athlete safety is an additional 
important consideration. Crucially, the Code imposes strict 
liability on individual athletes so that a positive anti-doping 
test (including refusal or avoidance of testing or possession, 
attempts, trading, and tampering with banned drugs) con-
stitutes an anti-doping rule violation (ADRV), regardless 
of intent or negligence. Sanctions involve suspension from 
any elite competitive sport and extend to support personnel 
and teams. Suspensions have been typically 2 years, to be 
increased to 4 years starting in 2015, which is believed to 
be longer than the ergogenic benefits of doping, although 
recent evidence suggests that episodic androgen effects on 
muscle may have durable or even permanent effects.11

The Prohibited List bans, at any time in or out of com-
petition, the use of performance enhancing hormones, 
including androgens, EPO, and growth-hormone and 
related substances or drugs that stimulate endogenous 
production of these hormones (Table 24-1). Among the 
15 categories of prohibited substances (12) and methods 
(3), hormones feature prominently in S1 (anabolic agents, 
mainly androgens), S2 (peptide hormones, growth fac-
tors and related substances), S4 (hormone and metabolic 
modulators), and S9 (glucocorticoids), with S1 and S2 

TABLE 24-1 2014 WADA Prohibited List of 
Substances and Methods

Substances

 •  non-approved substances (S0)
 •  anabolic agents (S1)
 •  exogenous and endogenous androgens
 •  “others with similar chemical structure or biological effects”
 •  peptide hormones, growth factors, and related substances (S2)
 •  erythropoiesis-stimulating agents
 •  hCG, LH (in men only)
 •  GH, IGF-I, FGF, HGF, MGF, PDGF, VEGF
 •  “others with similar chemical structure or biological effects”
 •  beta2-agonists (S3), beta-blockers (P2)
 •  hormone and metabolic modulators (S4)
 •  aromatase inhibitors and anti-estrogens
 •  myostatin inhibitors
 •  metabolic modulators (insulin, PPARδ, AMPK agonists)
 •  diuretics and other masking agents (S5)
 •  stimulants (S6)
 •  narcotics (S7), cannabinoids (S8), alcohol (P1)
 •  glucocorticoids (S9)

Methods

 •  manipulation of blood and blood components (M1)
 •  chemical and physical manipulation (M2)
 •  gene doping (M3)

Substances and methods as described in the WADA Prohibited List, 
with the category label in brackets.
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having important “catch-all” provision for unnamed but 
related substances “with similar chemical structure or 
biological effects.” In addition, the S0 category bans non-
approved substances, those without current regulatory 
approval for human therapeutic use. The prominence of 
hormones is reinforced by the WADA laboratory statistics 
for anti-doping tests, where hormones remain the most 
frequently detected banned drugs (Table 24-2). In 2011, 
of ∼250,000 anti-doping tests, ∼2% were positive, with 
about ⅔ due to hormones and the vast majority (∼99%) 
due to androgens. These findings confirm that the detec-
tion of androgen doping is effective, whereas the low rate 
of detection of erythropoiesis-stimulating agents (ESA) 
and growth hormone may reflect the limitations of avail-
able tests for peptide hormones that require blood rather 
than conventional urine sampling and feature relatively 
low sensitivity and brief windows of detection rather than 
their lack of abuse. Further use of out-of-competition 
testing and blood samples together with more sensitive 
detection tests having longer windows of detection are 
required particularly for peptide hormones.

In rare cases, an elite athlete with a genuine medical need 
for therapeutic use of a prohibited drug may be granted 
a Therapeutic Use Exemption (TUE). This exempts the 
athlete from the Code’s strict liability provision and per-
mits him or her to compete during ongoing treatment. 
WADA provides medical guidelines that standardize the 
evaluation and management of TUE applications. A TUE 
is granted by a national anti-doping organization based 
on an independent, expert review of valid, documented 
diagnosis, appropriate clinical indications, and dose for 
hormonal treatment with a view to facilitating essential 
medical treatment but avoiding unjustified use or over-
dosage. After stringent review, TUEs may be granted for 
treatment with testosterone, glucocorticoids, and insu-
lin, but there are unlikely to be valid medical indications 
for EPO or, in adults, for growth hormone or IGF-1. 
For example, TUEs are usually justified for young male 
athletes with genuine androgen deficiency, occurring in 
∼1:200 men,12 due to incidental pituitary-testicular disor-
ders (e.g., bilateral orchidectomy, severe mumps orchitis, 
Klinefelter’s syndrome) who require lifelong testosterone 
replacement therapy. The TUE will approve, subject to 
regular review, a standard testosterone replacement regi-
men, including dosage and monitoring, with changes to 
regimen requiring approval. TUEs are not granted for 
men with functional decreases in blood T due to non-
reproductive disorders including stress (“overtraining”) 

and aging (“andropause,” “late-onset hypogonadism”) 
or for women.

In principle, detection of prohibited substances is ide-
ally aimed at identifying a xenobiotic substance or its 
distinctive chemical signature(s) that do not occur natu-
rally in the body, thereby distinguishing it categorically 
from normal body constituents. Such identification of a 
non-natural substance that can’t be of endogenous ori-
gin is congruent with the strict liability onus in proving 
an ADRV. Proving an ADRV is more difficult to achieve 
with administration of natural hormones or their ana-
logues, which must be distinguished from their endog-
enous counterparts. In this situation, the alternative 
requires developing valid biomarkers to prove the use of 
banned substances through their distinctive effects on the 
body and tissues. It is a formidable challenge to validate 
an indirect biomarker as proof of an ADRV capable of 
withstanding vigorous medico-legal challenge when a 
proven ADRV would prevent an athlete from pursuing 
his or her profession. That requires rigorous standardiza-
tion and harmonization of every stage of the anti-doping 
tests from sample collection, chain-of-custody, storage, 
and analysis including accounting for any fixed (genetic, 
gender, age, ethnicity) or variable (exercise, hydration, 
masking vulnerabilities) factors that may affect proposed 
test metrics.

COMPONENTS OF SPORTS PERFORMANCE  
AND HORMONAL DOPING
Sports performance has four major dimensions: skill, 
strength, endurance, and recovery (Fig. 24-1). High per-
formance in any sport requires a characteristic blend of 
these dimensions, although individual sports differ widely 
in that balance. Similarly, the major ergogenic drug 
classes have distinctive effects aligned predominantly 
along one of these dimensions so that the most effec-
tive ergogenic drug classes used in doping are dictated 
by these dimensions of sports performance (Fig. 24-2). 
While every sport requires an acquired skill, some are 
largely or solely based on skill and concentration (e.g., 
board games, target shooting, car driving, and motor-
cycle riding). Athletes may benefit from drugs that reduce 
anxiety, tremor, inattention, or fatigue. Sports that are 
highly dependent on explosive, short-term anaerobic 
power (sprinting, throwing, boxing, wrestling), typically 
ones that favor a stocky, muscular build, are most sus-
ceptible to androgen-induced increases in muscle mass 

TABLE 24-2 Performance Enhancing Hormone Tests in WADA Laboratories

2003 2005 2007 2009 2011

Accredited Labs 31 33 34 35 33
Total tests 151,210 183,337 223,898 277,928 243,193
Positives (% of total) 2447 (1.6%) 3909 (2.1%) 4402 (2.0%) 5610 (2.0%) 4856 (2.0%)
Hormones (% of positive) 46% 55% 55% 73% 68%
Androgens 2389 3893 4375 5541 4800
Blood/Epo 58 16 27 68 50
GH/peptides 0 0 0 1 6

From WADA website report on laboratory testing figures. See http://www.wada-ama.org/en/Science-Medicine/Anti-Doping-Laboratories/Laboratory- 
Testing-Figures/.

http://www.wada-ama.org/en/Science-Medicine/Anti-Doping-Laboratories/Laboratory-Testing-Figures/
http://www.wada-ama.org/en/Science-Medicine/Anti-Doping-Laboratories/Laboratory-Testing-Figures/
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Figure 24-1 The four dimensions 
of sport performance. Skill, strength, 
stamina, and recovery are combined 
in differing proportions in catego-
ries of sports that are predominantly 
based on skill, power, and endurance.

Skill
Speed, reflexes,

limb-eye co-ordination,
concentration

Skill-based sport
(driving/riding,

target shooting)

COMPONENTS OF SPORTS PERFORMANCE

Power-based sport
(lifting, throwing,
boxing, sprinting)

Endurance-based sport
(long distance or duration)

Strength
Muscle mass

Stamina
Hemoglobin and

maximal O2 transfer

Recovery
Tissue repair after
injury and training

Figure 24-2 Categorization of drugs 
and doping methods that boost perfor-
mance aligning with the four dimen-
sions of sports performance.

Skill
Speed, reflexes,

limb-eye co-ordination,
concentration

Skill sports
(driving/riding,

target shooting)

Out of competition
Training

In competition
Beta-blockers
stimulants
• Amphetamine
• Alkaloids
• Glucocorticoids

Androgen doping 
direct
Natural, synthetic,
designer, nutraceutical
and non-steroidal
androgens

Indirect
hCG, LH, anti-estrogens
GnRH analogs

Blood (Hb) doping
direct
Blood transfusion
• Heterologous
• Autologous

Indirect
Erythropoietin,
biosimilars and analogs,
hypoxia-mimetics

• GH

• GH releasing peptides
  (GHRH, ghrelin
  analogs)

• Growth factors

SUSCEPTIBILITY TO HORMONAL DOPING

Power sports
(lifting, throwing,
boxing, sprinting)

Endurance sports
(long distance or
duration events)

Contact sports and
intense physical

training

Strength
Muscle mass

Stamina
Hemoglobin and

maximal O2 transfer

Recovery
Tissue repair after
injury and training

and strength. Other sports with an emphasis on aero-
bic effort and endurance (e.g., long distance or dura-
tion events), characteristically favored by a lean build, 
may be boosted by hemoglobin doping (blood transfu-
sion, erythropoietin [EPO] and its analogues or mimet-
ics). Finally, sports that depend on recovery from major 
injury or recurrent minor injury during intensive train-
ing, notably contact sports, may benefit from tissue pro-
liferative and remodeling effects of growth hormone and 
various growth factors.

ANDROGENS
Although the ergogenic effects of androgens were discov-
ered empirically soon after the identification of testoster-
one in 1935,13 their applications to elite sport performance 
were mainly developed during the Cold War by trial-and-
error experiments undertaken on unknowing elite ath-
letes;10,14,15 however, the scientific basis of androgen doping 
was only objectively proven in the 1990s. Until that time, 
the consensus was that exogenous androgens had no effect 
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in eugonadal men whose androgen receptors were already 
saturated by endogenous testosterone (T)10,16,17 and that 
the alleged benefits of androgen doping were misattributed 
placebo responses together with training and nutritional 
effects. Using a placebo-controlled, randomized clinical 
trial design with supraphysiologic testosterone doses, Bha-
sin and colleagues showed that T increased muscle mass 
and strength in eugonadal young men to a similar extent 
as exercise alone and with additive effects when combined 
with exercise18 (Fig. 24-3). Subsequent dose-response stud-
ies showed that administration of T increased muscle mass 
and strength by 10% without exercise and 20% to 37% 
with exercise (where exercise alone increased them by 10% 
to 20%) together with additive effects from a 3% increase 
in circulating hemoglobin. These benefits extended from 
below to well above physiologic T doses or blood levels 
without evidence of plateau19,20 and regardless of age.21

Androgen doping may be either direct or indirect 
(Table 24-3, Fig. 24-4). Direct androgen doping involves 
administration of synthetic androgens, whereas indirect 

Figure 24-3 Biological basis of an-
drogen doping. In a series of studies 
by Bhasin,18 healthy eugonadal men 
had their endogenous testosterone fully 
suppressed and were then administered 
exogenous testosterone that produced a 
dose-dependent increase in muscle mass 
and strength from below to well above 
the physiologic range. The vertical ar-
row indicates the testosterone dose cor-
responding to testosterone replacement 
therapy that best approximates endoge-
nous testosterone production in healthy 
young eugonadal men.
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Testosterone effects on muscle mass and strength
• Dose-dependent from below to beyond the physiological range
• Increase +10% without, and +20–37% with exercise (exercise alone +10–20%)
• Additive effects from increased hemoglobin (+3%)
• Not at plateau – possibly even greater effects at higher doses

TABLE 24-3 Direct and Indirect Androgen 
Doping and Detection Methods

Substance Detection Method

Direct

Synthetic androgens L/GC-MS
Natural androgens L/GC-MS, T/E, 

CIRMS
Designer & nutraceutical androgens L/GC-MS (bioassay)

Indirect

hCG (urinary or recombinant) hCG immunoassay 
(LC-MS)

hLH (recombinant) hLH immunoassay 
(LC-MS)

Anti-estrogens L/GC-MS
GnRH analogues L/GC-MS
Opioid antagonists & neurotransmitters L/GC-MS
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Figure 24-4 Physiologic mechanism of androgen doping using various drugs to increase androgen exposure either by administering an exogenous 
(natural, synthetic, nutraceutical, or designer) androgen or by indirect androgen doping using drugs to increase endogenous testosterone production. 
The normal hypothalamo-pituitary testicular axis (central) is modified by exogenous androgens (right), hCG or LH (below), GnRH analogues (left) 
or estrogen blockade (above).

androgen doping includes a variety of nonandrogenic 
drugs that increase endogenous T. Direct androgen dop-
ing originally involved all pharmaceutically marketed 
synthetic androgens but has extended to nonmarketed 
designer and nutraceutical androgens as well as exog-
enous administration of natural androgens (T, DHT) 
and pro-androgens (androstenedione, DHEA). Indirect 
androgen doping involves use of hCG, LH, anti-estrogens 
(estrogen receptor blockers, aromatase inhibitors), opiate 

antagonists, and neurotransmitters involved in neuroen-
docrine regulation of endogenous LH and T secretion.22-24

Detection of direct androgen doping using steroids of 
known chemical structure is highly effective using gas 
or liquid chromatography MS.25,26 Traces of synthetic 
androgens or their metabolites may remain detectable for 
periods up to months after the last administration. Recent 
developments including the identification of long-term 
metabolites has further widened the detection windows 
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for synthetic androgens.27-29 Challenges to detection of 
synthetic androgens have included the development of 
nonmarketed designer and nutraceutical androgens, the 
use of natural androgens and pro-androgens, masking 
methods, and restricting the use to out-of-competition 
training or micro-dosing. Designer and nutraceutical 
androgens are typically nonmarketed synthetic andro-
gens based on structures and synthesis methods recov-
ered from largely forgotten patent literature of the 1960s 
to 1970s. These are now synthesized by unregulated 
non-GMP chemical manufacturers to be sold over the 
Internet or over-the-counter as nutritional supplements, 
which may contain undeclared steroids.30 However, once 
the chemical structures of any synthetic androgens are 
known, they are easily detectable, although the sheer pro-
fusion of such chemicals represents an ongoing challenge. 
Nevertheless, despite their novelty, there is little evidence 
designer androgens have been much used after they are 
discovered when there is a high likelihood of detection, so 
that virtually all ongoing androgen ADRVs are still due 
to conventional marketed synthetic androgens.

Administration of natural androgens (T or DHT) or pro-
androgens (androstenedione, DHEA) raises the problem 
of distinguishing between the exogenous and endogenous 
steroids. Exogenous T administration can be detected by 
the urine T/E ratio, the ratio in urine of T to its 17α-epimer 
epitestosterone (E). Both T and E are co-secreted by Ley-
dig cells and excreted in urine consistently so that the 
urine T/E is usually stable for any individual over time, 
being typically around 1. Administration of exogenous T, 
which is not converted to E, increases the urine T/E ratio 
and, when it exceeds a specified threshold, is evidence for 
administration of exogenous T. The urine T/E ratio thresh-
olds were originally population-based, set initially at 6 and 
then subsequently lowered to 4. However, the possibility 
of false negatives and false positives of population-based 
thresholds are limitations that may require further analysis 
to confirm or refute T doping in individual cases. These 
considerations have led to establishment of the steroid 
module of the Athletes Biological Passport (ABP), a com-
pendium of serial observation of any individual’s tests that 
creates an adaptive individual-specific T/E ratio threshold. 
This substitution of an individual’s own person-specific 
threshold in place of population-based thresholds allows 
for more sensitive and accurate detection of individual 
deviations in urine T/E ratio as evidence of T doping.

One limitation of the urine T/E ratio is a genetic poly-
morphism of the uridine 5’-diphospho-glucuronosyltrans-
ferase (UGT) 2B17 gene which encodes a phase II hepatic 
enzyme that glucuronidates T, rendering it more hydro-
philic to facilitate urinary excretion. This polymorphism 
comprises a genetic deletion that, in homozygotes, pro-
duces a nonfunctional enzyme that reduces urinary T (but 
not E) excretion to near zero, producing an extremely low 
T/E ratio (<0.1). While this genetic polymorphism has 
no apparent biological effect on T action, it is unevenly 
distributed geographically being much more frequent in 
Southeast Asian populations.31 This biological false nega-
tive means that administration of exogenous T will not 
exceed the usual population-based T/E ratio thresholds.32 
On the other hand, it will exceed any individual’s own 

specific urine T/E ratio ABP threshold so that genotyp-
ing and/or Bayesian profiling of serial T/E ratio provide 
complementary evidence.33,34

Administration of exogenous T may also be identified 
by carbon isotope ratio MS (CIRMS), which can distin-
guish endogenous from exogenous T according to the 
C13/C12 ratio of urinary T.35,36 Commercially, steroids 
are manufactured from starting material of plant sterols 
produced by photosynthesis, which exhibit distinctly 
lower C13/C12 ratio (typically, –26‰ to –36‰ relative 
to the global standard) compared with mammalian T 
biosynthesis (–16‰ to –26‰).37,38 Hence, a significantly 
depleted C13/C12 ratio of urinary T, exceeding 3‰ relative 
to endogenous reference steroids, indicates that urinary T 
originates at least partly from exogenous chemical manu-
facture from plant sterols. CIRMS can also be applied 
to detect administration of other natural androgens or 
pro-androgens including DHT and DHEA,39 andro-
stenedione, or even attempted masking by administering 
E (to lower urine T/E ratio).37 A few T products have 
recently emerged with a less depleted, more mammalian-
like C13/C12 ratio for urine T40, creating a challenge for 
CIRMS detection; nevertheless, extended isotope profil-
ing of other steroid precursors and metabolites provides 
additional reference biomarkers.41 Furthermore, develop-
ment of hydrogen ion ratio MS has further enhanced the 
ability to distinguish between endogenous and exogenous 
steroids, even when the carbon isotope ratio is noninfor-
mative.42-44 Suppression of urine LH excretion may also 
provide corroborative evidence for the use of exogenous 
T or other synthetic androgens.45,46

While MS is highly effective for detecting specific 
androgens, it requires knowledge of the chemical struc-
ture to be detected and otherwise cannot be applied. 
This applies to never-marketed designer or nutraceutical 
androgens sold over the Internet or in unregulated over-
the-counter nutritional supplements with unlabeled ste-
roid content. A potential solution is the modern in vitro 
androgen bioassay that incorporates the human andro-
gen receptor together with a convenient transactivation 
chemical readout signal into a host yeast or mammalian 
cell. This has the generic capacity to detect all bioactive 
androgens regardless of structure with a sensitive dose-
response signal proportional to the potency of the bioac-
tive androgen.47-50 Yeast host cells have high specificity 
for detecting androgens but are less sensitive than mam-
malian cells, which express native steroid mechanisms 
including steroidogenic enzymes and/or other steroid 
receptors. Mammalian in vitro androgen bioassays can 
also detect pro-androgens, steroids that lack intrinsic 
androgenic bioactivity but are converted into androgens 
by the mammalian cell. Hence, while mammalian host 
cells sacrifice specificity for higher sensitivity, they can also 
detect pro-androgens.51 Therefore, yeast and mammalian 
in vitro androgen bioassays are complementary in detect-
ing both androgens and pro-androgens. The limitations 
of in vitro androgen bioassays are their susceptibility to 
matrix effects and difficulties in standardizing a bioassay-
based test, so they may be best applied to characterize 
products and substances for androgens or pro-androgen 
content rather than to biological samples. Hence the yeast 
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androgen bioassay was decisive in the first conviction for 
use of a designer androgen by proving that tetrahydro-
gestrinone (THG) was a potent androgen52 and has also 
been used to screen synthetic progestins to show that, 
unlike the original androgen-derived progestins, the mod-
ern generation of progestins are not androgenic.53

An attractive option to detect androgen doping is 
the use of hair samples. These have the advantages of 
easy, observable, and minimally invasive sampling and 
simple, convenient storage featuring a potentially very 
long window of detection, according hair growth rates.54 
MS-based methods have been reported to detect exog-
enous55-69 and endogenous58,70-73 androgens in human 
hair following long-term, but not single-dose,74 exposure. 
However, hair analysis tests have yet to undergo suffi-
cient standardization and validation to become accept-
able anti-doping tests. Problems that remain to be fully 
overcome include matrix effects, low recovery and lim-
ited sensitivity, as well as the impact of age, hair color, 
alopecia, and shaving or passive chemical (cosmetic) con-
tamination of hair. Additionally nails and skin could also 
provide analogous information on recent past androgen 
exposure, but suitable tests are yet to be convincingly 
developed.75 In theory, androgen-induced gene expres-
sion in circulating leukocytes might provide an additional 
biomarker of androgen action if specific and reproducible 
signatures can be defined76; however, as direct detection 
of androgens is feasible and preferable for proving an 
ADRV, a role for gene expression biomarkers of andro-
gen action remains to be established for anti-doping.

Indirect androgen doping aims to increase endogenous 
T production, which thereby evades detection by routine 
screening tests for exogenous T such as urine T/E ratio 
or CIRMS. Urine hCG is detected by commercial hCG 
immunoassays using two distinct and complementary 
immunoassays; one is a screening test with wider specific-
ity for hCG and/or its urinary metabolic fragments that, 
if positive by exceeding a detection threshold (>5 IU/L), 
requires confirmation by a more specific immunoassay for 
intact hCG, which is required to prove hCG use. A key 
issue is to distinguish a positive hCG urine test, presump-
tively indicating hCG doping, from early trophoblastic 
tumor or immunoassay artifacts. As hCG doping is not 
effective in women and urine hCG screening can detect 
early pregnancy, an unwarranted privacy intrusion, hCG 
testing is restricted to male athletes.24 Similarly, urine LH 
can be measured by some commercial LH immunoassays, 
none marketed for urine samples, validated by individ-
ual anti-doping laboratories. Although direct LH doping 
is an implausible doping threat,77 suppressed45,46,77 or 
elevated77a urine LH may be useful for confirming any 
form of direct or indirect androgen doping.23,24,45 Anti-
estrogens (estrogen receptor antagonists) or aromatase 
inhibitors, which can cause reflex increases in serum and 
urine LH and testosterone,23 are detected by MS-based 
chemical detection methods.

Overall, detection of direct androgen doping is now so 
effective that in WADA-compliant elite competitions it is 
restricted to the ill-informed, often using counterfeit or 
unlabeled products.78 Yet the potency of androgen dop-
ing in power sports continues to prompt the development 

of novel androgen doping strategies. These will include 
use of undocumented synthetic androgens or novel indi-
rect androgen doping methods, especially micro-dosing 
during out-of-competition training. There remains a need 
to maintain deterrence by effective detection methods for 
evolving new androgen doping threats.

HEMOGLOBIN (BLOOD) DOPING
Hemoglobin doping involves either direct blood transfusion 
or indirect methods of increasing hemoglobin via stimulat-
ing erythropoiesis by administration of erythropoietin or its 
analogues or mimetics (see references 79 and 80) (Table 
24-4). Boosting hemoglobin is advantageous in aerobic 
endurance sports such as road cycling, distance running, and 
cross-country skiing. In addition to cardiac output, maxi-
mal oxygen consumption (VO2) is principally determined 
by blood oxygen transfer with a lesser contribution from 
tissue oxygen transfer.81 Experiments on exercise tolerance 
and blood transfusion were first reported in 194582,83 but 
the scientific basis of hemoglobin doping via enhanced tis-
sue oxygen transfer was firmly established in 1972 by the 
work of Ekblom and coworkers, who reported experiments 
in healthy volunteers who underwent venesection and/or 
retransfusion of 1, 2, or 3 units (400 mL) of blood with 
repeated testing of maximal exercise-induced oxygen con-
sumption before and after each procedure.84 This proved 
unequivocally that the maximal oxygen consumption was 
highly correlated with acute changes in hemoglobin (Fig. 
24-5). Subsequently, during the 1970s and 1980s before 
its banning in 1988, blood transfusion became a prevalent 
surreptitious practice in road cycling and cross-country ski-
ing, and the apparently low prevalence among distance run-
ners may be an underestimation.85 Modeling of historical 

TABLE 24-4 Direct and Indirect Hemoglobin 
Doping and Detection Tests

Doping Mechanism Detection

Direct (Blood Transfusion)

Heterologous Flow cytometry: bimodal 
population of blood 
group antigens

Autologous No direct detection test
Biomarkers:
Urine phthalate excretion
Total hemoglobin mass
Athletes Biological Passport

Indirect (Erythropoeisis Stimulation)

Direct
 rhEpo & biosimilars (>100)
 Epo analogues

Urine double immunoblot, 
(LC-MS)

Indirect
 Hypoxia
  altitude training, hypoxic 

sleep area

Not banned

 Hypoxia-mimetics
  hypoxia-inducible factor & 

stabilizers, iron chelation, 
cobalt, 2,3 DPG analogues

LC-MS/MS

 Artificial O2 carriers
  HbOC, perfluorocarbons

LC-MS/MS
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performance in European road cycling from 1993 onward 
shows a unique progression averaging an improvement of 
6.4% corresponding closely with the performance enhance-
ment (6% to 7%) due to rhEPO administration, which is 
sustained for at least 4 weeks afterwards.86-88

Blood Transfusion
Transfusion may involve either another person’s blood 
(homologous) or the athlete’s own blood (autologous) 
administered prior to a contest to acutely increase circu-
lating hemoglobin. Homologous blood can be transfused 
at any convenient time to enhance performance in com-
petition, but when performed by untrained personnel in 
nonclinical environments, there are risks for transfusion 
reaction, blood-borne infectious disease, and iron overload. 
By contrast, autologous transfusion reduces health risks but 
requires complex coordination as venesection itself is detri-
mental to performance, and it requires balancing recovery 
from blood withdrawal and loss of erythrocyte viability 
during long-term cryostorage with training and competition 
schedules. Although blood transfusion was first banned by 
the IOC in 1986, the first practical approach to banning 
blood doping was the introduction of hematocrit testing in 
1997 by the international skiing and cycling federations, 
which excluded athletes on health grounds from entering 
competition on the day if their hematocrit exceeded a safety 
threshold (0.50). This encouraged hematocrit titration to 
just below threshold and only prevented competing until 
hematocrit returned under that threshold, which could be a 
very short period, particularly if venesection was employed. 
The first ADRVs for blood manipulation involving hema-
tocrit threshold and titration were in 2001.

Homologous blood transfusion creates a bimodal pop-
ulation of blood group antigens that is detectable by flow 
cytometry using a panel of 12 minor blood group anti-
gens,89 from the wider array of blood group antigens,90 

which can detect a <5% contamination of exogenous 
erythrocytes. Subsequent refinements simplified and 
improved test sensitivity so that a panel of eight antigens 
can detect contamination comprising a minor admixture 
population of 0.3% to 2.0% with no false positives but 
high sensitivity (∼80%), the latter depending on the mag-
nitude of the minor contaminating mixture.91,92 Alterna-
tives based on genotyping for the admixture population 
of leukocytes have also been proposed.93 As a test proving 
unequivocally the presence of nonendogenous erythro-
cytes in the circulation, this method is definitive if per-
formed to the required standard. A remotely hypothetical 
defense against a positive test, based on stable marrow 
chimerism from a vanished twin, was raised by a cyclist 
who subsequently admitted transfusion.93 Based on risk 
for detection as well as health risks, homologous transfu-
sion has now largely disappeared in favor of autologous 
transfusion.94

The biggest gap in current anti-doping tests is the 
lack of a specific test to detect autologous transfusion.95 
Research to identify robust physico-chemical or biologi-
cal markers for direct identification of a subpopulation 
of ex-vivo aged erythrocytes is underway, but the dilu-
tion and rapid clearance of effete erythrocytes make for 
challenging detection problems.96 In the interim, other 
indirect methods have been developed. These include 
measuring urinary excretion of phthalates, plasticizers 
that leach out from the polyvinylchloride blood packs 
used to store venesected blood.97 This test has brief win-
dow of detection (2 days) so will detect autotransfusion 
during or immediately before events (characteristic in 
road cycling, according to convicted dopers) but may miss 
earlier autotransfusion. Furthermore, the ubiquity of low-
level environmental phthalate exposure requires establish-
ing detection thresholds, and nonplastic blood containers 
can be used. An alternative is the measurement of total 
hemoglobin mass,98 a measure with good stability and 
reproducibility even during exercise, which circumvents 
influence of variations in plasma volume such as due to 
dehydration or dilutional masking.98,99 However, as this 
requires inhalation of carbon monoxide, which has tran-
sient detrimental effects on performance, it is not ideal for 
routine anti-doping use, and its sensitivity may be insuf-
ficient to detect all EPO microdosing.100,101 Nevertheless, 
alternative methods for serial measurement of total hemo-
globin mass remain attractive. Other hypothetical meth-
ods include the detection of microRNA102 or immune 
reactions to transfusion,103 but the sensitivity and specific-
ity of these proposed tests remain to be fully evaluated.

The best detection test for autologous hemoglobin 
doping at present is the hematologic module of the ABP 
introduced in 2009.104 Conceptually, it is a biomarker 
test that adopts a Bayesian approach of creating serially-
adaptive, person-specific reference limits, based on using 
all prior testing, to supplant population-based thresholds. 
Combining all of an individual’s previously collected 
hematologic data creates a probabilistic test of whether 
any new result deviates significantly from that individ-
ual’s personal reference limits.105 These person-specific 
thresholds allow for ongoing refinement and reinforce-
ment by further testing. The thresholds are calculated by 
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450 PART 3 GROWTH AND MATURATION

a variety of algorithms incorporating routine hematologic 
parameters, notably hematocrit and reticulocyte counts. 
Those were developed over the last 2 decades to create the 
ABP hematologic model, which is sensitive to both direct 
and indirect hemoglobin doping.106 The first attempts 
to regulate hemoglobin doping in the late 1990s sought 
to prevent road cyclists or cross-country skiing athletes 
competing on health risk grounds when their hematocrit 
exceeded predetermined, population-based safety criteria 
(e.g., hematocrit 0.50 or hemoglobin 170 g/L for cycling). 
However, while this excluded extreme hemoglobin dop-
ing only until the short period when the safety threshold 
was no longer exceeded, it allowed an increase in an ath-
lete’s natural hematocrit, typically averaging ∼0.45, up 
to the permitted ceiling threshold, which fostered titrated 
hemoglobin doping and manipulations like hemodilu-
tion by saline or plasma volume expander infusions to 
avoid detection.107 More sophisticated hematologic algo-
rithms were then developed to detect hemoglobin dop-
ing initially for the Sydney 2000 Olympics,108,109 the 
first generation of algorithms developing validated tests 
for ongoing and recent cessation of hemoglobin doping, 
using a combination of biochemical variables related to 
erythropoiesis physiology. This approach was simpli-
fied by a second-generation algorithm using only routine 
hematologic parameters (hemoglobin, reticulocytes)110 
and was subsequently combined with the concept of a 
sequential development of individual-specific reference 
ranges111 into third generation algorithms,112,113 which 
were refined for the ABP.104,105 The hematologic mod-
ule of the ABP currently employs an algorithm involving 
eight parameters derived from routine hematologic pro-
file (hemoglobin, hematocrit, erythrocyte count, reticu-
locyte count and percentage, mean corpuscular volume, 
mean corpuscular hemoglobin, mean corpuscular hemo-
globin concentration).114 This is capable of detecting any 
form of hemoglobin doping, whether direct or indirect, 
with good but imperfect sensitivity99-101 and using only 
routine hematologic tests. The reported increasing use of 
very low EPO doses (“micro-dosing”) would markedly 
reduce the magnitude of any dose-dependent ergogenic 
benefits101 while still carrying risks for detection, disqual-
ification, and disgrace.

Erythropoiesis-Stimulating Agents
Indirect methods to increase hemoglobin include admin-
istration of recombinant human EPO or its analogues as 
well as hypoxia-mimetic drugs (hypoxia-inducible factor 
stabilizers, iron chelation, cobalt, 2,3 diphosphoglycerate 
analogues) or artificial oxygen carriers (perfluorocarbons, 
hemoglobin-based oxygen carriers). Related but non-
banned methods that are less effective than hemoglobin 
doping include altitude training or its simulation by sleep-
ing in hypoxic rooms.87

The identification of the human EPO gene in 1985 led 
to the marketing of recombinant human EPO (rhEPO) 
between 1987 and 1979. Despite the IOC’s prohibition 
of EPO use in sports in 1990, the commercial availability 
of rhEPO created powerful new opportunities for indirect 
hemoglobin doping, which were soon proven experimen-
tally.115 A drug that circulates for hours to days, but with 

potent and long-lasting ergogenic effects after its disap-
pearance (due to the 4-month lifespan of erythrocytes) is 
both attractive for doping and a challenge to anti-doping 
testing. Expiry of the rhEPO patent in 2004 allowed mar-
keting of a profusion of generic EPO (“biosimilar”) prod-
ucts, estimated globally at over 80,116 as well as modified 
EPO analogues (darbepoeitin, pegylated EPO, peginesa-
tide, EPO fusion proteins). A fatal cluster involving deaths 
of 18 Dutch and Belgian road cyclists, presumably due to 
inadvertent overdosage during empirical attempts to max-
imize ergogenic effects of illicit rhEPO, was reported,117 
although difficult to verify.118 A similar excess of unex-
pected deaths of road cyclists was also reported again in 
2003 to 2005, when novel EPO analogues and EPO bio-
similars were marketed.

Detection of EPO in urine is difficult because of the 
prevailing low concentrations and need to distinguish 
exogenous recombinant from endogenous EPO. The 
first effective method for rhEPO in urine was a double 
immunoblot119,120 that was capable of detecting urinary 
excretion of a variety of exogenous EPO products and 
analogues (according to their differences in glycosyl-
ation side-chains and differences in primary amino acid 
sequence where they exist), while distinguishing them 
from endogenous EPO. Although further refined121 and 
extended to other EPO analogues,122 the immune-electro-
phoresis test is sensitive but relatively laborious and pro-
vides only a short window of detection of up to 1 week 
postadministration.123 More sensitive methods based on 
proteomics (for EPO analogues with differences in pri-
mary structure) together with glycomics (for biosimilars 
and analogues that have host-cell–specific variations in 
side-chain glycosylation but unchanged natural EPO pri-
mary structure124) are possible but not yet approved.

Other EPO mimetics, such as hypoxia mimetic drugs 
including hypoxia-inducible factor (HIF) stabilizers and 
related small molecules, represent growing threats as 
potential indirect hemoglobin doping agents.125 These 
nonpeptide chemicals interfere with various steps of the 
molecular oxygen-sensing mechanism so as to mimic 
renal hypoxia and thereby induce EPO secretion to 
increase circulating hemoglobin. As a convenient orally 
active alternative to the lucrative pharmaceutical market 
for injectable erythropoiesis-stimulating peptides (∼$7 to 
$8 billion126) to counteract anemias of chronic renal fail-
ure or marrow failure due to myeloproliferative disease 
or cytotoxic cancer therapy, they constitute a very active 
area of preclinical patent-based clinical drug develop-
ment.125 Experience suggests that such innovator prod-
ucts can enter the doping black market before marketing 
approval.106,125 Despite the profusion of preclinical leads, 
they represent families of related chemical structures dis-
closed in patents for which LC and/or GC-MS detection 
tests should, in principle, be effective. Understanding the 
metabolism of these drugs when they come to market 
may identify long-lasting metabolites that can extend the 
windows of detection. Coupled with evidence from the 
ABP, manipulation of the EPO pathway may be detected 
in conjunction with corroborative measurement of inap-
propriately suppressed or elevated endogenous EPO for 
the prevailing hemoglobin level.
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HIF is a key generic biological mechanism for tissue 
sensing of hypoxia and triggering local (neovasculariza-
tion, angiogenesis) and systemic (EPO) defensive reac-
tions. The promoter of the EPO gene contains enhancer 
and inhibitor regions with the hypoxia-responsive ele-
ment that binds HIF and a GATA binding site, which 
enhance and inhibit, respectively, EPO gene transcription. 
HIF is a heterodimer formed by constitutively expressed 
subunits with the β subunit in excess and availability of 
the α subunit limiting formation of bioactive HIF. The 
3 HIFα subunit isoforms are subject to hydroxylation of 
specific proline residues by prolyl hydroxylase enzymes 
that inactivate HIFα by ubiquitination, a tag that targets 
it to proteosomal degradation. HIFα subunit inactivation 
is strongly dependent on tissue oxygenation being active 
during normoxia but reduced during hypoxia when per-
sistence of HIFα stabilizes the HIF heterodimer. Notably, 
during hypoxia the expression of HIFα in renal cortical 
cells stimulates EPO gene expression so that HIF stabili-
zation by prolyl hydroxylase inhibitors leads to increased 
EPO secretion and circulating hemoglobin. Hence, inhib-
iting prolyl hydroxylase activity via blocking its required 
cofactors (ascorbate, ketoglutarate, iron) using cobalt, 
nickel, iron chelation, ketoglutarate analogues, or mech-
anism-based chemical inhibitors can result in increased 
hemoglobin via stimulation of EPO secretion.125 Simi-
larly, small-molecule GATA inhibitors potently stimu-
late circulating EPO, hemoglobin, and performance in 
mice,127 although none have yet been marketed, so their 
human efficacy and safety remain to be determined.

Another approach to increase oxygen delivery to mus-
cle has been to exploit the ability of 2,3 diphophoglycer-
ate (2,3 DPG), whose binding to hemoglobin reduces its 
affinity for oxygen with the left-shift of its oxygen dissoci-
ation curve as an oxygen unloading mechanism in tissues. 
2,3 DPG analogues, developed as radiation sensitizers for 
hypoxic radio-resistant tumors, enhance tissue oxygen 
delivery in vivo128,129 but would feature only short-term, 
acute effects readily detectable by MS.130,131

Adverse effects from use of rhEPO or its analogues are 
well known in medicine but poorly recognized in dop-
ing. They include immunogenicity (with risk for EPO 
autoantibody-mediated pure red cell aplasia),132,133 car-
diovascular complications (including venous thromboem-
bolism, stroke, hypertension, and myocardial infarction), 
and premature death.134-137 In routine clinical use of EPO 
to correct renal anemia, the goal is a gradual increase to 
subnormal hemoglobin targets so that the excessive and/
or rapid rises in hematocrit and blood viscosity138 may 
explain the excess unexplained deaths among young 
European road cyclists in the late 1980s. In addition, use 
of rhEPO may deplete iron stores, which limits hemoglo-
bin synthesis so that athletes may also use oral or inject-
able iron supplements, which carry their own risks such 
as IV iron supplementation’s potentially adverse effects 
in enhanced tissue oxidative damage and excess mortal-
ity in chronic kidney disease.139 Although clinical safety 
experience with ESAs is restricted to patients with serious 
medical disorders, there is evidence from the general com-
munity that higher natural hematocrit is associated with 
worse long-term cardiovascular health outcomes.140-142

Growth Hormone
Growth hormone (GH) is a tissue growth promoter in 
children, but after puberty it is predominantly a meta-
bolic hormone although latent tissue growth–promoting 
effects may be unleashed under nonphysiologic circum-
stances, such as during recovery from tissue injury. There 
is consistent anecdotal evidence that GH has been used 
in elite sports for decades.143 Nevertheless, the ergogenic 
effects of GH remain unproven and largely speculative as 
discussed in excellent recent reviews.144-146 Claims of GH 
benefits in sport have included increases in muscle mass 
and strength, especially in conjunction with androgens, 
and/or improved tissue healing with more rapid recov-
ery from either major injuries or minor repetitive injuries, 
such as from intense physical training allowing for more 
effective training. The biological basis of ergogenic effects 
of GH have been tested in these two different scenarios 
with largely inconclusive findings.

Evidence for direct enhancement of athletic perfor-
mance by GH has been investigated in two well-con-
trolled randomized controlled trials with a primary focus 
on athletic performance. In one study, 96 recreational 
sub-elite athletes (63 male, 33 female, mean age 28 
years) were administered 8 weeks of daily SC injections 
of GH or placebo, with the men also having weekly IM 
injections of T enanthate or saline placebo for the last 5 
weeks.147 GH increased lean (muscle) mass (by +2.7 kg) 
and reduced fat mass (by –1.4 kg), while T increased lean 
mass (alone by +2.4 kg, by +5.8 kg with GH). The effects 
of GH were marginally significant for anaerobic sprint 
capacity (by +3.9%, p = 0.05) when pooling male and 
female participants, but this was due to significant effects 
in men only (by +5.5% alone and +8.3% with GH). 
However, there were no significant effects on maximal 
VO2 consumption, dead lift, or jump height.147 A sec-
ond study involved 30 healthy non-athletes (15 male, 15 
female, mean age 25 years) who were administered daily 
SC injections of GH at high (4.6 mg/day) or low (2.3 
mg/day) doses or placebo.148 There was no significant 
effect on muscle mass or maximal VO2 consumption. 
Additional controlled studies of GH effects but with less 
focus on athletic performance have also shown that (1) 
a single dose of GH (∼0.8 mg) in 9 recreational athletes 
did not affect maximal VO2 or power output in repeated 
30-minute bursts of bicycle ergometry,149 (2) short-term 
(6 days), low-dose GH (∼1.7 mg/day) treatment of 48 
male androgen abusers withdrawn from androgens for 
12 weeks significantly increased maximal VO2 more 
than placebo,150 (3) daily SC injections of a GH receptor 
antagonist (pegvisomant) or placebo for 16 days to 20 
sedentary men did not change maximal VO2, although 
time to exhaustion at 90% maximal VO2 was reduced,151 
and (4) 4 weeks of daily SC injections of GH (∼5 mg/day) 
increased whole-body protein synthesis,152 lipolysis, and 
glucose uptake,153 with uncertain significance for athletic 
performance. Overall, these studies suggest that GH has, 
at most, a modest ergogenic effect in men only, through 
enhancing T effects.

It is also claimed that GH may enhance injury heal-
ing, thereby facilitating more intensive training and/or 
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recovery from muscle, connective tissue, or bone injury, 
notably in contact sports. This claim is difficult to evalu-
ate, and no well-controlled studies of recovery from sports 
injuries or tolerance of training intensity in elite athletes 
are reported. The most germane surrogate evidence avail-
able arises from investigations on the use of GH in recov-
ery from injuries due to burns, fracture, or for wound 
healing. A recent Cochrane meta-analysis review of GH 
treatment effects on recovery from burn injury and heal-
ing of donor skin graft sites suggests that GH has a small 
benefit in skin healing with large burns and reduced hos-
pital stay, but there was no benefit in reducing mortality 
or scarring, and adverse effects, notably hyperglycemia, 
were increased.154 In practice, the increased mortality 
due to administration of high-dose GH in critical ill-
ness155 has led to GH treatment not being widely adopted 
in clinical practice of treatment of burns. Similarly, the 
only well-controlled study of GH effects on bone heal-
ing from fracture reported that, among over 400 patients 
with tibial fractures treated for up to 16 weeks with GH 
(1, 2, or 4 mg/day) or placebo, there was no benefit of GH 
for overall healing.156 Finally, while there are numerous 
experimental studies of GH or growth factors on wound 
healing in animal models, a wide variety of findings are 
reported with detrimental, neutral, or beneficial effects, 
but no well-controlled human studies are available. In 
summary, the available evidence for improved tissue 
repair or regeneration is minimal.

Important caveats on interpreting these few well-
designed studies is that the effects of higher GH and T 
doses, as used in doping, have not been studied, so that 
more potent higher dose and/or interactive effects can-
not be excluded in the absence of well-controlled stud-
ies. Anti-doping science history suggests that caution is 
required before rejecting evidence for claimed ergogenic 
effects without investigations replicating the pharmaco-
logic doses used.

Furthermore, safety analysis is not feasible based on the 
few small, short-term studies of GH’s potential ergogenic 
effects; however, there are significant safety concerns about 
the long-term risk for cancer following GH administra-
tion. Even standard therapeutic GH doses administered to 
GH-deficient children are associated with increased risk 
for second cancers in some157-159 but not all160 follow-up 
studies, although these risks appear largely confined to 
survivors of childhood cancers and its treatment which 

render them GH deficient.161-164 Although the significant 
cancer risk based on uncontrolled observational cohort 
data using standard GH doses remains contentious,165,166 
the long-term risks of much higher GH doses used illicitly 
by athletes must be viewed with significant concern.

Detection of GH doping remains difficult.167 A major 
challenge is the nonglycosylated primary structure of 
recombinant and endogenous 22-kD GH, which lack 
the distinctive side-chain carbohydrate differences of 
exogenous glycoproteins EPO or hCG that provide a 
convenient basis for sensitive molecular detection tests. 
Nevertheless, minor infidelities in commercial manufac-
turing of GH may incorporate distinctive non-natural 
chemical features proving an exogenous origin,168-170 
although these findings have not been developed into 
detection tests. Challenges to the detection of GH dop-
ing arise from the physiologic pattern of endogenous GH 
secretion with its intermittent, pulsatile pattern subject 
to prominent influence of exercise, stress, and nutritional 
effects together with GH’s brief circulating half-life and 
low urine concentrations.171,172 Like other major doping 
classes, there are both direct and indirect forms of GH 
doping, involving either direct administration of GH or 
IGF-I or their analogues and indirect GH doping involv-
ing drugs that aim to increase endogenous GH and IGF-I 
secretion (Table 24-5).

The first test to detect administration of exogenous 
GH, the 22-kD recombinant form of human GH, was 
based on blood sampling to measure the ratio of circulat-
ing isoforms of GH, recognizing the fact that the pituitary 
secretes not only the major 22-kD isoform (65% to 80%) 
but also a variety of minor isoforms including a wide vari-
ety of minor isoforms and their multimeric variants.173 
Administration of exogenous GH suppresses endogenous 
pituitary GH secretion leading to a predominance of cir-
culating 22-kD GH. This is the basis for the GH isoform 
ratio test whereby a serum sample is measured by two dif-
ferent GH immunoassays, one with predominant 22-kD 
GH specificity (“rec” assay) and the other recognizing 
the broad spectrum of pituitary GH isoforms (“pit” 
assay), and the ratio of results (“rec”/”pit” ratio) is an 
index to detect administration of exogenous recombinant 
GH.171,174 This ratio test then serves to detect administra-
tion of exogenous recombinant human 22-kD GH analo-
gous to detection of exogenous T by the urine T/E ratio 
and exogenous insulin by analysis of serum C peptide.175 

TABLE 24-5 Growth Factors, Growth Hormone–Related and Other Peptides

Growth Factors Growth Hormone–Related Peptides Other Peptides

GHRH Analogues Ghrelin Analogues Other

FGF GHRH GHRP-6 IGF-1 and analogues (MGF, 
long R3 IGF-1)

Thymosinß4

HGF CJC-1295 GHRP-2 (pralmorelin) IGF-2
MGF GHRP-4 Insulin and analogues
PDGF GHRP-5 AOD-9604
VEGF GHRP-1

Hexarelin
Ipamorelin
Alexamorelin
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The differential GH isoform ratio test has undergone 
extensive validation involving standardization of the two 
GH immunoassays with distinctive immunoreactivities to 
quantify 20-kD and 22-kD epitopes as well as its applica-
tion to various populations of elite athletes and evaluat-
ing physiologic factors that might affect the validity of the 
test readout. A strength of this test is that it is aimed at the 
exogenous doping agent itself, although it cannot defini-
tively distinguish it from its endogenous counterpart. The 
major limitations of this differential isotope ratio test is its 
narrow window of detection (24 to 36 hours postadmin-
istration) and its inability to detect indirect GH doping. 
While pituitary-derived human GH might not be detected, 
human pituitary GH, once obtained from national-scale 
pituitary collection and purification programs, has not 
been available since 1985, when its risks of Creutzfeldt-
Jakob disease were identified176,177 with recombinant 
human GH replacing pituitary-extracted GH worldwide. 
This differential isoform test was first introduced for the 
2004 Olympics178 and led in 2010 to the first successful 
detection of out-of-competition GH doping.179

A complementary detection test with a wider win-
dow of detection has been developed based on biomark-
ers of GH action. This uses two serum biomarkers of 
tissue GH effects, circulating IGF-1 as a short-term 
marker of hepatic GH action, and N-terminal peptide 
of procollagen type III (PIII-NP) as a long-term marker 
of GH-dependent collagen synthesis. In a study of 102 
recreational athletes (53 male, 49 female, mean age 25 
years, from four different European cities) randomly 
assigned to self-inject 2.7 mg or 5.4 mg of GH or placebo 
once daily, measurement of serum IGF-1 and PIII-NP by 
specific immunoassays were able to correctly classify 
86% of samples from males and 60% of samples from 
females using an empirical linear discriminant analy-
sis of log-transformed serum IGF-1 and PIII-NP at the 
specificity of 1:10,000 required for a WADA biomarker 
threshold.180 Subsequent studies have shown that addi-
tional collagen biomarkers, N-terminal propeptide and 
C-terminal telopeptide of type I collagen, further widen 
the window of detection for GH administration.181,182 
This multiplex biomarker test, based on using standard-
ized immunoassay antibodies, requires establishment of 
reliable reference range with specificity (false positive 
detection rate) of no more than 1:10,000 incorporating 
the impact of gender and age, although exercise, injury, 
ethnicity, and sports type appear not to be confounding 
influences. This test is not yet in routine use by WADA 
anti-doping laboratories. The two GH doping tests, the 
differential isoform and biomarker approaches, are con-
sidered ultimately complementary.183

IGF Doping
IGF-1 is a circulating marker of hepatic GH effects and 
a mediator of GH action, so the marketing in 2005 of 
recombinant human IGF-1 alone, and later with its major 
binding protein recombinant human IGF binding protein 
3 (IGF-BP3),184 for treatment of diabetes, insulin or GH 
insensitivity, or motor neuron disease, together with the 
availability of IGF-1 analogues for laboratory use, creates 
the possibility of IGF doping.185 Time-series analysis of 

elite sports performance186 is consistent with the occur-
rence of IGF-1 doping, but its prevalence is unknown.30 
As the biological basis for ergogenic effects of IGFs is 
due to its GH-like effects, this remains largely specula-
tive and accompanied by the same safety concerns. IGF-
1, IGF-2, and their analogues187 as well as insulin and 
its analogues188 are all readily detectable by LC-tandem 
MS, and preliminary evidence suggests that biomarkers 
for IGF-1 administration (IGF-2, IGFBP2) may widen the 
window of detection.189 However, a specific test to detect 
IGF doping remains to be established.190

MGF is a splice variant of IGF-I which, although 
not known to appear in the circulation, have any phar-
macologic effects, or be approved for human use,191 is 
advertised on the black market and Internet192 for alleged 
anabolic or tissue repair/regeneration benefits. Like other 
short peptides with known structure, it is readily detect-
able using LC-tandem MS.192

Peptide Growth Factors and Growth  
Hormone–Releasing Peptides
For the unscrupulous in pursuit of the unlawful, the 
increasingly stringent detection of the most potent ergo-
genic drugs used in androgen and hemoglobin doping 
has created a new, more speculative form of doping 
involving peptide growth factors and GH-releasing pep-
tides. These are within the size range of automated bulk 
custom peptide synthesis and are marketed cheaply by 
chemical manufacturers. While notionally sold solely 
for laboratory research, these unregulated products are 
available for purchase over the Internet. Promoted by 
speculative fantasies on their mode of action coupled 
with testimonials to their efficacy but without objec-
tive testing or assurance of safety in humans, they are 
believed to be widely used by gullible and/or desper-
ate athletes and their trainers. As unregistered drugs, 
this growing range of peptides appears to constitute a 
greater threat to an athlete’s health than a risk for effec-
tive cheating.

The S2.4 category of Prohibited Substances list includes, 
in addition to GH and IGF-1, fibroblast growth factor 
(FGF), hepatocyte growth factor (HGF), platelet-derived 
growth factor (PDGF), and vascular endothelial growth 
factor (VEGF). The list also contains a generic catch-all 
provision for unnamed growth factors and peptides that 
may affect connective, vascular, muscular, or regenera-
tive tissues or energy utilization and other substances with 
similar chemical structure or biological effects.

The major category of oligopeptides used for doping 
is the class of GH-releasing peptides analogues of the 
endogenous GH-releasing peptides, GHRH and ghrelin, 
whereby their analogues aim to increase endogenous GH 
secretion and are therefore banned (Table 24-5). Most 
of these peptide were developed in the pharmaceutical 
industry from the 1990s aiming to provide cheaper, orally 
active, nonpeptide agonists with capacity for sustained 
stimulation of endogenous GH secretion to “rejuvenate 
the GH/IGF-1 axis,”193 an unusually explicit acknowledg-
ment of the regular nexus between hormonal rejuvenation 
and doping.194 However, none of these hormonal peptides 
have been registered for human therapeutic use, with only 
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one (pralmorelin) registered for single-dose diagnostic use 
(for GH deficiency) in Japan. Although they may stimu-
late GH release initially, many failed to achieve sustained 
GH release due to desensitization, and none achieved 
meaningful clinical improvements in any target diseases. If 
their unproven ergogenic benefits are due to sustained GH 
release, this renders them unlikely to be beneficial; never-
theless, the caveat on not accepting negative conclusions 
without direct testing are also relevant to this class of pep-
tides. Like other short peptides, once chemical structures 
are known, detection is readily feasible using LC-tandem 
MS.195,196 The illicit nature of this market raises the risks 
of counterfeit and unsafe products with attendant risks 
for infection and residual toxic contaminants, unlike the 
purity pharmaceutical product manufacturers are required 
to demonstrate by batch release testing.

PROGRESS, GAPS, AND FUTURE PROSPECTS
Anti-doping science continues to make major progress over 
recent decades, especially since the advent of WADA with 
its harmonization and focus on deterrence through stan-
dardized testing. Like any efforts to combat human mal-
feasance, the quest for drug-free and safe sport requires 
ongoing vigilance and continual renewal of intelligence-
based detection testing. While great progress has been made 
in the two canonical forms of doping, androgen and hemo-
globin doping, human ingenuity continually finds ways 

to challenge the testing just as traditional frauds are sup-
planted by cyber-crime and ingenious computer hacking.

The major gaps remaining in anti-doping science are 
(1) the lack of a definitive test for autologous blood trans-
fusion, (2) the need for more sensitive detection tests for 
peptide doping with wider windows of detection, and (3) 
more economical, affordable, and robust sample han-
dling and storage procedures. These challenges must be 
met by adapting novel technologies such as quantita-
tive proteomics, genomics, and metabolomics as well as 
implementing more out-of-competition and blood testing. 
Such progress depends on innovative applied research 
that is supported by WADA, Partnership for Clean Com-
petition, and certain national anti-doping organizations 
together with regular peer-review research granting agen-
cies. Finally, the development of effective forensic intelli-
gence investigations, a slow, complex, and costly process 
that can have salutary effects (e.g., for road cycling in 
the Lance Armstrong case), is proving a valuable comple-
mentary approach as an adjunct to effective laboratory 
testing.
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The classification of body weight as a regulated physi-
ologic parameter is relatively novel. While obesity, 
including morbid obesity, has been recognized for thou-
sands of years, the possibility that body weight was 
determined by a complex interaction between internal 
regulatory systems and the environment first received 
scientific attention in the mid-twentieth century. Studies 
of brain-lesioned animals indicated that disruption of 
the ventromedial hypothalamus produced a syndrome 
of obesity and hyperphagia,1-3 and ablation of the lat-
eral hypothalamus resulted in aphagia, adipsia, and 
dramatic weight loss,1,4 suggesting that these areas were 
critical to the maintenance of energy balance. Findings 

also emerged demonstrating that obesity could be caused 
by administration of goldthioglucose,5 which damaged 
the ventromedial nucleus of the hypothalamus (VMH).6 
Subsequent studies using monosodium glutamate–
induced obesity indicated that the arcuate nucleus also 
played a role in maintaining energy balance.7 A series of 
parabiosis experiments performed between genetically 
obese mice, ob/ob and db/db, suggested that circulat-
ing factors might play a role in determining adiposity.8,9 
In humans, the potential role of the hypothalamus in 
obesity came from the observation that patients with 
craniopharyngioma frequently became obese following 
resection of the tumor.10

K E Y  P O I N T S

 •  Both appetite and energy expenditure are regulated processes that involve redundant 
complex networks both in the periphery and in the brain.

 •  Appetite regulation includes a robust homeostatic component that drives hunger as 
energy reserves fall and drives satiety after feeding. However, hedonic drives to eat 
based on food availability and taste and emotional drives based on mood and social 
setting can override the satiety component.

 •  Several distinct components contribute to overall energy expenditure, ranging 
from resting metabolic rate to elective physical activity. Resting metabolic rate is 
the largest overall contributor to daily expenditure and is also the most difficult to 
manipulate.

 •  There is a reciprocal relationship in regulation of appetite and energy expenditure. In 
general, interventions that increase appetite decrease energy expenditure and vice versa.
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Despite significant efforts along a number of lines of 
investigation that resulted in increased understanding 
of obesity, a full appreciation of obesity as an endo-
crine syndrome did not arrive until the discovery of the 
leptin gene in 199411 and its receptor in 1995.12 Muta-
tions in either gene served to explain two mouse obesity 
syndromes: the ob/ob mouse, which lacks the hormone 
leptin, and the db/db mouse, which lacks the long form 
of the leptin receptor. Recognition of the fact that muta-
tions in these molecules led to similar phenotypes in 
humans rapidly followed and confirmed their impor-
tance.13,14 These discoveries led to a significant para-
digm shift in the understanding of obesity and the nature 
of the fat cell. Existence of a hormone-specific obesity 
syndrome made it clear that body weight was subject to 
physiologic regulation. Furthermore, identification of 
the adipocyte as the source of the hormone changed the 
perception of the fat cell from that of a passive depot of 
energy stores to a regulator important to overall energy 
homeostasis.15-17 This overall shift redefined understand-
ing of the processes involved in regulating overall energy 
balance in mammalian organisms, including humans. 
As a consequence, a sophisticated understanding of the 
interconnection of multiple organ systems in the brain 
and periphery and their interaction with the environment 
is currently evolving.

Maintenance of normal weight requires balancing 
two components: energy intake and energy expenditure. 
While at first glance, these seem to be simple parameters 
involving consumption and calorie utilization, both com-
ponents are in fact complex.

COMPONENTS OF FEEDING
Intake of calories occurs for multiple reasons (Fig. 
25-1). Perhaps the most important is the net caloric defi-
cit that begins after the digestion of a meal. As calories 
are used, the increasing deficit that accrues eventually 
leads to hunger, food seeking, and food ingestion. This 
component of feeding may be called homeostatic hun-
ger because it reflects a true metabolic deficit, and con-
sumption is aimed at maintaining energy stores. Since 
this activity is critical to survival, it appears to be linked 
to reward pathways so that animals will “work” for 
food.18 For example, feeding involves flavor and tex-
ture and thus engages gustatory pathways that involve 
taste and smell. The rewards associated with ingestion 
of palatable flavors lead to eating past the point of met-
abolic repletion.19 Food variety also appears to engage 
reward pathways; increased variety prevents malnutri-
tion. However, availability of an increased variety of 
energy-dense foods is associated with obesity.20 Moti-
vation and reward pathways have been extensively 
explored with regard to drug addiction. While addic-
tion to drugs of abuse has no homeostatic value, rein-
forcement of food rewards may occur through similar 
pathways. For example, agents that alter opioid and 
dopaminergic signals also act to modulate motivation 
for palatable food.21 Furthermore, eating is also linked 
to stress, which may predispose to hyperphagia in an 
environment where palatable food is readily available.20

COMPONENTS OF ENERGY EXPENDITURE
Traditional models categorize energy expenditure (EE) 
into basal (obligate) and adaptive (facultative) ther-
mogenesis (AT). Obligate EE includes all pathways 
involved in the maintenance of basic metabolic and 
physiologic processes and is also referred to as resting 
metabolic rate (RMR) or more recently resting energy 
expenditure (REE). RMR includes both sleeping meta-
bolic rate (SMR) and the increase in metabolic rate that 
is seen with arousal. AT includes cold and diet-induced 
thermogenesis. The cellular mechanisms that regulate 
obligatory and adaptive thermogenesis are often simi-
lar. Finally, physical activity represents a third category 
that has at least two components, nonexercise activ-
ity thermogenesis (NEAT) and sportslike exercise.22 
These distinct categories of EE are in fact only approxi-
mate, and regulatory mechanisms are overlapping (Fig. 
25-2). For example, thyroid hormone (TH) is required 
for up to 30% of basal EE, and adaptive increases in 
TH are required for normal cold-induced thermogen-
esis.23,24 Furthermore, physical activity (PA) can have 
long-lasting effects on REE, and PA may be enacted 
by stimuli that are traditionally considered stimulants 
of facultative thermogenesis, such as caloric excess.25 
Approximate contributions for the components of 
energy expenditure are REE, 70%; PA, 20%; and fac-
ultative, 10%, with PA representing the most variable 
component.26

INTEGRATION OF ENERGY BALANCE
Inputs from a number of neuropeptides and neurotrans-
mitters in the brain as well as peripheral signals inte-
grate information to mediate energy balance.27 The 
interactions and pathways engaged by these signals are 
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Figure 25-1 Components of eating behavior. Homeostatic hunger is 
hunger that results in eating in response to metabolic deficits and the 
ensuing signals. Hedonic and mood-related eating lead to consumption 
of calories above what is necessary to maintain energy balance.
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already complex, and understanding of the pathways is 
still evolving. Furthermore, it is not clear that all pos-
sible important signals have been identified. Indeed, 
recent reports of novel diverse peptides that contrib-
ute to energy balance, including FGF21,28 iresin,29 and 
meteorin-like,30 as well as new gene mutations that cause 
human obesity31 suggest that many inputs remain to be 
discovered. One interesting aspect of the signals involved 
is that many regulate both energy intake and energy 
expenditure in a coordinated fashion. Although a pos-
sible correlation of obesity with decreased sympathetic 
activity has been suggested,32,33 the potential pathways 
regulating energy expenditure were thought to be sepa-
rate from those regulating feeding and satiety. However, 
it is now recognized that peptides regulating appetite 
also play a role in regulating energy expenditure in an 
inverse manner. Thus, peptides that stimulate feeding 
decrease energy expenditure, promoting energy storage, 
while those that inhibit feeding increase energy expendi-
ture (Table 25-1).

In the brain, both neurotransmitters and neuropeptides 
have complex functions.34 The role of neurotransmitters 
in regulating feeding behavior was recognized before 
the role of neuropeptides was appreciated. However, 
mechanisms of these neurotransmitters have been more 
difficult to define; they may act through multiple recep-
tors, and effects may vary depending on the anatomic 
area targeted. Monoamine neurotransmitters may be 
stimulatory or inhibitory. Glutamate and γ-aminobutyric 
acid (GABA), which are the most abundant neurotrans-
mitters in the hypothalamus, act to increase feeding, and 
some of the neurons expressing orexigenic neuropeptides 
appear to be GABAergic.35 One view of the interaction of 

transmitters and peptides is that peptides act as essential 
modulators of GABA and glutamate action.36 Serotonin, 
which acts through multiple receptors, is inhibitory,37 and 
some of these receptors are being considered as specific 
pharmacologic targets for the treatment of obesity.38 The 
roles of epinephrine, norepinephrine, and dopamine are 
more complex, and these transmitters may act to either 
stimulate or inhibit feeding.39,40 Although the mechanism 
of action is poorly understood, these pathways are the 
targets of the limited pharmacologic therapies that are 
currently available for the treatment of obesity. Biogenic 
amines currently in use include phentermine and sibutra-
mine. Phentermine, an analogue of amphetamine, acts 
to increase catecholamine release in the paraventricular 
nucleus of the hypothalamus. Mazindol has a similar 
mechanism of action. Sibutramine, which acts through its 
active metabolites, prevents reuptake of 5-HT but does 
not cause release. Sibutramine also inhibits noradrenaline 
reuptake.41

The number of hypothalamic neuropeptides known 
to be involved in body weight regulation has expanded 
dramatically over the past decade. Peptides that act 
as orexigenic signals include neuropeptide Y (NPY), 
agouti-related peptide (AgRP), melanin-concentrating 
hormone (MCH), galanin, β-endorphin, dynorphin and 
enkephalin, and the orexins. Peptides that act to inhibit 
feeding include α-melanocyte–stimulating hormone 
(α-MSH), cocaine-amphetamine–regulated transcript 
(CART), corticotropin-releasing hormone, urocortin, 
neurotensin, and neuromedin. The specific role of neu-
ropeptides has been easier to identify, in part because 
expression of these peptides tends to be anatomically 
limited. Additionally, genetic studies are both easier 
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Figure 25-2 Approximate contribution of components of energy  
expenditure. TEF and RMR can be measured using a ventilatory hood. 
RMR and NEAT can be measured in a respiratory chamber. Total en-
ergy expenditure can be measured using doubly labeled water. NEAT, 
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TABLE 25-1 Genes That Influence Weight Control

Gene Model Tissue BW FI EE Reference

Leptin ob/ob Adipose ↑ ↑ ↓ 11

Leptin receptor db/db Brain ↑ ↑ ↓ 12

MC4 receptor MC4–/– Brain ↑ ↑ ↓ 101

MC3 receptor MC3–/– Brain ↔ ↔ ↑ 206

MCH MCH–/– Brain ↓ ↓ ↑ 112

GPR7 GPR–/– Brain ↑ ↑ ↓ 207

Perilipin Pl–/– Adipose ↓ ↓ ↓ 208

ASP (C3) C3–/– Adipose ↓ ↓ ↓ 209

Neuropeptides 
B and W

GPR7–/– Brain ↑ ↑ ↓ 207

Acetyl CoA 
Carboxylase

ACC2–/– Widely ↑ ↑ ↑ 210

NO synthase NOS–/– ↑ ↔ ↓ 176

PKA RII beta RII–/– Adipose ↓ ↔ ↑ 211

β-AR β-AR1,2,3–/– All ↑ ↔ ↓ 183

Uncoupling 
protein

UCP–/– BAT ↔ ↔ ↔ 212

Cidea Cidea–/– BAT ↔* ↔ ↑ 213

Stearoyl CoA 
desaturase

SCD–/– Liver ↓ ↑ ↑ 214

ASP, Acylation stimulation protein; β-AR, β-adrenergic receptor; BAT, 
brown adipose tissue; BW, body weight; FI, food intake; EE, energy 
expenditure; GPR, G protein–coupled receptor; MC, melanocortin; 
MCH, melanin-concentrating hormone; NO, nitric oxide; PKA, 
protein kinase A.

*Indicates lower body fat percentage compared to controls.
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and more readily interpretable, since ablation is not 
usually associated with lethality.

Recently, the importance of interaction of peptider-
gic systems with neurotransmitters has been recognized 
as playing a role. For example, leptin42,43 and MCH44,45 
appear to regulate dopaminergic tone. In the arcuate 
nucleus, GABAergic AgRP/NPY neurons play a critical 
role in regulating pro-opiomelanocortin (POMC) neu-
rons. Although ablation of AgRP or NPY individually or 
with both peptides in combination does not result in an 
identifiable phenotype,46 ablation of the neurons in adult 
mice leads to rapid starvation.47 Consistent with the role 
of GABA-regulating POMC neurons, mice with impaired 
GABA release are lean and resistant to diet-induced 
obesity.48

In addition to leptin, other signals from the periphery 
add to the complex pathways that are involved in the 
regulation of body weight. This includes multiple signals 
from the gut49,50 (Fig. 25-3). Cholecystokinin (CCK) is 
synthesized in the duodenum and jejunum and was recog-
nized as a peptide capable of inhibiting appetite as early 
as 1973.51 CCK acts in the hindbrain to reduce meal size 
and duration.52 Peptide YY (PYY) is secreted by the distal 
portion of the gastrointestinal tract, and in addition to 
inhibiting gastric emptying,53 it also crosses the blood-
brain barrier to act on arcuate nuclei and inhibit feed-
ing.49 However, the role of PYY remains controversial, 
because when injected into the lateral ventricles of ani-
mals, PYY acts to increase food intake, and not all inves-
tigators have been able to reproduce the satiety effects.54 
Glucagon-like peptide 1 (GLP-1) and oxyntomodulin 
are products of the preproglucagon gene and are synthe-
sized in the gut and brain. Both act to inhibit food intake 
through different mechanisms.55 Thus far, the only gut 
peptide known to stimulate appetite is ghrelin, which is 
secreted by the stomach and also acts on neurons in the 
arcuate nucleus.56

Other factors derived from the gut that may play a role 
in appetite include fatty acid amides. For example, the 
cannabinoid receptor agonist, anandamide, is an etha-
nolamide synthesized in the gut and possibly regulated 
by nutritional status, since local concentrations increase 
with fasting.57 Anandamide may act centrally through 
cannabinoid receptors, which are known to promote 
appetite and increase energy homeostasis.58 In contrast, 
oleoylethanolamide, which is also synthesized in the gut, 
acts to inhibit food intake and stimulate lipolysis through 
the activation of the peroxisome proliferator–activated 
receptor alpha (PPAR-α).59 Thus fatty acid–derived mole-
cules may serve as an additional pathway of gut-mediated 
regulation of appetite.

Peripheral signals regarding the state of the gastroin-
testinal tract may also be integrated by the vagus nerve,60 
which sends afferents to multiple brain areas, including 
the dorsal motor nucleus and the nucleus of the solitary 
tract. These areas appear to be involved in responses to 
neuropeptides, including ghrelin61 and α-MSH. The vagus 
nerve may also play a role in conveying information on 
fatty acid oxidation in the liver. Fatty acid oxidation 
appears to play a role in mediating appetite; inhibition 
of this process is associated with increased appetite.62,63

Insulin may also play a role in inhibiting appetite, 
and it is known that neurons in the arcuate nucleus 
express insulin receptors64 and respond to insulin. 
Female mice lacking insulin receptor expression in the 
brain eat more than normal animals, and both genders 
develop mild obesity when placed on a high-fat diet.65 
Insulin and glucose may play a role in meal initiation 
and meal termination.66

The gut may contribute more than specific signals 
derived from differentiated cells as gut microbiota 
appear to also play a role in obesity.67 Diet is known 
to influence the gut microbiome. Furthermore, trans-
plants into gnotobiotic mice of microbiomes derived 
from obese individuals influences mouse body weight. In 
both humans68 and mice69 the microbiome changes after 
bariatric surgery. However, the precise cause-and-effect 
role of the microbiome remains unclear. Do obesogenic 
diets predispose to microbial populations that are more 
efficient in calorie absorption, or does colonization with 
more metabolically efficient populations predispose to 
obesity?

Thus, body weight is regulated by a complex inter-
action of signals involving both the gut and the brain. 
Additional complexity derives from the fact that these 
signals act through specific receptors. The receptors have 
anatomic-specific expression. Furthermore, some involve 
relatively large receptor families, as seen with the melano-
cortin receptors (see the section entitled “The Melanocor-
tin System: α-MSH, Agouti-Related Peptide, and Central 
Melanocortin Receptors” later in the chapter). For some 
of these pathways, the finding of spontaneous mutations 
associated with obesity in human populations has pro-
vided proof that body weight is regulated similarly in 
humans as in rodents (Table 25-2).
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Figure 25-3 Schema of selected gut-to-brain signals that may play a 
role in mediating energy balance. A number of peptides from the gut 
play a role in mediating appetite and energy expenditure. Only one, 
ghrelin from the stomach, is orexigenic. All segments of the gut may 
also contribute to signals from vagal afferents. Finally, the vagus nerve 
may play a role in conveying information on fatty acid oxidation in the 
liver. Fatty acid oxidation appears to play a role in mediating appetite. 
Within the brain, signaling acquires additional complexity; networks 
between the hypothalamus and hindbrain and cortex are all involved in 
regulating both intake and output.
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SPECIFIC HORMONES AND NEUROPEPTIDES

Adipose Tissue Derived
Leptin, identified through positional cloning of the ob 
gene,11 is a 167–amino-acid peptide hormone secreted by 
adipocytes. It signals through a membrane receptor that has 
six splice variants and belongs to the class 1 cytokine recep-
tor family.12 Leptin signaling is required, although not suf-
ficient alone, for normal energy balance. Animals, including 
mice and humans, lacking leptin70 or the leptin receptor 14 
have a syndrome of severe hyperphagia and obesity. In the 
case of leptin mutations, leptin administration leads to a 
marked resolution of the syndrome in both ob/ob mice71,72 
and in rare human patients with leptin mutations.73,74 
However, in the vast majority of obese mammals, leptin 
levels are elevated, correlating well with available fat 
stores,75,76 and administration of peripheral leptin has little 
effect on appetite. These findings revised the perception of 
leptin. While the complete absence of leptin has major con-
sequences on appetite, the incremental increases in leptin 
that are seen with increased adiposity have little effect on 
the continued ingestion of calories or the storage of calories 
as fat. In contrast, repletion of leptin with fasting leads to 
attenuation of many of the neuroendocrine changes seen 
with fasting.77 In human females, leptin replacement leads 
to some of the abnormalities seen in hypothalamic amenor-
rhea secondary to strenuous exercise or low body weight.78 
Thus the critical physiologic role of leptin appears to be 
to signal caloric deficiency and mediate the appropriate 
metabolic changes rather than to signal caloric excess.

Leptin targets specific neurons in the brain, specifi-
cally in the hypothalamus, although leptin receptors are 
also seen in other areas, including the ventral tegmental 
area (VTA). The best-characterized neurons are the NPY/
AgRP and POMC neurons in the arcuate nucleus.35,79 
NPY and AgRP are both orexigenic (appetite-inducing) 
peptides synthesized by the same population of neurons. 
POMC is expressed in a different population of arcuate 
neurons that process the preprohormone to a number of 
peptides, including α-MSH, which acts to suppress appe-
tite. To date, the leptin-to-arcuate pathway represents the 
best-characterized pathway involved in the regulation of 
body weight, especially insofar as mutations disrupting 
this pathway have also been shown to be important in 
human obesity as well as rodent obesity (Fig. 25-4).

Adipocytes are complex cell types that play an active 
metabolic role and endocrine role in synthesizing many 

biologically active proteins80 (see Chapter 36). These 
include cytokines, immune-related proteins, complement 
and complement-related proteins, enzymes involved in ste-
roid metabolism, and proteins of the rennin-angiotensin 
system. Furthermore, receptors for traditional endocrine 
hormones, nuclear hormones, cytokines, and catechol-
amines are all expressed by adipose tissue. These peptides 
are likely to form causal links between obesity, insulin resis-
tance, and cardiovascular disease. Two recently discovered 
peptides, adiponectin and resistin, may play a role in mod-
ulating insulin resistance. Adiponectin inversely correlates 
with insulin resistance, declines with obesity, and increases 
with weight loss.81 In contrast, resistin impairs glucose 
tolerance and insulin sensitivity, and secretion increases 
with increasing adiposity. However, the biology of resis-
tin is complicated. In mice it is synthesized by adipocytes, 
and in humans it is synthesized by macrophages, making 
translational studies difficult.82 Adiponectin, resistin, and 
other fat-derived peptides with hormonal actions are likely 
to play a role in determining predisposition to obesity and 
responses to a high-fat diet. Recently, excess adiposity has 
been associated with finding increased expression of multi-
ple inflammatory markers in fat tissue. Thus, expression of 
interleukin 1 (IL-1), IL-5, plasminogen activator inhibitor 
1 (PAI-1), tumor necrosis factor (TNF), and suppressor of 
cytokine signaling 3 (SOCS3) are all increased in obesity.83 
These factors play a role in the decrease in insulin sensi-
tivity associated with obesity; however, it is unclear (and 
seems unlikely) that any of these factors have direct effects 
on either appetite or energy expenditure.

The Hypothalamus
Neuropeptide Y
The potential role of neuropeptides in feeding behavior 
was first suggested by studies indicating that NPY was 

TABLE 25-2 Sample of Characterized Mutations 
That Lead to Obesity in Humans

Mutation Reference

KRS2 31

Leptin 70, 13

Melanocortin 4 receptor 103, 104, 215

Melanocortin 3 receptor 216

Prohormone convertase 1 217

PPAR-γ 218

POMC 105

POMC, Pro-opiomelanocortin; PPAR, peroxisome proliferator– 
activated receptor.

Leptin* 
Released to
circulation

Cross blood brain
barrier to act on neurons
in arcuate nucleus
through leptin receptor*

Stimulate POMC
neurons, ↑ α-MSH* 

Act on MC4-R*
and MC3-R*

Decrease feeding and
increase energy expenditure 

Figure 25-4 The leptin pathway. Leptin, a hormone secreted by adi-
pocytes, crosses the blood-brain barrier to act on neurons in the arcuate 
nucleus. One set of target neurons are those synthesizing prepro-opiomel-
anocortin (POMC). Leptin acts to stimulate these neurons to synthesize 
POMC and release one of the POMC gene products, α-melanocyte-
stimulating hormone (α-MSH). This peptide mainly acts through the 
melanocortin 4 receptor (MC4R) to decrease feeding, and through this 
receptor and the melanocortin 3 receptor (MC3R) to increase energy ex-
penditure. Mutations in this pathway lead to disruption of the appropri-
ate signals and to obesity. Known mutations leading to obesity in humans 
are marked with asterisks. (See text and Table 25-2 for details.)
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synthesized by arcuate84 neurons and elicited a robust 
feeding response when injected intracerebroventricularly 
(ICV).85,86 Chronic infusion of NPY leads to obesity in 
rats.87,88 Furthermore, expression of NPY increases with 
fasting, indicating that neurons making NPY respond to 
peripheral signals regarding the state of energy balance.89,90 
Interestingly, ablation of the NPY gene was not associated 
with altered body weight or feeding,91 although when mice 
lacking NPY were bred to mice lacking leptin, substantial 
attenuation of the ob/ob obesity syndrome was noted.92 
However, animals without NPY show an abnormal 
response to refeeding after short-term fasting93 and also 
show an attenuated feeding response to hypoglycemia.94

The Melanocortin System: α-MSH, Agouti-Related Peptide,  
and Central Melanocortin Receptors
Humans and rodents require an intact melanocortin system 
in order to maintain normal body weight. The effect of α-
MSH to decrease appetite was described in the late 1980s.95 
However, the key role of melanocortins in the physiology 
of energy balance was not appreciated until the molecular 
mechanism of obesity of the yellow Ay mouse was identified. 
In this model, obesity is secondary to a mutation in the gene 
encoding agouti, a protein that mediates coat color and leads 
to ectopic expression of the protein in all tissues, including 
the central nervous system.96 Subsequently it was discov-
ered that agouti protein acted on melanocortin receptors to 
block melanocyte-stimulating hormone (MSH) action.97,98 
These findings led to speculation that another protein nor-
mally expressed in the brain might have an action similar to 
that of agouti and to the discovery of agouti-related peptide, 
AgRP,99 which is expressed in the hypothalamus and inter-
acts with the central melanocortin receptors, MC3R and 
MC4R.100 Overexpression of AgRP recapitulated an obe-
sity syndrome similar to that seen in the Ay mouse, as did 
disruption of the MC4R.101 Mice with targeted disruption 
of the MC3R demonstrated a small increase in body fat and 
feeding efficiency, suggesting that at least in rodents, MC4 
plays the dominant role in energy homeostasis.

The profound effects caused by disruption of the melano-
cortin pathway stimulated a search of MC4R mutations in 
humans, especially in children with early-onset obesity and 
a strong family history of obesity. Several such mutations 
were readily identified,102,103 and currently it is estimated 
that 5% of individuals with severe familial early-onset obe-
sity have MC4 mutations.104 In humans, obesity has also 
been associated with mutations in the POMC gene, which 
encodes multiple transcripts. Disruption of this gene leads 
to deficiency in both adrenocorticotropic hormone (ACTH) 
and MSH, and patients present with adrenal insufficiency 
and obesity. Since MSH expression outside of the central 
nervous system mediates hair color, patients with POMC 
mutations will frequently also have red hair.105

Melanin-Concentrating Hormone
Melanin-concentrating hormone is a 19–amino-acid pep-
tide synthesized in magnocellular neurons of the lateral 
hypothalamus; it plays a key role in maintaining energy 
balance in animals.106,107 The peptide structure and ana-
tomic distribution is highly conserved, and the sequence 
is identical in rodents, sheep, and humans. When injected 

ICV in rats, MCH induces an acute increase in feeding 
behavior. Chronic infusions in mice lead to a syndrome 
of mild obesity associated with decreased energy expendi-
ture.108 Deletion of both the MCH and the MCH receptor 
genes are associated with leanness.109-111 In the case of 
the receptor knockouts, leanness is secondary to increased 
expenditure, because animals without the receptor eat as 
much or more than wild-type animals. Deletion of MCH 
from mice lacking leptin leads to a marked attenuation 
of the obesity phenotype, which is secondary to changes 
in energy expenditure rather than feeding.112 Pharmaco-
logic blockade of the MCH receptor leads to leanness and 
reduces meal size.113 Chronic infusions of MCH agonists 
also lead to obesity similar to that seen with MCH infu-
sion.114 The importance of the MCH system has not been 
validated in humans, since an individual with MCH defi-
ciency would present with a lean phenotype. However, the 
homology of MCH in all strains of mammals examined 
strongly suggests that MCH will play a role in humans.

The Gut
Ghrelin
Ghrelin, produced in the stomach, was identified as the 
endogenous ligand for the receptor responsible for growth 
hormone secretion.115 Subsequently, it was found to pro-
duce adiposity in rodents, an effect that is independent 
of its ability to stimulate growth hormone secretion.116 
Although infusions of ghrelin induce hunger and increased 
feeding,117 endogenous levels are low in obese individu-
als and increase with weight loss.118 This rise is not seen 
after gastric bypass surgery, which may help to explain 
the success of this procedure in mediating weight loss in 
obese humans.119,120 Ghrelin levels are extremely high in 
individuals with Prader-Willi syndrome of genetic obe-
sity.121 Ghrelin is transported into the brain, where it acts 
to stimulate NPY/AgRP neurons in the arcuate nucleus 
and is thus part of a circuit mediating energy homeostasis 
involving the stomach and the hypothalamus.122

Peptide YY
Peptide YY is synthesized and secreted throughout the 
intestine, although concentrations are higher in the distal 
portion, particularly in the colon and rectum, and the 3-36 
form crosses the blood-brain barrier. Food intake stimu-
lates PYY release, and higher serum concentrations are 
seen after fatty meals. As release occurs prior to nutrients 
reaching the distal parts of the gastrointestinal tract, neu-
ral reflexes may act to stimulate release, possibly through 
the vagus nerve. PYY 1-36 has structural similarity to 
NPY and binds with high affinity to all five NPY receptors; 
the 3-36 form binds preferentially to the Y2 receptor. PYY 
acts on both the intestine and the brain. In the intestine, it 
increases fluid absorption and delays gastric emptying. In 
the brain, the 3-36 form has substantial effects on appetite. 
When given intravenously to human volunteers, it reduces 
caloric intake and increases the sensation of satiety.123 
Similar effects have been reported in rats;124 however, this 
effect is controversial because other investigators have 
been unable to reproduce the satiating effect.54 ICV injec-
tion of PYY clearly increases feeding, presumably through 
targeting a different receptor subset.125
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PYY levels are low in patients with morbid obesity. 
One report suggests that levels rise after weight loss 
secondary to gastric bypass surgery.126 This suggests a 
potential role of PYY in the treatment of obesity.

Glucagon-Like Peptide-1 and Oxyntomodulin
GLP-1 and oxyntomodulin, along with GLP-2, are prod-
ucts of the preproglucagon gene and result from post-
translational processing by prohormone convertases. The 
preproglucagon gene is expressed in the central nervous 
system, in intestinal L cells, and in the pancreas. Both 
GLP-1 and oxyntomodulin act as satiety signals through 
the GLP-1 receptor.55,127,128 Release from the small intes-
tine is seen after food ingestion; however, the peptides are 
rapidly cleaved by dipeptidyl peptidase IV and thus have a 
short half-life. GLP-2 does not affect satiety.129 GLP-1 has 
effects on insulin secretion and beta cell mass, while GLP-2 
affects the growth of intestinal epithelial cells.130 GLP-1 has 
therapeutic potential in the treatment of obesity and type 
2 diabetes, although this could be limited because of the 
short half-life. One approach aimed at circumventing this 
problem is the use of peptidase inhibitors and long- acting 
analogues such as exenatide and liraglutide. These are now 
used widely for the treatment of type 2 diabetes. The pep-
tide analogues are associated with weight loss in a subset 
of treated subjects. The relative success of these agents has 
prompted interest in combinatorial therapies involving two 
or more agonists to increase therapeutic efficacy.131 Some 
concern exists regarding the potential risk of pancreatitis 
with these agents; however, a recent meta-analysis involv-
ing 55,000 patients did not show increased risk.132

THE ROLE OF ENERGY EXPENDITURE IN BODY 
WEIGHT REGULATION
The term energy expenditure (EE) includes multiple com-
ponents.133 The largest contributor, resting metabolic rate 
(RMR) results from systemic metabolic reactions required 
to maintain homeostasis and, in mammals, basal tem-
perature. Physical activity (PA) includes purposeful loco-
motion and exercise. Nonexercise activity thermogenesis 
(NEAT) includes pursuit of activities of daily living such 
as maintaining posture and fidgeting. An additional com-
ponent comes from the thermic effect of food (TEF), 
which involves the rise in heat production after a meal. 
While the contribution of EE to human obesity remains to 
be determined, it is clear that both the thermogenic com-
ponents and the activity components are regulated.

Measuring Energy Expenditure
Measuring ingested food is straightforward, at least in 
experimental animals. However, measuring energy expen-
diture is complicated because one must account for all 
components as well as the relative contribution of each 
component. The most accurate method for determination 
of EE is by direct calorimetry, which can be measured either 
by water immersion or closed-chamber heat convection, but 
both of these methods are cumbersome and are rarely used. 
Ingestion of doubly labeled water allows interpolation of 
EE from the amount of 2H218O ingested, and the amount 
of 2H and 18O released as water and carbon dioxide has 

been shown to be accurate to within 5% of indirect calo-
rimetry.134 However, these techniques require use of both 
expensive nonradioactive isotopes and instrumentation. 
Since more than 90% of oxygen consumption arises from 
mitochondrial metabolism,135 O2 consumption can be used 
as an index of energy expenditure. For rodent studies, indi-
rect calorimeters consist of closed multichambered modules 
with oxygen and CO2 sensors that measure gas exchange. 
Most are also equipped with laser beam break systems that 
allow simultaneous monitoring of spontaneous locomotor 
activity. Models with continuous access to food and water 
are available, and these can be used to monitor animals over 
intervals as long as days or weeks. Software is supplied to 
calculate VO2, VCO2, and RER, as well as total heat pro-
duction based on VO2. In humans, respirometers such as the 
Deltatrac or Cosmed are most commonly used. A signifi-
cant limitation of these monitors is that observation requires 
wearing space helmet–like head gear, which results in a 
limited observation period. Some clinical research facilities 
have closed room-size chambers that measure gas exchange 
using methodology similar to that used by rodent monitors.

Comparing Energy Expenditure Among Individual Subjects
Using indirect calorimetry to compare EE among organ-
isms that differ in body weight has inherent inaccuracies. 
Differences in body weight are usually associated with 
differences in tissue distribution; for example, animals 
that are obese will have similar lean body mass but have 
increased adipose tissue. Energy expenditure of different 
tissues varies over a broad range,136 and it is not possible 
to calculate the contribution of each organ. While fat has 
a relatively low EE, it may represent a relatively high pro-
portion of total mass in obese animals. Many investigators 
normalize VO2 for body weight or, preferably, lean body 
mass that more closely reflects total EE.137 However, there 
is no clear-cut agreement about how EE is best expressed. 
To control for this confounder, some perform pair feed-
ing experiments. When two groups of animals are fed the 
same amount of food, and one group loses more weight, 
the group experiencing the greater weight loss either had 
greater EE or lower energy absorption in the intestine. If 
digestive losses are accounted for, one can conclude that 
the group that lost more weight had higher EE. An exam-
ple of pair feeding (PF) is shown in Figure 25-5.138 The 
PF paradigm also has flaws, possibly owing to a relative 
state of semistarvation that is perceived by PF animals. 
For example, compared to leptin-treated rats that have 
decreased food intake, PF rats are relatively hypothyroid 
due to decreased hepatic conversion of T4 to T3.139

To demonstrate changes in EE among subjects, either 
EE needs to be measured directly or weight and body 
composition need to be taken into account. In addition, 
careful PF experiments should be performed and corre-
lated to findings seen with indirect calorimetry.

How Does Energy Expenditure Contribute to Obesity?
Small discrepancies between energy intake and EE over 
a long time can result in net positive energy balance and 
obesity. For example, assuming constant energy expen-
diture, the current epidemic of obesity could theoreti-
cally be stabilized by lowering food intake by 100 kcal 
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per day according to one estimate.140 By analogy, if food 
intake is constant, a small increase of activity leading to 
an increased expenditure of 100 calories would have the 
same effect. Increasing energy expenditure is known to 
be an important contributor to resistance to diet-induced 
obesity in rodents and appears to be strain specific, even in 
mice eating the same diet and total calories. When an obe-
sity-susceptible strain is placed on a high-fat diet, there is 
a very small increase in oxygen consumption. In contrast, 
the obesity-resistance strain shows a substantial increase 
in oxygen consumption both secondary to increased RMR 
and increased spontaneous locomotor activity.141

In humans, it is extremely difficult to assess the role of 
EE. On an absolute basis, obese patients have increased EE. 
Thus, only relative differences in EE might account for pre-
disposition to obesity. Evidence exists both to support and 
refute an important role for abnormal EE in human obesity.

The role of EE in the pathogenesis of obesity remains 
unresolved. A number of studies support the hypothesis 
that reduced EE plays a pathogenic role in the development 

of obesity. Early studies, based on the comparison of self-
reported food diaries to weight gain, suggested that obese 
patients have significantly lower EE compared to lean 
patients. However, these differences could not be confirmed 
in studies using the doubly labeled water technique,134,142 
and differences were attributed to underreporting of food 
consumption. Nonetheless, there is compelling evidence 
that lower EE and predisposition to obesity is genetically 
determined. Obesity itself has a strong genetic compo-
nent,143 and resting metabolic rate also appears to be an 
inherited trait, and is independent of fat-free mass, age, and 
sex as a predictor of EE.144 Overfeeding studies in monozy-
gotic twins show a high degree of similarity in weight gain 
between but not among twins and also argue strongly that 
genetic factors play a major role in controlling EE.145 Also, 
the environment in which identical twins are raised has little 
influence over eventual body mass index (BMI).146 Finally, 
direct and indirect measurements of EE and respiratory 
quotient (RQ) have shown small but measurable differences 
between obese and lean patients, particularly in certain eth-
nic groups such as Pima Indians.147,148 Longitudinal studies 
have confirmed that differences in EE are associated with 
tendency to develop obesity over a period of years.149

In contrast, other studies failed to find significant dif-
ferences in EE between obese and lean human patients. 
For example, EE increases linearly with increasing BMI, 
so increased EE at higher body weight would function to 
resist further body weight change.26 Similarly, children 5 
to 10 years of age with varying known susceptibility to 
obesity have similar increases in RMR.150 Furthermore, 
no differential activity between lean and obese individuals 
in systems regulating body weight has been reported; this 
includes sympathetic nervous system (SNS) activity,151 
catecholamine turnover,152 lipolysis,153 the thermic effect 
of food,26 and thyroid hormones.154 In summary, some 
studies have reported data to support the hypothesis that 
relatively low EE contributes to the development of obe-
sity. These findings, in addition to clear defects in EE that 
are seen in obese rodent models, suggest that defects in 
EE may be attractive targets for antiobesity treatments.

Regulation of Energy Expenditure
Physical Activity
Physical activity (PA) is the most variable component of 
daily EE, ranging from nearly zero kcal/day in sedentary 
adults to thousands of kcal/day in endurance athletes. 
PA has effects on EE both acutely, with large increases 
in maximal oxygen consumption, and chronically, via 
improved respiratory capacity. Thus, PA represents an 
ideal mechanism to resist obesity in the setting of increased 
food intake. Only 10% of the variability in human body 
weight is estimated to be due to differences in PA, how-
ever.155 Studies in Pima Indian children 5 to 10 years of 
age have shown a negative relationship between PA and 
eventual obesity, but PA was not predictive.150,156 Other 
studies have shown decreased PA but no change in overall 
EE between lean and obese adolescents.157

Coordinated PA is a complex behavior that is regulated 
by numerous mechanisms at multiple sites in the CNS.25 
Recently, the demonstration that PA is regulated via spe-
cific neuropeptides in specific sites in the CNS, such as the 
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leptin and melanocortin pathways, suggest that PA is a 
component of the “adipostatic” system.158 For example, 
mice lacking MC4R not only consume more calories but 
fail to enact PA on running wheels in response to caloric 
excess.158 The effects of AgRP administration include not 
just increased food intake but also a decrease in spon-
taneous locomotor activity.125 Mice lacking both MCH 
and the MCH receptor show increases in baseline physi-
cal activity.141,159 These effects are likely to be mediated 
by effects of the neuropeptide on striatal pathways. It 
is known that MCH ablation is associated with altered 
dopaminergic tone.45 Physical activity clearly increases 
EE and can alter RMR in the postexercise period as well. 
In humans, sustained weight loss is most successful with 
a combination of decreased food intake and PA.160 Fur-
ther investigation into the regulation of PA as a specific 
mechanism to control body fat stores will clearly be of 
great importance in the field of obesity.

Nonexercise activity thermogenesis (NEAT), as an inde-
pendent component of physical activity, may be an impor-
tant mediator of increased EE with increasing body weight. 
Careful overfeeding studies in lean humans showed that 
the majority of increased EE in response to caloric excess 
occurs not via increases in thermic effect of food, RMR, or 
coordinated PA, but rather most likely in NEAT.161 While 
formally a subclass of PA, NEAT includes all tasks of 
daily living, including posture, fidgeting, and even chewing 
gum.162 NEAT can be accurately measured by sensors in 
humans and rodents.163 At least a portion of increased EE 
in hyperthyroidism is attributable to increase in NEAT.164

Regulation of Thermogenesis
Brown Adipose Tissue and Mitochondria
At the tissue level, brown adipose tissue (BAT) plays a criti-
cal role in thermogenesis and is essential for the response 
of animals to cold exposure through induction of non-shiv-
ering thermogenesis.165 BAT is densely packed with mito-
chondria, and cells express high levels of uncoupling protein 
1 (UCP1). Generation of heat occurs as UCP1 uncouples 
respiration from adenosine triphosphate (ATP) formation 
and results in heat production. BAT also appears to play 
a role in energy balance, since complete ablation of BAT 
results in obesity.166 In mice housed at thermoneutrality, 
ablation of UCP1 is also associated with an obese pheno-
type, which is exacerbated by feeding of a high-fat diet.167

Although regulation of EE through BAT is well estab-
lished in mice, the possibility that an analogous process 
exists in humans has been debated, and many have claimed 
that brown fat does not exist in humans. Recent studies 
using positron emission tomography (PET) have now con-
firmed that BAT exists in humans. In 2007, a retrospective 
analysis of published PET studies provided evidence for 
BAT.168 A recent study evaluating 3640 consecutive fluo-
rine-18–labeled (18F)-fluorodeoxyglucose (FDG) PET, as 
well as PET-CT performed for clinical diagnosis coupled 
with analysis of clinical surgical specimens for UCP1, con-
firmed the presence of BAT in a small percentage of both 
men and women.169 The regulation of these depots by cold 
exposure has also been reported.170 Finally, another group 
utilized PET scanning and prospective biopsy sampling 
and also identified BAT depots in humans.171

Brown fat function is regulated through the SNS (Fig. 
25-6) by norepinephrine, both directly, through action on 
β3 receptors that increases cAMP, and indirectly, through 
induced lipolysis that ultimately increases peroxisome 
proliferator–activated receptor γ coactivator 1α (PGC1α) 
and thus stimulates UCP1,165 leading to uncoupling of 
mitochondrial oxidation (see later). BAT is also regulated 
by thyroid hormone, but the molecular mechanism for 
this is poorly understood. A number of transcriptional 
factors regulate BAT cell development.172 For example, 
PGC1α is required for cold-induced thermogenesis, a pro-
cess that is impaired in animals lacking this factor.173 The 
protein PDRM16 plays a critical role in BAT differentia-
tion and maintenance of the BAT phenotype.174

At the organelle level, mitochondria generate most 
of the energy produced by a eukaryotic cell through a 
complex process that couples oxidative phosphorylation 
of carbon fuels to the production of ATP and a proton 
pump, which creates an electrochemical gradient. As 
electrons flow through mitochondrial complexes, pro-
tons are pumped out. Influx of protons back through the 
gradient is coupled to the phosphorylation of adenosine 
diphosphate (ADP) to ATP. Using mitochondrial inhibi-
tors, it has been shown that oxidative phosphorylation 
in mitochondria accounts for 90% of energy expendi-
ture.135 In some organisms, oxidative phosphorylation 
can be uncoupled from ATP generation to generate heat. 
In mammals, this process is important for adaptation 
to cold and occurs primarily in BAT, which expresses a 
unique inducible uncoupling protein, UCP1, that lowers 
the mitochondrial membrane potential.175 Uncoupling 
thus leads to altered EE. The degree of uncoupling can be 
theoretically controlled at a number of levels, including 
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Figure 25-6 Signals from the environment such as diet or cold expo-
sure alter function in the central nervous system, which then changes 
sympathetic outflow. Increased sympathetic activity acts through a  
Gs-coupled β-adrenergic receptor in brown fat to alter gene expression 
(including induction of deiodinase 2 [D2]) and to increase expression of 
UCPI. PGC1α is also activated. Induction of D2 leads to increased con-
version of T4 to T3, which mediates additional changes in gene expres-
sion. Increased UCP1 and increased activity of PGC1α all act to increase 
heat production. PGC1α, Peroxisome proliferator–activated receptor γ 
coactivator-1α; UCP1, uncoupling protein-1.
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through regulation of UCP levels, UCP activity, or via 
wholesale changes in mitochondrial protein levels, bio-
genesis, and electron transport.16 Defective mitochon-
drial biogenesis, for example, has recently been shown to 
affect EE and body weight regulation.176

Absolute mitochondrial number in a number of tis-
sues, including BAT and muscle, can also affect REE. 
Mitochondrial number is regulated through multiple 
factors that affect biogenesis.177 Physiologic regulators 
of biogenesis include exercise training, an effect that is 
probably signaled through combined effects of calcium 
signaling, adenosine monophosphate-activated protein 
kinase (AMPK), and nitric oxide. Chronic exercise leads 
to an elevation of PGC1α. Calorie restriction also leads 
to biogenesis, presumably through SIRT1 activation.178

Regulatory Inputs Acting on Energy Expenditure
Some of the pathways involved in regulating EE have been 
defined,179 and as noted earlier, most factors that regu-
late feeding also regulate energy expenditure in an inverse 
manner, that is, increased feeding is coupled to decreased 
energy expenditure (Fig 25-7). Interestingly, food con-
sumption itself is associated with changes in EE. Overfeed-
ing is associated with physiologic adaptations, including 
increased SNS activity, decreased parasympathetic nervous 
system activity, and the inferred form of PA known as non-
exercise activity thermogenesis, or NEAT (Fig. 25-8).

Consumption of a meal also leads to increased thermogen-
esis, a phenomenon known as dietary-induced thermogene-
sis (DIT). This may be caused in part by the energy required 
to digest the meal. Some have proposed that DIT evolved in 
mammals to allow wasting of energy after consumption of 
large quantities of low-quality diets necessary to obtain suf-
ficient essential amino acids.180,181 The thermic response of 
BAT to diet has long been appreciated.182 Recently, DIT in 
rodents was shown to be a critically important antiobesity 

mechanism, especially in response to caloric excess,183 but 
the role of DIT in humans remains unclear.

Interestingly in rodents, consumption of a very high-
fat ketogenic diet also stimulates energy expenditure, and 
mice eating equal calories of such a diet versus a high-fat/
high-sucrose diet show evidence of increased uncoupling 
in BAT, fail to gain excess weight, and are more insulin 
sensitive than control animals fed chow.

Effects of the Sympathetic Nervous System on EE and Obesity
Many lines of evidence support a role for the SNS in the 
regulation of body weight via control of EE. Lower baseline 
SNS activity can be associated with propensity for future 
weight gain.184,185 The SNS is controlled by the CNS, and 
postganglionic neurons release either norepinephrine (sym-
pathetic) or acetylcholine (parasympathetic) from their ter-
minals. While adipose tissue is abundantly enervated by 
sympathetic ganglia, however, there is no evidence for para-
sympathetic inputs.186 A popular model for regulation of EE 
in response to caloric excess is as follows: brain → SNS → 
βARs → thermogenesis via activation of BAT and “browning/ 
brightening” of a subset of white adipose tissue (WAT) 
depots that can acquire features of brown fat. These features 
include increased expression of the thermogenic gene UCP-1 
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RER, exercise

Positive energy balance
won't adjust over time.
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metabolic requirements

Additional hedonic/emotional

Homeostatic
eating only

Eat enough to fulfill
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Figure 25-7 Physiologic changes that accompany weight gain and 
weight loss in mammals. EE, Energy expenditure; PA, physical activ-
ity; PNS, parasympathetic nervous system; SNS, sympathetic nervous 
system; T3, triiodothyronine. (Adapted from Rosenbaum M, Keibel RL, 
Hirsch J: Obesity, N Engl J Med 337:396-406, 1997.)

Time

10% weight gain

10% weight loss

%
 o

f i
ni

tia
l w

ei
gh

t

↓ 24 hr EE
↓ EE during PA
↓ Thermic effect of food
↓ T3
↓ SNS activity
↑ PNS activity

↑ 24 hr EE
↑ EE during PA
↑ Thermic effect of food
↑ T3
↑ SNS activity
↓ PNS activity

Figure 25-8 In an environment where there is free access to palat-
able food, some individuals will eat largely in response to homeostatic 
hunger; that is, they will largely consume calories necessary to sus-
tain metabolic and physical activity. At the beginning of each day, 
they will be in neutral energy balance with respect to the previous 
day. These individuals are represented in the 30% to 40% of Western 
populations who maintain normal body weight (or if overweight, are 
able to maintain a stable weight over a long period of time). Some 
individuals will eat excess calories beyond what is necessary to sus-
tain metabolic requirements. This extra eating will occur in response 
to the setting the food is served in or to the hedonic aspects of the 
food. Some of these individuals will utilize a limited number of extra 
calories by adjustments in RMR or small changes in the thermic ef-
fect of food or NEAT. Some individuals may also adapt consciously 
by increasing EE through physical activity, thereby “assisting” their 
set-point. These individuals are represented in a group that maintains 
stable body weight over a long period of time. In contrast, some indi-
viduals will overeat. Overeating may involve small caloric increments 
that, for unclear reasons, the individual cannot make adequate adjust-
ments for through increased RMR or NEAT. Some overeating may 
involve a large number of calories, the utilization of which would 
require increased physical activity or diet. Over time, these individu-
als will gain weight. Rate of weight gain may be slow (2 to 3 pounds 
each year over decades), but weight gain can be substantial, resulting 
in obesity. EE, energy expenditure; NEAT, nonexercise activity ther-
mogenesis; RMR, resting metabolic rate.
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as well as other mitochondrial markers. There is a histologic 
shift to smaller fat cells with increased mitochondrial density 
and small lipid droplets. Indeed, low SNS activity is seen in 
most obese rodent models, and activation of this pathway by 
βAR agonists is effective in reducing obesity.187,188 Numer-
ous attempts to perturb SNS function (surgical, chemical, 
immunologic, genetic) have not affected body weight, how-
ever, and thus the importance of SNS-mediated induced 
thermogenesis is difficult to interpret.189-192 In contrast, 
in mice, elimination of all adrenergic signaling from BAT 
through the ablation of all three βARs results in a “β-less” 
mouse with a phenotype of obesity that appears to be due 
purely to a decrease in EE.183 Furthermore, while β-less mice 
are mildly obese on a regular diet, they become massively 
obese when challenged with a high-fat diet. The normal 
response (increased VO2) to a high-fat diet seen in wild-type 
mice is completely absent in β-less mice, demonstrating that 
βARs are required for obesity resistance and increased ther-
mogenesis in response to a high-fat diet.

Thyroid Hormone
Thyroid hormone (thyroxine [T4] and triiodothyronine 
[T3]) plays a critical role in regulating obligatory REE and 
AT. The role of TH on body weight homeostasis under 
normal circumstances is unclear, but hyperthyroidism is 
commonly associated with weight loss, even in the con-
text of increased food intake. Indeed, based on this find-
ing, thyroid extracts were used with some success in the 
treatment of obesity beginning a century ago; early stud-
ies correlated TH treatment with basal metabolic rate and 
weight loss.193,194 The actions of TH on metabolism are 
multiple and quite complex.

In humans, energy expenditure correlates with TH levels, 
and substantial changes of up to 50% increases in hyperthy-
roidism and 50% decreases in hypothyroidism have been 
reported.195 Approximately 30% of basal thermogenesis is 
TH mediated.24 In fact, hypothyroidism was formerly diag-
nosed by whole-body oxygen consumption prior to the avail-
ability of biochemical tests for pituitary thyroid- stimulating 
hormone (TSH) and serum TH. In mammals, the main 
function of TH is to maintain temperature homeostasis and 
not adipose stores.24 Numerous diverse pathways, including 
anabolic and catabolic metabolism of lipids, carbohydrates, 
and proteins, are stimulated in response to TH (reviewed by 
Silva24 and Bianco and colleagues195). Also, the increase in 
ATP turnover and heat are probably derived from the base-
line increase in flux of many cellular pathways, such as the 
maintenance of ion gradients, ion cycling, and uncoupling, 
the sum of which is to increase EE.196 Noting the level of 
T4 sufficiency, as measured by TSH, correlates well with 
REE.197 Thyroid hormone plays a critical role in adaptive 
thermogenesis response to environmental cold, fever, and 
overfeeding. In response to cold signals, the SNS stimulates 
BAT, and a rapid increase in T3 levels is seen,195 mediated 
by the induction of type 2 deiodinase (D2), which converts 
T4 into its more active congener, T3,198 under SNS con-
trol.199 These events ultimately result in increased UCP1.  
D2 is essential for cold-induced thermogenesis,23,200 a 
response that is impaired in hypothyroid animals.201

Although TH is critical to the regulation of REE 
and adaptive thermogenesis, its effects on body weight 

in the absence of pathology such as hyperthyroidism or 
hypothyroidism are difficult to determine. TH levels are 
affected by nutritional status and fall rapidly with fast-
ing but are also under the control of leptin, which can 
rescue this fall.77 Thyroid function is normal in obesity, 
although positive correlation of TSH and BMI have been 
reported.202 Loss of function of D2 via gene disruption 
is critical to thermogenesis, but it has no demonstrable 
effect on body weight in mice;203 hypothyroid rats are 
capable of increasing thermogenesis in response to over-
feeding a high-fat feeding.204

Nonetheless, because of the significant effects of TH in 
pharmacologic doses on REE, there is considerable inter-
est in TH mimetics as a possible treatment for obesity. 
Such analogues would need to exert effects on energy 
expenditure and thermogenesis without adverse effects 
on other organ systems such as heart and bone.205 Such 
agents have been proven effective for exploring pathways 
in mitochondrial function, as indicated in Figure 25-6.

Other Regulators of Thermogenesis
Recently, several new circulating proteins that can regu-
late browning of WAT and or activate BAT have been 
described. Of these, FGF21 is synthesized in multiple tis-
sues including adipose tissue and liver and can be released 
into the circulation. FGF21 expression in both BAT and 
brownable WAT increases with cold exposure. In mice, 
administration of systemic FGF21 mimics cold exposure, 
leading to browning of inguinal fat.28 Irisin is synthesized 
in muscle and brain and is released into the circulation 
with exercise, acting to brown susceptible WAT depots.29 
Meteorin-like is synthesized by muscle and released upon 
exercise, while in fat, this occurs upon cold exposure. 
Meteorin causes browning in WAT and also affects mac-
rophage activation in fat.30 The contribution of these fac-
tors to human physiology is still unclear.

SUMMARY
Body weight is regulated by a complex system that 
involves multiple organs from the periphery, as well as 
the brain. The system is coordinated by molecules and 
neuronal networks that integrate food intake with energy 
expenditure. Despite significant progress, the nature of 
these pathways is still poorly understood. Although it is 
clear that disruption of critical pathways such as leptin 
results in obesity in both rodents and humans, the mecha-
nisms that predispose most mammals to accumulation of 
excess fat are still unknown.
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The role of nutrition in support of a vigorous healthy 
life and the adverse consequences of excess food intake 
on body weight have been recognized and documented 
for thousands of years.1,2 Despite this long history, an 
unequivocal definition of obesity as a disease continues to 
generate controversy among scientists, clinicians, the gen-
eral public, and policymakers. The relevance of this debate 
is of particular importance given the substantial increase 
in, and continuing prevalence of, excess body weight over 
the past 30 years.3 The Obesity Society (TOS) has argued 
since 2008 that considering obesity as a disease is likely  
to have far more positive than negative consequences and 

to benefit the greater good by soliciting more resources 
for prevention and treatment.4 In 2013, the American 
Medical Association recognized obesity as a disease.5

EPIDEMIOLOGY OF OVERWEIGHT AND OBESITY
Body adiposity is classified by the body mass index (BMI), 
which is calculated by dividing weight (in kilograms) 
by height (in meters squared), or by dividing weight (in 
pounds) by height (in inches squared) and multiplying the 
result by 704. The National Institutes of Health (NIH)5,6 
and the World Health Organization have put forth a 

K E Y  P O I N T S

 •  Prevalence of overweight and obesity is significant in adults, children, and adolescents.
 •  Prevalence of overweight and obesity is increasing in developing countries.
 •  Accumulation of excess body weight results from an imbalance between energy intake 

and energy expenditure.
 •  Obesity is associated with development of cardiovascular disease, diabetes, 

nonalcoholic fatty liver disease, cancer, and other conditions.
 •  Lifestyle modification is the first-line treatment for overweight/obesity.
 •  Pharmacologic and bariatric surgical approaches to weight control should be used in 

conjunction with lifestyle modification.
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general guideline for classifying weight status by BMI7 
(Table 26-1). Using this guideline, men and women are 
considered overweight if the BMI is between 25 and 29.9 
kg/m2 and are considered obese if the BMI is ≥30 kg/m2. 
For the purpose of evaluating risk for morbidity and mor-
tality, obesity can be further divided into BMI classes or 
grades (see Tables 26-1 and 26-2), although it is important 
to recognize that these categories represent somewhat sub-
jective cutoffs within the continuous relationship between 
BMI and mortality derived from a primarily Caucasian 
U.S. population.8 Large epidemiologic studies have estab-
lished that mortality is increased in overweight and obese 
individuals of differing ethnic backgrounds. However, 
the BMI cutoffs associated with increased mortality vary 
among races and ethnicities.9 For example, it has been sug-
gested that an appropriate cutoff for overweight in Asians 
is a BMI ≥23 kg/m2, although other studies disagree.10

Adults
Using the definitions in Table 26-1, the prevalence 
of obesity in U.S. adults doubled between 1980 and 
2002.11 Findings from the most recent National Health 
and Nutrition Examination Survey (NHANES 2011 to 
2012) indicate that 68.5% of the total U.S. population 

was overweight or obese and that 34.9% of the popu-
lation was obese. The prevalence of overweight and 
obesity is greater for non-Hispanic blacks (76.2% and 
47.8%, respectively) and Hispanic Americans (77.9% 
and 42.5%, respectively).12 As illustrated in Table 26-2, 
a markedly greater percentage of minority women and 
men (non-Hispanic black and Hispanic) were overweight 
and obese than Caucasians.

Children
Excess body weight is also increasingly prevalent among 
children and adolescents (Table 26-3). Among children 2 
to 19 years of age, 31.8 % were overweight (BMI ≥85th 
percentile of the CDC growth chart), and 16.9% were 
obese (BMI ≥95th percentile of the CDC growth chart).12 
Because the prevalence of overweight and obesity in chil-
dren and adolescents is increasing, the need for medical 
management of obesity and associated comorbidities is 
unlikely to decline in the future.

The epidemic of obesity is not limited to the United 
States. Worldwide, the prevalence of overweight and obe-
sity combined increased by 27.5% for adults and 47.1% 
for children between 1980 and 2013.13 The proportion 
of men who were overweight increased from 26.8% 

TABLE 26-1 Classification of Overweight and Obesity by BMI, Waist Circumference, and  
Associated Disease Risk*

Disease Risk* Relative to Normal Weight and Waist Circumference

BMI (kg/m2) Obesity Class
Men ≤102 cm (≤40 in.)
Women ≤88 (≤35 in.)

Men >102 cm ( >40 in.)
Women >88 cm (>35 in.)

Underweight <18.5 — —
Normal+ 18.5-24.9 — —
Overweight 25.0-29.9 Increases High
Obesity 30.0-34.9 I High Very high

35.0-39.9 II Very high Very high
Extreme Obesity ≥40 III Extremely high Extremely high

Data from National Heart, Lung and Blood Institute. Clinical guidelines on the identification, evaluation, and treatment of overweight and obesity 
in adults—the evidence report. National Institutes of Health, 1998. Available at www.nhlbi.nih.gov/health-pro/guidelines/in-develop/obesity-
evidence-review/obesity-evidence-review.pdf.

TABLE 26-2 Prevalence of Overweight, Obesity, and Extreme Obesity in the U.S. Population, 2011-2012

Overweight or Obese Obese Obese (Grades 2 and 3)

Racial/Ethnic Group Sex (BMI ≥25) (BMI ≥30) (BMI ≥35)
All Race/Hispanic origin All 68.5 (65.2-71.6) 34.9 (32.0-37.9) 14.5 (12.8-16.4)

Men 71.3 (68.2-74.2) 33.5 (30.7-36.5) 11.9 (9.5-14.9)
Women 65.8 (62.0-69.5) 36.1 (32.6-39.8) 15.4 (13.1-18.0)

Non-Hispanic white All 67.2 (63.2-71.0) 32.6 (29.0-36.5) 13.3 (11.0-16.0)
Men 71.4 (67.5-75.0) 32.4 (29.6-35.3) 11.2 (9.0-13.9)
Women 63.2 (58.0-68.2) 32.8 (27.4-38.8) 15.3 (12.3-18.9)

Non-Hispanic black All 76.2 (72.6-79.4) 47.8 (44.4-51.3) 23.3 (21.2-25.5)
Men 69.2 (64.7-73.4) 37.1 (33.1-41.3) 15.9 (12.8-19.6)
Women 82.0 (78.2 -85.1) 56.6 (52.2-60.9) 29.2 (26.3-32.4)

Non-Hispanic Asian All 38.6 (35.1-42.3) 10.8 (8.2-14.2) 2.4 (1.3-4.5)
Men 43.0 (37.4-48.8) 10.0 (7.1-14.0) 1.7 (0.8-3.4)
Women 34.7 (30.8 -38.7) 11.4 (7.5-17.0) 3.0 (1.2-7.1)

Hispanic All 77.9 (74.2-81.3) 42.5 (39.0-46.0) 16.2 (14.0-18.7)
Men 78.6 (73.1-83.2) 40.1 (35.8-44.6) 11.9 (9.5-14.8)
Women 77.2 (73.3-80.6) 44.4 (40.0-48.8) 20.2 (17.1-23.7)

Data shown are percent (95% CI) from Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of childhood and adult obesity in the United States, 
2011-2012. JAMA 311(8):806-814, 2014.

http://www.nhlbi.nih.gov/guidelines/obesity/e_txtbk/txgd/4142.htm
http://www.nhlbi.nih.gov/guidelines/obesity/e_txtbk/txgd/4142.htm
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(uncertainty interval [UI] 28.4 to 29.3) to 36.9% (36.3 
to 37.4), and the proportion of women who were over-
weight increased from 29.8% (29.3 to 30.2) to 38.0% 
(37.5 to 38.5). As of 2013, women in both developing 
and developed countries were more obese than men, and 
62% of the world’s obese individuals live in developing 
countries.

DISEASES ASSOCIATED WITH OBESITY
Overweight and obesity are associated with the devel-
opment of a number of comorbidities, many of which 
contribute to higher mortality rates.14 The relationship 
between overweight and obesity also varies with age. For 
example, the relative risk for mortality from obesity is 
significantly increased in older adults (≥65 years of age). 
However, in contrast to younger individuals, overweight 
does not confer increased risk for mortality in older 
adults.15 Gender and ethnicity further modify the rela-
tionship of adiposity to disease.

The distribution of body fat into intraabdominal 
(visceral) depots (compared to peripheral subcutaneous 
depots) is often a better predicator of disease in obesity 
than total adiposity measured by BMI. Increased visceral 
adipose tissue is a significant independent determinant 
of risk for type 2 diabetes mellitus16 and cardiovascular 
disease.17

Cardiovascular and Cerebrovascular Disease
Overweight, obesity, and abdominal fat deposition 
increase the risk for both cardiovascular and cerebro-
vascular diseases in the United States14 and worldwide.18 
Obesity also results in significantly greater rates of car-
diovascular mortality.14 The reasons for the increased 
risk for cardiovascular and cerebrovascular diseases 
include elevated blood pressure; low-density lipoprotein 
(LDL) cholesterol, triglycerides; small, dense LDL choles-
terol; total cholesterol; fibrinogen; plasminogen activator 
inhibitor-1; insulin, and reduced high-density lipoprotein 
(HDL) cholesterol.

Metabolic syndrome is a clustering of at least three 
specific obesity-related abnormalities.19 Metabolic syn-
drome is defined by the Third Report of the National 
Cholesterol Education Program Expert Panel on Detec-
tion, Evaluation, and Treatment of High Blood Choles-
terol in Adult (Adult Treatment Panel III) as having three 
or more of the following criteria: waist circumference 
greater than 102 cm in men and 88 cm in women; serum 
triglycerides level of at least 150 mg/dL (1.69 mmol/L) in 

men and 50 mg/dL (1.29 mmol/L) in women; blood pres-
sure of at least 130/85 mm Hg; or serum glucose level of 
at least 100 mg/dL (6.1 mmol/L). Meta-analysis indicates 
that metabolic syndrome is associated with increased car-
diovascular and all-cause mortality.20 The age-adjusted 
prevalence of metabolic syndrome is 34.2% in the U.S. 
population.21

Hypertension
The INTERSALT study involving more than 10,000 men 
and women reported that a 10-kg increase in weight was 
associated with a 3 mm Hg rise in systolic blood pressure 
and a 2.3 mm Hg rise in diastolic blood pressure.22 This 
degree of blood pressure elevation has been associated 
with a 12% increase in coronary heart disease (CHD) 
and a 24% increase in stroke. The precise mechanism 
by which changes in weight alter blood pressure has not 
been established. However, increased sympathetic activ-
ity due to elevated serum leptin appears to be an impor-
tant component of obesity-related hypertension in rodent 
models 23 and in humans.24

Dyslipidemia
Increases in BMI are associated with increases in triglyc-
erides, total cholesterol, total LDL, and small, dense LDL 
and with decreases in HDL.25 The risk for CHD is pri-
marily due to increases in LDL. An increase in BMI of 10 
units, starting from a level between 20 and 30 kg/m2, will 
raise LDL cholesterol levels between 10 and 20 mg/dL. 
Changes of this magnitude can be expected to increase 
the risk for CHD by 10% over a 5- to 10-year period. The 
risk may be particularly great for individuals with more 
prominent upper body obesity, in whom triglyceride; 
small, dense LDL; and apolipoprotein B levels are high.

Coronary Artery Disease
In the Determinants of Atherosclerosis in Youth (PDAY) 
study, postmortem fatty streaks and advanced lesions 
in coronary arteries from individuals between 15 and 
34 years of age were positively associated with obesity 
and abdominal fat deposition.26 Individuals undergoing 
cardiac catheterization today are more frequently obese, 
younger with more comorbidities, and present with more 
single-vessel disease.27

Congestive Heart Failure
Both overweight and obesity are independent risk fac-
tors for the development of congestive heart failure.28,29 
Because hypertension and diabetes are also independently 

TABLE 26-3 Prevalence of Overweight or Obese in Youth 2 to 19 Years of Age in the U.S. Population, 2011-2012

Percent (95% CI)

Sex 2-5 years 6-11 years 12-19 years

All Race/Hispanic origin All 22.8 (18.7-27.6) 34.2 (30.1-38.5) 34.5 (30.1-39.2)
Boys 23.9 (20.1-28.2) 33.2 (27.7-39.1) 35.1 (29.7-40.9)
Girls 21.7 (14.6-31.0) 35.2 (29.2-41.8) 33.8 (27.9-40.4)

Data from Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of childhood and adult obesity in the United States, 2011-2012. JAMA 
311(8):806-814, 2014.
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associated with congestive heart failure, the overall risk is 
proportionally increased for each risk factor.30

Stroke
The risk for stroke is nearly twofold higher in women 
with a BMI greater than 32 kg/m2 than in women with a 
BMI less than 21 kg/m2.31 In men, each unit increase of 
BMI over 23 kg/m2 was associated with a significant 6% 
increase in the adjusted relative risks for total, ischemic, 
and hemorrhagic stroke.32,29 Adjustment for hyperten-
sion, diabetes, and hypercholesterolemia slightly attenu-
ated the risk for stroke in this study.

Diabetes Mellitus
An association between increased weight and the devel-
opment of type 2 diabetes mellitus is well established.33 
In fact, the risk for diabetes increases at BMI levels below 
that established for the diagnosis of overweight. In the 
Nurses’ Health Study, BMI values above 22 kg/m2 were 
associated with an increased risk for diabetes.34 It has 
been estimated that the relative risk for diabetes increases 
by 25% for each unit of BMI above 22 kg/m2, and more 
than a quarter of all newly diagnosed cases of diabetes in 
the United States are due to weight gain of more than 5 
kg.35 See Chapter 40 for additional information on the 
etiology of diabetes and obesity.

Nonalcoholic Fatty Liver Disease (NAFLD)
NAFLD describes a range of liver abnormalities that 
include hepatomegaly, abnormal liver biochemistry, ste-
atosis, steatohepatitis, fibrosis, and cirrhosis.36 Estimates 
of the prevalence of NAFLD in obese individuals range 
from 30% to 100%, and there is a strong association 
between abdominal obesity and metabolic syndrome. 
NAFLD is equally represented in men and women and 
also affects children.

The progression from simple steatosis (generally con-
sidered benign) to steatohepatitis (necroinflammatory 
change and hepatocellular injury) has been suggested 
to follow a “two-hit” model.37 The first hit results from 
any interference in the metabolism of free fatty acids, 
leading to free fatty acid accumulation in the liver. The 
second hit may be due to oxidative stress resulting from 
metabolism of excess fatty acids or could result from pro-
inflammatory cytokines. Thus, the insulin resistance and 
subclinical inflammation present in obesity contribute to 
the development of NAFLD. Weight loss and improved 
insulin sensitivity appear to reduce hepatic steatosis,38,39 
although additional study is needed to fully understand 
the effects of various therapeutic interventions.

Cancer
There is a strong association between adiposity and 
increased risk for mortality from cancer.40 In 2007, the 
World Cancer Research Fund (WCRF) concluded that 
body fatness is associated with increased risk for esopha-
geal adenocarcinoma, and with cancers of the pancreas, 
colorectum, postmenopausal breast, endometrium, and 
kidney.41 In a meta-analysis, a 5 kg/m2 increase in BMI 
was strongly associated with esophageal adenocarcinoma 
and with thyroid, colon, and renal cancers in men.42 

In women, strong associations were found between a 
5 kg/m2 increase in BMI and endometrial, gallbladder, 
esophageal adenocarcinoma, and renal cancers. Weaker 
positive associations were also found between increased 
BMI and rectal cancer and malignant melanoma in men; 
postmenopausal breast, pancreatic, thyroid, and colon 
cancers in women; and leukemia, multiple myeloma, and 
non-Hodgkin’s lymphoma in both sexes. Possible mecha-
nisms linking cancer with excess body weight could be 
increased insulin/insulin-like growth factor (which may 
alter the balance between cell proliferation and apopto-
sis), altered adipokines, localized inflammation, and oxi-
dative stress.43

Female Reproductive Health
Polycystic ovarian syndrome, a disorder that includes 
hirsutism, obesity, ovulatory and menstrual dysfunction, 
and insulin resistance, is among the most common causes 
of infertility in women who are overweight.44 Even mod-
est increases in weight in young women can adversely 
affect reproductive function.45

Obesity during pregnancy is also associated with 
excess morbidity. Pregnant women with obesity have 
nearly a 10-fold increase in risk for hypertension and a 
significant increase in the risk for gestational diabetes. 
Furthermore, the risk for congenital malformations, pri-
marily neural tube defects, is increased in fetuses of obese 
women.46 Finally, increased weight before pregnancy has 
been shown to result in an increased risk for adverse fetal 
outcomes.47

Obstructive Sleep Apnea
Episodes of apnea and hypopnea during sleep due to 
partial or complete airway obstruction are more com-
mon in obese individuals. A conservative estimate of 
the prevalence of obstructive sleep apnea in obesity is 
30%.48 Diagnosis and treatment of sleep apnea in obese 
patients is particularly important because of the sequelae 
of hypoxia, hypertension, myocardial infarction, and car-
diac arrhythmias associated with this condition. Obstruc-
tive sleep apnea is also independently associated with 
alterations in glucose metabolism, increasing the risk for 
developing type 2 diabetes.49

Gallstones
For women with a BMI greater than 40 kg/m2, the risk 
for gallstones is nearly seven times higher than for women 
with a BMI less than 24 kg/m2.50 However, rapid weight 
loss such as with very low calorie diets or weight-loss 
surgery is also associated with increased gallstone risk.51 
During weight loss programs, it is often recommended 
that patients consume a tablespoon of oil each week to 
reduce gallstone risk, presumably by causing gallbladder 
contraction.

Osteoarthritis
Obesity is likely the single most important risk factor 
for development of severe osteoarthritis of the knee, due 
to the increased joint load.52 A study in twins estimated 
that for every 1 kg rise in body weight, the risk for osteo-
arthritis increases by approximately 10%.53 Obesity is 
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also a cofactor for the development of osteoarthritis in 
non–weight bearing joints with hyperinsulinemia and 
proinflammatory cytokines suggested to contribute to the 
mechanism.52

ENERGY BALANCE AND DEVELOPMENT OF OBESITY
Changes in body weight generally follow the laws of 
physics, which dictate that if energy intake is greater than 
energy expenditure, energy will be stored in the body and 
weight gain will occur. However, there are many caveats 
to this simple idea. The regulation of body weight by the 
central nervous system is the result of a complex inte-
gration of genetic, social, behavioral, and physiologic 
signals, many of which have yet to be fully understood. 
Further, the systems that regulate body weight and energy 
homeostasis developed over an evolutionary time scale. 
Thus the biologic processes responsible for the prevalence 
of obesity today were initiated in our early ancestors, and 
most likely developed to defend against significant loss 
of lean mass during times of food scarcity. In an envi-
ronment of plentitude, these “survival genes” continue to 
function but now have an adverse effect on well-being 
and longevity.

Energy balance is centrally regulated (Fig. 26-1). Sig-
nals of nutrient status and energy stores are commu-
nicated to the hypothalamus and brainstem via both 
humoral and neural pathways (see Chapter 25). Humoral 
signals received by the hypothalamus are communicated 
to higher cortical areas (the appetitive network) as well 
as back to brainstem neurons that receive input from 
the gastrointestinal hormones and nutrient signals.54 An 
appetitive network, composed of the amygdala, hippo-
campus, orbitofrontal cortex, ventromedial prefrontal 
cortex, striatum, and insula integrate environmental sig-
nals, incentive value of food cues, reward, and cognitive 
control over food intake.55 Functional neuroimaging of 
the appetitive network suggests that obese individuals 
have increased responsiveness to food cues that may lead 
to food overconsumption.55 The brain also integrates 
neural signals to affect behavior such as food seeking and 
intake as well as energy expenditure.

The following sections provide a brief overview of 
energy intake and expenditure, with emphasis on the 
mechanisms that influence the development of obesity, 
and areas where interventions for weight reduction may 
be useful.

Energy Intake
In humans, food-seeking and eating behavior is the result 
of the complex integration of environmental cues and 
higher cognitive function with internal physiologic sig-
nals regarding nutrient status and energy stores.56 Mul-
tiple nuclei in the hypothalamus and brainstem detect 
and integrate hormonal and neural signals concerning 
the presence of nutrients and amount of energy stored in 
the body. These signals originate from peripheral tissues 
including adipose tissue, the pancreas, the gastrointesti-
nal tract, and the liver (see Fig. 26-1).

Leptin and insulin circulate in the blood at concentra-
tions proportional to body fat content, thus signaling the 

amount of energy stored within the body.57 In animal 
models, direct administration of leptin and insulin into 
the CNS promotes weight loss by decreasing appetite and 
increasing energy expenditure. Conversely, blocking the 
central neural activity of these hormones increases food 
intake and weight gain.

The discovery of leptin held great promise as a potential 
target for obesity therapy. Although leptin reduces body 
weight in leptin-deficient humans,58 leptin concentrations 

–

–

Figure 26-1 Integration between feeding-related signals to the brain, 
food intake, and energy expenditure. Food cues (sight, smell, taste) pro-
vide incentive value to food and activate reward and cognitive control 
over food intake. Food intake initiates a series of signals that reach the 
hypothalamus (nutrient and adiposity signals) or the brain stem (gastro-
intestinal signals). The hypothalamus integrates these signals with other 
sensory, cognitive, and environmental information from the appetitive 
network in the cerebral cortex. This integrated information, when sent 
back to the periphery, results in a decrease in food intake and activation 
of the SNS. The SNS stimulates lipolysis in WAT and thermogenesis 
in BAT of rodents via activation UCP-1. BAT, brown adipose tissue; 
CCK, cholecystokinin; GLP-1, glucagon-like peptide-1; PYY3-36, Pep-
tide YY3-36; SNS, sympathetic nervous system; UCP-1, uncoupling 
protein-1; WAT, white adipose tissue.
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are elevated in obese individuals, and high pharmacologic 
doses only elicit marginal weight loss.59,60 This has led 
to the premise that most obese patients are resistant to 
the effects of leptin on reducing appetite and increasing 
energy expenditure,61 however the nature and causes of 
leptin resistance have not been satisfactorily determined. 
Leptin has recently been approved for the treatment of 
lipodystrophy62 (see Chapter 37).

Mechanical signals, such as distension of the esopha-
gus and stomach, and peptide hormones signal the pres-
ence of food in the gastrointestinal tract. These signals act 
in the brainstem and hypothalamus. The majority of hor-
mones released by the gut are satiation factors that termi-
nate meals, except for ghrelin, which increases appetite.

Cholecystokinin (CCK), secreted by I cells of the small 
intestine, was the first gut peptide demonstrated to reg-
ulate meal size in a dose-dependent manner. However, 
repeated or chronic administration of CCK is ineffective 
in reducing food intake over the long-term because meal 
frequency increases.63

Peptide YY (PYY) is a 36–amino acid peptide structur-
ally related to neuropeptide Y and pancreatic polypep-
tide. The major form of PYY released by L cells in the 
gut is the N-terminal truncated form PYY3-36. In addition 
to signaling hypothalamic nuclei regulating food intake, 
PYY3-36 slows gastric emptying, which also promotes 
satiety.63 Fasting and postprandial levels of PYY3-36 are 
lower in obese individuals, and peripheral administration 
of PYY3-36 at physiologic doses reduces food intake,64 but 
so far has failed develop as an obesity therapy, probably 
because effective doses are close to doses that cause nau-
sea and emesis.65

Glucagon-like peptide-1 (GLP-1) is a neuropeptide 
hormone produced by posttranslational processing of 
the preproglucagon gene by L cells in the gut. GLP-17-36 
and GLP-17-37 amide are the major bioactive forms. This 
incretin is of significant interest in diabetes treatment due 
to its ability to stimulate insulin release, decrease gluca-
gon secretion, and slow gastric emptying. A number of 
pharmaceutical compounds that either mimic or prolong 
the lifetime of this hormone in the circulation are cur-
rently in use.66 GLP-1 treatment results in weight loss 
in individuals with and without type 2 diabetes,67 and 
is currently under development as an obesity treatment.

Oxyntomodulin is also a posttranslational product 
of the preproglucagon gene released postprandially by L 
cells. Oxyntomodulin inhibits gastric acid secretion, slows 
gastric emptying, and reduces food intake in rodents and 
humans. In rodents, oxyntomodulin increased energy 
expenditure and decreased ghrelin levels likely because it 
is a mild glucagon receptor agonist. Analogues of oxyn-
tomodulin are in clinical development.68

Ghrelin, a 28–amino acid peptide made in the stom-
ach, is a ligand for the growth hormone–secretagogue 
receptor present in the hypothalamus and brain stem. 
The active form of ghrelin contains a fatty acyl side chain 
attached to serine 3; uniquely, acylation is necessary for 
biological activity, and the enzyme responsible has been 
identified.69 Ghrelin stimulates food intake in rodents and 
humans, and plasma ghrelin levels increase during fasting 
and decrease after eating, which has been interpreted to 

suggest that ghrelin is a hunger hormone. In obese indi-
viduals, plasma ghrelin concentrations are reduced, and 
the postprandial fall in circulating levels is attenuated or 
absent.70 Ghrelin facilitates hedonic eating, enhancing 
the rewarding properties of food intake in both rodents 
and humans, and may have a role in stress-related eating 
behavior.71 Ghrelin also appears to inhibit insulin secre-
tion, and it may play a role in maintaining fasting glucose 
levels.72

Energy Expenditure
Total daily energy expenditure (TEE) can be divided into 
four major components including resting metabolic rate 
(RMR), the thermic effect of food, physical energy expen-
diture, and nonexercise activity thermogenesis (NEAT; 
see Chapter 25 for details). Fat-free mass (primarily skel-
etal muscle) is the most important contributor to TEE; 
thus the greater an individual’s muscle mass, the greater 
his or her TEE.73 Fat-free mass is also the main determi-
nant of the resting metabolic rate (RMR), which com-
poses 60% to 70% of the total daily energy expenditure. 
After adjusting for fat-free mass, age and gender are also 
important predictors of TEE and RMR. The significant 
contribution of muscle mass to TEE underlies the recom-
mended use of exercise in weight-loss programs.

Energy expenditure has been rigorously examined in 
an attempt to detect defects that contribute to the devel-
opment of obesity. In adult Pima Indians, a population 
prone to obesity, low relative RMR was associated with 
greater risk for becoming obese, compared to individu-
als with the highest resting metabolic rate.73 However, 
low RMR as a significant cause of obesity has not been 
born out in other populations, and, in most studies, obese 
individuals actually have a higher RMR than lean indi-
viduals due to their greater skeletal muscle mass.74 TEE 
is also increased in obese individuals due to the greater 
energy expenditure required to move a larger body mass, 
although during non–weight-bearing exercise, obese 
individuals expend the same amount of energy as lean 
individuals doing equivalent work.75 Despite these physi-
ologic observations, epidemiologic studies find that obese 
individuals are more likely to engage in sedentary behav-
iors than lean individuals.75-77 Thus lower physical activ-
ity (sedentary behavior) in obese individuals is a major 
contributor to maintenance of excess weight.

In highly controlled experimental conditions, changes 
in body weight result in compensatory changes in energy 
expenditure that defend starting body weight. For exam-
ple, a 10% reduction in body weight in either lean or 
obese individuals is associated with a significant reduction 
in both resting and nonresting metabolic rate beyond that 
which would be predicted to result from the decrease in 
fat mass and fat-free mass.78 This greater-than-expected 
reduction in TEE, termed adaptive thermogenesis, is 
likely one factor contributing to the failure of weight-loss 
programs.

Spontaneous physical activity or NEAT (all activ-
ity other than voluntary exercise) defends against 
body weight gain in certain individuals.79,80 During an 
experimental increase in caloric intake, individuals who 
are resistant to weight gain have greater NEAT than 
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individuals who gain weight easily. Lean individuals also 
stand and walk 2½ hours more per day than obese indi-
viduals.81 Imposing weight gain on lean individuals does 
not alter the time standing or walking. In contrast, weight 
loss does not decrease the sitting time of obese individu-
als. These observations have prompted the theoretical 
model that individuals are genetically determined to be 
NEAT activators who remain lean, or NEAT conservers 
that become obese in the current environment.82 It has 
thus been suggested that increasing NEAT through both 
individual approaches (get up from the chair) and envi-
ronmental re-engineering (remove the chair) are needed 
to reduce obesity.83

Brown Adipose Tissue
It has long been recognized that infant humans have 
brown adipose tissue (BAT) that provides heat. BAT con-
tains a high density of mitochondria, causing its darker 
color. BAT cells also express high levels of uncoupling 
protein 1 (UCP-1), which dissipates the proton gradient 
across the mitochondrial membranes and thus facilitates 
fuel oxidation without ATP production; instead the fuels 
are oxidized in futile cycles to produce heat. The dis-
covery of beige UCP-1 expressing, thermogenic fat cells 
clustered within white fat in rodents, and recent positron 
emission tomography findings that BAT is present in 
adult humans in greater amounts than originally appre-
ciated has rekindled interest in BAT as a contributor to 
TEE.84,85 Furthermore, cold exposure and β-adrenergic 
agonists have been demonstrated to increase BAT activ-
ity in lean individuals.86 The amount of BAT is inversely 
correlated with adiposity, but whether this is a cause or 
consequence of obesity has yet to be determined. Increas-
ing TEE via activation of existing BAT or production of 
new BAT (“browning” or “beiging”) is a topic of intense 
research for potential obesity therapies.

THERAPY FOR OBESITY
Because many factors influence body weight, a thorough 
medical history and evaluation is important. The assess-
ment of overweight and obese patients should include: 
(1) history of weight gain and maximum body weight, (2) 
consideration of medications that contribute to weight 
gain such as corticosteroids, thiazolidinediones, and 
antipsychotic agents, (3) previous approaches to weight 
reduction, (4) patterns of food intake including binge 
eating, and (5) physical activity levels. Measurement of 
waist circumference and evaluation of blood pressure, 

blood glucose and insulin, lipids, liver function, and car-
diovascular function should be performed. Treatment of 
coexisting conditions should follow standard guidelines. 
The patient’s readiness for weight reduction should be 
addressed, although the absence of readiness should not 
preclude communication between provider and patient 
about the importance of weight reduction.87

The general goals of every weight-loss program is to 
reduce and maintain a lower body weight, or prevent fur-
ther weight gain in individuals who cannot lose weight. 
The three treatment options for weight loss are lifestyle 
modification (diet, exercise, and behavioral modifica-
tion), pharmacotherapy, and bariatric surgery. Table 
26-4 presents a summary of the treatment guidelines put 
forth by the National Heart, Lung and Blood Institute,6 
which are generally consistent with the recommendations 
of a number of medical associations.87

Lifestyle Modification
A combination of reduced-calorie diet and increased phys-
ical activity is the primary recommendation to achieve 
weight loss and is considered the cornerstone of treat-
ment for all overweight and obese individuals.88 Lifestyle 
change is considered necessary for any other therapeutic 
approaches to achieve meaningful efficacy.

Diet
For individuals with a BMI <35 kg/m2, a reduction in 
daily energy intake of 500 kcal/day will generally result 
in loss of approximately 1 pound per week and a 10% 
reduction in initial body weight by 6 months. Patients 
with more severe obesity (BMI >35 kg/m2) should reduce 
intake by 500 to 1000 kcal/day to achieve a weight loss 
of 1 to 2 pounds per week and 10% reduction in initial 
body weight by 6 months.6 Although often viewed as fail-
ure by the obese patient, a 10% weight loss is associated 
with significant improvement in obesity-related comorbid 
conditions.89

A number of dietary options are available. The choice 
of a diet may be left, in part, to patient preference and 
cost considerations. One of the keys to successful weight 
control is to identify a reduced-calorie eating plan that 
is acceptable to the patient, making long-term adherence 
more likely.90

Very low calorie diets (VLCDs) provide a total of 400 
to 800 kcal/day in a liquid form containing large amounts 
of dietary protein. They are safe when provided with 
medical supervision but are associated with an increased 
risk for symptomatic gallstones. Although VLCDs result 

TABLE 26-4 Weight-Loss Treatment Guidelines

Treatment BMI (kg/m2)

25-26.9 27-29.9 30-34.9 35-39.9 ≥40

Diet, physical activity,  
and behavior therapy

Yes Yes Yes Yes Yes

Pharmacotherapy In patients with obesity-related disease Yes Yes Yes
Surgery In patients with obesity-related disease Yes

Modified from Eckel RH. Clinical practice. Nonsurgical management of obesity in adults. N Engl J Med 358(18):1941-1950, 2008; and  
Wadden TA, Butryn ML, Wilson C. Lifestyle modification for the management of obesity. Gastroenterology 132(6):2226-2238, 2007.
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in significant weight loss, they are associated with sub-
stantial weight regain, such that long-term efficacy is not 
different from low-calorie diets.91 These diets are often 
used prior to surgery to reduce surgical and anesthetic 
risks.

Low-calorie diets (LCDs) provide 900 to 1500 kcal/
day through combined use of liquid diet, nutrition bars, 
and conventional food. These diets have largely replaced 
VLCDs because of similar efficacy and lower medical-
monitoring costs.88 The use of meal replacements (nutri-
tion bars and liquid formula) provide patients with a 
fixed amount of food that requires little preparation and 
allows avoidance of problem foods. These factors appear 
to improve adherence to the diet.92 Portion-controlled 
servings of conventional foods are also more effective in 
producing weight loss than self-selected table foods.88

Low-carbohydrate high-fat diets facilitate dietary 
adherence and weight loss by simplifying food choices. In 
addition, the high protein content may increase satiation. 
A meta-analysis of six randomized, controlled trials of 
low-carbohydrate versus low-fat diets showed that low-
carbohydrate diets induced significantly greater weight 
loss in the first 6 months of treatment, but that there 
was no difference in weight loss between the two diets 
at 1 year. Low-carbohydrate diets were associated with 
greater improvements in triglycerides and high-density 
lipoprotein cholesterol levels; low-fat diets were more 
effective in reducing LDL cholesterol and total choles-
terol.93 A more recent comparison found greater weight 
loss at 1 year with a low-carbohydrate diet.94 This study 
differed from those in the meta-analysis in that study size 
was larger and dietary adherence was better. Overall, 
these findings suggest that low-carbohydrate, high-fat 
diets are a safe and reasonable dietary option when used 
for up to 1 year. Further study of the safety of such diets 
over longer periods is recommended.88

Exercise
Increased physical activity is central to any weight-loss 
program. Given findings suggesting that total caloric 
intake has not risen dramatically in the United States 
over the past 2 decades, many experts believe that the 
rise in the prevalence of obesity is directly attributable to 
a decrease in the amount of physical activity.82 However, 
exercise in the absence of caloric restriction is relatively 
ineffective in inducing weight loss due to the high volume 
and intensity of physical activity required to produce an 
energy deficit that results in an acceptable rate of weight 
loss.90

Exercise is essential for long-term weight manage-
ment.95 Increased physical activity provides cardiovascu-
lar benefits, prevents loss of muscle mass during weight 
loss, may promote better dietary adherence through 
improved mood,88 and may directly reduce visceral fat 
mass.96 Recommendations for increasing physical activity 
include programmed exercise activities such as walking, 
running, and swimming. Guidelines from the U.S. Depart-
ment of Health and Human Services recommends 30 
minutes of moderate-intensity physical activity on most 
days of the week to reduce the risk for chronic disease. 
Sixty minutes of moderate- to vigorous-intensity physical 

activity on most days is recommended to prevent weight 
gain, while 60 to 90 minutes of moderate- to vigorous-
intensity physical activity daily is suggested to maintain 
weight loss.97 Lifestyle modifications such as parking fur-
ther away from store entrances and taking stairs instead 
of elevators also increase energy expenditure.98

Behavioral Modification
Eating is often undertaken for personal, psychological, or 
social reasons, and these behaviors are powerful forces 
that impede long-term caloric restriction and weight loss. 
Efforts at weight loss independent of changes in behav-
ior are unlikely to succeed. Some strategies for behavioral 
modification include stimulus control (avoiding cues that 
prompt eating), self-monitoring through daily records 
of food consumption and activity, positive thinking, 
and social support. Group therapy appears more effec-
tive than individual treatment for weight loss as group 
sessions provide empathy, social support, and competi-
tion. Participation in weight maintenance sessions follow-
ing weight loss also prevents weight regain. Long-term 
patient-provider contact via telephone, mail, or email is 
also useful.88

Pharmacotherapy
Pharmacologic treatment of overweight and obesity has 
been practiced for at least 100 years. Despite this, there 
are a limited number of pharmaceuticals currently avail-
able. Pharmacotherapy for weight loss was originally con-
sidered to be short-term (i.e., required until the desired 
weight was achieved). However, obesity is a chronic con-
dition, and a number of studies have shown that patients 
regain weight when therapy is discontinued.6,7 In the mid-
1990s, the U.S. Food and Drug Administration (FDA) 
recommended that weight loss drugs be studied for a 2 
year period prior to approval.99 Thus pharmacotherapy 
for weight loss is now considered long-term and—as in 
the pharmacologic treatment of all diseases—no risk-free, 
highly efficacious therapies are available. Thus, a balance 
must be achieved between risk and efficacy in a highly 
heterogeneous group of individuals with a wide range of 
risk factors for significant disease.89

Early weight-loss pharmacotherapy was based on the 
short-term use of amphetamine or structurally similar 
compounds. Currently, phentermine, benzphetamine, 
phendimetrazine, and diethylpropion, (Schedule III and 
IV drugs) are approved for short-term use of 12 weeks in 
the United States. These drugs act primarily by inhibit-
ing reuptake of norepinephrine and dopamine at nerve 
endings, which enhances satiation (level of fullness during 
consumption of a meal) and satiety (level of hunger after 
consumption of a meal).89 Two anorexiants, fenfluramine 
and dexfenfluramine, were removed from the market in 
1997 due to increased incidence of valvular heart dis-
ease.100 A centrally acting serotonin-norepinephrine reup-
take inhibitor, sibutramine, was removed from the list 
of approved long-term weight-loss medications in 2010 
because of increased nonfatal cardiovascular events.101

Three drugs currently approved for long-term treat-
ment of overweight patients are orlistat, lorcaserin, and 
phentermine plus topiramate. These drugs are discussed 
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in detail later in the chapter. It is important to note that 
treatment outcomes are significantly better when phar-
macotherapy is administered as part of a weight-loss 
program that includes diet, exercise, and behavioral 
modification.6,7,88

Orlistat
A synthetic derivative of lipstatin (from Streptomyces 
toxytricini), orlistat inhibits gastric and pancreatic lipases, 
enzymes critical for the digestion and absorption of fat 
from the gastrointestinal tract. Inhibition of lipases causes 
a reduction in the absorption of fat, resulting in increased 
excretion of triglycerides in feces. In a 2-year randomized 
crossover study of 688 obese individuals (BMI ∼36 kg/
m2, weight ∼100 kg), orlistat, 120 mg three times daily, 
caused a 10.2% decrease in initial body weight after the 
first year of treatment compared to a 6.1% decrease in 
the placebo group.102 Several meta-analyses have shown 
favorable effects of orlistat on weight loss and weight 
maintenance. In addition, pooled data show significant 
overall beneficial effects of orlistat on cholesterol, triglyc-
erides, blood pressure, and hemoglobin A1c.89 Orlistat 
is currently available as a prescription medication (120 
mg, Xenical)103 and an FDA-approved over-the counter 
preparation marketed under the trade name Alli (60 mg). 
Orlistat is suggested for use by overweight adults for up 
to 6 months along with a weight-loss program.

Side effects of orlistat, which is not absorbed from the 
intestinal tract, are limited to gastrointestinal symptoms 
(fatty/oily stool, fecal urgency and incontinence, flatu-
lence). A small but significant reduction in fat-soluble 
vitamin uptake can occur, and multivitamin supplemen-
tation is recommended.

Lorcaserin
A moderately selective serotonin 2C receptor (5HT 2CR) 
agonist, lorcaserin acts via the brain serotonin system to 
stimulate weight loss, possibly by reducing appetite. Lor-
caserin was approved in 2012 for the treatment of patients 
with a BMI >30, or with a BMI >27 and at least one comor-
bid health condition, and is sold under prescription as Bel-
viq.104 In clinical studies, lorcaserin caused a 3.1% to 3.6% 
weight loss above placebo using a conservative intent-to-
treat (ITT) analysis that includes the last weight measure-
ment for subjects who drop out of the study. Lorcaserin 
is believed to act via hypothalamic pro-opiomelanocortin 
(POMC) neurons that express the 5HT 2CR; mutations 
that block this system reduce weight loss efficacy of seroto-
nergic agents.105 In humans, the effect of lorcaserin is due 
to decreased food intake, not to increased energy expen-
diture;106 in rodents the POMC mechanism is associated 
with both. Lorcaserin has a relatively benign safety pro-
file; headache, dizziness, fatigue, nausea, dry mouth, and 
constipation were more common in the drug-treated group 
than in the placebo-treated groups. Unlike some other sero-
tonergic agents, there is no evidence at the time of this writ-
ing that lorcaserin has any effect on cardiac valves.107

Phentermine-Topiramate
Four fixed-dose combinations of phentermine plus topi-
ramate were approved in 2012 for prescription use in 

the United States for weight reduction in patients with a 
BMI >30 or a BMI >27 with at least one comorbid health 
condition. The dose combinations are: starting (3.75 mg 
phentermine plus 23 mg topiramate); recommended (7.5 
mg phentermine plus 46 mg topiramate); titration (11.25 
mg phentermine plus 69 mg topiramate); and top (15 mg 
phentermine plus 92 mg topiramate). Both phentermine 
and topiramate alone cause weight loss and are available 
as generics, although the specific mechanism of either is 
not known. Similarly, the weight-loss mechanism of the 
combination is not known but is attributed to a reduction 
in appetite. In clinical studies, phentermine-topiramate 
reduced body weight by 8.6% to 9.4% more than pla-
cebo using a conservative ITT analysis.108

Phentermine-topiramate carries risks of several serious 
side effects. Notably, topiramate is a recognized terato-
gen, at least at the higher doses used for the treatment 
of epilepsy. The combination of phentermine-topiramate 
carries a warning of birth defects (cleft lip and palate) in 
the offspring of pregnant women taking the combination 
therapy. Pregnant women should not take the drug, nor 
should women who are trying to conceive or are at risk 
for becoming pregnant. The Risk Evaluation and Mitiga-
tion Strategy (REMS) to manage the combination drug 
should be adhered to at all times. The combination is only 
available through restricted pharmacies as Qsymia.109 
Other risks of the phentermine-topiramate combination 
are tachycardia, suicidal ideation, vision changes, mood 
changes, insomnia, paraesthesia, dizziness, confusion, 
dysgusia, constipation, and dry mouth.

Several drugs approved for treatment of diabetes also 
cause weight loss; these include metformin, pramlintide, 
and the GLP-1 agonists, exenatide and liraglutide. Bupro-
pion, approved for the treatment of depression, may be 
useful in treating obesity. A combination of bupropion 
and naltrexone is currently under consideration for 
approval pending additional safety studies.107,108 Addi-
tional prospective therapies are under phase 2 and 3 
evaluation for the treatment of obesity. Targets of inves-
tigational therapies include the melanocortin 4 receptor 
and others. There is sufficient turnover in these clinical 
development programs that any list is almost immedi-
ately out of date and incomplete. Readers should refer to 
a recent review for a more complete discussion of current 
developmental candidates.

Although the absolute weight loss achieved by pharma-
cotherapy is usually insufficient to return obese patients 
to normal weight (BMI <25), a weight reduction of more 
than 5% is enough to cause meaningful health improve-
ments.89 Given that lifestyle changes can cause significant 
weight reductions, the combination of intensive inter-
vention and pharmacotherapy could conceivably cause 
substantial weight loss. The biggest limitation of lifestyle 
interventions is the tachyphylaxis; most patients return 
to their initial weight within 5 years. It remains to be 
determined if pharmacotherapy can be used to assist with 
weight maintenance after weight reduction.

Bariatric Surgery
To date, surgery remains the most effective means of 
inducing significant weight loss in individuals with 
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extreme obesity who are at greater cardiometabolic risk 
(see Chapter 27). Several studies have demonstrated that 
bariatric surgery–induced weight loss is effective in reduc-
ing obesity-related comorbidities including diabetes and 
cardiovascular disease.110,111 A benefit on overall and 
cause-specific mortality has also been demonstrated.112-114 
In-hospital mortality rates are typically <1% but may be 
significantly affected by the experience of the surgeon 
and hospital staff.115 The National Institute of Diabetes 
and Digestive Diseases has established the Longitudinal 
Assessment of Bariatric Surgery (LABS) consortium to 
facilitate refinement of risk prediction for both patients 
and surgical programs.116

The NIH established guidelines for the surgical treat-
ment of obesity in 1991.117,109 Eligible patients with a BMI 
≥40 kg/m2 should be well-informed and motivated. In addi-
tion, they should have demonstrated inability to lose weight 
with conventional therapy and have acceptable operative 
risks. Adults with a BMI ≥35 kg/m2 with a serious comor-
bidity such as type 2 diabetes, hypertension, cardiomyopa-
thy, sleep apnea, or severe joint disease may also be surgical 
candidates. Bariatric surgery should be performed in con-
junction with a comprehensive follow-up plan consisting of 
nutritional, behavioral, and medical monitoring.118

Bariatric surgery results in marked improvement in 
type 2 diabetes with rapid improvements in glucose and 
insulin that may occur within days to weeks following 

surgery.114,119 The majority of patients on insulin therapy 
prior to surgery discontinue insulin use by 6 weeks post-
surgery.119 There are now four randomized, controlled 
trials that demonstrate that obese diabetic patients treated 
surgically are more likely to achieve diabetic remission 
than nonsurgically treated controls (Fig. 26-2).120-124 The 
three most commonly performed bariatric procedures are 
the Roux-en-Y gastric bypass, laparoscopic sleeve gastrec-
tomy, and laparoscopic adjustable gastric banding. The 
major outcomes of these procedures are outlined in Table 
26-5. Biliopancreatic diversion is not commonly per-
formed around the world as it causes malabsorption, and 
patients may develop macronutrient and micronutrient 
deficiencies if not carefully monitored.125 Vertical banded 
gastroplasty was performed in large numbers around the 
world in the 1990s, but it is rarely performed now.126

The mechanisms of actions of all bariatric operations 
are not well understood, but all appear to induce early 
satiation and prolonged satiety.

Roux-en-Y Gastric Bypass
In this procedure, a small proximal gastric pouch is cre-
ated, which empties into a segment of jejunum that is 
anastomosed to the pouch. This procedure is often done 
laparoscopically. Complications associated with this pro-
cedure include marginal ulcers, stomal stenosis, dilatation 
of the bypassed stomach, staple line disruption, internal 
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Figure 26-2 Percentage of patients achieving remission of diabetes following bariatric surgery therapies or conservative management (controls) in 
four randomized, controlled trials. LAGB, Laparoscopic adjustable gastric banding; DS, duodenal switch; RYGB, Roux-en-Y gastric bypass; LSG, 
laparoscopic sleeve gastrectomy.*Schauer reporting on same cohort of patients at 12 months and 3 years.

TABLE 26-5 Outcomes from Commonly Performed Bariatric Procedures

Procedure
Mortality
30 Days

Mortality
1 Year

Morbidity
30 Days

Reoperation
10 Years

Weighted Mean  
% EWL 10 Years

LSG 0.11% 0.21% 5.61% ? ?
LAGB 0.05% 0.08% 1.44% 8%-53% 51.9%
LRYGB 0.14% 0.34% 5.91% 8%-38% 53.9%

EWL, Excess weight loss; LSG, laparoscopic sleeve gastrectomy; LAGB, laparoscopic adjustable gastric banding; LRYGB, laparoscopic Roux-en-
Y gastric bypass.

From Hutter MM, Schirmer BD, Jones DB, et al. First report from the American College of Surgeons Bariatric Surgery Center Network: laparo-
scopic sleeve gastrectomy has morbidity and effectiveness positioned between the band and the bypass. Ann Surg 254(3):410-420, 2011; discus-
sion 420-412; and O’Brien PE, MacDonald L, Anderson M, et al. Long-term outcomes after bariatric surgery: fifteen-year follow-up of adjust-
able gastric banding and a systematic review of the bariatric surgical literature. Ann Surg 2013;257(1):87-94, 2013.
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hernia, malabsorption of specific nutrients, and dumping 
syndrome. Perioperative complications can also include 
persistent vomiting, dumping syndrome, and vitamin 
malabsorption.127 Hyperinsulinemic hypoglycemia with 
nesidioblastosis has also been observed,128 and there are 
concerns that bariatric surgery may predispose individu-
als to metabolic bone disease.129 All of these findings rein-
force the need for a comprehensive postsurgical plan for 
nutritional, behavioral, and medical monitoring.

Laparoscopic Sleeve Gastrectomy
The stomach is divided longitudinally creating a long 
tube by removing the fundus and much of the body of 
the stomach. The patient is left with a stomach tube that 
holds 100 to 200 mL. Complications at the time of sur-
gery are leak from the staple line, which can be difficult 
to manage as the tube is a high pressure system; stenosis 
at the incisura; and sleeve torsion reflux. Persistent vomit-
ing leading to thiamine deficiency is a rare but potentially 
lethal complication of this procedure. Maximal weight 
loss appears to occur in the first 3 years, with gradual 
weight regain as the tube dilates. The limited reports esti-
mate a 5-year excess weight loss (EWL; excess weight is 
the amount of weight in excess of body weight at BMI = 
25) of around 55% to 60%.130,131

Laparoscopic Adjustable Gastric Banding
A silicone band is placed around the upper stomach, 
just below the gastroesophageal junction. The cir-
cumference of the band can be adjusted by inflating 
or deflating a balloon connected to a subcutaneously 

implanted port with percutaneous access. Complica-
tions include esophageal dilatation, erosion of the band 
into the stomach, band slippage, band or port infec-
tions, and leaks from the system resulting in inadequate 
weight loss.

The general consensus is that obesity is the result of 
excess food intake and insufficient exercise. However, 
additional factors contribute to excess adiposity and 
likely account for the highly variable response to weight-
management therapies. Interestingly, a recent meta-anal-
ysis found supportive, but not conclusive, evidence for 
additional explanations of the increased prevalence of 
obesity.132 Additional potential causes of obesity include 
sleep deprivation, endocrine disruptors, reduced vari-
ability in ambient temperature, and decreased smok-
ing, among others. These factors may interact with or 
contribute to decreased physical activity and increased 
food intake. Future research is needed to determine if an 
intervention targeting these potential causes of obesity is 
warranted.
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K E Y  P O I N T S

 •  Bariatric surgery has been increasingly considered as a viable therapeutic option for 
obesity and obesity related comorbidities, with emerging evidence supporting its 
variable roles within the different types of surgical options available today.

 •  Proposed mechanisms explaining the improvements in metabolic effects from bariatric 
surgery are not completely understood and may not be fully explained by weight loss 
alone.

 •  This chapter highlights differences in the types of surgeries commonly performed 
today and the evidence supporting the roles of these procedures in improving cardio-
metabolic and other health outcomes.

 •  Diabetes remission has also been reported to occur at different rates following the 
different types of surgical procedures, and there are multiple studies suggesting possible 
mechanisms to explain this phenomenon.

 •  There are potential short- and long-term complications that may occur with various 
types of bariatric surgery.

 •  Bariatric surgery should be considered in obese patients with comorbidities who are 
surgically appropriate candidates, and the different types of surgical procedures should 
be explored with each patient and tailored according to the individual’s risks and 
potential benefits from these procedures.
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Diet, consisting of healthy food choices and portion 
control, and exercise are important to treat and pre-
vent obesity and related health disorders (see Chapter 
26). Obesity-related comorbidities include metabolic 
diseases, such as type 2 diabetes, hypertension, dyslip-
idemia, nonalcoholic steatohepatitis, and cardiovascu-
lar disease; structural complications such as sleep apnea 
or degenerative diseases such as osteoarthritis; certain 
neoplastic diseases of endometrial, breast, ovarian, 
colorectal, and pancreatic origin; as well as psychologi-
cal disorders, including depression. Eighteen percent of 
all deaths in the United States are attributable to obesity-
related disease, making this a top public health prior-
ity. Even modest weight loss leads to health advantages, 
but can be challenging to achieve and difficult to main-
tain.1,2 In contrast, weight loss following a variety of 
bariatric surgical procedures is substantial and generally 
sustained,2 but not without risks. While many consider 
surgical approaches to obesity draconian,3 the obe-
sity epidemic coupled with the development and wide-
spread utilization of laparoscopic techniques has led to 
a dramatic increase in the annual number of bariatric 
procedures performed. The potential health benefits of 
bariatric surgery extend beyond weight management 
and may include improved survival, remission of type 
2 diabetes, and reduced incident of diabetes, cardio-
vascular disease, and cancers in women. Some forms 
of bariatric surgery represent metabolic surgery as they 
primarily alter enteroendocrine hormones, neuronal sig-
naling, beta cell function, and other processes thereby 
contributing to health benefits, while other procedures 
only have secondary changes from weight loss. From 
studying bariatric procedures, there are many lessons to 
be learned about physiology, and there is great potential 
for discovery of novel therapeutic approaches for obe-
sity and related disease management.

OVERVIEW OF BARIATRIC PROCEDURES AND 
ANTICIPATED WEIGHT LOSS
Multiple types of bariatric procedures are performed 
for weight management. More common procedures are 
shown in Figure 27-1. Each procedure results in unique 
anatomic and physiologic change, which influences their 
outcomes as discussed later in this chapter. Benefits of the 
laparoscopic compared to open approach for these proce-
dures include fewer wound complications, less pain, and 
earlier return to activities without compromise of effi-
cacy,4,5 but it is not technically possible for all patients.

Excess weight loss (EWL), defined as the percent change 
from excess to ideal body weight, can vary by procedural 
approach. After biliopancreatic diversion with or without 
duodenal switch, patients have the greatest excess weight 
loss (70% to 80%), followed by Roux-en-Y gastric bypass 
(RYGB) (60% to 70%), sleeve gastrectomy (50% to 
60%), and adjustable gastric banding (45% to 50%).6-8  
Weight loss for any individual patient is highly variable. 
Procedures with the greatest weight loss also carry the 
greatest surgical risk (Fig. 27-2). Recommendations for 
a specific bariatric procedure should be individualized 
to the patient’s particular needs, including presence and 

severity of comorbid conditions rather than simply the 
desire for weight loss, and include patient preferences as 
risks, benefits, and long-term monitoring differ.

Bariatric procedures have classically been categorized 
by the way in which they were previously considered 
to promote weight loss. “Restrictive” procedures were 
thought to cause weight loss solely by restricting food 
(caloric) intake by creating a small stomach pouch or out-
let. This category would include adjustable gastric band-
ing or vertical banded gastroplasty, which is no longer 
commonly performed but still seen among patients. The 
procedures associated with the greatest weight loss, but 
also the highest complication rates, are those associated 
with malabsorption of calories. “Malabsorptive” pro-
cedures were previously considered to promote weight 
loss primarily by intestinal rerouting leading to inad-
equate caloric and nutrient absorption despite normal 
or excessive intake, such as the biliopancreatic diversion 
or jejuno-ileal bypass, which is also no longer routinely 
performed but still seen among patients. RYGB combines 
both mechanisms. It has become increasingly appar-
ent that restrictive and malabsorptive categories do not 
encompass the myriad physiologic alterations that occur 
following surgery, and there are multiple important meta-
bolic components to all bariatric operations that influ-
ence overall success.

WEIGHT LOSS MECHANISMS
Recently, mechanisms other than restriction and malab-
sorption have been recognized to contribute to weight 
loss and metabolic improvements following bariatric sur-
gery. The entero-neuro-endocrine axis involves signaling 
from multiple gut hormones and metabolites that influ-
ence appetite and satiety through circulation or neural 
pathways, and altered gastrointestinal anatomy, secre-
tion of these hormones, and neuronal signaling processes 
are seen to a varying degree following different bariatric 
procedures (Fig. 27-3).

Gastrointestinal Hormonal Changes
Ghrelin, a peptide hormone mainly produced by X/A cells 
in the oxyntic glands of the fundus and body of the stom-
ach, acts on the G-protein–coupled receptor known as 
the growth hormone secretagogue receptor9 to stimulate 
neuropeptide Y–agouti-related protein (NPY-AgRP) neu-
rons within the arcuate nucleus (ARC), thereby increas-
ing food intake.10 Most studies show reduced circulating 
ghrelin following RYGB11,12 and sleeve gastrectomy,13 
but increased concentrations following adjustable gastric 
banding14 and low-calorie diet.12

Glucagon-like peptide 1 (GLP-1), peptide YY (PYY), 
and oxyntomodulin are anorexic hormones released from 
L-cells of the distal bowel after meal ingestion. These 
peptides act at the hypothalamic ARC and brainstem to 
induce satiety and reduce food intake.15 Postprandial lev-
els of these anorexic hormones increase after RYGB16-19  
and sleeve gastrectomy20,21 but not with diet-induced 
weight loss17,22 or adjustable gastric banding.23 Simi-
larly, cholecystokinin (CCK), another anorexic peptide, 
released from I-cells in the mucosal epithelium of the 
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Figure 27-1 A, Adjustable gastric band (AGB). A silicone band is looped around the proximal stomach to create a 15- to 20-mL pouch with an 
adjustable outlet. The stomach is wrapped around the band anteriorly to prevent the band from slipping out of position. The band consists of a rigid 
outer ring and an inner inflatable balloon reservoir connected by tubing to a subcutaneous port that can be accessed through the skin to adjust the 
tightness. B, Sleeve gastrectomy. A narrow gastric sleeve is created by stapling the stomach vertically. The fundus and greater curve of the stomach are 
removed from the abdomen. C, Roux-en-Y gastric bypass (RYGB). A small gastric pouch (15 to 30 mL) is created by division of the upper stomach 
connected to a 100- to 150-cm limb of jejunum called the roux limb. The small gastric pouch results in restriction of food intake. D, Biliopancreatic 
diversion (BPD). Most of the small bowel is bypassed and only 50 to 100 cm of a common channel remains for absorption of calories and nutrients. 
The upper pouch is larger than that of the RYGB to allow for ingestion of larger amounts of protein to prevent malnutrition. E. Biliopancreatic diver-
sion with duodenal switch (BPD-DS). To avoid dumping syndrome and maintain the pylorus, the procedure was modified with the pouch based on 
the lesser curve of the stomach and an anastomosis at the first portion of the duodenum.
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small intestine and secreted in the duodenum in response 
to food intake24 or in response to GLP-1 or duodenal 
long-chain free fatty acids,25 also increases following 
RYGB and sleeve gastrectomy.26,27

The adipokine adiponectin functions as an insulin-
sensitizing hormone regulating glucose and lipid metab-
olism28 with antiinflammatory properties and beneficial 
effects on type 2 diabetes, atherosclerosis, obesity, and 

nonalcoholic fatty liver disease.29,30 Adiponectin lev-
els increase following bypass and restrictive surgeries, 
and the magnitude of increase may be larger following 
RYGB than band surgery, or compared to weight loss by 
caloric restriction.31 Leptin, also secreted by adipocytes, 
acts primarily on the hypothalamus to increase energy 
expenditure and reduce food intake.28 It remains unclear 
to what extent changes in adiponectin, leptin, or other 

Figure 27-2 Effectiveness of bariatric surgery in  
relation to the risk for developing complications 
from surgery.
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Figure 27-3 Multiple mechanisms may contribute to weight 
loss and metabolic improvements following  Roux-en-Y  
gastric bypass. The relative importance of each mechanism 
remains incompletely understood. Some of these mecha-
nisms may occur with varying intensity following other 
 bariatric surgery procedures.
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adipokine concentrations or activity contribute to weight 
loss durability and metabolic improvements beyond that 
seen with weight loss achieved through lifestyle modifi-
cation alone.

Central Nervous System Control
Eating behaviors differ in patients who have had bariat-
ric surgery compared to those on low- calorie diets. Diet-
induced weight loss tends to decrease satiety, increase 
hunger, and drive cravings for energy-dense foods.22,32 
In contrast, patients describe early satiety and less hun-
ger, and the compensatory consumption of energy-rich 
foods is not observed following bariatric surgery.14,18,32,33 
In part, these behavioral changes are related to adap-
tive learning to avoid adverse gastrointestinal symptoms 
after surgery such as nausea, vomiting, diarrhea, reflux, 
bloating, and dumping syndrome. The character of these 
symptoms will vary due to differences in the surgical pro-
cedures and postsurgical adaptation.

Regulation of food intake can be influenced by the 
central nervous system by affecting food-seeking behav-
ior and satiety perception. The hypothalamus, frontal 
cortex, and caudal brainstem regulate weight homeo-
stasis by detecting internal and external signals to 
stimulate appetite or satiety accordingly.34 The hypo-
thalamus contains two groups of neurons within the 
ARC with opposite effects; the pro-opiomelanicortin 
(POMC)-derived peptides, which act via melanocortin 
receptor 4 (MC4R) to reduce food intake and increase 
energy expenditure, and the orexigenic peptides neu-
ropeptide Y (NPY) and Agouti-related protein (AgRP), 
which drive food intake.35 The expression of these pep-
tides (POMC, NPY and AgRP) may change following 
bariatric surgery as illustrated in studies of rats follow-
ing vertical sleeve gastrectomy compared with pair-
fed rats undergoing sham surgery.36 AgRP levels were 
unchanged in the vertical sleeve gastrectomy group 
compared with pair-fed animals that had elevated 
AgRP. These findings suggest calorically restricted rats 
were hungry compared to those with vertical sleeve 
gastrectomy.

Neural systems of reward, cognition, and emotion 
may also contribute to regulation of eating behavior 
post–bariatric surgery, as shown in studies in humans 
demonstrating altered effects of food visual cues on 
brain activity in hedonistic centers assessed by functional 
magnetic resonance imaging (fMRI).33,37 Post-RYGB 
patients had lower activation of brain reward systems, 
particularly to energy-rich foods, and chose healthier 
food options compared to body mass index–matched 
controls or patients who had undergone adjustable gas-
tric band.37 Likewise, patients reported less food motiva-
tion (decreased brain activity in response to being shown 
food compared to “nonfood” pictures after a meal) and 
increased cognitive restraint (the ability to intentionally 
limit food intake in order to prevent weight gain) and 
corresponding brain area activity by fMRI post–adjustable 
gastric banding, both fasting and fed, compared with 
preoperative assessment. Similarly, patients reported less 
hunger and increased cognitive restraint postoperatively 
when assessed by standardized survey.33

Vagal Signaling
Vagal nerve afferent activity also contributes to food 
intake.38 Stimulation of the vagal nerve by increased 
intraluminal pressures may contribute to reduced food 
intake and weight loss in patients who undergo adjust-
able gastric band. Patients with optimally filled bands are 
less hungry compared with patients with suboptimally 
filled or empty bands, as seen in a randomized masked 
crossover study.14 However, vagal nerve preservation 
does not influence clinical parameters (weight loss and 
gastrointestinal symptoms) and satiety scores compared 
with severing of the vagal nerve during RYGB proce-
dures.39 Similarly in animal studies, no significant differ-
ence in body weight, body composition, meal patterns, 
and energy expenditure are found comparing rats under-
going RYGB alone and RYGB with common hepatic 
branch vagotomy.40 Thus further studies are required to 
explore the role of the vagus nerve in weight loss induced 
by bariatric surgical procedures.

Energy Expenditure
Exercise capacity can improve following bariatric sur-
gery.2 Additionally, human and animal studies dem-
onstrate increased resting energy expenditure (also see 
Chapter 25) following RYGB compared to preoperative 
values or nonsurgical controls41-43 in contrast to reduc-
tions in resting energy expenditure following diet-induced 
weight loss. Mechanisms underlying this phenomenon 
remain incompletely understood, but could include 
increased fitness from increased physical activity after 
weight loss, or mechanisms such as bile acid activation of 
brown adipose tissue or skeletal muscle oxidation.44

EFFECTS OF BARIATRIC SURGERY ON  
CARDIO-METABOLIC HEALTH AND MORTALITY
The hallmark prospective Swedish Obese Subjects (SOS) 
study compared adjustable gastric banding, vertical 
banded gastroplasty, and RYGB to medical manage-
ment in well-matched but nonrandomized obese cohorts. 
After bariatric procedures, the combined surgical cohort 
lost an average of 16.1% of total body weight at 10 
years compared to a slight weight gain in the nonsurgi-
cal management group.2 RYGB resulted in greater mean 
weight loss (–25%) than vertical banded gastroplasty 
(-16.5%) and adjustable gastric banding (-13.2%) at 
2 years and 10 years. Overall, the surgical group had 
more favorable outcomes with both improved resolu-
tion and lower incidence rates of type 2 diabetes, and 
reduced hypertriglyceridemia and hyperuricemia com-
pared to medical management. Hypertension and dys-
lipidemia likewise improve,6,7 which together would be 
anticipated to reduce major cardiovascular event rates 
and improve survival. Indeed, both the SOS study and 
a retrospective cohort study demonstrated improved 
total mortality by 30% to 40% in surgically treated 
groups.45,46 Neither study was randomized, thus refer-
ral biases could confound conclusions. Death attrib-
uted to cardiovascular disease was reduced by about 
50%,45,47 and deaths from diabetes listed on the death 
certificate were reduced by 90%.45 Incident diabetes 
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was reduced by approximately 80%.48 Indeed, mul-
tiple obesity-related comorbidities have been shown to 
improve following bariatric surgery, including a reduc-
tion in cancers and an improvement in metabolic, car-
diovascular, reproductive, musculoskeletal, respiratory, 
and some psychiatric conditions6,46,49-52 (Table 27-1, 
and Fig. 27-4).

In summary, substantial weight loss can occur and be sus-
tained following bariatric surgery, with resultant improve-
ment in obesity-related comorbidities. While intensive lifestyle 
modification can be successful for weight loss, it is difficult to 
achieve for many and weight regain is common.35,53 Newer 
pharmacologic agents are available for weight management, 

but information on long-term safety and efficacy are not 
yet available. Thus, bariatric surgery represents an effective 
therapeutic approach for the patient in whom surgical risk 
is reasonable who is otherwise unable to achieve or sustain 
weight goals. Bariatric surgical approaches are increasingly 
considered for diabetes management at lower magnitudes of 
excess weight.

DIABETES REMISSION FOLLOWING BARIATRIC 
SURGERY
Improvements are seen in glycemia, hypertension, 
and dyslipidemia in patients with type 2 diabetes  
following bariatric surgery. A meta-analysis by Buch-
wald and colleagues reported that 78% of patients 
with type 2 diabetes undergoing bariatric surgery had 
complete remission of type 2 diabetes, defined as nor-
moglycemia without medication, and 86% had either 
improvement or resolution of diabetes.54 Patients who 
underwent biliopancreatic diversion had the highest 
remission rate at 95%, followed by RYGB and gastro-
plasty at 80%, and adjustable gastric banding at 57% 
(see Fig. 27-4). Surgical approaches may also reduce 
the incidence of new diabetes.48 Interestingly, preopera-
tive body mass index does not predict individuals most 
likely to achieve diabetes remission or those most likely 
to realize protection from incident disease. Thus, in the 
future, criteria other than body mass index per se may 
be used to identify patients most likely to attain meta-
bolic benefits.

When considering patients with type 2 diabetes, 
greater weight loss and better glycemic outcomes are 
seen in the early years following bariatric surgery in 
randomized studies that compare surgical to medical 
diabetes and weight-management approaches.46,55-59 
However, while randomized studies currently do not 
extend beyond 2 years and longer-term follow up is 
required to understand diabetes, cardiovascular, and 
other obesity-related comorbidity outcomes in the 
absence of selection bias, these observational studies are 
informative.

While high numbers of patients may achieve diabe-
tes remission following bariatric surgery, unsurpris-
ingly, remission from diabetes may not be permanent.60 
About 35% of patients who initially realize remission 
may relapse within 5 years, with a median duration of 
remission of approximately 8.3 years. Several factors pre-
dict lower remission and/or subsequent relapse, includ-
ing poor preoperative glycemic control, longer duration 
since diagnosis of diabetes, insulin use,60 and lower beta-
cell glucose sensitivity,61 together suggesting adequate 
residual beta cell function is important for initial remis-
sion, and progressive disease may contribute to relapse. 
However, as many studies demonstrate important clinical 
benefits from a period of glycemic control on subsequent 
development of complications (metabolic memory),62 
even moderate duration remission may be clinically 
important.

Weight loss itself has substantial impact on improve-
ment and remission of diabetes, but there is mount-
ing evidence that additional mechanisms contribute 

TABLE 27-1 Improvements in Obesity Comorbid 
Conditions

Mortality

Nonrandomized studies suggest improved mortality.

Cardiometabolic

 •  Major cardiovascular event rates (myocardial infarction, 
stroke, and cardiovascular death)

 •  Type 2 diabetes
Nephropathy related to diabetes

 •  Type 2 diabetes prevention
 •  Hypertension
 •  Dyslipidemia
 •  Hyperuricemia

Respiratory

 •  Obstructive sleep apnea
 •  Obesity hypoventilation

Gastrointestinal

 •  Nonalcoholic fatty liver disease and nonalcoholic steatohepatitis

Musculoskeletal

 •  Degenerative joint disease (osteoarthritis of weight-bearing 
joints)

 •  General physical functioning and exercise capacity
 •  Recovery and rehabilitation following joint surgery

Dermatological

 •  Hirsutism
 •  Intertrigo and candidiasis
 •  Wound healing
 •  Striae/stretch marks
 •  Acanthosis nigricans

Reproductive System

 •  Polycystic ovarian disease
 •  Improved fertility (female and male)
 •  Regulation of menstrual cycle
 •  Libido

Oncology

 •  Reduction in overall cancer risk and mortality

Psychosocial/Neurology

 •  Quality-of-life health measures
 •  Cognitive function (improvement in learning and memory)

Urology

 •  Urinary incontinence
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to improvement in glucose homeostasis, although this 
remains heavily debated. In particular, glycemic improve-
ments occur within days following RYGB, before substan-
tial weight loss occurs.63,64 This glycemic improvement is 
not seen from perioperative reduced caloric intake with 
other gastrointestinal surgery, such as cholecystectomy. 

Weight loss achieved by surgery is associated with greater 
improvement in glucose tolerance at similar weight lost 
by diet and exercise or conventional medical therapy.57,65 
Neither liposuction nor surgical resection of omental fat 
corrects diabetes,66,67 such that fat loss alone is insuffi-
cient for metabolic improvement.
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than or equal to 2 years in surgical groups. C, Mean percent of patients with improvement in obesity comorbidities outcomes including hypertension, 
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The Role of Insulin Sensitivity and Insulin Secretion  
in Diabetes Remission after Gastric Bypass
Persons with type 2 diabetes are typically more insulin 
resistant than persons without diabetes. There are paral-
lel improvements in insulin sensitivity following RYGB in 
persons with or without type 2 diabetes, although those 
with diabetes continue to have lower insulin sensitivity at 
any given body mass index.61 Improvements in glucose uti-
lization are greater early after RYGB in persons with type 
2 diabetes compared to those without diabetes, presum-
ably due to elimination of glucotoxic effects. However, by 
1 year glucose utilization is similarly improved for those 
who did or did not have diabetes at the time of surgery. 
Early postoperative improvements in glycemia are medi-
ated in part by improved insulin suppression of endog-
enous glucose production, accompanied by decreased 
oxidative glucose disposal and increased lipid oxidation.68 
Effects of biliopancreatic diversion on insulin sensitivity 
appear greater in proportion to weight lost69; whether 
this is true for RYGB remains controversial. In contrast, 
improvement in insulin sensitivity following adjustable 
gastric banding appears proportionate to weight lost.16

There is a robust early increase in insulin secretion, 
GLP-1, and beta-cell glucose sensitivity following a mixed 
meal after RYGB but not adjustable gastric banding at 
similar weight loss.70 The acute insulin response continues 
to improve over the first year.68 Improvement in beta-cell 
glucose sensitivity after RYGB may be disproportionally 
greater than magnitude improvement in insulin sensitiv-
ity.71 Although improved from baseline, beta-cell glucose 
sensitivity after RYGB remains lower in patients with 
type 2 diabetes compared to those without.61

Whether RYGB leads to increased beta-cell replica-
tion or function remains controversial. RYGB increases 
expression of pancreatic duodenal homeobox-1 (PDX-
1), a key transcription factor for beta-cell develop-
ment, in the Goto Kakizaki (GK) rat.72 A small group 
of patients have been described who develop hyperin-
sulinemic hypoglycemia following RYGB. Pancreatic 
pathology shows diffuse increase in islet number of 
varying size, both isolated and in clusters, and bud-
ding from ducts,73,74 with increased nuclear diameter, 
although it remains unclear whether total beta-cell mass 
is increased.75 While the time course at which hypogly-
cemia becomes manifest, on average 2 years after gastric 
bypass when weight has stabilized, and the progressive 
nature in some patients suggests increased beta-cell pro-
liferation, this has not been established.

The Hindgut and the Foregut Hypotheses
Two general leading hypotheses have been proposed to 
explain the effects of bariatric surgery on improved gly-
cemia: the hindgut and the foregut hypothesis. The hind-
gut hypothesis proposes that glycemic improvement is 
due to accelerated nutrient delivery to distal intestines, 
which augments secretion of hormones that affect glucose 
homeostasis, including GLP-1, PYY, oxynomodulin, and/
or CCK.27 The foregut hypothesis suggests that exclusion 
of the proximal intestine from ingested food promotes 
antidiabetic effects by inhibiting an unidentified signal 

that promotes insulin resistance.76 There is compelling 
data to support each hypothesis, and it is possible both 
may contribute.

Incretin Effects in Diabetes Remission
Considerable interest has developed to determine the 
role of incretin hormones—glucose-dependent insuli-
notropic polypeptide (GIP), which is secreted by duo-
denal K-cells, and glucagon-like peptide-1 (GLP-1), 
which is secreted by L-cells in the distal intestines—in  
the effects of bariatric surgery on diabetes remission. As 
noted, postprandial GLP-1 concentrations are increa sed 
following RYGB77,78 compared to patients with equiva-
lent diet-induced weight loss,78 an effect not seen fol-
lowing adjustable gastric banding.70,79 Normalization of 
the insulin response to incretins post-RYGB may be sus-
tained up to 3 years,80 and endogenous GLP-1 accounts 
for about 50% of incretin-stimulated insulin release fol-
lowing RYGB.81 Improved glucose tolerance is reversed 
with administration of the GLP-1 receptor antagonist 
exendin9-39 in the Goto-Kakizaki (GK) rat.82 GLP-1 is 
also increased after jejuno ileal bypass, biliopancreatic 
diversion, gastric bypass, and sleeve gastrectomy.13,83,84 
Changes in GIP have been less consistent.

Branched-Chain Amino Acids and Aromatic  
Amino Acids
Branched-chain amino acids (BCAAs) valine, leucine, 
and isoleucine are among the nine essential amino acids 
available to humans as dietary proteins. BCAAs and the 
aromatic amino acids (AAs), especially phenylalanine and 
tyrosine, are associated with obesity and insulin resis-
tance,85-87 and BCAA concentrations decrease with weight 
loss.85 Greater reductions in circulating BCAAs and AAs 
are seen in type 2 diabetes following gastric bypass com-
pared to patients with nonsurgical, matched weight loss.88 
Reductions in BCAA correlate with improved insulin sen-
sitivity estimated by homeostatic model assessment of 
insulin resistance (HOMA-IR) or euglycemic clamp.87,89 
However, other studies show BCAA decrease similarly 
after RYGB compared to matched weight loss following 
adjustable gastric banding in nondiabetic individuals,87 
so further studies are required to determine the causal 
significance of the relationship between amino acids 
and modification of insulin sensitivity, and whether the 
magnitude of effects differ following surgically-induced 
weight loss.

Bile Acids
Bile acids (BA) are well recognized for their role in lipid 
metabolism. Recently they have been found to have addi-
tional metabolic effects affecting gut peptide secretion, 
energy expenditure, and glucose homeostasis.90 RYGB 
leads to changes in the anatomy of bile acid and nutri-
ent flow through the gut. Diverting bile from the com-
mon bile duct to drain into distal jejunum with a catheter 
increases serum bile acids and postprandial GLP-1 
response, and improves glucose tolerance and hepatic 
steatosis compared to sham-operated rats.91 Bile acids 
promote GLP-1 secretion through the G-protein–coupled 
receptor TGR5.92 Intrarectal infusion of the bile salt 
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taurocholic acid (TCA) increases plasma GLP-1, PYY, 
and insulin concentrations in obese men with type 2 dia-
betes,93 and oral tauroursodeoxycholic acid (TUDCA) 
improves liver and muscle insulin sensitivity in obese 
men.94 Circulating BA concentrations increase following 
RYGB.95,96 Increased circulating bile acids are associated 
with increased GLP-1 and improved glycemia,95,97 but 
not to skeletal muscle insulin sensitivity, insulin response 
to mixed meal, or resting energy expenditure.97 Changes 
in circulating bile acids are less pronounced after adjust-
able gastric banding compared to RYGB.97 The relative 
importance of altered bile acids in improved metabolism 
also remains incompletely understood.

Gut Microbiota
The gut microbiota profile differs in obesity and meta-
bolic syndrome compared to lean individuals. Recently, 
gut microbiota are recognized to alter production or 
bioavailability of small molecules, proteins, and nutri-
ents, and contribute to inflammation in the host.98,99 
Changes in the dynamic symbiotic relationship between 
the microbiota and the host participate in the progres-
sion of obesity and diabetes. However, with a diversity 
of microorganisms present and a variety of factors that 
can affect the microbiome composition (such as dietary 
macronutrient, anatomic variance, antibiotic usage, 
pH, and bile flow), identifying the specific relationship 
between various gut microbiota and obesity is a chal-
lenging new field of investigation. RYGB causes shifts in 
the gut microbiome including the change in ratio of Fir-
micutes to Bacteroidetes phyla and increase in coloniza-
tion of Proteobacteria.100 Transfer of gut bacteria from 
mice that have undergone RYGB to unoperated germ-
free mice promotes weight loss and reduced fat mass in 
recipient mice, suggesting changes in gut microbiota con-
tributes to weight loss following RYGB.101 Changes in 
gut microbiota may be relevant to humans. Intriguingly, 
Vrieze and coworkers102 infused microbiota from lean 
human donors into the duodenum of obese individuals 
and showed improved insulin sensitivity independent of 
weight change.

Changes in Glucose Production and Disposal  
(Roux Limb)
A novel mechanism for glucose lowering proposed by 
Saeidi and colleagues103 postulates morphologic changes 
of the Roux limb following RYGB with increased cellu-
lar size and mass results in reprogramming of intestinal 
glucose metabolism to improve the diabetic state, as dem-
onstrated by positron emission tomography–computed 
tomography (PET-CT) scanning and biodistribution 
analysis of isotopic labeled glucose. These adaptations 
may be triggered by passage of undigested food from 
the stomach pouch to the jejunum, requiring additional 
energy expenditure that promotes reprogramming of glu-
cose metabolism. GLUT-1–mediated basolateral glucose 
uptake and utilization is enhanced following RYGB due 
to expanding gut tissue, which in turn reduces systemic 
glucose concentrations and improves the diabetic state as 
supported by metabolomic, proteomic, and gene expres-
sion approaches.

IMPROVEMENTS OF OTHER OBESITY COMORBID 
CONDITIONS
In addition to improvements in type 2 diabetes, hyperten-
sion, dyslipidemia, and cardiovascular health, bariatric 
surgery may reduce major cardiovascular event rates, and 
impact other obesity- related conditions (see Table 27-1). 
There is specific interest in improvements in fertility and 
obstructive pulmonary diseases.

Fertility
In the United States, women are approximately twice 
as likely as men to be obese, yet within their reproduc-
tive years account for 83% of those undergoing bariatric 
surgery.6,104 Systematic review of menstrual irregulari-
ties and pregnancy rates before and after surgery include 
six studies.105 A retrospective study of RYGB found that 
50% of women had menstrual irregularities preopera-
tively, while only 17.5% had persistent irregularities post-
operatively.106 Menstrual cycles may normalize following 
RYGB in women with polycystic ovarian syndrome.107 
Obesity negatively impacts fertility in women.108,109 Most 
evidence for improved fertility following bariatric sur-
gery is retrospective and observational, as there are no 
randomized data to support improved fertility following 
bariatric surgery. A retrospective study examining 796 
female patients after biliopancreatic diversion found that 
47% of women previously unable to conceive preopera-
tively were successful postoperatively110; 82% of these 
women had appropriate weight gain during pregnancy. 
Miscarriage rates were not improved (26%).

The optimal timing for conception following bariatric 
surgery remains uncertain, and evidence to guide recom-
mendations is lacking. A small prospective cohort study 
found approximately 50% of women had preterm deliv-
ery when pregnancy occurred within 1 year of bariatric 
surgery, compared to 20% when conception was delayed 
greater than 2 years.111 It is considered prudent to recom-
mend delay of pregnancy for 12 to 24 months follow-
ing bariatric surgery, as there is also a theoretical risk for 
maternal and fetal malnutrition with adverse outcome 
during the time of most active weight loss.

Pulmonary Disease Including Obstructive Sleep Apnea
Ten kilograms of weight loss leads to substantial improve-
ment in obstructive sleep apnea (OSA) as measured by the 
apnea-hypopnea index (AHI).112 As bariatric surgery has 
been shown to be an effective method of sustained weight 
loss, it is intuitive to think that bariatric surgery would result 
in substantial amelioration or resolution of OSA. Indeed, 
greater rates of resolution of OSA are seen following RYGB 
(66%) than following lifestyle modification (40%), even 
with the latter resulting in 8% total body weight loss.113,114

COMPLICATIONS OF BARIATRIC SURGERY
Bariatric surgery has proven to be both effective for 
sustained weight loss and safe in the appropriate surgi-
cal candidate. However, as with any invasive surgical 
procedure, there are inherent risks of which patients 
should be educated. Obese patients are at higher risk for 
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perioperative complications, such as venous thromboem-
bolism and pulmonary embolism, than the general popu-
lation. Although rare, these can be lethal and represent a 
leading cause of mortality in the perioperative period.115 
The Longitudinal Assessment of Bariatric Surgery (LABS) 
consortium observes the composite end point of death, 
thrombotic event, reintervention, or prolonged hospital 
stay (more than 30 days) occurred in 4.1% of surgical 
patients.116 Complications generalizable to all surgical 
procedures include those of bleeding, infection, injury to 
other organs, complications of general anesthesia, and 
death, which may occur in 0.1% to 0.5% of patients.

The most serious complication of bariatric surgery is 
enteric leak, which occurs after RYGB with an incidence 
between 0% and 5.6%.117 Gastrointestinal bleeding may 
occur after any procedure in which the viscera are cut, such 
as RYGB and biliopancreatic diversion, at any staple line or 
anastomosis, with incidence ranging from 1.1% to 4%.118 
Wound complications including infection and incisional 
hernia have been dramatically reduced and rarely occur 
with the advent and utilization of laparoscopic approaches. 
The incidence of trocar site hernia is less than 1%.119 Pro-
cedure-specific complications are provided with a descrip-
tion of surgical procedures in the sections that follow.

Weight Regain Following Bariatric Surgery
Each procedure has different kinetics of weight loss includ-
ing the interval from surgery to nadir weight, as well as 
the typical magnitude of weight regain from nadir. Some-
times the regained weight is considered as failed sustained 
weight loss following bariatric surgery. The general defi-
nition of successful weight loss after bariatric surgery is 
excess weight loss of 50% or more. The amount of excess 
weight lost declines over time, for example after RYGB 
66% excess weight loss is seen at 1 to 2 years, 60% at 
5 years, and 50% at 10 years.120 Weight regain is also 
seen in patients following sleeve gastrectomy and adjust-
able gastric banding, but less so following biliopancre-
atic diversion.2,121,122 Patients who are superobese, with 
body mass index above 50 kg/m2, are at greater risk for 
weight regain.121,123 Potential causes for weight regain 
may be patient-related or surgery-related. Patient-related 
etiologies may include poor dietary compliance, physical 
inactivity, inadequate follow-up, and/or mental health 
disorders.124-127 Surgery-related causes may include gas-
tric pouch and sleeve dilatation or distension, and band 
removal for gastric banding.128-131 Hormonal or metabolic 
changes may be involved, such as higher ghrelin and/or 
lower peptide YY in patients who experience weight regain 
or fail to lose weight following bariatric surgery132,133 
compared to those who achieve better weight outcomes, 
but more studies are needed to elucidate these findings.

Dumping Syndrome
Dumping syndrome may occur in over 70% of patients 
after RYGB in response to a meal consisting of food with 
a high glycemic index. This phenomenon is an expected 
consequence of surgery and may lead to diminished intake 
of concentrated sweets for symptom avoidance. Early 
dumping is caused by the presence of hyperosmolar food 
delivered to the small intestine, which causes a fluid shift 

from the intravascular to the enteric intraluminal space. 
Patients have bloating, abdominal discomfort, diarrhea, 
tachycardia, and lightheadedness. Late dumping symp-
toms are caused by exaggerated hyperinsulinism as a result 
of hyperglycemia from absorption of the ingested glucose 
load. Patients have dizziness, weakness, and diaphoresis 
occurring approximately 2 to 3 hours after eating. Symp-
toms are usually responsive to dietary modification. Neu-
roglycopenia should not occur with dumping. Following 
RYGB, a small percentage of patients may develop debili-
tating dumping symptoms that are unresponsive to dietary 
modifications and may require somatostatin analogues for 
therapy. The clinician should be careful to exclude endog-
enous hyperinsulinism resulting from nesideoblastosis in 
the post-RYGB state, as therapy may differ.

Long-Term Complications
Surgical complications are provided in detail in Table 27-2. 
Complications of interest to this audience are discussed in 
greater detail in the section that follows.

TABLE 27-2 Potential Complications of Bariatric 
Surgery

Early Complications (Within 30 Days of Surgery)

Hemorrhage
Infections
Anesthetic complications
Wound complications
Deep venous thromboembolism
Pulmonary embolism
Cardiorespiratory events
Technical failure
Anastomotic leaks (excludes adjustable gastric banding)
Perioperative mortality

Late Complications

Gastric esophageal reflux
Anastomotic ulcers
Fistulas and strictures
Reoperation

Life-Threatening Complications

Internal hernia
Bowel obstruction
Intussusception

Long-Term Metabolic Complications

Malnutrition
RYGB—Iron, vitamin B12, calcium, vitamin D, secondary 

hyperparathyroidism, folate
Biliopancreatic diversion—Protein calorie malnutrition  

and fat-soluble vitamin deficiency
Nausea and vomiting (may lead to thiamine deficiency)
Inadequate weight loss/weight regain
Dumping syndrome
Hypoglycemia
Hernia
Gallstones formation (secondary to rapid weight loss)
Bacterial overgrowth

Complications Specific to Gastric Band

Gastric outlet obstruction
Band slippage
Band erosion
Subcutaneous port complications—pain, leak
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Hyperinsulinemic Hypoglycemia with Neuroglycopenia
Hypoglycemia is increasingly recognized as a potentially 
rare devastating complication of gastric bypass surgery. 
Hypoglycemia typically occurs 2 to 3 hours after meals, 
with inappropriately high insulin and C-peptide concentra-
tions, and can be managed in most patients with dietary 
modification emphasizing controlled portions of low glyce-
mic index carbohydrates, and attention to correcting macro- 
and micronutrient deficiencies. Treatment may also include 
alpha-glucosidase inhibition (i.e., acarbose) to slow carbo-
hydrate absorption and minimize postprandial glycemia and 
thus reduce the stimulus for insulin secretion. However, rare 
patients develop severe hypoglycemia with neuroglycopenia, 
manifest by confusion, loss of consciousness, seizures, and/
or motor vehicle accidents.73,74 The frequency is estimated 
at 0.2% of bypass patients.134 Additional interventions may 
include use of somatostatin analogues or diazoxide to sup-
press insulin secretion.135 Partial pancreatectomy may lead 
to improvement, but recurrence of hyerinsulinemic hypo-
glycemia may occur. Altering the route of nutrient delivery, 
fundoplication and deconstruction of RYGB have been 
tried with varying short-term success.

Nutrient Deficiencies
Malnutrition may occur after any bariatric procedure. 
However, the risk is highest with malabsorptive proce-
dures secondary to bypass of a large portion of the absorp-
tive capacity of the intestine. Malabsorption may lead 
to diarrhea, dehydration, and macro- and micronutrient 
deficiency. Deficiencies of fat-soluble nutrients or those 
absorbed in the bypassed portion of the gut are most com-
mon and include vitamins B1 and B12, vitamin A, vitamin 
D, folate, iron, and calcium. General or specific nutrient 
deficiencies can lead to anemias, alopecia, polyneuropa-
thies, Wernicke’s encephalopathy, or other deficiencies. It 
is recommended that all patients use a daily multivitamin to 
lower risk. Replacement may be difficult, and higher doses 
or methods other than oral replacement may be required.

Metabolic Bone Disease
Most studies examining the effects of bariatric surgery on 
bone health have focused on patients after RYGB, with 
sparse literature regarding changes in bone mineral den-
sity after other procedures. Early catabolic bone remodel-
ing, evidenced by increased circulating levels of markers 
of bone turnover, have been found that persist, and sub-
sequent decrease in bone mineral density can occur.136-139 
Mechanisms are likely multifactorial. Some bone remod-
eling after bariatric surgery may represent physiologic 
changes in skeletal structure in response to unloading from 
rapid weight loss. Pathologic mechanisms leading to bone 
catabolism include calcium and vitamin D deficiency with 
or without secondary hyperparathyroidism.140 All patients 
should receive calcium citrate and vitamin D supplements 
to prevent secondary hyperparathyroidism and subsequent 
bone loss following RYGB or biliopancreatic diversion.

Addictive Behavior
Obesity has been associated with maladaptive eating 
habits including binge eating, which may be a form of 
addictive personality and is found to be associated with 

other addictive behaviors (such as substance or alcohol 
dependence or overconsumption).141 Anecdotal reports 
suggest that addictive behavior including alcoholism, 
gambling, compulsive shopping, and sex addiction could 
be potentially concerning for patients post–bariatric 
surgery.142 Most research on addictive behavior in this 
cohort of patients is centered on alcohol use. Malabsorp-
tive procedures such as RYGB and the significant weight 
loss after surgery alter the pharmacokinetics of alcohol. 
Patients report experiencing alcohol effects earlier, with 
less concentration of alcohol consumed, and take lon-
ger to recover from these effects following surgery.143 
Additionally, rapid emptying of alcohol from the gastric 
pouch results in a greater peak of alcohol concentration 
in a shorter time interval,144 and a smaller gastric pouch 
results in reduced alcohol dehydrogenase and prolonged 
alcohol clearance in surgical patients145 when compared 
to nonsurgical controls. Assessment of prevalence of 
alcohol use disorders (AUD) within the Longitudinal 
Assessment of Bariatric Surgery-2 (LABS-2) cohort of sur-
gical patients pre- and postoperatively reports a greater 
prevalence of AUD in the second postoperative year.146 
It remains unclear whether the increase in prevalence of 
AUD post–bariatric surgery is due to a preoperative his-
tory of AUD and a subsequent relapse or the development 
of new incidence of AUD in the surgical cohort. Long-
term outcomes studies show that alcohol abuse or depen-
dence is increased or unchanged following surgery when 
compared to prevalence preoperatively.147,148 Addition-
ally, another study reports 2% to 6% of patients treated 
at a substance abuse treatment center having previous 
bariatric surgery, and these patients reported more alco-
hol withdrawal and consumed more drinks daily when 
compared to nonbariatric patients, but both groups had 
equal likelihood of being diagnosed with alcohol depen-
dence.149 Currently, results are inconclusive to determine 
if bariatric surgery increases incidence of AUD, and addi-
tional research is required to fully understand this out-
come risk.

COMMONLY PERFORMED BARIATRIC SURGICAL 
PROCEDURES

Roux-en-Y Gastric Bypass
In the United States, the Roux-en-Y gastric bypass (RYGB) 
is currently considered the gold standard by which other 
bariatric procedures are compared. This procedure, most 
commonly performed laparoscopically, entails division of 
the upper stomach to create a small gastric pouch (15 
to 30 mL) connected to a 100- to 150-cm limb of jeju-
num called the Roux limb. Ingested food bypasses the 
majority of the stomach, the duodenum, and the proxi-
mal jejunum and then enters a long common intestinal 
channel where mixing of food with digestive enzymes 
occurs. The mechanism of action leading to weight loss 
and comorbidity amelioration is multifactorial (see Fig. 
27-1). The very small gastric pouch results in restriction 
of food intake, and the patient can therefore only tolerate 
very small amounts of food at any given time. Bypass of 
the remnant stomach, duodenum, and proximal jejunum 
leads to malabsorption of micro- and macronutrients 
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(such as vitamins D and B12, iron, and calcium). How-
ever, given the long common enteric channel, malabsorp-
tion of calories plays little to no role. Enteroendocrine 
hormonal changes following RYGB are discussed earlier 
in the chapter.

Perioperative mortality after RYGB estimated from 
a large prospective randomized trial was 0.7%150 and, 
as previously mentioned, are related to enteric leak and 
complications from deep venous thrombosis and anesthe-
sia. The most serious long-term complications of RYGB 
include marginal ulceration and internal hernia. Marginal 
ulceration of the unprotected jejunal mucosa at the gas-
trojejunostomy occurs in 1% to 16% of patients151 and 
may be due to presence of acid secretion from the parietal 
cells in the pouch or when a gastro-gastric fistula is present. 
Nonsteroidal anti-inflammatory drug (NSAID) use and 
smoking contribute to risk for ulcers, and all patients are 
advised to avoid both. There is a lifetime risk for develop-
ing intestinal obstruction, which may be caused by internal 
herniation through one of the three possible defects cre-
ated with gastric bypass anatomy (two when an antecolic 
approach is used). The incidence is less than 2%.152

Sleeve Gastrectomy
The sleeve gastrectomy has gained popularity among bar-
iatric surgeons and patients for its excellent short-term 
results as well as its comparative ease to other surgical 
procedures. Sleeve gastrectomy, also performed laparo-
scopically, involves creating a narrow gastric sleeve by 
stapling the stomach vertically. The fundus and greater 
curve of the stomach are removed from the abdomen (see 
Fig. 27-1). The mechanism of action of the sleeve gastrec-
tomy involves a component of restriction from creation of 
a narrow gastric lumen and lack of receptive relaxation, 
as well as hormonal changes that are currently being 
investigated. Durability of weight loss and other health 
changes are less well understood with this procedure.

The perioperative mortality of sleeve gastrectomy is 
estimated to be 0.19%.153 Sleeve gastrectomy entails the 
longest staple line of any bariatric procedure, which can 
result in two problems: leakage or gastric lumenal nar-
rowing secondary to stenosis or twisting of the sleeve. 
The incidence of leak is less than 2%.154,155

Adjustable Gastric Banding
Placement of an adjustable gastric band was first used 
in the mid-1980s abroad and was approved by the FDA 
in 2001 for use in the United States. The procedure 
involves looping a silicone band around the proximal 
stomach, which functionally creates a 15- to 20-cc pouch 
with an adjustable outlet (see Fig. 27-1). The stomach is 
wrapped around the band anteriorly to prevent the band 

from slipping out of position. The band consists of a 
rigid outer ring and an inner inflatable balloon reservoir, 
which is connected by tubing to a subcutaneous port that 
can be accessed through the skin to adjust the tightness. 
After band placement, patients need frequent clinic visits 
and possible band adjustments, approximately every 4 
to 6 weeks over the first year, and less frequently beyond 
this timeframe, but continued adjustments can be made 
as needed.

Adjustable gastric banding is prone to unique com-
plications due to introduction of a foreign body. These 
complications include band slippage or erosion (0% to 
5.5%),156 gastric prolapse, and port complications, such 
as leakage or infection, which may require revision sur-
gery, band removal, or conversion to another surgical 
weight-loss procedure. The perioperative mortality rate 
is 0.03%, which is the lowest of the various bariatric 
procedures.157

Biliopancreatic Diversion with or without Duodenal 
Switch
Biliopancreatic diversion involves intestinal rerouting in 
which most of the small bowel is bypassed and only 50 
to 100 cm of a common channel remains for absorption. 
The upper pouch is larger than that of the RYGB (approx-
imately 150 to 250 cc) so that patients can eat adequate 
amounts of protein to prevent protein calorie malnutri-
tion. There is little malabsorption of carbohydrates, and 
patients are advised to restrict their intake after surgery. 
To avoid dumping syndrome (discussed earlier in the 
chapter), the procedure was modified to maintain the 
pylorus of the stomach, which can slow emptying of 
ingested food into the small intestine. The upper 150- to  
250-cc pouch is instead based on the lesser curve of the 
stomach. Because of an anastomosis at the first portion of 
the duodenum, the biliopancreatic diversion with duode-
nal switch carries the highest perioperative risk.

Complications of biliopancreatic diversion include 
those previously described for RYGB including venous 
thromboembolism, intestinal leak, and internal hernia. 
The perioperative mortality is 2.5% and may be higher 
for the superobese.158 Of the procedures discussed, bil-
iopancreatic diversion has the greatest weight loss, but 
also the greatest morbidity and mortality, malabsorption, 
macro- and micronutrient deficiency, and diarrhea.
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In this chapter, we focus on the genetic disorders that include 
obesity as a consistent clinical feature. Classically, patients 
affected by these obesity syndromes have been identified 
as a result of their association with developmental delay, 
dysmorphic features, and/or other developmental abnor-
malities. More recently, several highly penetrant genetic dis-
orders resulting from disruption of the leptin-melanocortin 
signaling pathway have been identified. In these disorders, 
obesity itself is often the predominant presenting feature.

The assessment of severely obese children and adults 
should be directed at screening for potentially treatable 
endocrine and neurologic conditions and identifying genetic 
conditions so that appropriate genetic counseling and, in 
some cases, treatment can be instituted. Much of the infor-
mation needed can be obtained from a careful medical his-
tory and physical examination, which should also address 
the potential complications of severe obesity (see Chapter 
26). In addition to a general medical history, a specific 

weight history should be taken establishing the age of onset 
and the presence of hyperphagia. A careful family history 
should be taken to identify potential consanguineous rela-
tionships, the presence of other family members with severe 
early-onset obesity, and the ethnic and geographic origin 
of family members. The history and examination can then 
guide the appropriate use of diagnostic tests (Fig. 28-1).

OBESITY ASSOCIATED WITH DEVELOPMENTAL 
DELAY

Prader-Willi Syndrome
Definition, Prevalence, Etiology, and Pathogenesis
Prader, Labhart, and Willi described the first patient with 
this syndrome in 1956. Prader-Willi syndrome (PWS) is the 
most common syndromal cause of human obesity, with an 
estimated prevalence of about 1 in 25,000 births and a pop-
ulation prevalence of 1 in 50,000.1 Prader-Willi syndrome 

K E Y  P O I N T S

 •  Genetic causes of obesity can be associated with other syndromic features or may be 
limited to obesity, often driven by hyperphagia.

 •  Mutations in MC4R are the most common cause of inherited early-onset severe obesity.
 •  Identification of a genetic cause of obesity can be useful for genetic counseling and may 

inform the optimal treatment options.
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is caused by deficiency of one or more paternally expressed 
imprinted transcripts within chromosome 15q11-q13, a 
region that includes SNURF-SNRPN and multiple small 
nucleolar RNAs (snoRNAs). The molecular pathophysiol-
ogy of PWS remains unclear, although several candidate 
genes in this region have been studied and their expression 
has been shown to be absent in postmortem brains of PWS 
patients.2 Balanced translocations that leave the SNURF-
SNRPN promoter and coding regions intact suggest that 
disruption of SNURF-SNRPN is less important, whereas 
microdeletions of the HBII-85 snoRNAs in children with 
PWS-like features provide strong evidence that deficiency 
of these noncoding RNAs plays a major role in the key 
characteristics of the PWS phenotype.3,4

One suggested mediator of the obesity phenotype in 
PWS patients is the enteric hormone ghrelin, which is 

implicated in the regulation of mealtime hunger in rodents 
and humans and is also a stimulator of growth hormone 
(GH) secretion via the growth-hormone– secretagogue 
receptor (GHS-R).5 Fasting plasma ghrelin levels are 4.5-
fold higher in PWS subjects than in equally obese con-
trols and patients with other obesity syndromes, and thus 
they may be implicated in the pathogenesis of hyperpha-
gia in these patients, although the mechanisms remain 
unclear.6,7

Clinical Features
Prader-Willi syndrome (PWS) is characterized by dimin-
ished fetal activity, hypotonia, mental retardation, short 
stature, hypogonadotropic hypogonadism, and obesity. 
The diagnostic criteria arrived at by a consensus group 
are based on a point system; 1 point each is allowed 
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Figure 28-1 A, Clinical response to leptin therapy in congenital leptin deficiency. B, Leptin therapy is associated with pulsatile gonadotropin secre-
tion at an appropriate developmental age in child A (11 years of age) compared with child B (5 years of age).
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for each of five major criteria, and one-half point each 
for seven minor criteria.8 A minimum of 8.5 points is 
considered necessary for the clinical diagnosis of PWS 
(Table 28-1).

In general, mild prenatal growth retardation occurs, 
with a mean birth weight of about 6 lb (2.8 kg) at term, 
hyporeflexia, and poor feeding in neonatal life due to 
diminished swallowing and sucking reflexes; infants 
often require assisted feeding for about 3 to 4 months. 
Feeding difficulties generally improve by 6 months of age. 
From 12 to 18 months onward, hyperphagia is a domi-
nant feature in PWS subjects and is often associated with 
pica behavior.

Children with PWS display diminished growth, 
reduced muscle mass, and increased fat mass; body 

composition abnormalities resemble those seen in GH 
deficiency.9 Diminished GH responses to various pro-
vocative agents, low insulin-like growth factor-1 levels, 
and the presence of additional evidence of hypothalamic 
dysfunction support the presence of true GH deficiency 
(GHD) in many children with PWS. Boys with PWS 
usually have hypoplastic external genitalia, including 
micropenis, whereas girls have hypoplastic labia minora. 
Adrenarche can occur early, but gonadal maturation 
usually is delayed or incomplete as the result of hypogo-
nadotropic hypogonadism.

Diagnosis
Loss of the paternal chromosomal segment 15q11.2-q12 
(usually de novo) is principally responsible for PWS. Such 
a loss can occur by either of two mechanisms: through 
deletion of the paternal “critical” segment (75%), or 
through loss of the entire paternal chromosome 15 with 
the presence of two maternal homologues (uniparental 
maternal disomy) in approximately 22% of patients. The 
opposite (i.e., maternal deletion or paternal uniparental 
disomy) causes another characteristic phenotype, Angel-
man syndrome. In rare instances, imprinting errors due 
to a sporadic or inherited microdeletion in the imprinting 
center (3% of patients) or a paternal imprinted transloca-
tion (<1%) is observed.10

Deletions account for 70% to 80% of cases, many 
of which can be visualized by standard prometaphase 
banding examination. A minority consist of unbal-
anced translocations, which are detected easily by rou-
tine chromosome examination. Remaining cases are the 
result of maternal uniparental disomy wherein cytoge-
netic examinations yield normal results. However, dis-
tinct differences in DNA methylation are noted at the 
D15S9 locus on 15q11-q13, according to the parent of 
origin; thus DNA methylation can be used as a reliable 
postnatal diagnostic tool in PWS patients with a normal 
karyotype.11

Treatment
Traditionally, the mainstay of management has centered 
on early institution of a low-calorie diet with regular exer-
cise, rigorous supervision, restriction of food and money, 
and appropriate psychological and behavioral counseling 
for the patient and family, often in the context of group 
homes for PWS adolescents and adults.12 Appetite sup-
pressants have not generally been beneficial in treating 
hyperphagia and obesity in these patients. In PWS children, 
therapy with GH significantly improves the rate of growth 
and final height. Long-term studies show that final height 
is in the average range for age, and GH is now licensed for 
use in PWS. GH treatment in PWS children also decreases 
body fat and increases muscle mass, fat oxidation, and 
energy expenditure.13 Physical strength and agility are also 
improved. These improvements are most dramatic during 
the first year of GH therapy, although prolonged treat-
ment does not completely normalize these parameters.14 
Although increases in fasting insulin and reduced glucose 
elimination rates have been seen during GH therapy, the 
development of glucose intolerance and diabetes melli-
tus does not appear to be a problem to date. Treatment 
with clomiphene citrate has been shown to raise plasma 

TABLE 28-1 Diagnostic Criteria for Prader-Willi 
Syndrome

Major Criteria

Neonatal and infantile hypotonia, with poor suck and subsequent 
improvement with age

Feeding problems with poor weight gain in infancy, needing 
gavage or other special feeding techniques

Weight gain (rapid onset 1 to 6 years of age) that leads to central 
obesity

Characteristic facial features, including narrow bifrontal diame-
ter, almond-shaped palpebral fissures, and turned-down mouth

Hypogonadism/hypogenitalism: genital hypoplasia (small labia 
minora and clitoris in females, and hypoplastic scrotum in 
males); incomplete and delayed puberty; and infertility

Developmental delay/mild to moderate mental retardation/mul-
tiple learning disabilities

Hyperphagia/obsession with food
Chromosome 15q11-q13 abnormality

Minor Criteria

Reduced fetal movement and infantile lethargy, which improves 
with age

Characteristic behavioral problems, including temper tantrums, 
obsessive-compulsive behavior, stubbornness, rigidity, stealing, 
and lying

Sleep disturbance or apnea
Short stature for family by 15 years of age
Hypopigmentation
Small hands and feet for height and age
Narrow hands with straight ulnar border
Eye abnormalities, including esotropia and myopia
Thick viscous saliva
Speech articulation defect
Skin picking
Additional features
High pain threshold
Decreased vomiting
Altered temperature sensitivity
Scoliosis and kyphosis
Early adrenarche
Osteoporosis
Unusual skill with jigsaws
Normal neuromuscular studies (e.g., muscle biopsy and electro-

myography)

Major criteria are weighed at one point each, and minor criteria 
at one-half point each. For children <3 years of age, 5 points is 
required for diagnosis, 4 of which must be major criteria. For indi-
viduals >3 years of age, 8 points is required for diagnosis, 5 of which 
must be major criteria. Supportive findings only increase or decrease 
the level of suspicion of the diagnosis.
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luteinizing hormone, testosterone, and urinary gonadotro-
pin levels to normal and to result in normal spermatogen-
esis and physical signs of puberty.15 The prescription of 
testosterone therapy for PWS males has been complicated 
by anecdotal reports of increased aggressive behavior.

Fragile X Syndrome
Definition, Prevalence, Etiology, and Pathogenesis
Fragile X syndrome is the most common cause of inherited 
mental retardation. Epidemiologic studies indicate that it 
is responsible for moderate to severe mental retardation 
in 1 in 4000 to 6000 males of European descent and is 
responsible for mild to moderate mental retardation in 
1 in 7000 to 10,000 females, with frequency of disease 
thought to be higher in some ethnic groups (e.g., Tuni-
sian Jews, African Americans). In affected families, there 
are often clinically normal, transmitting males whose 
daughters, who are also clinically normal, have a high 
risk of having clinically affected children.16 In 1991, the 
molecular cloning of the fragile X locus revealed unsta-
ble expansions of a CGG trinucleotide repeat, located in 
the FMR1 (fragile X mental retardation 1) gene, which 
led to transcriptional silencing. FMR1 encodes a specific 
RNA-binding protein, FMRP, which negatively regu-
lates local protein synthesis in neuronal dendrites. In its 
absence, the transcripts normally regulated by FMRP are 
overtranslated. The resulting overabundance of certain 
proteins results in reduced synaptic strength and synaptic 
plasticity.17

Clinical Features
Fragile X syndrome is characterized by moderate to 
severe mental retardation, macroorchidism, large ears, 
macrocephaly, prominent jaw (mandibular progna-
thism), and high-pitched jocular speech. In affected 
boys, delay in language acquisition and/or behavioral 
problems are often the presenting symptoms. A Prader-
Willi–like subphenotype of fragile X syndrome has been 
described in a subset of patients with extreme obesity 
with a full, round face; small, broad hands and feet; and 
regional skin hyperpigmentation.18 Unlike with Prader-
Willi syndrome, patients lack neonatal hypotonia and 
feeding problems during infancy followed by hyperpha-
gia during toddlerhood.

Diagnosis and Treatment
The discovery of the fragile X expansion mutation has 
produced efficient and reliable tools for diagnosis, genetic 
counseling, and prenatal diagnosis.19 Approaches used in 
the management of the behavioral disturbance of these 
children include the use of clonidine and anticonvulsants, 
especially carbamazepine and valproate, which may have 
behavior-modifying effects in addition to their antiseizure 
actions, and some forms of behavioral therapy.20

SIM1 Deficiency
Single-minded 1 (SIM1) is a basic helix-loop-helix tran-
scription factor involved in the development and function 
of the paraventricular nucleus of the hypothalamus. Obe-
sity has been reported in a patient with a balanced trans-
location disrupting SIM1,11 in patients with deletions of 

6q14-21 encompassing SIM1, and in patients with het-
erozygous loss of function SIM1 mutations.12 SIM1 vari-
ants with reduced activity co-segregate with obesity in 
extended family studies in a dominant manner with vari-
able penetrance. SIM1-deficient patients are hyperphagic 
with evidence of autonomic dysfunction (characterized 
by low systolic blood pressures) as seen in melanocor-
tin 4 receptor (MC4R) deficiency (described later in the 
chapter), which suggests that some aspects of the clini-
cal phenotype can be explained by altered melanocortin 
signaling. However, many SIM1 mutation carriers have 
speech and language delay and exhibit neurobehavioral 
abnormalities, including autistic-type behaviors. These 
features are not recognized features of MC4R deficiency 
but show some overlap with the behavioral phenotypes 
seen in Prader-Willi syndrome. As oxytocin is known to 
be involved in the modulation of emotion and social inter-
action, and oxytocin expression is reduced in mice lacking 
one copy of SIM1, impaired oxytocinergic signaling has 
been postulated as one possible mechanism underlying the 
behavioral phenotype seen in SIM1 deficiency.

Bardet-Biedl Syndrome
Definition, Prevalence, Etiology, and Pathogenesis
The earliest formal description of this syndrome was 
provided in 1920 by George Bardet, who described 
patients with polydactyly, retinitis pigmentosa, and 
obesity. In 1922, Artur Biedl, an Austrian professor of 
pathology and endocrinology, published a short inde-
pendent account of two siblings with “congenital defor-
mations (retinitis pigmentosa and polydactyly) and an 
intellectual torpidity.” Bardet-Biedl syndrome (BBS) is a 
rare (prevalence <1/100,000), genetically highly hetero-
geneous, autosomal recessive syndrome characterized by 
central obesity (in 75% of patients), mental retardation, 
dysphormic extremities (syndactyly, brachydactyly, or 
polydactyly), retinal dystrophy or pigmentary retinopa-
thy, hypogonadism or hypogenitalism (limited to male 
patients), and structural abnormalities of the kidney or 
functional renal impairment. Some overlap has been 
noted with the syndrome described by John Laurence 
(an ophthalmic surgeon) and his house surgeon Robert 
Moon in the late 1800s, which was characterized by ret-
inal pigmentary degeneration, mental retardation, and 
hypogonadism in conjunction with progressive spastic 
paraparesis and distal muscle weakness, but without 
polydactyly.23

Bardet-Biedl syndrome is a genetically heterogeneous 
disorder with mutations in at least sixteen genes reported 
to date.24-26 Although BBS is usually transmitted as a 
recessive disorder, some families have exhibited so-called 
“tri-allelic” inheritance, where the clinical manifestation 
of the syndrome requires two mutations in one BBS gene 
plus an additional mutation in a second, unlinked BBS 
gene.27 Recent studies strongly have demonstrated that 
most of the genes involved in BBS are involved in the 
structure and/or function of the basal body, a modified 
centriole that is essential for the function of nonmotile 
cilia,28,29 subcellular organelles whose importance for 
intercellular communication is becoming increasingly 
evident.30
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Diagnosis and Treatment
Currently, a diagnosis of BBS can often be made on clini-
cal grounds and confirmed by molecular genetic testing. 
Patients with BBS are managed best in specialist centers 
with access to a wide range of specialists with experi-
ence with the disorder. Ophthalmologic advice is crucial, 
although no established treatments prevent or alleviate 
the deterioration in vision. However, support can be 
given to prepare the patient for a life with low vision. 
Learning difficulties should be assessed early, if possible 
before visual impairment hampers potentially beneficial 
speech and language therapy. Accessory digits often are 
nonfunctional and are excised within the first year of life 
by orthopedic or plastic surgeons. Bony deformation in 
already wide feet can lead to ill-fitting shoes, and podiat-
ric advice and special fitting of shoes are important. No 
evidence suggests that testosterone therapy or growth 
hormone therapy is particularly beneficial.

Cohen Syndrome
In 1973, Cohen and colleagues observed three patients 
with a previously unrecognized pattern of abnormalities 
in association with truncal obesity.31 Cohen syndrome 
is one of the rare autosomal recessive disorders that are 
overrepresented in the Finnish population; it is character-
ized by nonprogressive mild to severe psychomotor retar-
dation, motor clumsiness, microcephaly, characteristic 
facial features, childhood hypotonia and joint laxity, pro-
gressive retinochoroidal dystrophy, myopia, intermittent 
isolated neutropenia, and a cheerful disposition.32 Spe-
cific facial features include high-arched or wave-shaped 
eyelids; long, thick eyelashes; thick eyebrows; prominent 
root of nose; short philtrum (which is unable to cover the 
prominent upper central incisors); small or absent lobuli 
of the ears; thick hair and low hairline; narrow hands and 
feet; and mild syndactylies (in 50% to 60%). Progressive, 
often high-grade myopia and retinochoroidal dystrophy 
resembling retinitis pigmentosa are essential features in 
Cohen syndrome.33 Vision starts to deteriorate early but 
generally is preserved until adulthood, and by 40 years 
of age, many patients are severely visually handicapped. 
Mutations in COH1 are found in some Finnish patients 
with Cohen syndrome.34 Although the functional proper-
ties of this protein are unclear, comparison with structur-
ally homologous proteins suggests a role in intracellular 
vesicle–mediated sorting and transport.

Albright’s Hereditary Osteodystrophy (AHO)
In 1942, Fuller Albright reported a syndrome of end-
organ hormone resistance often accompanied by a specific 
phenotype, including short stature, obesity, round facies, 
brachydactyly, ectopic soft-tissue ossification (osteoma 
cutis), and mild developmental delay that was found in 
approximately 75% of patients in some series.35 Albright’s 
hereditary osteodystrophy is an autosomal dominant 
disorder caused by germ line mutations in GNAS1 that 
decrease expression or function of the Gsα protein. Mater-
nal transmission of GNAS1 mutations leads to AHO plus 
resistance to several hormones (e.g., parathyroid hor-
mone) that activate Gs in their target tissues (pseudohypo-
parathyroidism type IA); paternal transmission leads only 

to the AHO phenotype (pseudopseudohypoparathyroid-
ism). Thus GNAS1 is imprinted in a tissue-specific man-
ner, being expressed primarily from the maternal allele in 
some tissues and biallelically expressed in most other tis-
sues; thus multihormone resistance occurs only when Gsα 
mutations are inherited maternally.35

At least 50% of patients with this syndrome are obese. 
Although some patients present with short stature, hypo-
calcemia, or another endocrine dysfunction, these features 
are not present in all patients. Investigation, diagnosis, 
and management of this syndrome are discussed more 
fully in Chapter 66.

BDNF and TRKB Deficiency
Chromosome 11p.12 deletions or point mutations that dis-
rupt brain-derived neurotrophic factor (BDNF) or its tyro-
sine kinase receptor tropomycin-related kinase B (TrkB)36,37 
are associated with severe hyperphagia and obesity, 
impaired short-term memory, hyperactivity, and moderate-
severe learning disability. Given the severe developmental 
phenotype of these patients, it is not surprising that muta-
tions seem to arise de novo and as such should be consid-
ered where both parents are of normal weight and IQ.

OBESITY WITHOUT DEVELOPMENTAL DELAY

Alstrom Syndrome
In 1959, Alstrom and colleagues38 reported patients with 
a disorder that bears some similarities to Bardet-Biedl 
syndrome (retinitis pigmentosa, deafness, obesity, diabe-
tes mellitus with recessive inheritance); however, classi-
cally, mental retardation, polydactyly, and hypogonadism 
are not features. In a large series of 22 Alstrom patients 
in the United Kingdom, all were suspected of having a 
severe visual defect in infancy, and severe photophobia 
and nystagmus were often reported by 4 months of age.39 
Early loss of central vision was seen (usually by 1 year 
of age) in contrast to loss of peripheral vision in other 
pigmentary retinopathies. Electroretinograms (ERGs) 
can be used to classify the severity and pattern of cone 
and rod involvement. It is now recognized that subsets of 
affected individuals present with additional features such 
as dilated cardiomyopathy (often diagnosed in infancy), 
hepatic dysfunction, renal dysfunction, hypothyroidism, 
male hypogonadism, short stature, and mild to moderate 
developmental delay.40

Although obesity is common in this syndrome, it is 
rarely severe. In contrast, insulin resistance is frequently 
severe, and once diabetes develops, it may be very difficult 
to control. Hypertriglyceridemia may be severe and may 
result in acute pancreatitis. Mutations in a single gene 
(ALMS1) have been found to be responsible for all cases 
of Alstrom syndrome thus far characterized.41 ALMS1 
is localized to the centrosome and the ciliary basal bod-
ies in vitro,42 consistent with a role in the structure of 
the basal body or in the transport of proteins between 
the cytoplasm and the ciliary axoneme. ALMS1-mutant 
mice exhibit a lack of sperm flagella, a modified ciliary 
structure, and defective rhodopsin transport through the 
connecting cilia of photoreceptor cells. Thus, like BBS, 
Alstrom syndrome can be considered a “ciliopathy.”
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Congenital Leptin Deficiency
Homozygous frameshift, nonsense, and missense muta-
tions in the gene encoding the adipocyte-derived hormone 
leptin (LEP) are associated with undetectable leptin levels 
in the serum of affected patients.43-46 All affected subjects 
show normal neurobehavioral development and have no 
dysmorphic features. Leptin-deficient subjects are of nor-
mal weight at birth but exhibit rapid weight gain in the first 
few months of life, resulting in severe obesity.47 Body com-
position measurements show that leptin deficiency is char-
acterized by the preferential deposition of fat mass, giving a 
distinct clinical appearance with excessive amounts of sub-
cutaneous fat over the trunk and limbs. Hyperinsulinemia 
consistent with the severity of obesity is observed, and 
some adults have developed type 2 diabetes in the third and 
fourth decades. All subjects in these families are character-
ized by intense hyperphagia with food-seeking behavior 
and aggressive behavior when food is denied,45 as well as 
an inability to discriminate between appetizing and bland 
foods.48 Although no changes in resting metabolic rate or 
total energy expenditure are detectable,45 abnormalities in 
sympathetic nerve function have been reported.49

Leptin deficiency is associated with hypothalamic 
hypothyroidism and hypogonadotropic hypogonad-
ism.45,49 However, some evidence for the delayed but 
spontaneous onset of menses has been found in leptin-
deficient adults.49 Children with leptin deficiency have 
impaired T cell number and function,45 consistent with 
high rates of childhood infection and a high reported rate 
of childhood mortality.49

Congenital leptin deficiency can be treated with daily 
subcutaneous injections of recombinant human leptin, 
leading to correction of all phenotypic abnormalities 
seen in these patients.45,50 Leptin administration reduces 
food intake45 and modulates the reward value of food, a 
response that is mediated by activation of striatal brain 
regions as measured by functional MRI.48 Administration 
of leptin permits the progression of appropriately timed 
pubertal development in children of appropriate age45 
and induces the development of secondary sexual char-
acteristics and pulsatile gonadotropin secretion in adults 
with leptin deficiency.50

Diagnosis and Treatment
Congenital leptin deficiency can be diagnosed on the basis 
of an undetectable serum leptin measurement, followed 
by genotyping of the LEP gene. Although this syndrome 
is rare, it is unique in being amenable to a specific form of 
hormone replacement therapy (see Fig. 28-1).45,50 Leptin 
therapy results in a dramatic improvement in hyperphagia 
and correction of thyroid and T cell dysfunction. Leptin 
also permits the onset of puberty at an appropriate devel-
opmental age.47

Leptin Receptor Deficiency
Up to 3% of patients with severe obesity have been found 
to harbor mutations in the leptin receptor gene that are 
associated with loss of function in vitro as measured by 
an inability to phosphorylate STAT3.52 Although hetero-
zygosity for LEP or LEPR mutations is associated with 
an increase in body weight,52,53 severe obesity requires 

the loss of two alleles as the result of homozygous or 
compound heterozygous mutations. Serum leptin levels 
are not elevated disproportionately in LEPR deficiency,52 
although particular mutations located near the trans-
membrane domain can result in a truncated extracellular 
domain that may act as a false binding protein, resulting 
in abnormally elevated leptin levels.54,55 The clinical phe-
notype of congenital leptin receptor deficiency is similar to 
that of leptin deficiency, with hyperphagia, severe early-
onset obesity, hypogonadism, and frequent infections.52

POMC Deficiency
Leptin activates hypothalamic neurons expressing pro-
opiomelanocortin (POMC), and this action is function-
ally important for leptin’s action on appetite and body 
weight.56 In 1998, Krude and colleagues reported two 
unrelated obese German children who were homozygous 
or compound heterozygous for mutations in POMC; sub-
sequently, several other children have been reported.58,59 
Initial presentation occurs in neonatal life with adrenal cri-
sis due to adrenocorticotropic hormone (ACTH) deficiency 
(POMC is a precursor of ACTH in the pituitary gland), 
and children require lifelong glucocorticoid replacement. 
Children have pale skin and red hair caused by the lack of 
melanocyte-stimulating hormone (MSH) action at melano-
cortin 1 receptors in the skin and hair follicles, although 
hypopigmentation may be less obvious in children from 
different ethnic backgrounds.59 POMC deficiency leads 
to hyperphagia and early-onset obesity, caused by loss of 
melanocortin signaling at the MC4R. Although, as yet, 
no specific treatment is available, selective small-molecule 
MC4R agonists are being developed, and it is likely that 
these children would be highly responsive to such agents. It 
is notable that a high prevalence of overweight/obesity has 
been observed in the heterozygous relatives of children with 
complete POMC deficiency,58,59 suggesting that heterozy-
gous point mutations that disrupt the POMC-derived mela-
nocortin peptides (alpha- and beta-melanocyte–stimulating 
hormones) are likely to contribute to inherited obesity.60-62

Prohormone Convertase I Deficiency
Compound heterozygous or homozygous mutations in 
the prohormone convertase gene have been described.63-65 
PCSK1 encodes an enzyme, prohormone convertase 1, 
which is involved in the posttranslational processing of 
multiple prohormones. A prominent clinical feature is 
severe small-intestinal absorptive dysfunction in neonatal 
life (often requiring parenteral nutrition), which is likely 
to be attributable to impaired prohormone processing 
within the enteroendocrine cells and nerves that express 
PCSK1 throughout the gut.64 Postprandial hypoglycemia 
due to impaired processing of proinsulin to mature insu-
lin is a key clinical feature and serves as the basis for a 
convenient diagnostic test, as elevated plasma levels of 
proinsulin and 32/33 split proinsulin in the context of low 
levels of mature insulin are found in patients.64 Hypo-
gonadotropic hypogonadism due to impaired processing 
of preprogonadotropin-releasing hormone contributes to 
infertility, and impaired processing of POMC contributes 
to hyperphagic severe early-onset obesity. Central diabe-
tes insipidus is also a feature in some patients.
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Melanocortin 4 Receptor Deficiency
Mutations in MC4R have been reported in up to 2% 
to 5% of patients with severe early-onset obesity66 and 
are found at a frequency of approximately 1 in 1000 
in the general U.K. population,67 making this the most 
common highly penetrant genetic obesity syndrome.68 
Given the large number of potential influences on body 
weight, perhaps it is not surprising that both genetic and 
environmental modifiers will have important effects in 
some pedigrees. When all of these observations are con-
sidered, codominance, with modulation of expressivity 
and penetrance of the phenotype, is the most appropri-
ate descriptor for the mode of inheritance.69

Affected subjects exhibit hyperphagia; this is not as 
severe as that seen in leptin deficiency, although it often 
starts in the first few years of life. Of particular note is the 
finding that the severity of receptor dysfunction seen in 
in vitro assays can predict the amount of food ingested at 
a test meal by the subject who is harboring that particular 
mutation.66 An elevated respiratory quotient (ratio of car-
bohydrate to fat oxidation) in MC4R deficiency is consis-
tent with an impaired ability to mobilize fat, as has been 
seen in MC4R knockout mice.70 Alongside the increase in 
fat mass, MC4R-deficient subjects also have an increase 
in lean mass that is not seen in leptin deficiency and a 
marked increase in bone mineral density. Linear growth 
of these subjects is striking, with affected children hav-
ing a height standard deviation score (SDS) of +2 com-
pared with population standards, and adults having an 
increased final height when compared with equally obese 
adults with a normal MC4R genotype. MC4R-deficient 
subjects also have higher levels of fasting insulin than 
age- and BMI SDS-matched children.71 Reduced sympa-
thetic nervous system activity in MC4R-deficient patients 
is likely to explain the lower prevalence of hypertension 
and lower systolic and diastolic blood pressures seen in 
adults.72 Studies in these patients and in obese volunteers 
treated with melanocortin receptor agonists indicate that 
central melanocortin signaling plays an important role 
in the regulation of blood pressure and its coupling to 
changes in weight.

Diagnosis and Treatment
MC4R sequencing is now part of the routine assessment of 
the severely obese child. Several studies have now shown 
that adolescents and adults with heterozygous MC4R 
mutations do respond to Roux-en-Y bypass surgery.73 
It is plausible that these patients would respond well to 
pharmacotherapy that overcomes the reduction in hypo-
thalamic-melanocortinergic tone. Because most patients 
are heterozygotes with one functional allele intact, it is 
possible that small-molecule MC4R agonists might, in the 
future, be excellent candidate drugs for this disorder.

SH2B1 Deficiency
Severe obesity without developmental delay is associated 
with a significantly increased burden of rare, typically 
singleton copy number variants (deletions/duplications).
Deletion of a 220-kb segment of 16p11.2 is associated 
with highly penetrant familial severe early-onset obesity 

and severe insulin resistance.74 This deletion includes a 
small number of genes, one of which is SH2B1, known to 
be involved in leptin and insulin signaling. These patients 
gain weight in the first years of life, with hyperphagia and 
fasting plasma insulin levels that are disproportionately 
elevated compared to age- and obesity-matched controls. 
Several mutations in the SH2B1 gene have also been 
reported in association with early-onset obesity, severe 
insulin resistance, and behavioral abnormalities including 
aggression.75

KSR2 Deficiency
To date, most of the genetic obesity syndromes are char-
acterized by hyperphagia as the major driver of the obe-
sity. We recently identified multiple mutations in the gene 
encoding KSR2 (Kinase Suppressor of Ras2). KSR2 muta-
tions did not segregate in a Mendelian manner, and other 
genetic and environmental factors are likely to contribute 
to the phenotypes seen. In addition to increased food-
seeking behavior in childhood, basal metabolic rate (BMR) 
was significantly less than predicted BMR in mutation car-
riers76 in the presence of normal thyroid function. Clinical 
reports suggested that some KSR2 mutation carriers expe-
rienced marked weight loss in childhood when prescribed 
the antidiabetic drug metformin (for severe insulin resis-
tance). The reduced basal level of fatty acid oxidation seen 
with the KSR2 mutations was completely rescued in all 
cases by the addition of metformin in cells. Further work 
will be needed to see if these observations can be replicated 
in formal experimental clinical studies and to investigate 
the cellular mechanisms underlying these effects.

SUMMARY
The past decade has seen our understanding of the com-
plexity and heterogeneity of inherited syndromes of obe-
sity grow at a rapid pace. These discoveries have had an 
important, clinically relevant impact on the assessment, 
diagnosis, and management of severely obese patients. 
First, the genes that underlie most of the pleiotropic 
developmental obesity syndromes have now been identi-
fied allowing for genetic counseling. Second, as exempli-
fied by melanocortin 4 receptor deficiency, we now know 
that apparently severe obesity in the absence of develop-
mental delay can be caused by specific genetic defects that 
predominantly influence the control of appetite. With 
this realization, we should not assume that severe obe-
sity, particularly when it commences during childhood, 
has simple and readily remediable environmental causes. 
Finally, as exemplified by congenital leptin deficiency, 
knowledge of the specific molecular mechanisms affected 
by these genetic disorders may lead to better mechanism-
directed interventions in the future.
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Anorexia Nervosa, Bulimia 
Nervosa, and Other Eating 
Disorders
Irina Kowalska, Monika Karczewska-Kupczewska, Marek Strączkowski, and Robert T. Rubin

“A young woman thus afflicted, her clothes scarcely hanging together on 
her anatomy, her pulse slow and slack, her temperature two degrees below 
the normal mean, her bowels closed, her hair like that of a corpse—dry and 
lustreless, her face and limbs ashy and cold, her hollow eyes the only vivid 
thing about her—this wan creature whose daily food might lie on a crown 
piece, will be busy with mother’s meetings, with little sister’s frocks, with 
university extension and with what you please else of unselfish effort, yet on 
what funds God only knows.”1
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K E Y  P O I N T S

 •  Anorexia nervosa is a serious psychiatric disorder that commonly begins during 
adolescence or young adulthood and leads to multiple endocrine and metabolic 
complications.

 •  The three cardinal diagnostic criteria for anorexia nervosa include: restriction of energy 
intake that leads to significantly low body weight; persistent fear of becoming fat or 
demonstration of behavior that interferes with gaining weight; and disturbed perception 
of body weight.

 •  The main diagnostic criteria for bulimia nervosa include: recurrent episodes of binge 
eating with an inappropriate compensatory behavior to prevent weight gain that 
occur at least once a week for 3 months, and the persistence of those disturbances not 
exclusively during episodes of anorexia nervosa.
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Anorexia nervosa (AN) and bulimia nervosa (BN) are 
eating disorders that have been recognized for hundreds 
of years, yet their etiologies remain poorly understood.2-9 
Both illnesses carry significant physical and psychologi-
cal morbidity, and in the case of AN, death can occur in 
severe, untreated cases. Early recognition and aggressive 
treatment thus are particularly important. Because the 
physical manifestations of these illnesses are so promi-
nent, most patients have their first encounters with non-
psychiatric physicians. Lengthy diagnostic workups for 
underlying physical illness may be conducted, and a psy-
chiatric disturbance may be considered only when the 
results of the workup do not fit a known physical illness. 
The careful application of psychiatric diagnostic criteria 
for AN and BN permits these illnesses to be suspected 
early in the medical workup and facilitates referral to 
the psychiatric specialist in a manner acceptable to the 
patient and family.

HISTORY AND EPIDEMIOLOGY
AN and BN are diseases primarily of adolescent girls; 
approximately 95% of AN cases are female.10 Although 
there is documentary evidence of AN occurring in the 
Middle Ages, the first medical accounts appeared in the 
17th century as A Discourse upon Prodigious Abstinence 
by John Reynolds in 1669 and Phthisiologia; or, a Trea-
tise of Consumptions by Richard Morton in 1689.3,11,12 
AN as a modern clinical entity derives from publica-
tions in 1873 by Charles Lasègue and William Gull, who 
referred to the illness as hysterical anorexia,13,14 and 
Gull’s publication in 1874 entitled Anorexia Nervosa.15 
Bliss and Branch3 commented, “It is revealing to note the 
extraordinary differences in the description of the same 
condition by the two men. While Gull’s comments were 
as direct and precise as a pathologic report, Lasègue con-
veyed a sense of the spirit and feeling of these people, the 
nuances of their disturbed relationships, and the subtle-
ties of their intrapsychic turmoil” (p. 14). The early 20th-
century history of AN primarily involves its distinction 
from physical illnesses such as Simmonds’ cachexia.16

Although binge eating (bulimia) has long been recog-
nized as part of the symptomatology of AN, BN as a dis-
tinct syndrome was first proposed by Russell in 1979.17 
He elaborated two criteria for BN: an irresistible urge to 
overeat followed by self-induced vomiting or purging, 
and a morbid fear of becoming fat. In common with AN, 

such patients kept their body weight somewhat below 
normal but not to the same extent as AN patients. They 
also tended not to develop amenorrhea and were more 
active sexually. Russell considered BN to be an “ominous 
variant” of AN, in that comorbid depressive symptoms 
were often severe and distressing, leading to a high risk 
for suicide.

In the 1990s, there were opposing views about 
whether to treat binge eating disorder (BED) as a sepa-
rate entity. Since 1994, BED became a provisional eat-
ing-disorder diagnosis and was included in the appendix 
of the fourth edition text revision of the Diagnostic and 
Statistical Manual of Mental Disorders (DSM-IV-TR).18 
In the Diagnostic and Statistical Manual of Mental Dis-
orders, Fifth Edition (DSM-5) published in 2013, BED 
was recognized as a separate category of eating disorders 
with proposed diagnostic criteria.19 In common with BN, 
patients with BED experience recurrent episodes of binge 
eating; however the compensatory behavior (e.g., purg-
ing) is absent in BED. The other differences between BED 
and BN include age of onset, gender (males are affected 
more frequently than in BN), association with obesity 
(BED occurs in overweight and obese individuals), and 
psychiatric comorbidities. Family and twin studies sug-
gest a genetic background of BED.20

Eating disorders are relatively rare in the general popu-
lation. However, the seriousness of medical complications 
and the impact of these disorders on the affected indi-
viduals’ quality of life and that of their families, warrant 
recognition and careful evaluation. Additionally, patients 
with eating disorders very often deny their illness, which 
can influence the results of epidemiological studies. The 
reported incidence of AN has varied between about 0.5 
and 15 cases per 100,000 population per year.21-23 The 
large variation is related to the diagnostic criteria used, 
the methods of case ascertainment, and the population 
studied (e.g., clinic versus community). In a British study 
concerning the incidence of eating disorders in primary 
care, the age-standardized annual incidence of eating dis-
orders increased from 32.3 in 2000 to 37.2 in 2009.24 
The incidence of AN remained stable during the observa-
tion period.24 The observed increase was mainly related 
to the higher incidence of eating disorder not otherwise 
specified (EDNOS) in the last third of the decade.24 While 
the overall incidence of AN is considered to be stable, the 
trend toward higher incidence is observed among young 
girls from 15 to 19 years of age.24,25 The prevalence of AN 

 •  Abnormal endocrine profiles and responses to challenges observed in anorexic patients 
are the consequences of prolonged starvation and malnutrition and revert to normal 
after weight recovery.

 •  Osteopenia and osteoporosis are recognized as serious complications of anorexia 
nervosa that are not completely reversible after nutritional rehabilitation and could 
have an impact on patients later in life.

 •  Multiple changes in neuropeptides, adipocytokines, and gastrointestinal hormones are 
connected with disturbed perception of hunger and satiety, abnormal eating behavior, 
energy homeostasis, and psychopathologic features in anorexic and bulimic patients.

  

K E Y  P O I N T S — c o n t ’ d
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ranges from 0.5% to 1.0% among females, with males 
being affected about one tenth as frequently, although 
the prevalence has been considerably higher in some 
studies.22,23 A population-based study conducted in six 
European countries showed a lifetime prevalence of AN 
in adult female patients of 0.9%.26 A meta-analysis of 42 
studies revealed the crude mortality rate in AN (due to all 
causes of death) to be 5.9%, which is substantially greater 
than that for female inpatients and for the general popu-
lation.27 In two more recent studies, standardized mortal-
ity ratios for patients with AN of 5.9% (meta-analysis of 
36 studies) 28 and 6.2% (retrospective cohort studies)29 
were reported. One in five individuals with AN who died 
had committed suicide.28 Although there is agreement of 
higher premature mortality rate in AN, it is still unknown 
which factors predict higher mortality. Previous findings 
pointed out older age at hospital admission, history of 
attempted suicide, longer duration of the disease, psychi-
atric comorbidity, and desire for lower weight at admis-
sion as the factors influencing mortality.29,30 A recent 
study shed additional light on the predictors of mortality 
in AN.31 This longitudinal observation (a median total 
follow-up time of 20 years) revealed that apart from the 
long duration of the disease, substance abuse, low body 
mass index (BMI), and poor social adjustment raise the 
risk for mortality in AN.31

The prevalence of BN varies between 2% and 
4%.22,23,32,33 In the quoted meta-analysis of 36 studies, 
a standardized mortality ratio for BN was 1.9%.28 Both 
AN and BN, as well as subsyndromal anorexia and buli-
mia, are far more common in certain groups of young 
women, notably athletes and ballet dancers, where occu-
pational demands place a premium on thinness. Primary 
and secondary amenorrheas in these individuals are 
extraordinarily common. Overweight and obesity are 
common comorbidities of BED, which has an estimated 
prevalence rate between 0.7% and 3%.34

Since the 1980s, large-scale twin and family studies 
have suggested that eating disorders are familial.35,36 
There is cross-transmission between AN and BN, and 
they appear to share a common vulnerability, but the 
transmissible elements remain elusive. Twin and family 
studies suggest that major depressive disorder and sub-
stance dependence most likely do not share a common 
etiology with the eating disorders. The genetic contribu-
tion is likely predisposing rather than determining, in that 
sociocultural circumstances, as well as personal psycho-
logical stressors, are risk factors.37,38 The risk for devel-
oping AN is higher in female twins than in male twins, 
but male members of opposite-sex pairs have almost the 
same risk as female twins.39 This suggests that an intra-
uterine factor, such as sex steroid hormones, also influ-
ences the development of AN.

DIAGNOSIS
The DSM-5 provides the current clinical criteria for AN 
(Table 29-1), BN (Table 29-2) and BED. In addition, the 
new DSM-5 classification includes the clinical criteria for 
pica, rumination, and avoidant/restrictive food intake 
disorder (listed in the DSM-IV in “Disorders Usually 

First Diagnosed in Infancy, Childhood and Adolescence,” 
a category that no longer exists in the DSM-5) and places 
elimination disorder (also listed in DSM-IV in “Disorders 
Usually First Diagnosed in Infancy, Childhood and Ado-
lescence”) as a new independent classification outside the 
feeding and eating disorders. In addition, brief descrip-
tions and preliminary diagnostic criteria are provided for 
several conditions connected with disturbances in eating 
behavior under “Other Specified Feeding and Eating Dis-
orders.”19 This category includes atypical AN, BN of low 
frequency and/or limited duration, BED of low frequency 
and/or limited duration, purging disorder, and night eat-
ing syndrome.19 The main intention of introducing the 
new classification for Feeding and Eating Disorders and 
providing the diagnostic criteria was to minimize the 
diagnosis of EDNOS and facilitate clinical diagnosis.

The DSM-5 criteria for AN, BN, and BED highlight 
the many identifiable behavioral and psychological 
aspects of these illnesses.40 If the patient and family are 
queried about these aspects, considerable information 
pointing toward the diagnosis can be gleaned, psychiat-
ric consultation can be considered early in the diagnostic 

TABLE 29-1 DSM-5 Diagnostic Criteria  
for Anorexia Nervosa

A.  Restriction of energy intake relative to requirements, leading 
to a significantly low body weight in the context of age, sex, 
developmental trajectory, and physical health. Significantly low 
weight is defined as weight that is less than minimally normal 
or, for children and adolescents, less than that minimally 
expected.

B.  Intense fear of gaining weight or of becoming fat, or persistent 
behavior that interferes with weight gain, even though at a 
significant low weight.

C.  Disturbance in the way in which one’s body weight or shape is 
experienced, undue influence of body weight or shape on self-
evaluation, or persistent lack of recognition of the seriousness 
of the current low body weight.

Restricting type: During the last 3 months, the individual has 
not engaged in recurrent episodes of binge-eating or purging 
behavior (i.e., self-induced vomiting or the misuse of laxatives, 
diuretics, or enemas). This subtype describes presentations in 
which weight loss is accompanied primarily through dieting, 
fasting, and/or excessive exercise.

Binge-eating/purging type: During the last 3 months, the individu-
al has engaged in recurrent episodes of binge-eating or purging 
behavior (i.e., self-induced vomiting or the misuse of laxatives, 
diuretics, or enemas).

Current Severity

The minimum level of severity is based, for adults, on current 
body mass index (BMI) or, for children and adolescents, on 
BMI percentile. The ranges below are derived from World 
Health Organization categories of thinness in adults; for chil-
dren and adolescents, corresponding BMI percentiles should be 
used. The level of severity may be increased to reflect clinical 
symptoms, the degree of functional disability, and the need for 
supervision.

Mild: BMI ≥17kg/m2

Moderate: BMI ≥16-16.99 kg/m2

Severe: BMI ≥15-15.99 kg/m2

Extreme: BMI <15 kg/m2

Reprinted with permission from the Diagnostic and statistical manual 
of mental disorders, 5th edition. Arlington, VA: American Psychiatric 
Association, 2013.



50129 ANOREXIA NERVOSA, BULIMIA NERVOSA, AND OTHER EATING DISORDERS

process, and specialized and expensive laboratory testing 
often can be avoided.

The main difference in the new criteria for AN listed 
in the DSM-5 is deletion of the DSM-IV Criterion D 
requiring amenorrhea for AN diagnosis. The rationale 
for this is that this criterion cannot be applied for males, 
premenarchal females, females taking contraceptives, and 
postmenopausal women.19 There is also some change 
to Criterion A: “Refusal to maintain body weight” is 
replaced by “restriction of energy intake relative to 
requirements, leading to significantly low body weight.”19 
According to the DSM-5, three cardinal features must be 
present to diagnose AN: restriction of energy intake that 
leads to significantly low body weight (Criterion A), per-
sistent fear of becoming fat or behavior that interferes 
with gaining weight (Criterion B), and disturbed percep-
tion of body weight (Criterion C) (see Table 29-1). As 
illustrated in Figure 29-1, the cachexia can be severe, 
and, as mentioned, self-starvation can lead to death. If 
the onset is in childhood or early adolescence, there may 
be a failure to make the expected weight gain during the 
active growth phase. The restriction of energy intake that 
prevents weight gain or maintains body weight is rooted 
psychologically in the second criterion, an intense fear 
of gaining weight or of becoming fat, even though the 
patient is underweight. There is a subjective distortion of 
body image such that the emaciated individual appears 

to herself to be either at an acceptable weight or even 
fat. Indeed, initiation of treatment by insisting on the 
patient’s eating can lead to purging behavior that did not 
occur prior to treatment. How inflexible a given patient 
may be in refusing to gain weight, however, can vary 
considerably.41

A corollary of this is the third criterion, disturbance of 
the experience of one’s body weight or shape (e.g., undue 
influence of body weight or shape on self-evaluation/
self-esteem and/or denial of the seriousness of the weight 
loss), even though there may be clear adverse physical 
sequelae, for example, secondary amenorrhea. For the 
endocrinologist, questions that should be asked of the 
patient and family to address these psychological and 
behavioral aspects of AN include the following (adapted 
from the Structured Clinical Interview for DSM-IV Axis 
I Disorders):42

  
How much do you weigh now?
How tall are you?
What foods do you eat?
Why do you limit yourself to those foods?
Do you feel you are fat now?
Are you concerned that you might become fat if you 

ate more?
Do you weigh less than other people think you should 

weigh?
Do you need to be very thin in order to feel good about 

yourself?
Has anyone told you it can be dangerous to be as thin 

as you are?

TABLE 29-2 DSM-5 Diagnostic Criteria for 
Bulimia Nervosa

A.  Recurrent episodes of binge eating. An episode of binge eating 
is characterized by both of the following:
1.  Eating, in a discrete period of time (e.g., within any 2-hour 

period), an amount of food that is definitely larger than 
most people would eat during a similar period of time and 
under similar circumstances.

2.  A sense of lack of control over eating during the episode 
(e.g., a feeling that one cannot stop eating or control what 
or how much one is eating).

B.  Recurrent inappropriate compensatory behavior in order to 
prevent weight gain, such as self-induced vomiting; misuse of 
laxatives, diuretics, enemas, or other medications; fasting; or 
excessive exercise.

C.  The binge eating and inappropriate compensatory behaviors 
both occur, on average, at least once a week for 3 months.

D.  Self-evaluation is unduly influenced by body shape and weight.
E.  The disturbance does not occur exclusively during episodes of 

anorexia nervosa.

Current Severity

The minimum level of severity is based on the frequency of inap-
propriate compensatory behaviors (see below). The level of 
severity may be increased to reflect other symptoms and the 
degree of functional disability.

Mild: An average of 1-3 episodes of inappropriate compensatory 
behaviors per week.

Moderate: An average of 4-7 episodes of inappropriate compen-
satory behaviors per week.

Severe: An average of 8-13 episodes of inappropriate compensa-
tory behaviors per week.

Extreme: An average of 14 episodes of inappropriate compensa-
tory behaviors per week.

Reprinted with permission from the Diagnostic and statistical manual 
of mental disorders, 5th edition. Arlington, VA: American Psychiatric 
Association, 2013.

Figure 29-1 Extreme cachexia in an anorexia nervosa patient. (From 
Bliss EL, Branch CHH: Anorexia nervosa: its history, psychology, and 
biology. New York: Paul B. Hoeber, 1960.)
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What kinds of things do you do to keep from gaining 
weight?

Have you ever made yourself vomit or take laxatives, 
enemas, or water pills? How often?

How much do you exercise?
Before now, were you having periods? Were they regu-

lar? When did they stop?
  

For BN, the distinguishing features are uncontrol-
lable binge eating of a definitely larger-than-normal 
amount of food (Criterion A) that is clearly repetitive 
(Criterion C). In the DSM-5 criteria for BN, the fre-
quency of binge eating and the compensatory behavior 
in BN has been reduced from at least twice a week for 
3 months to once weekly.19 Here too, ones sense of self 
is unduly influenced by weight and body shape (Crite-
rion D). Compensatory behaviors such as self-induced 
vomiting, purging, fasting between binges, and exercise 
are invoked to prevent weight gain (Criterion B). The 
frequency and chronicity of the bingeing, and espe-
cially the compensatory behaviors, help distinguish BN 
from overeating in general. And because binge eating 
and purging can occur as part of AN as a subtype, a 
Criterion E for BN is that it does not occur exclusively 
during episodes of AN. Recent findings support the lon-
gitudinal distinction between AN and BN, but they may 
not support the AN subtyping schema.43,44 BED also 
is being distinguished from BN18,19,45 because obesity 
rather than inanition often results, and the endocrino-
logic and other metabolic changes are different from 
those of AN and BN.

For the endocrinologist, questions that should be 
asked of the patient and family to address the criteria for 
BN include the following (adapted from the Structured 
Clinical Interview for DSM-IV Axis I Disorders):42

  
Do you have times when your eating gets out of con-

trol? Tell me about these times.
During these times, do you often eat within a 2-hour 

period what most people would regard as an unusual 
amount of food?

Can you give me an example of the kinds and amounts 
of food that you might eat during one of these times?

How often do these times occur?
Do you do anything to counteract the effects of eating 

that much—like making yourself vomit; taking laxa-
tives, enemas, or water pills; strict fasting between 
periods of eating a lot of food; or exercising a lot?

How important is your body shape and size in how 
you feel about yourself?

  
These questions and those regarding AN should be 

phrased in a way that is comfortable to both the health 
care professional and the patient. The patient should 
also be asked if this is the first time these behaviors have 
occurred or if there have been past episodes; in the case 
of the latter, a careful history taking about each episode, 
its severity and duration, and treatments and their success 
should be done. This information may yield important 
clues as to how to approach the patient therapeutically 
during the current episode.

Comorbid symptoms of depression and anxiety occur 
with some frequency in both AN and BN and should 
be assessed, because their persistence during treatment 
may portend poorer outcomes.46-52 Symptoms of depres-
sion and anxiety are exaggerated by malnutrition and 
improved with nutrition. AN patients with obsessive-
compulsive disorder (OCD) tend to have an obsessional 
need for symmetry/exactness and compulsions toward 
ordering and arranging.53 Mild to moderate negative 
mood states and obsessive symptoms can persist after 
recovery in both anorexic and bulimic individuals,54,55 
suggesting that these traits may contribute to the patho-
genesis of eating disorders.56 As well, comorbid impulse 
control disorders (ICD), the most common being compul-
sive buying disorder and kleptomania, occur more fre-
quently in individuals with binge eating subtypes and are 
associated with greater use of laxatives, diuretics, appe-
tite suppressants, and fasting.57

There also is a high incidence of comorbid OCD in 
anorexic and bulimic women and their families, as well 
as increased rates of AN and BN in persons with primary 
OCD. It may be that the core eating disorder symptoms 
(e.g., fear of fatness, pursuit of thinness) are a specific 
type of obsession. Symmetry, ordering, and perfection-
ism are the most common target symptoms in women 
with AN and BN and often persist after recovery. Leck-
man and others58 delineated four symptom dimensions 
of OCD, one of which was symmetry and ordering; these 
occurred most commonly in men. OCD in men and eat-
ing disorders in women may be gender-specific expres-
sions of a common psychobiology related to obsessions 
with symmetry and ordering compulsions.

A recent systematic review of eight studies has demon-
strated that the prevalence of autism spectrum disorders 
is significantly higher in populations with eating disor-
ders compared with those in healthy controls.59 It has 
been reported that these disorders affect about 20% of 
patients with AN. Additionally, patients with attention-
deficit hyperactivity disorder may present with symptoms 
of eating disorders.60

GENETICS
Eating disorders in both women and men are familial, 
as shown by both family and twin studies.61-66 The heri-
tability of both AN and BN has been estimated between 
33% and 84%.67 Recent findings corroborate previous 
research implicating the transition from early to mid-ado-
lescence as a critical time for the emergence of a genetic 
diathesis for disordered eating.68 Studies of the genetics of 
AN and BN have been primarily by linkage analysis and 
association studies. In linkage analysis, correlations are 
determined between the occurrence of a disease in fami-
lies and the inheritance of specific chromosomal regions 
in those families. In association studies, nucleotide poly-
morphisms are searched for in specific candidate genes 
suggested by chromosomal linkage studies and/or the 
known functions of the gene product.

Linkage studies in AN and BN families have suggested 
susceptibility genes on several chromosomes, but the 
strength of the associations has depended on the diagnostic 
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stringency of the cases. For example, in 192 families with 
at least one affected relative pair with AN, BN, and related 
eating disorders, modest linkage was found with a marker 
on chromosome 4.69 However, when the analysis was 
restricted to 37 families in which at least two relatives 
had a diagnosis of the restricting subtype of AN (without 
bingeing and purging), there was a much stronger linkage 
to a marker on chromosome 1p. With reference to specific 
behavioral traits, two variables were identified in a sample 
of 196 families with an AN proband: drive for thinness 
and obsessionality.70 When these variables were incorpo-
rated into a linkage analysis, there again was highly sig-
nificant linkage to a region on chromosome 1, as well as 
linkages of lesser significance to regions on chromosomes 
2 and 13. In contrast, linkage analysis of 308 families with 
a BN proband yielded a high linkage score to chromo-
some 10.71 In a subset of 133 families in which two or 
more BN members reported self-induced vomiting, an 
even higher linkage was found to a region on chromosome 
10p. Another region on chromosome 14q was suggestive 
of linkage. These studies can serve to suggest specific chro-
mosomal regions for association studies.

Gene association studies performed in AN have so far 
produced only a few replicable observations. These candi-
date gene studies have targeted neurotransmitter systems 
(opioid, serotonergic, dopaminergic receptors), brain-
derived neurotrophic factor (BDNF), genes controlling 
hormones and proteins related to food intake or energy 
metabolism such as the uncoupling proteins UCP-2 and 
UCP-3, fat tissue obesity gene (FTO), pro-opiomelanocor-
tin (POMC), the melanocortin-4 receptor (MC4R), leptin, 
ghrelin, agouti-related protein (AgRP), neuropeptide Y 
(NPY), cholecystokinin (CCK), the β3-adrenergic recep-
tor, estrogen receptors, and tumor necrosis factor. How-
ever, for the majority of the studied genes, the results have 
been inconsistent.72,73 Promising data have been obtained 
for BDNF, delta 1 opioid receptor (OPDR1), and AgRP.72 
The OPDR1 gene is responsible for mediating the hedonic 
component of feeding, and disruption of the signal could 
contribute to AN.73 An important set of studies regards the 
potential role of BDNF gene variation in AN. BDNF regu-
lates neuronal plasticity and plays a role in the neuronal 
survival. Animal studies showed that BDNF has metabolic 
properties, influences food intake, and is connected with 
physical activity. Moreover, Val66Met polymorphism of 
the BDNF gene has been studied in psychiatric disorders. 
All these data indicate its possible role in triggering and/or 
maintaining AN by influencing eating behavior, metabolic 
disturbances, and psychiatric traits of the disorder. Previ-
ous data demonstrated the association between Val66Met 
polymorphism of the BDNF gene with AN in family-based 
studies from eight European countries.74 It has also been 
demonstrated that blood BDNF levels are modulated by 
BDNF gene variation.75 However, a recent meta-analysis 
of Val66Met polymorphism of the BDNF gene revealed 
no association with AN.76

Intriguing data about variation in the epoxide hydro-
lase 2 (EPHX2) gene and its possible role in anorexics have 
been suggested.77 EPHX2 codes for an enzyme known to 
regulate cholesterol metabolism, and, although it is not 
known how EPHX2 variants influence the susceptibility 

to AN, high blood cholesterol concentration is observed 
in AN patients despite emaciation. These findings sug-
gest that altered cholesterol metabolism might increase 
the susceptibility to AN, but further studies are needed to 
confirm this hypothesis.

One published study demonstrated the results of the 
genome-wide association study (GWAS) in AN, but due 
to relatively small statistical power, no conclusion about 
common gene variation was made.78

Thus, although the familial clustering of both AN and 
BN is clear, there is no clear evidence that single nucleotide 
polymorphisms in any of the aforementioned genes are 
closely related to either of these eating disorders. Recent 
findings and wider availability of the new techniques of 
molecular biology open a new area of investigation to 
elucidate the genetic background of eating disorders.

GENERAL PHYSICAL AND LABORATORY FINDINGS
The general physical and laboratory findings of AN 
and BN are presented in Tables 29-3 and 29-4, respec-
tively.79,80 Metabolic changes and medical complications 
occur secondary to chronic starvation and malnutrition 
and to bingeing and purging.7,80-82 Malnutrition-associ-
ated disturbances as severe as pulmonary bronchiectasis 
and emphysema have been reported.83 Cardiac compli-
cations are also well recognized in patients with eating 
disorders, including the more common abnormalities of 
bradycardia, orthostatic hypotension, and (although less 
common) the risk for more serious abnormalities, includ-
ing prolongation of the QT interval and silent pericardial 
effusion.84

Gastrointestinal (GI) disturbances occur in both AN 
and BN.85 Delayed gastric emptying and delayed colonic 
transit time resulting in constipation are common in 
AN patients and are associated with complaints of early 
satiety, bloating, and abdominal distension, leading the 
patient to feel fat and avoid eating. GI disturbances in 
BN include increased gastric capacity, decreased gastric 
relaxation, delayed gastric emptying, and abnormal func-
tion of the enteric autonomic nervous system. Abnor-
malities of GI function in AN and BN are reversible to 
various degrees with improvement in the underlying dis-
orders. Treatments targeted at these abnormalities, such 
as agents to improve gastric emptying in AN and neu-
rotransmitter modulators to reduce bingeing in BN, have 
met with varying success and require further study.

Increasing recognition is being given to osteopenia as 
an early and serious complication of AN.86-89 Adoles-
cence is a time when optimal bone mineralization sup-
porting physical growth is critical, and adolescent girls 
with AN have relatively poor bone mineral accrual. Sev-
eral factors contribute to osteopenia in AN, including 
estrogen, androgen, and insulin-like growth factor defi-
ciency; elevated cortisol, and peptide YY (PYY); excessive 
exercise; and nutritional deficiencies. Multifaceted treat-
ment of AN is required to restore bone mineral density to 
the normal range.

The electrolyte disturbances of AN and BN depend 
on whether purging is primarily by vomiting or by 
abuse of laxatives or diuretics (or both) and can be life 
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threatening. The medical management of these cases 
can be complex and must be individualized. Refeeding 
syndrome may occur in severely malnourished patients 
as a result of severe shifts in fluids and electrolytes, in 
particular phosphate, from extracellular to intracellular 
spaces. These electrolyte shifts can lead to cardiovascu-
lar, neurologic, and hematologic complications and can 
be associated with significant morbidity and mortality.90 
Comerci79 presented detailed case histories of an anorexic 
and a bulimic patient, including critiques of their treat-
ment, which highlight the intricacies of successful medical 
management of these disorders.

Hematologic alterations in AN are also of clinical 
importance. Review of the relevant studies that reported 
the frequency of hematologic changes in total blood cell 
count demonstrated that almost 30% of AN patients 
have anemia and leukopenia, and about 5% to 10% have 
thrombocytopenia.91 Hematologic abnormalities are 
more frequent in severe AN.92 Anemia is characterized 
by normal values of MCV, ferritin, folic acid, and vita-
min B12. The observed hematologic changes are related to 
the bone marrow atrophy or starvation-mediated gelati-
nous marrow transformation.91,92 It is of importance 

that all hematologic alterations reverse after nutritional 
rehabilitation.

In bulimic patients, the increased prevalence of poly-
cystic ovary morphology/polycystic ovary syndrome has 
been reported.93 Another study conducted in hirsute 
women revealed that 12.6% were diagnosed with BN.94 
Additionally, a Swedish study indicated that fertility is 
significantly reduced in anorexic women.95 Another study 
pointed out that the birth weight of offspring was lower in 
mothers with AN, and the group with BN had the higher 
rates of miscarriagies.96 However, a more recent finding 
found no differences in mean children birth weight in AN 
and BN mothers.97

NEUROIMAGING
This is a growing area of eating-disorders research 
supported by major improvements in imaging tech-
nology.98,99 In AN, enlargement of cortical sulci and 
subarachnoid spaces suggestive of cerebral, and on occa-
sion cerebellar, atrophy have been reported, the changes 
being positively correlated with poor neuropsychological 

TABLE 29-3 Physical and Laboratory Findings  
in Anorexia Nervosa

Physical

Cachexia, emaciation, dehydration, shock or impending shock
Covert infectious processes, immunologic problems late in  

process
Xerosis (dry, scaly skin), desquamation, yellowish palms and 

soles
Scalp and pubic hair loss, lanugo, increased pigmented body hair
Hypothermia, decreased metabolic rate, bradycardia, hypotension
Acrocyanosis (circulatory changes resulting in cold, blue, and  

occasionally sweaty hands and feet)
Bradypnea (respiratory compensation for alkalosis)
Edema of lower extremities, heart murmur (infrequent)
Signs of estrogen deficiency (dry skin, osteoporosis, small uterus 

and cervix, dry vaginal mucosa) and androgen deficiency (no 
acne or oily skin)

Chemical

Normal laboratory results early in process
Elevated BUN secondary to dehydration
Hypercarotenemia
Elevated serum cholesterol early in process; may decrease later
Decreased plasma transferrin, complement, fibrinogen, prealbu-

min; usually normal protein and albumin:globulin ratio
Elevated serum lactic dehydrogenase and alkaline phosphatase
Depressed serum magnesium, calcium, phosphorus, the last a late 

and ominous sign
Possibly depressed plasma zinc, urinary zinc, and copper

Hematologic

Panleukopenia with relative lymphocytosis
Thrombocytopenia (causing purpura)
Very low erythrocyte sedimentation rate
Mild anemia; severe anemia (rare and late in process), especially 

with rehydration

Adapted from Comerci GD: Medical complications of anorexia nervosa 
and bulimia nervosa. Med Clin North Am 74:1293-1310, 1990; 
and Mitchell JE, Crow S: Medical complications in adolescents with 
anorexia nervosa: a review of the literature. Curr Opin Psychiatry 
19:438-443, 2006.

TABLE 29-4 Physical and Laboratory Findings  
in Bulimia Nervosa

Physical

Usually well groomed with good hygiene
Usually normal weight or mild to moderate obesity
Generalized or localized edema of lower extremities
Swelling of parotid and other salivary glands
Bruises and lacerations of posterior pharynx, scar/callus forma-

tion over dorsum of hands (Russell’s sign) secondary to 
induced vomiting

Dental enamel discoloration and dysplasia secondary to vomiting 
of gastric acid

Pyorrhea and other gum disorders
Diminished reflexes, muscle weakness, paralysis, infrequently 

peripheral neuropathy
Muscle cramping (with induced hypoxia or positive Trousseau’s 

sign)
Signs of hypokalemia (hypotension, weak pulse, arrhythmias, 

decreased cardiac output, poor-quality heart sounds; shortness 
of breath; ileus, abdominal distension, acute gastric dilatation; 
depression, mental clouding)

Additional physical features of anorexia nervosa, if food restric-
tion is part of syndrome

Chemical

Uncomplicated bulimia
No abnormalities reported; possible abnormal glucose metabo-

lism
Bulimia with vomiting
Metabolic alkalosis (hypochloremia, elevated serum bicarbonate)
Hypokalemia (secondary to metabolic alkalosis)
Hypovolemia with secondary hyperaldosteronism (also contrib-

utes to hypokalemia), pseudo-Bartter’s syndrome
Bulimia with vomiting and purging (laxatives or diuretics)
All the above findings, plus:

Decreased body potassium secondary to diarrhea and renal losses
Metabolic acidosis with spuriously normal serum potassium
Hypokalemic nephropathy (urine concentrating deficit)
Hypokalemic myopathy (including cardiomyopathy)
Hypo- or hypercalcemia, hypomagnesemia, hypophosphatemia

Adapted from Comerci GD: Medical complications of anorexia nervosa 
and bulimia nervosa. Med Clin North Am 74:1293-1310, 1990.
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test performance and being reversible to varying degrees 
with weight gain.100-102 Reduced gray matter volume in 
the anterior cingulate cortex has been reported in AN 
compared to healthy controls, the amount of the decrease 
being correlated with illness severity.103 Studies in recov-
ered AN and BN patients have differed, showing either 
persistent alterations or normalization of gray- and 
white-matter volumes.104,105

With regard to CNS metabolites, proton magnetic res-
onance spectroscopy (1H-MRS) indicates higher ratios of 
choline-containing compounds to creatine and N-acety-
laspartate, as well as reduced myoinositol, in the fron-
tal white matter and occipital gray matter in association 
with decreased BMI, suggesting starvation-associated 
increased cell membrane turnover.106 Consistent with 
these findings, phosphorus MRS (31P-MRS) has shown 
altered phosphodiester and phosphomonoester peaks in 
malnourished anorexics, suggesting that reduced body 
mass alters CNS cellular membrane phospholipid metab-
olism.107 Reduced blood flow in frontal, parietal, and 
frontotemporal cortex, as shown by single photon emis-
sion computed tomography (SPECT), has been reported 
in AN, which reverted to normal perfusion with clinical 
remission.108 Another SPECT study suggested reduced 
blood flow in the anterior cingulate in patients with 
AN compared to controls, both before and after weight 
restoration.109

Functional neuroimaging (fMRI) also is delineating 
activation of limbic and paralimbic areas that may be 
involved with calorie fear, including exaggerated activa-
tion of the caudate and reduced activation of the insula 
to taste stimuli in women recovered from AN compared 
to normal women.110,111 These areas also have been 
implicated as neural substrates of obsessive-compulsive 
and depressive symptoms.112 Decreased food-stimu-
lated activation of several cortical areas has also been 
shown by fMRI in chronically ill anorexics, compared 
to those exhibiting long-term recovery.113 Positron 
emission tomography (PET) imaging has demonstrated 
reduced 5-HT1A and 5-HT2A receptor binding in 
frontal, parietal, and occipital cortex in both AN and 
BN patients, which may persist after recovery in both 
conditions.8,114,115

NEUROENDOCRINOLOGY
Abnormal hormone profiles and responses to challenge 
are closely related to the “starvation” status of AN and 
BN patients.116-119 Hormone abnormalities also may be 
present (but to a lesser extent) in normal-weight women 
with BN. The presence of starvation in AN is evident 
from the weight loss, but it may not be recognized in 
normal-weight BN. Although bulimic women often 
maintain a normal weight, they do so by restricting food 
intake when not bingeing and purging, and they often 
have poorly balanced meals. Starvation-induced deple-
tion of hepatic glycogen stores results in free fatty acids 
and ketone bodies replacing glucose as the primary 
energy source. This shift from glycogenolysis to lipoly-
sis and ketogenesis is associated with an increase in free 
fatty acids and their metabolites. β-Hydroxybutyric acid 

levels are elevated in both AN and BN,120 indicating that 
bulimic patients are nutritionally depleted despite their 
normal body weight.121

The Hypothalamo-Pituitary-Gonadal Axis
The relationship of starvation and eating disorders to 
neuroendocrine function is most clearly seen for the pitu-
itary-gonadal axis. Amenorrhea is very common in AN, 
and oligomenorrhea occurs in 50% of bulimic individu-
als. Table 29-5 lists the major endocrine disturbances that 
occur in AN and BN.117,122-124 The secondary amenorrhea 
is a direct result of altered gonadotropin secretion. Serum 
sex hormone-binding globulin may be increased, and both 
estrogen and testosterone are decreased.125 Additionally, 

TABLE 29-5 Neuroendocrine Disturbances in 
Anorexia Nervosa and Bulimia Nervosa

Anorexia  
Nervosa

Bulimia  
Nervosa

Hypothalamo-Pituitary-Gonadal Axis

Plasma gonadotropins (LH, FSH) ↓ ↓
Plasma estradiol ↓↓ ↓
Plasma testosterone ↓ ?
LHRH stimulation of LH ↓ ↓
LHRH stimulation of FSH ↔ ↔

Hypothalamo-Pituitary-Adrenocortical Axis

Plasma and CSF cortisol ↑ ↑
Plasma ACTH ↔ ↔
CSF ACTH ↓ ↔ (↓ when 

 abstinent)
CSF CRH ↑ ?
CRH stimulation of ACTH ↓ ?
ACTH stimulation of cortisol ↑ ?
Dexamethasone  suppression test 50%-90% 

nonsup-
pression

20%-60% 
nonsup-
pression

Hypothalamo-Pituitary-Thyroid Axis

Plasma T4 ↓ ↔ (↓ when 
 abstinent)

Plasma T3 ↓↓ ↓
Plasma Reverse T3 ↑ ↔ (↓ when 

 abstinent)
Plasma TSH ↓ ↓ (↑ when 

 abstinent)
CSF TRH ↓ ?
TRH stimulation of TSH ↓ ↓

Other Neuroendocrine Axes

Growth hormone ↑ ↑
IGF-1 ↓ ↔
Prolactin ↔ ↓
Prolactin response to serotonergic 

challenge
↓ ↓

Melatonin ↑ ?
Insulin sensitivity ↔ ?

ACTH, Adrenocorticotropic hormone; CRH, corticotropin-releasing 
hormone; CSF, cerebrospinal fluid; FSH, follicle-stimulating 
hormone; LH, luteinizing hormone; LHRH, luteinizing hormone–
releasing hormone; IGF-1, insulin growth factor 1, T4, thyroxine; 
T3, triiodothyronine; TRH, thyrotropin-releasing hormone; TSH, 
thyroid-stimulating hormone; ↑, increased; ↓, decreased; ↔, un-
changed;?, insufficient or conflicting data.
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low fat mass could also contribute to the hypoestrogenic 
state in AN by limiting extraovarian conversion of andro-
gens to estrogens.126 As indicated in Table 29-3, there are 
physical signs of severe estrogen deficiency. The lutein-
izing hormone (LH) response to LH-releasing hormone 
stimulation is blunted, but the follicle-stimulating hor-
mone (FSH) response is usually normal. The gonadotro-
pin secretion pattern in adult AN women resembles that 
of prepubertal girls. Studies on gonadotropin secretion, 
which reflects gonadotropin releasing hormone (GnRH) 
secretion, revealed a very low plasma level of LH dur-
ing the day and night without a pulsatile pattern of LH 
secretion. This can result from impaired GnRH pulsatil-
ity, which could be related to significant loss of adipose 
tissue and altered hormonal and adipocytokines profiles 
in AN.127

BN patients also may have decreased gonadotropin 
secretion if they have lost 15% or more of their body 
weight, but they usually have normal circulating gonado-
tropins and continue their menses.

The Hypothalamo-Pituitary-Adrenal Axis
With reference to the hypothalamic-pituitary-adrenal 
cortical (HPA) axis (see Table 29-5), the abnormalities 
in AN and in reduced-weight BN123,128,129 are strikingly 
similar to those occurring in 30% to 50% of patients 
with major depression.123,130,131 In accordance with 
this is the observation of a positive correlation between 
serum cortisol level and scores of anxiety and depres-
sive symptoms in AN.132 Circulating cortisol is increased 
at all times of the day and night, but the amplitude and 
timing of its circadian rhythm are preserved. Circulating 
adrenocorticotropic hormone (ACTH) is usually normal 
when determined by radioimmunoassay, as it is in major 
depression; the more specific immunoradiometric assay 
for ACTH1-39 has shown decreased ACTH in major 
depression,133 which also could be the case for ACTH1-
39 in these eating disorders. Cerebrospinal fluid (CSF) 
ACTH concentrations appear to be decreased, but CSF 
corticotropin-releasing hormone (CRH) concentrations 
may be increased,123,129 as may be CSF vasopressin,123,134 
a secretagogue for ACTH in addition to CRH,135 which 
appears to play a greater role in stress states than under 
normal conditions.136

Stimulation and suppression tests of the HPA axis have 
been conducted mainly in AN, and they are in accord 
with the baseline hormone findings. The ACTH response 
to CRH administration is reduced, undoubtedly second-
ary to enhanced negative feedback on the pituitary cor-
ticotrophs exerted by elevated circulating cortisol. The 
cortisol response to ACTH administration is increased, 
suggesting increased secretory capacity of the adrenal 
cortex. The low-dose dexamethasone (DEX) suppression 
test is abnormal in 50% to 90% of anorexics and in 20% 
to 60% of bulimics, depending on weight loss. Because 
DEX acts primarily at the pituitary, ACTH and cortisol 
escape from DEX suppression suggest increased suprapi-
tuitary stimulation of corticotrophs by CRH and vaso-
pressin (AVP). CRH may be more influential than AVP 
in stimulating the HPA axis in AN, because the cortisol 
response to exogenous AVP administration is blunted.137 

Taken together, the pituitary-adrenocortical findings 
indicate a mild to moderate activation of this hormone 
axis in AN and BN. As well, plasma neuroactive steroids 
are reported to be elevated in untreated women with both 
AN and BN.138

The Hypothalamo-Pituitary-Thyroid Axis
With reference to the hypothalamo-pituitary-thyroid axis, 
starvation leads to considerably decreased plasma free 
triiodothyronine (T3) concentrations, along with some-
what decreased plasma free thyroxine (T4) and increased 
plasma reverse T3 concentrations. This represents the 
“euthyroid sick syndrome” hormone profile.139-143 The 
decreased circulating T3 helps reduce energy expenditure 
and minimizes muscle protein catabolism into amino 
acids for gluconeogenesis. CSF thyrotropin-releasing 
hormone (TSH) also appears to be reduced in AN.144 
When bingeing, bulimic patients generally have normal 
thyroid indices with perhaps reduced T3 and TSH con-
centrations; however, when they stop bingeing, their 
pituitary-thyroid axis function resembles that of anorexic 
patients.145,146

Resting energy expenditure (REE) measured in anorexic 
patients appears to be significantly lower in comparison 
to healthy controls,147,148 which might be considered 
an adaptive mechanism to chronic starvation linked to 
the low T3. A close relationship between REE and T3 
has been reported.147 In addition, results from a refeed-
ing study conducted in AN patients pointed out that an 
increase of REE during the recovery period was related to 
the changes in T3. This supports the hypothesis about the 
role of T3 in the regulation of energy hemostasis.147 REE 
is mostly a function of the activity of lean body mass, 
which is metabolically more active than fat tissue. Data 
published regarding AN indicate that a decrease in REE is 
independent of fat free mass (FFM).147,148 Recent findings 
have added new information about potential factors influ-
encing energy expenditure in anorexic patients.148 The 
role of interleukin 6 (IL-6) and soluble forms of its mem-
brane receptor and glycoprotein 130 in the regulation 
of energy hemostasis in AN has been demonstrated.148 
All these data suggest that mass-independent alterations 
could be of importance in the regulation of REE in AN.

The Growth Hormone Axis
Insulin-like growth factor type 1 (IGF-1) concentrations 
are low in both AN and BN, which is consistent with 
diminished IGF-1 production in the liver during fasting. 
Circulating growth hormone (GH) is increased, likely 
owing to both diminished feedback of IGF-1 on GH 
secretion and primary hypothalamic dysfunction.149-152 
Prolonged starvation blocks GH action; thus resistance 
to GH is observed in AN. Misra and colleagues have 
documented that adolescent girls with AN had increased 
basal and pulsatile secretion of GH and low plasma 
IGF-1 levels.153 GH secretion correlated inversely with 
the measurements of nutritional status (BMI, fat mass, 
plasma leptin), suggesting that hypothalamic control of 
GH secretion might be nutritionally regulated in AN.151 
Additionally, plasma ghrelin level, a potent GH secre-
tagogue, was higher in AN.153 Further support for the 
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GH resistance in AN was provided by the results from 
an interventional study, where supraphysiologic doses 
of recombinant human GH (rhGH) were given to AN 
patients.154 The main conclusion from this study is that in 
malnourished anorexic patients, even a supraphysiologic 
GH level does not stimulate IGF-1 secretion. The poten-
tial consequences of GH resistance include muscle atro-
phy, growth failure, and bone loss.155 It should be noted 
that in the refeeding study, an improvement in nutritional 
status was accompanied by an increase in IGF-1 plasma 
level, as well as IGF-1 bioactivity.

It is suggested that the resistance to GH in AN can 
be mediated by fibroblast growth factor 21 (FGF21).152 
FGF21 is a hormone that is induced by fasting and exerts 
diverse beneficial effects on energy balance and insulin 
sensitivity.156 In animal models, FGF21 causes resistance 
to GH in the liver by reducing the active form of signal 
transducer and activator of transcription 5 (STAT5), an 
important mediator of GH action.157 In AN, elevated 
plasma concentration of FGF21 has been demonstrated. 
Moreover, FGF21 was associated positively with GH, 
and inversely with IGF-1, which indirectly supports the 
hypothesis that FGF21 can be a mediator for GH resis-
tance in AN.152

Circulating prolactin is usually unchanged in AN and 
may be reduced in BN. Prolactin responses to serotoner-
gic challenges are diminished in both AN and BN,158-160 
suggesting decreased CNS serotonergic neurotransmitter 
function.115 Circulating melatonin has been reported as 
both unchanged and increased in AN and as unchanged 
in BN.161

Insulin Sensitivity
One of the cardinal features of AN is a significant loss of 
adipose tissue. Adipose tissue is considered to be an active 
organ expressing and secreting a variety of bioactive sub-
stances that could influence metabolism, insulin sensitiv-
ity, and energy expenditure. It is generally accepted that 
adipose tissue plays an important role in the pathogen-
esis of insulin resistance. An example is obesity, which 
is associated with insulin resistance and thus increased 
risk for type 2 diabetes mellitus. However, the lack of 
adipose tissue observed in lipodystrophic syndromes is 
also accompanied by extreme insulin resistance, which 
emphasizes the significance of fat tissue in energy homeo-
stasis. This raises the question of whether the significant 
reduction of fat tissue observed in AN has an impact on 
glucose metabolism. Metabolic abnormalities in anorexic 
patients are not clear. Studies regarding insulin sensitiv-
ity in anorexic patients have conflicting results. Insu-
lin-stimulated glucose disposal has been reported to be 
normal,162 decreased,163 or enhanced164 in AN. More-
over, data concerning nonoxidative glucose metabolism, 
which is reflected mainly in muscle glycogen synthesis, 
differ between studies; diminished163 and normal non-
oxidative pathways of glucose metabolism in AN have 
been reported.162 The inconsistent results of these studies 
may be attributed to differences in the techniques used 
for evaluating insulin action and/or characteristics of 
the studied groups. Notably, the longer duration of the 
disease, which reflects prolonged severe starvation and 

unfavorable adaptive metabolic changes, could influence 
energy homeostasis. However, it has been discovered that 
anorexic patients demonstrate normal metabolic flex-
ibility (the ability of skeletal muscles to switch between 
oxidation of lipids as an energy fuel during fasting to 
the oxidation of carbohydrates during insulin stimulated 
conditions), which makes an argument for the preserved 
insulin sensitivity in AN.162

Bone
Osteopenia and osteoporosis are recognized as serious 
complications in AN, which could have an impact on 
quality of life. Chronic malnutrition observed in anorex-
ics influences bone metabolism, bone mineral density 
(BMD), and fracture incidence. Published data indicate 
that changes in bone mass are not fully reversed after 
nutritional rehabilitation in AN and might persist over a 
lifetime, conferring the high cumulative risk for fracture 
of 57% for a follow-up of 40 years after diagnosis.165 
The BMD of different parts of the skeleton (e.g., lumbar 
spine, femoral neck, hip) estimated by dual-energy x-ray 
absorptiometry (DXA), is lower in anorexics, with the 
highest prevalence of osteopenia/osteoporosis observed in 
the lumbar spine. Z-score compares the individual’s bone 
density to the mean for age and gender, whereas T-score 
compares it to the mean bone density for young adults.166 
The prevalence of osteopenia was reported to be 92% 
and osteoporosis 32% in adult women with AN.167 In 
adolescent girls, lumbar spine Z-scores of <–1 occur in 
41% of anorexics, and Z-scores of < –2 are present in 
9%, compared to 19% and 2%, respectively, in con-
trols.168 Optimal bone mineralization is not achieved in 
anorexics. Importantly, the vitamin D and PTH levels are 
normal in AN, indicating that other factors than vitamin 
D deficiency or primary hyperparathyroidism are respon-
sible for low bone mass in AN. The pathogenesis of bone 
loss in AN is not clearly elucidated. In adult women with 
AN, both impaired bone formation and increased bone 
resorption have been reported together with altered bone 
microarchitecture, indicating that factors in addition to 
low estrogen are responsible for the low bone mass.169 
Low lean body mass; the marked deficiency of adipose 
tissue; duration of amenorrhea; decrease in estrogen, tes-
tosterone, leptin, IGF-1, and insulin; and increase in cor-
tisol and PYY are recognized as a factors contributing to 
low bone mass in AN.166-170 Bone mass in anorexics is 
also influenced by the age of diagnosis; adult women who 
develop AN during adolescence have lower BMD in com-
parison to those who develop AN in adult life, indicating 
the importance of the pubertal age for bone formation.166

Taking into account the problem of high risk for 
fracture in women with AN, several therapeutic strat-
egies have been studied to prevent or delay the bone 
loss in anorexics. Treatment with vitamin D, calcium, 
oral estrogen, oral contraceptives, dehydroepiandros-
terone sulfate, or testosterone has been proven to be 
ineffective in increasing bone mass in AN (reviewed in 
166,170).166,170 Treatment with supraphysiologic doses 
of rhGH also did not influence the markers of bone for-
mation. The intervention that had an impact on mark-
ers of bone formation and improved BMD was therapy 
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with rhIGF-1.171,172 Of note, in the study performed with 
adolescent anorexics, the rhIGF-1 was administered for 9 
days and markers of bone formation were estimated.172 
However, in a randomized study performed with adult 
AN women, 9 months of rhIGF-1 administration was 
effective in increasing bone density. Furthermore, bone 
density increased to the greatest extent in the group in 
which rhIGF-1 was combined with oral contraceptives, 
suggesting that oral contraceptives may augment the 
IGF-1 effect on bone mass.171 A recent study showed 
that a physiologic dose of oral or transdermal estrogen 
increases BMD in adolescent anorexics.173 Additionally, 
a randomized placebo-controlled study demonstrated 
the efficacy of the bisphosphonate, risedronate, in adult 
women with anorexia nervosa, however bisphosphonates 
should be used with caution in women of reproductive 
age.174 Review of the data indicates that nutritional reha-
bilitation with sustained weight recovery accompanied by 
restorations of regular menses are the strongest factors 
influencing improvement in bone mass.175

The effect of reduced caloric intake on these endocrine 
systems has been studied in healthy individuals.176,177 
When healthy women were starved, plasma gonadotro-
pin concentrations declined. The women also experienced 
increased circulating concentrations of cortisol and GH 
and decreased plasma T3 concentrations despite normal 
plasma T4—the “euthyroid sick syndrome” hormone 
profile. The endocrine abnormalities associated with star-
vation in the healthy female subjects reversed with the 
resumption of normal eating.

The endocrine changes in both AN and BN revert to 
normal with successful treatment of these illnesses, indi-
cating that the endocrine changes are “state” markers 
of the metabolic stress of starvation and malnutrition. 
It should be emphasized that in addition to its effects 
on hormone secretion, starvation can lead to abnormal 
psychological states. Semistarvation of male conscien-
tious objectors to military service was associated with 
increased irritability, labile mood, depression, decreased 
concentration, decreased libido, and decreased motor 
activity,178 and starvation and malnutrition can exagger-
ate the comorbid psychiatric symptoms of AN and BN. 
These changes reinforce the concept of starvation-related 
“state” changes influencing both the behavioral and the 
endocrine aspects of eating disorders.

CENTRAL NERVOUS SYSTEM–RELATED 
NEUROPEPTIDES, ADIPOCYTOKINES, AND 
GASTROINTESTINAL HORMONES
Since the 1980s, the realization has evolved that the 
peripheral hormonal disturbances in AN and BN are a 
consequence of the malnutrition associated with starva-
tion and bingeing, rather than being etiologic. Contem-
poraneously, an understanding of how CNS neuronal 
pathways contribute to starvation-induced alterations 
in peripheral hormonal secretion has developed. The 
mechanisms for controlling food intake and energy 
homeostasis involve a complex interplay among periph-
eral (taste, local autonomic influences on GI/neuropep-
tides, vagal afferent nerves) and CNS neurotransmitters 

and neuromodulators, including monoamines and neu-
ropeptides that influence hunger and satiety.8,9,129,179 
Compounds such as norepinephrine, serotonin, insulin, 
opioids, NPY and PYY, leptin, CRH, vasopressin, and 
the orexins/hypocretins contribute to regulating the rate, 
duration, and size of meals, as well as the selection of 
carbohydrates and protein.180-182

Neuropeptides were initially determined to be regula-
tors primarily of hypothalamic functions such as food 
and water consumption and metabolism, sexuality, sleep, 
body temperature, pain sensation, and autonomic func-
tion. These compounds also have been localized to other 
areas of the CNS besides the hypothalamus and pituitary 
gland, where they appear to regulate complex human 
mental functions such as mood, obsessionality, attach-
ment formation, and risk-taking and addictive behaviors. 
Some of the behavioral disturbances occurring during 
starvation therefore may be related to alterations in func-
tion of neuropeptides throughout the CNS. These peptide 
systems work together multiply in overlapping CNS path-
ways that influence the spectrum of energy balance states. 
Table 29-6 lists the major neuropeptide disturbances that 
occur in AN and BN.8,9,118,129,134,183-186 These changes 
represent an adaptive profile to weight loss specific to AN 
and are not present in constitutionally lean women.187

Neuropeptide Y and Peptide YY
These phylogenetically and structurally related peptides 
share the same receptor family (Y1, Y2, Y4, Y5) and are 
among the most potent stimulants of feeding behavior 
in animals, particularly for carbohydrate-rich foods.129 
NPY occurs in high concentrations in limbic structures, 
including the hypothalamus, and is present throughout 
the cerebral cortex.188 NPY-producing cells in the arcu-
ate nucleus of the hypothalamus co-express AGRP and 

TABLE 29-6 Central Nervous System 
Neuropeptide Disturbances in Anorexia Nervosa 
and Bulimia Nervosa

Anorexia  
Nervosa

Bulimia  
Nervosa

CSF neuropeptide Y ↑ ↔
Plasma neuropeptide Y ↑ ↑
CSF peptide YY ↔ ↔

↑ ↑ During 
absti-
nence

Plasma peptide YY ↑ ↔
Plasma ghrelin ↑ ↑
Plasma leptin ↓ ↓
CSF leptin ↓ ?
Plasma adiponectin ↑ ↑

↓ ?
Plasma macrophage  inhibitory cytokine - 1 ↑ ?
Plasma cholecystokinin ? ↓
CSF cholecystokinin ? ↓
CSF β-endorphin ↓ ↓
CSF dynorphin ↔ ↔
CSF vasopressin ↑ ↑
Plasma brain derived  neurotrophic factor ↓ ?

↑, Increased; ↓, decreased; ↔, unchanged; ?, insufficient or conflicting 
data.
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are inhibited by leptin. NPY increases during hunger, falls 
during meals, and acts on the paraventricular nucleus to 
mediate increased eating and reduce energy expenditure. 
Its effect is counteracted by CRH, and a dynamic equilib-
rium between NPY and CRH neuronal activity appears 
to be an important regulator of food intake. The Y1, Y2, 
and Y5 subtypes of NPY receptors have been implicated 
in the regulation of feeding.188

In contrast, PYY occurs in lower concentrations in the 
CNS, caudal brainstem, and spinal cord. PYY occurs in 
two forms and is primarily located in endocrine cells of 
the lower GI tract, where it helps mediate motility and 
function. PYY1-36 is strongly orexigenic. PYY3-36, on 
the other hand, has particular affinity for the Y2 recep-
tor, it increases in response to meals, and its actions are to 
decrease appetite and reduce food intake.189

Intracerebroventricular (ICV) NPY administration in 
animals produces many of the physiologic and behavioral 
changes associated with AN, including gonadal steroid-
dependent effects on LH secretion, suppression of sexual 
activity, increased CRH in the hypothalamus, and hypo-
tension.129 Underweight AN patients have elevated CSF 
NPY, likely a result of their malnourished status. In con-
trast, such patients, whether underweight or recovered, 
have normal CSF PYY concentrations. CSF NPY returns 
to normal with recovery, although patients with amenor-
rhea may continue to have higher CSF NPY concentra-
tions. Elevated CSF NPY is not an effective stimulant of 
feeding in underweight anorexics, as evidenced by their 
resistance to eating and weight gain. Anorexics typically 
display an obsessive and paradoxical interest in dietary 
intake and food preparation, and it may be that increased 
NPY activity in extrahypothalamic areas of the CNS con-
tributes to these cognitions and behaviors.

ICV PYY administration in rats causes massive food 
ingestion to which tolerance does not develop, which 
prompted speculation that increased CNS PYY activity 
may contribute to bulimia. CSF PYY concentrations in 
normal-weight bulimic women when bingeing and vom-
iting were similar to those of controls,129 whereas CSF 
PYY was significantly elevated in bulimic women after 1 
month of abstinence from bingeing and vomiting, com-
pared to healthy volunteer women and AN patients. CSF 
NPY concentrations were normal in the bulimic women, 
in contrast to the elevated CSF NPY concentrations in 
the anorexic women. Plasma NPY and PYY concentra-
tions in AN and BN patients were not different from 
controls.190 In another study, plasma PYY in AN was 
significantly elevated.89 It should be noted that plasma 
concentrations of these peptides do not necessarily accord 
with their CSF concentrations and may have peripheral 
effects unrelated to the CNS.9 For example, AN patients 
may have normal CSF PYY concentrations, as noted ear-
lier, but they also may have elevated plasma PYY concen-
trations, which can contribute to the osteoporosis noted 
in these individuals.86-89

It is not known why CSF PYY is normal in bulimics 
with chronic bingeing and vomiting and becomes ele-
vated after a period of abstinence. Whatever the cause, 
this disturbance is of potential importance. Normal-
weight bulimia carries a high recidivism rate despite 

treatment. Abnormally elevated CNS PYY activity in the 
abstinent bulimic may contribute to a persistent drive 
toward bingeing, particularly a desire for sweet, high-
caloric foods.

Leptin
Leptin is secreted primarily by adipocytes, but it can also 
be found in other tissues like the placenta, testes, ova-
ries, hypothalamus, pituitary gland, and other organs.191 
Leptin receptors (OB-R) are located throughout the 
body, suggesting that leptin could play a role in the regu-
lation of different processes. The primary role of leptin is 
to provide the CNS with a signal of the state of the body 
energy balance, which helps to control appetite and food 
intake, and to maintain a stable body weight. Current 
data indicate that leptin is physiologically more impor-
tant as a sensor of energy deficiency rather than energy 
excess.192 Leptin influences the appetite by inhibiting 
orexigenic pathways mediated by neurons expressing the 
melanocortin antagonists AGRP and NPY. Leptin regu-
lates energy balance by influencing fuel metabolism and 
promoting fat oxidation in skeletal muscles and prevent-
ing lipid accumulation in adipose tissue.191 Replacement 
therapy with leptin in patients with congenital leptin 
deficiency and patients with lipodystrophy markedly 
improved their insulin sensitivity and reduced hepatic 
steatosis.193,194

In rodents, defects in the leptin gene coding sequence, 
resulting in leptin deficiency and obesity, and defects in 
leptin receptors are associated with obesity. Treatment 
with recombinant leptin reduces fat mass in both obese 
and normal-weight animals in a dose-dependent manner. 
In humans, serum leptin concentrations are positively cor-
related with fat mass in individuals in all weight ranges. 
Women tend to have higher serum leptin than men of the 
same weight, presumably because of their higher propor-
tion of body fat.195 Obesity in humans is not thought to be 
a result of leptin deficiency per se, but obesity may be asso-
ciated with leptin resistance.195 Malnourished and under-
weight AN patients have significantly reduced plasma and 
CSF leptin concentrations compared with normal-weight 
controls,184,196-198 implying a normal physiologic response 
to starvation. Reduced plasma/CSF leptin ratio has been 
found in anorexics compared with controls, suggesting 
that the proportional decrease in leptin with weight loss 
is greater in plasma than in CSF. As in normal control 
women, plasma leptin concentrations in anorexics are pos-
itively correlated with body weight and fat mass, and they 
are negatively correlated with physical activity.199 As men-
tioned previously, leptin acts via its own receptors. The 
soluble leptin receptor (sOB-R) is the main leptin-binding 
protein, and the ratio of serum leptin to sOB-R provides 
the measure of free leptin index (FLI), which is postulated 
to be a more accurate determinant of leptin action.200 A 
markedly reduced plasma leptin level with high plasma 
concentration of sOB-R and lower FLI in AN have been 
demonstrated.201 This suggests that high sOB-R in AN 
may reflect the upregulation of the sOB-R to suppress 
leptin action during energy deficiency. The weight recov-
ery in anorexic patients was connected with a decrease in 
plasma sOB-R level with concomitant increase in plasma 
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total leptin level, but not with FLI. It should be noted that 
menstrual recovery, but not weight recovery alone, was 
associated with a significant increase in FLI.202 This sug-
gests that the observed increase in FLI may indicate the 
important role played by free leptin in menstrual recov-
ery in AN. During refeeding in AN patients, CSF leptin 
concentrations increase to normal values before full weight 
restoration,184,202,203 possibly as a consequence of the rela-
tively rapid and disproportionate accumulation of fat dur-
ing refeeding, which could contribute to the resistance to 
weight recovery. Preliminary evidence suggests that hyper-
leptinemia is associated with an increased risk for recurrent 
weight loss204; higher plasma leptin level at the beginning 
of the recovery period was a predictor for poor outcomes 1 
year later in anorexic patients.204 This indicates the impor-
tance of leptin response to weight gain in the prediction of 
the long-term outcome in anorexic patients.

Patients with BN appear to have significantly decreased 
serum leptin following an overnight fast.184 During sus-
tained recovery from BN, serum leptin remains decreased 
compared to controls matched on amount of body fat. 
This finding, along with persistently decreased thyroid 
activity and elevated ghrelin in recovered BN patients, 
may result in decreased metabolic rate and a tendency 
toward weight gain contributing to the preoccupation 
with body weight that is characteristic of BN.

Leptin plays a role in the reproductive function. In ob/
ob mice, chronic leptin treatment restores puberty and 
fertility.191 It is assumed that leptin acts as a signal trig-
gering puberty, thus linking adiposity with reproductive 
function.205 Furthermore, in humans leptin deficiency is 
associated with hypogonadotrophic hypogonadism and 
delayed puberty, which resolves after leptin treatment.193 
The administration of leptin to women with relative leptin 
deficiency and hypothalamic amenorrhea restores the 
function of the hypothalamic-pituitary-gonadal axis.206 
In some anorexic patients, amenorrhea may occur before 
significant weight loss, and leptin may be the mediating 
hormone. Weight loss generally causes circulating leptin 
concentrations to fall in proportion to the loss of body fat 
mass, but acute, fasting-induced weight loss can provoke 
a fall in leptin disproportionately greater than would be 
expected from the amount of fat lost. This suggests that 
under conditions of intense food deprivation, leptin may 
instigate metabolic responses before a significant weight 
or fat loss has occurred. Studies in rats and in patients with 
AN207 have suggested that hypoleptinemia also can trig-
ger semi-starvation-induced hyperactivity. Reduced leptin 
concentrations appear to be a critical signal that initiates 
the neuroendocrine response to starvation, including lim-
iting procreation, decreasing thyroid thermogenesis, and 
increasing secretion of stress steroids. Hypoleptinemia is 
the critical signal responsible for inhibition of kisspeptin 
production in the arcuate region of hypothalamus. Kis-
speptin is a recently discovered factor responsible for 
stimulation of GnRH neurons and involved in metabolic 
control of reproductive axis. The administration of leptin 
is known to upregulate kisspeptin expression in the hypo-
thalamus. It could be an important mechanism explaining 
inhibition of the hypothalamo-pituitary-gonadal axis in 
starvation.208

Adiponectin
Adiponectin also is secreted by adipose cells.185 Circulat-
ing levels are two to three times higher in women than in 
men. It exists in three forms made up of different num-
bers of trimers. Several studies indicate that adiponectin 
has insulin-sensitizing, anti-atherogenic and anti-inflam-
matory properties.209-212 The globular form of adipo-
nectin appears to increase muscle sensitivity to insulin 
by increasing fatty acid oxidation, similar to the effect 
of leptin. It has also been reported that plasma adipo-
nectin was positively correlated with glucose oxidation 
and negatively correlated with lipid oxidation during 
hyperinsulinemia.213 Unlike leptin, however, circulating 
adiponectin is inversely correlated with fat mass, being 
decreased in obesity, type 2 diabetes mellitus, and coro-
nary heart disease.209,211,212 There does not appear to be 
a direct relationship between circulating leptin and adipo-
nectin, in that decreasing serum leptin by acute fasting or 
increasing it by administration of physiologic or pharma-
cologic doses had no effect on serum adiponectin.214 On 
the other hand, ghrelin impairs adiponectin expression by 
adipocytes.215

In AN, adiponectin levels were increased in spite 
of the marked deficiency of adipose tissue.162,164,216 
Plasma adiponectin correlated negatively with BMI and 
percent of body mass in AN patients.164 Less severely 
malnourished patients with AN binge eating/purging 
type displayed a relatively modest increase in circulat-
ing adiponectin, whereas a more prominent rise in this 
adipokine was found in severely malnourished AN 
restrictive type individuals. Interestingly, in other stud-
ies, adiponectin levels in anorexic patients were not dif-
ferent from controls 201,217 or decreased.218 It has been 
suggested that increased adiponectin levels might play 
a role in maintaining energy homeostasis under energy 
shortage conditions.219 Interesting information comes 
from the refeeding study. Adiponectin levels in anorexic 
women after weight recovery were similar to those of 
lean healthy female adolescents.216 In another report, 
an anorexic patient who reached a life-threatening state 
showed the lowest adiponectin level.217 Concurrently 
with improved nutrition and weight gain, the adiponec-
tin level increased gradually until the BMI was about 
16 kg/m2 and then decreased subsequently, as would be 
expected in lean healthy subjects.217 These data suggest 
that there might be an optimal fat mass for adiponectin 
secretion.217

In patients with generalized lipodystrophy, a very low 
adiponectin level is observed, which makes the argument 
for an intrinsic defect in adipocyte function.220 In con-
trast, in AN patients, despite low fat mass, high adipo-
nectin plasma levels have been reported,162,164,216,221 and 
only critically malnourished AN patients have presented 
with hypoadiponectinemia.217 This indicates that in AN 
low adipose tissue mass is sufficient for adiponectin secre-
tion, and this adipocyte function is preserved. Even with 
all these data available, it is difficult to determine whether 
adiponectin plays a role in the pathogenesis of weight loss 
or whether changes of its concentration are a consequence 
of chronic malnutrition in patients with AN.192
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Adiponectin exerts an insulin-sensitizing effect. Despite 
this, no relationship has been observed between adipo-
nectin concentration and insulin sensitivity in AN,162,221 
but in several studies increased insulin sensitivity was 
accompanied by high adiponectin levels.164,221

Patients with BN also were found to have increased 
circulating adiponectin concentrations, which were posi-
tively correlated with the frequency of binge/vomiting 
episodes.222 In contrast, women with BED had reduced 
circulating adiponectin along with increased glucose, 
cholesterol, and triglycerides. In these patients, adipo-
nectin concentrations were not significantly related to the 
frequency of their bingeing episodes.

Macrophage Inhibitory Cytokine-1
Another cytokine that could influence appetite is macro-
phage inhibitory cytokine-1 (MIC-1), a member of the 
transforming growth factor-β (TGF- β) superfamily. It is 
expressed in various tissues, including activated macro-
phages and adipocytes.223 Clinical data show that MIC-1 
concentrations are elevated in patients with chronic 
inflammatory conditions and in many types of cancer, thus 
suggesting a role for MIC-1 in the mediation of tumor-
induced anorexia and cachexia occurring in the late stages 
of cancer.224 One of the possible mechanisms influencing 
food intake is stimulation of anorexigenic pro-opiomel-
anocortin (POMC) and inhibition of orexigenic NPY by 
MIC-1. There are two studies regarding plasma MIC-1 
concentrations in AN consistently reporting an increased 
MIC-1 concentration in anorexic patients in comparison 
to healthy controls.225,226 In one of the studies, partial 
realimentation significantly reduced serum MIC-1 con-
centrations in AN patients, but they still remained sig-
nificantly higher compared with controls.225 Additionally, 
it was observed that serum MIC-1 concentrations in AN 
patients correlated positively with the duration of the ill-
ness. In the other study, it was observed that hyperinsu-
linemia increased MIC-1 concentrations in AN but also 
in obese and normal-weight women.226 It is hypothesized 
that an increase in MIC-1 in AN might act as an addi-
tional satiety signal and contribute to weight loss.

Ghrelin
Ghrelin was discovered to be the endogenous ligand for 
the growth hormone (GH) secretagogue-receptor type 1a 
(GHS-R 1a).227-229 The stomach is the primary source of 
circulating ghrelin, but it is also produced in small amounts 
by the CNS and other peripheral tissues.227-229 In turn, its 
secretion is inhibited by GH. Plasma total ghrelin includes 
acylated and nonacylated ghrelin.227 The active form, acyl-
ated ghrelin, is a 28–amino acid peptide that contains an 
n-octanoylated serine 3 (Ser-3) residue that is essential for 
its action.229 Acylated ghrelin is a stimulator of GH release, 
but the major physiologic role of acylated ghrelin appears 
to be the control of food intake and energy homeostasis.229

Ghrelin antagonizes the action of leptin, strongly stim-
ulates feeding and weight gain by promoting NPY and 
AgRP, and has a number of other central and peripheral 
neuroendocrine and metabolic actions. Circulating levels 
of ghrelin decrease with feeding and increase before food 
intake. Ghrelin peaks before meals, suggesting its role 

in short-term meal initiation.230 Ghrelin is also involved 
in the long-term regulation of body weight, and its con-
centration is low in obese individuals and high in lean 
individuals.231 Plasma ghrelin levels are inversely corre-
lated with body weight and rise following weight loss in 
humans.231

Plasma total ghrelin levels are significantly elevated 
in AN and return to normal level after weight recov-
ery.232-235 On the other hand, ghrelin is not elevated 
in constitutionally thin women with similar body mass 
index as AN patients.233 Nutritional factors seem to play 
an important role in modulating ghrelin secretion. Fast-
ing total ghrelin levels have been observed to decrease as 
a result of meal intake236 and oral or intravenous admin-
istration of glucose, but not through gastric distension 
by water.237 The postprandial ghrelin suppression could 
influence satiety perception and have an impact on modu-
lating feeding behavior.192 A suppressive effect of glucose 
on acylated, nonacylated, and total ghrelin secretion was 
observed in patients with AN in many studies.238,239 A 
decrease of plasma total ghrelin concentrations in AN 
subjects after a high-carbohydrate breakfast was also 
reported.240 However a loss of meal-induced decrease 
in plasma total ghrelin levels was also observed in AN, 
suggesting an impaired suppression of hunger in this dis-
ease.241 In humans, during a euglycemic hyperinsulinemic 
clamp, circulating insulin levels similar to or higher than 
those occurring after meal ingestion have been reported 
to suppress plasma concentrations of total, acylated, and 
nonacylated ghrelin.242,243 In AN, an increased suppres-
sion of serum total ghrelin by hyperinsulinemia has been 
observed.244 A marked decrease in serum total ghrelin 
was demonstrated in AN subjects and lean women, but 
the fall in serum total ghrelin was significantly higher in 
AN in comparison with lean subjects. No significant dif-
ferences in insulin sensitivity between AN patients and 
controls have been reported. In multiple regression analy-
sis, only fasting total serum ghrelin and the presence of 
AN, but not insulin sensitivity, were independent predic-
tors of the fall in serum total ghrelin during the clamp. 
These data suggest that this effect might be specific for 
AN, however; its mechanism remains unclear. Increased 
suppression of total serum ghrelin by insulin might lead 
to an increased and more rapid feeling of satiety in AN 
women.244 Fasting plasma ghrelin also has been reported 
as elevated in BN patients compared to controls with sim-
ilar body mass index, suggesting that the abnormal eat-
ing behavior (bingeing and purging) influences circulating 
ghrelin, as it can in the bingeing and purging subtype of 
AN.245,246 Ghrelin administration to medically ill patients 
led to improved appetite, body composition, and muscle 
wasting.247 Some researchers have shown that ghrelin 
administration to patients with AN has little influence on 
their appetite.248 Further studies demonstrated that AN 
subjects are sensitive to the appetite- stimulating effects 
of exogenous ghrelin.249

Cholecystokinin
Cholecystokinin (CCK), secreted by the GI tract in 
response to food intake,184 is known as the satiety hor-
mone250 because it is thought to signal satiety to the 
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CNS via vagal afferents. It is the most abundant peptide 
in the human brain.251 Exogenously administered CCK 
reduces food intake in humans. High postprandial levels 
of CCK have been observed in girls with AN and may 
aggravate the course of this disease by intensifying nau-
sea and vomiting.252 To date, however, studies of CCK in 
patients with AN have been inconsistent in their findings, 
reporting normal or increased plasma CCK.253 A recent 
study, which utilized a highly specific radioimmunoassay 
for plasma CCK demonstrated basal and postprandial 
plasma CCK levels in AN similar to controls.253 With an 
initial weight gain of about 2 kg, fasting and postmeal 
CCK levels increased significantly but decreased again 
with further weight improvement. This suggests that the 
higher plasma CCK level in the early phase of nutritional 
rehabilitation might be responsible for the premature feel-
ing of satiety in AN patients and could partially explain 
the difficulties in increasing food intake at the beginning 
of weight recovery.253 It has been proposed that this phe-
nomenon be called the “hunger trap.” Adaptation of CCK 
to low food intake in anorexic patients limits weight gain 
by increasing satiety even with moderate food intake.253 
Only with further weight improvement does the CCK 
release return to the normal level. In contrast, patients 
with BN appear to have reduced plasma, CSF, and lym-
phocyte CCK concentrations and diminished CCK secre-
tion following a test meal.254-256 It has been suggested 
that patients affected by BN may suffer from an impaired 
feeling of satiety; that is, the lack of negative feedback to 
terminate a meal could be responsible for binge eating. 
In patients with BN, plasma CCK is decreased, and this 
blunted postprandial CCK response may contribute to the 
diminished postingestive satiety that BN patients experi-
ence.257 According to the published data, CCK release is 
dependent on the macronutritent composition of food 
choices, with protein being the most potent stimulator of 
the CCK response.258 A 2-week study involving patients 
with BN and BED demonstrated that the addition of a 
high-protein supplement to the diet resulted in less fre-
quent binge eating episodes. It is suggested that CCK may 
mediate the effect of protein on satiety, and, thus, increas-
ing the proportion of protein in the diet decreases the fre-
quency of binge-eating episodes.259

Melanocortin and Corticotropin-Releasing Hormone
The central melanocortin system is important in the regu-
lation of energy balance.260,261 The key POMC-derived 
alpha-melanocyte-stimulating hormone (α-MSH) is one 
of the main anorexigenic anorexic mediators. The POMC 
gene is expressed in the hypothalamic arcuate nucleus. 
There are several transmembrane receptors for POMC-
derived molecules. Suppression of food intake is mainly 
due to activation of MC4R, which is expressed in brain. 
The key MC4R agonist is α-MSH, and the antagonist is 
AgRP, which has orexigenic activity.262 Plasma AgRP has 
been reported as increased in AN, but plasma α-MSH has 
not been different from control values.263

The hypercortisolism in AN and BN is most likely 
due to hypersecretion of CRH, which is most probably a 
response to weight loss per se; the change in CRH is likely 
mediated through the central melanocortin system.264 

CRH also has central effects beyond the HPA axis; ICV 
administration of CRH to animals produces physiologic 
and behavioral changes associated with AN, including 
hypothalamic hypogonadism, decreased sexual activity, 
decreased feeding behavior, and hyperactivity.129,184 The 
anorexigenic action of leptin may be mediated at least 
partially through CRH.265 The anorexic activity of sero-
tonergic drugs appears to be through activation of POMC 
neurons in the arcuate nucleus, a circuit that is tonically 
regulated by leptin.266

Vasopressin and Oxytocin
In addition to the effects of vasopressin on HPA axis reg-
ulation and free-water clearance by the kidney and the 
effects of oxytocin during the puerperium, these struc-
turally related neuropeptides are distributed throughout 
the CNS and function as long-acting neuromodulators of 
complex behaviors. The effects of vasopressin appear to 
be reciprocal to those of oxytocin. Central administra-
tion of vasopressin to rats enhances memory consolida-
tion and retrieval, whereas administration of oxytocin 
disrupts memory.129

In addition to abnormally high CSF vasopressin con-
centrations123 and impaired osmoregulation of plasma 
vasopressin,267 AN patients have reduced CSF oxytocin 
concentrations and impaired plasma oxytocin responses 
to stimulation.129 These abnormalities tend to normalize 
after weight restoration, suggesting they are secondary 
to malnutrition or abnormal fluid balance, or both. In 
underweight anorexics, low CNS oxytocin might interact 
with high CNS vasopressin to enhance the retention of 
cognitive distortions of the aversive consequences of eat-
ing, thereby reinforcing these patients’ perseverative pre-
occupation with the adverse consequences of food intake. 
Lower postprandial oxytocin secretion in AN is associ-
ated with symptoms of anxiety and depression.268

Patients with normal-weight BN were found to have 
elevated CSF vasopressin concentrations but normal CSF 
oxytocin, both on admission and after 1 month of nutri-
tional stabilization and abstinence from bingeing and 
purging.123 In these patients as well, high CNS vasopres-
sin might contribute to their obsessional preoccupation 
with the aversive consequences of weight gain. Some 
recovered bulimics may have continued elevation of CSF 
vasopressin, perhaps related to a lifetime history of major 
depression.269

Opioid Peptides
CNS opioid agonists increase food intake, and opioid 
antagonists decrease food intake,123 suggesting that these 
compounds may mediate some aspects of AN.123,129 
Although assessment of brain opioid activity in vivo in 
humans is problematic because of the many CNS neuro-
peptides with opioid activity and the multiplicity of CNS 
opioid receptors, the CSF concentrations of some opi-
oid peptides have been determined in anorexic patients. 
Underweight anorexics were found to have significantly 
reduced CSF β-endorphin concentrations compared with 
healthy volunteers.129 CSF β-endorphin concentrations 
remained significantly below normal after short-term 
weight restoration but returned to normal after long-term 
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weight restoration. A downregulation in opioid circuits or 
a hyposensitivity at receptor sites could lead to a passive 
or active resistance to eating. CSF β-endorphin concentra-
tions also have been shown to be reduced in women with 
BN.129 CSF dynorphin concentrations have been reported 
as normal in all stages of AN and BN.123,129

A disturbance in CNS opioid function also may con-
tribute to the neuroendocrine abnormalities in AN and 
BN (e.g., disturbances in HPA and pituitary-gonadal axis 
function).123,129 Brain opioid pathways inhibit ACTH 
and cortisol release in humans, and they suppress pul-
satile gonadotropin secretion in rats and in sexually 
mature humans. Underweight anorexics frequently have 
a blunted response of LH secretion to opiate antagonists, 
and weight restoration tends to normalize this response.123 
The failure of opioid antagonists to increase LH secre-
tion in underweight anorexics suggests that another neu-
rotransmitter system (or systems) may be responsible for 
this neuroendocrine disturbance.

Brain-Derived Neurotrophic Factor
Along with the peripheral endocrine changes in pituitary 
and target-gland hormones in AN and BN, multiple neu-
ropeptide disturbances occur when patients engage in 
pathologic eating behaviors and become malnourished, 
as reviewed earlier. The list of neuropeptides involved 
continues to increase.

BDNF is widely and abundantly expressed in the central 
nervous system.270 BDNF influences neuronal growth, dif-
ferentiation, synaptic plasticity, and neuronal survival and 
is also involved in cognitive function, mainly in the pro-
cesses of learning and memory. Several lines of evidence 
support the essential role played by BDNF in eating behav-
ior and body weight regulation. BDNF knockout mice 
develop obesity and hyperphagia and hyperleptinemia.271 
In db/db mice, central or peripheral BDNF administration 
has resulted in a decrease in food intake and an increase 
in energy expenditure, and has corrected hyperglyce-
mia and hyperinsulinemia.272,273 Data regarding serum 
BDNF concentrations in AN patients are conflicting. 
Some researchers have reported a normal serum BDNF 
concentration,274,275 whereas other reports showed lower 
serum BDNF in AN patients versus control subjects.276-278 
However, the results of meta-analysis showed significantly 
decreased plasma BDNF in AN.279 Lower serum BDNF 
was observed in bulimic patients. Serum BDNF corre-
lated positively with BMI and plasma leptin concentra-
tions in anorexic patients, while negative correlations were 
observed between BMI and some features of anorexic 
behavior (i.e., “drive for thinness” and “body dissatis-
faction” and “Global Severity Index”).274 The significant 
correlation of serum BDNF with some psychopathologic 
features of the disorder has been demonstrated.275,276 Par-
tial weight recovery in AN was not accompanied by an 
increase in serum BDNF.274,276 Long-term weight recovery 
caused an increase in serum BDNF in AN patients in com-
parison to severely malnourished subjects,274,277 which 
indicates that complete weight restoration is needed to 
increase BDNF levels in anorexic patients.

The slow correction of these neuropeptide distur-
bances with weight restoration in AN and BN implies 

that the disturbances are secondary to malnutrition or 
weight loss, or both, and are not etiologic, although once 
established, the disturbances may perpetuate some of the 
symptomatology, providing a biological dimension to 
the question why many anorexics and bulimics cannot 
easily reverse their illness. Secondary symptoms such as 
dysphoric mood, obsessions, and compulsions related to 
behaviors other than eating may be exaggerated by CNS 
neuropeptide alterations and cause the primary illness to 
be more refractory to treatment. That the neuropeptide 
disturbances eventually become normal during long-term 
recovery suggests that treatment of AN and BN must be 
sustained for months after weight normalization to rec-
tify the many physiologic disturbances.

TREATMENT
Treatment of the eating disorders continues to be com-
plex and difficult. In a 20-year follow-up of AN patients, 
about one third rated their outcomes as good, one third 
as intermediate, and one third as poor.280 Cognitive-
behavioral, educational, psychodynamic, and psycho-
pharmacologic treatments have been used with varying 
degrees of long-term success.281,282 As is often the case in 
the management of psychiatric patients, a combination of 
therapies is used under the rationale that moderate suc-
cesses with individual treatments might be at least addi-
tive, if not synergistic in their overall effectiveness. The 
American Psychiatric Association practice guideline on 
the treatment of eating disorders discusses the spectrum 
of options and emphasizes developing individualized 
treatment plans for weight restoration in the least restric-
tive setting that is likely to be effective.281

There have been more large-scale, randomized, con-
trolled clinical treatment trials in BN than in AN or 
BED.25,283-286 Controlled treatment studies of AN have 
shown the efficacy of various psychological therapies in 
promoting weight gain in acutely ill patients287-290 and in 
preventing relapse following restoration of normal body 
weight.290,291 Substantial improvement in body mass and 
psychosocial adjustment can be achieved in many anorexic 
subjects through cognitive-behavioral, psychoeducational, 
and family therapy techniques, with or without dietary 
counseling. Therapeutic gains have not been as robust in 
patients with more chronic disability. Specialized eating 
disorders hospital units offer combinations of enforced 
weight-gain regimens along with a range of psychosocial 
treatments. Compulsory in-hospital treatment often is 
effective over the short term and can achieve a weight gain 
of 2 to 4 pounds per week.292-296 Recent data concerning 
nutritional therapy indicate that the composition of mac-
ronutrients (less than 40% calories from carbohydrates) is 
important in preventing refeeding syndrome in anorexic 
patients.297 Moreover, the higher-calorie diets may have a 
beneficial effect on weight recovery in AN.298

Serotonin uptake–inhibiting antidepressant drugs 
(SUIs) also show some promise. As noted earlier, seroto-
nergic neurotransmission appears to be compromised in 
eating disorders, including a possible underlying hypersen-
sitivity in AN that may be partially ameliorated by self-
starvation and a subsensitivity in BN that is responsive to 
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SUI-mediated increases in serotonergic activity.296,299,300 
SUIs are relatively ineffective in weight-reduced AN 
patients,300 possibly because of reduced intake of trypto-
phan, the amino-acid precursor of serotonin, with con-
sequently diminished serotonin production. After weight 
restoration in AN and improved serotonin production, SUIs 
such as fluoxetine possibly can reduce obsessionality and 
the incidence of relapse, although a large, well-controlled 
study comparing fluoxetine and placebo in weight-restored 
patients found no significant benefit to medication during 
the year following nutritional rehabilitation.299 Atypical 
neuroleptics also may have some utility, not only to reduce 
anxiety and delusional thinking, but also because they 
promote weight gain.301,302 A meta-analysis concerning 
treatment with antipsychotic drugs did not reveal the clear 
benefit of these drugs in anorexic patients.303 The bingeing 
and purging subtype of AN may have a poorer prognosis 
that the restricting subtype, and weight restoration alone 
is unlikely to be effective in the bulimic subtype of AN.304 
Improved treatment of AN remains of great clinical and 
public health importance, in that it is a chronic, relapsing 
illness with substantial and costly medical morbidity. Yet, 
overall, no pharmacologic intervention for AN thus far 
has had a significant impact on weight gain or its psycho-
logical features. Based on current evidence, managing AN 
patients only with medications is inappropriate and often 
associated with high dropout rates.

Controlled treatment studies of BN have shown the 
efficacy of both antidepressant medications284,285 and 
psychological therapies, especially cognitive-behavioral 
therapy (CBT), in reducing both the frequency of binge-
ing and purging and the severity of body dissatisfaction, 
pursuit of thinness, and perfectionism.284,305-307 How-
ever, medication alone rarely produces full remission; 
many patients require multiple medication trials before 
achieving clinically significant improvement. There have 
been significant dropout rates in clinical trials, and relapse 
during continuation therapy is high.

CBT alone produces higher rates of full remission in 
BN than does antidepressant monotherapy.284 Even so, 
40% to 60% of patients receiving CBT remain symptom-
atic to some degree after acute treatment.284,285 Interper-
sonal therapy (IPT) that strictly avoids direct reference 
to abnormal eating attitudes or dietary behaviors may 
achieve long-term benefits in controlling binge eating and 
purging equal to those obtained with CBT.308

How long to continue treatment in BN once binge eat-
ing abates, in order to minimize relapse, remains undeter-
mined. With antidepressant continuation therapy, the risk 
for relapse may be higher than in patients with unipolar 

depression.284 Low serum T4 may predict poor treatment 
outcome.309 Combined treatment may have an advantage 
over CBT alone in reducing binge eating and purging, but 
the incremental benefit is modest. Remaining questions 
include the length of continuation of psychosocial and 
antidepressant therapies needed to sustain gains achieved 
during acute treatment, the mechanisms underlying the 
possibly synergistic effects of combined treatment, the 
predictors of differential treatment outcomes, the reasons 
for a more rapid decay of acute antidepressant treatment 
effects in BN compared to major depression, and the 
anticipated effects of crossing over to alternative modali-
ties of treatment when initial treatment fails.284

Pharmacotherapies for BED, as distinct from BN, also 
are being investigated. Antiepileptic drugs such as topi-
ramate and zonisamide, serotonin/norepinephrine uptake 
inhibitors such as sibutramine, and antiobesity agents 
such as the lipase inhibitor orlistat have shown promise 
in regard to weight reduction and reduction in binge eat-
ing.310-315 Novel pharmacologic interventions for eating 
disorders also are being evaluated, such as peptide hor-
mones, ghrelin agonists, NPY-1 and NPY-5 antagonists, 
orexin receptor antagonists, CRH-2 receptor antagonists, 
histamine-3 receptor antagonists, MC4R antagonists, 
β3-adrenoceptor agonists, serotonin-2A receptor antago-
nists, and GH agonists.314

The difficulties faced by clinicians in the treatment 
of AN, BN, and BED are also impacted by the trends in 
health care delivery that reduce access to extended care in 
specialty inpatient and outpatient facilities. These external 
forces may compromise efforts to reverse the debilitating 
and sometimes life-threatening behavioral and biological 
symptoms and sequelae of these illnesses. Endocrinolo-
gists are best advised to seek psychiatric specialist consul-
tation early in the evaluation of patients with these eating 
disorders, not just to aid in their differential diagnosis 
but, importantly, to help plan the complex therapeutic 
approaches currently known to offer the best outcomes.
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The pancreas provides both the enzymes that digest the 
food in the gut and the hormones that control utilization 
of the nutrients supplied by that digested food. Two dis-
tinct components of the pancreas, the exocrine and endo-
crine compartments, accomplish these related tasks. The 
ductal and acinar cells of the exocrine compartment com-
pose the majority of the organ, while the islets of Lang-
erhans of the endocrine portion are scattered throughout 
the exocrine matrix.

During pancreatic development, a common pool of 
progenitor cells in the early gut endoderm differentiates 
into these distinct cell types. Positional and temporal cues 
provided by extracellular signals direct sequential changes 
in the gene expression program of individual cells, and 
ultimately determine the phenotype of the differenti-
ated cells and the organization of the mature organ. Any 
breakdown in the orchestration of this complex process 
of growth, differentiation, migration, and organization 
can damage the mature organ, and can cause diabetes by 
impairing the function of the insulin-producing β cells. 

An understanding of pancreatic development has pro-
vided us with new insights into the causes of diabetes and 
new strategies for intervening in the disease.

PANCREAS MORPHOGENESIS
During gastrulation, mesendodermal cells that migrate 
through the node region start to segregate to form dis-
tinct mesodermal and endodermal germ layers. Endoder-
mal cells aggregate to form a contiguous epithelium that 
spans the whole length of the forming gastrointestinal 
tract of the developing embryo. Digestive organs develop 
along the antero-posterior and dorsal-ventral axes of this 
sheet of cells in a precise and predetermined pattern.1-3

The pancreas forms from clumps of cells that bud from 
the dorsal and ventral aspects of the gut endoderm near 
the foregut/midgut junction4,5 (Fig. 30-1). Well before 
any morphologic evidence of the pancreas becomes 
apparent, interactions between the mesodermally-derived 
notochord and the endodermal epithelium initiate dorsal 

K E Y  P O I N T S

 •  Pancreatic organogenesis depends on permissive and instructive cues from surrounding 
mesenchymal tissues.

 •  Embryonic signaling pathways guide all steps of pancreas organogenesis.
 •  Early pancreatic progenitor cells have the capacity to differentiate into all of the 

pancreatic epithelial cell types.
 •  Notch signaling restricts expression of the pro-endocrine transcription factor Neurog3 

and the generation of islet cells.
 •  Transcription factor cascades regulate specification and differentiation of pancreatic cell 

types.  
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pancreas formation.6 Similarly, interactions between the 
lateral plate mesoderm and the lateral endoderm ensure 
proper induction of the ventral pancreas.7 The first mor-
phologic sign of pancreas formation is a thickening of the 
dorsal endodermal sheet caudal to the stomach anlage. 
This bud structure continues to grow and initiates contact 
with the dorsal aorta that has fused in the midline and 
thus separated the notochord and the endoderm.8 Subse-
quently, dorsal mesenchyme replaces the aorta and pro-
vides essential signals that stimulate pancreatic epithelial 
branching and cell differentiation.

Similar tissue interactions guide the development of 
the two ventral buds. In contrast to the dorsal bud that 
forms in the midline of the epithelium, the ventral buds 
are derived from the ventro-lateral edges of the endo-
dermal sheet. Instructive signals provided by the lateral 
plate mesenchyme initiate ventral pancreas formation, 
and interactions with smaller blood vessels further sup-
port organ growth.8 One of these ventral buds degener-
ates while the other one fuses with the dorsal bud when 
stomach and gut rotate to form the mature organ. The 
regulation of this rotation is not well understood, but per-
turbations lead to malformations in humans, including 
annular pancreas, wherein a part of the ventral pancreas 
is mislocalized and can constrict the adjacent duodenum.9

Mesenchymal-epithelial interactions are required for 
proper development of the mature tissue.10,11 Recent 
studies indicate that the pancreatic mesenchyme not only 
governs the expansion of early pancreatic progenitors,12 
but also regulates the proliferation of already differenti-
ated endocrine and exocrine cells toward the end of gesta-
tion.13 However, the epithelial cells start to outgrow the 
mesenchyme during later stages of development, and few 
remnants of this tissue remain in the adult pancreas. Epi-
thelial cells branch into the surrounding mesenchyme to 
form an elaborate duct system that allows transport of 
exocrine enzymes into the duodenum. Distal cells of the 
branching epithelium differentiate into acinar cells that 
are connected to the duct system via centroacinar cells. 
Acinar cells are organized as small glands that produce 
a variety of digestive enzymes, including amylases, pepti-
dases, nucleases, and lipases.

In contrast to the continuous acinar-duct system, endo-
crine precursors delaminate from the immature ducts 
during development and migrate into the surrounding 

mesenchyme where they aggregate and organize into 
islets of Langerhans. These distinct islet cells produce a 
variety of hormones, including insulin, glucagon, pancre-
atic polypeptide, and somatostatin, which are secreted 
directly into the bloodstream and regulate gastrointesti-
nal function and nutrient storage and utilization. Due to 
intimate interactions between endocrine cells and blood 
vessels, islets are highly vascularized. Similarly, hormone 
secretion is controlled at least in part by the nervous 
system; the sympathetic, parasympathetic, and sensory 
neurons that innervate the islets derive from cells that 
migrate from the neural crest into the pancreas just as the 
two buds fuse.14

EARLY ORGAN SPECIFICATION AND BUD FORMATION

Tissue Interaction and Signaling Pathways
With the exception of supporting mesenchyme, blood 
vessels, and innervating neurons, all mature pancreatic 
cell types derive from epithelial cells of endodermal ori-
gin.15-17 Several studies have addressed the question how 
the pancreas anlage becomes specified within the epithe-
lial sheet that forms the endoderm, and increasing evi-
dence points to a series of tissue interactions as important 
steps during early stages of organogenesis. During gastru-
lation, the mesectodermal portion of the embryo signals 
to the endodermal sheet to establish a prepattern along 
the anterior-posterior axis.3

Although the exact signals required for patterning 
of the fore-midgut area are not completely understood, 
studies in mice have implicated the fibroblast growth fac-
tor (FGF) signaling pathway in this process.18 Before any 
morphologic signs of pancreas formation are apparent, 
the midline of the endodermal epithelium comes in close 
contact with the overlying notochord, a mesodermal 
structure known to regulate organogenesis and cell differ-
entiation in adjacent structures. The notochord provides 
secreted signaling peptides that are required for initiation 
of dorsal pancreas organogenesis. Members of the trans-
forming growth factor β (TGF-β) and fibroblast growth 
factor (FGF) signaling pathways have been implicated in 
the notochord-mediated induction of pancreas develop-
ment. A critical aspect of their activity involves repression 
of the expression of Sonic Hedgehog (Shh), a member of 
the Hedgehog signaling pathway within the pancreas 
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Figure 30-1 Schematic outline of the development of the mammalian pancreas. 1, Dorsal and ventral buds arise from the duodenal part of the primitive 
gut endoderm (blackened). 2, The dominant ventral bud, following the bile duct, turns and approaches the dorsal bud. 3, The two buds fuse together. 4, The 
ventral bud becomes part of the head of the pancreas (the duodenal lobe, rich in cells expressing pancreatic polypeptide [PP]), whereas the dorsal bud gives rise 
to the body and tail (the glucagon-rich splenic lobe); the pancreatic juice is drained off by the main and accessory pancreatic ducts. b, bile duct; d, dorsal bud;  
s, stomach; v, ventral bud.
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anlage.19 Ectopic elevation of Hedgehog signaling at the 
onset of pancreas formation results in pancreatic agen-
esis, indicating that tight regulation of the activity of this 
pathway is essential for proper organ formation. How-
ever, the notochord provides only permissive signals since 
it cannot induce expression of pancreatic markers in non-
pancreatic endoderm.6

In contrast to the singular dorsal pancreas, two distinct 
pancreatic buds form within the ventro-lateral endoderm, 
a region that is not contacted by the notochord. Tissue 
recombination experiments in chicks and mice demon-
strate that similar but distinct signals from the lateral 
plate mesoderm (LPM) ensure the correct temporal-spa-
tial induction of the ventral pancreas.7,18 Before it con-
tacts the LPM, no pancreatic markers are detectable in 
the presumptive ventral pancreas, but LPM or the TGF-β 
superfamily members activin and morphogenetic proteins 
(BMPs), as well as retinoic acid (RA), have been shown to 
induce expression of pancreatic genes in underlying endo-
derm (see the following section).7 Of note, mesenchyme 
isolated from the pancreatic region carries the potential to 
induce pancreatic gene expression in anterior endoderm 
normally fated to develop into stomach and esophagus. 
Thus, in contrast to the notochord-endoderm interaction 
that induces dorsal pancreas development in a permissive 
fashion, the LPM actively instructs uncommitted endo-
derm to differentiate into pancreatic tissue. Activin, BMP, 
and RA signals that mimic the pancreas instructive activ-
ity of the LPM are potentially useful in designing a cock-
tail of growth factors designed to regulate differentiation 
of uncommitted progenitor cells toward a pancreatic fate.

Other studies have shown that interactions between 
heart mesenchyme and ventral foregut endoderm regulate 
differentiation of ventral pancreas and liver progenitor 
cells.20 In an analogy to the notochord-dorsal pancreas 
bud interactions, the septum transversum and heart mes-
enchyme produce BMP and FGF signals, respectively, 
that regulate organ differentiation of the ventral endo-
dermal organs, including liver and pancreas. Because of 
its close proximity, the concentration of FGF ligands pro-
duced by the heart mesenchyme is higher at the area fated 
to develop into liver and lower at the more distal region 
that develops into ventral pancreas.20 This is also the case 
for dorsal pancreatic epithelium in which low levels of 
FGF signals have been shown to initiate pancreatic gene 
expression and block Shh expression while higher levels 
of FGF signaling block pancreas induction via increased 
Hedgehog signaling. Thus, formation of dorsal and ven-
tral pancreatic buds depends on low FGF signals and inhi-
bition of Hedgehog signaling. It is important to note that 
Hedgehog signaling is active in areas immediately adja-
cent to the dorsal and ventral buds, thereby establishing 
a molecular boundary that prevents ectopic expansion of 
pancreatic tissue beyond its normal borders.

During subsequent stages, the flattened endodermal 
sheet expands and folds itself to form a tube-like struc-
ture. The first morphologic sign of pancreas formation is 
an epithelial thickening at the dorsal side of the forming 
gut tube caudal to the stomach anlage, shortly followed 
by the appearance of two ventral thickenings next to the 
liver diverticulum. Outgrowth and tissue-specific gene 

expression continue to depend on cues derived from adja-
cent tissues. In contrast to earlier stages, mesenchymal 
signals are now produced from forming blood vessels, 
the dorsal aorta and smaller vitelline veins that contact 
the dorsal and ventral buds, respectively.21 Depletion of 
blood vessels via explantation in Xenopus or via homo-
zygous recombination in transgenic mice that lack the 
Flk-1 gene, a receptor for vascular epithelial growth fac-
tor (VEGF), impairs the differentiation of the dorsal pan-
creatic epithelium.21,22 Vice versa, ectopic expression of 
VEGF leads to hypervascularization and islet hyperplasia 
in pancreatic tissues as well as ectopic insulin expression 
in nonpancreatic stomach epithelium, suggesting that 
VEGF or other molecules secreted by endothelial cells 
support endocrine cell differentiation. Detailed analysis 
of the interaction between blood vessels and pancreatic 
buds has revealed physical contact between the aorta and 
the dorsal bud epithelium, while vitelline veins and ven-
tral bud epithelium are separated by a fine band of mes-
enchymal cells, although endothelial cells are less critical 
for ventral bud formation.22

Recent results have provided further evidence for the 
role of signaling molecules in setting up organ boundar-
ies in the pancreas anlage. Studies in zebrafish suggest 
that Fgf10 expression is critical for separating pancreatic 
and liver cells in the area of the hepatopancreatic ductal 
system. Fgf10 is expressed in the mesenchyme surround-
ing the developing hepatopancreatic duct and functions 
to restrain inappropriate differentiation of adjacent pan-
creas into liver cells as well as liver into pancreatic cells.23 
Thus, secreted signaling molecules are essential in defin-
ing pancreas organ boundaries.

Upon specification of the dorsal and ventral pancreatic 
anlagen, additional mesenchymal-epithelial interactions 
contribute to later steps of pancreas organogenesis.10,11 
Splanchnic mesoderm expands medially and surrounds 
the pancreatic epithelial buds. Signals from the mesen-
chyme promote epithelial expansion that results in the 
formation of a branching structure composed of undiffer-
entiated ductal cells. Based on morphologic criteria, Rut-
ter and colleagues argued that the early endodermal cells 
are “protodifferentiated” and that mature exocrine and 
endocrine cells appear only after the secondary transition, 
a process during which the numbers of differentiated 
acinar and β cells increase significantly.4,24 More recent 
studies have shown that early pancreatic mesenchyme 
generally induces growth and proliferation of epithelial 
cells, while at later stages mesenchymal signals promote 
expansion of exocrine and endocrine cells.13

Induction of the Pancreatic Gene Expression Program
The morphologic changes that occur as pancreas differen-
tiates from gut endoderm depend on sequential changes 
in gene expression. Extracellular signals provided by tis-
sue interactions between the developing pancreatic endo-
derm and adjacent tissues ultimately affect cell phenotype 
by altering gene expression within the nucleus. Recent 
studies have outlined the underlying molecular events 
that control these changes in gene expression and have 
focused in particular on the nuclear proteins, the tran-
scription factors that control gene transcription, and the 
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TABLE 30-1 Pancreas Transcription Factors

Factor Family Expression
Downstream  
Pancreatic Genes Mouse Mutations* Human Mutations References

NEU-
ROG3

bHLH Fetal pancreas  
(endocrine pro-
genitor cells), CNS

NeuroD1, 
Pax4, 
Nkx2.2

Diabetes, no islet 
cells

Hom: malabsorp-
tion, early-onset 
diabetes or PND

94,95,105,115,147,148

NEU-
ROD1

bHLH Islet, gut endocrine 
cells, CNS

Insulin Diabetes, de-
creased islet 
cells

Het: MODY6, late-
onset diabetes

Hom: PND, DD, 
ataxia, deaf-
ness, and visual 
impairment

114,142,149-153

ATOH8 bHLH Progenitor cells, endo-
crine and exocrine

Neurog3 Early embryonic 
lethal

119

PTF1A bHLH Exocrine pancreas, 
CNS

Exocrine en-
zyme genes

Exocrine pancre-
atic agenesis, 
islets in spleen

Hom: PND, pancre-
atic agenesis, cer-
ebellar agenesis

46,62,63,154

BHL-
HB8

bHLH Exocrine pancreas, 
serous exocrine 
cells

Exocrine pancreas 
disorganization

155-157

PDX1/
IPF1

Parahox 
homeodo-
main

β and δ cells, duo-
denum, stomach, 
CNS

Insulin, IAPP, 
Glucokinase, 
Glut2

Pancreatic agen-
esis

Het: MODY4
Hom: PND, pancre-

atic agenesis

42-44,59,60,140,158-
164

MNX1 Parahox 
homeodo-
main

β cells, gut, lym-
phoid, CNS

Glut2 Dorsal pancreatic 
agenesis

Het: Sacral agenesis
Hom: PND, sacral 

agenesis, DD, 
pulmonary 
defects

47,48,145,165

PAX2 Paired  
domain

Islet, urogenital tract, 
CNS

Glucagon Defects in optic 
nerve, CNS, 
urogenital tract

Het: renal-colobo-
ma syndrome

166,167

PAX4 Paired-home-
odomain

Fetal pancreas, CNS Pax4 (autore-
pression)

Decreased β and 
δ cells

Het: late-onset 
diabetes, KPD

Hom: early  
diabetes, KPD

122,168-170

PAX6 Paired-home-
odomain

Islet, gut endocrine 
cells, CNS

Glucagon, 
insulin, so-
matostatin

Decrease in all 
islet cells, 
decreased 
glucagon

Het: Ocular anoma-
lies, IGT

Compound Het: 
PND, hypopituita-
rism, microcephaly, 
microophthalmia

128,129,171,172

ARX Paired-related 
homeodo-
main

α and δ cells, CNS Decreased α cells X-linked mental 
retardation

130,173

NKX2.2 NK-home-
odomain

β, α, and PP cells, 
CNS

Nkx6.1
insulin, Glut2, 

glucokinase

Diabetes, no 
insulin

Hom: PND, DD, 
cortical blind-
ness, hearing 
impairment

125,126,145,174,175

NKX6.1 NK-home-
odomain

β cells, CNS Decreased β cells, 
postnatal lethal

125,126,174,176

IRX1 Irx- home-
odomain

α cells, CNS, lung. 
limb

177

IRX2 Irx- home-
odomain

α cells, CNS, heart None apparent 177,178

CDX2 Caudal-
homeodo-
main

Islet and gut Glucagon Het: gut tumors, 
intestinal gas-
tric heterotopia

Hom: Embryonic 
lethal

179-183

ISL1 LIM-home-
odomain

Islet, CNS Somatostatin, 
glucagon

No islet cells, em-
bryonic lethal

Het: late-onset 
diabetes

127,143,184-188

LMX1A LIM-home-
odomain

β cells, CNS insulin Dreher: roof 
plate, cerebel-
lum defects

111,179,189

POU3F4 Pou-home-
odomain

α cells, CNS Glucagon Hom: Neurogenic 
deafness

131,147,190

HNF1A Pou-home-
odomain

Islet, liver, kidney Pax4, Neurog3, 
Glut2, Rat 
Insulin I

Diabetes, im-
paired β cell 
glucose sensing

Het: MODY3 40,107,122,139,  
191-193

Continued on following page
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epigenetic changes that these factors and other signals 
induce.

Transcription factors expressed broadly in the endo-
derm provide competence to respond to the endoderm 
patterning signals and include early endoderm factors 
Sox1725 and Rfx626 and several transcription factors 
originally described in the adult liver, such as hepatic 
nuclear factors (HNF) 1B (a POU-homeodomain fac-
tor),27 3A and B (forkhead factors now known as FOXA1 
and FOXA2),28 4A (a fatty-acid-binding nuclear recep-
tor),29-31 and 6 (a cut-homeodomain factor now known 
as ONECUT1),32,33 and the zinc-finger transcription 
factors GATA4 and GATA6.34,35 These genes function 
in transcriptional hierarchies that not only control endo-
derm patterning, but also persist in endoderm-derived 
organs and play roles in the mature pancreas.36-41 Several 
of these endoderm factors have been directly implicated 
in the control of mature pancreatic gene expression (see 
Fig. 30-5 and Table 30-1).

The earliest genes selectively expressed in prepancre-
atic endoderm are two transcription factors, the parahox 
homeodomain factor PDX142-44 and the basic-Helix-
loop-helix (bHLH) transcription factor PTF1A.45,46 
PDX1 expression first appears in prepancreatic endo-
derm more than 1 day before the initial formation of the 
dorsal pancreatic bud, and it is preceded immediately by 

the appearance of another parahox factor, MNX1 (also 
known as HB9),47,48 which is expressed more broadly 
than PDX1 in anterior endoderm. Expression of both 
MNX1 and PDX1 persists in the initial pancreatic buds, 
although MNX1 expression is extinguished quickly, 
while PDX1 expression lasts a few more days. Expression 
of both factors is reactivated in mature β cells.

Dorsal, but not ventral, expression of PDX1 depends 
on MNX1.47,48 Because MNX1 is also expressed in the 
notochord during the same period, it is formally possible 
that MNX1 could control dorsal PDX1 expression via 
signals from the notochord. PDX1 expression in the dor-
sal prepancreatic endoderm does not require signals from 
the notochord, however, suggesting that MNX1 func-
tions cell-intrinsically in inducing PDX1. Extrinsic signals 
that induce PDX1 expression in the dorsal prepancreatic 
endoderm have not been identified.6 On the other hand, as 
described in the preceding section, signals from the LPM 
including activin, BMPs, and retinoic acid can induce 
PDX1 expression in the ventral prepancreatic endoderm.7

Studies of the Pdx1 promoter have identified several 
additional endodermal transcription factors as potential 
intrinsic regulators of Pdx1 expression.49-56 These include 
members of the HNF1 and Foxa families of transcrip-
tion factors, Onecut1, the paired homeodomain factor 
PAX6, and PDX1 itself.49,50,55,57,58 (MNX1 also may act 

TABLE 30-1 Pancreas Transcription Factors (Continued)

Factor Family Expression
Downstream  
Pancreatic Genes Mouse Mutations* Human Mutations References

HNF1B Pou-home-
odomain

Islet, pancreatic duct, 
liver, kidney

Pax4, Pdx1 Embryonic lethal Het: MODY5, 
renal defects

122,141,194,195

ONE-
CUT1

Cut-home-
odomain

Pancreatic duct, liver NEUROG3 IGT, small islets 32,33,107,108, 
196,197

FOXA1 Forkhead/
Winged 
Helix

Islet, gut, liver Glucagon Hypoglycemia 198,199

FOXA2 Forkhead/
Winged 
Helix

Islet, exocrine, duct, 
gut, liver, CNS

Pdx1, NEU-
ROG3, 
Kcnj11, 
Abcc8

Embryonic lethal 32,49,50,55,107,197, 
200-202

FOXA3 Forkhead/
Winged 
Helix

Islet, gut, liver Glucagon No pancreatic 
phenotype

203-205

RFX3 RFX Broadly, increased 
in islet

Glucokinase Decreased α, β, 
and ε cells

206,207

RFX6 RFX Endoderm, islet, gut 
endocrine

Glucokinase No α, β, δ, or ε 
cells, increased 
PP cells; intesti-
nal defects

Hom: PND,  
intestinal defects

26

HNF4α Nuclear 
receptor

Liver, islet, kidney Hnf1α, glyco-
lytic enzymes, 
Pax4

Embryonic lethal Het: MODY1 30,122,138,200, 
208,209

MAFA bZip β cells, eye, CNS Insulin, Pdx1 Diabetes, normal 
islet develop-
ment

210-214

MAFB bZip α cells, immature 
β cells, multiple 
others

Glucagon, 
Pdx1

Reduced α and β 
cells

214-217

C-MAF bZip α cells, eye, multiple 
others

Glucagon 210

het, Heterozygous; hom, homozygous; CNS, central nervous system; DD, developmental delay; IAPP islet amyloid polypeptide; IGT, impaired 
glucose tolerance; KPD, ketosis prone diabetes; MODY, maturity onset diabetes of the young; PND, permanent neonatal diabetes.

*All mouse phenotypes are for homozygous mutant animals unless stated otherwise.
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through these same PDX1 binding sites, given its similar-
ity to PDX1 in the DNA-binding homeodomain). HNF1a 
and PAX6 are not expressed early enough or broadly 
enough to initiate the early expression of PDX1 in the 
embryonic gut and pancreatic buds, but the expression 
patterns of Onecut1, HNF1b, Foxa1, and Foxa2 suggest 
that they could play this role (Fig. 30-2). Mice lacking 
Onecut1 have reduced expression of PDX1,58 and embry-
oid bodies lacking Foxa2 fail to activate the Pdx1 gene,55 
suggesting that these two factors may be bona fide activa-
tors of PDX1 expression in the prepancreatic endoderm 
and pancreatic buds and therefore lie directly upstream 
of PDX1 in the hierarchy of factors involved in initiating 
pancreas development (see Fig. 30-5).

PDX1 is required for outgrowth of the pancreatic 
buds. In mice with targeted disruptions of the pdx1 gene, 
the pancreatic buds fail to branch and expand after ini-
tial formation, yielding an animal that lacks a pancreas 
at birth.43,44,59 Confirming its role upstream of PDX1 in 
the endoderm, lack of Onecut1 results in reduced pan-
creatic size,58 and removal of MNX1 specifically arrests 
the growth of the dorsal pancreatic bud.47,48 Homo-
zygous null mutation in the IPF1 gene, which encodes 
human PDX1, have been identified in human patients 
with pancreatic agenesis,60 and mutations in the zebraf-
ish gene encoding PDX1 also affect pancreas develop-
ment,61 reflecting an evolutionary conservation of PDX1 
function.

Expression of PTF1A follows shortly after PDX1 and 
is restricted within the endoderm to the dorsal and ven-
tral pancreatic buds.62,63 The aorta induces expression of 
PTF1A in the dorsal pancreatic bud, but vascular-derived 
signals do not appear to play as critical a role in its expres-
sion in the ventral buds.22 Although PTF1A was initially 
described as an exocrine-specific transcription factor,46,63 
in fact it plays an essential role in determining pancreatic 
cell fate. Although in the mature pancreas its expression 
is restricted to the acinar cells, in mouse embryos lack-
ing PTF1A, cells normally fated to contribute to both 
exocrine and endocrine lineages in the pancreas instead 
revert to duodenal epithelium.45

CELL TYPE DIFFERENTIATION

Signaling Pathways
Several embryonic signaling pathways regulate distinct 
aspects of pancreas organogenesis and endocrine cell 
differentiation. As discussed earlier, TGF-β, FGF, and 
Hedgehog signaling pathways coordinate initiation of 

pancreas formation. After bud formation, these pathways 
play additional roles in the differentiation of the distinct 
cell types that form the mature pancreas.

FGF7 and FGF10 are expressed transiently in pancre-
atic mesenchyme and have been shown to promote prolif-
eration of pancreatic epithelial cells.12,64 Transgenic mice 
that carry a homozygous deletion in the FGF10 gene dis-
play severe defects in pancreas morphogenesis that result 
from loss of Pd1-positive, pancreatic epithelial progeni-
tor cells.12 FGF signaling also has been shown to regu-
late proliferation of endocrine and exocrine cells,65,66 and 
expression of a dominant active form of the FGF receptor 
2 (FGFR2) inhibits endocrine and exocrine cells.65-67

TGF-β/activin signaling has been shown to affect dif-
ferentially exocrine and endocrine cell differentiation. 
Treatment of isolated pancreatic buds with soluble TGF–
β1 stimulates differentiation of endocrine cells, par-
ticularly β cells and pancreatic polypeptide (PP) cells.68 
Signaling via activins, a subgroup of TGF-β signaling 
members, also has been shown to affect preferentially 
endocrine cell differentiation. Treatment of pancreatic 
buds with follistatin, an antagonist that physically binds 
to activins, inhibits endocrine cell differentiation while 
promoting exocrine cell formation.69 Transgenic mice 
ectopically expressing dominant-negative activin type 2 
receptor (dnActR2) develop islet hypoplasia, a pheno-
type also observed in mice carrying targeted mutations in 
both ActRIIA and ActRIIB.70-72 More recent work has 
focused on the downstream signaling cascade of TGF-
β/activin signaling. Ligand binding to their respective 
receptors on receiving cells results in the phosphorylation 
of receptor associated Sma- and Mad-related proteins 1, 
2, 3, 5, and 8 (R-Smads). Another Smad, Smad4, acts as 
a universal partner for the R-Smads, and the R-Smad/
Smad4 complex interacts with distinct DNA-binding fac-
tors to regulate target gene transcription. Surprisingly, 
loss of Smad4 has no appreciable effects on pancreas 
formation,73,74 suggesting Smad4-independent TGF-β/
activin functions. Additional support for the TGF-β/
activin requirement during pancreas development comes 
from recent studies in which Smad7, a negative fac-
tor that interferes with Smad-receptor and Smad-Smad 
interactions, is ectopically expressed in pancreatic tissue. 
Embryonic expression in pancreatic epithelium results in 
pancreas and β cell hypoplasia.75 Of note, ectopic expres-
sion specifically in adult pancreatic PDX1+ cells resulted 
in hypoinsulinemia followed by diabetes.

The role of Hedgehog signaling during endocrine cell 
differentiation is less clear. At early stages, elevation of 

Figure 30-2 Embryonic signaling 
pathways regulate different steps of 
pancreas and endocrine islet forma-
tion. dp, Dorsal pancreas; nt, noto-
chord; vp, ventral pancreas.
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Hedgehog signaling in the pancreas anlage results in 
transformation of the pancreatic mesenchyme into duo-
denal mesoderm.19,76 Increased Hedgehog signaling 
impairs pancreatic organogenesis, at least in part, because 
signals normally provided by the pancreatic mesenchyme 
are reduced. Also, as has been shown for other organs, 
ectopic activation of Hedgehog signaling reduces FGF10 
expression known to promote pancreatic epithelial and 
endocrine cell expansion.77,78 By contrast, a low level 
of Hedgehog signaling is detected throughout pancreas 
organogenesis and in mature islets.79,80 In addition, cell 
culture experiments have revealed that Hedgehog sig-
naling activates the Pdx1 and Insulin gene promoters in 
cultured insulinoma cells,81,82 suggesting a different and 
potentially important role for the pathway in maintain-
ing mature β cell function. Elimination of Smoothened, 
a critical component of the Hedgehog signaling cascade, 
in pancreatic epithelial cells revealed a requirement of the 
pathway during embryonic β cell formation. While β cell 
numbers were restored by birth, studies on adult trans-
genic animals showed defects in insulin production and 
glucose intolerance.79 Intriguingly, similar defects in β cell 
function were observed in transgenic mice with overac-
tive Hedgehog signaling,83 suggesting that perfectly bal-
ancing the output of this signaling cascade is critical for 
maintenance of normal β cell function.

Hedgehog signaling shares many features with another 
embryonic pathway, the canonical Wnt cascade. Several 
Wnt ligands and their respective Frizzled receptors have 
been identified in embryonic and adult pancreas.84,85 
Functional studies in which dominant-negative receptors 
were expressed ectopically or β-catenin (an essential com-
ponent of the canonical Wnt signaling cascade) was elimi-
nated have pointed to an important role of this pathway 
during embryonic pancreas formation; however, its exact 
functions in specific pancreas cell types remains under 
debate. Although several studies found a requirement for 
canonical Wnt signaling during exocrine development,86-88 
others have noted a role for β-catenin in endocrine func-
tion.89 Ectopic activation of β-catenin signaling results in 
different phenotypes, depending on the time of expres-
sion. Activation at the onset of pancreas formation blocks 
progenitor cell expansion, while later expression results 
in a profound increase in acinar cell numbers.90 A recent 
study analyzing the requirement for the mouse homolog 
of pygopus 2 (mPygo-2), a necessary nuclear component 
of the Wnt cascade, revealed a novel role for Wnt signal-
ing in early pancreatic mesenchyme.91 According to this 
study, mesenchymal mPygo-2 is essential in regulating 
epithelial progenitor proliferation, including endocrine 
progenitors. Thus, Wnt signaling regulates pancreas for-
mation at various stages in both mesenchyme and epithe-
lium. Furthermore, studies in adult animals indicate a role 
for canonical Wnt signaling in adult β cell proliferation.92

In addition to the TGF-β, FGF, Hedgehog, and Wnt 
signaling pathways, Notch signaling contributes to cell 
fate choices and differentiation in the pancreas, as it does 
in many other organs during embryogenesis. Notch sig-
naling commonly regulates cell fate decision via a process 
known as lateral inhibition in which a given cell within 
a homogenous field of cells becomes less susceptible to 

ligand-activated Notch signaling. As a consequence, this 
cell initiates a specific differentiation program while con-
tinuing to provide Notch ligands to adjacent cells, thereby 
blocking the differentiation of its neighbors (Fig. 30-3).93 
A similar mechanism regulates the differentiation of endo-
crine cells during pancreas development. Reduction of 
Notch pathway activity in transgenic mice lacking essen-
tial Notch signaling components results in upregulation 
of expression of Neurogenin3 (NEUROG3), a bHLH 
transcription factor required for endocrine formation94 
(see the following section) and precocious endocrine 
differentiation.95,96

More recent studies have provided an even more 
nuanced view of Notch activity during endocrine progen-
itor formation. Studies by Shih and colleagues describe 
how intermediate levels of Notch signaling activate 
expression of Sox9 that in turn activates Ngn3 expres-
sion. In contrast, high levels of Notch activate both Sox9 
and Hes1 expression and thereby promote formation of 

Notch

γ-Sec.

Jagged
Delta-like

TACE

NIC

Hes,...

CSL

Target genes

Figure 30-3 Notch signaling pathway. Binding of Jagged/Delta-like 
ligands to Notch receptors activates the Notch signaling cascade. Two 
proteolytic events mediated by the tumor necrosis factor-α–converting 
enzyme (TACE) and γ-secretase (γ-Sec) enzymes result in the generation 
of an intracellular Notch intracellular fragment (NIC) that translocates 
from the membrane to the nucleus. Interaction with transcription fac-
tors from the CSL (CBF1/suppressor of hairless/Lag-1) family activates 
transcription of Notch target genes, including Hes genes known to 
block the transcription of Neurog3.
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duct progenitors within the trunk region of the forming 
epithelial network.97 The key findings from this work 
establish Notch as a critical determinant in both endo-
crine and duct fate development.

Other studies have revealed roles for Notch signaling in 
other steps of pancreatic formation, both before and after 
its well-recognized role in regulating endocrine specifica-
tion. Even before pancreas is specified, Notch signaling 
in the foregut endoderm helps to define the area of the 
pancreas domain.98 Ectopic expression of a constitutively-
active, truncated form of the Notch1 receptor at the onset 
of pancreas formation blocks both exocrine and endo-
crine cell differentiation, suggesting that Notch signaling 
normally may allow the expansion of undifferentiated 
precursor cells.99-101 After endocrine specification, consti-
tutive activation of Notch signaling also blocks endocrine 
cell differentiation in endocrine precursor cells and can 
change the differentiation potential of some α/β cells away 
from the endocrine phenotype toward the ductal fate.102 
By contrast, Notch activation in fully mature endocrine 
cells is not sufficient to change their differentiation status.

Although the exact mechanism of Notch regulation 
during pancreas formation remains unresolved, recent 
evidence suggests that FGF signaling moderates Notch 
activity during pancreas formation. Ectopic expression in 
the pancreas epithelium of FGF10, an FGF ligand nor-
mally found in pancreatic mesenchyme, activates expres-
sion of Notch ligands and receptors and the Notch target 
gene Hes1.103,104 Given the recent evidence of interac-
tions between embryonic signaling pathways during the 
formation of other organs, it will be critical to determine 
how these exchanges regulate pancreatic development 
and pancreatic cell differentiation.

Transcription Factors
The target of Notch inhibition in the embryonic pan-
creas, bHLH transcription factor NEUROG3, functions 
as a proendocrine factor; it is sufficient by itself to drive 
precursor cells to an endocrine fate.95,105 When expressed 
broadly in the developing pancreatic bud, NEUROG3 
can force all of the cells in the developing pancreas to 
differentiate prematurely into islet cells. NEUROG3 is 
expressed abundantly but transiently in the developing 
pancreas in scattered ductal cells and occasional periduc-
tal cells, but it is never found at similar levels in mature, 
hormone-producing cells. Together, these data support a 
model in which NEUROG3 acts upstream of other islet 
differentiation factors, initiating the differentiation of 
endocrine cells, but switching off prior to final differentia-
tion. This conclusion is supported by the observation that 
mice homozygous for a targeted disruption of the Neu-
rog3 gene fail to form any α, β, or δ cells in the pancreas 
and do not express most of the other islet differentiation 
factors,94 as well as by lineage tracing experiments.106

Although Notch signaling restricts NEUROG3 to 
scattered cells within the pancreatic epithelium, addi-
tional positive signals are required to initiate NEUROG3 
expression in the absence of Notch signaling. Studies of 
the NEUROG3 gene promoter implicate several tran-
scription factors in this role, including HNF1, FOXA, 
ONECUT1, and SOX9,107-110 which function together 

as an interacting network109 (Fig. 30-4). Roles for ONE-
CUT1 and SOX9 have been confirmed in vivo.108,110

Since NEUROG3 initiates, but does not complete, islet 
differentiation, it must induce a set of factors that com-
plete the tasks of islet cell differentiation, that is, determi-
nation and differentiation of islet cell subtype, formation 
and organization of islets, and function of the mature 
islet cells. Several direct targets of NEUROG3 have been 
identified, including the bHLH factors NEUROD1 and 
ATOH8, the zinc-finger factors MYT1 and INSM1, the 
paired-homeodomain factor PAX4, and the homeodo-
main factor NKX2.2.

NEUROD1 expression initiates slightly later than 
NEUROG3 during pancreatic development; but, unlike 
NEUROG3, it persists in the mature islet cells, where it 
plays a role in the expression of a number of differen-
tiated endocrine cell products including insulin.111-114 
NEUROG3 can bind to and activate the NeuroD1 gene 
promoter, and it can induce NEUROD1 expression in 
Xenopus embryos115 and pancreatic ductal cells.116,117 
Conversely, NEUROG3-null embryos completely lack 
NEUROD1 expression in the pancreas,94 while NEU-
ROG3 expression is unchanged in NEUROD1-null 
embryos.105 Expression of the distally related bHLH 
factor ATOH8 and the zinc-finger factors MYT1 and 
INSM1 also is activated by NEUROG3, and ATOH8 
and INSM1 appear to play a role in feedback regulation 
of NEUROG3 expression.118-120 In addition, MYT1 
expression persists in the differentiated endocrine cells 
and may play a role in their maturation.121

Just as it can with the Neurod1 gene promoter, NEU-
ROG3 binds to and activates the Pax4 gene promoter;122 
it can activate the intact gene in cultured cells;117,123 and 
in its absence PAX4 expression is lost in the pancreas.94 
In addition, studies of the Pax4 gene promoter implicate 
the more broadly expressed endoderm factors HNF1B 
and HNF4A along with NEUROG3 in cooperative acti-
vation of PAX4 expression.122,123 In the case of the gene 
encoding NKX2.2, NEUROG3 binds to and activates 
one of three alternate promoters in the gene, and coop-
erates with FOXA transcription factors in activating the 
gene.124

Unlike NEUROD1, ATOH8, and MYT1, however, 
PAX4 and NKX2.2 expression is not induced in all islet 
lineages. PAX4, therefore, falls into a class of factors that 
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play specific roles in the differentiation of the different 
islet cell subtypes. These factors can be grouped into the 
early group (e.g., PAX4 and the NK homeodomain fac-
tors NKX2.2125 and NKX6.1),126 which are co-expressed 
with NEUROG3 in endocrine progenitor cells,105 and the 
late group (e.g., basic leucine zipper transcription factor 
MAFA;127 PDX1 and RFX6, both in a second phase of 
expression; PAX6;128,129 the paired-related homeodomain 
transcription factor ARX;130 and the pou-homeodomain 
factor BRN4/POU3f4),105,131 which are expressed at the 
final stage of differentiation and are largely restricted 
to differentiated islet cells (Table 31-1). It is not clear 
whether any of these factors can actually determine the 
cell-type fate of the cell in which they are expressed, or if 
they simply complete the differentiation process initiated 
by other gene products and signals.

Once NEUROG3 is expressed in an appropriate pro-
genitor, that cell is destined to become an islet cell. But 
the decision as to which of the four islet cell types it will 
become apparently is controlled by other factors. Ectopic 
broad expression of NEUROG3 in the developing pancre-
atic bud causes uniform and precocious endocrine differ-
entiation, but the type of endocrine cells depends on when 
NEUROG3 is induced: early expression of NEUROG3 
produces α cells,95,105 but later expression of NEUROG3 
produces other cell types.127 It can be hypothesized, there-
fore, that the cell-intrinsic competence of the progenitor 
cells to generate different islet cell types changes over 
time, or that extracellular signals that change with time 
guide the differentiation of the NEUROG3-expressing 
cells into the different islet cell types. The identities of the 
signals or factors that determine individual islet subtype 
fates remain to be determined.

Islet Formation
Endocrine cell differentiation, including insulin- and 
glucagon-positive cells, can be detected shortly after the 
pancreatic buds form, but these cells are immature and do 
not contribute to the mature islets. Mature β cells form 
during the secondary transition at approximately E13 to 
E14 in the mouse. At this time, endocrine precursor cells 
leave the endodermal epithelium and migrate through the 
adjacent extracellular matrix (ECM) into the surrounding 
mesenchyme.

Cell culture assays have implicated matrix metallopro-
teinases (MMPs) in this process, although experimental 
evidence from in vivo studies supporting these results 
is currently missing.132 Cell attachment to and migra-
tion via the ECM is mediated by integrins, heterodimeric 
transmembrane proteins that serve as extracellular matrix 
receptors.133 Functional evidence for an essential role of 
integrins during migration of islet precursors comes from 
in vivo studies in which islet formation in human fetal 
pancreas transplanted under the kidney capsule of recipi-
ent mice was inhibited by injection of integrin-blocking 
peptides.134 The integrin family composes a large num-
ber of different members with distinct substrate speci-
ficities. Fetal and mature human β cells express different 
repertoires of integrins.135 Changes in integrin composi-
tion might explain why fetal β cells are more motile than 
their adult counterparts, a difference that also may pro-
vide insight into the molecular mechanisms that prevent 
dispersion of endocrine cells once mature islet structures 
have formed.

Nonetheless, a number of open questions remain with 
regard to the regulation of islet progenitor migration and 
islet formation. For example, studies using transgenic 
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animals have shown that a given islet originates from 
several independent endocrine precursors.136 Thus, endo-
crine cells delaminating from the ductal structures during 
embryogenesis must follow a specific guiding mechanism 
that coordinates their migration path toward a specific 
location. Although cell migration has been well studied 
in neural cells that respond to attractive and repulsive 
guidance cues, a putative, localized source of chemoat-
tractant molecules that stimulate islet precursor migra-
tion has not been identified. Furthermore, evidence from 
studies in human diabetic patients suggests neogenesis of 
endocrine cells throughout life.137 Although still contro-
versial, some endocrine cells appear to form away from 
already existing islets, raising the question whether these 
cells migrate toward already formed islets or cluster with 
other newly formed endocrine cells to initiate aggrega-
tion of a new islet. In either case, it is likely that specific, 
as yet unidentified, guidance mechanisms control these 
processes.

The Role of Pancreatic Development in Human Diabetes
One beneficial consequence of our improving understand-
ing of pancreatic islet development has been new insights 
into human diabetes. Short-term energy balance and the 
control of plasma glucose levels depend on the ability of 
the β cells to sense changes in nutrient status and respond 
with appropriate insulin production and secretion. This 
fine-tuned capability develops along with morphologic 

development of the islets, and it depends on an adequate 
number of β cells with precisely functioning gene expres-
sion programs placed in the appropriate local environment. 
Any flaws in pancreatic islet development, therefore, can 
potentially lead to impaired insulin secretion and diabetes.

As a consequence, it is not surprising that mutations 
in a number of human genes involved in pancreatic islet 
development, especially the transcription factor genes, 
can lead to diabetes (see Table 30-1). Heterozygous 
mutations in transcription factors shown in Figure 30-5 
account for five of the six genes known to cause maturity-
onset diabetes of the young (MODY).41,138-142 In addi-
tion, mutations in the coding sequence of ISL1 and PAX4 
have been implicated in families with later-onset diabe-
tes,142,143 and heterozygous mutations in GATA4 and 
GATA6 and homozygous mutations in RFX6, MNX1, 
PDX1, PTF1A, NEUROG3, NEUROD1, NKX2.2, and 
PAX6 have been identified in patients with neonatal dia-
betes.144-146 Analysis of these mutations has provided 
insight into the process by which β cell dysfunction may 
lead to the development of diabetes.
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Although diabetes had long been recognized as a serious 
metabolic disorder, it was the classic experiments of Von 
Mering and Minkowski in 1890 that demonstrated the 
important role of the pancreas in its prevention.1 A number 
of investigators attempted to prepare antidiabetic pancreatic 
extracts in the early twentieth century, but it was not until 

the work of the Canadians—Frederick Banting, Charles 
Best, and John Collip, working in the laboratory of Profes-
sor J.J.R. Macleod at the University of Toronto from 1921 
to 1922—that potent preparations of insulin were routinely 
made.2 The name insulin was based on the belief that the 
hormone was derived from the islets of Langerhans and 

K E Y  P O I N T S

 •  Insulin is initially synthesized as a precursor molecule, preproinsulin. Signal peptide cleavage 
yields proinsulin and marks its entrance into the ß-cell secretory pathway.

 •  Proinsulin structure enables the A- and B-chains of insulin to be correctly aligned, which, after 
endoproteolytic cleavage in immature secretory granules, yields mature insulin.

 •  Other islet hormones, like glucagon, are also yielded from proprotein precursors by similar 
endoproteolytic processing.

 •  Mutations in the insulin gene coding sequence lead to monogenic neonatal diabetes.
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actually was suggested as early as 1909 by deMayer and by 
Sir Edward Sharpey-Schafer in 1917. Preparative methods 
based on the early work of Scott,3 as well as refinements 
by Banting and colleagues,4 were rapidly developed for the 
commercial preparation of the hormone, and within about 
1 year, insulin began to be administered to patients with dia-
betes, often with dramatic effects.2 The chemical nature of 
insulin was a more elusive problem, although the fact that it 
was destroyed by proteolytic enzymes suggested that it was 
a protein.5 When J.J. Abel first crystallized insulin in 1926, 
there was great controversy as to whether the crystals of pro-
tein he obtained were actually the active biological principle 
or merely the vehicle for a smaller active moiety.6 Today 
we know that insulin occurs throughout the vertebrate king-
dom, and insulin-like substances are present in the brains 
and/or digestive systems of many invertebrates.7 Many of 
the modern techniques of protein chemistry were developed 
in part through the clinical need for insulin, which made it 
abundantly available to biochemists as a model protein for 
study.8,9

This chapter reviews the isolation, structure, and prop-
erties of insulin and other islet hormones, including islet 
amyloid polypeptide (IAPP or amylin), glucagon, soma-
tostatin, pancreatic polypeptide (PP) and their precur-
sor forms, and the mechanisms of their biosynthesis and 
secretion. Studies on the mechanism of biosynthesis of 
insulin via preproinsulin and proinsulin in the pancreatic 
β cells have provided a useful paradigm for understanding 
the production of many other neuroendocrine peptides 
and a basis for advances in the diagnosis and treatment 
of diabetes and related endocrine disorders. The recent 
identification of the enzymes that catalyze the proteolytic 
cleavage of prohormones and proneuropeptides—pro-
hormone convertases—has revealed a new family of pro-
cessing enzymes that act on a larger subset of precursor 
proteins, including growth factors, their receptors, and 
many other proteins that traverse the secretory pathway.10

BIOSYNTHESIS OF INSULIN

General Aspects
The two-chain structure of insulin was the first complete 
protein structure to be elucidated through the pioneer-
ing work of Fred Sanger in 1959.9 In 1967, the discovery 

of the single-chain insulin precursor molecule, proinsu-
lin,11 then solved the problem of assembly of the insu-
lin chains (Fig. 31-1). The human proinsulin polypeptide 
begins with the 30–amino-acid B chain domain, extends 
through a 35–amino-acid connecting segment, and ends 
with the 21–amino-acid A chain domain, composing a 
single 9000-Dalton (Da) polypeptide chain.11-14 It con-
tains paired basic residue cleavage sites (Arg-Arg or Lys-
Arg) at each end of the connecting segment, which are 
removed during the proteolytic conversion of proinsulin 
to insulin within maturing secretory granules. However, 
cell-free translation of the initial polypeptide products 
encoded in insulin messenger ribonucleic acid (mRNA) 
extracted from islets or islet cell tumors led in 1976 to 
the discovery of preproinsulin (Fig. 31-2). This extended 
form of the prohormone has a hydrophobic N-terminal 

Figure 31-1 Amino acid sequence of human and hagfìsh insulins, with substitutions occurring at each position in 70 other known vertebrate insulins 
shown below for comparison. Invariant residues are enclosed in boxes.

Figure 31-2 Schematic structure of human preproinsulin. Rapid re-
moval of the first 24 amino acids (signal peptide) gives rise to proinsulin, 
which then folds to form the native insulin domain stabilized by three 
disulfide bonds (black bars). The connecting segment is not structurally 
organized. Cleavage after B30 (T) and before A1 (G) then gives rise to 
insulin and the free C peptide. (See text for details.)
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24-residue signal peptide.15 Such prepeptide extensions 
interact with the signal-recognition particle (SRP), a cyto-
solic ribonucleoprotein particle that assists in transfer of 
the nascent secretory protein from the cytosolic compart-
ment, where its synthesis is initiated, into the secretory 
pathway via a complex series of molecular interactions 
that result in the translocation of the nascent peptide 
across the membrane of the rough endoplasmic reticu-
lum (RER) into its internal compartments, or cisternae.16 
During or shortly after translocation, the signal sequence 
is cleaved by the signal peptidase, which is located on the 
inner surface of the RER membrane, and the signal pep-
tide is rapidly degraded.17 The proinsulin molecule then 
folds and undergoes rapid formation of disulfide bonds 
to achieve its native structure. Evidence suggests that this 
process is catalyzed by protein disulfide isomerase,18 a 
resident protein of the RER having a C-terminal Lys-Glu-
Asp-Leu (KDEL) localization sequence.19 The folded pro-
insulin is then transferred in small coated vesicles from 
the endoplasmic reticulum (ER) to the cis region of the 
Golgi apparatus.20,21 It then passes from the cis to the 
trans Golgi, where it is sorted into immature secretory 
vesicles, or progranules, where it is proteolytically cleaved 
to release insulin and the connecting segment, minus the 
four basic residues, from the cleavage sites. The connect-
ing peptide fragment released by cleavage of proinsulin is 
designated the C peptide. Both insulin and C peptide are 

stored in the secretory granules along with small amounts 
of residual proinsulin and partially cleaved intermediate 
forms22 as well as a variety of other minor β cell secretory 
products.23 Stimulation of secretion results in the release 
of the granule contents into the hepatic portal circulation.

Morphologic Organization of the Insulin  
Biosynthetic Machinery
The β cells of the islets of Langerhans share many features 
with other endocrine and neurosecretory cells. Preproin-
sulin is the initial translational product of insulin mRNA, 
as discussed earlier, and is rapidly cleaved to proinsulin 
in the RER. After folding and disulfide oxidation, proin-
sulin is transported from the ER to the Golgi apparatus in 
small coated vesicles20 (Fig. 31-3) in an energy-dependent 
process that requires about 20 minutes.22,24,25 The bio-
chemical basis of the energy requirement for the intra-
cellular transport of secretory proteins is associated with 
the budding and/or fusion of small vesicles that transfer 
secretory products from the ER to and through the cis to 
trans Golgi cisternae.26,27

The role of the Golgi apparatus in forming insulin-
containing secretory vesicles, or β-granules, was first 
recognized in the 1940s and subsequently confirmed 
and extended by Munger,28 who used electron micros-
copy to identify pale, homogeneous-appearing, imma-
ture “progranules” near the Golgi body. The structural 

Figure 31-3 Schematic model of the subcellular transport 
of preproinsulin after its synthesis on membrane-bound 
ribosomes of the rough endoplasmic reticulum (RER) and 
rapid cleavage to proinsulin (within 1 to 2 minutes). Pro-
insulin is then released into the intracisternal spaces of the 
RER, where it folds and forms the native disulfide bonds 
of insulin. It is then transported to the Golgi apparatus by 
an energy-dependent process. The clathrin-coated early 
granules budding from the trans-Golgi cisternae are rich 
in proinsulin and contain the converting proteases, PC2 
and PC1/3. Processing occurs mainly, if not exclusively, 
in the early secretory granules24,30 giving rise to the more 
condensed mature granules. Fractionation studies have con-
firmed that the mature granule-dense cores consist almost 
entirely of insulin, often in crystalline arrays (see Fig. 31-9), 
whereas the granule-soluble phase that surrounds the inclu-
sion consists mainly of C peptide and small amounts of pro-
insulin.84 The release of newly synthesized proinsulin and 
insulin begins only about 1 hour after synthesis in the RER; 
hence, granules must undergo a maturation process that 
renders them competent for secretion. There is no evidence 
for significant nongranular routes of secretion of either pro-
insulin or insulin in normal islets. Exocytosis of granules is 
regulated by glucose and many other factors (see section on 
insulin secretion), and in humans and dogs it results in the 
release of insulin and C peptide in approximately equimolar 
proportions under both basal and stimulated conditions.95 
The mechanism of recycling of the granule membrane and 
its components is not well understood.
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organization and various functions of this complex 
organelle continue to engage the attention of cell bio-
logists and biochemists.29 Orci and co-workers demon-
strated that these newly formed clathrin-clad vesicles are 
derived from the trans-Golgi network (TGN) cisternae 
and contain a high proportion of proinsulin, definitively 
confirming their proposed role as the major sites of pro-
insulin processing to insulin.30 Conversion of proinsulin 
to insulin in vivo behaves kinetically as a pseudo–first-
order reaction having a half-time ranging from about 20 
minutes to 1 hour.22,31,32 Peak labeling of proteins in the 
Golgi apparatus occurs 30 to 40 minutes after pulse label-
ing islets with 3H-amino acids, and relatively little radio-
activity remains in this region after 1 hour.33 A similar 
pattern for proinsulin is observed by means of electron 
microscopic immunocytochemistry. Thus, although small 
amounts of proinsulin conversion may be initiated in the 
TGN, most of it occurs in newly formed secretory vesicles, 
or progranules, which mature biochemically in the cyto-
sol30 (see Fig. 31-3). Numerous subsequent studies have 
confirmed that newly synthesized neuroendocrine precur-
sor peptides pass via the Golgi apparatus into secretory 
granules of the regulated secretory pathway, where they 
are cleaved and processed to their mature products and 
then stored until secretion in response to signals such as 
glucose.10

Structure and Properties of Proinsulin
Mammalian proinsulins range in size from 81 (cow) to 86 
(human, horse, rat) amino acid residues, owing to varia-
tions in the length of the C peptide. Various C-peptide 
sequences are compared in Figure 31-4. Proinsulin is 
closely similar to insulin in many properties, including 
solubility, isoelectric point,22 self-associative properties,34 

and reactivity with insulin antisera.11,35 Indeed, the con-
formation of the insulin moiety in proinsulin is essentially 
identical to that of insulin itself.36 It is noteworthy that the 
highly flexible C peptide is much longer than necessary 
simply to bridge the short 8-angstrom (Å) gap between 
the ends of the B and A chains as they exist in the folded 
insulin molecule (see Fig. 31-2). The C-peptide segment 
overlays a portion of the surface of the insulin monomer, 
reducing its potency to about 3% to 5% of that of insu-
lin in vitro,22,37 and it undergoes little if any proteolysis 
or activation in the circulation or tissues.38 The presence 
of the C peptide in proinsulin also does not prevent the 
dimerization or hexamerization of its insulin moiety39 
(Fig. 31-5). It lies outside the zinc-stabilized globular insu-
lin hexamer in a disordered loop, as assessed by nuclear 
magnetic resonance (NMR) spectroscopy. Since low lev-
els of proinsulin can form mixed hexamers with insulin, 
it can be efficiently incorporated into insulin crystals.40 
This property accounts for the presence of 1% to 2% of 
proinsulin in most crystalline preparations of insulin pre-
pared from animal pancreata.41 However, X-ray analysis 
of crystals of proinsulin have failed to reveal any details 
regarding the structure of the C-peptide segment.42,43

The major intermediate cleavage products of pro-
insulin consist mainly of forms cleaved at only one site 
and lacking the exposed basic residues (i.e., des-31,32 or  
des-64,65 intermediates).12,22,41,44,45 Their relative ratios 
in the circulation differ among species, depending on dif-
ferences in the amino acid sequences surrounding the 
cleavage sites.46 Proinsulin-like proteins having compara-
bly sized C peptides have been found throughout the ver-
tebrates and also in a variety of invertebrates. Although it 
seems likely that the single-chain insulin-like growth fac-
tors, IGF-1 and IGF-2, arose from a single proinsulin-like 
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Figure 31-4 Compilation of amino acid sequences of proinsulin C peptides in vertebrates, amphioxus, and in a mollusk, Lymnae stagnalis. 
(From Steiner DF: The biosynthesis of insulin. In Cuatrecasas P, Jacobs S (eds.): Insulin—handbook of experimental pharmacology, vol. 92, Berlin, 
 Springer-Verlag, 1990, pp. 67-92.)



53131 BIOSYNTHESIS, PROCESSING, AND SECRETION OF THE ISLET HORMONES

gene in protochordates,47 some invertebrates, such as 
Caenorhabditis elegans,48 have numerous insulin-like 
peptides that lack defined C peptides and typical paired 
basic residue sites for cleavage by the evolutionarily well-
conserved prohormone convertases.

Enzymatic Basis of the Conversion of Proinsulin  
to Insulin
The major proteolytic cleavages required for convert-
ing proinsulin to insulin are summarized in Figure 31-6. 
In early studies, it was shown that the joint action of 
pancreatic trypsin and carboxypeptidase B gives rise to 
the naturally occurring conversion products—C pep-
tide and native insulin in high yields—quantitatively 
converting proinsulin to insulin in vitro.49 This model 
also explains the major intermediate forms found in 
pancreatic extracts,44,50 and it led to a search for a cel-
lular trypsin-like convertase, assumed to be a serine 
protease related to trypsin,22 and for carboxypeptidases 
related to carboxypeptidase B, an exocrine pancreatic 
exopeptidase with specificity for C-terminal basic resi-
dues.49 Early studies with isolated islet secretory gran-
ules revealed that these were major sites of proinsulin 
conversion, and that conversion resulted in the release 
of insulin along with free arginine, rather than basic 
dipeptides,51 confirming the likely participation of both 
trypsin-like and carboxypeptidase B–like proteases in 
maturing secretory granules.52 Carboxypeptidase E (or 
H), a homologue of carboxypeptidase B but with a more 
acidic pH optimum, was first identified in islets52 and 
subsequently by Fricker in brain.53 Molecular cloning 
confirmed its structural and evolutionary relationship to 
the pancreatic carboxypeptidases. Additional processing 
carboxypeptidases have been uncovered in brain and 
other tissues.54

The first authentic processing endoprotease, kexin, 
was identified through studies on the processing of the 
yeast alpha mating–factor precursor and proved to be 
a calcium-dependent serine protease related to bacte-
rial subtilisin rather than to trypsin.55-57 This informa-
tion enabled the discovery of mammalian homologues, 
which form a family of seven closely related endoprote-
ases with differing points of action within the secretory 
pathway.10,58,59 These have been designated as subtilisin-
like proprotein convertases (SPCs), or more simply as 
PCs. Two members of this family, PC1/3 and PC2, have 
proven to be the principal effectors of neuroendocrine 
peptide precursor processing and are largely confined in 
their expression to brain and endocrine tissues in most 
animal species.10 For further information on the extended 
SPC/PC family and its multiple functions, please see the 
reviews in references 60 to 62.

Zn

Figure 31-5 Hypothetical 2-Zn proinsulin hexamer as viewed along 
the threefold axis. The connecting peptide is shown in light gray and 
white around the periphery of the darker outline of an insulin hexamer 
arranged according to the structural data of Blundell and colleagues. 
The central density represents two zinc atoms in coordination linkage 
to the six histidine side chains (three above and three below the hexamer 
plane) at position 10 in the B chain. (From Blundell TL, Dodson GG, 
Hodgkin DC, et al: Insulin: the structure in the crystal and its reflection 
in chemistry and biology, Adv Protein Chem 26:279-402, 1972.)

Figure 31-6 The cleavage of proinsulin to insulin by the combined 
action of the subtilisin-like prohormone convertases, PC2 and PCI/PC3, 
and carboxypeptidase E. (See text for details.)
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Role of PC2 and PCI/3 in Proinsulin Processing
Both PC1/3 and PC2 are required for proinsulin pro-
cessing and have been shown to be identical with the 
calcium-dependent type 1 and type 2 insulinoma granule-
processing activities, respectively, originally described by 
Davidson and colleagues.63 The importance of calcium 
for the transport and proteolytic maturation of proinsu-
lin has been well documented.64 The role and order of 
action of PC2 and PC1/3 in proinsulin conversion has 
also been carefully studied.65 Rhodes and co-workers66 
demonstrated that the type 2 convertase (PC2) prefers the 
proinsulin intermediate that has already been processed 
at the B chain–C peptide junction (des-31,32 intermedi-
ate) as a substrate. This observation has led to the scheme 
for conversion outlined in (Fig. 31-7), in which PC1/3 
acts first to generate the des-31,32 intermediate, which 
is then cleaved at the C peptide-A chain junction by PC2. 
This order of cleavage is consistent with observations that 
PC1/3 achieves an enzymatically active form more rap-
idly than PC2 and has a somewhat higher pH optimum. 
Thus, PC1/3 may begin cleaving proinsulin as it is con-
centrated into immature secretory vesicles in the TGN, 
whereas PC2 acts only in the maturing granules as the pH 
decreases to around 5.5. According to this scheme, PC1/3 
plays a more important role in proinsulin processing, as 
born out by observations on islets from mice lacking PC2 
or PC1/3.46,67-69

PC2-null mice are not diabetic, but they exhibit signifi-
cant hyperproinsulinemia, with plasma proinsulin levels in 
the range of 60%.67 Pancreatic extracts also show increased 

proinsulin levels, but only in the homozygous nulls, as 
indicated in Table 31-1. Pulse-chase studies of insulin bio-
synthesis in isolated islets, comparing PC2-null mice with 
wild-type (WT) controls, also confirm significantly slower 
processing of proinsulin to insulin, with accumulation of 
significant amounts of des-31,32 intermediate proinsu-
lin.46,67 Approximately one third of the labeled proinsu-
lin remains after a 3- or 4-hour chase, consistent with the 
levels found by radioimmunoassay in pancreatic extracts. 
Thus in normal mice, PC2 converts at most about one third 
of the available proinsulin, while PC1/3 is responsible for 
processing the remaining two thirds.69

A human subject with inactivating mutations in both 
copies of the PC1/3 gene has been reported.70 This 
43-year-old woman is obese and had gestational dia-
betes. Examination of the subject’s serum revealed no 
detectable circulating insulin, in association with greatly 
elevated intact proinsulin and significant amounts of des-
64,65 intermediate proinsulin but little or no des-31,32 
intermediate proinsulin. Similar results with respect to 
proinsulin processing have been reported for the PC1/3-
null mouse, which has very high levels of proinsulin 
and elevated des-64,65 intermediate proinsulin68,69 (see 
Table 31-1). This picture is consistent with the conver-
sion scheme outlined in Figure 31-7 and indicates that 
the pathway shown on the right side of the diagram is 
the predominant one. It also confirms the likelihood that 
PC1/3 is the more important convertase in the process-
ing of proinsulin. The PC1/3-null mice, however, are 
not obese like the human subject; instead, they exhibit a 

Figure 31-7 Routes of processing of proinsulin in the 
pancreatic β cell. The pathway on the right is probably 
more dominant under normal conditions because des-
31,32 proinsulin is a preferred substrate for PC2,66 and the 
more acidic pH optimum and slower maturation of this 
enzyme may delay its action during the initial phases of se-
cretory granule maturation. The C-terminal basic residues 
are removed by CPE (CPH) after endoproteolytic cleavage 
by the proprotein convertases. (Modified from Rouillé Y, 
Duguay SJ, Lund K, et al: Proteolytic processing mecha-
nisms in the biosynthesis of neuroendocrine peptides: the 
subtilisin-like proprotein convertases, Front Neuroendo-
crinol 16:322-361, 1995.)
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severe growth defect, most likely due to lack of normally 
processed growth hormone–releasing hormone.69 These 
mice are also unable to produce GLP-1 but did not have 
altered intraperitoneal glucose tolerance. Altered pro-
opiomelanocortin processing and other endocrine abnor-
malities, as well as intestinal malfunction, also are present 
in these mice.68

Significance of Circulating Proinsulin and Des-31,32 
Intermediate in Humans
An important clinical issue concerns observations that 
in humans, des-31,32 intermediate proinsulin is a major 
intermediate, making up a very significant proportion of 
the circulating proinsulin-like material.71 It has been sug-
gested that the elevated accumulation of proinsulin and 
des-31,32 proinsulin in diabetics might be due to defective 
action of PC2.72 Isolated normal human islets of Lang-
erhans also have been reported to convert proinsulin to 
insulin with significant accumulation of des-31,32 inter-
mediate, despite the presence of normal levels of PC2.73 
However, des-31,32 intermediate only reaches levels of 
15% to 20% of total immunoreactive insulin-like mate-
rial during biosynthetic pulse-chase studies in the islets 
of PC2-null mice.46 Thus, even the complete absence of 
PC2 should not in itself give rise to such high levels of 
this intermediate as are seen in human serum samples. It 
has recently been clarified that this phenomenon arises 
due to the faster rate of cleavage by the PCs of substrates 
having a basic residue in the fourth position upstream 
(P4 position) of the usual dibasic cleavage sites. Such an 
upstream basic residue is present at the B chain–C peptide 
junction in human proinsulin (B29 is Lys) but is lacking 
at the A chain–C peptide junction (C62 of proinsulin is 
Leu) (see Fig. 31-6). This causes an imbalance in the rela-
tive susceptibility of these two sites to either of the two 
convertases and tends to favor the accumulation of the 
des-31,32 intermediate.46 On the other hand, in the dual 
proinsulins of rats and mice,22 other P4 sequence changes 
in these cleavage sites produce different ratios of interme-
diates than those seen in humans.46

Studies on the regulation of the biosynthesis of PC2 
and PC1/3 in β cells suggest that the rates of translation 
of both of these enzymes are upregulated by glucose, 
similar to that of proinsulin on glucose stimulation.74 
Also both PC2 and PC1/3 mRNA levels are equally ele-
vated along with insulin mRNA during more prolonged 
stimulation of islets with glucose.75 However, under 
conditions of chronic stimulation, a relative deficiency 
of PC2 could develop that could exaggerate the abnor-
malities in circulating proinsulin intermediates seen in 

diabetics. Accordingly, the normal accumulation of des-
31,32 intermediate proinsulin in human subjects merely 
reflects sequence differences in the two cleavage sites of 
human proinsulin, whereas increased levels of both pro-
insulin and des-31,32 proinsulin in prediabetics and dia-
betics may result from a deficiency of convertase action 
when islets are stressed by hyperglycemia. Genetic stud-
ies have not yet indicated a major role for mutations in 
the PC1/3,76 PC2,77 or CPE78 genes in susceptibility to 
any form of diabetes, although common amino acid poly-
morphisms in PC1/3 may increase the risk for obesity.79 
However, loss-of-function mutations in the transcription 
factor PAX6 have recently been described that result in 
reduced expression of PC1/3 in the islets and are asso-
ciated with hyperproinsulinemia and mild age-related 
diabetes.80

Secretory Granule Formation and Maturation
One of the unsolved puzzles of neuroendocrine and other 
secretory cells is the nature of the mechanism underly-
ing the efficient sorting of proteins destined for regulated 
secretion into immature secretory vesicles in the TGN. 
In the β cell, this process is remarkably efficient, result-
ing in very low levels of unregulated or “constitutive” 
release of proinsulin (<1% to 2%). However, the newly 
formed secretory granules have a clathrin coat (Fig. 31-8) 
which appears to be involved in some reorganization of 
the granule contents after and/or during their formation 
in the TGN.81 This passive sorting presumably occurs via 
small clathrin-clad vesicles that transport some proteins 
that are excluded from the condensing granule cores into 
endosomal pathways that either recycle to the TGN or 
to the cell surface. As a consequence of this “constitu-
tive-like” pathway, proteins such as furin, procathepsin 
B, and possibly others briefly pass through the immature 
granule compartment, where they may play an active 
albeit transient role (e.g., furin may participate in pro-
cessing of some prohormones).81,82 Also, small amounts 
of abundant soluble granule components such as proin-
sulin and/or C peptide may exit the granules within these 
vesicles.83 Passive sorting may also play a role in main-
taining synchrony between granule membrane area and 
granule volume as maturation proceeds.81

Newly formed secretory vesicles in neuroendocrine 
cells undergo biochemical and morphologic maturation 
to typical dense-core granules. In β cells, the progran-
ules are larger, less dense, and more uniform in appear-
ance.29,30 The most important biochemical change taking 
place as these progranules mature is the proteolytic 
conversion of proinsulin to insulin, accompanied by 
reorganization of the products.30 Electron microscopic 
studies indicate that they progressively acquire a crystal-
line dense central core (Fig. 31-9). High magnification 
reveals repeat-unit spacings in the cores that are closely 
similar to those observed in ordinary zinc insulin crys-
tals.84 Thus, as insulin is liberated from proinsulin, it 
tends to crystallize with zinc that is concentrated by the β 
cells. Recent studies have demonstrated that zinc is taken 
up into maturing granules via the ZnT8 zinc transporter, 
and they do not assume the normal dense-core appear-
ance in its absence, even though proinsulin conversion is 

TABLE 31-1 Percent Proinsulin-Like 
Immunoreactivity in Pancreatic Extracts of  
Wild-Type, PC2-Null, and PC1/3-Null Mice

Genotype

Strain +/+ +/– –/–

PC2 null 4.0 4.3 31
PC1/3 null 5.3 12.3 87



534 PART 5 DIABETES MELLITUS

A

Clathrin

B

G

DAMP

C

G

Proinsulin

Figure 31-8 A, Clathrin immunolabeling; B, 3-(2,4-dinitroanilino)-
3′-amino-N-methyldipropylamine (DAMP) immunolabeling; and C, 
proinsulin immunolabeling of Golgi areas (G) of B cells (protein A-
gold techniques). These electron micrographs show that the population 
of secretory granules with tightly fitting cores (black arrowheads) is 
clathrin coated (arrows in A), DAMP poor (B), and proinsulin rich (C). 
These granules correspond to the maturing coated secretory granules 
freshly released from the Golgi complex. Conversely, secretory gran-
ules with wide, clear halos (white arrowheads) are deprived of clathrin 
(not shown), are DAMP rich (B), and are proinsulin poor (C). These 
correspond to the noncoated mature (storage) insulin-containing secre-
tory granules. Because DAMP immunoreactivity is assumed to repre-
sent an indirect measure of intraorganelle acidity, this may indicate 
a decreasing pH gradient between proinsulin-rich and insulin-rich 
granules (i.e., between the converting and the storage compartments)  
(A, ×28,000; Β and C, ×27,000). (From Orci L: The insulin cell: its 
cellular environment and how it processes proinsulin, Diabetes Metab 
Rev 2:71, 1986.)

AA
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Figure 31-9 A, Photomicrograph of normal rat β cells (×28,000) 
showing morphology of mature granules (bar = 1 μm). Β, Isolated rat 
β-granule cores (×17,000) (bar = 1 μm). C, High-magnification view 
(×250,000) showing repeat unit structure of a crystalline core (bar = 
0.1 μm). The cores are made up of both rat insulin I and II in approxi-
mately equal proportions (Michael J and Steiner DF, unpublished data). 
Samples were fixed with Karnovsky’s solution and stained with osmium 
tetroxide. (From Hallman U, Wernstedt C, Westermark P, et al: Amino 
acid sequence from degu islet amyloid-derived insulin shows unique se-
quence characteristics, Biochem Biophys Res Commun 169:571-577, 
1980. Electron micrographs courtesy Hewson H. Swift.)
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not impaired.85 Biochemical fractionation of mature islet 
secretory granules confirms that the cores contain only 
insulin, whereas the C peptide liberated in the conver-
sion process remains in solution in the clear fluid space 
surrounding the dense crystalline core.84 There is no evi-
dence for co-crystallization of the C peptide with insulin 
under these conditions or in vitro.

Most of the zinc in islets is present in the β granules and 
is liberated proportionately to insulin during secretion, in 
keeping with its role in crystallization of the hormone.86 
The insulins of some species, including the guinea pig, 
coypu, and other hystri-comorph rodents42 and the prim-
itive hagfish,87 lack the histidine residue at position 10 of 
the B chain required for zinc binding during the associa-
tion of insulin dimers into hexamers.88 A human subject 
heterozygous for a mutation at B10 (His B10 Asp) had 
elevated levels of this proinsulin in the blood because it 
tended to be released constitutively at much higher lev-
els than normal proinsulin.89 However, in a transgenic 
mouse model of this mutation, there was no defect in its 
conversion to insulin in the granules, despite its altered 
self-association and sorting properties.90

The pH of the interior of the mature secretory granule 
appears to be between pH 5.0 and 6.0,51,91 an optimal 
pH range for insulin crystallization in vitro. The neutral 
or slightly alkaline pH in the cisternal spaces of the RER 
favors proinsulin folding and sulfhydryl oxidation. The 
pH remains near neutral throughout the Golgi appa-
ratus but becomes more acidic (pH 6.1) in the TGN as 
the secretory products are sorted into granules and pro-
teolytic processing begins. Vesicular proton pumps may 
begin to increase the uptake of protons, which then dis-
place the cationic arginine and lysine residues liberated 
during conversion. As these move out of the granules 
and are replaced by hydrogen ions, a downward shift 
in intragranular pH may occur. Thus the initially mildly 
acidic progranules91 undergo gradual acidification as they 
mature in the cytosol (see Fig. 31-8), creating appropriate 
conditions for the conversion and crystallization of the 
newly formed insulin. One recently discovered role of the 
constitutive pathway convertase, furin, in the β cell is to 
activate the proton pump, which acidifies the secretory 
granules. As a result, proinsulin processing is impaired in 
β cells lacking furin.92

The cellular processes related to the biosynthesis of 
insulin via preproinsulin and proinsulin and their intra-
cellular transport, sorting, proteolysis, and ultimate stor-
age in secretory granules are remarkably well integrated, 
both topologically and biochemically. This delicately 
poised integration of processes leading to the formation 
and storage of insulin is disturbed in islet cell tumors, 
which often show unregulated release of insulin together 
with large amounts of proinsulin; measurements of the 
latter can provide a useful diagnostic indicator93 (see 
Chapter 47).

Biosynthetic Role and Biological Actions  
of the C Peptide
Because of its cosecretion with insulin in essentially equi-
molar amounts,22,94,95 the C peptide has been of great 
value as a marker of insulin secretion in humans under 

a variety of conditions. Representative vertebrate C-pep-
tide amino acid sequences are compared in Figure 31-4.96 
These peptides exhibit a 15-fold higher rate of mutation 
acceptance than do the corresponding insulins, a find-
ing that has often been interpreted as indicating that this 
region in the proinsulin molecule is unlikely to have any 
specific hormonal function. Nonetheless, several acidic 
residues are consistently present at certain positions in 
mammalian C peptides. These offset the added cationic 
charges due to the pairs of basic residues at the proinsulin 
cleavage sites, such that the isoelectric pH of proinsulin is 
nearly the same as that of insulin (i.e., in the range of pH 
5.1 to 5.5).22

A large body of evidence supports a biosynthetic role 
for the C-peptide segment in proinsulin. Primarily, it 
converts the insulin A and B chain interaction from an 
inefficient bimolecular reaction to a highly efficient and 
concentration-independent unimolecular reaction.97 Cer-
tain regions of the connecting peptide may also facili-
tate the folding of the proinsulin polypeptide chain and 
the formation of the correct disulfide bonds, or guide 
the enzymatic cleavage of proinsulin to insulin by help-
ing to orient the basic residue pairs for efficient binding 
and cleavage by the convertases.98,99 Recent molecular 
modeling studies indicate that the C peptide may assist 
in achieving important conformational changes in the 
N-terminal helical region of the A-chain segment, aiding 
its interaction with the convertases during processing.100

The conservation of a length of 30 to 35 amino acids in 
almost all proinsulin C peptides, including those of insects, 
mollusks, and nematodes, despite the short 8- to 10-ang-
strom separation between A1 and B30 in the native insu-
lin molecule88 (see Fig. 31-2), supports the existence of 
an important length-related function. Since much shorter 
connecting segments do not impair sulfhydryl oxidation 
and formation of the native structure,99, 101 it is clear that 
this is not a critical constraint. A highly plausible reason 
for the evolutionary retention of a relatively long C pep-
tide in proinsulin may be to facilitate the translocation of 
proinsulin across the RER membrane during its synthe-
sis. The length of polypeptide chain required to span the 
large ribosomal subunit and the RER membrane has been 
estimated to be about 65 residues in extended configura-
tion.102 Moreover, the arrest of translation by the SRP 
occurs only after synthesis of a nascent chain of about this 
length and thus may play a role in translational control 
of insulin biosynthesis.102 Efficient intracellular transport 
and correct targeting to secretory granules may impose 
additional demands on the primary (and tertiary) struc-
ture of proinsulin and other precursor proteins. However, 
miniproinsulins with deleted or greatly truncated C pep-
tides do not fold efficiently but are correctly targeted to 
the regulated secretory pathway.98,101,103

Another very important function of the C peptide is to 
facilitate its removal from proinsulin after it has served its 
biosynthetic functions, as mentioned earlier. The kinet-
ics of insulin metabolism in vivo, as well as its biological 
activity, are both dependent upon its high affinity for the 
insulin receptor. Proinsulin’s much lower receptor- binding 
affinity leads to a much slower rate of clearance, which 
explains its relatively higher apparent biological activity 
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in vivo. The rapid clearance of insulin is adaptively as 
important a characteristic as its bioactivity. To assure its 
interaction with the convertases, proinsulin must present 
more than just a pair of basic residues to the convertases. 
Their active sites require an extended β strand that is at 
least eight residues in length for recognition at each cleav-
age site. Molecular modeling studies have suggested how 
the full length of the connecting segment contributes to 
achieving the necessary conformations for effective proin-
sulin binding and cleavage by the convertases.100

Since the early 1990s, a number of reports have appeared 
describing a variety of biological actions of the C peptide 
and/or smaller peptides derived from it.104 These putative 
effects include enhancement of glucose transport and utili-
zation; improvements in microcirculation in muscle, skin, 
retina, and nerve in diabetics; and stimulation of renal 
tubular Na+,K+-adenosine triphosphatase (ATPase) activ-
ity and other parameters of renal function. It has been sug-
gested that tissue receptors for C peptide might exist, and 
that the circulating C peptide may contribute to improved 
glycemic control and help to slow the development of the 
vascular and neural complications of diabetes.105 Further 
study is needed in this area in view of reports that some 
C peptide effects do not follow the usual rules of ligand-
receptor chemistry (i.e., chirality does not matter). Thus, a 
C peptide synthesized entirely of D amino acids is equally 
as active as a peptide made with L amino acids in reverse 
order,106 whereas a random sequence of the same amino 
acids leads to loss of activity. These tantalizing findings 
suggest the need for a controlled clinical trial of combined 
insulin and C peptide therapy in diabetics to fully evaluate 
its therapeutic potential.

The availability of biosynthetic human proinsulin 
and insulin, as well as of human C peptide, has opened 
many new possibilities for studies of the role, metabo-
lism, and antigenicity of these peptides.107-109 In recent 
years, active insulin analogues with shortened linking 
peptides have also been developed. Such miniproinsulins 
and/or “single-chain insulins” appear to readily oxidize 
to form correct disulfide bridges and either can be used 
intact or after cleavage to insulin.98,99,101 Other efforts 
have been directed toward synthesis of modified insulins 
with improved absorption, aggregation, and/or pharma-
cokinetic properties for therapeutic use.

REGULATION OF INSULIN PRODUCTION
Under normal circumstances, the pancreatic β cell retains 
a remarkable state where insulin secreted in response to a 
stimulus is rapidly replenished at the biosynthetic level in 
parallel, thus keeping intracellular insulin stores optimal. 
The vast majority (98% to 99%) of insulin is secreted via 
the “regulated” secretory pathway110 and only occurs in 
response to increases in specific nutrients, certain hormones, 
neuropeptides, and some pharmacologic reagents.111,112  
In general, most nutrients that regulate insulin secre-
tion also control proinsulin biosynthesis,111 and the 
most physiologically relevant of these is glucose.112 Glu-
cose metabolism is required for both glucose-induced 
insulin secretion and production,111 but the secondary 
stimulus–coupling mechanisms are quite distinct. For 

example, stimulated insulin secretion is Ca2+ depen-
dent, but glucose-induced proinsulin biosynthesis is 
Ca2+ independent.112,113 There are effective inhibitors of 
glucose-induced insulin secretion, such as diazoxide, epi-
nephrine, and somatostatin, but these have no effect on 
glucose-induced proinsulin biosynthesis.111 In contrast, 
effective stimulators of insulin secretion, such as sulfo-
nylureas and fatty acids, have no effect on proinsulin 
biosynthesis.111,114 This differential regulation of insulin 
secretion and proinsulin biosynthesis indicates that glu-
cose-induced proinsulin biosynthesis is not regulated by a 
positive feedback of locally secreted insulin.113 For stimu-
lated insulin secretion, the intracellular secondary signal-
ing mechanisms are relatively well defined,115 but those 
for glucose-induced proinsulin biosynthesis, other than a 
need for mitochondrial metabolism and subsequent suc-
cinate production,116 are not currently well understood. 
However, it is known that both glucose-induced insulin 
secretion and production can be potentiated by an eleva-
tion in cAMP secondary to the action of incretins such 
as GLP-1.117 The glucose-dependent effect of GLP-1 to 
increase proinsulin biosynthesis is predominately at the 
translational level, not at the transcriptional level.118

Glucose regulation of proinsulin biosynthesis is rela-
tively specific and occurs independently of the control of 
general protein synthesis in the β cell.119 There is a minor 
subset of β-cell proteins (∼50) that are also specifically 
regulated by glucose at the biosynthetic level in parallel 
to proinsulin, with these mostly being insulin secretory-
granule proteins, including the proinsulin-processing 
endopeptidases, PC1/3 and PC2.74,75,120,121 This provides 
a mechanism whereby the enzymes that process proinsu-
lin and the intracellular storage compartment in which 
insulin is stored are coordinately increased in response to 
the upregulation of proinsulin biosynthesis.

The mechanism for specific regulation of glucose-
induced proinsulin biosynthesis is complex and can occur 
at multiple levels depending on the temporal exposure to 
elevated glucose levels. Under normal fluctuations in glu-
cose concentrations that occur over periods of ≤3 hours, 
glucose-induced proinsulin biosynthesis is entirely medi-
ated at the translational level.111,113,122,123 For periods of 
>12 hours, this translational regulation is supplemented 
by glucose promoting preproinsulin mRNA stability124 to 
provide more preproinsulin mRNA template for trans-
lational regulation.113 Longer-term increased proinsulin 
biosynthesis can also be contributed to by increased insu-
lin gene transcription.125,126

However, even under these longer-term circum-
stances, the primary control of glucose-induced proin-
sulin biosynthesis is mediated at the translational level. 
Yet despite glucose-induced translational regulation 
of proinsulin biosynthesis being known for nearly 40 
years,22,122,127 the molecular mechanism remains unre-
solved. There are adaptive responses of the general trans-
lational machinery to upregulate preproinsulin mRNA 
translation that have been shown to occur at the initia-
tion and elongation phases of translation,22,123,127 as well 
as reduction in the duration of SRP signal peptide-medi-
ated arrest of nascent preproinsulin-chain elongation 
prior to ribosome docking in the early phases of RER 
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translocation.123 However, the specific translational 
regulation of proinsulin biosynthesis lies in the prep-
roinsulin mRNA itself, particularly in the untranslated 
regions (UTRs).128 The 3′ UTR of preproinsulin mRNA 
contains elements such as a polypyrimidine-rich tract 
(PRT)129 and a highly conserved UUGAA element111,128 
that likely control its stability. The control of preproin-
sulin mRNA stability via the 3′ UTR PRT also involves 
a glucose-responsive association of the polypyrimidine 
tract binding protein (PTB).128 The 5′ UTR of preproin-
sulin mRNA contains a conserved translational control 
cis element, ppIGE (for preproinsulin glucose element), 
that is required for glucose-induced translational control 
of proinsulin biosynthesis.128,130 The ppIGE has a highly 
conserved ppIGE “mirrored” core of GUCxnCUG or 
GUUxnUUG (where n ≤4 bases). There is a protein trans-
acting factor (ppIEBP) found in islet cytosolic extracts 
that binds to this translational control ppIGE cis element 
of preproinsulin mRNA in a glucose-dependent manner 
that parallels the characteristics of glucose-regulated pro-
insulin biosynthesis.130 The identity of the ppIGEBP is 
currently unknown. Nonetheless, it is intriguing that the 
ppIGE is also conserved in the 5′ UTR of the mRNA tem-
plates of other secretory granule proteins whose biosyn-
thesis is specifically controlled at the translational level 
in β cells, including PC1/3 and PC2.98,99 As such, the  
glucose-induced specific translational control of proin-
sulin biosynthesis and that for other insulin secretory-
granule protein is likely via the same mechanism. For 
the longer-term transcriptional regulation of insulin 
gene expression by glucose, this is known to be a Ca2+-
dependent mechanism131 involving the putative phos-
phorylation of key β-cell transcription factors, Pdx-1 and 
MafA.125 Prolonged glucose stimulation can also lead to 
increased β-cell hyperplasia and hypertrophy,132 which 
might also be additionally influenced by a wide variety 
of growth factors and other nutrients.133 Increased num-
bers of β cells will also increase insulin production, as 
occurs in nondiabetic obesity and pregnancy.133

Insulin secretory-granule turnover should also be con-
sidered in the long-term regulation of insulin production 
and availability. An insulin secretory granule has an esti-
mated half-life of 3 to 5 days,94 and if it does not undergo 
exocytosis, it is degraded intracellularly. Degradation of 
intracellular organelles like insulin secretory granules is 
mediated via autophagic mechanisms.134,135 Under nor-
mal circumstances, autophagy plays a janitorial role, 
removing aged secretory granules.136 However, under 
some circumstances where insulin secretion is compro-
mised and proinsulin biosynthesis is not, then autophagy 
is upregulated to prevent overaccumulation of intracel-
lular insulin stores.94,136-138 It is thought that glucose also 
influences the autophagic degradation of intracellular 
insulin, but the mechanism is largely unknown94; recent 
studies suggest that LAMP2, ATG-7, and VMP1 may be 
involved.136,139,140

INSULIN SECRETION AND ITS REGULATION
Insulin regulates glucose disposal in humans, maintain-
ing blood glucose levels between approximately 3.8 and 

6.1 mM in the fasting state; one definition of diabetes 
mellitus is a fasting blood sugar great than 7 mM (see 
Chapter 38). In normal healthy individuals, the glucose 
level may rise to about 10 mM after a meal and decline to 
3.3 mM during a prolonged fast. A sophisticated glucose 
sensing and control mechanism controls insulin secre-
tion primarily linked to blood sugar concentrations, but 
it is also dependent on numerous other factors, such as 
the incretins, GLP-1, and GIP, which all act to maintain 
blood sugar levels within these limits.

Similar to other neuroendocrine cells, insulin-secreting 
cells are electrically excitable.141 This means that insulin 
secretion in response to glucose is dependent on initia-
tion of electrical activity from a basal electronegative rest-
ing state. A simplified summary of the many factors that 
regulate the secretory activity of the β cell is indicated in 
Figure 31-10. In the normal course of glucose excitation 
coupling to insulin secretion, glucose enters the cell via 
GLUT2 (and GLUT1) glucose transporters and is trapped 
in the cell by phosphorylation via glucokinase, a special-
ized high Km hexokinase. The high Km of glucokinase for 
glucose underlies its role as the “glucose sensor” of the 
β cell, in that its enzyme activity reflects physiologic circu-
lating glucose concentrations. There is good evidence from 
studies of patients with loss-of-function mutations in glu-
cokinase that this enzyme determines the insulin secretory 
response to changes in glucose concentration across the 
physiologic range.142 Following glucose phosphorylation, 
further metabolism via glycolysis, the Krebs (tricarboxy-
cylic acid, TCA) cycle, and oxidative phosphorylation in 
the mitochondria leads to an increase in the ATP-to-ADP 
ratio in the cytoplasm. Interestingly, while glucose is the 
key physiologic stimulator of the insulin-secreting system, 
it can be replaced or enhanced by other energy-providing 
metabolites (e.g., leucine, and succinic acid monomethyl 
ester) that either feed into glycolysis, the TCA cycle, or 
related oxidative phosphorylation pathways.143

Mutations in the glucokinase gene (GCK) are interest-
ing in that the activating mutations can also cause hypo-
glycemia while those that decrease enzyme activity cause 
a (usually) stable fasting hyperglycemia.144 The discovery 
of glucokinase activators142 may provide a specific repair 
of defective bioenergetics of islets of Langerhans isolated 
from individuals with type 2 diabetes and potentially treat 
type 2 diabetes in those rare cases where the glucokinase-
mutation –related hyperglycemia in the setting of obesity 
is progressive,142,145 but these GCK mutations require no 
treatment at all.146

The ATP/ADP ratio increase is driven by metabolism 
that leads to ATP-dependent potassium channel (KATP) 
channel inhibition, in turn leading to accumulation of 
positive charge (K+ and Na+) inside the cell and caus-
ing the cell membrane to depolarize. As the membrane 
potential reaches about –20mV from the resting level of 
about –70mV, voltage-dependent calcium channels open, 
allowing entry of Ca2+. Interaction of numerous K+, Ca2+, 
and Na+ voltage-dependent channels contributes to the 
appearance of tonic or periodic transients of both mem-
brane potential and Ca2+.141,147 The action potentials fol-
lowing glucose administration occur in grouped bursts 
of spikes on a depolarized plateau, with a variable quiet 
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interval between bursts, and leads to corresponding Ca2+ 
oscillations (Figure 31-11).148,149 The importance of the 
depolarization step in insulin secretion is indicated by 
activating mutations in Kir6.2 and SUR1 that keep the 
KATP channel from closing in response to glucose metab-
olism, completely preventing physiologic insulin secretion 
and resulting in permanent neonatal diabetes.150,151 In 
contrast, loss-of-function mutations in these proteins that 
result in a persistently closed channel cause continued 
insulin release, leading to the condition known as hyper-
insulinemia of infancy.152

Once KATP closes and Ca2+ entry begins via the open-
ing of voltage-dependent calcium channels, a variety of 
mechanisms control intracellular Ca2+, which is a key 

regulatory factor for insulin release. These include regu-
lation of the plasma membrane potential by other volt-
age- and Ca2+-dependent K+ channels that serve to help 
repolarize the plasma membrane, and voltage depen-
dent Na+ channels that accelerate plasma membrane 
depolarization especially in human, canine, and porcine 
islets.147,153,154 Inside of the cell, Ca2+ can be sequestered 
by the action of the sarcoplasmic/endoplasmic reticu-
lum adenosine triphosphatase (SERCA) pump. Release 
of intracellular Ca2+ from the endoplasmic reticulum 
through action of inositol triphosphate (IP3) on IP3 recep-
tors, as well as via ryanodine receptors that can be acti-
vated by additional messengers, may all play key roles 
in regulating intracellular Ca2+ transients. Spatial and 
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temporal control of Ca2+ signals may be highly regulated 
in plasma membrane Ca2+ microdomains where insulin 
granules fuse.154 Mitochondria are also important stores 
of calcium and take up Ca2+ during metabolic activity 
in part to regulate the key dehydrogenases in the TCA 
cycle.155

While cytoplasmic calcium signals, often oscillatory, 
are highly correlated with insulin secretion, they are sep-
arable from insulin secretion in experimental situations 
showing that changes in intracellular Ca2+ can be both 
bypassed and/or augmented by others factors.156 Other 
anaplerotic molecules coming from the mitochondria, 
glutamate in particular, can be implicated in regulation 
of secretion.155,157 Naturally occurring or experimentally 
induced mutations in the mitochondrial genome or in the 
proteins that regulate mitochondrial energetics have dra-
matic effects on insulin secretion.155

The elevation in intracellular free Ca2+ activates mul-
tiple proteins (e.g., small G proteins such as Rabs, and 
soluble N-ethylmaleimide attachment protein receptor 
[SNARE] pathways) regulating the Ca2+-triggered fusion 
of the (predocked) insulin-containing granules with the 
cell membrane, resulting in the first phase of insulin secre-
tion. As in neurotransmitter release, β cell granule fusion 
depends on interactions of synaptosome-associated pro-
teins v-SNAREs (VAMP2 and synaptotagmin) with plasma 
membrane receptors such as SNAP-25, a t-SNARE (target 
localized SNAP receptor), and syntaxins. Second-phase 
insulin secretion refers to the continued release of insulin 
following the initial peak. The kinetics of second-phase 
secretion at the β cell or islet level are variable and spe-
cies-specific. In parallel with fusion of the docked insulin-
containing granules, the granules located farther away of 
plasmalemma (termed resting newcomers) can be recruited 
via microtubules and associated kinases, chaperones, and 
small GTP-binding proteins (syntaxin4, Munc18) through 
the actin network until they too can dock at t-SNARE sites 
and fuse to the plasma membrane.158

The electrical activity of the β cell is necessary but 
not sufficient for the initiation and regulation of insulin 
secretion. For example, antidiabetic sulfonylurea drugs 
block KATP and act to increase the intracellular Ca2+ 

concentration, but cause only modest insulin secretion 
in the absence of metabolic fuels.156 The β cell possesses 
numerous mechanisms that can amplify or inhibit the 
pathways leading to insulin secretion. For example, the 
ZnT8 transporter, Slc30A8, is a Zn2+ transporter that 
is relatively highly expressed in β cell granules159 and is 
an antigen in type 1 diabetes.160 Mutations in the cod-
ing region of this gene have been associated with type 
2 diabetes in Genome-Wide Association Studies.161 Zn2+ 
coordinates the formation of the insulin crystal hexamer, 
facilitating the storage and stability of insulin crystals, 
and may also act as a messenger in secretion, affecting 
ion channels on nearby alpha or β cells.162

G protein–coupled receptors (GPCR) function in β cells 
in both stimulatory and inhibitory mechanisms involving 
multiple protein kinase pathways.163 (For general infor-
mation on G protein–coupled receptors, see Chapter 1.) 
The incretin agonists, GLP-1 and GIP, activate recep-
tors that primarily couple to adenylate cyclase.164,165 
The subsequent increase in cAMP has multiple effects 
from activating gene expression and inhibiting cell death 
pathways166 to increasing insulin secretion in a glucose-
dependent manner, both by positive effects on ion chan-
nels, but primarily through augmentation of downstream 
exocytotic pathways including granule fusion.158 Both 
protein kinase A and the guanine exchange protein EPAC 
play a role in this pathway.167 Beta and alpha adrener-
gic GPCRs also regulate insulin secretion; for example, 
β2 agonists result in increased insulin secretion also via 
a PKA mechanism.168 Adrenergic agonists (the endog-
enous catecholamines adrenaline [epinephrine] and nor-
adrenaline [norepinephrine]) as well as clonidine are all 
known to inhibit insulin secretion. G protein–coupled 
α2A-adrenergic receptors are responsible for these effects 
for adrenaline/noradrenaline, and they are mediated by 
the pertussis toxin-sensitive heterotrimeric Gi and Go 
proteins, which inhibit adenyl cyclase.169,170 Other agents 
that can affect the half-life of cAMP include isobutylmeth-
ylxanthine (IBMX), a nonspecific inhibitor of phosphodi-
esterase (PDE),171 and specific PDE inhibitors have been 
shown to augment glucose-dependent insulin secretion.172 
Levels of cAMP in the β cell may be oscillatory in response 
to oscillatory changes in adenylyl cyclase, PDE activity, 
and intracellular Ca2+, highlighting a role for microdo-
mains within the cytoplasmic compartment.173,174

The muscarinic M3 receptor is activated by acetyl-
choline (or its analogue, carbachol) through the vagal 
autonomic pathways.175 Muscarinic activation has 
an adjunctive role in glucose-stimulated insulin secre-
tion,175,176 but the ability of transplanted islets and whole 
pancreas to maintain normoglycemia in the absence of 
vagal innervation suggests that this pathway is dispens-
able. The putative fatty acid receptor, termed GPR40, 
has a positive effect on glucose-dependent insulin secre-
tion, but whether activation of this pathway leads to use-
ful increases in insulin secretion as a compensation for 
insulin resistance is not yet clear.177

Mutations in the insulin gene or the genes encoding 
several transcription factors, ion channel subunits, and 
glucokinase can cause monogenic forms of diabetes (see 
Chapter 49). These include the KATP subunits KCNJ11 
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Figure 31-11 Effect of glucose on membrane potential in a mouse is-
let. The graph shows the onset of electrical bursting activity in a mouse 
islet, where the patch electrode was placed on one cell still connected to 
other islet cells. (Courtesy D. Jacobson.)
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(Kir6.2); ABCC8 (SUR1); hepatocyte nuclear factors 
HNF1A, HNF4A, and HNF1B; and mitochondrial muta-
tions, among others.178-180 In the case of diabetes due to 
transcription factor mutations, β cells gradually lose the 
ability to secrete insulin, yet in some forms (mutations 
in the transcription factor genes HNF1A and HNF4A) 
retain responsiveness to sulfonylurea drugs, at least for 
some time. It is likely that multiple pathways are affected 
by heterozygous mutations in these genes.

INSULIN GENE MUTATIONS AS A CAUSE OF 
PERMANENT NEONATAL DIABETES
The gene for insulin was among the first to be isolated. Its 
structure in humans and several other species181 is sum-
marized in Figure 31-12. The single-copy human gene 
is located on the short arm of chromosome 11 in band 
p15. It is flanked on the 5′ side by a unique polymorphic 
region composed of tandem repeats that lies beyond the 
upstream regulatory region; this polymorphic region does 
not seem to influence the gene’s expression in the pan-
creas, but it may influence its transient expression in the 
thymus during development.182 It also provides a useful 
marker for genetic studies.183 Previous studies of muta-
tions in the human insulin gene identified several missense 
mutations of proinsulin and insulin (all in the heterozy-
gous state) that influence either the biological activity of 
the hormone or the conversion of proinsulin to insulin. 
These mutations may cause mild diabetes in the presence 
of insulin resistance.184

Permanent neonatal diabetes (PNDM) is a rare form 
of diabetes that usually develops in the first few months 
of life, with an incidence of 1 in 100,000 to 300,000 
live births. Activating mutations in Kir6.2 or SUR1 are 
the most common cause,150,151 and patients with muta-
tions in these two proteins often respond to treatment 
with sulfonylureas, which reverse the inhibition of insu-
lin secretion, freeing patients from the need for insulin 
injections.185 Recently, mutations in insulin and its pre-
cursors, proinsulin and preproinsulin, have been found 
to be another important cause of neonatal diabetes. The 
first such mutation found was a missense mutation that 
changed Gly B8 to Ser (G32S) in four affected members 

in a family.178 Since substitution of Gly B8 by L- amino 
acids is known to compromise formation of the A7-B7 
disulfide bond and diminish in vitro insulin folding yields, 
it likely acts in a dominant-negative fashion in vivo to dis-
rupt insulin production and precipitate neonatal diabetes. 
A variety of other mutations in the preproinsulin molecule 
have since been identified in children with unexplained 
neonatal diabetes and/or early-onset antibody-negative 
type 1b diabetes, as well as in patients with a diagnosis of 
maturity-onset diabetes of the young (MODY).178,186-188 
Among the mutations identified was one identical to that 
found to produce early-onset diabetes in the Akita mutant 
mouse (C96Y), thus connecting the human INS muta-
tions associated with neonatal diabetes with dominant 
negative–acting Ins2 mutations in mice that impair the 
folding of proinsulin and induce severe ER stress.178,189 
Expression of these mutant proinsulins in HEK293 cells 
demonstrated intracellular retention and greatly reduced 
secretion in six of the seven mutations studied. Other 
workers also confirmed that substitution of B5 His by 
Asp (H29D)186 impairs insulin folding.190 A variety of 
functional studies have shown that many of these mutant 
preproinsulins are retained in the ER, resulting in little or 
no secretion.191-193 Their findings also confirm the sup-
pressive effect of the mutant forms on the production of 
normal insulin, consistent with their dominant-negative 
character.

All currently known preproinsulin mutations are 
shown in Figure 31-13, including earlier ones that do 
not affect folding but have reduced biological activity 
or cannot be processed to insulin, resulting in hyperp-
roinsulinemia.184 It is noteworthy that several of the 
mutations that cause neonatal diabetes occur in the sig-
nal peptide.178 R6C replaces a basic residue that is fre-
quently present just before the hydrophobic central core 
in signal peptides, and this results in a milder, later-onset 
(15 to 65 years of age) MODY-like form of diabetes. 
This basic residue may be required to properly align the 
signal peptide for its interactions with signal peptide 
recognition particle (SRP) and/or other translocon com-
ponents. A24D prevents cleavage of the signal peptide at 
the normal A·X·A↓ cleavage site, resulting in marked ER 
retention.191

Figure 31-12 Diagrammatic representation of the insulin gene in vertebrates. Exons (E) appearing in mature preproinsulin mRNA are shown as 
bars, and the sizes of the two introns or intervening sequences (I) in various species are tabulated below. A, A-chain coding region; B, B-chain coding 
region; C, C-peptide coding region; S, signal peptide. A typical TATA box signaling transcription initiation is shown approximately 30 base pairs 
upstream from the messenger start site, preceded by a promoter region (unfilled boxes). The human insulin gene is located on the short arm of chro-
mosome 11 in the region p15.183
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Many of the A- and B-chain mutations are substitutions 
of Cys residues involved in interchain disulfide bonds by 
non–sulfur-containing amino acids or additions of Cys at 
other sites, resulting in unpaired cysteines that may tend 
to “clog” ER pathways involved in disulfide-bond forma-
tion and lead to ER stress. One of the most severe muta-
tions is C43G, which prevents formation of the disulfide 
bond at B19-A20, the first to form as proinsulin folds. The 
absence of this critical disulfide bond prevents the forma-
tion of an important folding intermediate that normally 
assists the later folding steps.194 Other mutations replace 
conserved Gly residues in the B chain at positions 8 and 23.  
Glycine residues provide greater flexibility to peptide 

chains because they lack side chains that sterically inter-
fere with unusual peptide-chain conformations forbidden 
for L amino acids. These two Gly residues participate in 
β turns that are necessary to properly align the cysteines 
at B7 or B19 for disulfide-bond formation with the A7 
or A20 cysteines, respectively.178,195 The highly flexible 
C peptide contains eight mutations/rare variants that 
are not associated with diabetes. Mutations that impair 
proinsulin biosynthesis and folding can cause diabetes in 
both humans and mice.196,197 However, the pathogenesis 
of the ER stress and the mechanism of the dominant-
negative effect are not well understood. An important 
factor is the unmet but rising demand on the β cell for 

Figure 31-13 Diagrammatic representation of the amino acid sequence of human preproinsulin (green, signal peptide; red, B chain; orange, C 
peptide; dark blue, A chain) indicating sites of mutations in patients with diabetes as well as hyperinsulinemia and hyperproinsulinemia. Mutations 
shown in black disrupt proinsulin folding and/or disulfide-bond formation or signal peptide cleavage (A24D), leading to permanent neonatal diabetes 
(PNDM). These mutations cause dominantly-inherited diabetes. Mutations shown in yellow cause PNDM in the homozygous state and impair insulin 
synthesis. Mutations in light blue do not impair folding but are associated with reduced insulin-receptor binding potency (hyperproinsulinemia). Mu-
tations in light green are associated with hyperproinsulinemia and either impair proteolytic processing to insulin or, in the case of H34D, aggregation 
and sorting into dense-core granules of the regulated secretory pathway. Mutations in purple were found in patients with a diagnosis of MODY or 
type 1b diabetes. The mutations shown in gray are rare variants that have emerged from large-scale exome sequencing projects in many cases, and 
there is no evidence that they cause diabetes. (Modified from Støy J, Steiner DF, Park SY, et al: Clinical and molecular genetics of neonatal diabetes 
due to mutations in the insulin gene. Rev Endocr Metab Disord 11:204-215, 2010; Exome Variant Server, NHLBI GO Exome Sequencing Project 
(ESP), Seattle, WA, http://evs.gs.washington.edu/EVS/; and Flannick J, Beer NL, Bick AG, et al: Assessing the phenotypic effects in the general popu-
lation of rare variants for a dominant Mendelian form of diabetes. Nat Genet 45:1380-1385, 2013.)

http://evs.gs.washington.edu/EVS/
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increased insulin output as hyperglycemia develops. The 
failure to fold proinsulin leads to increased traffic over 
the ER sulfhydryl oxidation pathway, owing to repeated 
redox cycles involving protein disulfide isomerase (PDI) 
and its various isoforms.198 The electrons removed dur-
ing oxidative folding by PDI are ultimately transferred to 
molecular oxygen by two mammalian ER flavoproteins, 
Ero1α and β,199 thereby generating increased amounts of 
reactive oxygen species (ROS). The buildup of misfolded 
mutant proinsulin likely blocks the folding of normal 
proinsulin and other nascent proteins in the ER. The 
accumulation of misfolded protein in the ER then triggers 
the unfolded protein response (UPR), leading to increased 
levels of ER chaperonins such as BIP, GRP94, and PDI198 
and enhanced phosphorylation of eukaryotic initiation 
factor 2α by PERK (dsRNA-activated protein kinase–like 
ER kinase) to adaptively attenuate protein translation.200 
It is possible that β-cell–specific isoforms of PDI or other 
specialized chaperonins are required for efficient proinsu-
lin folding in vivo.201 Increased ER-associated degrada-
tion (ERAD) of misfolded protein also plays an important 
role in alleviating ER stress but may not be adequate to 
the task with some mutant proinsulins.202 Whether the 
development of diabetes is due to apoptotic β cell death 
or this is a later complication due to chronic hyperglyce-
mia is unclear. However, early therapy with insulin and/
or with GLP-1 receptor agonists or related agents may 
help prevent β cell loss in affected individuals.

BIOSYNTHESIS AND PROCESSING OF OTHER  
ISLET HORMONES
β cells normally secrete small amounts of a number of 
other peptides and proteins in addition to insulin.33,203 
Some of these are unique to the islet β cells, whereas oth-
ers are expressed in other neuroendocrine cells and neo-
plasms. Chromogranins A, B, and C are members of a 
granin family of closely related acidic peptides that are 
expressed widely in the neuroendocrine system.204 Chro-
mogranin A is found in the β, α, and γ (PP) cells in the 
islets, whereas chromogranins B and C are only present in 
the α cell.204-206 These proteins are thought to play a role 
in the formation and organization of secretory granules 
and/or give rise to bioactive peptides. Chromogranin A 
is processed to release at least two peptides of interest: 
(1) pancreastatin, a 49–amino-acid amidated peptide from 
the central region of chromogranin A, which was origi-
nally isolated from porcine pancreas and which inhibits 
insulin secretion207; and (2) β-granin, a 24-kD peptide 
derived from the N-terminal region of chromogranin 
A.203,205 Both peptides are stored in insulin granules and 
are released along with insulin. Contrary to earlier pro-
posals, disruption of the chromogranin A gene does not 
prevent the formation of neuroendocrine secretory gran-
ules but is accompanied by compensatory upregulation of 
other granin proteins.208

Islet Amyloid Polypeptide
Another intriguing islet protein is the 37–amino-acid 
neuropeptide-like molecule, islet amyloid polypeptide 
(IAPP), or amylin, a major protein constituent of the 

amyloid deposits that occur in the islets of patients with 
type 2 diabetes and in many benign insulinomas of the 
pancreas, as well as in the normal pancreas of the older 
adult23,209,210 (Fig. 31-14). Although first noted in speci-
mens of human pancreas as early as 1901,211 it was not 
until 1986 that efforts to solubilize islet amyloid were 
successful, revealing a single peptide, IAPP. Its amino 
acid sequence was related to the 37–amino-acid calcito-
nin gene-related peptide types 1 and 2 (CGRP-1, CGRP-
2).209,210 Cloning of its mRNA and gene further support 
its evolutionary relationship to CGRP/calcitonin.23,212,213 
Its precursor has a signal peptide, followed by a short 
propeptide ending in Lys-Arg at the N terminus of IAPP, 
and on its C-terminal side is followed by Gly-Lys-Arg 
and a second short propeptide (Fig. 31-15). The presence 
of the glycine residue in the latter cleavage site indicates 
that IAPP is normally carboxyamidated,214 as is CGRP.23 
The human IAPP gene is related to the genes encoding 
CGRP-1 and CGRP-2 and is located on the short arm of 
chromosome 12.212

Biosynthesis and Levels of IAPP in Islets
Immunocytochemical studies indicate that IAPP normally is 
localized to the secretory granules of the β cells and some 
δ (somatostatin-expressing) cells.23,215 In β cells, proIAPP 
is synthesized at levels of a few percent that of proinsu-
lin and is transferred with it into newly forming secretory 
vesicles in the TGN, where it is then processed into the 
mature 37-residue carboxyamidated peptide, stored, and 
subsequently cosecreted with insulin.216 Like proinsulin, the 
efficient processing of proIAPP requires the actions of both 
β-cell convertases, PC2217 and PC1/3.218 However, PC2 is 
more critical, since it alone is able to process the N-terminal 

Figure 31-14 Photomicrograph showing extensive islet amyloid de-
posits with adjacent β cells in a human diabetic pancreas (×28,000). 
(Electron photomicrograph courtesy Dr. Per Westermark, Linköping, 
Sweden.)
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cleavage site of proIAPP, whereas both PC2 and PC1/3 can 
process the C-terminal site, although PC2 does so more effi-
ciently.219 The dominant role of PC2 explains how IAPP can 
be produced in the δ cells of the islet, which express only 
PC2.10,67 It has been proposed that the greater dependence 
of IAPP upon PC2 for its processing in the β cell, unlike pro-
insulin where PC1/3 plays the major role, may tend to allow 
greater accumulation of incompletely processed proIAPP in 
the diabetic β cell, where granule maturation processes may 
be perturbed by hyperglycemia.220

The expression of IAPP is stimulated by glucose in par-
allel with insulin under normal conditions, but relative 
expression levels may be altered in pathologic states.221 
Very low levels of IAPP mRNA have also been detected 
in the stomach and other regions of the gastrointestinal 
tract, lung, and in dorsal root ganglia of the spinal cord.222 
The relative levels of IAPP to insulin in the β cell are very 
low. HPLC analysis of freshly isolated rat islets shows 
amounts of IAPP in the range of 1% to 2% of insulin.23 
Most studies223-225 agree that the levels of IAPP are in 
the range of 0.2% to 3% of the level of insulin in normal 
adult rat islets or normal human pancreas. Studies with 
isolated rat islets have shown that IAPP secretion is stim-
ulated by glucose, and that IAPP amounts to about 5% 
of the amount of insulin released in 1 hour at 16.7 mM  
glucose.225

Biological Actions of IAPP
Cooper and others have shown that IAPP inhibits glu-
cose uptake and glycogen synthesis in muscle exposed 
to IAPP in vitro, an effect it shares with CGRP.226 In 
whole animals, efforts to modify glucose tolerance with 

IAPP infusion have met with mixed success. However, 
euglycemic glucose clamp studies with dogs have dem-
onstrated that the amidated form of IAPP at high levels 
inhibits insulin-stimulated glucose disposal over short 
infusion periods of 1 to 2 hours.227 Other studies indi-
cate that the actions of IAPP may be complementary to 
those of insulin and may include delayed nutrient deliv-
ery and suppression of postprandial glucagon secre-
tion.228 However, mice lacking IAPP due to a knockout 
of the gene show increased insulin secretion and more 
rapid glucose disappearance, suggesting that its normal 
role is inhibitory with respect to insulin secretion and 
action.229,230

Both non-amidated and amidated forms of IAPP have 
serum calcium–lowering effects in animals in vivo as well 
as in cell culture systems.231 MacIntyre232 has proposed 
that IAPP may be secreted along with insulin to promote 
the utilization of ingested calcium. A direct effect on 
uptake of calcium by bone tissue also has been demon-
strated, but it is not clear whether this effect is mediated 
via calcitonin or IAPP receptors.231 However, in 1999, 
studies of cells with high IAPP binding activity led to 
the discovery that calcitonin receptors were involved but 
required the coexpression of receptor activity–modifying 
proteins (RAMPs) to enhance the binding of IAPP and 
attenuate calcitonin binding.233 In the past few years, a 
great deal of new information has accumulated on the 
pharmacologic properties of at least six IAPP receptors 
existing at high levels in the hypothalamus, as well as 
elsewhere in the brain and possibly in some peripheral 
tissues. These result from the combination of RAMPs 
1 to 3 with two spliced isoforms (a and b) of the cal-
citonin receptor. The RAMPs also interact with several 
other related G protein–coupled receptors.234 The high 
levels of IAPP binding in the hypothalamus are consis-
tent with the anorectic properties of the peptide, which 
may account for a tendency to obesity of IAPP-null 
mice.229 This interesting knockout confirmed that IAPP 
is not necessary for normal islet development and func-
tion in this species; both null males and females exhib-
ited improved glucose tolerance in vivo. Other effects of 
IAPP include reduced gastrointestinal motility, inhibi-
tion of glucagon secretion, and delayed gastric emptying, 
favorable actions for improving glucose levels in diabetes 
and an area that is beginning to be exploited therapeuti-
cally in humans.235

Mechanism of Amyloid Formation
Numerous studies have shown that islet amyloid forma-
tion (see Fig. 31-14) occurs more prominently in spon-
taneously diabetic animals and in certain species more 
so than others. Diabetes-prone animals include several 
species of nonhuman primates as well as cats and rac-
coons.236 It is interesting to note that the IAPP sequences 
in these species differ most significantly in the region that 
has been defined as amyloidogenic (residues 20 to 29) in 
studies by Glenner and colleagues237 and by O’Brien and 
co-workers.236 Synthetic peptides from this region have 
the greatest tendency to form fibrillar, stacked β-pleated 
sheet structures similar to those occurring in amyloid. 
However, in the Octodon degus, or degu, a New World 
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rodent related to the guinea pig, islet amyloid deposits 
consist mainly of degu insulin, which differs significantly 
from most other mammalian insulins.238,239

Antibodies raised to various regions of IAPP have veri-
fied its presence in islet amyloid by both light and electron 
microscopic immunocytochemical analysis.240 Although 
in normal β cells it is localized within the insulin secre-
tory granules,216,240 Clark and associates noted fibrillar 
immunoreactive amyloid deposits within the cytoplasm 
of β cells of some patients with type 2 diabetes.241 Oth-
ers have also noted the proximity of amyloid deposits to 
the β cells, suggesting that it has arisen from these cells 
either by secretion or by some other means of deposi-
tion.236 Clark and colleagues242 found IAPP immunore-
activity in lysosomes and lipofuscin bodies within the β 
cells of the islets of both normal and diabetic individuals 
and suggested that amyloid may begin to form during the 
intracellular degradation of secretory granules, as occurs 
in the normal turnover of unused secretory products, a 
process known as crinophagy.

The factors leading to amyloid deposition in diabetes 
remains unclear,243 but recent work with transgenic mice 
hypersecreting human IAPP have demonstrated amyloid 
deposition under some circumstances, especially with a 
high-fat diet.244 Genetic studies of patients with type 2 
diabetes suggest that mutations do not contribute to the 
formation of islet amyloid deposits.245 However, recent 
reports of increased amyloid deposits in transplanted 
human islets in both human subjects and animal models 
suggest that amyloid formation may be an important con-
tributing factor to islet transplant failure.246 Thus there is 
a growing interest in inhibitors of amyloid fiber propaga-
tion, which might help delay transplant failure in type 1 
diabetics and slow the progression of β cell deficiency in 
type 2 diabetics.247,248

Biosynthesis of Glucagon, GLP-1, GLP-2, Somatostatin, 
Pancreatic Polypeptide, and Ghrelin
The hormones of the α, δ, γ, and ε cells of the islets are 
glucagon, somatostatin, pancreatic polypeptide (PP), and 
ghrelin, respectively. All of these peptides are derived 
from larger protein precursors (preproproteins) that tra-
verse the regulated secretory pathway and are processed 
and stored in dense-core granules analogous to the insu-
lin/IAPP storage granules in the β cells.249 But unlike the 
β cells, the other islet endocrine cells normally express 
only PC2 and not PC1/3.250 Not surprisingly then, as 
illustrated in Figure 31-15, all of these hormones with the 
exception of ghrelin are cleaved from their precursors by 
PC2 acting alone. Thus in the PC2-null mouse, there is a 
total absence of mature glucagon in the islets and circu-
lation and the presence only of large amounts of unpro-
cessed inactive precursor forms.67 As a consequence of 
the lack of active glucagon, there is chronic hypoglycemia 
and extensive hyperplasia of both the α and δ cells, which 
form a greatly enlarged mantle surrounding the β cells in 
the islets.67,251 Similar changes are seen in mice lacking 
the glucagon receptor.252 In the case of the PC2-null mice, 
this hyperplastic state can be reversed by the intraabdom-
inal administration of glucagon via minipumps over a 
period of several weeks.253

Proglucagon is a multifunctional precursor that con-
tains two additional peptides related to glucagon10 (see 
Fig. 31-15). The two glucagon-like peptides, GLP-1 and 
GLP-2, are located within the inactive C-terminal half 
of the precursor molecule (major proglucagon fragment 
[MPGF], residues 72 to 160), which follows the 69-resi-
due inactive N-terminal half, known as glicentin. Gli-
centin contains the 29–amino-acid glucagon molecule, 
preceded by an N-terminal propeptide of 30 amino acids 
and followed by another short propeptide segment that 
links it via a Lys-Arg doublet (residues 70 and 71) to 
MPGF. This “interdomain cleavage site,” as it is known, 
is the most rapidly cleaved site in proglucagon and can be 
cleaved by either PC1/3 or PC2. The other cleavage sites 
are then cleaved by either PC2 or PC1/3 but usually not 
both, as illustrated in Figure 31-15, which allows the α 
cell to produce only glucagon by virtue of expressing only 
PC2, and the intestinal proglucagon-expressing L cells to 
produce only GLP-1 and GLP-2 via the exclusive expres-
sion of PC1/3.10,249 Thus a single precursor embodies a 
glucose-elevating hormone (glucagon), a β cell–stimulat-
ing hormone or “incretin” (GLP-1), and a third hormone 
that augments intestinal function and growth (GLP2). 
Selectivity of secretory product(s) is then determined by 
the convertase available to process the precursor at vari-
ous sites. However, in the embryonic pancreas, the devel-
oping α cells express both PC1/3 and PC2,254 and this 
also has been reported to occur in the α cells in some 
poorly controlled diabetics with elevated numbers of islet 
α cells that express some PC1/3 and thus can secrete some 
active GLP-1.255 Perhaps this local production of GLP-1 
may protect or augment β cell function via its actions 
as an incretin. (For further discussion of the important 
actions of the glucagon peptide family, see Chapter 34.)

Somatostatin, the product of the islet δ cells, is a widely 
distributed inhibitory peptide that influences endocrine 
secretion, intestinal smooth muscle contractility, and 
islet, brain, and gastrointestinal function generally.249 
The islets and the brain in PC2-null mice contain only 
somatostatin 28 (SS-28) instead of the normally predomi-
nant somatostatin 14 (SS-14).67,249 This quite dramatic 
change is not likely to have much functional impact, how-
ever, inasmuch as somatostatin receptors do not appear 
to discriminate greatly between these two forms.256 As 
shown in Figure 31-15, prosomatostatin can be processed 
only by PC2 at the unusual but highly conserved RK↓g 
cleavage site within SS-28 at the N-terminus of SS-14. 
The presence of SS-28 in the PC2-null mice indicates that 
cleavage at the single arginine required for its production 
still occurs in the absence of any other known conver-
tase in the δ-cell secretory granules.249,250 This cleavage 
also occurs in yeast that lack kexin and is believed to be 
due to a different type of convertase, possibly an aspartyl 
protease.257

Pancreatic polypeptide (PP), the product of the γ cells 
of the islets, mainly regulates gastrointestinal functions, 
including gallbladder emptying and pancreatic secretion, 
rather than influencing carbohydrate metabolism.249 
PC2-null mice fail to process propancreatic polypep-
tide (A. Zhou and D.F. Steiner, unpublished results), 
which indicates that both of the cleavages required for 
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its maturation are accomplished by PC2 (see Fig. 31-15). 
Cleavage of proPP at the Pro-Arg↓ site by PC2 is rather 
surprising, since in proghrelin, a similar Pro-Arg↓ site is 
cleaved only by PC1/3.258

The ghrelin prohormone258 (not shown in the figure) is 
similar to propancreatic polypeptide in having the ghrelin 
sequence at the N-terminus, but it is followed by a con-
siderably larger C-terminal segment that contains another 
putative hormonal sequence called obestatin. However, in 
contrast to proPP, it requires PC1/3 for its processing, as 
demonstrated in extracts of stomach in PC1/3-null mice.258 
An unusual feature of the mature ghrelin peptide that is 
required for most of its known biological functions is the 
modification of serine 3 by O-acylation with octanoic 
acid, a modification carried out by a specialized acyltrans-
ferase.259 Ghrelin is produced mainly in the stomach and 
functions as an orexigenic and metabolic hormone. Only 
small numbers of ghrelin-positive ε cells occur in normal 
adult human and rodent pancreatic islets.260 Although 
ghrelin cells are more prominent during developmental 
phases, ghrelin has not been shown to play a significant 
role in normal pancreatic islet development.260

CONCLUSION
Many of the key biochemical and cellular and molecu-
lar biological mechanisms underlying the production and 
secretion of peptide hormones and neuropeptides have 
been elucidated during the last 40 years. Early studies 
on the biosynthesis and processing of insulin opened this 
field and have provided a useful paradigm for the bio-
synthesis and processing of many other cellular proteins 
derived from precursor proteins of widely varying struc-
ture and complexity. Most endocrine peptides are synthe-
sized initially as preproproteins that are processed as they 
progress through the secretory pathway to yield single 
or multiple biologically active products that are typically 
stored within large dense-core secretory granules prior to 
their regulated release, either locally (for paracrine effec-
tors) or into the circulation.

The major processing enzymes include the endopro-
teases, PC1/3 and PC2, and the processing carboxypep-
tidases such as CPE, which remove C-terminal basic 
residues. Further posttranslational modifications may 
include amidation by the peptidyl amidating monooxy-
genase system, PAM, as well as N-acetylation, glyco-
sylation, and more rarely, sulfation, phosphorylation, 
or acylation. The removal of the signal or presequence 
occurs very rapidly in the RER during translation, while 
further processing of the resultant proproteins occurs 
after their segregation from the TGN into immature 
secretory vesicles, which then mature in the cytosol. Pro-
protein proteolysis typically begins 15 to 20 minutes after 
biosynthesis and continues for several hours, usually with 
half-times of 30 to 60 minutes.

The more complex neuroendocrine polyprotein precur-
sors often contain multiple cleavage sites that may differ 
considerably in their susceptibility to the major neuroen-
docrine prohormone convertases, PC2 and PC1/3. Thus, 
multifunctional precursors such as proglucagon or proo-
piomelanocortin10 may be processed differentially into 

functionally divergent product mixtures in different tissue 
sites in the organism; for example, proglucagon gives rise 
to glucagon in the islet α cells and GLP-1 and GLP-2 in the 
intestinal L cells. All the peptide products of proteolytic 
cleavage are usually retained in the secretory vesicles and 
cosecreted by exocytosis in response to stimuli (e.g., insu-
lin and C peptide are retained in the storage granules and 
secreted together in equimolar amounts along with small 
amounts of proinsulin from the pancreatic islets). Peptide 
fragments such as the proinsulin C peptide can be utilized 
as useful markers of secretory activity, although differ-
ences in their half-lives in the circulation due to divergent 
pathways of metabolism/degradation/excretion must be 
taken into consideration. Circulating immunoreactive 
peptides are often heterogeneous, consisting of larger or 
smaller sequence-related or overlapping peptides arising 
from the incomplete processing of a common precursor. 
These may have varying potencies, metabolic properties, 
and immunologic reactivities that can cause discrepancies 
in the assessment of circulating hormonal bioactivity by 
radioimmunoassay.

The biosynthesis of insulin and other islet hormones 
is regulated at multiple levels, including transcription, 
mRNA stabilization, and translation, in response to 
glucose and other signals. Recent studies with β cells 
indicate that glucose also coordinately upregulates 
many other cellular genes, among them those encoding 
many components of the secretory pathway.261 Con-
trolled degradation of newly synthesized262 or stored 
hormone may also play an important regulatory role in 
some systems.

While these processes are fine-tuned in β cells to 
maintain adequate stores of insulin to meet physiologic 
demands over long periods, insulin secretion must occur 
at much more rapid rates than biosynthesis during peri-
ods of high demand such as feeding. Secretion of insu-
lin and C peptide is triggered by depolarization of the 
β cell plasma membrane as regulated by availability of 
energy derived from glucose and/or other metabolic fuels 
and modulated by a wide variety of endocrine and auto-
nomic inputs operating through diverse signal transduc-
tion pathways. Much remains to be learned about the 
mechanisms regulating the secretory activity of the other 
hormone-producing cells of the islets.
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INSULIN SECRETION
Regulated insulin secretion from pancreatic beta cells is 
critical to health. Both insufficient insulin secretion (result-
ing in diabetes mellitus) and excess insulin secretion (lead-
ing to hypoglycemia) are life threatening. The complexity 
of regulated insulin secretion in health becomes appar-
ent with the difficulty of reproducing it in patients with 
insulin deficiency. Appropriate regulated insulin secre-
tion depends on several components. First, development 
and maintenance of an appropriate number of functional 
insulin-secreting beta cells is necessary, often collectively 
referred to as the beta cell mass.1 Second, beta cells need to 
sense the key regulators of insulin secretion, most impor-
tantly the prevailing blood glucose concentration.2 Third, 
proinsulin synthesis and processing (see Chapter 31)  
must proceed at a rate to provide sufficient insulin for 
secretion, the insulin being targeted to insulin vesicles that 
are available for secretion (secretion competent).3 As the 
majority of insulin secretory granules are not secretion 
competent (presumably because of aging or other fac-
tors),4-6 the focus for regulation of insulin secretion is the 
pool of insulin secretory vesicles that are primed, docked, 
and available for secretion.5 Finally, minute-by-minute 
changes in insulin release from these primed and docked 

vesicles need to be tightly linked to the regulating signals 
that impact the beta cell. Predominant among these is 
the circulating glucose concentration.7 In addition, other 
circulating fuels (free fatty acids, amino acids),8-11 other 
circulating hormones including glucagon like peptide-1 
(GLP-1),12-14 glucose-dependent insulinotropic polypep-
tide (GIP),15 epinephrine,16 innervation by adrenergic and 
cholinergic fibers,17-19 and paracrine effects including islet 
amyloid polypeptide (IAPP), somatostatin, and insulin 
itself, 20-23 are all regulators of insulin secretion.

Our understanding of these complex processes that 
underlie successful regulated insulin secretion is hampered 
by the complexity of the anatomy of the endocrine organ 
that subserves regulated insulin secretion (Fig. 32-1). The 
islet of Langerhans was named after Paul Langerhans 
(1847 to 1888), a German pathologist (Fig. 32-2) who 
first described the appearance of these islets scattered in 
the pancreas.24

ISLET STRUCTURE IN HEALTH
In humans, there are approximately 1 million islets of 
Langerhans scattered in the pancreas.25-28 Islets vary 
greatly in size, with larger islets providing the majority of 

K E Y  P O I N T S

 •  The endocrine pancreas is comprised of ∼1 million islets containing ∼2000 beta cells 
each.

 •  Insulin secretion is tightly regulated and typically follows a pulsatile release pattern.
 •  Both beta cell mass and functional insulin secretion are typically abnormal in type 2 

diabetes.
 •  The potential for islet regeneration in adult humans appears to be rather limited, and 

the underlying mechanisms are still poorly understood.
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the insulin-secreting beta cells; typically the majority of 
islets are smaller than 150 μm in diameter. 25,26,29,30 Each 
islet has its own complex anatomy, with the core consist-
ing mainly of beta cells that are tightly interconnected by 
gap junctions31-33 (Fig. 32-3) and surrounded by a mantle 
of other endocrine cells including glucagon-secreting alpha 
cells, somatostatin-secreting delta cells, and pancreatic 
polypeptide-secreting cells.28,34-36 In humans ∼25% to 
50% of islet cells are nonendocrine cells. The nature of the 
extracellular matrix proteins is also important in both the 
function and development of the islet.37,38 There is regional 
heterogeneity in the pattern of endocrine cells in islets, for 
example with glucagon-secreting alpha cells more abun-
dant in the body and tail of the pancreas in contrast to the 
more frequent pancreatic polypeptide-secreting cells pres-
ent in the head of the pancreas.39,40 Increased abundance 
of beta cells in the pancreatic tail versus the head region 
has been proposed in some studies.28 However, this finding 
has not been uniformly reported in all studies and might 
be more predominant in the rodent than in the human 
pancreas. Islets are richly vascularized, receiving ∼10% 
of pancreatic blood flow despite being only ∼1% of pan-
creatic mass.26,41-43 This dense capillary network has been 
implicated in maintaining islet function by releasing local 
growth factors and permitting rapid access of insulin to the 
systemic circulation.44,45 Islets are also richly innervated 
nerve fibers tracking with vessels46-48 (Fig. 32-4). The arte-
riole input to the islet initially supplies the beta cell–rich 
islet core before being further distributed to the alpha cell 
and/or polypeptide-enriched mantle.42 The consequence 
of this is that non–beta cell endocrine cells in the islet are 
exposed to very high paracrine insulin concentrations that 
may be important in normal function.49-51 Indeed, both 
insulin and glucagon are normally secreted in a pulsatile 
manner, with an inverse interaction between insulin and 
glucagon pulses.52

The development of the endocrine pancreas is addressed 
in detail elsewhere in this text (see Chapter 30).53 In brief, 

the first endocrine cells in the embryonic human pancreas 
predominantly express glucagon. Insulin expression is 
detectable from ∼9 weeks postconception on and appears 
as single clusters of endocrine cells, often surrounding the 
exocrine ducts.54 Subsequently, islet mass expands mark-
edly throughout the prenatal growth periods, with new 
beta cells being presumably derived from both neogen-
esis and replication of existing cells. Expansion of beta 
cell mass continues at a high rate until ∼5 years after 
birth, whereafter the capacity of beta cells for growth 
and regeneration seems to decline to very low turnover 
rates in older individuals.55 Of note, high frequencies of 
endocrine cells co-expressing insulin and glucagon early 
during prenatal pancreatic development indicate some 
plasticity of endocrine cells within the pancreas. Such 
transformation of alpha cells into beta cells has recently 
been described in various rodent models.56

It is clear that beta cell mass is regulated in adult 
rodents, increasing in response to hyperglycemia, obe-
sity, and pregnancy.57-60 Beta cell mass is also greater 
in obese versus lean humans, but the increment is much 
less marked (∼0.5-fold versus ∼10-fold) than in obese 
rodents.61 While an adaptive increase in beta cell mass 
in mice is largely accomplished by an increase in beta 
cell replication, beta cell replication in vivo is very rare 
in humans.57,60,61 Since beta cell replication appears to 
be rare in adult humans in contrast to mice, the ques-
tion arises as to whether there is an alternative source 
of new beta cells in adult humans. It has been proposed 
that new islets may be formed during adult life from duc-
tal precursors recapitulating the pattern observed during 
development.53,62,63 While islet buds are frequently seen 
on exocrine ducts in adult life in humans and rodents,61,63 
it is difficult to prove that these are newly forming islets 
rather than arrested development. Interest is now focused 
on the possibility that stem cells might provide an ongo-
ing source of beta cells in health, and be harnessed ther-
apeutically in diabetes. There is conflicting data as to 
whether marrow-derived stem cells are potential precur-
sors for beta cells in rodents.64,65 In adult humans, the 
bone marrow does not appear to be a relevant source of 
new beta cells.66

ISLET FUNCTION IN HEALTH
Given the critical importance of avoiding hypoglycemia, 
it is not surprising that the circulating glucose concentra-
tion is so important for the regulation of insulin secretion 
(see Chapter 32). Indeed, the glucose dose response curve 
for insulin secretion by isolated human islets is remark-
ably similar to that of humans in vivo.67-69 In order that 
beta cells can “sense,” the prevailing blood glucose islets 
need to be well vascularized, and the cytosol of beta cells 
be readily accessible to glucose. This is accomplished by 
rich islet-vascularization with fenestrated vessels and 
abundant glucose-2-transporter proteins on the beta cell 
surface.26,41-43,70,71 The latter allow rapid equilibrium of 
glucose between extracellular and intracellular concen-
trations. Given this rapid access of circulating glucose 
to the beta cell cytosol, beta cells “sense” the circulating 
glucose concentration by the rate-limiting step in glucose 

Figure 32-1 A human islet of Langerhans stained by immunofluores-
cence for insulin (green) and glucagon (blue).
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metabolism: phosphorylation of glucose to glucose-
6-phopshate.72,73 This is accomplished in beta cells by the 
expression of a glucokinase isoform with a Km of ∼150 
mg/dL (7 mM) in the middle of the physiologic glucose 
concentration range.74 Thus the rate of provision of glucose-
6-phopshate into the glycolytic pathway and subsequent 
provision of pyruvate for the tricarboxylic acid cycle is 
closely linked to the plasma glucose concentration.73 
The resulting mitochondrial pyruvate oxidation gener-
ates ATP, which, in turn, activates ATP-sensitive potas-
sium channels (closing these channels), which leads to 
cell depolarization and an influx of ionized calcium.75,76 
The ionized calcium is believed to interact with primed 
docked insulin secretory vesicles that then discharge their 
contents either wholly (by exocytosis) or in part (by kiss 
and run) into the extracellular space.77,78 This rich vascu-
lar supply and fenestrated vessels ensure rapid delivery of 
secreted insulin into the pancreatic venous efflux and then 
to the hepatic portal vein.

A B

Figure 32-2 The face page of the thesis of Paul Langerhans defended on February 18, 1869, and a rare family photograph. Paul Langerhans died 
at a young age from tuberculosis.
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Figure 32-3 Schematic diagram of beta cells with vascular, neural, and 
paracrine influences. (Adapted from Hellerstrom P. The life story of the 
pancreatic B cell. Diabetologia. 1984;26:393-400.)
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When islets are stimulated by an abrupt increase in 
glucose concentration in vitro (perifusion), or in vivo 
(intravenous glucose tolerance test), the resulting insu-
lin secretion is biphasic67,79-81 (Fig. 32-5). An imme-
diate first phase of insulin secretion occurs over ∼3 
minutes and is then followed by a more prolonged 
second phase of insulin secretion. This observation 
led to the concept proposed by Grodsky of distinct 
subcellular pools of insulin.5,82,83 More recently these 
hypothetical pools have developed a likely anatomic 
basis. First-phase insulin secretion appears to reflect 
the immediate discharge of primed and docked insulin 
secretory vesicles, while second-phase insulin secretion 
most likely requires priming and mobilization of insulin 
vesicles prior to their discharge.84 The exact molecular 
processes involved in the priming and mobilization of 
insulin vesicles remains unknown, but may also include 
provision of ATP following mitochondrial oxidation of 
pyruvate. An ATP-independent pathway for glucose-
mediated insulin secretion has also been proposed, 
given the observation that when the KATP channel is 
defective due to mutations in the sulfonylurea recep-
tor, some degree of glucose-mediated insulin secretion 
prevails.85

It has been argued that there is no physiologic coun-
terpart of first-phase insulin secretion in vivo given the 
intravenous glucose challenge used to elicit it. To the 

contrary, almost all insulin secretion in vivo is likely 
released from the same pool, as ∼90% of insulin secretion 
is derived from discrete insulin secretory bursts occur-
ring at ∼4-minute intervals.86,87 Thus regulation of ∼90% 
of insulin secretion can be accomplished either through 
changes in the size (secretory burst mass) or frequency 
of these discrete insulin pulses. The pacemaker for this 
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Figure 32-4 Relationship between insulin secretion from the islet, insulin clearance, and insulin action at the hepatocytes. Insulin is secreted at a 
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Figure 32-5 The relationship between the timing of the introduction 
of an intravenous glucose infusion (t = 0 min) and plasma insulin con-
centrations. A rapid first phase of insulin secretion is followed by sec-
ond-phase secretion. (From Pratley RE, Weyer C. The role of impaired 
early insulin secretion in the pathogenesis of type II diabetes mellitus. 
Diabetologia. 2001;44:931.)
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high-frequency pulsatile insulin secretion is unknown, 
although it is present in individual islets as isolated inde-
pendent islets secrete insulin in pulses every ∼4 min-
utes.67,80,88,89 Whatever the basis of the pacemaker, it 
is remarkably robust since it does not appear to change 
under almost any conditions. Under almost all conditions 
studied, regulated changes of insulin secretion are accom-
plished exclusively through changes in the insulin secre-
tory burst mass. For example, enhanced insulin secretion 
as a result of glucose ingestion or glucose infusion, infu-
sion or ingestion of sulphonylurea drugs, and GLP-1 
infusion is accomplished by an increase in the insulin 
secretory burst mass67,90-93 (Fig. 32-6). Suppression of 
insulin secretion by somatostatin and IGF-1 are accom-
plished by a reduction in insulin burst mass.91,94 The one 
circumstance in which pulse frequency has been shown to 
change is during induction of general anesthesia. Induc-
tion of general anesthesia profoundly suppresses insulin 
secretion, but while this is accomplished by inhibition 
of insulin burst mass, insulin pulse frequency increases 
under these circumstances.95

As most insulin secretion in vivo arises from these dis-
crete insulin secretory bursts, the approximately 1 million 
islets scattered in exocrine pancreas must be coordinated 
to discharge their insulin secretory bursts synchronously. 
This coordination is accomplished at least in part by the 
intrinsic neural network in the pancreas, analogous to the 
intrinsic neural network in the gut that allows coordi-
nated peristalsis and probably also through entrainment 
by the oscillating glucose concentration that presumably 
arises as a consequence of insulin pulses.96-100 As a con-
sequence of this coordination, the insulin concentration 
wavefront that impacts the liver each ∼4 minutes is ∼2000 
pmol/L in the fasting state and as much as 5000 pmol/L 
after meal ingestion.101 The amplitude of this concentra-
tion wavefront is greatly attenuated (∼50 pmol/L) by the 
time the insulin is released into the systemic circulation, 
presumably as a result of both dilution of portal vein insu-
lin in the systemic circulation and selective extraction of 
insulin pulses in the liver (see Figs. 32-4 and 32-6). This 
pulsatile kinetic of insulin secretion is of critical impor-
tance for suppression of hepatic glucose production,102 
an important adaptive response to ingested glucose to 
minimize the postprandial increase in glucose concen-
trations (see Chapter 35). Indeed, under experimental 
conditions, pulsatile delivery of insulin has been demon-
strated to elicit a greater decline in hepatic glucose output 
than constant insulin infusion, along with an increased 
glucokinase expression on hepatocytes.102 Infusions of 
much smaller insulin pulses versus a continuous insulin 
infusion have been shown to enhance insulin action in 
humans.100,103,104 Insulin is also secreted in an ultradian 
rhythm with a frequency of ∼20 minutes.105

Under conditions of daily living, the numerous fac-
tors involved in regulating insulin secretion are integrated 
to provide a rate of insulin secretion of ∼2 pmol/kg/min 
in the fasting state, increasing to ∼10 pmol/kg/min after 
meal ingestion.106-109 There is a wide range in these rates 
based upon the insulin sensitivity of the individual (see 
Chapters 40). Thus adaptive changes in the rate of insulin 
secretion occur with aging and obesity and in response 
to exercise.86,109-115 In health, insulin secretion adaptively 
changes according to insulin requirements.69,112,116 The 
most prevalent need for increased insulin secretion is the 
insulin resistance associated with obesity.86,109 In response 
to obesity, the daily insulin requirement increases by 
approximately twofold to threefold.117,118 However in 
humans, the beta cell mass in obese versus lean individuals 
is only increased ∼0.5-fold.61 This implies that the most 
important adaptive change to meet chronically increased 
insulin secretion requirements in insulin-resistant humans 
is an increase in insulin secretion per beta cell rather than 
simply an increase in the number of beta cells.

INSULIN CLEARANCE
Insulin is secreted in the portal vein, where it is deliv-
ered directly to the liver. As a consequence of the rapid 
blood flow in the portal vein (∼0.8 L/min) and the fenes-
trations in the hepatic sinusoids, hepatocytes are directly 
exposed to the high amplitude oscillations arising from 
insulin secretory bursts within seconds of secretion. After 

2000

4000

1000

2000

0
0

0

25 50 75 100 125 150

Minutes

In
su

lin
 (

pm
ol

/L
)

In
su

lin
 (

pm
ol

/L
)

Figure 32-6 The portal vein insulin concentration before (0 to 60) and 
after meal ingestion (arrow) in two representative dogs. The portal vein 
insulin concentration excursions vary from ∼300 to 100 pmol/L before 
meal ingestion to 2000 to 4000 pmol/L after meal ingestion. Similar con-
centration profiles have been seen in the human portal vein.90,101 (From 
Pørksen N, Munn S, Steers J, et al. Effects of glucose ingestion versus 
infusion on pulsatile insulin secretion. The incretin effect is achieved by 
amplification of insulin secretory burst mass. Diabetes. 1996;45:1319.)
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insulin binding to the receptors at the hepatocyte mem-
brane, the insulin receptor–ligand complex is rapidly 
internalized to form an intracytoplasmic vesicle.119-124 
While insulin undergoes enzymatic degradation in the 
endosomes,125,126 the insulin receptor is re-inserted into 
the plasma membrane within ∼5 minutes to become avail-
able for the next insulin burst.123,127 In health, in humans 
∼80% of endogenous insulin secretion is cleared by the 
liver with the first pass through the liver.128-131 Following 
oral glucose ingestion, insulin extraction is diminished 
by ∼50 %.132-134 The major factor determining the rate 
of insulin clearance appears to be the amount of insulin 
presented to the liver.135,136 In fact, a close relationship 
between insulin secretion and hepatic insulin uptake has 
been described,129,137 consistent with the idea of a finite 
number of insulin receptors present on hepatocytes. The 
extent of hepatic extraction also appears to depend on 
the amplitude of insulin oscillations presented to the 
liver.91,138 Since the mean interval of insulin pulses pre-
sented to the liver almost coincides with the time period 
calculated for insulin receptor recycling (∼5 min),123 pul-
satile delivery of insulin may prevent the liver from desen-
sitization. This, together with the fact that there appears 
to be selective extraction of insulin pulses by the liver, 
implies that varying the pattern of insulin delivery to the 
liver may provide the beta cell an opportunity to regulate 
end-organ actions of insulin.

ISLET CELL STRUCTURE AND FUNCTION IN TYPE 1 
DIABETES MELLITUS
In type 1 diabetes mellitus, there is a marked deficiency 
of beta cell mass.62,139-143 Prior to development of dia-
betes, there is a prolonged period when the autoimmune 
disease is thought to be active.144-146 During this latent 
period, a progressive decline in first-phase insulin secre-
tion as well as impaired insulin pulses have been docu-
mented.145,147-150 By the time of clinical presentation, 
∼90% of beta cells have been lost. However, a substan-
tial capacity for endogenous insulin secretion remains, 
although there is a relatively rapid further loss of this over 
the next 2 years.62,141,143,151,152 The mechanisms under-
lying this further loss of insulin secretion likely include 
both a further loss of beta cell mass as well as decreased 
insulin secretion per beta cells, both in large part a con-
sequence of the hyperglycemia.153,154 It is important here 
to distinguish human islets from rodent islets, in which, 
of necessity, much research is carried out. Human beta 
cells exposed to glucose concentrations typically present 
in even relatively well-controlled diabetes (∼150 mg/dL, 
8 mM) have an increased frequency of apoptosis. This 
is perhaps induced in part by endogenous expression of 
interleukin-1-beta (rat islets do not have an increased 
rate of beta cell apoptosis until glucose concentrations 
increase to ∼ 360 mg/dL or 20 mM).153 In addition, 
insulin secretion by human islets is also impaired after 
exposure to these levels of glucose concentration within 
96 hours.155 Chronic exposure of islets to this relatively 
modest level of glucose appears to preferentially deplete 
the primed and docked insulin secretory vesicles since 
both glucose-induced first-phase insulin secretion and 

glucose-induced insulin secretory burst mass are greatly 
attenuated.155 There is also evidence to suggest that an 
increased workload of beta cells may also accelerate 
the autoimmune-mediated destruction. Taken together, 
these factors have been called glucose toxicity.154,156 The 
reversibility of these factors, at least in the short-term, is 
illustrated by the partial recovery of insulin secretion and 
glycemic control in patients treated brought toward nor-
mal blood glucose concentrations with exogenous insulin 
therapy.157-160

Not only is some residual insulin secretion detected 
in patients with recent onset type 1 diabetes, but with 
increasingly sensitive assays insulin secretion may be 
detected many years after onset of type 1 diabetes. More-
over, there are commonly detectable beta cells present 
in the pancreas of patients with even longstanding type 
1 diabetes.62 The question arises whether this residual 
insulin secretion arises from a small pool of beta cells 
that are relatively protected from beta cell destruction or 
from newly formed beta cells. This distinction is impor-
tant since the latter would imply that a novel approach 
to restoration of beta cell mass in patients with type 1 
diabetes would be to suppress ongoing beta cell destruc-
tion (see Chapter 39). Preservation or restoration of even 
an inadequate amount of insulin secretion to allow insu-
lin independence would still have great potential clinical 
benefit since microvascular complications are decreased 
in patients with residual beta cell function.161

To summarize, it is clear that the impaired insulin secre-
tion in patients with type 1 diabetes is as a consequence of 
a major defect in beta cell mass, but there are likely also 
functional defects arising from both the ongoing inflam-
mation and glucose toxicity once diabetes supervenes.

ISLET CELL STRUCTURE AND FUNCTION IN TYPE 2 
DIABETES MELLITUS
Most but not all studies indicate that there is an ∼60% 
decrease in beta cell mass in humans with type 2 diabe-
tes (Fig. 32-7).61,162,163 This decrease in beta cell mass 
appears to be due to an increased frequency of beta cell 
apoptosis, and therefore type 2 diabetes can be con-
sidered to share much in common with type 1 diabe-
tes.60,61,164,165 The most important distinction appears 
to be the absence of an autoimmune-mediated cause for 
the accelerated beta cell apoptosis and the more modest 
degree of beta cell deficiency. However, some degree of 
low-level inflammation has recently also been observed 
in islets of patients with type 2 diabetes, leading to the 
hypothesis of a cytokine-mediated induction of beta cell 
apoptosis.166 The importance of an ∼60% deficit in beta 
cell mass might be questioned, as a similar defect does 
not lead to diabetes in rodents.167 However rodents have 
a remarkable capacity for beta cell regeneration after a 
partial pancreatectomy,57,60 whereas a surgical reduction 
of beta cell mass in humans does not prompt beta cell 
regeneration.168 A deficit in beta cell mass comparable to 
that seen in humans with type 2 diabetes does lead to dia-
betes in large animal species potentially more represen-
tative of humans including the pig, dog, and nonhuman 
primates.138,169-171 Indeed, a comparable beta cell deficit 
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leads to loss of first-phase insulin secretion, a deficit in 
insulin pulse mass, and decreased hepatic insulin clear-
ance in the pig,138,172 reproducing the pattern of abnor-
mal insulin secretion and insulin clearance present in type 
2 diabetes.173 The increased frequency of beta cell apopto-
sis in type 2 diabetes has been ascribed to glucose toxicity 

and increased concentrations of free fatty acids, free radi-
cals, and oligomers of islet amyloid polypeptide (IAPP, 
also known as amylin).153,174,175 The key question as to 
whether this increase precedes development of hypergly-
cemia or is a consequence of it remains unknown.

The functional defects in insulin secretion in type 2 dia-
betes have been reviewed elsewhere.81 In brief, when glu-
cose concentrations are matched, there is a major defect of 
both basal and glucose-stimulated (hyperglycemic clamp 
or oral glucose load) insulin secretion176-180 (Figs. 32-8, 
32-9, and 32-10). Defects in insulin secretion in response to 
different stimuli including glucose, arginine, and GIP can 
also be detected in individuals at high risk for developing 
type 2 diabetes, such as first-degree relatives, or in women 
with a history of gestational diabetes.177,181-187 There is a 
decrease in pancreatic insulin stores in patients with type 2 
diabetes, as indicated by the typical degranulation of beta 
cells,188 but given the small proportion of insulin vesicles 
that undergo secretion, a specific defect in the availabil-
ity of the primed docked insulin secretory vesicles to glu-
cose stimulation appears likely.84 This is supported by the 
marked defects in early insulin secretion after meal inges-
tion, first-phase insulin secretion after glucose ingestion, 
and defective glucose-mediated insulin secretory burst 
mass in type 2 diabetes (see Figs. 32-10 and 32-11).81,189-

191 The increased ratio of circulating proinsulin/insu-
lin characteristic of type 2 diabetes has been ascribed to 
both defective proinsulin processing and increased insulin 
demand, leading to secretion of immature insulin vesi-
cles.192-194 In short-term experiments, defects in first-phase 
insulin secretion, insulin pulse mass, and proinsulin/insulin 
processing can be reversed in patients with type 2 diabetes 
by overnight inhibition of insulin secretion (Fig, 32-11).195 
The pattern of insulin secretion defects present in type 2 
diabetes can be recapitulated in pigs by induction of a defi-
cit in beta cell mass comparable to that in type 2 diabe-
tes.138,172 It is of interest to compare the normal adaptive 
response of beta cell mass and insulin secretion to insulin 
resistance in obese nondiabetic humans versus the deficits 
in these parameters in obese humans with type 2 diabe-
tes mellitus (Fig. 32-12). In nondiabetic humans, there is 
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Figure 32-8 Plasma insulin concentration in 
patients with type 2 diabetes (NIDDM) and 
non-diabetic controls in relation to a graded 
glucose infusion (A) and following an arginine 
bolus at graded glucose concentrations (B) re-
vealing marked impairment of insulin secretion 
to both glucose and arginine when glucose values 
are matched. (From Ward WK, Bolgiano DC, 
McKnight B, et al. Diminished B cell secretory 
capacity in patients with noninsulin-dependent 
diabetes mellitus. J Clin Invest. 1984;74:1318.)
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a modest adaptation in beta cell mass (∼50% increased) 
but a much greater increase (∼300%) in insulin secretion, 
so that in the setting of an adequate beta cell mass and 
normal blood glucose concentrations, beta cells show a 
considerable capacity for sustained increased secretion. 
In contrast, in type 2 diabetes mellitus, there is a rather 
comparable deficit in beta cell mass and insulin secretion 
(∼60%) under conditions of daily living (see Fig. 32-12), 
although the deficit in insulin secretion can be considered 

much greater at matched glucose concentrations (see  
Fig. 32-8).

Taken together, these data imply that once the beta cell 
mass has been diminished to a critical threshold, availabil-
ity of primed docked insulin secretory vesicles that can be 
discharged by exocytosis and/or kiss and run in response 
to an increment in glucose are deficient. In humans, post-
challenge hyperglycemia becomes overt, when the extent 
of beta cells is reduced by ∼65%196 (Fig. 32-13). This con-
cept is further supported by the observation that defective 
glucose-induced first-phase and pulsatile insulin secre-
tion can be similarly developed in human islets exposed 
to a glucose concentration of 150 mg/dL (8 mM) for 96 
hours, but that this defect is prevented by the concur-
rent addition of a potassium channel opener to the islets 
that prevents high rates of insulin secretion during expo-
sure to high glucose.155 However, the concept becomes 
more complex when one considers the almost immedi-
ate restoration of first-phase insulin secretion, pulsatile 
insulin secretion, and glycemic regulation accomplished 
in patients with type 2 diabetes infused with the incretin 
hormone GLP-1.93,197-201 Also, while first-phase insulin 
secretion in response to intravenous arginine is still defec-
tive in patients with type 2 diabetes compared to controls 
when blood glucose is considered, the magnitude of the 

160

150

140

130

120

110

100

90

80
0600 1200 1600 2000 2400 0400

Clock time (hours)

G
lu

co
se

 (
m

g/
dL

)

Normal

Obese

Normal

Obese

Normal

Obese

0600 1000 1400 1800 2200 0200

Clock time (hours)

0600

3.0

2.6

2.2

1.6

1.4

1.0

.6

.2

C
-p

ep
tid

e 
(p

m
ol

/m
L)

160

140

120

100

80

60

40

20

0

In
su

lin
 (

µU
/m

L)

0600 1200 1000 2000 2400 0400

Clock time (hours)

Figure 32-9 24-hour pattern of insulin secretion in normal-weight and 
obese non-diabetic humans. In most obese humans, insulin plasma glu-
cose concentrations are maintained at a comparable concentration by 
increased insulin secretion to compensate for insulin resistance. (From 
Polonsky KS, Given BD, Hirsch L, et al. Quantitative study of insu-
lin secretion and clearance in normal and obese subjects. J Clin Invest. 
1988;81:433.)

800

700

600

500

400

300

200

100

0600 1000 1400 1800 2200 0200 0600
Clock time (hours)

P
an

cr
ea

tic
 in

su
lin

 s
ec

re
tio

n
(p

m
ol

/m
in

)

600

500

400

300

200

100

0600 1000 1400 1800 2200 0200 0600

Clock time (hours)
%

 C
ha

ng
e 

fr
om

 b
as

al

Figure 32-10 24-hour insulin secretion profiles in type 2 diabetes 
(solid line) versus normal range (means ± 1 SEM) for matched subjects. 
Measured insulin rates are comparable in type 2 diabetes mellitus and 
controls under fasting conditions, but this is, of course, defective in the 
setting of hyperglycemia. Following meal ingestion, there is a marked 
defect in type 2 diabetes mellitus despite the marked hyperglycemia. 
(With permission from Polonsky KS, Given BD, Hirsch LJ, et al. Ab-
normal patterns of insulin secretion in non–insulin-dependent diabetes 
mellitus. N Engl J Med. 1988;318:1231.)



554 PART 5 DIABETES MELLITUS

defect is much less than that in response to glucose.179 
This discordance might be in part due to defects in glu-
cokinase function secondary to hyperglycemia. Also, 
increased expression of uncoupling protein-2 targeted 
to the mitochondrial membrane in response to chronic 
hyperglycemia may attenuate the glucose-induced signal 
for secretion due to attenuation of the mitochondrial pro-
ton gradient accomplished by pyruvate oxidation.202

ISLET TURNOVER AND REGENERATION
While beta cells have long been held to be in an irre-
versibly postmitotic state in postnatal humans, there is 
now evidence for the presence of some islet renewal until 
adulthood203 (see Chapter 50). However, the frequency 
of beta cell replication declines with increasing age,55 and 
replicating beta cells can only occasionally be detected in 
humans of advanced age.204 The age-dependent decline 

in the capacity for beta cell renewal has been associated 
with changes in the cell-cycle control of replication, such 
as accumulation of the cell-cycle inhibitor p16.205 It is 
also yet unclear to what extent new beta cells can be 
formed from sources other than replication, such as islet 
neogenesis from ductal precursor cells. Thus, while beta 
cell replication can easily be detected in human pancreatic 
tissue using specific markers (e.g., expression of Ki67), no 
reliable methods to demonstrate new beta cell formation 
from ductal cells have yet become available.

The key question regarding islet turnover in adult 
humans is whether the low rates of beta cell replication 
and presumably new islet formation are sufficient to 
allow for beta cell regeneration in patients with diabetes, 
and whether the turnover of beta cells can be enhanced by 
therapeutic interventions. In this respect, high hopes for 
beta cell regeneration have been raised based on studies in 
young diabetic mice and rats demonstrating restoration of 
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beta cell mass after treatment with various incretin-based 
therapies.206 However, when similar studies were con-
ducted in animals of advanced age, this incretin-induced 
beta cell proliferation was no longer detectable.207 These 
observations, along with the clinical observation of per-
sistence or even progression of type 2 diabetes in patients 
treated with incretins over several years, have challenged 
the concept of a successful restoration of beta cell mass in 
patients with type 2 diabetes. In light of these recent find-
ings, preservation of beta cell mass and function through 
inhibition of apoptosis might be a more realistic thera-
peutic goal.

SUMMARY
Insulin secretion is a highly regulated process. Our appre-
ciation of the full complexities of the regulation of insulin 
secretion has been hampered by the inaccessibility of this 
particular endocrine organ, located as approximately 1 
million complex organelles (islets) scattered through the 
exocrine pancreas. A further obstacle to the investiga-
tion of insulin secretion is the fact that ∼80% of secreted 
insulin is cleared by the liver before it is delivered to the 
systemic circulation. It is becoming increasingly apparent 
that regulation of insulin secretion involves not only regu-
lation of proinsulin biosynthesis and processing (medium 
term), but also changes in beta cell mass (longer term). 
Recently, higher-resolution imaging techniques in living 
cells have begun to allow an appreciation of the traffick-
ing and secretion of insulin secretory granules, which 
will likely shed light into the minute-to-minute regula-
tion of insulin secretion. A greater appreciation of insulin 
secretion in health has also allowed a fuller understand-
ing of the primacy of impaired insulin secretion in the 
pathophysiology of diabetes mellitus. Indeed, arguably 
diabetes might be referred to as hypoinsulinism in com-
mon with the states of hypothyroidism, hypogonadism, 
and so forth. This approach then directs attention to the 
importance of understanding the mechanisms subserving 
impaired beta cell function in diabetes (e.g., autoimmune, 
degenerative, mitochondrial, genetic). Therapeutically, 
the challenge in diabetes is that replacement of insulin is 
much more complex than other endocrine replacement, 
for example thyroxine. Prevention of loss of insulin secre-
tion, and more sophisticated means of replacing or restor-
ing it are the major therapeutic challenges in the field of 
diabetes.
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Insulin and insulin-like growth factor (IGF) signaling 
integrates the storage and release of nutrients with ani-
mal growth during development and throughout adult 
life. This signaling is essential for all metazoans, show-
ing a common mechanism used by animals to integrate 

metabolism, growth, and life span with environmental 
signals.1,2 Lower animals have a wide array of insulin-
like peptides—7 in fruit flies and 38 in C. elegans—that 
bind to a single insulin-like receptor tyrosine kinase 
to control metabolism, growth, reproduction, and 
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longevity.3 In honey bees, insulin-like signaling coordi-
nates the division of labor.4 The human genome encodes 
a superfamily of structurally related insulin-like pep-
tides—including insulin, insulin-like growth factor-1 
(IGF1), and insulin-like growth factor-2 (IGF2), which 
activate five similar receptor tyrosine kinases assembled 
from two genes. The “insulin” family also includes seven 
structurally similar relaxin-like peptides that are func-
tionally distinct and activate a family of G-protein cou-
pled receptors.5-7 This chapter focuses on mammalian 
insulin-signaling mechanisms.

Circulating glucose enters pancreatic islet β-cells where 
it promotes insulin gene expression and insulin secre-
tion.8 By contrast, endocrine IGF1 is secreted largely 
from hepatocytes stimulated by nutrients and growth 
hormone; IGF1 and IGF2 are also produced locally in 
many tissues and cells, including the central nervous sys-
tem and many tumors.9,10 Dysregulated IGF1 and IGF2 
signaling appears to contribute to many but not all can-
cers, whereas dysregulated insulin signaling is associated 
mainly with the “metabolic syndrome” and diabetes. 
However, IGF1 and IGF2 can coordinate with insulin 
to regulate nutrient homeostasis, insulin sensitivity, pan-
creatic β-cell function, and cell growth and survival.9,11 
Moreover, type 2 diabetes associated with variable insu-
lin sensitivity, nutrient excess, chronic inflammation, and 
compensatory hyperinsulinemia can promote metabolic 
stress and cellular damage that might promote cancer 
progression during chronic cycles of damage and repair.10

Diabetes is a complex disorder that arises from various 
causes, including impaired glucose sensing or insulin secre-
tion (MODY), autoimmune-mediated β-cell destruction 
(type 1 diabetes), or insufficient β-cell insulin secretory 
capacity to compensate for peripheral insulin resistance 
(type 2 diabetes).12 MODY is caused by mutations in 
genes associated closely with β-cell function, including 
HNF4α (hepatocyte nuclear factor-4α, MODY1), GCK 
(glucokinase, MODY2), HNF1α (hepatocyte nuclear 
factor-1α, MODY3), PDX1 (pancreatic and duodenal 
homeobox 1, MODY4), HNF1β (hepatocyte nuclear 
factor-1β, MODY 5) or NEUROD1 (neurogenic differ-
entiation-1, MODY6), KLF11 (kruppel-like factor 11; 
MODY 7), CEL (carboxyl-ester lipase, MODY 8), PAX4 
(paired box gene 4, MODY 9), INS (insulin, MODY 10), 
and BLK (tyrosine kinase, B-lymphocyte specific, MODY 
11).13-15 By comparison, the autoimmunity of type 1 dia-
betes is genetically complex, and it is marked by circu-
lating autoantibodies against a variety of islet antigens. 
Insulin is thought to be one of the principle autoantigens 
in the pathogenesis of type 1 diabetes, but other antigens 
deserve attention.16,17 Because new β-cell formation has 
been found to occur slowly while type 1 diabetes pro-
gresses, it might be possible to treat the disease by finding 
ways to accelerate β-cell regeneration while attenuating 
the autoimmune response.18

Type 2 diabetes is the most prevalent form of diabetes. 
Although it typically manifests at middle age, type 2 dia-
betes in the developed world is becoming more common 
in children and adolescents.19 Physiologic stress—the 
response to trauma, inflammation, or excess nutrients—
promotes type 2 diabetes by activating pathways that 

impair the postreceptor response to insulin in vari-
ous tissues.7,20,21 Studies suggest a possible role for gut 
phyla—the Bacteroidetes and the Firmicutes—in these 
inflammatory processes.22,23 Moreover, variation in the 
human genome might promote metabolic disorders that 
progress to type 2 diabetes during physiologic stress 
induced by environmental and nutritional factors. In a 
few informative cases, loss of function mutations in the 
insulin receptor or its downstream signaling components 
(AKT2) can explain severe forms of insulin resistance and 
hyperglycemia.24 By comparison, loss of function muta-
tions in ZNT8 (SLC30A8)—a zinc transporter related to 
insulin storage and secretion—appears to reduce greatly 
the risk of diabetes in people25; however, the role of 
ZNT8 is complex as certain alleles are associated with a 
risk for developing diabetes, and inactivating mutants in 
mice can promote glucose intolerance owing to altered 
insulin crystallization and secretion, or to accelerated 
hepatic insulin degradation.26,27 Since the mid-2000s, 
genome-wide association studies (GWAS) revealed more 
than 60 genetic loci displaying modest or weak—but sig-
nificant—effects on the risk for type 2 diabetes.25 Many, 
but not all, of these loci are near genes that are associated 
functionally with insulin resistance, insulin secretion, or 
diabetes (Table 33-1). Although the effect of each gene is 
small, these discoveries provide important clues toward 
the pathogenesis of type 2 diabetes. Whether the current 
set of genes implicated in type 2 diabetes will converge on 
a short list of pathways and signaling networks remains 
to be established.25

Regardless of the underlying etiology, dysregulated insu-
lin signaling, exacerbated by chronic hyperglycemia, pro-
motes a cohort of acute and chronic sequela.28,29 Untreated 
diabetes progresses to ketoacidosis (most frequent in type 
1 diabetes) or hyperglycemic osmotic stress (most frequent 
in type 2 diabetes), which are immediate causes of mor-
bidity and mortality.30 In the long term, diabetes is associ-
ated with chronic life-threatening complications, including 
hepatic steatosis, cardiovascular disease, and systemic oxi-
dative stress that damages vascular endothelial cells and 
mesangial cells of the renal glomerulus.31,32 Diabetes is 
also associated with age-related degeneration in the cen-
tral nervous system.33 Humans beyond 85 to 90 years 
of age display less insulin resistance than expected—and 
centenarians are surprisingly insulin sensitive.34 Most cen-
tenarians escape age-related diseases associated with insu-
lin resistance, including diabetes, and cardiovascular and 
cerebrovascular events.35,36 The best means to coordinate 
nutrient homeostasis and insulin signaling with strategies 
that consistently promote health and longevity across all 
metazoans, especially people, remains to be established.37

INSULIN, IGF, AND THEIR RECEPTORS
Insulin is synthesized in pancreatic β-cells as a single poly-
peptide (proinsulin) that is processed by PCSK1 (prohor-
mone convertase-1/3) into the bioactive disulfide linked 
A- and B-chains, and the excised “C-peptide.” Human 
IGF1 and IGF2 display high-sequence similarity with 
both the A and B chains of insulin, but they retain the 
homologous connecting peptide rather than excising it as 
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TABLE 33-1 Gene Loci Related to the Susceptibility of Type 2 Diabetes

Symbol Entrez Gene Name
Insulin 
Resistance

Type 2 
Diabetes MODY Hyperglycemia

Neonatal 
Diabetes

Glucose 
Intolerance

Beta Cell 
Hyperplasia Hyperinsulinism

ABCB10 ATP-binding cassette, sub-family B (MDR/TAP), member 10
ABCC8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 X X X X X
ACSL1 Acyl-CoA synthetase long-chain family member 1 X
ADAMTS9 ADAM metallopeptidase with thrombospondin type 1 motif, 9 X X
ADCY5 Adenylate cyclase 5 X
AGPAT2 1-acylglycerol-3-phosphate O-acyltransferase 2 X X

✓ AKT2 v-akt murine thymoma viral oncogene homolog 2 X X X X X
BCL2L11 BCL2-like 11 (apoptosis facilitator) X X
CDKAL1 CDK5 regulatory subunit associated protein 1-like 1 X X
CEL Carboxyl ester lipase X X X
DGKB Ciacylglycerol kinase, beta 90kDa X X
FTO Fat mass and obesity associated X X

✓ GCK Glucokinase (hexokinase 4) X X X X X X X
GCKR Glucokinase (hexokinase 4) regulator X X
GIPR Gastric inhibitory polypeptide receptor X X X

✓ GRB14 Growth factor receptor-bound protein 14 X X
HHEX Hematopoietically expressed homeobox X X X
HNF1A HNF1 homeobox A X X X X

✓ HNF1B HNF1 homeobox B X X X X
HNF4A Hepatocyte nuclear factor 4, alpha X X X X
IGF2BP2 Insulin-like growth factor 2 mRNA-binding protein 2 X X

✓ INS Insulin X X X X X X
✓ IR Insulin receptor X X X X X X
✓ IRS1 Insulin receptor substrate 1 X X X X X X

JAZF1 JAZF zinc finger 1 X X
KCNJ11 Potassium inwardly rectifying channel, subfamily J, member 11 X X X X X X
KCNQ1 Potassium voltage-gated channel, KQT-like subfamily, member 1 X X
KLF11 Kruppel-like factor 11 X X X

✓ LEPR Leptin receptor X X X
LMNA Lamin A/C X

✓ MC4R Melanocortin 4 receptor X X X X
MTNR1B Melatonin receptor 1B X X
NEUROD1 Neuronal differentiation 1 X X X X
NOTCH2 Notch 2 X X
PARD3B Par-3 family cell polarity regulator beta X X

✓ PDX1 Pancreatic and duodenal homeobox 1 X X X X X X
✓ PPARG Peroxisome proliferator-activated receptor gamma X X X X X

PROX1 Prospero homeobox 1 X X
RBMS1 RNA-binding motif, single-stranded interacting protein 1 X X

✓ SLC30A8 Solute carrier family 30 (zinc transporter), member 8 X X
TCF7L2 Transcription factor 7-like 2 (T-cell specific, HMG-box) X X X X
THADA Thyroid adenoma associated X X
TSPAN8 Tetraspanin 8 X X
WFS1 Wolfram syndrome 1 (wolframin) X X X
ZFAND6 Zinc finger, AN1-type domain 6 X X

The predominant phenotypes associated with each loci “X” are determined by Ingenuity Pathway Assist.
These established loci were determined by a meta-analysis of genetic variants on the Metabochip of 34,840 cases and 114,981 controls of European descent.25

The ✓ indicates genes that are previously known to be involved in insulin-signaling cascade and are discussed throughout the text.
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a “C-peptide.” IGFs also have an extension at the C ter-
minus known as the D domain.38

Insulin possesses two asymmetric receptor-binding 
surfaces designated “S1” (the classic site) and “S2” (the 
novel site) (Fig. 33-1, A).39 Natural mutations of insu-
lin together with alanine scanning mutagenesis show that 
“S1” is composed of residues from the A- and B-chain—
including GlyA1, IleA2, ValA3, GluA5, ThrA8, TyrA19, 
AsnA21, ValB12, TyrB16, GlyB23, PheB24, and PheB25 (see 
Fig. 33-1, A).40 By comparison, “S2” is composed of 
SerA12, LeuA13, GluA17, His B10, GluB13, and LeuB17 (see 
Fig. 33-1, A).40 Together both sites generate high-affinity 
insulin binding that activates the receptor tyrosine kinase.

A 150-kb gene on human chromosome 19p13.3-p13.2 
that contains 22 exons encodes the insulin receptor (IR). 

Exon-11 is alternatively spiced depending on the tissue and 
the developmental stage to produce two IR isoforms: IRA 
lacks the residues encoded by exon-11, and IRB includes 
the 12 amino acid residues encoded by exon-1139,41,42  
(Fig. 33-2). IRB binds only insulin with high affinity, but 
IRA binds both insulin and IGF2 with about equal affinity, 
as the absence of the exon-11 encoded C-terminal exten-
sion relaxes the specificity of the insulin binding site.43 
The homologous IGF1R is assembled without alternative 
splicing from its 19 exon gene located on human chro-
mosome 15. The IGF1R binds IGF1 and IGF2 with high 
affinity, but binds insulin weakly (see Fig. 33-2). A third 
gene encodes the insulin receptor-related receptor (IRR).44 
A high-affinity ligand for the IRR is unknown. Regard-
less, together with the IR and IGF1R, the IRR promotes 
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Figure 33-1 Insulin and insulin receptor. A, Insulin structure showing the position of some critical amino acids that compose the two binding sur-
faces (S1 and S2) that interact with the L1•CR•CT and Fn31•Fn32 regions of the insulin receptor, respectively. The A-chain is shown in green and the 
B-chain is shown in blue, and some amino acids composing each binding site are shown as space filling residues in red (S1) or orange (S2). The amino 
and carboxyl terminal residues of each chain are labeled in black. B, Linear diagram of the insulin-receptor (IR) precursor protein showing the posi-
tion of important modules in the α- and β-subunits—including leucine-rich regions (L1 and L2), a cysteine-rich region (CR), disulfide bonds ( ), the 
alternative IRA/IRB splice site that generates CTIRA or CTIRB, a transmembrane region (TM), the furin cleavage site, the IRS-binding motif (NPXpY), 
the activation loop autophosphorylation sites, and carboxyl terminal tyrosine phosphorylation sites (CT). C, Mature insulin receptor composed of 
two extracellular α-subunits and two intracellular β-subunits. Contiguous modules of the two α subunits are indicated by black or white labels and 
dashed tracings. The holoreceptor is stabilized extracellularly by disulfide bonds between cysteine residues (S-S) in the α and β subunits, as well as by 
noncovalent interactions. Two regions within the α-subunit contribute to insulin binding—including L1•CR (and the extra 12 amino acids encoded 
by exon-11 in the B form of the insulin receptor) that binds S1 of insulin, and the junction between Fn31 and Fn32 that binds S2 of insulin. The  
β subunit contains the tyrosine kinase catalytic domain with an ATP-binding site (Lys1030) and a number of tyrosine phosphorylation sites, including 
those in the juxtamembrane region (pY972), activation loop (pY1158, 1162, 1163), and carboxyl terminal regions.
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male sexual development in mice.45 Moreover, the IRR 
might sense alkali conditions in the kidney to modulate 
systemic bicarbonate concentrations.46,47

The insulin and IGF1 receptor precursors have simi-
lar structures, which are processed to form holoreceptors 
composed of two α-subunits and two β-subunits. The 
process is best characterized for the IR, which is synthe-
sized as a single protein with a classic amino-terminal 
signal sequence followed by well-defined extracellular 
modules—including two leucine-rich motifs (L1 and L2) 
flanking a cysteine-rich (CR) region, which is followed by 
three fibronectin-III motifs (Fn31, Fn32, and Fn33) ending 
with the intracellular tyrosine kinase (see Fig. 33-1, B and 
C). Fn32 is interrupted by a 120-amino acid insert con-
taining a furin cleavage site that generates on cleavage the 
α- and β-subunits of the holoreceptor (see Fig. 33-1, B). 
During translation, the proreceptors for insulin and IGF1 
can assemble as homodimers, which are linked by disul-
fide bonds to produce the IR (αβIR•αβIR) or the IGF1R 
(αβIGF1R•αβIGF1R). However, when expressed together, 
the αβ dimer of each receptor can associate to form hybrid 
receptors (αβIR• αβIGF1R).48 Because the insulin receptor 
occurs in two isoforms, a total of 5 receptors types can be 
produced from the two receptor genes (see Fig. 33-2).49 
The α-subunits are entirely extracellular and create the 
ligand-binding sites. Each β-subunit contains a trans-
membrane-spanning segment that separates the extracel-
lular Fn32-Fn33 regions from the intracellular tyrosine 
kinase (see Fig. 33-1, C).50,51 The holoreceptor (αβ•αβ) 
has an approximate molecular mass of 350,000 by SDS-
PAGE—larger than expected owing to glycosylation of 

the α- and β-subunits.52,53 On reduction of the disulfide 
bonds, SDS-PAGE resolves the IR and IGF1R into the α- 
and β-subunits that migrate near 135-kDa and 95-kDa, 
respectively.54,55 Hybrid receptors can be detected by spe-
cific immunoblotting strategies.48

Insulin binds with high affinity (Kd < 0.5 nM) to the 
homodimeric IRB, which predominates in the classic insulin 
target tissues—adult liver, muscle, and adipose tissues (see 
Fig. 33-2). IRB is selective for insulin as its Kd for IGF1 
and IGF2 is at least 50-fold to 100-fold higher. Adult liver 
and adipose are purely insulin-responsive tissues, as they 
express IRB without detectable IGF1R.9 By comparison, 
IRA predominates in fetal tissues, the adult central nervous 
system, and hematopoietic cells.56-59 Most cancers express 
IRA, IRB, and IGF1R and usually display the hybrid spe-
cies (see Fig. 33-2).10 IRA binds insulin almost as well and 
IRB, but IRA also binds IGF2 with moderate affinity (see 
Fig. 33-2). IGF1 and IGF2 bind with high affinity (Kd < 1 
nM) to the homodimeric IGF1R and to the hybrid receptors 
(αβIRA•αβIGF1R and αβIRB•αβIGF1R), whereas insulin binds 
poorly to the hybrids (see Fig. 33-2).48,60 Thus, under 
ordinary conditions insulin never activates the IGF1R tyro-
sine kinase, whereas IGF1 and IGF2 can activate the IR 
tyrosine kinase when it forms a hybrid with the IGF1R.61 
IRA enhances the effects of IGF2 during embryogenesis 
and fetal development and in the adult brain.43

Site-directed mutagenesis shows the location of two insu-
lin-binding sites in the α-subunit of the insulin receptor.62,63 
Chimeric receptors between the α-subunits of the insulin and 
IGF1 receptors confirm that one of the sites is located within 
the first leucine-rich (L1) region of the insulin receptor.64 
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Figure 33-2 The insulin and insulin-like growth factor family. The  insulin/IGF family consists of three peptide hormones: insulin, insulin-like 
growth factor-1 (IGF1), and insulin-like growth factor-2 (IGF2). These bind as indicated to five distinct homo- or heterodimeric receptor isoforms 
that generate cytoplasmic signals: two insulin-receptor isoforms, IRA and IRB; the insulin-like growth factor receptor, IGF1R; and two hybrid recep-
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IR or IGF1R tyrosine kinases phosphorylate the cytoplasmic insulin-receptor substrate proteins IRS1 and IRS2, which mediate somatic growth and 
metabolism. The approximate binding affinities (Kd, nM) are shown.
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Photoaffinity labeling of mutant insulin receptors shows the 
second insulin-binding site near the Fn31→Fn32 interface.65 
Insulin binding apparently begins through interactions 
between “S2” on insulin with the Fn31•Fn32 interface in 
the α-subunit.40 Sixteen amino acid residues at the COOH-
terminus (CT) of Fn32 interact with the L1•CR-region to 
create a composite insulin-binding site—L1→CR→CT—that 
interacts with “S1” on insulin (see Fig. 33-1, C). Although 
the α-subunits are arranged symmetrically in the dimer, 
there is a sharp bend between the L2 and Fn31→Fn32 
regions that juxtaposes the L1→CR→CT domain antiparal-
lel to Fn31→Fn32 (see Fig. 33-1, C).66-70 Insulin binds to the 
L1→CR→CT domain of one α-subunit and to the Fn31→Fn32 
region of the adjacent α-subunit to create the cross-link that 
activates the kinase.69 Owing to space constraints, only one 
insulin molecule can bind with high affinity.66,68,71 Inclusion 
of exon-11 in IRB lengthens the CT-region by 12 amino 
acids, which modifies the L1•CR•CT domain to exclude 
IGF2 binding, and reduces strongly the IGF1 affinity while 
retaining high insulin-binding affinity (see Fig. 33-2). These 
details have been investigated.70,72

STRUCTURE AND REGULATION OF THE IR KINASE
The tyrosine kinase activity of the insulin receptor was 
originally discovered by biochemical experiments using 
[32P]-labeled hepatoma cells or partially purified insu-
lin receptors incubated with insulin and [γ32P]ATP.73-75 
However, until the insulin-receptor cDNA was isolated 
and sequenced,50,51 other mechanisms for signal transduc-
tion were proposed—and some still persist.76-79 However, 
the discovery that rare cases of severe insulin resistance 
in humans are associated with insulin-receptor mutations 
that inactivate the tyrosine kinase—without altering insu-
lin binding—supports definitively the central hypothesis 
of tyrosyl phosphorylation in the mechanism of insulin 
action.80

The intracellular portion of the insulin-receptor 
β-subunit is composed of three distinct regions that con-
tain tyrosyl phosphorylation sites (numbered as in IRB): 
Y965 and Y972 in the juxtamembrane region between 
the transmembrane helix and the cytoplasmic tyrosine 
kinase domain; Y1158, Y1162, and Y1163 in the activation 
loop (A-loop) of the catalytic core; and Y1328 and Y1334 
in the COOH-terminus41,81,82 (see Fig. 33-1, B and C). 
Most receptor tyrosine kinases are activated by ligand-
induced dimerization, which brings two intracellular 
catalytic domains together to mediate tyrosine phos-
phorylation of the A-loop and the other sites that recruit 
cellular substrates.83 Because the homologous IR and 
IGF1R reside in the plasma membrane as inactive cova-
lent dimers, high-affinity insulin or IGF binding adds 
a transient cross-link to induce and stabilize structural 
transitions within the receptor that activate the intracel-
lular catalytic site.69

Before insulin stimulation, the unphosphorylated 
Tyr1162—the second of the three A-loop tyrosine resi-
dues—is positioned near the catalytic site, whereas the  
amino-terminal end of the A-loop (D1150FG-motif) 
folds into the ATP-binding site elevating the apparent 
Km for ATP.69,84,85 Apparently, the closed A-loop is in 

equilibrium with an alternate conformation that allows 
occasional access by ATP to mediate basal autophos-
phorylation.86 Infrequent oscillation from the “closed” 
to an “open” conformation in the basal state might be 
coupled to complementary changes in the α-subunits, 
which can be stabilized definitively on insulin binding 
to accelerate ATP entry and to stimulate autophos-
phorylation of Tyr1162 (Fig. 33-3, A and B). After ini-
tiation, the autophosphorylation cascade progresses to 
Tyr1158, resulting in a bis-phosphorylated and active 
kinase.81 Although autophosphorylation of Tyr1163 is 
relatively slow, it appears to stabilize the open confor-
mation to allow unrestricted access by Mg-ATP and 
protein substrates (see Fig. 33-3, B and C).69 The final 
autophosphorylation probably occurs through the inter-
action between the covalently linked β-subunits.69,75 
The substitution of Asp1161 in the middle of the A-loop 
with alanine shifts the steady-state conformation of the 
unphosphorylated A-loop toward the open configura-
tion.86 Substitution of Tyr1162 with phenylalanine also 
increases basal autophosphorylation, consistent with its 
role in stabilizing the closed conformation or in compet-
ing with ATP and protein substrates for binding at the 
kinase-active site.87,88 Whether other kinases can acti-
vate the insulin receptor by phosphorylation of A-loop 
tyrosine residues independently of insulin is an open 
question that deserves attention.

THE INSULIN-SIGNALING CASCADE
Following the discovery of the insulin-receptor tyro-
sine kinase, many groups searched for cellular proteins 
that might mediate downstream signals.89,90 The “sub-
strate” hypothesis was an attractive mechanism from 
the beginning, but it was difficult to establish because 
only proteins with unlikely signaling potentials were 
found to be phosphorylated by the insulin-receptor 
kinase. The first evidence for a physiologic substrate 
of any receptor tyrosine kinase came from anti-phos-
photyrosine antibody immunoprecipitates that showed 
a 185-kDa phosphoprotein (pp185) in insulin-stim-
ulated hepatoma cells.91 This protein displayed many 
features expected for a biologically important insulin-
receptor substrate—including immediate phosphory-
lation on insulin stimulation and no phosphorylation 
by catalytically inactive or biologically inactive insulin 
receptors.92 Together these data provided the first clue 
that receptor autophosphorylation, followed closely by 
substrate phosphorylation, could be the initial step in 
signal transduction.

Purification and molecular cloning of pp185 showed 
the first of a large family of signaling scaffolds and the 
first insulin-receptor substrate called IRS1.93 Four IRS-
protein genes exist in rodents, but only three (IRS1, IRS2, 
and IRS4) are expressed in humans.94 IRS1 and IRS2 
are broadly expressed in mammalian tissues, whereas 
IRS4 is largely restricted to the hypothalamus.95,96 The 
IRS-proteins are arguably the most important adapter 
molecules linking the IR and IGF1R to downstream sig-
naling cascades and the heterologous regulatory compo-
nents used by many signaling systems (see Fig. 33-3, D). 
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Moreover, work with transgenic mice shows that all insu-
lin responses—especially those that are associated with 
somatic growth; carbohydrate, protein, and lipid metab-
olism; hepatic, adipose, skeletal muscle, and cardiovas-
cular physiology; pancreatic β-cell function; and central 
nutrient homeostasis—are mediated through IRS1, IRS2, 
or both.97

IRS-Protein Model of Insulin Action
IRS-proteins are composed of tandem, structurally similar 
pleckstrin homology (PH) and phosphotyrosine binding 
(PTB) domains followed by a long unstructured tail of 
tyrosine phosphorylation sites that coordinate the insulin/
IGF signal. During insulin and IGF1 stimulation, some 
tyrosine residues in the tail are phosphorylated and bind 
to the SH2-domains of various signaling proteins, espe-
cially the 85 kDa regulatory subunit (p85) of the PI3K 

(class 1A phosphatidylinositol 3-kinase) (Fig. 33-4).98 The 
interaction between IRS1 and PI3K was the first insulin-
signaling cascade to be reconstituted successfully in vivo 
and in vitro.99

Specific insulin-stimulated tyrosine phosphorylation 
of the IRS-protein is accomplished through at least two 
mechanisms—including specific recruitment of IRS to 
the juxtamembrane region of the IR followed by rec-
ognition by the activated catalytic domain of preferred 
phosphorylation motifs in the unstructured tail. Based 
on phosphopeptide mapping and phosphorylation of 
synthetic peptides, several motifs have been identified 
as optimal insulin-receptor mediated phosphorylation 
sites in IRS1—including several YMXM-motifs, and 
the YVNI-, YIDL-, and a YASI-motif.100-103 These 
motifs are targeted by the IR catalytic domain as anti-
parallel β-strands relative to the COOH-terminal end 
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of the open A-loop. This orientation positions the 
hydrophobic side-chain in the Y+1 and Y+3 positions 
into two hydrophobic pockets on the activated kinase 
(see Fig. 33-3, C). Tyrosine residues lying NH2-ter-
minal to polar side chains at the Y+1 and Y+3 posi-
tions fit poorly in this site, which excludes them from 
phosphorylation.103

The selective and regulated recruitment of IRS to the 
activated IR and IGF1R adds an essential and impor-
tant level of signaling specificity. The IRS-proteins bind 
through their PTB domain to the juxtamembrane auto-
phosphorylation site at pY972, which resides in a canoni-
cal PTB-domain binding motif (NPEpY972).92,104 The 
juxtamembrane region is about 35 residues long and 
connects the transmembrane helix of the IRβ subunit to 
the kinase domain (see Fig. 33-1, B and C). Unlike other 

receptor tyrosine kinases, the insulin-receptor kinase is 
not regulated by autophosphorylation in the juxtamem-
brane region—although the NPEY-motif modulates 
receptor trafficking.105,106 However, phosphorylation of 
Tyr972 creates a docking site for the PTB domain in the 
IRS-proteins and another substrate called src homology 2 
domain-containing transforming protein (SHC) (see Fig. 
33-4).92,107 The NPEpY972-motif fills an L-shaped cleft on 
the PTB-domain, whereas the N-terminal residues of the 
bound peptide form an additional strand in the β sand-
wich.104 The NPEpY972-motif is a low-affinity binding 
site for the PTB domain of IRS1 (Kd ∼ 87 μM), owing 
to a destabilizing effect of E971 that facilitates autophos-
phorylation of Y972 by the insulin receptor.69,108 By com-
parison, the PTB domain of SHC binds to NPEpY972 with 
a much higher affinity (Kd ∼ 4 μM).
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Unlike SHC, IRS contains a pleckstrin homology 
(PH) domain immediately upstream of the PTB domain, 
which helps recruit the IRSs to IR (see Fig. 33-3, D).109 
The PH domain is structurally similar but functionally 
distinct from the PTB domain.110 Although the PH-
domain promotes the interaction between IRS and the 
IR, its mechanism of action remains poorly understood, 
as it does not bind phosphotyrosine. PH domains are 
generally thought to bind phospholipids, but the PH 
domains in IRSs are poor examples of this binding speci-
ficity.111,112 The IRS1/IRS2 PH domain binds to negative 
patches in various proteins, which might also be impor-
tant for IR recruitment.113 Regardless, the PH domain in 
the IRS-protein plays an important and specific role as 
it can be interchanged among the IRS-proteins without 
noticeable loss of bioactivity. By contrast, heterologous 
PH-domains reduce IRS1 function when substituted for 
the IRS1 PH domain, confirming a specific functional 
role.114

IRS2 uses an additional mechanism to interact with 
the insulin receptor, which is absent in IRS1. Amino acid 
residues 591 and 786—especially Tyr624 and Tyr628—in 
IRS2 mediate a strong interaction with the activated IR 
catalytic site.115,116 This binding region in IRS2 was origi-
nally called the kinase regulatory-loop binding (KRLB) 
domain, because tris-phosphorylation of the A-loop was 
required to observe the interaction.115 Structure analysis 
shows an essential functional part of the KRLB-domain—
residues 620 to 634 in murine IRS2—that fits into the 
“open” catalytic site of the insulin receptor.117 With the 
A-loop out of the catalytic site—by autophosphorylation 
or other means—Tyr621 of IRS2 inserts into the recep-
tor ATP-binding pocket whereas Tyr628 aligns for phos-
phorylation. This interaction might attenuate signaling 
by blocking ATP access to the catalytic site, or it might 
promote signaling by opening the catalytic site before 
tris-autophosphorylation. Interestingly, the KRLB-motif 
does not bind to the IGF1R, possibly explaining signaling 
differences between IR and IGF1R, as well as the receptor 
hybrids.117

The PI3K→AKT Cascade
Downstream insulin signaling is composed of a highly 
integrated network, which coordinates multiple tissue-
specific signals that control cellular growth, survival, and 
metabolism, and modulate the strength and duration of 
the signal through diverse feedback cascades.118 The cas-
cade begins when insulin stimulates tyrosyl phosphoryla-
tion of YXXM-motifs in the IRS-proteins, which directly 
recruit and activate the class 1A phosphotidylinositide 
3-kinase (PI3K) (see Fig. 33-4). PI3Ks are lipid kinases 
central to numerous signaling pathways, which are orga-
nized into three classes—class I, class II, and class III. The 
growth factor-regulated class IA PI3Ks are composed of 
two subunits. The catalytic subunit—p110α (PIK3CA), 
p110β (PIK3CB), or p110δ (PIK3CD)—is inhibited and 
stabilized on association with one of several homologous 
85 kDa regulatory subunits encoded by PIK3R1 (p85α) 
or PIK3R2 (p85β). Rarely, alternative splicing of PIK3R1 
produces p55α or p50α, or a third gene PIK3R3 encodes 
p55γ, all of which lack some NH2-terminal regulatory 

features of p85 while retaining affinity toward the cata-
lytic subunits.118-120 All of the regulatory subunits contain 
two SH2 (src homology 2) domains that bind phosphor-
ylated YXXM-motifs to disinhibit the catalytic domain 
that produces PI(3,4,5)P3 (phosphatidylinositol 3,4,5-tri-
sphosphate).121,122 Inhibition of the PI3K by chemical 
or genetic means blocks almost all metabolic responses 
stimulated by insulin—including glucose influx, glycogen, 
and lipid synthesis, and adipocyte differentiation—con-
firming that the PI3K is a critical node coordinating insu-
lin action.118

The PI(3,4,5)P3 produced by PI3K plays a pivotal role 
to recruit to the plasma membrane and activate various 
proteins—many of which contain PH (pleckstrin homol-
ogy) domains that bind to PI(3,4,5)P3. A key cascade 
involves the recruitment of several Ser/Thr-kinases to 
the plasma membrane, including PDK1 (3’-phosphoinos-
otide-dependent protein kinase-1) and AKT (v-akt murine 
thymoma viral oncogene). AKT is activated by phosphor-
ylation of Thr308 in its activation loop by the juxtaposed 
membrane-bound PDK1. AKT isoforms play a central 
role in cell biology, as they regulate by phosphorylation 
many proteins that control cell survival, growth, prolif-
eration, angiogenesis, metabolism, and migration (see 
Fig. 33-4).121,123,124 More than 100 AKT substrates are 
known and several are especially relevant to insulin sig-
naling—including GSK3α/β (blocks inhibition of glyco-
gen synthesis); AS160 (promotes GLUT4 translocation); 
the BAD•BCL2 heterodimer (inhibits apoptosis); the 
FOXO transcription factors (regulates gene expression in 
liver, β-cells, hypothalamus, and other tissues); p21CIP1 
and p27KIP1 (blocks cell-cycle inhibition); eNOS (stimu-
lates NO synthesis and vasodilatation); PDE3b (hydro-
lyzes cAMP); and TSC2 (tuberous sclerosis 2 tumor 
suppressor) that inhibits mTORC1 (mechanistic target 
of rapamycin complex 1) (see Fig. 33-4). An unbiased 
MS/MS approach implicates many more AKT substrates 
in insulin action, suggesting that the majority of PI3K-
mediated growth factor (insulin) signaling is coordinated 
through AKT-dependent mechanisms (see Fig. 33-4).124

A subset of proteins with PH domains that bind selec-
tively to PI(3,4,5)P3 coordinate other tissue-specific sig-
nals to control growth, proliferation, survival, vesicular 
transport, differentiation, and migration, some of which 
might contribute to an insulin response. In adipocytes and 
muscle, the aPKC (atypical protein kinase C) is recruited 
by PI(3,4,5)P3, where, like AKT, it can be activated 
by PDK1 and can promote insulin-stimulated glucose 
uptake.118 The localization and/or activity of other effec-
tors can link PI(3,4,5)P3 to cytoskeleton functions. GAB1 
and GAB2 (GRB2-associated binder1/2) binds PI(3,4,5)
P3, localizing them to the plasma membrane in the vicinity 
of cell-cell contacts125; PLEKHA1 (pleckstrin homology 
domain containing, family A phosphoinositide-binding 
specific member 1) is a PH domain-containing adapter 
protein specific for PI(3,4)P2, which may be impor-
tant for remodeling the actin cytoskeleton126; DAPP1 
(dual adapter for phosphotyrosine and phosphoinosit-
ide) exhibits high affinity for PI(3,4,5)P3 and PI(3,4)P2 
to integrate PI3K and SRC kinase signaling to promote 
B cell adhesion.127 ARAP3 (ARFGAP with RHOGAP 
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domain, ANK repeat, and PH domain-containing protein 
3) is a specific PI(3,4,5)P3/PI(3,4)P2-binding Arf6-GAP 
that mediates rearrangements in the cell cytoskeleton and 
cell shape.128

mTOR Cascade
mTOR (mechanistic target of rapamycin) is a Ser/Thr 
kinase that is regulated through multiple mechanisms.  
It belongs to the PI3K-related kinase family and forms two 
large functionally distinct protein complexes—mTORC1 
and mTORC2—composed of common and unique sub-
units. Both complexes are controlled by growth factors 
and insulin through the PI3K→AKT cascade, but they 
are recruited to different compartments and respond 
distinctly to nutrients, stress, hypoxia/energy status, and 
other stimuli to coordinate a diverse array of biological 
processes—including protein and lipid synthesis, liposome 
biogenesis, autophagy, and cell migration, growth, and 
proliferation.129 In addition to the common catalytic sub-
unit, mTORC1 and mTORC2 share mLST8 (mammalian 
lethal with sec-13 protein 8), DEPTOR (Disheveled, Egl-
10, and Pleckstrin domain containing mTOR- interacting 
protein), and Tti1 (Telomere maintenance 2 interact-
ing protein 1). However, mTORC1 is distinguished by 
two specific components, including RAPTOR (RPTOR, 
regulatory associated protein of mTOR, complex 1) 
and AKT1S1 (PRAS40, AKT1 substrate 1 proline-rich). 
mTORC2 lacks the mTORC1-specific components, but 
includes RICTOR (RAPTOR-independent companion of 
mTOR, complex 2), mSIN1 (SAPK interacting protein 1, 
or MEKK2 interacting protein 1), and PRR5 (protor1/2, 
protein observed with Rictor 1 and 2).129 mTORC1 is 
strongly regulated by nutrient concentration and inhib-
ited by rapamycin, whereas mTORC2 is inhibited vari-
ably by rapamycin and is insensitive to nutrient levels.

AKT→mTORC1 Cascade
mTORC1 coordinates many growth factor (insulin) 
responses owing to its regulation by AKT, nutrient/amino 
acid concentrations, and subcellular/lysosomal target-
ing.129 In addition to the stable complex of mTORC1 
components, several additional proteins regulate mTOR 
activity. AKT-dependent activation begins with the phos-
phorylation of at least five sites (Ser939, Ser981, Ser1130, 
Ser1132, and Thr1462) on TSC2 (tuberin), which in com-
plex with TSC1 (hamartin) functions as a GTPase-activat-
ing protein for the small G protein RHEB (Ras homolog 
enriched in brain).129 AKT-mediated phosphorylation 
inhibits TCS1/2, allowing RHEB to accumulate in its 
GTP-bound form to activate mTORC1 (see Fig. 33-4). In 
one possible mechanism FKBP38 (FK506-binding protein 
8) inhibits mTOR until RHEB-GTP promotes its disso-
ciation from mTORC1.130 Regulation by TSC1/2→RHEB 
is also augmented by AKT-mediated phosphorylation of 
AKT1S1 (PRAS40), which promotes its dissociation from 
RAPTOR to activate mTOR.123 Proinflammatory cyto-
kines can activate mTORC1 through a similar mecha-
nism in which IKKβ (IκB kinase) phosphorylates TSC1/2, 
leading to the accumulation of RHEB-GTP.131

The second important level of mTORC1 regulation 
by growth factors (insulin) depends on localization to the 

surface of lysosomes.129 Lysosomal targeting of mTORC1 
is coordinated by amino acid-dependent GTP loading of 
the RAGA•RAGB (Ras-related GTP binding) complex, 
which interacts with both RAPTOR and a multisubunit 
complex called RAGULATOR that is located on the 
lysosome surface.132 RHEB resides on endomembranes, 
including lysosomes, where it can interact with mTORC1 
only if sufficient amino acids are available to promote 
RAGA•RAGB-mediated recruitment (see Fig. 33-4).129

mTORC2⇆AKT Cascade
Compared against the rich detail of mTORC1, the reg-
ulation of mTORC2 by growth factors and insulin has 
many tissue-specific features that complicate our under-
standing of its emerging mechanisms.133 Like most insulin 
responses, mTORC2 activation requires PI3K, but its role 
in insulin action has been difficult to understand owing 
to variable effects observed on deletion of specific com-
ponents. However, a central role for mTORC2 growth 
factor (insulin) signaling emerged when it was found to 
control several members of the AGC subfamily of kinases, 
including AKT and SGK1.134 On activation of AKT by 
PDK1-mediated phosphorylation at T308AKT, some but 
not all AKT substrates are phosphorylated. For example, 
TSC2, GSK3, and SIN1 do not require phosphorylation 
of S473AKT.129 Judging from temporal dependence on 
insulin stimulation, the SIN1 component of mTORC2 
might be recruited to the plasma membrane by PI(3,4,5)
P3 where it is phosphorylated at T86 by pT308AKT. 
Phosphorylated SIN1 appears to promote S473AKT phos-
phorylation by mTORC2. On bis-phosphorylation, AKT 
can phosphorylate a wider array of substrates, including 
FOXO transcription factors (see Fig. 33-4).124 This model 
fills a conspicuous gap in our understanding of PI3K sen-
sitive mTORC2 activation during insulin stimulation 
and its role in AKT regulation. However, this pathway is 
complicated by the finding that SIN1 is phosphorylated 
by S6K1 at both T86 and T398, which leads to the inhi-
bition of mTORC2.133,135 The integration of mTORC2 
activity through multisite SIN1 phosphorylation shows 
how mTOR signaling can be coordinated through feed-
forward and feedback mechanisms.133

Downstream of mTOR
Although mTORC1 and mTORC2 have several common 
components, they display unique signaling functions owing 
to substrate selectivity. mTORC1 regulates various cellular 
anabolic and synthetic processes needed for growth and 
proliferation—including the stimulation of glycolytic flux 
and mitochondrial function, protein and lipid synthesis, 
and the inhibition of autophagy and lysosomal biogen-
esis.133 Protein synthesis is one of the best understood 
mTORC1-regulated processes, which is controlled, at least 
in part, through the phosphorylation/activation of S6K1 
and S6K2 (the ribosomal protein S6 kinases) and phos-
phorylation/inhibition of 4E-BP1 (eukaryotic translation 
initiation factor 4E-binding protein 1) (see Fig. 33-4). The 
dependence on amino acids and energy for full mTORC1 
activity ensures that the cellular environment is sufficient 
to support growth factor (insulin) stimulation. At the 
whole animal levels, the mTORC1→S6K cascade increases 
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cell and animal size, including pancreatic beta-cell growth 
that is needed for insulin action.136 Although disruption 
of the S6k1 gene in mice enhances peripheral insulin sen-
sitivity, the reduced size of pancreatic islet β-cells leads to 
glucose intolerance. It is important to resolve whether the 
increased systemic insulin sensitivity is a consequence of 
reduced insulin secretion.

mTORC1 also promotes lipid synthesis required for 
membrane biogenesis in proliferating cells, and for energy 
storage and lipid secretion from the liver. mTORC1 pro-
motes the expression of SREBP1/SREBP2 and their pro-
teolytic cleavage to mediate translocation of the active 
transcription factors to the nucleus where they promote 
the expression of genes involved in fatty acid or choles-
terol synthesis (see Fig. 33-4). mTORC1 also inhibits 
autophagy, which ordinarily degrades damaged proteins 
and organelles to provide nutrients required to maintain 
critical cellular functions. Thus mTORC1 controls many 
key cellular processes that balance cellular integrity and 
long-term survival.

Much less is understood about downstream signaling 
mediated by mTORC2. As described earlier, mTORC2 
phosphorylates the C-terminal hydrophobic motif of 
AKT and SGK1, which leads to the full activation of the 
PI3K→AKT cascade. mTORC2 also plays a role in mRNA 
processing when it phosphorylates IMP1 at Ser181, which 
strongly enhances insulin-like growth factor 2 mRNA-
binding protein 1 (IMPI) binding to enable IGF2-leader 
3’-mRNA translational initiation by internal ribosomal 
entry (see Fig. 33-4).137 Thus, mTORC2-catalyzed cotrans-
lational IMP1 phosphorylation can promote organismal 
growth by regulating IGF2 production that can activate 
IRA in the mouse embryo. mTORC2 also regulates protein 
ubiquitinylation by phosphorylating FBW8 (F-Box and 
WD Repeat Domain Containing 8), a Cullin 7 E3 ubiquitin 
ligase-recognition subunit (see Fig. 33-4). The phosphory-
lation of FBW8 stabilizes and promotes ubiquitinylation 
of targeted substrates, including IRS1 that contributes 
to insulin resistance in certain tissues and cells.138 Thus, 
important mTORC2 signaling might be mediated through 
its direct effect on the activity of the PI3K→AKT cascade, 
and its indirect control of important regulatory points, to 
integrate fully the insulin/IGF-signaling cascade.137

AKT→FOXO Cascade
Forkhead box O (FOXO) subfamily of transcription fac-
tors (FOXO1, FOXO3a, FOXO4, and FOXO6) regulate 
expression of target genes involved in DNA damage repair 
response, apoptosis, metabolism, cellular proliferation, 
stress tolerance, and longevity.139,140 FOXOs contain four 
highly conserved domains, including the N-terminal region 
containing several AKT phosphorylation sites, a highly con-
served forkhead DNA-binding domain (DBD), a nuclear 
localization signal (NLS) located just downstream of the 
DBD, a nuclear export sequence (NES), and a C-terminal 
transactivation domain.141 The DBD domain contains three 
α-helices, three β-sheets, and two loops that are referred to 
as the wings. All the regulation mechanisms involve the 
retention of FOXO in the nucleus where it can promote 
or suppress the transcription of target genes containing a 
consensus DNA-binding sequence (TTGTTTAC).

FOXOs are regulated by several posttranslational modi-
fications, including AKT-mediated phosphorylation, or by 
acetylation, methylation, glycosylation, and ubiquinyl-
ation.141-143 The modifications affect protein–protein and 
protein–DNA interactions that eventually alter the DNA-
binding characteristics that regulate transcriptional activ-
ity.141,143-147 AKT-mediated phosphorylation of FOXO1, 
FOXO3a, and FOXO4 causes their nuclear exclusion lead-
ing to ubiquitinylation and degradation in the cytoplasm. 
Moreover, FOXO transcriptional activity can be inhibited 
by IkB (inhibitor of NF-kB) kinase (IKK) and the serum/
glucocorticoid-inducible protein kinase (SGK) that also 
causes phosphorylation and nuclear exclusion.141,148 By 
comparison, arginine methylation of FOXO blocks AKT-
induced phosphorylation and inactivation,143 whereas the 
addition of O-linked beta-N-acetyl-glucosamine to FOXO 
promotes the expression of its target genes involved in stress 
resistance during hyperglycemia and cell stress.149 Acetyla-
tion of FOXO has variable effects, as lysyl acetylation can 
promote FOXO phosphorylation to attenuate its ability to 
bind cognate DNA sequences,150 whereas deacetylation by 
SirT1 can suppress transcriptional activity directly.151

The evidence from genetically modified mouse models 
suggests that the FOXOs have distinct functions during 
development, but functional redundancy in adults.152-154 
Through the IR→IRS→PI3K→AKT signal cascade, FOXO 
integrates insulin action with the systemic nutrient, 
energy homeostasis, and organism growth. FOXOs can 
regulate genes controlling hepatic glucose production; 
insulin secretion in β-cells and β-cell growth and dif-
ferentiation; survival and function; and fat and muscle 
mass (see Fig. 33-4).155 Thus, FOXO could be a thera-
peutic target for metabolic disorders of insulin resistance, 
including obesity, diabetes, and nonalcoholic fatty liver 
diseases. In mammalian liver, decreased circulating insu-
lin during fasting promotes the nuclear localization of 
FOXO, where it interacts with PGC1α (Ppargc1a, peroxi-
some proliferator-activated receptor gamma coactivator 
1-alpha) and CREB•CRTC2 (CREB, cAMP response ele-
ment binding protein; CRTC2, CREB regulated transcrip-
tion coactivator 2) to increase the expression of the key 
gluconeogenic enzymes G6PC (glucose-6-phosphatase) 
and PCK1 (phosphoenolpyruvate carboxykinase 1),156-161  
which ensures the production of sufficient glucose to pre-
vent life-threatening hypoglycemia.150 However, these  
processes can proceed without the FOXOs, which empha-
sizes the integration of alternative mechanisms for this 
important process.155

FOXO1 also coordinates decreased nutrient availabil-
ity with reduced somatic growth by increasing the hepatic 
expression of IGFBP1 (insulin-like growth factor-binding 
protein 1)—a liver-secreted protein that binds to circulat-
ing IGF1 to limit its systemic bioavailability.160 Skeletal 
muscle growth and metabolism are regulated by insulin 
and IGF1, at least in part, by the switch of FOXO1 activ-
ity—nuclear during fasting and cytoplasmic during feed-
ing—which modulates nutrient and energy homeostasis 
in the skeletal muscle by promoting the use of lipid or 
carbohydrate, respectively. Severe and persistent starva-
tion can trigger FOXO1-mediated autophagy and atro-
phy that breaks down muscle protein for use by the liver 
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to make glucose. Reduced insulin and IGF1 signaling 
in skeletal muscle can underlie the loss of muscle mass 
and glycemic control during prolonged insulin resistance 
especially during traumatic injury.162

GENETIC VALIDATION OF PROXIMAL  
INSULIN SIGNALING
Alterations in glucose homeostasis are important hall-
marks of insulin resistance, which are investigated exten-
sively in humans and in experimental animals. However, 
other aspects of cellular and systems physiology are dis-
rupted by insulin resistance, which are difficult to assess 
in people. The purification and genetic cloning of insulin- 
signaling components and their analysis in cell-based 
assays have played a key role in the discovery of the insu-
lin-signaling framework. Moreover, our synthesis of the 
molecular physiology of insulin signaling and its failure 
has been achieved largely with the use of genetically mod-
ified mice.163 Although there are important physiologic 
differences between humans and mice, genetically modi-
fied mice provide an essential integrative experimental 
model that guide us in the discovery of novel treatments 
for insulin resistance and its progression to diabetes.164

Systemic Deletion of the Insulin or IGF1 Receptor Gene
Insulin and IGF1 receptors have many overlapping func-
tions during development and adult life, even though some 
details are different between mice and humans. In mice, 
the complete deletion of the IR or the IGF1R includes 
serious physiologic consequences that cause death shortly 
after birth.165 The IGF1/2→IGF1R signaling is the prin-
ciple growth regulatory pathway in fetal mice, which is 
not influenced by growth hormone or augmented by the 
insulin receptor until after birth.166 IGF1R-deficient mice 
are born 50% smaller than normal littermates, and they 
die after a few days owing to developmental defects.167 
By contrast, mice lacking the insulin receptor are nearly 
normal in size at birth, except for a reduced adipose tissue 
mass. Regardless, insulin receptor-deficient mice also die 
a few days after birth owing to severe hyperglycemia.166 
Mice retaining at least 20% of the normal insulin-recep-
tor expression throughout the body can survive with 
severe postnatal growth retardation and hyperglycemia 
that resembles human leprechaunism.165 This growth 
defect might arise, at least in part, from elevated hepatic 
IGFBP1 (FOXO-mediated) that reduces IGF1 bioavail-
ability. Thus, small mice with severely reduced insulin or 
IGF-1 signaling have short life spans owing to develop-
mental and metabolic defects.

Although highly informative, the mouse knockout 
experiments do not reflect the critical role of human 
insulin receptors during gestation. Rodents are born at 
a developmental stage corresponding to about 26 weeks 
of human gestation, so the IR-dependent phase of mouse 
embryonic growth is minimal.163 By contrast, the occa-
sional humans lacking insulin receptors display a syn-
drome originally called leprechaunism, which is now 
known to arise from missense mutations in the IR that 
might retain some activity. Without a functional IR, 
intrauterine growth is reduced severely and the fetus is 

usually not viable; however in rare cases, IR-deficient 
human neonates might survive owing to extreme hyper-
insulinemia that can activate residual IR activity or the 
homologous IGF1Rs.168

Tissue-Specific Inactivation of  
the Insulin-Receptor Gene
Owing to metabolic interactions between various tissues 
and the lethal consequences of whole-body insulin-
receptor knockout, it is difficult to establish the tissue-
specific behavior of insulin signaling in whole-body 
knockout mice. The best approach is to use Cre-loxP 
technology to delete the insulin receptor in single tissues 
or organs.169 A tissue-specific knockout of the insulin 
receptor is produced by introducing two short bacte-
rial DNA sequences called lox (locus of crossing-over) 
sites around exon 4 in the insulin receptor to produce a 
“floxed” allele. In the absence of the bacterial Cre recom-
binase, this floxed allele usually behaves normally in all 
tissues studied; however, in the presence of Cre recom-
binase, these lox sites facilitate the excision of exon 4 
of the insulin receptor and produce a nonsense mRNA 
with a premature stop codon, which fails to encode a 
receptor that binds insulin or fails to generate an insulin 
signal. Tissue-specific knockouts have limitations, as the 
complete absence of insulin signaling is never involved 
in common metabolic disease. Regardless, conditional 
insulin-receptor knockout mouse models generated with 
the Cre/lox system are remarkably informative regard-
ing the role of insulin receptors in classic insulin target 
tissues, and reveal other unexpectedly important sites of 
insulin action.163,170

Liver. The liver is an important site of insulin action that 
plays a role in systemic glucose and lipid homeostasis. 
LIRKO (liver-specific insulin-receptor knockout) mice 
display a moderately elevated fasting glucose concentra-
tion; however, the liver does not respond to insulin, and 
the LIRKO mice develop severe postprandial hyperglyce-
mia and glucose intolerance.171 This metabolic disorder 
is related, at least in part, to constitutive hepatic glucose 
release owing to dysregulated hepatic gene expression—
including elevated PCK1 and G6PC, and decreased 
GCK (glucokinase, hexokinase 4) and PK1 (pyruvate 
kinase).164,171 Moreover, LIRKO mice exhibit marked 
hyperinsulinemia owing to a combination of decreased 
insulin clearance and increased insulin secretion associ-
ated with β-cell mass expansion. The chronic hyperinsu-
linemia might promote systemic insulin resistance, which 
could also contribute to the postprandial hyperglyce-
mia.172 However, it is unlikely that the mechanisms of 
systemic insulin resistance are similar between LIRKO 
and more conventional models such as leptin-deficient 
ob/ob mice or diet-induced obesity. Although genetic he-
patic insulin resistance of LIRKO mice is exacerbated by 
secondary systemic insulin resistance, LIRKO mice dis-
play reduced levels of circulating free fatty acids and tri-
glycerides.171 However, on an atherogenic diet, LIRKO 
mice develop dyslipidemia by 12 weeks of age—including 
decreased circulating HDL cholesterol and increased non-
HDL cholesterol—which progresses to atherosclerosis.173  
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Unexpectedly, glucose intolerance of the LIRKO mice 
resolves with age, which appears to be associated with 
hepatic failure and mitochondrial dysfunction.163 Thus, 
insulin signaling is essential for normal hepatic function 
beyond the anticipated regulation of glucose metabolism.

Skeletal Muscle. Insulin resistance in muscle, liver, and 
fat has been viewed as central to the pathogenesis of the 
insulin resistance syndromes, particularly type 2 diabetes. 
So one of the most informative and unexpected discov-
eries was obtained with the skeletal muscle-specific IR 
knockout (MIRKO) mice.169 Although muscle insulin-
stimulated IRS→PI3K→AKT signaling is lost in MIRKO 
mice, systemic glucose tolerance is normal, at least in 
part, because insulin-independent glucose uptake remains 
intact, and even increases owing to the activation of 
AMPK (AMP-dependent kinase)-mediated glucose influx 
resulting from reduced glucose oxidation.174 Moreover, 
fat mass increases in MIRKO mice because of a shift of 
nutrients into the adipose tissues.169 Whereas muscle in-
sulin resistance promotes some aspects of metabolic dis-
ease—including mild obesity and elevated circulating free 
fatty acids and triglycerides—elevated glucose and insulin 
never develop.164

Adipocytes. White adipose tissue displays several im-
portant physiologic functions, including the storage of 
postprandial glucose as triglyceride, and the secretion of 
signaling factors that regulate appetite and energy homeo-
stasis. Genetic insulin resistance of adipose tissue caused 
by the deletion of the insulin receptor (FIRKO mice) 
dysregulates insulin action on glucose influx, triglycer-
ide synthesis, and antilipolysis.175 FIRKO-mice consume 
the same amount of food and accumulate less brown and 
white adipose tissue, but they display increased systemic 
insulin sensitivity that persists during aging. Remarkably, 
FIRKO mice experience a longer life span, suggesting that 
leanness and insulin sensitivity can be associated with 
longevity even in the absence of reduced calorie intake.176 
These beneficial effects might arise from reduced adipo-
cyte-related inflammation.

Pancreatic β-Cells. The deletion of insulin receptors from 
pancreatic β-cells (βIRKO mice) shows a role for insulin 

signaling in the control of glucose-stimulated insulin se-
cretion.177 The βIRKO mice develop progressive glucose 
intolerance, which is associated with reduced insulin con-
tent and β-cell mass, and diminished first-phase glucose-
stimulated insulin secretion. These results are especially 
intriguing, as they reflect some of the pathophysiology 
that develops in humans with type II diabetes. Despite 
numerous reviews on the subject, whether or not insulin 
itself is the physiologically relevant ligand regulating β-
cell function remains controversial.178 However, normal 
glucose-stimulated insulin secretion also depends on IG-
F1R in the β-cells, suggesting that Igf1 and Igf2 produced 
in pancreatic islets might play important roles.179

Inactivation of IRS Genes
As with the insulin receptor, genetic deletion of IRS1 and/
or IRS2 in mice reveals their required role in metabolic 
regulation and growth. IRSs couple the receptors for 
insulin and IGF1 to the PI3K→AKT cascade and other 
downstream signals. In many cell-based assays, IRS1 and 
IRS2 exhibit similar roles in insulin signaling; however, 
they display unique signaling potential in certain tissues 
owing to different regulation, function, or expression. 
Systemic deletion of IRS1 produces small insulin-resistant 
mice with nearly normal glucose homeostasis owing to 
β-cell expansion and lifelong compensatory hyperinsu-
linemia.180 These results suggest that IRS1 mediates most 
of the IGF1 signal for somatic growth, but is not essential 
for β-cell growth during insulin resistance. By contrast, 
mice lacking IRS2 display nearly normal body growth 
and even gain excess weight, but they develop life-threat-
ening diabetes between 8 and 15 weeks of age for male 
mice (later for females) owing to reduced β-cell mass and 
insufficient compensatory insulin secretion.181 Whereas 
the complete deletion of IRS1 and IRS2 is embryoni-
cally lethal, littermates retaining one allele of IRS1  
(IRS1+/-•IRS2-/-) or one allele of IRS2 (IRS1-/-•IRS2+/-) 
can be born alive.182 IRS1+/-•IRS2-/- mice develop severe 
fasting hyperglycemia and die by 4 weeks of age because 
IRS2 is required for pancreatic β-cell survival and growth 
(Fig. 33-5). By contrast, Irs1-/-•Irs2+/- mice reach only 
30% of normal size, but they display nearly normal glu-
cose tolerance and circulating insulin concentrations at 
6 months of age182 (see Fig. 33-5). Regardless, the small 
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IRS1-/-•IRS2+/- mice are fragile and require extraordinary 
care to live beyond this age. Thus, IRS1 and IRS2 are 
essential for development and nutrient homeostasis.

Liver. Hyperglycemia and dyslipidemia owing to hepatic 
insulin resistance are key pathologic features of type 2 
 diabetes.183,184 In mice, near total hepatic insulin resis-
tance can be introduced via the systemic or liver-specific 
knockout of key insulin-signaling genes.171,185-188 Among 
these approaches, the compound suppression or deletion 
of the insulin-receptor substrates, IRS1 and IRS2, is the 
least complicated by defective insulin clearance.188,189

The central role of IRS-proteins in the PI3K→AKT-
signaling cascade is validated by a wide array of cell-based 
and mouse-based experiments. The simplest experiments 
use an intraperitoneal injection of insulin into ordinary 
mice, or mice lacking hepatic IRS1, IRS2, or both. Insulin 
rapidly stimulates AKT phosphorylation and the phos-
phorylation of its downstream substrates FOXO1 and 
GSK3α/β in wild-type mice. However, both IRS1 and 
IRS2 must be deleted before insulin receptors are com-
pletely uncoupled from the PI3K→PDK1→AKT cascade in 
hepatocytes.190 These results show the shared but abso-
lute requirement for IRS1 or IRS2 for the hepatic insulin 
response in mice. In general, IRS1 plays a dominant role in 
liver because most nutrient-sensitive transcripts—includ-
ing gluconeogenic and lipogenic genes—are expressed 
nearly normally in liver lacking both IRS2 alleles (LKO2 
mice), whereas these transcripts are dysregulated signifi-
cantly in liver lacking IRS1, or IRS1 and IRS2 together.191 
Even IRS1 reduced by 50% in the absence of IRS2 is suf-
ficient to maintain nearly normal gene expression, fasting 
glucose concentrations, and postprandial glucose toler-
ance.191 Thus, IRS1 appears more important than IRS2 
for glucose tolerance during nutrient excess. This distinc-
tion appears related to the stability of IRS1 compared 
against IRS2 during metabolic stress. Other aspects are 
also involved, including differential transcriptional regu-
lation. We conclude that hepatic IRS1 is a principal medi-
ator of the transition between fasting and postprandial 
glucose homeostasis, especially during chronic nutrient 
excess, whereas IRS2 modulates the signal daily during 
ordinary metabolic challenges.191

Skeletal Muscle. Like the liver, IRS1 and IRS2 display sim-
ilar but not identical signaling functions in skeletal mus-
cle. Insulin-like signaling in skeletal muscle is initiated by 
the activation of the insulin and/or IGF1  receptor tyrosine 
kinases,192 which can exist as hybrids linked to the down-
stream pathways through the IRS1 and IRS2 branches 
of the cascade. Based on insulin- or IGF1-stimulated  
AKT→mTORC1 signaling, IRS1 has a slightly stron-
ger role than IRS2 in insulin-like signaling in muscle. 
Consistent with this result, mice without muscle IRS1 
display a small reduction in mass and protein content, 
whereas no reduction is detected without IRS2.193 These 
results are consistent with previous work showing that 
conventional systemic IRS1 knockout mice are smaller 
than control mice.180,194 Regardless, when IRS1 is in-
activated in muscle, IRS2 can promote AKT→mTORC1 
signaling and muscle growth—including maintenance 

of cardiac muscle.193 Because the deletion of IRS1 and 
IRS2 further reduces muscle growth—and either IRS1 or 
IRS2 can prevent sudden cardiac death in these mice—
we conclude that both IRS-proteins contribute to i 
nsulin-like signaling in skeletal and cardiac muscle.193

Insulin-like signals promote muscle growth through 
the AKT→mTOR pathway.195,196 But without IRS1, 
AKT phosphorylation at T308AKT and S473AKT is mildly 
impaired, whereas AKT phosphorylation is normal with-
out muscle IRS2: Without IRS1 and IRS2, insulin-stimu-
lated phosphorylation of T308AKT and S473AKT is even 
lower.193 These results are consistent with the conclusion 
that both IRS1 and IRS2 can promote AKT activity, but 
IRS1 has the strongest effect. On deletion of IRS1—or 
the deletion of both IRS1 and IRS2—insulin-stimulated 
T308AKT phosphorylation is more strongly reduced than 
S473AKT phosphorylation. This difference might arise 
because T308AKT is a direct target of PDK1, which is 
immediately downstream of the PI3K, whereas S473AKT 
phosphorylation is mediated by mTORC2.197 The role of 
mTORC2 in skeletal muscle S473AKT phosphorylation 
is confirmed in mice by loss of this phosphorylation on 
muscle-specific deletion of Rictor, a functional compo-
nent of the mTORC2 complex.198

Pancreatic β-Cells. The insulin signal transduction path-
way in pancreatic β-cells is similar to that in most other cell 
types, except that it can be regulated by glucose through an 
indirect mechanism that depends largely on IRS2 expres-
sion. Mice lacking the IRS1 or IRS2 genes are insulin re-
sistant, with impaired use of peripheral glucose.181,199,200 
Both types of knockout mice display metabolic dysregula-
tion, but only IRS2-/- mice (males) develop diabetes between 
10 and 15 weeks of age owing to the a rapid and progres-
sive loss of pancreatic β-cells.181 These results position the 
insulin-like signaling cascade through IRS2 at the center of 
β-cell function (Fig. 33-6).181,199,201,202 Before these experi-
ments, the predominant thought was that insulin resistance 
was the main cause of type 2 diabetes, but it was not widely 
acknowledged until the 1990s that the onset of type 2 dia-
betes is marked by a failure of the functional β-cell mass to 
meet the increased systemic requirements.203-205 On realiz-
ing that IRS2 signaling in β-cells is important, many stud-
ies established a role for various upstream and downstream 
elements that regulate or mediate IRS2 signals in β-cells, 
which link mechanistically peripheral target tissues to pan-
creatic β-cell function (see Fig. 33-6).203,206

Although β-cell loss in IRS2-/- mice progresses steadily 
after weaning, at 4 weeks the β-cells are still sufficient to 
maintain glucose tolerance. By comparison, β-cell mass 
decreases by 50% in 4-week-old IGF1R+/-•IRS2+/- mice, 
and it is nearly undetectable in IGF1R+/-•IRS2-/- mice.201 
By contrast, the targeted deletion of the IGF1R in β-cells 
has insignificant effects on β-cell growth and survival,179,207 
whereas the β-cell-specific deletion of both IR and IGF1R in 
β-cells causes loss of β-cell mass by 2 weeks of age. Together 
these experiments suggest that both IR and IGF1R—and 
possibly receptor hybrids—promote the IRS2 signaling 
needed for β-cell growth and survival (see Fig. 33-6).208

Many factors are required for proper β-cell func-
tion, including the homeodomain transcription factor 
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PDX1. PDX1 regulates downstream genes needed for 
β-cell growth and function, and mutations in PDX1 
cause autosomal forms of early-onset diabetes in people 
(MODY4)209,210 (see Fig. 33-6). PDX1 is reduced in IRS2-/-  
islets, and PDX1 haploinsufficiency further diminishes 
the function of β-cells lacking IRS2. By comparison, 
transgenic PDX1 expressed in IRS2-/- mice can maintain 
sufficient β-cell function and normalizes glucose toler-
ance, linking functional IRS2 signaling to the network of 
β-cell transcription factors.211,212 Transgenic expression 
of IRS2 or suppression of FOXO1 increases PDX1 con-
centrations in IRS2-/- mice, supporting the hypothesis that 
PDX1 can be modulated by the IRS2→FOXO1 cascade in 
β-cells (see Fig. 33-6).212,213 Haploinsufficiency for PTEN 
also prevents β-cell failure in IRS2-/- mice, owing at least 
in part to the simulation of the PI3K→PKB/AKT cascade 
that inhibits FOXO1 (see Fig. 33-6).

IRS2 is critical because it is a highly regulated “gate-
keeper” of islet β-cell homeostasis. IRS2 expression is 
increased by glucose, incretins such as GLP1 (glucagon-
like peptide 1), and other factors that increase cytosolic 

[Ca2+]i and [cAMP]i in β-cells.214-217 By contrast, IRS2 can 
be downregulated by proinflammatory cytokines, physi-
ologic stress, and feedback inhibition of normal IRS2-sig-
naling.206,218-220 It is conceivable that the relatively high 
expression of IRS2 and its quick turnover in β-cells217 
might offset any need for an insulin-stimulated receptor 
kinase—as in the liver.221 With a controlled upregulation 
of IRS2 when β-cell compensation is needed to maintain 
glucose homeostasis, and downregulation of IRS2 when 
β-cell compensation is not needed, the responsibility for 
insulin/IGF1 itself to trigger downstream signaling in β-cells 
seems to be removed and placed on glucose, incretins, and 
neuronal connections—which are known to be physi-
ologically relevant regulators of pancreatic β-cell function  
(see Fig. 33-6).

Inactivation of the PI3K→PDK1→AKT Cascade
PI3K. The IRS→PI3K→AKT cascade is robust because of 
the expression of multiple isoforms of the proximal com-
ponents. As outlined earlier, the type 1A PI3K is a dimer 
composed of a catalytic subunit (p110α, p110β, or p110δ) 
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and one of five regulatory subunit isoforms encoded by 
three different genes (Pik3r1, Pik3r2, and Pik3r3).123  
In most cells, including the liver, products of Pik3r1—
p85α, p55α, and p50α—and Pik3r2 (p85β) stabilize and 
inhibit the catalytic subunits.222,223 The complete disrup-
tion of hepatic Pik3r1 and Pik3r2 markedly reduces insu-
lin-stimulated PI3K activity and PIP3 accumulation—at 
least in part by destabilizing the catalytic monomers—
which dysregulates glucose and lipid homeostasis, hepatic 
size, and function.224 Unexpectedly, partial genetic dele-
tion of the regulatory subunits increases insulin sensitivity.  
Because the concentration of regulatory monomers or-
dinarily exceeds that of the catalytic subunit, it is pos-
sible that activation of the p85•p110 complex provides 
a competitive advantage when less regulatory subunits 
are available to compete for binding to IRS.222,225 Physi-
ologically, this regulation might be accomplished by se-
questering p85 in the nucleus through its interaction with 
other proteins, including XBP1 (X-box binding protein 
1).226 p85 also appears to modulate JNK (c-Jun terminal 
kinase) activity, which can promote insulin resistance.227 
Thus, genetic manipulations show that p85 can regu-
late the insulin-signaling cascade through unanticipated 
mechanisms, but how these mechanism are accessed 
physiologically remains to be established.

The complete systemic deletion of either p110α or 
p110β is embryonically lethal,228,229 whereas deletion of 
p110δ causes immune-system defects.230 By comparison, 
mice heterozygous for deletion of either p110α or p110β 
show no phenotypic abnormalities, whereas combined 
heterozygosity for p110α and p110β causes mild glucose 
intolerance and fasting hyperinsulinemia.231 The inacti-
vating mutation of p110α (D933p110α→A933p110α) abol-
ishes its lipid kinase activity, and homozygous A933p110α 
knock-in mice die during embryogenesis.232 The negative 
consequences of the heterozygous systemic D933p110α 
knock-in are more pronounced on insulin signaling 
in muscle and adipose than in liver.232 Heterozygous 
A933p110α mice are viable and fertile, but they develop 
insulin resistance, glucose intolerance, and hyperphagia 
with increased adiposity. Because the function of p110α 
is not compensated by p110β, the unique functions of 
p110α might arise from the highly selective recruitment 
of p110α to IRS-signaling complexes following insulin 
stimulation. It is of interest to note that beneficial meta-
bolic effects are observed as heterozygous A933p110α mice 
age, which are probably derived in part from attenuated 
but not absent insulin signaling that mimics the effects of 
calorie restriction to improve insulin action.233

AKT. The mammalian genome contains three genes that 
separately encode AKT isoform 1, 2, and 3. The analysis 
of knockout mice shows that each isoform regulates im-
portant biological functions, including cell proliferation, 
cell growth, cell survival, cell differentiation, and glucose 
metabolism in vivo; however, the AKT isoforms are not 
redundant components of the insulin-like signaling cas-
cade.234,235 AKT1 plays a major role in embryonic develop-
ment, growth, and survival, but includes only minor effects 
on metabolism.236 By comparison, systemic AKT2-deficient 
mice display metabolic defects, whereas AKT3-deficient 

mice display neural defects.123 AKT2 is important for 
metabolic regulation largely because it promotes insulin-
stimulated GLUT4 translocation and regulates liver glu-
cose metabolism.237 Two human subjects with a dominant 
negative mutation in AKT2 display many features of type 
2 diabetes—including hyperglycemia, increased lipogenesis, 
elevated liver-fat content, TG-enriched VLDL, hypertriglyc-
eridemia, and low HDL cholesterol levels.24,238 Targeted 
disruption of AKT2 impairs insulin-stimulated glucose up-
take in murine muscle and adipocytes, and it prevents the 
suppression of hepatic glucose output by insulin. Systemic 
AKT2 deletion causes glucose intolerance and insulin resis-
tance that progress to diabetes and β-cell failure.185 More-
over, the related SGK3 (glucocorticoid-regulated kinase 3) 
synergizes with AKT2 in pancreatic β-cells to stimulate pro-
liferation and insulin release.239

Work with IRS1/2 and AKT1/2 hepatic-specific knock-
out mice shows the important role of the inactivation of 
FOXO1. As expected, mice without hepatic AKT1 and 
AKT2—or without IRS1 and IRS2—are glucose intoler-
ant, insulin resistant, hyperinsulinemic, and defective in 
their transcriptional response to feeding in the liver.190,240 
Remarkably, in both cases these defects are normal-
ized on concomitant liver-specific deletion of FOXO1.  
In the absence of both AKT1/2 and FOXO1—or with-
out IRS1/2 and FOXO1—mice are no longer hyperinsu-
linemic and they adapt appropriately to both the fasted 
and fed states, even though insulin fails to promote an 
hepatic response.190,240 Gene expression analysis shows 
close concordance for dysregulation of FOXO1-depen-
dent gene expression on deletion of AKT1/2 or IRS1/2, 
whereas deletion of FOXO1 restores a nearly normal 
metabolic response to nutrient intake. These results show 
that a major role of hepatic IRS→AKT signaling in the 
liver is to restrain the activity of FOXO1. Remarkably, 
in the absence of FOXO1, IRS→AKT signaling is largely 
dispensable for insulin- and nutrient-mediated hepatic 
metabolic regulation in vivo.241 It is unclear how liver 
metabolism can be normalized without direct insulin sig-
naling, unless the indirect signals generated in the brain 
(or other peripheral tissues) are sufficient.

PDK1. PDK1 controls the activation of numerous kinases 
including AKT and SGK.235 Unlike most kinases in the 
insulin-signaling cascade, PDK1 is constitutively active 
and is encoded by a single gene. Phosphorylation of its 
substrates is regulated by mechanisms that control inter-
actions with PDK1.242 PDK1 is required for normal de-
velopment, as mouse embryos lacking it die at day E9.5; 
however, PDK1-hypomorphic mice—retaining 10% of 
normal PDK1 expression in all tissues—are viable, fertile, 
and small.243 Regardless, activation of AKT1 and S6K1 
by insulin is largely normal in PDK1-hypomorphic mice.

Tissue-specific deletion of PDK1 confirms the impor-
tant role of PDK1 for metabolic regulation.187 Liver-
specific PDK1-/- mice display normal blood glucose and 
insulin concentrations under ordinary fasting and post-
prandial conditions; however, these mice develop marked 
hyperglycemia during a glucose tolerance test.187 Thus, 
basal activity of AKT2 appears sufficient under ordinary 
conditions, whereas insulin-stimulated phosphorylation 
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of pS308AKT2 is especially important during acute met-
abolic challenge when definitive activation of AKT is 
required for tight metabolic control. Glucose intolerance 
of liver-specific PDK1−/− mice appears to arise from an 
inability of insulin to promote glycogen storage or to sup-
press gluconeogenesis. Moreover, these mice die between 
4 to 16 weeks of age with severe liver failure. Thus hepatic 
PDK1 signaling is required for systemic glucose homoeo-
stasis and normal liver function.187

HETEROLOGOUS REGULATION/DYSREGULATION OF 
THE PROXIMAL INSULIN-SIGNALING CASCADE
Insulin resistance—reduced responsiveness of tissues to 
normal insulin concentrations—is a principle feature 
of type 2 diabetes that leads to compensatory hyperin-
sulinaemia.244 It also underlies risk factors—including 
hyperglycaemia, dyslipidaemia, and hypertension—for 
the clustering of type 2 diabetes with cardiovascular dis-
ease, nonalcoholic fatty liver disease, and related mala-
dies (metabolic syndrome).164 Although numerous 
genetic and physiologic factors interact to produce and 
aggravate insulin resistance, rodent and human studies 
implicate dysregulated signaling by the insulin-receptor 
substrate proteins IRS1 and IRS2 as a common under-
lying mechanism.245,246 In this section, we describe sev-
eral mechanisms—including transcriptional regulation, 
translational control, posttranslational modification, and 
IRS degradation—which can conspire to dysregulate the 
proximal steps of the insulin-signaling cascade and con-
tribute to metabolic disease.

Concerted Regulation of Proximal Insulin Signals
More than a decade of genetic experiments in mice estab-
lishes that changes in the relative function of a broad 
array of insulin-signaling components, nutrient sensors, 
and their downstream metabolic effectors can have pro-
found effects on insulin sensitivity and nutrient homeo-
stasis.164 Although this work is remarkably informative, 
the complexity of heterologous regulation complicates 
the identification and design of new strategies for the 
treatment of insulin resistance and its pathologic sequela. 
Although the list of insulin-signaling components and 
their interactions continues to grow by functional and 
genetic approaches, the IRSs retain a special position as 
the integrating node that coordinates insulin responses in 
all tissues and cells. Indeed, a 50% reduction in the con-
centration of the IR, IRS1, and IRS2 achieved by genetic 
methods causes growth deficits and diabetes in mice.247 
Thus, reduced IR→IRS signaling throughout life causes 
metabolic disease. We are now aware of many heterolo-
gous pathways that regulate the concentration and func-
tion of these proximal insulin-signaling components, but 
how the dysregulation of these mechanisms contributes 
to the progression of insulin resistance, metabolic disease, 
and type 2 diabetes in people is not understood.

Studies show several mechanisms of concerted tran-
scriptional regulation of proximal components of the 
insulin-signaling cascade. In skeletal muscle, YY1 (Yin 
Yang 1) regulates transcription of IGF1 and IGF2, IRS1 
and IRS2, and AKT1, AKT2, and AKT3.248 YY1 is a 

ubiquitous homeobox transcription factor related to the 
Polycomb family that can activate or repress these genes 
and many others. YY1 includes many functions, includ-
ing interactions with histone acetyltransferase and histone 
deacetylase complexes, which alter chromatin structure 
and function. In its active state, YY1 recruits PRC (Poly-
comb repressive complex), PC2 (Polycomb protein 2), and 
EZH2 (enhancer of zeste homolog 2) to the promoters of 
the proximal insulin-signaling genes to promote histone 
acetylation that prevents the binding of the “transcrip-
tion activator complex.” However, YY1 can also interact 
with other proteins including mTORC1 and S6K2.248,249 
mTORC1 phosphorylates YY1, which disrupts the acety-
lation complex leading to increased transcription of its 
target genes.248 This regulatory mechanism was recog-
nized because the inhibition of mTORC1 with rapamycin 
suppresses the expression of the proximal insulin-signal-
ing genes, whereas hyperactivation of mTORC1 can pro-
mote expression of these YY1-regulated genes.248 This 
unexpected “feed forward” mechanism can explain, at 
least in part, why patients treated with mTOR inhibitors 
might develop glucose intolerance, insulin resistance, and 
dyslipidemia—which prevents the long-term use of these 
drugs for the treatment of metabolic disease.248

Transcriptional Control of IRS1
Although the concerted repression of multiple signal-
ing components can produce strong effects, reduced 
expression of individual signaling molecules can also 
lead to insulin resistance. Decreased expression of IRS1 
in patients and rodents is associated with diabetes, but 
few investigators have studied whether dysregulated tran-
scription of IRS1 might contribute to metabolic disease. 
Few studies have included descriptions of transcription 
factors that promote IRS1 expression, leading to the view 
that IRS1 is a constitutive mediator of long-term insulin 
action. Regardless, recent work suggests that IRS1 expres-
sion might be regulated by transcriptional repressors, 
including AP2β (transcription factor AP-2-beta), or the 
p160 family of nuclear receptor coactivators p/CIP and 
SRC1.250,251 AP2β is expressed in adipose tissue where 
it promotes adipocyte hypertrophy, inhibits adiponectin 
expression, and enhances the expression of inflamma-
tory adipokines such as IL-6 and MCP-1.250 AP2β binds 
directly to the IRS1 promoter and decreases IRS1 mRNA 
and protein concentration in adipocyte cell lines.250 Inter-
estingly, GWAS shows AP2β as a candidate gene for the 
risk of obesity and type 2 diabetes, which might involve 
negative regulation of IRS1 expression.252

p/CIP and SRC1 serve as transcriptional coactivators 
for nuclear hormone receptors and certain other transcrip-
tion factors.253 Compound knockout of p/CIP and SRC1 
in mice prevents obesity and increases energy expendi-
ture, consistent with a role of nuclear hormone receptor 
target genes in these processes. Without p/CIP and SRC1, 
mice display increased glucose uptake and enhanced insu-
lin sensitivity in white adipose tissue and skeletal muscle. 
Interestingly, IRS1 expression increases significantly in  
p/CIP and SRC1 knockout mice, suggesting that steroid-
regulated nuclear receptors can regulate IRS1 transcrip-
tion through the action of p160 coactivators.251
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Multiple Factors Regulate IRS2 Transcription
Unlike IRS1, IRS2 transcription is regulated by multiple 
metabolically important factors, including CREB (cAMP 
response element-binding protein) and its coactivator 
CRTC2 (CREB-regulated transcription coactivator 2), 
FOXO1/3, NFAT (nuclear factor of activated T cells), 
TFE3 (transcription factor E3), HIF2α (hypoxia-induc-
ible factor-2α encoded by Epas1), and SREBP1 (sterol 
regulatory element-binding protein 1).215,254 Under fast-
ing conditions, the cAMP-responsive CREB coactivator 
CRTC2 promotes glucose homeostasis by stimulating 
gluconeogenesis in liver on assembly of CREB•CRTC2 
on relevant CRE promoter sites, including a half-CRE 
on IRS2.254 The induction of hepatic IRS2 during fast-
ing appears critical for glucose homeostasis, as it triggers 
a feedback response that limits glucose output from the 
liver even when insulin concentration are low.

In addition to CRE sequences responsive to 
cAMP→CREB•CRTC2, the promoter region of the IRS2 
gene includes insulin response elements that bind FOXO 
family members. FOXO links the PI3K→AKT cascade to 
the expression of genes important for cell growth, survival, 
and metabolism (see Fig. 33-4). On deletion of AKT1/2 
in liver, FOXO promotes IRS2 transcription, whereas the 
deletion of FOXO1/3 strongly reduces IRS2 transcription 
even when AKT is deleted.240 Deletion of hepatic FOXO1 
attenuates CREB•CRTC2-mediated gene expression—
including the IRS2 gene—which inhibits gluconeogenesis 
and promotes glycogen storage while augmenting other 
postprandial responses.150 Thus, regulation of IRS2 tran-
scription by AKT→FOXO establishes a direct feedback 
loop in the liver to promote insulin signaling during fast-
ing and to inhibit it during prolonged intervals of insulin 
stimulation. FOXO action on IRS2 transcription dur-
ing fasting ensures that the liver can respond strongly to 
insulin immediately on feeding, but with a diminishing 
response during chronic nutrient intake when the insulin 
signal is sustained by IRS1.

TFE3 is a basic helix-loop-helix protein that binds to 
E-box consensus cis-elements in many genes, including 
some related to glycolysis, lipogenesis, and insulin signal-
ing.255 Because the E-box within the IRS2 gene overlaps 
with an IRE that binds FOXO1/3, TFE3 converges with 
FOXO to promote IRS2 expression. However, these ele-
ments also overlap with an SRE (sterol regulatory element 
DNA sequence, TCACNCCAC) that binds the SREBP-
1c. SREBP-1c is an important transcriptional regulator 
of lipid synthesis.256 Active SREBP-1c concentrations 
increase during nutrient excess and chronic insulin stim-
ulation.257,258 Elevated hepatic SREBP-1c is associated 
with a decrease in IRS2 mRNA, owing to competition 
between overlapping SRE and IRE.258 Upregulation of 
IRS2 expression by TFE3/FOXO and downregulation by 
SREBP-1c parallels the switch from starvation-induced 
glycogenolysis and gluconeogenesis to postprandial lipo-
genesis. An imbalance in this reciprocal regulation might 
ultimately contribute to pathophysiologic effects of over-
nutrition leading to the development of the metabolic 
syndrome and diabetes. More work is needed to estab-
lish the details of this complex regulatory mechanism in 
human metabolic disease.

Studies show that HIF2α induces transcription of mouse 
or human IRS2 in liver.259 Under normal oxygen tension, 
HIF1α and HIF2α are destabilized on hydroxylation of 
critical proline residues by prolyl hydroxylase domain–
containing proteins (PHD1, 2, and PHD3). Interestingly, 
acute inhibition of hepatic PHD3 improves insulin sen-
sitivity and resolves diabetes by specifically stabilizing 
HIF2α, which increases IRS2 transcription that promotes 
insulin-stimulated AKT activation.259 Physiologically, the 
HIF2α-mediated mechanism of IRS2 transcriptional reg-
ulation might be important in the perivenous zone of the 
liver, which displays more hypoxia and less gluconeogen-
esis as compared to other zones in the liver.260 Moreover, 
vascular endothelial growth factor (VEGF) inhibition can 
improve glucose tolerance by inducing hepatic hypoxia 
through HIF2α stabilization and induction of IRS2.261 
These results show an interesting and unexpected inter-
section between HIF2α-mediated hypoxic signaling and 
IRS2-mediated hepatic insulin action.

Complex and multifactor transcriptional regulation of 
IRS2 is also found in pancreatic β-cells, which can depend 
on IRS2 expression for growth, function, and survival. IRS2 
transcription increases through the action of FOXO1/3, 
NFAT, and the CREB•CRTC2 (see Fig. 33-6).214,215,218,219 
Beta-cells express both FOXO1 and FOXO3a,32 and 
both factors can bind to the insulin response element in 
the promoter, but in primary rat β-cells only FOXO3 
appears to drive the basal IRS2 gene promoter activity 
that maintains IRS2 expression.219 In β-cells, FOXO3 can 
account for as much as 80% of the basal IRS2 expres-
sion.219 Regardless, deletion of FOXO1 can rescue β-cell 
function in IRS2-/- mice.262 Because the IRS2→PI3K→AKT 
cascade  phosphorylates and inhibits FOXO, insulin or 
IGF1 have inhibitory effects on FOXO-mediated tran-
scription of IRS2, which can coordinate a feedback con-
trol loop to attenuate IRS2 expression. Regardless, in the 
postprandial state or during overnutrition when FOXO 
is strongly inhibited, IRS2 expression can be maintained 
and enhanced by alternative mechanisms. Elevated glucose 
produces ATP—which depolarizes β-cells to promote both 
Ca2+ influx and cAMP production—and induces IRS2 
expression under conditions of overnutrition to help sus-
tain compensatory β-cell function. In addition to its imme-
diate role in insulin secretion, Ca2+ activates calcineurin, 
which dephosphorylates NFAT to facilitate its entry into 
the nucleus where it upregulates IRS2 and other genes 
(Fig. 33-6).214 Glucose or glucagon-like peptide-1 also 
increases the cAMP concentration in β-cells, which pro-
vides many important effects, including the activation of 
CREB•CRTC2 that also promotes IRS2 transcription (see 
Fig. 33-6).202,216 Thus glucose sensing is coupled directly 
to IRS2 expression in β-cells, which can stimulate β-cell 
growth and compensatory insulin secretion.

miRNA-Mediated Translational Regulation
miRNAs are short (∼20 nucleotides), noncoding RNA 
molecules that act as posttranscriptional regulators of gene 
expression, which bind to target sites in the 3’-untranslated 
regions (3’UTR) to form a complex that inhibits translation 
and renders the target mRNA molecule unstable. Several 
proximal components of the IR→PI3K→mTOR-signaling 
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cascade are regulated by RNA interference mediated by the 
LIN28a/b─┤LET7 axis.263 LET7 was originally discov-
ered in C. elegans where it controls the timing of stem-cell 
division and differentiation.264 LET7 and its family mem-
bers are highly conserved across species in sequence and 
function, and it was the first known human miRNA whose 
dysregulation leads to less differentiated cellular states and 
cancer. LET7 interferes with many targets, including the 
translation of several proximal insulin-signaling proteins, 
including IGF1R, INSR, IRS2, PIK3IP1, AKT2, TSC1, and 
RICTOR.263 LIN7 interference is inhibited by the RNA-
binding proteins Lin28a and Lin28b, which block produc-
tion of mature LET7 leading to the increased translation of 
the insulin-signaling components. LIN28 overexpression 
in mice can cause gigantism and a delay in puberty onset, 
consistent with human genomewide association studies 
suggesting that polymorphisms in the human LIN28B gene 
are associated with human height and puberty timing.265 
Moreover, LIN28a/b can promote glucose homeostasis in 
mammals by increasing insulin→PI3K→mTOR signaling 
and insulin sensitivity, which promotes resistance to type 2 
diabetes and obesity induced by a high-fat diet (HFD).263

Several other miRNAs have been shown to suppress the 
translation of IRS1, including miRNA-96, miRNA-128a, 
miRNA-126, miRNA-143, miRNA-144, miRNA-145, 
miRNA-487b, and miRNA489. In one example, chronic 
angiotensin-II induced hypertension can increase the 
expression of miRNA-487b in the rat aorta.266 In this case, 
downregulation of IRS1 might contribute to hypertension-
induced cardiovascular disease, including aortic aneurysm 
formation owing to the loss of medial smooth muscle.

Degradation of the IRS-Proteins
Proteasome-mediated degradation regulates many bio-
logical processes including signal transduction, gene 
transcription, and cell-cycle progression.267 Proteins 
targeted for destruction by the 26S proteasome are 
polyubiquitinylated by a complex containing a ubiq-
uitin-activating enzyme (E1), a ubiquitin-conjugating 
enzyme (E2), and a ubiquitin-protein ligase (E3). It is 
the concerted interactions between the bound substrate, 
the E3, and the ubiquitin-charged E2 that yield a poly-
ubiquitinylated target protein. IRS1 and IRS2 can be 
polyubiquitinylated during sustained insulin or IGF1 
stimulation or chronic inflammatory states, and these 
states correlate closely with feedback or heterologous 
inhibition of insulin signaling.268

The first pathway identified to mediate IRS1 degrada-
tion/polyubiquitinylation was associated with proinflam-
matory cytokine-mediated upregulation of suppressors of 
cytokine signaling (SOCS) proteins, which include eight 
isoforms that contain an NH2-terminal SH2 domain 
and a COOH-terminal SOCS box. The SH2 domains in 
SOCS bind to phosphotyrosine residues in various cyto-
kine receptors or associated Janus kinases.269 SOCS1 and 
SOCS3 also bind to the insulin receptor to inhibit phos-
phorylation of IRS1 and IRS2.270,271 Moreover, SOCS1/3 
also bind to elongin BC-containing E3 ubiquitin ligase 
complexes via the conserved SOCS box, which can pro-
mote ubiquitinylation/degradation of IRS1 and IRS2 in 
multiple cell types.272 In mouse liver, adenoviral-mediated 

expression of SOCS1 dramatically reduces hepatic IRS1 
and IRS2 protein levels, which leads to systemic glucose 
intolerance. Mutations in the conserved SOCS box pre-
vent SOCS-mediated degradation of IRS1 or IRS2. More-
over, inhibition of SOCS by antisense oligonucleotides 
improves insulin sensitivity and normalizes SREBP-1c 
expression in obese and diabetic mice.269 Thus, SOCS1 
and SOCS3-mediated polyubiquitinylation appears to 
be an important pathway linking infection, inflamma-
tion, or metabolic stress to insulin resistance and glucose 
intolerance (Fig. 33-7) 273-277. It is interesting to note that 
the core protein of hepatitis C virus upregulates SOCS3, 
which may help explain why infected patients have 
increased fasting insulin levels compared to patients with 
other chronic liver diseases.278

The cullin-RING E3 ubiquitin ligase 7 (CRL7) can 
mediate IRS1 degradation downstream of a feedback phos-
phorylation signal generated by the PI3K→AKT→mTORC1 
cascade.279 CRL7 is a member of the Cullin-RING finger 
E3 ligases, which comprise the largest E3 family respon-
sible for directing the polyubiquitinylation of substrate 
proteins by the 26 S proteasome.280 The CRL7 complex 
contains CUL7 (cullin 7)—a molecular scaffold that 
assembles Fbw8 (F-box/WD repeat-containing protein and 
8), Skp1 (S-phase kinase-associated protein 1), and ROC1 
(RING-box protein 1) that recruits an E2 conjugating 
enzyme. FBW8 binds to IRS1 through phospho-S/T resi-
dues generated by the mTORC1→S6K cascade—including 
human pS307IRS1, pS312IRS1, and pS527IRS1, but possibly 
others—which then leads to polyubiquitinylation of IRS1 
that progresses to degradation (Fig. 33-8).279,280 However, 
ordinary mTORC1→S6K activity appears insufficient to 
engage the CRL7 pathways against IRS1, as unusually 
high levels of mTORC1→SK6 activity are required to drive 
IRS1 degradation.280

A molecular understanding of insulin resistance induced 
by nutrient excess has been difficult to establish and many 
mechanisms have been proposed.162 Reports suggest that 
mechanisms involving polyubiquitinylation of IRS1 can 
contribute to the disorder. Chronic consumption of high-
calorie diets upregulates Cbl Proto-Oncogene B (CBLB), 
which is a RING-type E3 ubiquitin ligase that belongs to 
the Casitas B-lineage lymphoma family of proteins. CBL 
proteins share a conserved NH2-terminal region contain-
ing a tyrosine kinase-binding domain and a RING-finger 
domain to facilitate E3 ubiquitin ligase activity. Calorie 
excess induces carbohydrate-responsive element-binding 
protein (ChREBP) and SREBP1c, which upregulates in 
murine muscle and liver Myostatin (MSTN) that induces 
CBLB expression to drive insulin resistance through the 
polyubiquitinylation and degradation of IRS1.281

Yet another ubiquitin ligase—MG53 (Mitsugumin 
53), a TRIM (tripartite motif-containing) family muscle-
specific E3 ubiquitin ligase, also promotes IRS1 and insu-
lin-receptor degradation in muscle during calorie excess. 
MG53 is found mainly in skeletal muscle and the heart 
where it was originally shown to promote repair by acting 
as a scaffold for assembly of repair complexes.282 How-
ever, MG53 also targets the IR and IRS1 to promote their 
polyubiquitinylation and degradation.283,284 Although 
it is unclear how high-calorie diets upregulate MG53, 
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Figure 33-7 Mechanisms of cytokine-induced insulin resistance based on induced ubiquitinylation and degradation of IRSs through the 26S protea-
some. Many proinflammatory cytokines that cause insulin resistance also induce the expression of SOCS family members, which contain an NH2-
terminal SH2 domain and a COOH-terminal SOCS box.276,277 SOCS1 or SOCS3 can target phosphotyrosine-containing proteins such as IRS1 or 
IRS2 for ubiquitinylation and degradation, because the SOCS-box associates with elongin BC-containing ubiquitin ligase E3.278,280

mouse studies show that MG53–null-mice that are fed a 
high-calorie diet are protected from insulin resistance and 
degradation of IR and IRS1.284

Degradation of IRS-proteins is stimulated in various 
cell-based systems by multiple factors, including tumor 
necrosis factor-α (TNFα), interferon-γ, insulin and IGF1, 
platelet derived growth factor (PDFGF), free fatty acids 
(FFA), 12-myristate 13-acetate (PMA), inhibitors of Ser/
Thr phosphatases, and inhibitors of calcineurin.285 Acti-
vation of mTORC1 is at least partially responsible for 
initiating IRS1 degradation in some cell backgrounds, 
especially during extreme conditions of mTORC1 activa-
tion.286-289 Hyperactivation of the mTORC1 complex in 
cells lacking TSC1 or TSC2 increases serine phosphor-
ylation of IRS1;288-289 however, there is some evidence 
that IRS-protein degradation in these cells is a result of 
coincident activation of endoplasmic reticulum (ER) 
stress-signaling pathways and is partially separable from 
the effects of IRS1 phospho-S/T.290 Although the mech-
anism of mTORC1-mediated IRS1 degradation is not 
completely clear, CUL7/Fbw8 might play an important 
role.279 However, CUL7/Fbw8 does not target IRS2, so 
other mechanisms must also be involved for this branch 
of insulin-signaling cascade.291

Multisite Ser/Thr-Phosphorylation of IRS-Proteins
IRS1 and IRS2 can be regulated through a complex 
mechanism involving phosphorylation of more than 50 
serine/threonine residues (phospho-S/Ts) within their 
unstructured tail regions.292 Understanding how phos-
pho-S/Ts regulate signaling is a difficult problem because 
so many sites and mechanisms appear to be involved. 
Heterologous signaling cascades initiated by proinflam-
matory cytokines or metabolic excess—including tumor 

necrosis factor-α (TNFα), endothelin-1, angiotensin II, 
excess nutrients (free fatty acids, amino acids, and glu-
cose) or endoplasmic reticulum stress—are implicated in 
IRS1 phospho-S/T.293,294 Many biochemical and genetic 
experiments in cell-based systems suggest that individual 
phospho-S/T sites throughout the structure of IRS1 are 
associated with a reduction of insulin-stimulated tyrosine 
phosphorylation by up to 50%.295 This level of inhibi-
tion is sufficient to cause glucose intolerance that could 
progress to diabetes, especially if pancreatic β-cells fail 
to provide adequate compensatory hyperinsulinemia.247

Numerous cell-based studies show IRS1 phospho-S/T 
to be a physiologically integrative mechanism modulating 
insulin sensitivity.292 Insulin is clearly an important input 
to IRS1 phospho-S/T, as the vast majority of sites detected 
by specific monoclonal antibodies are stimulated by insu-
lin, and they are diminished by the inhibition of the insu-
lin-stimulated PI3K→Akt→mTOR cascade.296 Moreover, 
the IRS1 phospho-S/T patterns produced during drug-
induced “metabolic stress” correlate significantly with 
that stimulated by insulin. These results suggest that IRS1 
phospho-S/T is first and foremost a feedback mechanism 
that develops during insulin stimulation, but that this 
mechanism can be co-opted by metabolic stress—such as 
ER stress or inflammation—to inhibit insulin signaling 
and to promote metabolic disease.292,297-302 An implicit 
corollary is that hyperinsulinemia may be an important 
physiologic mediator of insulin resistance in animals, and 
there is some experimental evidence to corroborate this 
implication.303

In cultured cells, insulin-stimulated kinases—including 
aPKC (atypical protein kinase C), AKT, SIK2 (salt-induc-
ible kinase 2), mTORC1, S6K1, ERL1/2 (extracellular 
signal-regulated kinase 1/2), ROCK1 (rho-associated 
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coiled-coil containing protein kinase 1)—mediate feed-
back (autologous) IRS1 phospho-S/T with positive or 
negative effects on insulin sensitivity.292 An emerging 
view is that the positive/negative regulation of IRS1 by 
autologous pathways is subverted/co-opted in disease by 
inappropriate phospho-S/T levels mediated by heterolo-
gous kinases—including AMPK (AMP-activated protein 
kinase), GSK3 (glycogen synthase kinase 3), GRK2 (G 
protein-coupled receptor kinase 2), novel and conven-
tional PKC isoforms, JNK (c-Jun N-terminal protein 
kinase), IKKβ (inhibitor of nuclear factor ĸB kinase β), 
and mPLK (mouse Pelle-like kinase). The use of siRNA 
shows additional kinases that might be involved, includ-
ing Pim2 (Proviral Integrations of Moloney virus 2), 
PDHK (pyruvate dehydrogenase complex kinase), 
CaMKI-like, DAPK2 (death-associated protein kinase 
2), DCLK1 (doublecortin-like kinase 1), STK10 (serine/
threonine kinase 10), STK25 (serine/threonine kinase 25), 
MKK4 (MAP kinase kinase 4), MKK6 or MKK7, and 
LIMK2 (LIM domain kinase 2).304

One of the best-studied regulatory phosphorylation 
sites in IRS1 is Ser307 (S307IRS1) in the rodent protein 
(human S312IRS1).301,305-309 Phosphorylation of S307IRS1 
might be a common mechanism of insulin resistance (see 
Fig. 33-8). S307IRS1 phosphorylation is associated with 
reduced tyrosine phosphorylation of IRS1 in cultured 
cells, which decreases the activation of the PI3K→AKT 
pathway in response to insulin.310,311 Insulin itself pro-
motes rat/mouse S307Irs1 phosphorylation through acti-
vation of the PI 3-kinase, showing feedback regulation 
that can be mediated by many kinases—PKCξ, IKKβ, 
JNK, mTOR, and S6K1 (see Fig. 33-8).295,296 Insulin-
stimulated degradation of IRS1 via the PI3K pathway 
is in part dependent on the pS307IRS1.312 JNK can bind 
directly to IRS1, which appears to facilitate rat/mouse 

pS307Irs1 during stimulation of cells with proinflamma-
tory cytokines. S307Irs1 is poorly phosphorylated in ob/
ob (obese) mice that lack Jnk1, suggesting that this mech-
anism of inhibition has physiologic significance.313 Free 
fatty acids that contribute to insulin resistance promote 
pS307IRS1, possibly through PKCθ307; however, associ-
ated hyperinsulinemia has not been excluded. IRS1 can 
be phosphorylated by PKCδ on at least 18 sites in BL21 
DE3 cells, including S307IRS1, S323IRS1, and S574IRS1, 
which appear to play an inhibitory role.314 Hyperacti-
vated mTOR also promotes S307IRS1 phosphorylation, 
which is diminished in mice lacking S6K.288,315,316 IKKβ 
inhibitors (aspirin and salicylates) block S307IRS1 phos-
phorylation,306 which improves insulin sensitivity in 
obese rodents and in type 2 diabetes patients.317-319 Phos-
phorylation of S307IRS1—located near the PTB domain—
inhibits insulin-stimulated IRS1 tyrosine phosphorylation 
by disrupting the association between the insulin recep-
tor and IRS1,311,320 although other phosphorylation sites 
might be involved.321

So far, only two studies have included direct investi-
gations of the function of IRS1 S/T phosphorylation in 
mice using transgenesis or genetic knock-in to augment 
or replace endogenous (wild-type) IRS1 with a mutant 
version. Shulman and colleagues created transgenic 
mice having moderate overexpression in skeletal muscle 
(twofold vs. littermates) of nonmutant IRS1, or mutant 
IRS1 with alanine substitution of three serine residues—
S302/307/612A (hS307/312/616A)—to block phosphor-
ylation.322 Thus, in the triple-mutant transgenic mice, 
possibly half the total IRS1 protein is endogenous in ori-
gin. Matching of IRS1 expression is a potentially impor-
tant consideration, given the role of autologous feedback. 
Regardless, the mutant transgenic mice showed better 
glucose tolerance than nonmutant transgenic mice when 

SOCS1/SOCS3

IFNγ

Ja
k1

Ja
k2

Insulin

Socs1/3

Stat1 Stat5

Elongin B
Elongin C

Cul5

E2
Rbx1

PH

P
T

B

26S proteasome

TNFα

IKKα/β/γ

Resistin

Obesity/stress

Adiponectin

Ceramide Sphingosine

APPL1

AKT

IR
S

1

PI3K

Figure 33-8 Heterologous and feedback inhibition of insulin signaling mediated by Ser/Thr-phosphorylation of IRS1. Various kinases in the insulin-
signaling cascade are implicated in this feedback mechanism, including PKB, mTOR, S6K, ERK, AKT, and atypical PKC isoforms. Other kinases 
activated by heterologous signals, including lipids such as ceramide, are also involved. Adiponectin signaling might promote insulin signaling by 
driving the conversion of ceramide to nontoxic sphingosine. Serine phosphorylation of IRS1 can recruit CRL7, which can promote ubiquitinylation 
and degradation of IRS1.



57733 THE MECHANISMS OF INSULIN ACTION

both were fed an HFD. Compared to an HFD with true 
wild-type littermates, the mutant transgenic mice showed 
increased total and muscle glucose disposal during clamp, 
and enhanced muscle IRS1 tyrosine phosphorylation and 
p85 binding in response to insulin. Although somewhat 
complicated in design, this experiment is consistent with 
the notion that S/T phosphorylation of IRS1 in skeletal 
muscle contributes to the development of insulin resis-
tance in animals/humans.

We used genetic knock-in experiments to replace wild-
type IRS1 in mice with a mutant (A307IRS1) lacking the 
ability to be phosphorylated at S307 (equivalent to human 
S312IRS1).323 To control for potential ancillary effects of 
the knock-in process on IRS1 expression/function,324 
nonmutant control knock-in mice were also generated 
(S307S, “S”). Surprisingly, given the sensitizing effect 
of the A307IRS1 mutation in cell-based assays, homozy-
gous A307IRS1 mice show increased fasting insulin versus 
control mice, as well as very mild glucose intolerance. 
Furthermore, high-fat-fed mutant homozygous A307IRS1 
mice exhibit higher fasting insulin and more severe glucose 
intolerance than wild-type mice, and the A307IRS1 protein 
exhibits decreased PI3K binding in insulin- stimulated pri-
mary hepatocytes. Thus, S307 phosphorylation appears 
permissive, rather than inhibitory, for insulin signaling in 
mice. But why is this? Among other, less prosaic explana-
tions, it is possible that a serine is structurally required 
at position 307 of the IRS1 protein for its normal func-
tion. Alternatively, S307 phosphorylation could have a 
partial positive effect on insulin signal transduction that 
is more important in tissues/primary cells than its desen-
sitizing function in continuous cell lines. By analogy with 
JNK1 activity, A307IRS1 phosphorylation could also have 
mixed, tissue-specific effects that are obscured by the 
standard knock-in approach.325 In any case, the pheno-
type of A307IRS1 mice confirms that (non)phosphoryla-
tion of unique S/T sites on IRS1 can affect whole-body 
insulin sensitivity.

Modulation of Insulin Signaling by Protein and Lipid 
Phosphatases
Many phosphatases can modulate the action of insulin 
by dephosphorylating key proteins or lipids in the sig-
naling cascade—including PTP1B (PTPN1, tyrosine-
protein phosphatase nonreceptor type 1), PTPN2, pTEN 
(phosphatase and tensin homolog), and PP2A (protein 
phosphatase 2A). PTP1B and PTPN2 are related phos-
photyrosine phosphatases that attenuate insulin signaling 
by dephosphorylating the bisphosphorylated regulatory 
loop of the IR326; however, their biological effects are dis-
tinct owing to a different time-course of action and differ-
ential expression (muscle expresses PTP1B, whereas liver 
expresses both enzymes).327 Both PTP1B and TCPTP can 
be inactivated by reactive oxygen species generated dur-
ing insulin stimulation, which provides an additional level 
of regulation.79,328 PTP1B-/- mice display increased insulin 
sensitivity, lower circulating insulin concentrations, and 
decreased pancreatic β-cell mass.329 Furthermore, PTP1B 
is a selective inhibitor of leptin signaling (LepRb→JAK2) 
as it dephosphorylates JAK2, but not JAK1 or 3, whereas 
TCPTP dephosphorylates JAK1⁄ 3, but not JAK2.326 

Thus, CNS inhibition of PTP1B can protect against obe-
sity, whereas peripheral inhibition of PTP1B promotes 
glucose tolerance.330 In pancreatic β-cells, PTP1B atten-
uates IRS2→PI3K→AKT cascade that is important for 
growth, function, and survival of these cells.331 Thus, the 
deletion of PTP1B maintains β-cells mass in mice lacking 
IRS2, which prevents the early onset of diabetes. Regard-
less, IRS2-/-•PTP1B-/- mice eventually lose sufficient β-cell 
mass to develop diabetes between 8 to 9 months of age 
(see Fig. 33-5).

PTEN is a potent negative regulator of insulin action 
and cellular proliferation, and one of the most frequently 
mutated genes in many forms of human cancer.332,333 
PTEN attenuates downstream insulin-like signaling by 
dephosphorylating PI(3,4)P2 and PI(3,4,5)P3 at the 3-posi-
tion, which reduces the recruitment and activation of 
PDK1 and AKT.333 PTEN+/- mice are glucose tolerant even 
as β-cell mass and circulating insulin levels decrease.334 
PTEN heterozygosity also increases peripheral insulin 
sensitivity in Irs2-/-•PTEN+/- mice and normalizes glucose 
tolerance, as the small islets in these mice produce suf-
ficient insulin until death from lymphoproliferative dis-
ease between 10 to 12 months age (see Fig. 33-5). These 
experiments highlight the complex relationship between 
nutrient homeostasis, insulin sensitivity and secretion, 
and cancer that emerges in rodents and humans. Despite 
this complexity, mild inhibition of PTEN, especially if it 
can be accomplished in a tissue-specific or transient way, 
might provide therapeutic value.

The serine–threonine phosphatase PP2A plays an 
important regulatory role for insulin signaling. It 
dephosphorylates Ser/Thr residues on IRS1, which can 
enhance tyrosine phosphorylation to generate the insulin 
signal. By contrast, the inhibition of PP2A by okadaic 
acid strongly increases phospho-S/T and degradation of 
IRS-1, which is associated with reduced tyrosine phos-
phorylation and decreased insulin signaling.335 Thus, 
compared against the effects of PTP1B, PP2A gener-
ally displays the opposite effect on insulin signaling. 
The specificity of PP2A is largely coordinated through 
a scaffolding unit that binds to various substrates. The 
scaffolding unit is composed of HEAT (huntingtin-elon-
gation-A subunit-TOR) repeats, which are thought to 
target PP2A to its substrates to confer specificity on the 
constitutive catalytic domain.

REGULATION OF PROTEIN METABOLISM BY INSULIN
Multiple translation initiation factors (eIFs), many of 
which are multisubunit complexes, facilitate and regu-
late translation initiation (eIFs) and elongation (eEFs).336 
Insulin stimulates protein synthesis by altering the intrin-
sic activity or binding properties of these factors. Several 
components of the translational machinery are targets of 
insulin regulation, including eIF2B, eIF4E, eEF1, eEF2, 
and the S6 ribosomal protein.337 Met-tRNAiMet (the ini-
tiator methionyl-tRNA) is delivered to the 40S subunit as 
part of a ternary complex with eIF2 and GTP. However, 
the eIF2B multisubunit guanine nucleotide exchange factor 
for eIF2 is inactivated by GSK3 (glycogen synthase kinase-
3)-mediated phosphorylation of the eIF2Bε subunit.338 



578 PART 5 DIABETES MELLITUS

Inhibition of GSK3 by AKT-mediated phosphorylation 
during insulin stimulation leads to dephosphorylation of 
eIF2Bε, which promotes the formation of eIF2GTP that 
recruits Met-tRNAiMet to the ribosome.338-340 Thus, the 
insulin-stimulated IR→IRS→PI3K→AKT─┤GSK3 cas-
cade leads to an overall increase in translation initiation 
by eIF2B.341 Diabetic rats exhibit significantly lower 
eIF2B activity in muscle.315

Initiation of translation also involves the interaction 
of key factors with the 5’-end of an mRNA molecule, the 
5’-cap, as well as with the 5’-UTR. The eIF4F complex 
mediates cap-dependent translation initiation, a multi-
subunit complex composed of several proteins, including 
eIF4A, eIF4B, eIF4E, and eIF4G. eIF4E (eukaryotic initia-
tion factor 4 gamma) recognizes and binds to the 5’-cap 
structure of mRNA, whereas eIF4G binds to the Poly(A)-
binding protein associated with the 3’-end of mRNA. 
These interactions form the characteristic loop structure 
of eukaryotic protein synthesis and stimulate the activity 
of the polyadenylate polymerase. Initiation of translation 
is strongly inhibited by 4E-BP1, which blocks the activity 
of eIF4E (see Fig. 33-4). 4E-BP1 directly interacts with 
eIF4E, which is a limiting component of the multisubunit 
complex that recruits 40S ribosomal subunits to the 5’ 
end of mRNAs. Interaction of 4E-BP1 with eIF4E inhibits 
complex assembly and represses translation. Insulin disso-
ciates the 4E-BP1•eIF4E complex on mTORC1-mediated 
phosphorylation of 4E-BP1, facilitating the interaction 
between eIF4E and eIF4G, which is the scaffold protein 
for the eIF4F complex.342 Mnk, an insulin-stimulated 
kinase activated through the Ras→ERK cascade, also 
resides in the eIF4F complex where it phosphorylates 
eIF4E at Ser209 (see Fig. 33-4).343,344 Phosphorylation of 
eIF4E increases the binding affinity for mRNA caps to 
enhance translation initiation.

The regulation of translation elongation in is one 
of the important steps in protein synthesis, because it 
consumes a great deal of metabolic energy. Mammals 
require a set of nonribosomal proteins called eukaryotic 
elongation factors (eEFs)—including eEF1A and eEF1B 
that mediate amino acyl-tRNA recruitment, and eEF2 
that mediates ribosomal translocation. eEF2 is inac-
tive when phosphorylated at Thr56 by the eEF2 kinase 
(eEF2K).345,346 Insulin stimulates the dephosphorylation 
of eEF2 through a rapamycin-sensitive (mTORC1) route, 
potentially involving the phosphorylation and inactiva-
tion of eEF2K by p70S6K.345 In vitro, p70S6K phosphor-
ylates eEF2K at Ser366, a modification that reduces the 
activity of the kinase.345 Insulin-stimulated phosphoryla-
tion of the ribosomal S6 protein by p70S6K can promote 
elongation of specific mRNAs corresponding to com-
ponents of the translational machinery.347 The atypical 
protein kinase C isoforms PKCξ and PKCλ also promote 
insulin-stimulated protein synthesis.348 The IRS→PI3K 
appears to represent a bifurcation in the insulin-signaling 
pathway to protein synthesis: One branch leads through 
PDK1→PKCλ/ξ to general protein synthesis, and the other 
branch goes through Akt→mTORC1 to regulate protein 
synthesis required for cell growth and cell-cycle progres-
sion; however, these mechanism are certain to be tissue- 
and cell-type specific.

INSULIN-REGULATED GLUCOSE TRANSPORT
Glucose transport is the prototype insulin response.349,350 
The sodium-independent, facilitated-diffusion glucose/
hexose transporters (GLUTs) are integral membrane pro-
teins that mediate transport across the plasma membrane. 
The members of the GLUT family are distinguished by sub-
strate specificity and affinity, tissue distribution, and regu-
lation. Cells express one or more members of the glucose 
transporter family, including 12 isoforms organized into 
3 classes: class I includes the well-characterized GLUT1, 
2, 3, and GLUT4 transporters; class II includes GLUT5, 
GLUT7, GLUT9, and GLUT11; and class III includes 
GLUT6, GLUT8, GLUT10, and GLUT12.351,352 Insulin 
stimulates glucose influx into adipose tissue, and cardiac 
and skeletal muscle.349,350 Insulin-stimulated glucose 
influx is stimulated by the translocation of GLUT4 from 
the intracellular to the plasma membrane. The molecular 
mechanisms linking the insulin signal to increased glu-
cose influx involve complex multistep coupling between 
the signaling cascade and vesicle trafficking.349

GLUT1 is expressed in most cells and tissues and resides 
permanently on the plasma membrane where it constitu-
tively transports glucose from the extracellular space into 
the cell. Although insulin does not stimulate transloca-
tion of GLUT1, chronic insulin treatment can increase the 
expression of cellular GLUT1 via the p21ras→ERK kinase 
pathway.353,354 GLUT2 is mainly expressed in liver and 
rodent pancreatic β-cells, where its low affinity and high 
transport capacity provides a constant flux of glucose 
into these organs at physiologic plasma glucose con-
centrations. In the β-cell, the uptake of glucose through 
GLUT2 is the first step in the detection of circulating glu-
cose concentrations needed to stimulate insulin secretion. 
GLUT3 (Glucose transporter 3, encoded by SLC2A3) has 
a relatively high affinity for glucose. Although glucose 
delivery and use in the mammalian brain is mediated pri-
marily by GLUT1 at the blood-brain barrier, GLUT3 is 
most abundant in the central nervous system where glu-
cose concentrations are lower than in the bloodstream. 
GLUT5 is a fructose transporter expressed on the apical 
border of enterocytes in the small intestine.352 GLUT8 
is a high-affinity glucose transporter (Km, 2 mM) that 
can also transport fructose and galactose. GLUT8 is 
expressed at high levels in testis, at intermediate levels in 
the brain—including hippocampal excitatory and inhibi-
tory neurons, the dentate gyrus, amygdala, primary olfac-
tory cortex, some hypothalamic nuclei, and the nucleus of 
the tractus solitaries—and at lower levels in the heart and 
other tissues.355 GLUT8 is not required for embryonic 
development, and GLUT8-deficient mice display normal 
development, growth, and glucose homeostasis.

Insulin-Regulated GLUT4
GLUT4 is the principle insulin-responsive glucose trans-
porter, which is expressed selectively in adipose tissue, 
and skeletal and cardiac muscle where it plays a direct 
role in glucose disposal and homeostasis.349,356 In the 
unstimulated state, GLUT4 is sequestered mainly in small 
intracellular storage vesicles (GSVs) until the GSVs trans-
locate and insert into the plasma membrane on insulin 
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stimulation or energy depletion (Fig. 33-9).357 The GSVs 
contain various components that contribute to their 
assembly and insulin sensitivity—including GLUT4 itself, 
IRAP (insulin-regulated aminopeptidase), LRP1 (low-
density lipoprotein receptor-related protein 1), SORL1 
(sortilin), GGA (ADP-ribosylation factor-binding pro-
tein), ACAP1 (ARFGAP with coil-coil and ankyrin 
repeats protein 1), and clathrin.358 The components con-
tribute to the formation of GSVs following endocytosis of 
GLUT4 from the plasma membrane. After formation, the 
GSVs are retained within unstimulated cells by the action 
of TUG (tether containing UBX domain or GLUT4-Ubiq-
uitin Like 1), Ubc9 (SUMO-conjugating enzyme 9), and 
other proteins.356

Insulin acts at several sites to promote GLUT4 translo-
cation—including GSV assembly, release from intracellu-
lar retention sites, and transport and fusion at the plasma 
membrane. The PI3K→AKT cascade plays a key role in 
this process.349 Important understanding came from the 
identification of a 160kD AKT substrate originally called 
AS160 (TBC1D1, TBC1 domain family member 1) and 
TBC1D4.359 AS160 is a GTPase-activating protein that 

maintains its target RAB proteins—including RAB8A, 
RAB10, RAB14, and others—in an inactive GDP-bound 
state under basal conditions. AS160 contains AKT phos-
phorylation sites that inhibit the GAP activity to pro-
mote the accumulation of the active RAB-GTP through 
the action of guanine exchange factor DENND4C 
(DENN/ MAP-kinase activating death domain containing 
4C).349,356 Activation of RAB8A, 10, or RAB14 on GTP 
binding promotes dissociation of the GSVs from TUG to 
facilitate its relocation (see Fig. 33-9).356 AKT also phos-
phorylates and inactivates RALGAP, which leads to the 
accumulation and activation of RAL-GTP, which binds 
to exocyst components (Sec5 and Exo70) that tether the 
incoming GSV to the plasma membrane (see Fig. 33-9). 
Thus, insulin-stimulated AKT plays an important role in 
the regulation of translocation, docking, and fusion of 
GLUT4 vesicles with the plasma membrane.356

Insulin also regulates the assembly of the GSVs during 
endocytosis of GLUT4 from the plasma membrane. By 
accelerating the formation of GSVs, all the subsequent 
steps of GLUT4 translocation can be enhanced.360 GRP1 
(general receptor for 3-phosphoinositides 1) is a guanine 
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nucleotide exchange factor that acts on ARF6 (ADP-ribo-
sylation factor 6), which promotes GLUT4 vesicle recy-
cling through the trans-Golgi network (see Fig. 33-9). 
Insulin activates GRP1 through AKT-mediated phos-
phorylation, which leads to the accumulation of activated 
ARF6 to promote GSV formation. Thus, activation of 
GRP1 by insulin allows the coordination of multiple steps 
of GLUT4 recycling to stimulate glucose influx.

The atypical protein kinase C isoforms—PKCξ and 
PKCλ—are also implicated in the regulation of GLUT4 
translocation in adipose tissue and muscle.361-363 PKCξ 
and PKCλ are downstream of the PI3K→PDK1 cascade, 
but independent of AKT. Constitutively active PKCλ 
or PKCξ promotes GLUT4 translocation and glucose 
uptake in adipocytes and muscles in the absence of insu-
lin.361,363-365 Overexpression of inactive PKCλ inhibits 
insulin-stimulated activation of endogenous PKCλ, which 
inhibits GLUT4 translocation and glucose influx.361 
Microinjection of PKCλ antibodies inhibits insulin-
induced GLUT4 translocation, and recombinant PKCξ 
promotes insulin-stimulated glucose uptake.366 Impaired 
PKCξ activity is associated with obesity-induced insulin 
resistance in monkeys, and insulin-stimulated activa-
tion of PKCξ is reduced in obese patients with insulin 
resistance.364,367,368

GLUT4 is Essential for Glucose Homeostasis
GLUT4 in muscle and adipose tissue is indispensable for 
glucose homeostasis.349 Specific deletion of GLUT4 from 
muscle or adipocytes dysregulates glucose homeostasis 
and promotes insulin resistance to a much greater extent 
than deletion of insulin-signaling components from 
these tissues alone.350 Muscle-specific GLUT4–knockout 
(MG4KO) mice develop hyperglycemia, glucose intol-
erance, and insulin resistance by 8 weeks of age. Inter-
estingly, these mice also display dysregulated glucose 
metabolism in adipose and liver. Hyperglycemia owing to 
diminished muscle glucose use appears to drive the heter-
ologous insulin resistance, because normalization of cir-
culating glucose by promoting its excretion by the kidney 
can restore insulin action in adipose and liver.350 Dele-
tion of GLUT4 in adipocytes also causes systemic insulin 
resistance, which is associated with the release of RBP4 
(retinol-binding protein 4) into the serum from GLUT4-
deficient adipose tissue.349 RBP4 might cause insulin 
resistance by promoting an inflammatory state in adipose 
tissue through a novel JNK- and TLR4-dependent activa-
tion of proinflammatory cytokines in macrophages.369

By comparison, genetic disruption of insulin signal-
ing in muscle—on deletion of the IR or IRS1 and IRS2—
produces minor effects on systemic glucose homeostasis 
and circulating insulin. Without insulin signaling, basal 
muscle glucose influx shows an increase, owing at least in 
part to energy depletion and activation of AMPK, which 
provides an alternative pathway to AS160 phosphoryla-
tion and insulin-independent GLUT4 translocation to the 
plasma membrane (see Fig. 33-9).193 This unexpected 
result is consistent with the effect of transgenic overex-
pression of GLUT4 in muscle or adipose tissue to lower 
circulating insulin concentration while improving glucose 
tolerance.350

MECHANISMS OF INSULIN RESISTANCE
Whereas the consequences of insulin resistance have been 
studied in detail with genetically modified mice, other het-
erologous mechanisms cause insulin resistance associated 
with metabolic disease. Several pathologic mechanisms 
associated closely with obesity, inactivity, and overnu-
trition—including glucotoxicity, lipotoxicity, oxidative 
stress, endoplasmic reticulum stress, and amyloid deposi-
tion—have emerged to explain the relationship between 
insulin resistance, hyperglycemia, hypertension, increased 
proinflammatory and cytokine signaling, kidney dysfunc-
tion, neurodegeneration, and the progression of β-cell 
dysfunction to type 2 diabetes.7,370 Regardless, establish-
ing the mechanism that conspires to cause type 2 diabetes 
and its life-threatening sequela in humans and animals 
continues to be a complex problem.7

Clinical staging of type 2 diabetes suggests that early 
insulin resistance in skeletal muscle—the primary site of 
glucose disposal in humans—is important in disease initi-
ation.162,371,372 Compatible with this hypothesis, healthy 
human subjects that display skeletal muscle insulin resis-
tance exhibit decreased incorporation of glucose into 
muscle glycogen, which parallels increased liver triglycer-
ide synthesis.21 However, animal models of pure skeletal 
muscle insulin resistance—including mice that lack the 
insulin receptor or IRS1/2 in muscle—show surprisingly 
mild phenotypes.169,193 By contrast, many but not all fea-
tures of type 2 diabetes and the associated metabolic syn-
drome are recapitulated by deletion in hepatocytes of the 
insulin receptor, IRS1/2 or AKT1/2.171,173,190,240 These 
and other experiments support the importance of tissue 
selective insulin resistance in diabetes etiology.183

Nutrient Excess and Insulin Resistance
Nutrient excess can promote the development of type 2 
diabetes as the organism struggles with sustained insu-
lin secretion and dysregulated metabolic use and storage. 
The progressive rise in compensatory insulin concentra-
tions during nutrient excess promotes negative feedback 
to the insulin-signaling cascade (see Fig. 33-8).296 The 
accumulation of excess triglycerides within insulin sen-
sitive tissues can inhibit signaling through heterologous 
mechanisms that inhibit IR→IRS1/IRS2 signaling through 
Ser/Thr phosphorylation or ubiquitin-mediated degra-
dation (see Figs. 33-7 and 33-8).270,282,373,374 Increased 
adipose tissue mass is also associated with macrophage 
infiltration into white adipose tissue depots, which pro-
motes the production of inflammatory cytokines that lead 
to insulin resistance.162 Serum branched-chain amino 
acids in conjunction with protein overloads can promote 
insulin resistance in humans and rodents owing at least in 
part to elevated mTORC1 activity.375 Increased activa-
tion of the mTOR pathway because of nutrient excess 
drives synthetic processes that can promote endoplasmic 
reticulum (ER) stress-mediated insulin resistance (see Fig. 
33-8). UPR activation owing to mTORC1 hyperactiva-
tion can also inhibit IR→IRS1 signaling associated with 
Ser/Thr phosphorylation of IRS and other mechanisms.290

The ER is a luminal network of interconnected mem-
brane-enclosed tubes that are continuous with the outer 
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membrane of the nuclear envelope. Rough ER is coated 
with ribosomes where protein synthesis is especially 
prominent; smooth ER lacks ribosomes and functions in 
lipid and cholesterol biosynthesis, carbohydrate metabo-
lism, and detoxification.376,377 Successful protein folding 
requires a tightly controlled environment of substrates, 
including glucose, calcium, and redox buffers that main-
tain the oxidizing environment required for disulfide 
bond formation.378 The unfolded protein response (UPR) 
is activated when circumstances disrupt protein folding, 
including glucose and energy deprivation, viral infec-
tion, increased protein trafficking, the accumulation of 
unfolded proteins, cholesterol accumulation, or exposure 
of test cells to chemical agents such as tunicamycin and 
thapsigargin.376,377 Hyperactivation of mTORC1 owing 
to nutrient excess and hyperinsulinemia also promotes 
ER stress through the sustained flux of newly synthesized 
proteins through the ER lumen.

Distinct branches of the UPR are initiated by two type-
I transmembrane kinases PERK (PKR-like endoplasmic 
reticulum kinase) and IRE1 (inositol requiring enzyme-1), 
and by a type-II transmembrane protein ATF6 (activating 
transcription factor-6).376,377 PERK reduces general trans-
lation in cells thereby reducing this branch of the insulin 
response to suppress protein influx into the ER. PERK-
mediated phosphorylation of eIF2 contributes to accu-
mulation of lipids in the liver, which can promote insulin 
resistance.379 Activation of JNK by IRE1 signaling in the 
liver and adipose tissues might cause insulin resistance 
resulting from serine phosphorylation of IRS1 or other 
substrates.380 ATF6 upregulates expression of the XBP1 
(X-box binding protein 1) transcription factor whose 
products increase the protein-folding capacity of the cell 
to compensate for the consequence of protein overloads. 
Mice lacking one allele of XBP1 develop higher levels of 
ER stress, obesity, and insulin resistance.380 Furthermore, 
when ER stress is attenuated in the obese and diabetic mice 
through the use of chemical chaperones—agents that have 
the ability to increase ER-folding capacity—insulin resis-
tance decreases, glucose tolerance improves, and blood 
glucose concentrations approach the normal range.381 The 
presence of ER stress in the liver and fat tissues of obese 
patients strengthens the conclusion that this system plays a 
role in the development of insulin resistance.382 Although 
decreased ER stress likely plays an important role to nor-
malize the insulin response, ATF6→XBP1 also interacts 
with FOXO1 to direct it toward proteasome-mediated 
degradation, which can contribute to the restoration of 
the insulin response.383

Inflammation and Insulin Resistance
Components of the immune system are altered during 
obesity, insulin resistance and type 2 diabetes with the 
most apparent changes occurring in adipose tissue, liver, 
and muscle, but also in pancreatic islets, cadiovascular 
system, and circulating leukocytes.7,384 Although adipose 
tissue is not the primary site of glucose disposal, it is the 
major site of energy storage that can inform the CNS and 
other tissues about energy availability through the secre-
tion of various adipokines. Increased triglyceride storage 
during obesity gives rise to an expanded adipose tissue 

compartment that can be compromised by hypoxia and 
adipocyte death, which leads to a microenvironment con-
ducive to macrophage infiltration.385-387 Proinflammatory 
“M1” macrophages accumulate in adipose tissue during 
obesity, whereas noninflammatory “M2” macrophages 
accumulate in the adipose tissue of lean animals.388 M2 
macrophages mediate lipid trafficking through the lyso-
somes to recycle excess lipids into the circulation. They 
also remove dead cells to maintain adipose tissue homeo-
stasis without promoting inflammation.386

Chronic obesity decreases (adiponectin) and increases 
adipokine (leptin, resistin, RBP4) secretion that can dys-
regulate systemic metabolism through myriad mecha-
nisms.389 The “M1” macrophages contribute to local and 
circulating concentrations of proinflammatory cytokines, 
including monocyte chemoattractant protein (MCP1), 
interleukin 6 (IL6), and TNFα.390 There can be extensive 
crosstalk between these mechanisms because adipokines 
affect inflammation and lipid deposition in tissues.391 
Some features of in vivo adipose insulin resistance can be 
captured by various in vitro models, including treatments 
with TNFα, hypoxia, dexamethasone, high insulin, or a 
combination of TNFα and hypoxia in differentiated 3T3-
L1 adipocytes.373 Insulin resistance in visceral adipocytes 
can give rise to circulating free fatty acids, which contrib-
ute to insulin resistance.387

Excess triglycerides that are not stored in adipose tis-
sues accumulate and dysregulate lipid flux within muscle, 
liver, and other tissues. A variety of clinical and experi-
mental data supports the hypothesis that intramyocel-
lular triglyceride (IMTG) causes skeletal muscle insulin 
resistance in humans and rodents.392 The accumulation 
of DAG and/or ceramide can impair insulin signaling 
by heterologous pathways involving IRS1 (and possibly 
IRS2) Ser/Thr-phosphorylation, direct inhibition of AKT, 
or other signaling pathways (see Fig 33-8).385,390,393 
Infusion of triglyceride into humans or rodents—which 
transiently increases circulating free fatty acid concentra-
tions—inhibits insulin-stimulated glucose disposal into 
muscle by a mechanism associated with decreased IRS1-
associated PI3K activity.307,394,395 In mice and rats, this 
resistance is associated with increased muscle S307IRS1 
phosphorylation,307 which—based on studies of knock-
out mice—occurs via PKCθ- and IKKβ-dependent path-
ways.317,396 In liver, PKCε functions similarly to PKCθ 
in muscle,393 and PKCε might contribute to the loss of 
inhibition of hepatic gluconeogenesis by insulin caused 
by FFA as evident in human studies.397,398 Elevated cel-
lular diacylglycerols (DAG) owing to decreased fatty 
acid oxidation or increased triglyceride synthesis activate 
both PKCθ and PKCε.393 In addition to its glycerol-based 
counterpart DAG, ceramide correlates with impaired 
insulin action in muscle.

Proinflammatory Cytokines
Obesity and its progression to diabetes are associated with 
the secretion of the proinflammatory cytokines, includ-
ing resistin, TNFα, and IL6.20 Epidemiologic data show 
that elevated circulating IL6 correlates with adiposity in 
humans.399 IL6 is generally thought to promote systemic 
insulin resistance, especially during obesity, because it 
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is secreted from fat cells of insulin-resistant humans.399 
However, in type 2 diabetes patients, the plasma concen-
trations of IL6 and TNFα might only reflect the level of 
adiposity rather than the insulin sensitivity.400

INTERLEUKIN 6. Contradictory and multisystemic ef-
fects under various physiologic states complicate the un-
derstanding of how IL6  regulates central and peripheral 
nutrient homeostasis.401 IL6 is best known as a proin-
flammatory cytokine that regulates the immune response, 
the acute phase response (APR), and hematopoiesis.402  
In response to physical trauma, burns, or bacterial infection, 
IL6 is secreted from T cells and macrophages, which 
mobilizes substrates in muscle and adipose tissues to pro-
vide substrates and energy to fight infection and to repair 
tissue.403-405 Adipose and skeletal muscles are also impor-
tant sites of IL6 production, suggesting that IL6 includes 
hormone-like effects to integrate peripheral physiology 
with nutrient homeostasis.406 In rats, the central effects 
of IL6 resemble those of leptin, suggesting that IL6 can 
regulate nutrient homeostasis.401,407

Epidemiologic data suggest that elevated circulating 
IL6 in humans correlates with adiposity.399,408-410 IL6 is 
produced in greater quantity by fat cells from insulin-resis-
tant humans, suggesting that it might promote systemic 
insulin resistance, especially during obesity. Infusion of 
murine IL6 causes hepatic and muscle insulin resistance in 
mice that is associated with reduced insulin signaling.411 
Regardless, IL6 also displays antiinflammatory charac-
teristics by inhibiting TNFα and IL1, and by activating 
IL10.412-415 In mice, IL10 can reverse the effects of IL6 
and can promote insulin sensitivity.411 Moreover, adi-
pose-derived IL6 can have autocrine effects that increase 
leptin secretion and fat oxidation, and can reduce the 
expression and activity of lipoprotein lipase in human 
adipose tissues—which might attenuate the progression of 
obesity.416 Infusion of recombinant hIL6 to sustain physi-
ologic concentrations in healthy individuals or patients 
with type 2 diabetes increases lipolysis in the absence of 
adverse effects.417,418 Chronic overexpression of hIL6 in 
mice reduces daily food consumption and promotes energy 
expenditure.419 Consistent with the reduced adiposity, cir-
culating insulin decreases and glucose tolerance improves, 
confirming that hIL6 promotes systemic insulin sensitivity 
especially in animals on an HFD. Moreover, circulating 
leptin and daily food consumption decrease, suggesting 
that hIL6 improves central leptin sensitivity or action.

Although the IL6-stimulated STAT3 to SOCS3 cas-
cade inhibits IR→IRS1 signaling, it prevents the loss of 
IR→IRS2 signaling in mice on an HFD, which is con-
sistent with improved systemic glucose tolerance.419  
In humans, physical activity promotes the production and 
release of IL6 from skeletal muscle.401,420 Muscle-derived 
IL6 appears to promote metabolic homeostasis during 
periods of altered demand such as muscular exercise or 
insulin stimulation.421 In humans, IL6 might thus medi-
ate at least in part the effect of exercise to improve insulin 
sensitivity and glucose tolerance.422

Tumor necrosis factor-α. TNFα activates signaling cas-
cades in insulin-sensitive tissues that result in the activa-

tion of JNK1 (Jun N-terminal Kinase-1) and IKKβ (inhib-
itor of kappa light polypeptide gene enhancer in B-cells, 
kinase beta).390 Both of these kinases are implicated in 
multiple mechanisms of insulin resistance.7 Although in-
creased circulating TNFα is generally accepted as a cause 
for insulin resistance, there is substantial disagreement 
about the target tissues and whether the increase contrib-
utes to insulin resistance in humans.390 Improved insulin 
sensitivity reported for mice lacking TNFα is not, in at 
least one report, shared by mice that lack the two TNFα 
receptors.423 Similarly, the administration of a highly ef-
fective TNFα inhibitor to insulin-resistant humans for  
3 months does not improve glucose homeostasis, despite 
the reduction in some parameters of systemic inflamma-
tion.424 Thus, despite some strong experimental evidence, 
the physiologic relevance of TNFα as a cause of insulin 
resistance in humans remains unclear.

Regardless, TNFα and FFAs activate JNK1 and IKKβ, 
which are associated with obesity and insulin resis-
tance. JNK1-deficient mice are protected from obesity 
and insulin resistance caused by HFD feeding, indicat-
ing an important role of this kinase in metabolic dys-
regulation.313 Inhibition of JNK activities in obese mice 
using kinase inhibitors increases insulin sensitivity and 
improves glucose homeostasis425; however, the role of 
JNK1 in metabolic regulation appears to be more com-
plex, as liver-specific knockdown of JNK1 lowers circu-
lating glucose and insulin concentrations while increasing 
triglyceride levels in mice on an HFD.426 Moreover, tis-
sue-specific JNK1 ablation in many peripheral tissues—
including adipose, liver, muscle, and myeloid—does not 
reduce obesity.325 Unexpectedly, genetic experiments 
focusing on the CNS suggests that JNK1 promotes obe-
sity owing to the reduced energy expenditure associated 
with increased DIO2 (iodothyronine 5’-deiodinasegene). 
DIO2 negatively regulates HPT (hypothalamic-pituitary-
thyroid) axis-mediated energy expenditure. HFDs cause 
JNK-mediated DIO2 expression, which decreases HPT 
axis and promotes obesity.427 Although chronic inflam-
mation is associated with metabolic dysregulation, the 
exact mechanism involved remains difficult to establish.

INSULIN/IGF SIGNALING AND NEURODEGENERATIVE 
DISEASE
Systemic metabolic dysregulation and insulin resistance 
might contribute to the progression of adult onset neu-
rodegenerative diseases—including Alzheimer’s (AD), 
Parkinson’s (PD), Huntington’s (HD), and others.428-430 
AD is the most common form of dementia, accounting 
for 50% to 70% of all cases leading to the loss of cog-
nitive abilities progressing to death.431 AD is character-
ized by the formation of extracellular β-amyloid plaques 
and neurofibrillary tangles. The plaques are composed of 
aggregated amyloid-β (Aβ), a 39 to 42 amino acid peptide 
generated by the proteolytic cleavage of APP (amyloid 
polypeptide) by β-secretase and γ-secretase.432,433 Based 
on current projections, 11 to 16 million Americans might 
develop Alzheimer’s disease by 2050.434 Inspection of an 
Alzheimer’s disease patient registry (Mayo Clinic) sug-
gests that 80% of AD patients exhibit glucose intolerance 
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or diabetes.435 Epidemiologic studies suggest that diabetes 
increases by 50% to 100% the risk for progressive AD.415 
Normal aging is associated with declining IGF1 levels 
and rising insulin levels owing to progressive peripheral 
insulin resistance.34,437 Type 2 diabetes is associated with 
many pathologic features associated with progressive 
AD—including vascular lesions, cardiovascular disease, 
hyperinsulinemia, and glucose intolerance; dysregulated 
insulin-signaling, glucose metabolism, hypercholesterol-
emia, and oxidative stress; abnormal protein processing, 
accumulating advanced glycation end products; elevated 
brain concentration of Aβ, τ phosphorylation, and oxi-
dative stress; and the activation of inflammatory path-
ways.434 Whether neurodegeneration is a direct result of 
central insulin resistance or a consequence of peripheral 
metabolic disease is difficult to resolve.

Whether the restoration of insulin-like signaling in 
the CNS can slow the progression of neurodegenera-
tion and AD is an important question of intense scientific 
and clinical interest. Nasal administration of insulin can 
improve cognitive function in AD patients.438-442 Studies 
in rats demonstrate that infusion of IGF1 protects from 
Aβ-mediated toxicity.443 Injection of IGF1 into AD mice 
reduces the typical behavioral impairments associated with 
increased concentrations of Aβ. Regardless, the relationship 
between insulin signaling and neurodegeneration remains 
an open question, because reduced insulin/IGF1 signaling 
slows aging, which is the major risk factor for the devel-
opment of neurodegenerative disorders in lower organisms 
and rodents.444,445 IGF1R heterozygous mice have a longer 
life span and are more resistant to oxidative stress.425,426 
Reduced insulin-like signaling protects C. elegans from the 
toxic effects of aggregated amyloid β (Aβ) in daf-16 and 
HSF-1-dependent manners, and long-lived age-1 mutants 
show improved thermotaxis and learning with age.448,449 
Inactivation of Drosophila CHICO (IRS1 ortholog) attenu-
ates the progression of age-related decline in motor func-
tion, suggesting that reduced insulin-like signaling might 
prevent CNS decline.450,451 Female fruit flies live up to 
80% longer when the activity of the Drosophila insulin-like 
receptor is reduced by 80%.450 Although the long-lived flies 
show resistance to oxidative stress, they also accumulate 
excess lipids and carbohydrate.452 Thus, reduced insulin-
like signaling can extend the life span in lower metazoans, 
while causing physiologic alterations that are associated 
with life-threatening diseases in rodents and humans.

Insulin-Receptor Signaling in CNS-Regulated Metabolism
Insulin receptors are expressed throughout the CNS 
where its signaling cascade mediates important metabolic 
effects.453 Intracerebroventricular infusion of insulin 
reduces food intake and body weight, and CNS insulin 
resistance is associated with overweight phenotypes in 
rodents and primates.454,455 The role of insulin signaling 
in the brain is not uniform, because insulin can produce 
distinct physiologic effects in various regions. To estab-
lish the function of brain insulin signaling, the insulin 
receptor has been deleted throughout the CNS using 
the nestin-regulated Cre transgene (NIRKO mice), or in 
specific neuronal populations using various targeted Cre 
transgenes.164 NIRKO mice display a normal life span 

while developing many features of the insulin-resistance 
syndrome—including mild obesity, hypertriglyceride-
mia, hyperinsulinemia, and infertility. Male and female 
NIRKO mice have a larger fat pad mass; however, only 
females consume more chow and display greater body 
mass.456 Moreover, CNS insulin signaling is essential for 
fertility, as NIRKO mice of both sexes show low concen-
trations of circulating follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH), and female NIRKO mice 
display few antral follicles and corpora lutea.456

Nutrient homeostasis and fertility are controlled by 
hypothalamic signals, so the role of insulin receptors in 
the arcuate nucleus has been investigated by targeted 
deletion. POMC (pro-opiomelanocortin) and AgRP 
(Agouti-related protein) neurons play an important role 
in modulating satiety. In the postprandial state, POMC 
neurons release α-MSH (α-melanocyte-stimulating hor-
mone), which activates MC3/4R (melanocortin 3 and 4 
receptors) on neurons in the PVN (hypothalamic para-
ventricular nucleus). The activation of this circuit reduces 
food intake, increases energy expenditure, and reduces 
hepatic glucose production. During fasting, AgRP neu-
rons suppress MC4R activity to increase feeding, inhibit 
energy expenditure, and regulate glucose metabolism.454 
The deletion of insulin receptors in AgRP neurons—but 
not POMC neurons—reduces hepatic glucose production, 
at least in part, through efferent vagal innervation of the 
liver.455,457 However, this mechanism might be species 
specific, as hypothalamic insulin signaling in dogs sup-
presses net hepatic glucose output by augmenting hepatic 
glucose uptake and glycogen synthesis, rather than inhib-
iting gluconeogenesis.458 Regardless, deletion of insu-
lin receptors in either neuronal subtype of mice has no 
effect on the feeding behavior or energy expenditure.459 
Thus central insulin signaling alone does not modulate 
food intake and energy homeostasis in healthy mice.454 
Moreover, deletion of insulin receptors in the VMH (ven-
tromedial hypothalamus) using SF1cre (cre recombinase 
regulated by the steroidogenic factor-1) suggests that 
other regions of the hypothalamus also contribute to the 
effects of insulin on satiety and energy use.460

Systemic insulin sensitivity is closely associated with 
female fertility. Indeed, male and female NIRKO mice 
display low LH and FSH levels that are associated with 
reduced fertility; however, the effect of genetic neuro-
nal insulin resistance is inconsistent with the physiol-
ogy of PCOS (polycystic ovarian syndrome)—one of 
the most common causes of human female infertility—
which is associated with elevated LH levels, metabolic 
insulin resistance, and compensatory hyperinsulinemia. 
Unexpectedly, deletion of insulin receptors in pituitary 
gonadotrophs improves reproductive function of obese/
hyperinsulinemia mice.461 Although based on NIRKO 
mice central insulin signaling is essential for fertility, 
exacerbated pituitary insulin signaling owing to compen-
satory hyperinsulinemia during metabolic insulin resis-
tance might promote PCOS.

Insulin/IGF1→IRS2 Integrates Longevity and Metabolism
Conventional wisdom suggests that insulin/IGF1 signal-
ing promotes cognitive function in humans and animals. 
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However, experiments in mice generally point to the brain 
as the site where reduced insulin-like signaling has a con-
sistent effect to extend mammalian life span—as it does 
in worms and flies.3,462 The insulin/IGF→IRS2 cascade 
in the brain provides a link between life-span extension, 
metabolic regulation, and cognition. Reduced IRS2 sig-
naling in all tissues or just in the brain (IRS2L/L•creNestin) 
increases by nearly 6 months the life span of mice main-
tained on a high-energy diet.463 However, brain-specific, 
long-lived IRS2 knockout mice consume approximately 
the same or slightly more food than the short-lived con-
trols. At 22 months of age, brain IRS2 knockout mice 
are overweight, hyperinsulinemic, and glucose intoler-
ant.463 Thus, less brain IRS2 signaling is associated with 
increased life span regardless of the peripheral insulin 
sensitivity and weight gain.

The impact of altered insulin/IGF1 signaling on aging 
and metabolism in the brain might prove to be related 
to its action in separate sets of neurons. For nutrient 
homeostasis, a great deal of attention has been paid 
to distinct populations of arcuate (ARC) nucleus neu-
rons that express POMC or AgRP; however, deletion 
of IRS2 or IR from these neurons in mice negligibly 
impacts metabolism.464-466 Similarly, disruption of the 
PI3K→AKT─┤FoxO1 pathway in POMC and AgRP 
neurons presents minor effects on energy balance and 
glucose homeostasis.467-469 By comparison, deletion of 
the IR from SF1 (steroidogenic factor 1) neurons—a 
specific set of neurons of the VMH—promotes modest 
weight gain on an HFD without altering energy balance 
or insulin sensitivity in chow-fed animals.460 Although 
insulin signaling in tyrosine hydroxylase (TH)-expressing 
catecholaminergic neurons is important for the control of 
mesolimbic dopamine (DA) signaling, lack of IR signaling 
in these neurons also fails to change measures of adipos-
ity or glucose homeostasis.470 Thus, the relevant site at 
which insulin signaling contributes to metabolic regula-
tion must be a distinct or broader set of neurons.

LEPRB (long-form leptin receptor) neurons include 
those that express either AgRP, POMC, SF-1, TH (thy-
roid hormone), as well as other metabolically important 
neurons in the ARC, and elsewhere.471 Deletion of IRS2L/L 
from LEPRB neurons dysregulates gene expression within 
the hypothalamic melanocortin system—which increases 
feeding, decreases energy expenditure, and promotes 
insulin resistance. Whereas the neurons that mediate the 
metabolic effects of IRS2 signaling in the brain are by 
definition the same ones that mediate leptin actions, IRS2 
is not required for leptin action.465 Deletion of IRS2 and 
interference with insulin/IGF1 signaling in LEPRB neurons 
does not alter the thyroid, adrenal, or reproductive axes.472 
Whereas leptin might promote some IRS2→PI3K signal-
ing,473 leptin signaling is largely normal in the absence of 
IRS2. Thus IRS2 functions primarily to mediate insulin/
IGF1 signaling in the leptin-responsive neurons, rather 
than functioning as a direct mediator of LEPRB signal-
ing. Indeed, whereas the hypothalamic application of PI3K 
inhibitors or the genetic blockade of PI3K in some leptin-
responsive neurons impairs the acute anorectic response 
to leptin, these manipulations have little effect on baseline 
leptin action or energy balance.140-142 Thus, although IRS2 

signaling in LEPRB neurons is crucial for metabolic sig-
naling, it does not appear to play a direct role in leptin 
action. Moreover, there is no reduction in the life span of 
mice lacking IRS2 in LEPRB neurons (Myers MG, Miller 
RA, and White MF, unpublished data). Thus neurons that 
mediate metabolic effects of the insulin/IGF1 signaling 
from CNS appear to be distinct from those that mediate 
IRS2 effects on the life span.

The Protective Effects of Reduced Insulin/IGF1→IRS2 
Signaling in Mouse Models of AD
Tg2576 transgenic mice expressing the human APP (amy-
loid precursor protein) gene carrying the Swedish mutation 
(APPsw) were used to investigate the role of reduced insulin/
IGF signaling in AD. Deletion of IGF1R from the hippocam-
pus of Tg2576 mice—by using the cre-recombinase under 
control of the synapsin-1 promoter (Tg2576•IGF1RL/L 
•creSyn1)—completely prevented APPsw lethality. Interest-
ingly, transgenic AD mice heterozygous for the IGF1R are 
long-lived and stress-resistant. They are protected from 
AD-associated memory and orientation impairments, and 
they display reduced neuroinflammation, neuronal, and 
synaptic losses.474 The protective mechanism involves the 
appearance of smaller and highly dense Aβ plaques in the 
IGF1R+/- brain. Thus less IGF1R appears to protect the 
brain by sequestering highly toxic Aβ oligomers.474

Tg2576 transgenic mice were also crossed with mice 
lacking IRS2 to generate AD animals that lack the IRS2 
gene (Tg2576•IRS2−/−). IRS2 deletion causes a significant 
reduction in Aβ plaque burden in the brain. Furthermore, 
Tg2576•IRS2−/− mice exhibit improved learning and 
memory when compared with the Tg2576 controls.475  
In a separate study with Tg2576 mice, the deletion of 
IRS2 reduces the premature lethality of female Tg2576 
mice; however, male Tg2576•IRS2−/− mice have a short-
ened life span owing to hyperglycemia caused by β-cell 
failure. This example illustrates how IRS2 signaling might 
show opposing effects in the CNS compared against the 
peri pheral tissues, which must be integrated properly to 
prevent disease and to promote a normal life span.

Reduced Insulin/IGF1→IRS2 Signaling  
in Huntington’s Disease
Compared to the lengthy degenerative processes associ-
ated with mortality in AD, neurodegeneration in Hun-
tington’s disease (HD) progresses at a faster pace and 
predictably leads to death from a single cause.476 HD 
results from an expanded CAG triplet repeat in the HD 
gene that encodes a mutant form of huntingtin (HTT). 
Mutant HTT produces intranuclear and cytoplasmic 
inclusions that kill cells in striatum and cerebral cortex—
although other areas are also affected.477 As HD and AD 
arise from dysregulated protein aggregation, both dis-
eases appear to provide suitable models to investigate the 
effects of the insulin/IGF1→IRS2 signaling on degenerative 
processes in the CNS. The R6/2-mouse is a well-studied 
model of HD.478,479 Increasing IRS2 levels in the brains 
of R6/2 mice by twofold accelerates neurodegeneration 
and significantly reduces the life span.480 By contrast, 
reducing IRS2 levels throughout the body—except in β 
cells where IRS2 expression is needed to prevent diabetes 
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onset—extends the life span of the R6/2 mice.480 Thus, 
modulating IRS2 signaling can influence the progression 
of Huntington’s disease.

The predictable progression of HD in R6/2 mice 
provides an opportunity to investigate the molecular 
relationship between insulin-like signaling and neuro-
degeneration. Mitochondrial dysfunction and oxidative 
stress increase significantly in the CNS of R6/2 with ele-
vated IRS2 levels, showing a consequence of excess insu-
lin/IGF signaling on acute neurodegeneration and early 
death of HD mice.480 By comparison, the slower progres-
sion of HD-like symptoms in R6/2 mice with less IRS2 
expression is associated with increased nuclear localiza-
tion of the transcription factor FOXO1, which increases 
the expression of several target genes, including Ppargc1α 
and SOD2 that have strong positive effects on energy 
homeostasis and attenuation of oxidative stress.481,482 
Whether neuronal mitochondrial damage and oxidative 
stress during normal aging is modulated by IRS2 sig-
naling is an important question to investigate, as it can 
inform strategies to attenuate the progression of debilitat-
ing neurodegenerative disease in an aging population.

PolyQ-HTT causes pathologic sequela in R6/2-mice 
that develop progressively until death, including abnor-
mal behavior and movement owing to the accumula-
tion of protein aggregates in the CNS, mitochondrial 
dysfunction and oxidative stress, and neuroinflamma-
tion.479,483,484 Aggregate accumulation is thought to 
reflect cellular damage, as cells that form aggregates tend 
to die.485 R6/2 mice with reduced IRS2 signaling display 
more autophagosomes with fewer polyQ-HTT aggre-
gates.480,486 This protective effect of reduced IRS2 is asso-
ciated with increased nuclear FOXO, which can increase 
the expression of genes that mediate autophagy and pro-
mote autophagosome formation. Thus, increased autoph-
agy might be responsible for the reduced HTT aggregates 
and slower HD progression in mice with reduced IRS2 
signaling. Whereas increasing insulin signaling in periph-
eral tissues might be necessary to avoid the consequences 

of insulin resistance—hyperglycemia, dyslipidemia, and 
cardiovascular disease—it is critical to understand det-
rimental and life-threatening consequences of insulin/
IGF1→IRS2 signaling in the brain.

SUMMARY AND PERSPECTIVES
The investigation of the insulin-signaling cascade shows 
a highly integrated multisystemic network that extends 
far beyond the classic insulin target tissues of liver, mus-
cle, and adipose. It is now clear that insulin-like signal-
ing plays a major role in pancreatic β-cells and in the 
central nervous system. Peripheral insulin resistance is 
ordinarily opposed by increased insulin secretion from 
pancreatic β-cells. Although this compensatory response 
can prevent the effects of acute hyperinsulinemia, it 
might include negative consequences in the vascula-
ture and the brain. The tools now available to probe 
the insulin-like signaling cascades in healthy and dia-
betic tissues provide a rational platform to develop new 
strategies to treat insulin resistance and to prevent its 
progression to type 2 diabetes and its life-threatening 
sequela. Understanding how the insulin/IGF→IRS cas-
cade integrates the conflicting signals generated during 
insulin and cytokine action might be a valuable start-
ing point. Whether better management of inflammatory 
responses can attenuate insulin resistance and diminish 
its sequela continues to be a fruitful direction for inves-
tigation in humans.487 Future work must better resolve 
the network of insulin responses that are generated in 
various tissues, because too much insulin action might 
also shorten our lives.
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Glucagon and the glucagon-like peptides, also known 
as the proglucagon-derived peptides (PGDPs) are 
derived from a single proglucagon gene in mammals 
and exhibit an increasing number of biologically 
important actions. Glucagon, synthesized principally 
in islet α cells, is a key regulator of glucose homeosta-
sis through its actions on hepatic enzymes that regu-
late glucose production and glycogen synthesis. GLP-1 
and GLP-2 are liberated from intestinal endocrine cells, 
and regulate glucose homeostasis and intestinal epithe-
lial function, respectively. These three peptides exert 
their actions via interaction with unique receptors that 
exhibit distinct patterns of tissue-specific expression. 
This chapter reviews our current understanding and 
translational relevance of the biology of glucagon and 
the PGDPs.

BIOSYNTHESIS OF PANCREATIC GLUCAGON
Proglucagon is encoded by a single gene in mammals 
that gives rise to a proglucagon mRNA with major sites 
of expression in pancreatic islets, brain, and enteroen-
docrine cells of the small and large intestine. Progluca-
gon may also be expressed in subsets of salivary glands 
and taste buds.1 The proglucagon gene contains 6 exons, 
several of which encode distinct functional peptide 
domains (Fig. 34-1). Glucagon, a 29–amino acid pep-
tide, is synthesized in the α cells of the pancreatic islets 
of Langerhans. Islet α cells are distinguishable from 
insulin-producing β cells in part by the morphology of 
their respective secretory granules and by their species-
specific anatomic distribution. The peripheral location of 
α cells in rodent islets, taken together with functional 

K E Y  P O I N T S

 •  Proglucagon-derived peptides are expressed from a common precursor but are liberated 
in a tissue-specific manner from pancreas, gut, and brain. Pancreatic glucagon plays 
a critical role in the defense against hypoglycemia, whereas dysregulated glucagon 
secretion underlies development of hyperglycemia in diabetic subjects.

 •  GLP-1 is an incretin hormone with multiple extrapancreatic actions; GLP-1R agonists 
are used to treat type 2 diabetes.

 •  GLP-2 controls nutrient absorption and mucosal integrity; a GLP-2R agonist has been 
approved for the treatment of short bowel syndrome.
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studies demonstrating central (from a core of β cells) to 
peripheral (α cells) islet blood flow is consistent with a 
functional and tightly regulated islet microenvironment. 
Nevertheless, the distribution of islet α and β cells var-
ies in islets from different species, hence the functional 
importance of islet cell distribution remains unclear. 
Remarkably, despite the pleiotropic actions of PGDPs 
for control of energy homeostasis, genetic disruption 
of the proglucagon (Gcg) gene in mice does not perturb 
basal glucose homeostasis and produces only a modest 
(10% to 20% increase) in body weight.2

Islet Transcription Factors and the α Cell
The pancreas derives from the upper foregut, with dor-
sal and ventral pancreatic buds giving rise to pancre-
atic epithelium that eventually forms the exocrine and 
endocrine pancreas. This process involves signals from 
mesenchyme, and requires the correct temporal expres-
sion of growth factors, transcription factors, and related 
signaling molecules. Pancreatic islet cells appear to be 
of endodermal origin and are first detectable by E8.5 in 
the mouse. The first islet hormone-immunopositive cells 
detectable in developing islets contain glucagon immuno-
reactivity. Insulin immunopositive cells are detectable as 
early as day 11.5 in the mouse, followed several days later 
by the appearance of somatostatin-containing cell types.

Studies of targeted gene disruption in mice have provided 
new insights into the development, lineage, and organiza-
tion of endocrine cells in the pancreas. Neurogenin-3 is 
critical for pancreatic islet cell development and differ-
entiation, and it controls the expression of many genes 
important for α-cell differentiation and glucagon gene 
transcription. Ngn3 interacts in a regulatory network 
with the zinc finger protein Myt1 to promote glucagon 

expression in α cells.3 Mice with a null allele in the basic 
helix-loop-helix transcription factor p48 fail to develop 
exocrine pancreatic tissue, however, hormone-secreting 
islet cells, including glucagon-producing α cells, are found 
within the mesentery during embryonic development, and 
later in the spleen.4 A key role for cell adhesion molecules 
in the control of the spatial organization of islet cells is 
illustrated by analysis of the endocrine pancreas in mice 
expressing a dominant negative E-cadherin receptor in 
islet β cells. These mice exhibit abnormal clustering of β 
cells, yet glucagon-producing α cells are still capable of 
aggregating into islet-like clusters.5 In contrast, the nor-
mal peripheral distribution of islet α cells is markedly per-
turbed in neural cell adhesion molecule (Ncam1)–/– mice, 
however the number of α cells, and the glucagon content 
of the pancreas remains unaffected.6 Intriguingly, mice 
with genetic disruption of the ciliogenic transcription 
factor regulatory factor X (RFX)-3 exhibit small disorga-
nized islets with markedly reduced insulin and glucagon 
content, implying a role for cilia in optimal islet organiza-
tion and cell development.7

Insight into the developmental biology of the endo-
crine pancreas and islet α cells has been derived from 
studies of islet transcription factors. Gene knockout stud-
ies demonstrate that the LIM domain protein islet-1 (isl-1) 
is necessary for the formation of differentiated islet cells, 
including α cells in the developing pancreas.8 Similarly, 
pancreatic inactivation of the Ldb1 transcriptional coreg-
ulator, which interacts with isl-1, produces a similar islet 
phenotype, with depletion of islet-α cells in the develop-
ing and neonatal murine pancreas.9 Targeted deletion of 
the homeobox transcription factor Arx results in com-
plete failure of α cell development; glucagon deficiency; 
and neonatal hypoglycemia.10 In contrast, although mice 
deficient in the homeobox transcription factor Pdx-1 fail 
to develop a pancreas, a few islet cells immunopositive for 
either insulin or glucagon are observed in Pdx1–/– mice 
at embryonic day 11.11 These observations suggest that 
Pdx-1 is not essential for the formation of islet α cells, 
whereas loss of Pdx-1 expression is permissive for acqui-
sition of a differentiated α-cell phenotype.

The homeobox transcription factor Nkx2.2 is expressed 
in adult α, β, and PP islet cells, and mice with targeted 
disruption of NKx2.2 lack β cells, develop diabetes, and 
exhibit a marked reduction in the number of islet α cells.12 
A related phenotype is observed in NeuroD–/– mice that 
exhibit marked reductions in the numbers of islet β and 
α cells and develop diabetes shortly after birth,13 a phe-
notype dependent on the specific genetic background. 
Similarly, disruption of Pax6 function in mice results in 
poorly formed islets with disorganized islet architecture, 
and markedly reduced but detectable numbers of both β 
and islet α cells.14,15 Mice harboring mutations in islet 
transcription factors may also exhibit increased numbers 
of islet α cells. For example, targeted deletion of the Pax4 
gene results in poorly formed islets, with a marked reduc-
tion in islet β cells, and comparatively increased numbers 
of islet α cells.16 A related phenotype is observed in mice 
with a homozygous deletion in the glucose transporter 2 
(GLUT-2 or Slc2a2) gene, with a marked increase in the 
ratio of α to β cells observed in Slc2a2–/– islets.17 Whether 

PROGLUCAGON-DERIVED PEPTIDES
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Figure 34-1 Schematic representation of the glucagon-derived pep-
tides encoded by the proglucagon gene. The amino acid sequences 
of human glucagon, glucagon-like peptide-1 (GLP-1), glucagon-like 
peptide-2 (GLP-2), and oxyntomodulin are shown. The arrow indi-
cates the cleavage site recognized by dipeptidyl-peptidase IV (DPP-IV).  
IP-1 and IP-2, intervening peptides 1 and 2; MPGF, major progluca-
gon fragment.
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these findings are due to a block in the normal islet dif-
ferentiation program or a loss of inhibitors that restrain 
α cell proliferation is not known. The increase in α cell 
mass evident in the postnatal period has been attributed 
in part to increased islet interleukin-6 (IL-6) activity, 
and IL-6 contributes to increased glucagon secretion and 
expansion of α-cell mass in experimental models of dia-
betes.18 Evidence in support of glucagon itself regulating 
the numbers of islet α cells derives from mice with targeted 
disruption of genes encoding prohormone convertase-2, 
the proglucagon (Gcg) gene itself, or the glucagon recep-
tor (Gcgr). These mice represent models for loss of bio-
active glucagon2,19 or glucagon action,20 respectively, and 
exhibit marked α cell hyperplasia, which is corrected in the 
former instance by glucagon replacement therapy. α Cells 
may under some circumstances be converted to β cells, 
and vice versa, possibly involving epigenetic modulation 
of transcription factor expression.21,22 The importance of 
these mechanisms for development, regeneration, or loss 
of cellular phenotypes in the normal and diseased human 
islet requires further investigation.

Proglucagon Gene Transcription Factors
A combination of gene transfection experiments and 
transgenic studies of promoter function has yielded 
insight into the molecular control of glucagon gene tran-
scription. Differential gene expression analysis identified 
a complex profile of transcription factors preferentially 
expressed in α versus β cell lines23 and in single α cells 
isolated from the developing endocrine pancreas.24 The 
rat Gcg promoter directs transcriptional initiation from 
a single transcription start site that maps to an identical 
location in brain, pancreas, and intestine.25 Cell trans-
fection experiments identified five distinct regions, des-
ignated G1 to G5, within the proximal Gcg promoter 
that mediate islet cell-specific gene transcription. The 
proximal G1 region is AT-rich, interacts with both 
widely expressed and islet cell–specific proteins, and 
specifies expression in islet α cells. G1 interacts with the 
homeobox transcripton factors Isl-1, Cdx-2/3, Brn4, 
and Pax6,15,26-29 and these transcription factors activate 
reporter genes containing G1-derived sequences in trans-
fection assays. Pax6 and c-Maf exhibit cooperativity in 
their ability to increase G1-dependent transcriptional 
activation,30 whereas Nkx6.1 inhibits Pax6-dependent 
G1 activation. Reduction of isl-1 expression leads to 
reduced G1-dependent Gcg promoter activity and 
decreased levels of Gcg mRNA transcripts.26 Similarly, 
increased expression of Cdx-3 in islet cells induces the 
activity of transfected G1-dependent reporter genes 
and endogenous Gcg expression.27,31 The G4 element, 
located just upstream of G1, binds a complex resembling 
insulin-enhancer factor 1 (IEF1), and IEF1 appears to 
represent a heterodimer of the helix-loop-helix (HLH) 
proteins E47 and NEUROD/BETA2.32

The more distal G3 region functions as an islet 
enhancer–like element and has been divided into two 
distinct functional domains. Subdomain A is similar to 
sequences found within the insulin and somatostatin 
promoters, leading to the designation of this compos-
ite sequence as a pancreatic islet cell-specific enhancer 

sequence or PISCES element.33,34 Sequences within 
domain A of G3 also mediate the inhibition of Gcg tran-
scription by insulin.35-37 The Pax6 protein is a positive 
activator of Gcg transcription that exerts its function 
in part through interaction with domain A of the G3 
element.15 Pax6 also binds the G1 element, either as a 
monomer or via heterodimer formation with cdx-2/3.38 
Disruption of Pax6 expression in gene-targeted mice 
results in loss of islet α cells.14,15 The levels of pancre-
atic and intestinal Gcg mRNA transcripts are markedly 
reduced in SEYNEU mice that harbor a dominant nega-
tive mutation in the pax6 gene. Thus Pax6, a PISCES 
binding protein, is functionally important for both islet 
and enteroendocrine cell development and activation of 
Gcg transcription via the G3-enhancer and G1-promoter 
elements.14,15,38,39

The G2 element mediates positive and negative actions 
of HNF-3 (Foxa) proteins, with isoforms of HNF-3β and 
HNF-3α competing for binding to the G2 element and 
serving as repressors and activators, respectively, of Gcg 
transcription.40,41 HNF-3γ also binds to and transacti-
vates the G2 element, but is not essential for islet cell for-
mation or Gcg transcription.42-44 Whether HNF-3β plays 
an essential role in the development of islet α cell for-
mation or Gcg transcription in vivo remains unknown, 
as targeted inactivation of the HNF-3β gene results in 
embryonic lethality prior to the formation of the endo-
crine pancreas.45,46 Although the numbers of α cells and 
morphology of islets appear histologically normal in 
HNF3α (Foxa1)–/– mice, the development of neonatal 
hypoglycemia in the face of inappropriately reduced lev-
els of circulating glucagon and proglucagon mRNA tran-
scripts demonstrates the essential role of Foxa1 (HNF-3α) 
in pancreatic Gcg transcription.42

Activation of the cyclic AMP-dependent pathway leads 
to transcriptional induction of Gcg expression in islet and 
intestinal cells through a cyclic AMP response element 
(CRE) that is present upstream of the G3 element in the 
proximal rat Gcg promoter.47,48 The CRE also mediates 
transcriptional activation by ATF3 family members49 and 
pharmacologic depolarization-dependent induction of 
rat Gcg transcription.50 A second calcium response ele-
ment has been localized to the G2 element, and calcium-
responsiveness may be mediated via interaction of NFAT 
(nuclear factor of activated T cells)-like proteins with 
members of the HNF-3 family.51 The sequence of the 
CRE element is less well conserved in the human GCG 
promoter, and its functional relevance for GCG expres-
sion in human islets has not yet been elucidated.

Transgenic experiments identified distinct DNA 
sequences essential for tissue-specific Gcg transcription. 
The first 1253 nucleotides of the rat Gcg promoter direct 
heterologous transgene expression to the islets and brain 
(but not the intestine) in transgenic mice.52 In contrast, 
targeting of enteroendocrine L cells in vivo requires addi-
tional rat Gcg 5’-flanking sequences between –1,253 and 
–2,252.53 Foxo1 binds to an upstream site at –1,798 
and appears to be important for both basal and insulin-
regulated Gcg transcription in α cells.54 DNA sequences 
comprising the human GCG promoter exhibit different 
functional properties than homologous rat sequences, as 
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the first 1600 bp of the human GCG 5’-flanking region 
target transgene expression to the brain and intestine (but 
not the pancreatic islets) in transgenic mice.55

Islet Proglucagon Biosynthesis
Consistent with the increased circulating glucagon lev-
els in patients with diabetes, experimental diabetes in 
rodents is associated with increased levels of pancreatic 
Gcg mRNA; correction of the insulin deficiency, but 
not the hyperglycemia, normalizes Gcg mRNA levels.56 
Paradoxically, insulin may increase Gcg expression in 
enteroendocrine cells.57 Orexin-A inhibits glucagon 
secretion and Gcg expression via a phosphatidylinositol 
3-kinase-dependent pathway requiring Foxo1.58 In con-
trast, few hormones or metabolites have been identified 
that increase pancreatic proglucagon biosynthesis in vivo. 
Pax6 regulates proglucagon biosynthesis and the expres-
sion of a subset of genes regulating α cell glucagon secre-
tion.59 Human subjects with the rs685428 G allele of 
PAX6 exhibit reduced levels of PAX6 islet mRNA tran-
scripts and decreased circulating levels of fasting plasma 
glucagon.60 Hypoglycemia induced by prolonged fasting 
in the rat leads to a doubling of pancreatic Gcg mRNA 
transcripts,61 however hypoglycemia induced by insulin 
failed to demonstrate upregulation of Gcg mRNA.56,62 
The available data suggest that regulation of glucagon 
secretion, and not biosynthesis, may be a more relevant 
locus of control in vivo.

Following transcription of Gcg mRNA and translation 
of the proglucagon precursor, 29–amino acid mature glu-
cagon is liberated via posttranslational processing by pro-
hormone convertase 2 (PCSK2) differentially expressed 
in the islet α cell. In contrast to processing in the entero-
endocrine cell (see Fig. 34-1), the amino acid sequences 
carboxyterminal to glucagon remain unprocessed in α 
cells and are secreted as part of a larger polypeptide des-
ignated the major proglucagon fragment (MPGF). PCSK2 
is essential for processing of proglucagon to glucagon 
in α cells as Pcsk2–/– mice exhibit hypoglycemia, α cell 
hyperplasia, and glucagon deficiency with an accumula-
tion of incompletely processed PGDPs in the pancreas.19 
Whether PCSK2 directly liberates glucagon from proglu-
cagon or cleaves proglucagon to glicentin, which is then 
subsequently processed to glucagon, remains unclear. 
The enzyme PCSK1 is responsible for cleavage of pro-
glucagon to yield an intestinal profile of PGDPs,63,64 and 
Pcsk1-null mice exhibit impaired processing of proglu-
cagon to the glucagon-like peptides.65 Moreover, human 
subjects with an inactivating mutation in the PCSK1 gene 
exhibit incompletely processed proglucagon in gut endo-
crine cells and deficiency of both GLP-1 and GLP-2.66 
The convertases important for proglucagon processing in 
the brain have not been definitively identified.

GLUCAGON SECRETION
The secretion of glucagon is regulated, both positively 
and negatively, by neuropeptides, hormones, metabo-
lites, and the autonomic nervous system. The islet α cell 
plays a central role in the defense of blood glucose, with 
hypoglycemia stimulating and hyperglycemia suppressing 

glucagon secretion in vivo. Alpha cells express voltage-
dependent Na+, K+, and Ca2+ channels that interact in the 
regulation of membrane potential and ultimately, depo-
larization. Amino acids such as glutamine, alanine, pyru-
vate, and arginine stimulate both insulin and glucagon 
secretion, enabling the use of arginine in the assessment 
of α and β cell function in rodent and human physiol-
ogy.67 Both α and β adrenergic receptors modulate gluca-
gon secretion. Epinephrine stimulates glucagon secretion 
via a PKA-dependent enhancement of Ca2+ influx through 
L-type calcium channels, leading to granule exocytosis. 
Peptidergic activators of glucagon secretion include cho-
lecystokinin (CCK), pituitary adenylate cyclase-activating 
polypeptide (PACAP), acyl-ghrelin, gastrin, GLP-2, uro-
cortin III, vasopressin, and GIP.

In contrast, inhibitors of glucagon secretion include 
glucose, somatostatin-14, insulin and γ-aminobutyric acid 
(GABA).68 The per-arnt-sim (PAS) domain–containing 
protein kinase (PASK) is required for glucose-mediated 
suppression of glucagon secretion in rodent islets.69 
Somatostatin tonically inhibits glucagon release, and 
mice with disruption of the somatostatin receptor 2 
(Sstr2) gene exhibit mild hyperglycemia and elevated 
levels of nonfasting glucagon.70 Glucose induces GABA 
release from β cells, providing an indirect mechanism for 
glucose-mediated suppression of glucagon secretion.71-73 
Glucose also reduces electrical activity and exocytosis via 
depolarization-induced inactivation of ion channels, spe-
cifically KATP, Na(+) (TTX) and N-type Ca(2+) channels, 
as a direct mechanism for inhibition of glucagon secre-
tion. Insulin may also directly inhibit glucagon release 
via insulin receptors expressed on α cells. Nevertheless, 
glucose directly inhibits glucagon secretion independent 
of Zn(2+), KATP channels, and somatostatin in murine 
islets.74 The anatomic arrangement of peripheral islet α 
cells surrounding a core of β cells, taken together with 
the functional results of immunoneutralization studies, 
provides additional evidence for intra-islet insulin inhibi-
ting downstream α cells in some species.75 Although the 
mechanisms underlying the paracrine inhibition of α cell 
activity remain unclear, experimental evidence supports 
a role for β cell secretory products such as zinc as negative 
regulators of glucagon secretion.73,76 Nevertheless, exog-
enous zinc-free insulin inhibits, whereas reduction of 
insulin levels during hypoglycemia stimulates glucagon 
secretion in subjects with type 1 diabetes.77

The effects of glucose on glucagon secretion are inte-
grated with the inhibitory effects of insulin on α cell 
secretion, as hyperglycemia stimulates insulin secretion, 
whereas a drop in blood glucose suppresses insulin release 
from the β cell, thereby relieving the α cell from the tonic 
inhibitory actions of insulin. These actions are exempli-
fied by meal ingestion, which is associated with increased 
circulating nutrients, insulin secretion, and reduced lev-
els of circulating glucagon. In contrast, blood glucose is 
maintained in the fasting state by hepatic glucose produc-
tion due in part to increased levels of glucagon secretion 
and suppression of insulin release from the β cell.78,79 
Consistent with the effect of individual nutrients on α 
cell function, infusion of arginine stimulates glucagon 
secretion in both normal subjects and individuals with 
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diabetes mellitus.79 The response to arginine infusion in 
normal human subjects, namely stimulation of insulin 
and glucagon release, is reproducible under conditions 
of hyperglycemia, and the insulin response is significantly 
greater, whereas the glucagon response is attenuated as 
the glucose concentration increases.80

In normal subjects, glucagon secretion rises as glucose 
falls in the fasting state, and may be further stimulated 
by exercise, consistent with the physiologic role for glu-
cagon in regulating glucose production. The levels of 
both plasma glucagon and catecholamines increase with 
graded exercise in normal human subjects, with the great-
est increments in plasma glucagon observed in subjects 
undergoing prolonged exhaustive exercise.81 The exercise-
induced increment in plasma glucagon appears depen-
dent on the ambient glucose and degree and duration of 
exercise, with some studies demonstrating no significant 
changes in plasma glucagon during exercise under nor-
moglycemic conditions.82 Trained healthy male subjects 
exhibit increased hepatic glucose production following 
glucagon infusion, implying that exercise may be associ-
ated with the development of increased glucagon sensi-
tivity.83 Although prevention of exercise-induced rises in 
plasma glucagon by somatostatin infusion may result in 
mild hypoglycemia,84 suppression of the rise in plasma 
glucagon by somatostatin infusion does not always pre-
vent increased hepatic glucose production, likely due to 
redundant compensatory mechanisms for maintaining 
normoglycemia.84,85

The control of hepatic glucose production (HGP) is 
highly sensitive to the glucagon/insulin ratio with the 
effect of insulin to suppress HGP determined in part by 
levels of circulating glucagon.86 Following meal inges-
tion, nutrient absorption leads to energy assimilation 
and suppression of glucagon secretion. Nevertheless, the 
integrated response of islet α cells is dependent in part 
on the nutrient composition of the meal, and also reflects 
positive and negative enteric-derived regulators of gluca-
gon secretion. For example, ingestion of carbohydrate, 
especially glucose, is associated with a decline in plasma 
glucagon.79 Nutrients also promote release of gut-derived 
peptides such as CCK and GIP, which stimulate glucagon 
release under some conditions,87,88 and GLP-1, which 
inhibits glucagon release.89,90

Glucagon secretion is increased during times of stress, 
and “stress-induced hormones” such as cortisol, vaso-
pressin, and β-endorphin increase glucagon secretion 
from the α cell. The classic stress hormones epinephrine 
and norepinephrine also stimulate glucagon secretion, 
and several mechanisms link the autonomic nervous sys-
tem to increased secretion from the α cell. Epinephrine 
secreted from the adrenal medulla increases glucagon 
secretion in normoglycemic subjects. Furthermore, the 
pancreas receives innervation from both sympathetic and 
parasympathetic nerves, and stimulation of these auto-
nomic inputs, all of which are activated by hypoglycemia, 
increases glucagon secretion.91 Intriguingly, mice with 
targeted inactivation of the pro-opiomelanocortin gene 
(and hence loss of ACTH) exhibit a profound defect in 
the counterregulatory response to insulin-induced hypo-
glycemia, due largely to defective glucagon secretion. 

Although genetic defects in glucagon secretion have not 
been described, non-diabetic subjects with mutations in 
the MODY1/HNF-4α gene (HNF4A) exhibit decreased 
arginine-stimulated glucagon secretion and reduced glu-
cose-suppression of plasma glucagon,92 raising the possi-
bility that the HNF-4α transcription factor influences islet 
α cell function through a direct or indirect mechanism.

Hypoglycemia
Multiple complementary mechanisms activate α cell 
secretion during hypoglycemia. Analysis of the glycemic 
threshold for activation of counterregulatory mechanisms 
demonstrates that increased epinephrine and glucagon 
secretion constitute the initial hormonal responses to 
decreasing blood sugar. Furthermore, the glucose thresh-
old for activation of counterregulatory responses is clearly 
higher than the threshold for triggering hypoglycemic 
symptoms in normal subjects.93 Whether hypoglycemia 
itself directly stimulates glucagon secretion independent 
of autonomic input remains unclear. Nevertheless, hypo-
glycemia suppresses insulin (and β cell) secretion, which 
removes an important inhibitory influence on glucagon 
secretion. The finding that α cells express the GLUT1 
transporter and glucokinase suggests that glucose trans-
port does not appear to be a critical rate-limiting step for 
glucose metabolism in α cells, and it provides important 
insight into how α cells directly sense ambient changes in 
glucose concentrations.94,95 A role for somatostatin as an 
endogenous suppressor of glucagon release is suggested 
by studies in diabetic rodents, wherein antagonism of the 
somatostatin 2 receptor enhances the glucagon response 
and glycemic recovery after induction of hypoglycemia.96 
Hypoglycemia also stimulates glutamate release from 
α-cells, which in turn activates glucagon secretion in an 
autocrine manner.97 Glutamate release from ventrome-
dial hypothalamic neurons is a key component of the 
counterregulatory response, as mice lacking the synaptic 
vesicular glutamate transporter 2 (VGLUT2) exhibit fast-
ing hypoglycemia and a defective glucagon response to 
hypoglycemia.98 A role for gastrin in the stimulation of 
glucagon secretion has been proposed, and Gast–/– mice 
exhibit defective glucagon secretion in response to insu-
lin-induced hypoglycemia.99

The role of circulating epinephrine in the autonomic 
response to hypoglycemia is well established. Epinephrine 
directly stimulates glucagon secretion in normal human 
subjects, and stimulation of the autonomic sympathetic ner-
vous system innervation to the pancreas elicits an increase 
in α cell secretion.100,101 Furthermore, parasympathetic 
nerve stimulation, or the neurotransmitter acetylcholine 
and the neuropeptide VIP, all stimulate glucagon secretion. 
Studies using nerve transection or pharmacologic blockade 
have illustrated that these pathways exhibit some degree of 
functional redundancy, providing multiple backup mecha-
nisms to ensure that the α cell responds appropriately to 
hypoglycemia. Nevertheless, the ganglionic blocker tri-
methaphan, which impairs autonomic transmission both in 
ganglia and in the adrenal gland, markedly attenuated the 
glucagon response to hypoglycemia in normal subjects,102 
emphasizing the important link between autonomic activa-
tion and the glucagon counterregulatory response in vivo. 
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In contrast, however, pancreas transplantation restores the 
glucagon response to hypoglycemia, even in patients with 
severe autonomic neuropathy,103 illustrating the functional 
redundancy of mechanisms essential for the α cell response 
to hypoglycemia.

The identity of the specific glucose sensors that trig-
ger the appropriate counterregulatory response to hypo-
glycemia remains under active investigation. Mice with 
genetic disruption of the Kir6.2 channel exhibit normal 
functional α cells, yet display a marked defect in the 
glucagon response to hypoglycemia.104 GLUT2 expres-
sion in glial cells is essential for the glucagon response 
to hypoglycemia. The central nervous system, princi-
pally the venteromedial hypothalamus (VMH),98 and the 
splanchnic region, specifically the portal system and liver, 
also contain multiple glucose sensing systems. Selective 
perfusion of the portal venous system in rats suggests that 
the portal vein glucose concentration is a key determinant 
of the sympathoadrenal response to hypoglycemia, how-
ever mechanisms linking portal glucose sensors to control 
of islet glucagon secretion remain unclear.105 Injection 
of glucose into the portal vein activates glucose-sensitive 
neurons in the lateral hypothalamus and brainstem, sug-
gesting the possibility of a portal-CNS glucoregulatory 
axis. The detection of a markedly defective counter-
regulatory response to hypoglycemia, including absent 
glucagon and catecholamine secretion, in a patient with 
hypothalamic sarcoidosis highlights the importance of 
the hypothalamus in sensing glucose and triggering the 
release of counterregulatory hormones.106 In contrast, 
analysis of patients after removal of craniopharyngiomas 
revealed selective impairment of counterregulatory sym-
pathoadrenal activation but normal glucagon responses 
to hypoglycemia. Furthermore, human subjects with 
liver transplants and denervated livers exhibit increased 
levels of circulating glucagon and defective insulin sup-
pression of glucagon, and human islet transplantation is 
associated with a defective glucagon response to hypogly-
cemia. These findings emphasize the importance of the 
autonomic nervous system and CNS for the regulation of 
basal and hypoglycemia-stimulated glucagon secretion.

Glucagon Secretion and Diabetes
Glucagon levels are elevated in many patients with 
poorly controlled diabetes, and excess glucagon secre-
tion in response to meal ingestion is an early event often 
detectable within months of the onset of type 1 diabe-
tes.107 Remarkably, increased levels of glucagon are 
also detected in insulin-resistant adolescents, and corre-
late with progression to impaired glucose tolerance.108 
The increased glucagon secretion in the diabetic state is 
thought to reflect dysregulation of glucagon secretion, 
rather than an increased number of hyperactive α-cells; 
glucagon levels are suppressed appropriately after intra-
venous, but not after oral glucose in subjects with type 1 
diabetes, implicating a role for one or more gut-derived 
factors.109 GIP represents a nutrient-sensitive candidate 
for augmenting glucagon secretion in diabetic subjects.110 
Central infusion of brain-derived neurotrophic factor 
normalizes plasma glucagon levels, suppresses hepatic 
glucose production, and partially reverses hyperglycemia 

in rats with streptozotocin-induced diabetes.111 Simi-
larly, the correction of hyperglucagonemia using systemic 
administration of somatostatin or insulin reverses the 
majority of metabolic derangements associated with insu-
lin-deficient diabetes.112 Moreover, genetic attenuation of 
Gcgr expression in diabetic rodents results in significant 
amelioration of experimental diabetes.113,114 Hence, there 
is considerable interest in suppression of glucagon action 
for the treatment of diabetes. Despite the central impor-
tance of glucagon for control of glucose production, 
hyperglucagonemia alone, without insulin deficiency, 
does not significantly increase plasma glucose.115 In the 
presence of adequate amounts of insulin, glucose produc-
tion is suppressible despite glucagon excess, emphasizing 
the insulin:glucagon ratio, and not just the absolute level 
of glucagon, as a key determinant of glucose homeosta-
sis.116 Nevertheless, hyperglucagonemia is associated 
with increased leucine oxidation and resting metabolic 
rate in subjects with type 1 diabetes, reemphasizing the 
importance of both insulin and glucagon in the catabo-
lism associated with suboptimally treated diabetes.117

The application of intensive insulin therapy to the 
management of patients with type 1 and type 2 diabe-
tes is associated with an increased incidence of hypo-
glycemia, and heightened awareness of the importance 
of counterregulatory mechanisms for maintaining nor-
moglycemia. A number of factors may impair glucagon 
release in insulin-treated patients with type 1 diabetes 
including intensive insulin administration, hyperglyce-
mia, and diminished autonomic stimulation of the α 
cell.91 Although the glucagon response to hypoglycemia 
is initially normal in patients with type 1 diabetes, this 
response frequently becomes defective, increasing the 
susceptibility of patients to hypoglycemia.118 Impaired 
counterregulation and hypoglycemia has been observed 
in young adolescent patients with a very short duration 
of diabetes,119 suggesting that even brief episodes of 
hypoglycemia represent an independent risk for develop-
ment of an abnormal α cell response. The α cell dysfunc-
tion in type 1 diabetes is often selective, as the response 
to hypoglycemia may be absent, yet glucagon secretion 
may respond normally to arginine stimulation.120 Fur-
ther evidence emphasizing the importance of intra-islet 
hyperinsulinemia or other β-cell-derived products in the 
suppression of glucagon secretion derives from observa-
tions that tolbutamide-infused subjects exhibit profound 
defects in the glucagon response to hypoglycemia.121

Importantly, restoration of normoglycemia for sev-
eral months may decrease hypoglycemia unawareness in 
association with improvement in the glucagon response 
to hypoglycemia in some studies.122 However, a dissocia-
tion between improvement in hypoglycemia unawareness 
and persistence of defective counterregulatory responses 
has also been observed.123 Although not completely 
understood, antecedent hypoglycemia in type 1 diabetes 
can produce counterregulatory failure during subsequent 
episodes of prolonged moderate-intensity exercise,124 
emphasizing the complex interrelationship between insu-
lin-induced and exercise-associated counterregulation.

Multiple defects likely contribute to α cell dysfunction 
in patients with diabetes. Patients with some residual β cell 
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function, as assessed by C-peptide stimulation, appear to 
be at decreased risk for hypoglycemia due in part to pre-
served counterregulatory glucagon responses. Additional 
contributing factors may include subtle impairment of 
autonomic stimulation following repeated hypoglycemic 
episodes. Nevertheless, impaired epinephrine and gluca-
gon responses to insulin-induced hypoglycemia have been 
observed after a single antecedent hypoglycemic episode 
in nondiabetic subjects,125 although increased levels of 
cortisol alone do not acutely induce defects in hypoglyce-
mic counterregulation. Intriguingly, oral administration of 
amino acids improves cognitive function and the glucagon 
response to hypoglycemia in both normal subjects and 
individuals with type 1 diabetes.126 Taken together, these 
observations emphasize the susceptibility of the normal  
α cell to episodes of hypoglycemia, ultimately leading to 
sustained defects in the glucagon response to hypoglycemia.

GLUCAGON ACTION
The importance of glucagon in the control of hepatic glu-
cose metabolism provides a useful model for analysis of 
hormone action in metabolic pathways. Genetic abla-
tion of α cells in mice using transgenic diphtheria toxin 
reveals that even a very small number (2%) of residual islet 
α cells is sufficient to maintain euglycemia and a normal 
counterregulatory response to hypoglycemia.127 Glucagon 
stimulates glucose production via activation of hepatic 
glycogenolysis and gluconeogenesis, and by inhibition of 
glycolysis. Following activation of the hepatic glucagon 
receptor, adenylyl cyclase activity is increased, leading to 
activation of protein kinase A, phosphorylase kinase, and 
increased rates of glycogenolysis via glycogen phosphory-
lase and inactivation of glycogen synthase.128 Experimental 
obesity is associated with inflammation, activation of the 
noncanonical NIK–NF-κB2 pathway, and potentiation of 
glucagon action via stabilization of the CREB protein, lead-
ing to enhanced hepatic glucose production.129 Similarly, 
tumor necrosis factor receptor–associated factor (TRAF)2 
modulates hepatic glucagon sensitivity via augmentation 
of glucagon-stimulated CREB phosphorylation, leading 
to enhanced gluconeogenic gene expression and increased 
hepatic glucose production.130 Glucagon also regulates 
fatty acid metabolism via reduction of malonyl CoA and 
stimulation of fatty acid oxidation and stimulates secre-
tion of fibroblast growth factor 21 in rodents and humans, 
which may contribute to its actions on lipid metabolism.131 
The cyclic AMP-dependent transcription factor is an impor-
tant downstream mediator for glucagon action, acting in 
part through activation of the nuclear receptor coactivator 
PGC-1, and suppression of PPARγ activity, which induces 
a metabolic program enhancing hepatic gluconeogenesis.132 
Intriguingly, the actions of metformin to suppress hepatic 
glucose production appear mediated in part via reduction 
of cyclic AMP levels in hepatocytes, thereby antagonizing 
the actions of glucagon to increase hepatic glucose output 
in experimental and clinical diabetes.133

In adipocytes, glucagon increases cyclic AMP and 
stimulates lipolysis, providing free fatty acids as sub-
strate for fat-burning tissues. Whether the adipocyte 
actions of glucagon are largely direct, or indirect, in 

part through enhanced secretion and action of fibroblast 
growth factor-21, requires further investigation.131,134 
Glucagon also inhibits insulin-stimulated glucose trans-
port in adipocytes through effects on insulin binding and 
via postreceptor mechanisms,135 and short-term gluca-
gon administration to achieve physiologic levels in dogs 
reduces glucose uptake in hepatic and non-hepatic tis-
sues.136 In the peripheral vascular system, glucagon func-
tions as a vasodilator via effects on local vascular tone, 
and systemic glucagon administration increases cardiac 
output and heart rate, possibly via direct effects on the 
heart.137 Pharmacologic doses of glucagon increase renal 
blood flow, glomerular filtration rate, and urinary elec-
trolyte excretion138; the kidney also exhibits significant 
gluconeogenic capacity and may account for up to 25% 
of systemic glucose production in humans.139 Although 
renal glucose output is markedly increased in subjects 
with diabetes, and hypoglycemia increases renal glucose 
output in association with increased release of counter-
regulatory hormones, the available evidence does not 
support an important role for glucagon in the control of 
renal glucose output.140

The Glucagon Receptor
The actions of glucagon are transduced via activation 
of the glucagon receptor (GCGR), a 7-transmembrane– 
spanning G-protein–coupled receptor. The cloned receptor 
responds to glucagon with increases in both intracellular 
cyclic AMP and calcium.141 The human glucagon receptor 
gene has been localized to chromosome 17q25. Although 
activating mutations of the GCGR gene have been gene-
rated by mutagenesis in vitro, no constitutively active 
GCGR mutations have been reported in human subjects. 
Several population studies have described a Gly40Ser 
mutation linked to increased development of diabetes 
and/or hypertension; whether this mutation directly con-
tributes to a diabetes predisposition, or is associated with 
other genes that increase diabetes susceptibility in certain 
populations, remains unclear.

The tissue distribution of GCGR expression correlates 
well with studies localizing high-affinity glucagon bind-
ing sites, with GCGR mRNA transcripts detected in liver, 
brain, adipocytes, heart, kidney, and islet β cells. Rat Gcgr 
mRNA transcripts have also been detected in spleen, thy-
mus, adrenal gland, ovary, and testis, nonclassical target 
tissues where glucagon action remains poorly defined.142 
Although glucagon action has been extensively studied in 
the liver and adipocytes, the precise biological importance 
of glucagon in the brain remains unclear. The brainstem 
is the principal site of CNS Gcg expression,143 however 
PGDPs are transported from the brainstem along nerve 
fibers to multiple brain regions.144 Consistent with these 
findings, glucagon binding sites are detected in multiple 
brain regions, and the glucagon receptor is expressed in cor-
tex, cerebellum, hypothalamus, and brainstem, however the 
specific biological action of glucagon in each of these CNS 
regions remains unclear. Intracerebroventricular injection 
of glucagon in rodents causes hyperglycemia and increases 
sympathetic nervous system discharge; whether these find-
ings are relevant to physiologic control of glucose homeo-
stasis requires further analysis. Nevertheless, intracerebral 
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infusion of glucagon in the region of the mediobasal hypo-
thalamus increased c-Fos and pCREB expression, inhibited 
hepatic glucose production (HGP), and improved glucose 
tolerance in rats and mice, whereas inhibition of glucagon 
action with a monoclonal antibody or receptor antagonist 
abrogated these effects. These actions required an intact 
hepatic branch of the vagus nerve, suggesting that brain 
glucagon signaling acts as a brake to diminish hepatic glu-
cagon action. The central actions of glucagon to inhibit 
HGP were lost after 3 days of high-fat feeding in rat.145

The β cell glucagon receptor is coupled to cyclic AMP 
formation and stimulation of insulin secretion. The 
threshold for glucagon-stimulated cAMP accumulation in 
isolated β cells is ∼1-nM glucagon, higher than the concen-
trations required for cyclic AMP stimulation by GLP-1 or 
GIP.146 The physiologic importance of endogenous gluca-
gon for β cell physiology in vivo remains unclear, given 
the direction of islet blood flow, the peripheral location 
of islet α cells in rodents, and the high concentrations of 
glucagon required to stimulate the β cell in vitro.

Insight into glucagon action derives from the use of 
antagonists, immunoneutralizing antisera, glucagon 
receptor knockout mice,20,147 and mice with genetic inac-
tivation of the proglucagon (Gcg) gene.2,148 Glucagon 
is essential for control of hepatic lipid metabolism and 
fatty acid oxidation, as Gcgr–/– mice exhibit enhanced 
sensitivity to development of fatty liver149 and defective 
mobilization of hepatic lipid in response to exercise.150 
Gcgr–/– mice also exhibit marked elevations in plasma 
glucagon, mild fasting hypoglycemia, increased pancre-
atic weight, α cell hyperplasia, and increased circulating 
levels of the PGDPs. The compensatory mechanisms suf-
ficient for maintaining glucose production or augment-
ing α cell number and glucagon secretion, despite the 
complete absence of hepatic glucagon receptor signaling, 
remain unknown; glucoregulation in Gcgr–/– mice may 
be preserved in part by upregulation of insulinotropic 
receptors on β cells151 and by enhanced secretion of FGF-
21. These phenotypes, including hyperglucagonemia and 
α cell hyperplasia, are almost completely recapitulated in 
mice with liver-specific disruption of the Gcgr,152 and in 
mice with liver-specific inactivation of the Gs alpha sub-
unit (Gsα) gene.153 Similarly, disruption of the entire Gcg 
gene also leads to α cell hyperplasia, yet no significant 
changes in L cell numbers were detected.2 Hence, mark-
edly diminished or absent hepatic Gcgr signaling invokes 
compensatory responses to augment pancreatic glucagon 
production and increase α cell number, through incom-
pletely understood mechanisms.

Both the liver and kidney contribute to glucagon 
clearance from the circulation, however these sites 
account for less than 50% of glucagon clearance, impli-
cating additional tissues as sites for glucagon clearance 
or degradation.154 Glucagon action is terminated via 
extracellular and intracellular degradation pathways. 
Glucagon-degrading activity within hepatic endosomes 
has been attributed to cathepsins B and D in studies 
using cathepsin inhibitors,155 and both glucagon and 
GLP-1 are substrates for the widely expressed membrane-
bound neutral ectopeptidase (NEP) 24.11.156 CREB-
regulated transcription coactivator 2 (CRTC2) regulates 

both glucagon action and glucagon clearance, through 
incompletely understood mechanisms. An endopeptidase 
activity has been described that cleaves 29–amino acid 
glucagon to “mini-glucagon,” also known as glucagon 
(19-29), in various tissues. The physiologic importance 
of mini-glucagon remains uncertain; whether glucagon 
(19-29) exerts physiologically relevant effects in the heart 
or β cell via a separate unique receptor remains unclear.

Pharmaceutical Use of Glucagon in Human Patients
Glucagon is employed as both a diagnostic and thera-
peutic agent. Although historically used for the diagno-
sis of pheochromocytoma, stimulation of catecholamine 
secretion in such patients may be dangerous and hence 
the glucagon stimulation test is not recommended. Gluca-
gon may also be employed as part of a diagnostic test in 
patients with hypoglycemia of unknown origin. The most 
common clinical application of glucagon therapeutically 
is in the adjunctive management of severe hypoglycemia. 
Diabetic patients with hypoglycemia generally respond 
quickly with a rapid increase in blood glucose to intra-
nasal, intramuscular, or subcutaneous glucagon.157,158 
Glucagon is also used to inhibit gastrointestinal motil-
ity during radiologic investigations, and several studies 
have reported the efficacy of glucagon administration in 
patients with bronchospasm, symptomatic bradycardia, 
or refractory hypotension.

Investigational Programs Manipulating Glucagon Action
The importance of preventing hypoglycemia in the man-
agement of diabetic subjects has fostered interest in the 
investigational use of long-acting glucagon analogues, 
or closed-loop systems delivering low-dose glucagon as 
adjunctive management for the treatment of type 1 diabe-
tes.159 The central role of glucagon in the pathophysiology 
of hyperglycemia has also engendered studies exploring 
whether suppression of glucagon action may be useful 
for the treatment of type 2 diabetes mellitus.160 Although 
reduction of glucagon action, achieved using genetic manip-
ulation of GCGR expression, immunoneutralization of cir-
culating glucagon, or antagonism of glucagon action at the 
GCGR, potently reduces glycemia in experimental mod-
els of diabetes and in human diabetic subjects, the use of 
GCGR antagonists may be associated with safety concerns 
focused on increases in plasma lipids and liver enzymes.

As glucagon increases energy expenditure and reduces 
appetite, leading to weight loss in rodents, analogues of 
oxyntomodulin that interact with both glucagon and 
GLP-1 receptors, together with balanced glucagon-GLP-1 
co-agonists, are being assessed in clinical studies of obe-
sity and diabetes.161 Whether these approaches will prove 
to be efficacious and safe for the treatment of human 
metabolic disorders requires careful clinical assessment.

Glucagon Excess and Deficiency
Glucagonomas presenting as solitary lesions or as part 
of a multiple endocrine neoplasia syndrome are most 
commonly detected in the pancreas and associated with 
significant elevations in the levels of circulating glucagon 
and PGDPs.162 Rarely, extrapancreatic glucagon-producing 
tumors have been reported in sites including the kidney 
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and ovary. Although many gut carcinoid tumors contain 
PGDP immunoreactivity, they are not generally associated 
with the development of a “glucagonoma syndrome.” 
Glucagonoma patients classically present with a pathog-
nomonic skin rash termed necrolytic migratory erythema, 
a pancreatic mass, weight loss, glossitis, anemia, and some 
degree of glucose intolerance.163 The clinical presentation 
can be variable, reflecting adaptation to the metabolic 
effects of tumor-secreted PGDPS and tumor-specific dif-
ferences in posttranslational processing of proglucagon. 
Rarely, patients with glucagonomas may exhibit intesti-
nal hyperplasia, due to release of GLP-2.164 Treatment 
of glucagonomas involves surgical resection with chemo-
therapy, attempted suppression of PGDP secretion and 
tumor growth with somatostatin analogues, or adjunc-
tive radiotherapy, which is often indicated in patients 
with malignant disease. Experimental glucagonomas 
have been studied in rodents, and features such as severe 
anorexia and reduction in islet size remain incompletely 
understood.165,166 Several reports have described isolated 
cases of glucagon deficiency in infants with hypoglyce-
mia, however these cases are extremely rare. The molecu-
lar basis for the putative glucagon deficiency and whether 
congenital glucagon deficiency is compatible with sur-
vival remains unknown.

THE GLUCAGON-LIKE PEPTIDES: GLP-1 AND GLP-2
The proglucagon gene is expressed in the gastrointestinal 
tract in the stomach, and to a much greater extent, in 
both small and large intestine. The intestinal, brain, and 
pancreatic mammalian proglucagon mRNA transcripts 
are identical in structure, hence tissue-specific posttrans-
lational processing liberates the glucagon-like peptides in 
the brain and gastrointestinal tract. Much less is known 
about the molecular control of L cell development and 
intestinal GLP-1 and GLP-2 biosynthesis. The transcrip-
tion factors cdx-2/3, pax6, and members of the HNF3 
(Foxa) family are expressed in enteroendocrine cells and 
regulate Gcg transcription in islets and L cells. Transcrip-
tion factors, such as Arx, are expressed in enteroendo-
crine progenitors and may indirectly contribute to control 
of endocrine cell development in the gut. Neurogenin-3 
is an essential upstream determinant of global entero-
endocrine cell development. SEYNEU mice with a domi-
nant negative pax6 mutation exhibit a marked reduction 
in the levels of proglucagon mRNA transcripts in both 
small and large intestine. Hence, the pax6 gene is essen-
tial for both islet and enteroendocrine Gcg transcription. 
Transcription factor 7–like 2 enhances intestinal proglu-
cagon biosynthesis in L cells, and mice with dominant 
negative expression of TCF7L2 under the control of the 
Gcg promoter exhibit reduced intestinal but normal pan-
creatic Gcg expression.167 Nevertheless, genotypic varia-
tion within the Tcf7L2 locus is not consistently associated 
with reduced GLP-1 levels in humans. Proglucagon bio-
synthesis in the gut is upregulated by nutrient intake with 
feeding and fiber-enriched diets increasing Gcg expres-
sion in the proximal and distal intestine, respectively. 
Inflammation or injury to the pancreas may be associ-
ated with upregulation of a local islet GLP-1 system via 

induction of PCSK1 expression in islet α cells,168,169 how-
ever whether meaningful levels of bioactive pancreatic 
GLP-1 are produced in the uninjured human pancreas 
requires additional study.

Glucagon-Like Peptide-1
GLP-1, in both (7-37) and (7-36amide) molecular forms, 
is liberated from proglucagon via posttranslational pro-
cessing and secreted from intestinal endocrine cells in a 
nutrient-dependent manner. Although enteroendocrine  
L cells are distributed along the length of the entire gas-
trointestinal tract, the largest numbers of L cells are found  
in the terminal ileum and proximal colon. The rapid 
increase in plasma GLP-1 following food ingestion has 
fostered interest in the existence of a proximal-distal loop, 
whereby nutrients entering the duodenum and proximal 
jejunum trigger endocrine and/or neural signals that acti-
vate GLP-1 secretion from the distal small bowel. Studies 
in rats have identified GIP as one putative component of 
such a signaling system. The specific signaling mechanisms 
utilized by nutrients for direct and indirect stimulation 
of GLP-1 secretion in humans are not completely under-
stood, however L cells express a large number of nutri-
ent-sensing receptors, enabling direct stimulation of L cell 
secretion.170 The biguanide metformin rapidly enhances 
GLP-1 secretion in rodents and humans and upregulates 
islet incretin receptors through mechanisms requiring per-
oxisome proliferator-activated receptor alpha (Pparα).171 
Ingestion of fat promotes secretion of cholecystokinin 
and GLP-1 in humans, and the rise in plasma GLP-1 lev-
els is abolished by co-administration of the cholecystoki-
nin receptor A antagonist dexloxiglumide.172

The regulation of GLP-1 bioactivity is dependent to a 
large extent on the rate of GLP-1 degradation and clear-
ance. Both GLP-1 and GLP-2 contain an alanine residue 
at position 2, rendering these molecules substrates for 
enzymatic inactivation by dipeptidyl peptidase-4 (DPP-
4). DPP-4 expressed locally in the intestine proximal to 
sites of GLP-1 synthesis, cleaves circulating GLP-1 to 
yield GLP-1 (9-37/9-36amide).173 Although GLP-1 (9-37/ 
9-36amide) displays weak binding affinity for the GLP-1 
receptor and is theoretically a circulating antagonist of 
GLP-1 action, infusion of GLP-1(9-36amide) has mod-
est insulin-independent effects on glucose tolerance and 
insulin secretion in human subjects.174,175 Nevertheless, 
a substantial amount of total GLP-1 immunoreactivity 
circulates as GLP-1 (9-37/9-36amide), and assays that do 
not distinguish between intact GLP-1 and cleaved GLP-1 
(9-37/9-36amide) will overestimate the circulating concen-
trations of bioactive GLP-1. More recent studies indi-
cate that pharmacologic administration of GLP-1(9-36) 
or its cleavage product GLP-1(28-36) enhances cardiac 
function in preclinical studies176,177 and inhibits hepatic 
glucose production in rodents and obese human subjects, 
possibly through actions targeting mitochondria.178

Due to rapid DPP-4–mediated inactivation of GLP-1 
and to renal clearance, the t½ of circulating intact bio-
active GLP-1 is very short, generally less than 1 minute. 
These findings fostered efforts to develop potent long-
acting GLP-1 receptor (GLP-1R) agonists resistant to 
DPP-4-mediated inactivation. Multiple inhibitors of the 
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DPP-4 enzyme have also been developed that lower glu-
cose in subjects with type 2 diabetes.

GLP-1 controls postprandial glycemic excursion via 
stimulation of glucose-dependent insulin secretion and 
by inhibition of glucagon secretion and gastric emptying 
(Fig. 34-2). GLP-1R agonists also regulate growth and, to 
a lesser extent, development of the endocrine pancreas in 
rodents.179 GLP-1 receptor activation promotes cell sur-
vival in β cells via increased levels of cyclic AMP, leading 
to CREB activation, enhanced IRS-2 activity, and, ulti-
mately, activation of Akt. GLP-1 also stimulates IGF-2 
secretion, which enhances cell survival and promotes β 
cell glucose competence through the IGF-1 receptor.180 In 
young animals, GLP-1 receptor activation expands β cell 
mass and promotes resistance to β cell injury, however 
these actions are diminished or absent in older rodents. 
Physiologically, loss of endogenous GLP-1 receptor sig-
naling action in Glp1r–/– mice results in defects in the 
formation of large islets and enhanced susceptibility to 
apoptotic injury.181 Although there is ongoing enthusi-
asm for exploring the use of GLP-1R agonists in combi-
nation with insulin for the treatment of type 1 diabetes, 
such use remains investigational at present.

Inhibition of gastric emptying accounts for a signifi-
cant part of the acute glucose-lowering actions of GLP-1, 
especially in patients with type 1 diabetes. Sensations of 
increased satiety, nausea, and decreased appetite are com-
mon following GLP-1 infusion in human subjects,182 and 
GLP-1 likely decreases appetite via both central effects 
on nuclei involved in feeding and, to a lesser extent, 
via peripheral effects on gastric emptying. GLP-1 also 
reduces intestinal chylomicron secretion in rodents and 
in humans,183,184 findings reproduced in human diabetics 
following administration of GLP-1R agonists or DPP-4 
inhibitors.185

GLP-1 exerts its actions through a G-protein–coupled 
receptor structurally related to the glucagon/secretin recep-
tor superfamily.186 GLP-1 transduces its signal through 
both cyclic AMP and calcium-dependent pathways. 
Although a potential candidate diabetes gene, the GLP-1 
receptor (GLP1R) localized to human 6p21 has not been 

associated with linkage to families with type 2 diabetes. 
Similarly, no GLP1R mutations have been identified in 
individuals with diabetes, nor have activating mutations 
of the GLP1R been described in human subjects.

Evidence for the importance of GLP-1 in glucose con-
trol derives from studies using GLP-1 antagonists. Infu-
sion of exendin (9-39) into rats or humans increases blood 
glucose in association with relative decreases in insulin 
levels.187,188 Similarly, immunoneutralization of GLP-1 
activity increased both fasting and meal-related glycemic 
excursions in baboons.189 Furthermore, Glp1r–/– mice 
exhibit glucose intolerance, with abnormalities in both 
fasting and postprandial glycemia and subnormal levels 
of glucose-stimulated insulin.190

Therapeutic Use of GLP-1R Agonists for the  
Treatment of Type 2 Diabetes
Multiple degradation-resistant GLP-1R agonists have 
been developed for the treatment of type 2 diabetes, 
including the lizard peptide exendin-4 (exenatide), exena-
tide once weekly, the carboxyterminal extended exen-
din-4 derivative lixisenatide, and the acylated human 
GLP-1 analogue liraglutide. Continuous enhancement 
of GLP-1 action for 24 hours a day is superior for glu-
cose control than shorter durations of GLP-1 receptor 
activation.191,192

Dose-limiting side effects of GLP-1R agonists are nau-
sea and vomiting that generally wane over time, yet may 
persist in up to 10% of treated subjects. Therapy with GLP-
1R agonists is often associated with weight loss; impor-
tantly, the majority of subjects that experience weight 
loss do not report nausea and vomiting. Indeed, higher 
doses (3 mg) of the GLP-1R agonist liraglutide are under 
investigation for the treatment of obesity.193 Pancreatitis 
has been reported as a rare complication of therapy with 
GLP-1R agonists, however a definitive mechanism linking 
GLP-1R activation to inflammation of the pancreas has 
not yet been identified, and GLP-1R agonists exhibit anti-
inflammatory actions in rodents and humans.194

Oxyntomodulin is a 37–amino acid peptide that con-
tains the sequence of glucagon and an 8–amino acid 

Figure 34-2 Metabolic actions of 
the glucagon-like peptides GLP-1 
and GLP-2.
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carboxyterminal extension (see Fig. 34-1). Oxyntomodu-
lin is a “co-agonist” capable of engaging both GLP-1 and 
glucagon receptors195; a separate oxyntomodulin receptor 
has not been identified. Exogenous oxyntomodulin stimu-
lates insulin secretion, lowers blood glucose, reduces food 
intake, and promotes weight loss in preclinical and short-
term clinical studies. Similarly, potent glucagon-GLP-1 
co-agonists exert superior actions on satiety and weight 
loss relative to GLP-1R agonists, yet retain the glucoregu-
latory actions of GLP-1 in preclinical studies.161 Short-
term oxyntomodulin administration produces satiety, 
weight loss, and increased energy expenditure in human 
subjects.196,197 Hence multiple co-agonists are being 
evaluated as glucoregulatory and anorectic agents for the 
treatment of type 2 diabetes mellitus and/or obesity.161

Dipeptidyl Peptidase-4 Inhibitors
The rapid degradation of GLP-1 and GIP by dipeptidyl 
peptidase-4 (DPP-4) fostered the development of mul-
tiple DPP-4 inhibitors for the treatment of type 2 dia-
betes.198-200 DPP-4 inhibitors preserve circulating levels 
of bioactive intact GLP-1 and GIP and lower glucose 
through stimulation of insulin and inhibition of glu-
cagon secretion, actions mediated through the GLP-1 
and GIP receptors.201 The Dpp4 gene is essential for 
incretin degradation and glucose homeostasis as genetic 
elimination of Dpp4 results in increased plasma levels 
of intact bioactive incretins, enhanced insulin secretion, 
and reduced glycemic excursion.202 A compelling use of 
DPP-4 inhibitors in subjects with type 2 diabetes melli-
tus appears to be early initial combination therapy with 
metformin,203 perhaps reflecting the actions of metfor-
min to increase circulating levels of GLP-1, and enhance 
islet incretin responsivity.171,204 DPP-4 inhibitors are 
well tolerated, weight neutral, and associated with a 
low risk for hypoglycemia. As DPP-4 regulates immune 
function and enzymatically cleaves a broad spectrum 
of endocrine, chemokine, and regulatory peptides, the 
long-term safety of DPP-4 inhibitors remains under scru-
tiny. Nevertheless, these drugs have been used clinically 
since 2006 and appear to convey a favorable risk:benefit 
proposition for the majority of diabetic subjects.205 
Although both GLP-1R agonists and DPP-4 inhibitors 
produced cardioprotective actions in preclinical studies, 
there is no compelling evidence that these agents will 
reduce the development of heart attacks or strokes in 
human subjects.206 No difference in rates of cardiovas-
cular outcomes were observed in patients treated with or 
without DPP-4 inhibitors (alogliptin and saxagliptin) for 
18 to 24 months.207,208 The overlapping and contrasting 
actions of GLP-1R agonists versus DPP-4 inhibitors are 
illustrated in Figure 34-2.

Glucagon-Like Peptide-2
GLP-2 is co-secreted with GLP-1 from intestinal endo-
crine cells and is trophic to the mucosal epithelium (Fig. 
34-3).209 The presence of an alanine residue at position 2 
(see Fig. 34-1) predicted that GLP-2, like GLP-1, would be 
inactivated by DPP-4, and significant amounts of biologi-
cally inactive GLP-2 (3-33) were demonstrated in rodent 
and human plasma.210 Similarly, analogues of GLP-2 

designed to resist DPP-4–mediated cleavage are more 
potent and efficacious in vivo. Intravenous administra-
tion of GLP-2 stimulates intestinal glucose transport and 
nutrient absorption within minutes, and a single injection 
of GLP-2 rapidly enhances barrier function in the mouse 
gut, demonstrating that GLP-2 exerts acute actions inde-
pendent of bowel growth in the gastrointestinal tract.

A G-protein–linked GLP-2 receptor, related in sequence 
to the glucagon and GLP-1 receptors, has been identi-
fied211 and localized to human enteroendocrine cells, 
myofibroblasts, and enteric neurons. GLP-2 promotes 
mucosal regeneration and prevents apoptosis in experi-
mental models of intestinal resection and inflammation 
including small bowel enteritis, chemotherapy-induced 
mucosal injury, and ischemic gut injury.212-214 Inactiva-
tion of the Glp2r gene in mice impairs the adaptive muco-
sal response to refeeding and enhances the susceptibility 
to small bowel injury.215,216

The importance of exogenous GLP-2 for maintenance 
of the small-intestinal villous epithelium is illustrated by 
preclinical studies demonstrating that GLP-2 prevented 
mucosal villous hypoplasia in parenterally fed rats.217 
Administration of native GLP-2 twice daily to human 
subjects with short bowel syndrome improved energy 
absorption, decreased fluid loss, and increased body 
weight, in association with increased mucosal thickness 
in biopsy specimens.218,219 A degradation-resistant stable 
human GLP-2 analogue, teduglutide, was evaluated in 
two clinical trials of human subjects with short bowel 
syndrome dependent on parenteral nutrition. Once-daily 
teduglutide improved nutrient absorption and decreased 
parenteral nutrition requirements while maintaining 
urine output and body weight in studies ranging from 
26 to 52 weeks.220,221 Teduglutide was approved by 
regulatory authorities for the treatment of short bowel 
 syndrome in 2012.

In summary, the importance of pancreatic-derived 
glucagon in the control of glucose homeostasis encom-
passes the critical role of glucagon as a primary defense 
against hypoglycemia. Given the major role of glucagon 
in the pathophysiology of hyperglycemia, there remains 

GLP-1 RECEPTOR AGONISTS AND DPP-4 INHIBITORS
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ongoing interest in reducing glucagon action for the 
treatment of type 2 diabetes. Conversely, co-agonists that 
activate the glucagon receptor, producing anorexia and 
weight loss, remain under active study as possible new 
therapies for obesity, with or without diabetes. GLP-1R 
agonists are being explored for the treatment of type 1 
diabetes and obesity, and insulin-GLP-1R agonist combi-
nation therapy appears promising. DPP-4 inhibitors are 
also being combined with different classes of oral antidia-
betic agents in fixed-dose combinations. GLP-1R agonists, 
DPP-4 inhibitors, and GLP-2R agonists (teduglutide) are 
being assessed in pediatric populations. The therapeutic 

utility of these agents has rekindled interest in the biology 
of enteroendocrine peptides, and the long-term safety of 
manipulating gut hormone action in human subjects with 
disorders of nutrient homeostasis.
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In the fasting (or postabsorptive) state, the plasma glucose 
concentration in a healthy adult is maintained within a 
very narrow range: 65 to 105 mg/dL (3.6 to 5.8 mmol/L). 
Under these conditions, insulin-independent tissues, the 
brain (50% to 60%), and splanchnic organs (20% to 
25%) account for the majority of total body glucose uti-
lization. Muscle, an insulin-dependent tissue, is respon-
sible for most of the remaining 20% to 25% of glucose 
disposal.1,2 The basal rate of tissue glucose uptake is pre-
cisely matched to the rate of glucose output by the liver; in 
fact, fasting endogenous glucose release is best correlated 
with body fat-free mass. After the ingestion or infusion of 

glucose, this fine balance between hepatic glucose produc-
tion and tissue glucose utilization is disrupted, and main-
tenance of normal glucose homeostasis in the fed state is 
dependent on four processes that occur simultaneously 
and in a coordinated fashion: (1) in response to hyper-
glycemia, insulin secretion is stimulated; (2) the combi-
nation of hyperinsulinemia and hyperglycemia augments 
glucose uptake by splanchnic (liver and gut) and periph-
eral (primarily muscle and fat) tissues; (3) both insulin 
and hyperglycemia suppress hepatic glucose production;  
(4) insulin inhibits lipolysis in adipocytes, and the 
reduction in plasma free fatty acid (FFA) concentration 

K E Y  P O I N T S

 •  During fasting conditions, the rate of total body glucose uptake is precisely balanced by 
endogenous glucose production from the liver (80%) and kidney (20%).

 •  Following ingestion of a meal, the rise in plasma glucose and insulin, in combination 
with activation of the gut factor, combine to suppress endogenous glucose production 
and stimulate glucose uptake in liver and muscle.

 •  Glucose uptake and metabolism following a meal is dependent upon the coordinate 
activation of the insulin signal transduction system, glucose transport/phosphorylation, 
glycogen synthase, the PDH complex, and the mitochondrial chain.
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enhances muscle glucose uptake and facilitates the sup-
pression of hepatic glucose production.3 Glucose uptake 
by fat cells accounts for <10% of an ingested or infused 
glucose load in a lean adult in whom fat mass averages 
25% of body weight in women and 15% in men. Adi-
pose tissue glucose uptake can increase to 15% to 20% of 
ingested glucose in the obese subject. In this chapter, we 
review the whole-body and cellular mechanisms by which 
pancreatic hormones (insulin and glucagon) regulate the 
normal trafficking of substrates between the splanchnic 
tissues (liver and gastrointestinal tract) and the glucose-
utilizing organs in the fed and fasting conditions.

ENERGY METABOLISM
All living organisms require a constant generation of 
energy to maintain viability. In humans, this energy 
comes in the form of adenosine triphosphate (ATP), 
which is derived from the oxidation of foodstuffs. Because 
humans feed intermittently, it is necessary to build up a 
sufficient energy reservoir that will be adequate to supply 
a constant input of metabolic fuels for oxidation during 
interfeeding periods. To accomplish this, the body has 
developed an intricate metabolic network with multiple 
checks and balances—hormonal, neural, and substrate—
which ensure a steady supply of metabolic fuels to the 
tissues. This is particularly crucial for the brain and other 
neural tissues that use glucose exclusively as their energy 
source (except under unusual conditions of prolonged 
fasting, when ketone bodies can substitute in part for glu-
cose). Because of the obligate dependence of the brain on 
glucose and because of the intermittent feeding behavior 
of humans, they must ingest more calories than necessary 
for immediate energy use and store the excess calories in 
body depots, which can be mobilized efficiently at a later 
time for use by the tissues of the body.

From the quantitative standpoint, fat represents the 
major energy source in the body (Table 35-1). An adult 
of ideal body weight (70 kg) possesses approximately  
12 kg of triglyceride, which is stored within adipose tissue.4 

If this fat were completely mobilized and  oxidized, it 
would provide about 110,000 kcal. Assuming an average 
metabolic rate of 2000 kcal/day, this would be sufficient 
to sustain the body’s energy needs for 55 days. In addi-
tion to its abundance, fat is a more efficient energy source 
than either glycogen or protein, because 9.5 kcal is gen-
erated for every gram of fat that is completely oxidized. 
The comparable energy value for glycogen and protein 
is 4 kcal/g. Moreover, fat is a less cumbersome storage 
form of energy because it exists in a nearly anhydrous 
form in the adipocyte, whereas each gram of glycogen 
and protein requires approximately 3 g of water. From 
these considerations, it is obvious that the caloric den-
sity of adipose tissue (∼8.5 kcal/g of fat) is much greater 
than the caloric density of either glycogen or protein  
(∼1 kcal/g). Viewed in another way, if one were to replace 
the amount of energy stored in fat with an equivalent 
amount of energy in the form of glycogen or protein, 
the body weight of our hypothetical 70-kg man would 
expand to 160 kg. This has major adaptive disadvantages 
for a species that depends on mobility for survival.

Because the major storage form of energy in the body 
is fat, but the brain and other neural tissues have an obli-
gate need for glucose, the body must have a readily avail-
able form of carbohydrate. This is provided by glycogen. 
In a 70-kg man, approximately 80 g of carbohydrate is 
stored as liver glycogen and 400 g as muscle glycogen.4 
Because muscle does not contain glucose-6-phosphatase 
(G6Pase), it cannot generate free glucose for transporta-
tion to other tissues. However, glycogenolysis in muscle 
can provide a readily available source of glucose for local 
needs in response to acute muscular activity. In addi-
tion, muscle-derived lactate, pyruvate, and alanine can be 
transported via the blood to the liver, where they are used 
for gluconeogenesis during starvation or prolonged exer-
cise. In contrast to muscle, the liver contains all the neces-
sary enzymatic machinery to produce free glucose from 
glycogen and to synthesize new glucose from gluconeo-
genesis precursors. Thus, for short-term metabolic needs, 
liver glycogen represents the principal carbohydrate res-
ervoir for the energy needs of the brain. As can be seen in 
Table 35-1, the amount of energy contained in circulating 
glucose is quite small.

Glycogen metabolism is controlled by a cascade of 
reversible phosphorylation-dephosphorylation reactions 
that ultimately converge on the more proximal enzymes 
that catalyze glycogen synthesis (glycogen synthase) and 
glycogen degradation (glycogen phosphorylase). Both the 
synthesis and breakdown of glycogen are regulated by 
complex, interacting mechanisms involving substrates as 
well as hormones and neural inputs. In subsequent sec-
tions of this chapter, we review some key aspects of the 
control of glycogen metabolism.

From a theoretical standpoint, protein also represents a 
large reservoir of energy. A 70-kg man possesses approxi-
mately 6 kg of protein, with a potential energy value of 
24,000 kcal.4 However, each protein in the body has a 
specific function—for example, an integral constituent of 
cell membranes and organelles, an enzyme, a contractile 
element such as actin or myosin, or a specific transporter of 
some essential nutrient, element, or vitamin. An excessive 

TABLE 35-1 Tissue and Circulating Energy 
Content Provided by the Three Major Fuels: Fat, 
Carbohydrate, and Protein

Fuel Mass (g) Energy (kcal)

Tissue Depots

Adipose Triglyceride 12,000 110,000
Muscle Protein 6,000 24,000
Muscle Glycogen 400 1,600

Circulation

Blood Glucose 20 80
Blood Fatty acids 0.3 3
Blood Triglycerides 3 30
Blood Ketones 0.2 0.8
Blood Amino acids 6 24

Data from Ruderman NB, Tornheim K, Goodman MN. Fuel 
 homeostasis and intermediary metabolism of carbohydrate, fat, and 
protein. In: Becker KL, ed. Principles and practice of endocrinology 
and metabolism. Philadelphia: Lippincott; 1992: 1054-1064.
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breakdown of protein would lead to the disruption of nor-
mal cell function and eventually to death. Therefore, the 
body has developed a complex metabolic and hormonal 
response to fasting that minimizes proteolysis and release 
of amino acids. Thus when fasting is prolonged beyond  
2 to 3 days, there is a major shift from carbohydrate to fat 
and ketone body utilization. After 1 to 2 weeks of star-
vation, the rates of gluconeogenesis and glucose utiliza-
tion are markedly reduced, and ketone bodies become an 
important substrate for the energy needs of the brain and 
other neuronal tissues. However, the brain always main-
tains a need for some glucose. Acetone, which is formed by 
the nonenzymatic decarboxylation of acetoacetic acid, can 
serve as a gluconeogenic precursor by being converted to 
pyruvaldehyde in the liver or to 1,2-propanediol in extra-
hepatic tissues. The rise in circulating blood ketone levels 
also provides a signal to the muscle to inhibit protein catab-
olism, thus sparing amino acids for vital cell functions.

GLUCOSE DISTRIBUTION
As a metabolic substrate, carbohydrate is present in organ-
isms in its simple monomeric form, α-D-glucopyranose, 
and as a branched polymer of α-glucose, namely, glyco-
gen. Disaccharides of glucose include lactose, maltose, 
and sucrose, but these are quantitatively less important. 
In normal fasting subjects, glucose circulates in plasma 
water at a basal concentration that ranges from 65 to 
100 mg/dL (3.6 to 5.6 mmol/L). After a meal, the plasma 
glucose concentration in healthy individuals does not 
exceed 160 to 180 mg/dL (8.9 to 10 mmol/L). Circulat-
ing plasma glucose is in rapid equilibration with the red 
blood cell (RBC) glucose concentration.5 A non–insulin-
regulatable transporter effects the facilitated diffusion of 
glucose from plasma water into the RBC.6 Because of the 
abundance of this transporter in RBCs, glucose diffuses 
very rapidly across RBC membranes, with an estimated 
equilibration time of only 4 seconds. After its transport 
into the cell, the rate of glucose utilization via glycoly-
sis has been estimated to be approximately 25 μmol/
min or 6 μmol/min per square meter of diffusion surface 
(each RBC is 7 μm in diameter and 2 μm thick; a total 
RBC mass of 2 to 3 × 1013 cells exposes a surface area of  
∼4 m2).5 Because this rate is ∼17,000 times slower than 
the rate of glucose transport into the erythrocyte, the glu-
cose concentration will, in general, be the same in plasma 
and erythrocyte water. Plasma proteins comprise some 
8% of plasma volume, whereas RBC proteins and ghosts 
occupy ∼38% of the packed RBC volume (which, in turn, 
averages 40% of the total blood volume). Thus, 20% 
(i.e., 0.38 × 0.4 + 0.08 × 0.6 = 0.2) of the total blood 
volume is inaccessible to glucose. It follows that glucose 
concentration should be identical in plasma and RBC 
water under most circumstances and that a blood water 
glucose concentration of 90 mg/dL (5.0 mmol/L) trans-
lates into a plasma glucose concentration of 83 mg/dL  
(4.6 mmol/L) and a whole-blood glucose concentration of 
72 mg/dL (4.0 mmol/L), that is, a 15% systematic differ-
ence between plasma and whole-blood glucose concentra-
tion under typical conditions of hematocrit, proteinemia, 
and erythrocyte volume.

GLUCOSE METABOLISM: METHODOLOGICAL 
CONSIDERATIONS
Because both RBCs and plasma transport glucose, the 
total amount of the sugar reaching any given organ is the 
product of the arterial whole-blood glucose concentra-
tion times the total blood flow to that organ. Similarly, 
the total amount of glucose leaving a body region is the 
product of whole-blood glucose level in the venous efflu-
ent times the blood flow rate. From this, it follows that 
the net balance of glucose movement across a body region 
is given by the product of blood flow and the arterio-
venous whole-blood glucose concentration difference, or 
the Fick principle (Fig. 35-1). It should be emphasized 
that the use of plasma flow rates and plasma glucose con-
centration systematically underestimates the net organ 
balance of glucose (and, for that matter, of any substance 
that is transported in plasma as well as in RBCs, e.g., 
lactate, some amino acids). Because the plasma flow 
is less than the blood flow by an amount equal to the 
hematocrit (∼40%), whereas the plasma glucose concen-
tration is higher than whole-blood glucose by only 15%  
(0.6 × 1.15 = 0.69), this will lead to a 31% underestima-
tion of the net organ balance.

In muscle, which does not contain G6Pase, the net 
organ balance is equivalent to the amount of glucose 
that is taken up and metabolized. In the liver, however, 
there can be simultaneous uptake and release (from 
hepatic glycogen stores or gluconeogenesis). By com-
bining the organ balance technique with tracer glucose 
(labeled with radioactive, e.g., tritium [3H], or stable 
isotopes, e.g., deuterium [2H]), one can calculate the 
uptake of glucose by an organ bed according to the  
following equation7:

Uptake = (FE) (Blood flow) (Arterial glucose concentration)

where FE is the fractional extraction of tracer glu-
cose—calculated as (A* – V*)/A*—and A*—and V* rep-
resent the radioactivity of labeled glucose (or the tracer/
tracee ratio in the case of stable isotope tracers) in the 
artery and vein, respectively. If one knows the net bal-
ance of glucose (or any other substrate) across an organ 
bed and the unidirectional uptake, one can calculate the 
release of glucose (or any other substrate) according to 
the following relationship (see Fig. 35-1):

Net balance = Uptake ‐ Release

Net balance = uptake-release
= (flow)(A-V)

Inflow = F × A Outflow = F × V

Uptake (U)

Organ

Release (R)

Figure 35-1 Schematic representation of substrate (e.g., glucose) 
 exchange across an organ (e.g., the liver) that both irreversibly removes 
the substrate and adds it to the systemic circulation. A, Arterial concen-
tration; F, blood flow; V, venous concentration.
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By employing the catheter technique to measure the net 
organ balance of glucose in combination with tracer glu-
cose, much information can be gained about the interorgan 
exchange of glucose and other substrates, as well as the met-
abolic pathways involved in the regulation of glucose utiliza-
tion. The use of a glucose tracer also allows one to measure 
whole-body glucose (or other substrates) turnover.8 Because 
of its simplicity, the isotope dilution method has become 
popular among clinical investigators and has generated 
large amounts of information. It therefore warrants a brief 
description here; a more detailed explanation of the tracer 
technique, as applied to glucose turnover measurement, can 
be found in Reference 8. The choice of a tracer is dictated 
by cost, ease of measurement, and safety (radiation burden 
in the case of radioactively labeled tracers). The tracer can 
be administered as a pulse injection or constant intrave-
nous infusion, depending on the type of information that 
is desired. For metabolic studies, a primed continuous infu-
sion usually is employed. When both the tracee (i.e., cold 
glucose) and tracer (e.g., radiolabeled glucose) are in steady 
state, the glucose turnover rate (milligrams per minute) is 
simply calculated by dividing the tracer infusion rate by 
the equilibrium plasma glucose-specific activity. In normal 
healthy subjects, equilibrium represents the time (usually ∼2 
hours after starting the tracer infusion) when unchanging 
plasma tracer and tracee concentrations indicate that glu-
cose specific activity has become uniform throughout its 
distribution space. The calculation of the turnover rate as 
described previously (infusion rate/plasma specific activity) 
is not based on any assumptions and can be used to quan-
titate glucose turnover in the postabsorptive state. When 
non–steady-state conditions apply, this approach cannot be 
used. Such is the case after glucose ingestion or infusion. 
Practical ways to circumvent this problem, however, have 
been developed. Their common rationale is provided by the 
theory that the degree and rate of change in glucose-specific 
activity are the principal factors that affect non–steady-state 
analysis of isotope data. The larger the swings in glucose-
specific activity are, the more uncertain is the estimation of 
the actual rates of glucose appearance and disappearance 
from plasma data. All the formal models that have been 
proposed to represent the glucose system become progres-
sively weaker as plasma glucose–specific activity is allowed 
to fluctuate freely. Therefore, one of two strategies can be 
employed. Either the tracer administration is repeated when 
the glucose system has reached a new, reasonably steady 
state, or tracer glucose infusion rates can be adjusted empiri-
cally to “clamp” the plasma glucose–specific activity con-
stant close to the basal level. In both cases, the aim is to 
minimize the changes in glucose-specific activity, thereby 
meeting the conditions under which steady-state equations 
can be used reliably. Therefore, in reporting results of glu-
cose turnover obtained under non–steady-state conditions, 
we will make some selection of available data.

GLUCOSE METABOLISM: BASAL  
(POSTABSORPTIVE) STATE

Glucose Production
By convention, the basal or postabsorptive state is defined 
as the metabolic condition that prevails in the morning 

after an overnight (10 to 14 hours) fast. For most indi-
viduals, this time represents the longest period of fasting 
in everyday life. For the rest of the day, most people are 
more or less in the fed state. Maintenance of the fasting 
plasma glucose concentration is primarily the responsibil-
ity of the liver.9,10 The liver provides glucose for all tis-
sues of the body, either by breaking down its own stores 
of glycogen or by synthesizing glucose from gluconeo-
genic precursors, of which the most important are lac-
tate, pyruvate, glycerol, alanine, and other gluconeogenic 
amino acids. The central role of the liver in providing a 
constant supply of glucose to the body is related to the 
presence of G6Pase, which catalyzes the conversion of 
glucose-6-phosphate (G6P) to glucose within the hepa-
tocyte. Although a number of tissues, including muscle 
and adipocytes, possess the enzymatic machinery neces-
sary to degrade glycogen and synthesize G6P from lactate 
and amino acids, they either completely lack or possess 
too little of the key enzyme, G6Pase, to release significant 
amounts of free glucose into the circulation. The kidney, 
like the liver, also possesses the necessary enzymatic appa-
ratus to produce glucose via the gluconeogenic pathway 
and to release it into the circulation. In normal subjects 
after an overnight fast, the kidney contributes ∼10% of 
total body glucose production.11 During prolonged star-
vation and metabolic acidosis, renal gluconeogenesis is 
enhanced and may contribute as much as 25% of basal 
glucose production. Unlike the liver, the major gluconeo-
genic precursor for the kidney is glutamine, and renal glu-
cose synthesis is coupled with ammoniagenesis.

Under postabsorptive conditions, glucose output in 
healthy adults averages 140 mg/min (778 μmol/min) or 
2.0 mg/min per kg of body weight (11 μmol/min per 
kilogram) in a 70-kg individual (Fig. 35-2). The varia-
tion around this mean is significant (20% to 30%), with 
an unknown contribution of genetic and environmental 
factors. Little information is available concerning how 
much the fasting glucose output varies as a consequence 
of changes in dietary habits, caloric intake, or physi-
cal fitness. Intrafamilial covariance of this physiologic 
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Figure 35-2 Hepatic glucose production and tissue glucose uptake in 
the postabsorptive state in healthy subjects. See text for a more detailed 
discussion. (Reproduced from DeFronzo RA. Pathogenesis of type 2 
diabetes: metabolic and molecular implications for identifying diabetes 
genes. Diabetes Rev. 1997;5:177-269.)
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variable also is undetermined. Under standard nutri-
tional conditions, the normal liver contains approxi-
mately 80 g of glycogen (see Table 35-1), and during 
fasting, liver glycogen stores decline at a rate of approx-
imately 110 mg/min (611 μmol/min) or 8% per hour. 
From this, it follows that hepatic glycogen depots would 
become empty after approximately 12 hours. Because 
fasting can be prolonged well beyond 12 hours, it is 
obvious that gluconeogenesis must progressively replace 
glycogenolysis as the fast continues.12 In animals, the 
basal rate of glucose turnover is considerably higher 
than in humans—for example, dogs (3.6 mg/min per 
kilogram) and rats (7.2 mg/min per kilogram)—and the 
limited capacity of the liver to store glycogen confers an 
increasing role to gluconeogenesis for the maintenance 
of basal glycemia. This limitation on glycogen accumu-
lation has an anatomic basis, because stuffing the cyto-
plasm with glycogen granules impairs cellular functions 
and results in liver damage, as seen in patients with 
glycogen storage diseases. In healthy subjects, after a 
10- to 12-hour overnight fast, gluconeogenesis accounts 
for approximately 50% of total hepatic glucose release 
(see Fig. 35-2).12 The substrates for this de novo glu-
cose synthesis remain somewhat elusive. Circulating 
lactate, pyruvate, glycerol, alanine, and other gluco-
neogenic amino acids are natural candidate precursors 
and have been shown to transfer their carbons to newly 
synthesized glucose molecules, as documented by the 
incorporation of labeled lactate into glucose, that is, the 
Cori cycle. However, transsplanchnic catheterization in 
humans has shown that the net uptake of known circu-
lating gluconeogenic precursors (lactate, pyruvate, glyc-
erol, amino acids) can account for only 15% to 20% of 
total endogenous glucose production.13 The discrepancy 
between radioisotopic estimates of basal gluconeogenic 
rate and accountable circulating precursors suggests that 
the bloodborne substrates may not be the only source of 
gluconeogenic precursors. Within the splanchnic area, 
the intestine returns 10% to 20% of its glucose uptake 
to the liver as lactate, but this fills only part of the gap. It 
has been suggested that intrahepatic proteolysis and/or 
lipolysis (i.e., glycerol) could provide ample amounts of 
gluconeogenic precursors in addition to those entering 
from the systemic circulation.

The regulation of basal hepatic glucose production is 
controlled by the sum of multiple neural, hormonal, and 
metabolic stimuli, some stimulatory and others inhibi-
tory.9,10 Figure 35-3 portrays the control system as a 
simple balance between inhibition and stimulation. Insu-
lin and glucagon provide the primary hormonal signals 
that regulate the production of glucose by the liver under 
postabsorptive conditions. Of the two, the action of insu-
lin normally predominates. Hepatic glucose production is 
exquisitely sensitive to very small fluctuations in the cir-
culating plasma insulin concentration. Increments in the 
plasma insulin concentration of as little as 5 to 10 μU/mL 
cause a marked, rapid suppression of glycogenolysis and 
a decline in hepatic glucose output, whereas inhibition of 
gluconeogenesis is less sensitive.10

By restraining lipolysis and proteolysis, insulin also 
reduces the delivery of potential glucose precursors 

(glycerol and amino acids) from peripheral tissues 
(adipocytes and muscle) to the liver, and this further 
reduces hepatic glucose output. In its capacity as the 
inhibitory signal for glucose release, insulin is greatly 
favored by the anatomic connection between the pan-
creas and the liver. Because the pancreatic vein is a 
tributary of the portal vein, insulin, which is secreted 
by the β-cells, reaches the liver in fasting humans at a 
concentration that is three to four times higher than the 
peripheral (arterial) concentration (see Chapter 32).  
This steep portosystemic gradient is maintained by 
the high rate of insulin degradation by hepatic tissues 
(fractional insulin extraction = 50%). Consequently, a 
small secretory stimulus to the β-cells will dispropor-
tionately raise the portal insulin concentration, thereby 
selectively acting on glucose production rather than 
enhancing peripheral glucose utilization. In addition, 
via the general circulation, pancreatic insulin release is 
potentiated by a number of gastrointestinal hormones 
(e.g., mostly by glucose-dependent insulinotropic poly-
peptide and glucagon-like peptide-1, with possible 
contributions from secretin, cholecystokinin, pancreo-
zymin, and others, which are also released in response 
to meal ingestion).14 Therefore, anatomic and physi-
ologic connections that comprise the gut-liver-pancreas 
axis ensure that the primary station for the handling of 
foodstuff, the liver, is under close control by a nearby, 
well-informed unit, the β-cell.

Conversely, small decrements in the peripheral plasma 
insulin concentration, as little as 1 to 2 μU/mL, lead to an 
increase in hepatic glucose production.15 This highly sensi-
tive interaction between the liver and insulin plays a criti-
cal role in the maintenance of basal glucose levels when 
fasting is prolonged. As glycogen stores become depleted, 
there is a small decrease in the arterial glucose concentra-
tion, which in turn leads to a decline in pancreatic insulin 
secretion and stimulation of glucagon release. The resul-
tant hypoinsulinemia removes the constraint on lipolysis, 
and plasma FFA levels rise. By mass action, FFAs enhance 
their own uptake by all cells in the body, including liver and 
muscle. Enhanced FFA oxidation by the hepatocytes pro-
vides an energy source to drive gluconeogenesis, and the end 
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product of beta oxidation, acetyl-CoA, stimulates the first 
committed enzyme, pyruvate carboxylase, in the gluconeo-
genic pathway (Fig. 35-4).1,2 The combination of hypoinsu-
linemia, hypoglycemia, and increased FFA and amino acid 
supply also stimulates hepatic gluconeogenesis. In peripheral 
tissues, enhanced FFA and ketone oxidation spare glucose 
usage (Randle cycle; see subsequent discussion), thereby 
minimizing the need for carbohydrate as an energy source.1,2

Another important consequence of the fasting-related 
decline in plasma insulin concentration is the stimula-
tion of proteolysis.15 This augments the outflow of amino 
acids, especially alanine, which accounts for approximately 
50% of total α-amino nitrogen release. The predominance 
of alanine in the amino acid efflux from muscle cannot be 
explained by its presence in cellular proteins, of which ala-
nine accounts for only 7% to 10%. The major source of 
alanine outflow from muscle during starvation is derived 
from the transamination of glucose-derived (from muscle 
glycogen and circulating glucose) pyruvate. The branched-
chain amino acids (valine, leucine, isoleucine) provide the 
amino groups for muscle alanine synthesis. The alanine that 
is released from muscle is transported via the bloodstream 
to the liver, where it is converted to glucose, thus completing 
the glucose-alanine cycle (see Fig. 35-4).13 The glucose-lac-
tate cycle (Cori cycle) also provides an important source of 
three-carbon skeletons for gluconeogenesis during fasting.15 
Insulinopenia enhances the breakdown of glycogen and 
leads to accumulation of pyruvate. Because the Krebs cycle 
has been inhibited by the accelerated rate of FFA oxidation 
(Randle cycle), the pyruvate can either be transaminated to 
alanine (glucose-alanine cycle) or converted to lactate and 
released into the circulation, where it is carried to the liver 
and synthesized into glucose (glucose-lactate cycle). From 
the quantitative standpoint, approximately twice as many 
carbon skeletons are recycled to glucose via the Cori cycle 
compared with the alanine cycle.

The counterregulatory hormones (glucagon,  epinephrine, 
growth hormone, cortisol, thyroid hormones) all are capa-
ble of offsetting the action of insulin on the liver and work 
by stimulating both glycogenolysis and gluconeogenesis.16 
Glucagon plays a major role in the tonic support of basal 
hepatic glucose release, and experimental suppression of 
endogenous glucagon secretion with preservation of basal 
insulin levels in humans and animals causes a 30% to 40% 
decline in hepatic glucose production.17 This suppression 
of glucose production involves both the glycogenolytic and 
gluconeogenic pathways. Using insulin secretion rate (as 
reconstructed from C-peptide deconvolution analysis), and 
estimates of hepatic plasma flow and glucagon clearance, 
it has been possible to calculate the pre-hepatic insulin-to-
glucagon molar concentration ratio.18 As depicted in  Figure 
35-5, in the fasting state insulin is 5 to 10 times more abun-
dant in prehepatic plasma than glucagon; this molar ratio 
rises ∼fivefold during the first hour following the inges-
tion of a mixed meal, and its time-course closely resembles 
that of plasma glucose levels. This time pattern is typically 
altered in patients with type 2 diabetes, in whom the initial 
rise in the insulin-to-glucagon ratio is blunted.18 The pre-
cise quantitative contribution of the other counterregula-
tory hormones to the maintenance of basal glucose output 
under normal conditions of fasting has not been assessed. 
However, it is likely that they (i.e., epinephrine, cortisol, and 
growth hormone) also exert a tonic effect on hepatic glucose 
production in the postabsorptive state, and the withdrawal 
of insulin (i.e., hypoinsulinemia) that occurs with prolonged 
fasting allows their stimulatory effect on glycogenolysis and 
gluconeogenesis to occur unopposed. The net result of their 
unopposed action is an increase in hepatic glucose and renal 
output.

During more pronounced hypoglycemia, as may occur 
with insulin administration, all the counterregulatory 
hormones are released and act synergistically to restore 
normoglycemia.16 However, they do so with different 
dose-response kinetics and time courses. Glucagon and 
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Figure 35-4 In the fasting state, the decrease in basal plasma insulin 
concentration removes the inhibitory effect of the hormone on lipolysis 
and plasma glycerol, and FFA levels increase. In the hepatocyte, en-
hanced delivery of FFA, in combination with a decreased insulin/glu-
cagon ratio, stimulates beta oxidation, leading to the accumulation of 
acetyl-CoA. Increased acetyl-CoA, by inhibiting pyruvate dehydroge-
nase and stimulating pyruvate carboxylase in the liver, shuttles pyruvate 
into the gluconeogenic pathway. Hypoinsulinemia also stimulates pro-
teolysis in muscle and the enhanced delivery of alanine, other gluconeo-
genic amino acids, glycerol, and lactate from peripheral tissues, thereby 
providing the substrates for accelerated hepatic gluconeogenesis. AA, 
Amino acids; FFA, free fatty acids; GN, gluconeogenic; OAA, oxalo-
acetic acid; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; 
PEPCK, phosphoenolpyruvate carboxykinase; TG, triglyceride.
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catecholamines act rapidly, whereas cortisol, growth hor-
mone, and thyroid hormones (in that order) are involved 
in the long-range control of hepatic glucose release. Small, 
acute increases in plasma glucagon and epinephrine con-
centrations markedly stimulate both glycogenolysis and 
gluconeogenesis. Acute elevations in plasma cortisol, 
growth hormone, and thyroid hormones have no stimu-
latory effect on total hepatic glucose release. However, 
both cortisol and growth hormone have been shown to 
markedly potentiate the effects of epinephrine and gluca-
gon on hepatic glucose release.

In addition to hormonal regulation, the central ner-
vous system has an important role in the maintenance of 
hepatic glucose production.19 Both parasympathetic and 
sympathetic fibers reach the liver via the splanchnic nerves, 
thereby supplying autonomic neural modulation of both 
glucose production and uptake. In animals, parasympa-
thetic stimulation restrains glycogenolysis and enhances 
glycogen synthesis, whereas activation of the sympathetic 
fibers innervating the liver stimulates glucose output via 
potentiation of both glycogenolysis and gluconeogenesis. 
In humans, the influence of the sympathetic nervous sys-
tem on hepatic glucose metabolism can be demonstrated 
under conditions of acute stimulation, but the contribution 
of the autonomic nervous system to the maintenance of 
basal hepatic glucose production remains undetermined.

A number of metabolic signals play an important role in 
the control of hepatic glucose production in the postabsorp-
tive state.9,10,20 Hyperglycemia per se inhibits liver glucose 
output. In normal adults, hyperglycemia and hyperinsu-
linemia occur concurrently, and in combination they pro-
vide a potent stimulus to suppress hepatic glucose release. 
As shown in Fig. 35-6, physiologic hyperglycemia (main-
tained using the hyperglycemic clamp technique), while 

maintaining basal insulinemia, is as effective as insulin in 
suppressing hepatic glucose production. More impressive is 
the observation that hyperglycemia in the presence of hypo-
insulinemia (hyperglycemic clamp with somatostatin) causes 
a greater than 50% suppression of hepatic glucose release 
(see Fig. 35-6). Conversely, hypoglycemia by itself provides 
a trigger to increase hepatic glucose release. During insulin-
induced hypoglycemia in humans and animals, an increase 
in plasma glucose occurs even when the counterregulatory 
hormonal response is inhibited (glucose autoregulation). 
Recent studies suggest that this effect of hypoglycemia is 
mediated via glucose sensors in the hypothalamic region of 
the brain, which activate hepatic glycogenolysis via sympa-
thetic connections to the liver.21

Altered substrate delivery to the liver also influences 
glucose release by the liver. In nondiabetic humans, it is 
difficult to demonstrate a detectable increase in hepatic 
glucose production by infusing large quantities of glyc-
erol, lactate, or a mixture of amino acids, as long as 
there occurs a physiologic increase in plasma insulin 
concentration to balance out such gluconeogenic push. 
However, even though total hepatic glucose output does 
not increase, there is a marked stimulation of gluconeo-
genesis that is precisely counterbalanced by an inhibition 
of glycogenolysis. The increased provision of gluconeo-
genic precursors leads to an increase in the intrahepatic 
formation of G6P, but the eventual fate of this interme-
diate is glycogen rather than free glucose, because the 
rate-limiting enzyme for glucose production, G6Pase, is 
not simultaneously activated. FFAs play an important 
role in setting the level of hepatic glucose production. 
Only the odd-chain FFAs (i.e., propionate) can donate 
their carbon atoms to oxaloacetate in the tricarboxylic 
acid cycle and thus directly contribute to net gluconeo-
genesis. Most physiologic FFAs are of even chain, and 
although they can exchange their carbon moieties with 
tricarboxylic acid cycle intermediates, they do not con-
tribute to de novo glucose synthesis. Nonetheless, when 
the perfusion medium of isolated rat liver is enriched 
with oleate or palmitate, new glucose formation from 
lactate or pyruvate is enhanced. The biochemical mech-
anisms involved in this stimulation of gluconeogenesis 
have been well worked out.22 The products of FFA oxi-
dation, citrate and acetyl-CoA, activate the key enzymes 
that control gluconeogenesis, pyruvate carboxylase, 
phosphoenolpyruvate carboxykinase, and G6Pase. In 
addition, elevated plasma FFA concentrations in vivo 
are usually accompanied by raised glycerol levels 
because both result from the hydrolysis of triglycerides 
(see Fig. 35-4). Therefore, accelerated lipolysis supplies 
both the stimulus (FFA), the substrate (glycerol), and 
the energy source (ATP) to drive gluconeogenesis. In 
isolated hepatocytes, FFAs in micromolar amounts also 
have been shown to inhibit glycogen synthase. This sug-
gests that an additional interaction of FFA metabolism 
with hepatic glucose production may be at the level of 
glycogen metabolism. In healthy volunteers, short-term 
infusion of triglycerides (with heparin to activate lipo-
protein lipase) increases the plasma FFA concentration, 
leading to the stimulation of hepatic glucose output 
under conditions (i.e., hyperglycemia and insulinopenia 
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Figure 35-6 Splanchnic glucose uptake (blue columns) and hepatic 
glucose production (green columns) in healthy subjects under four 
 experimental conditions: overnight fast; hyperglycemia (+125 mg/dL) 
with somatostatin blockade of endogenous insulin release (Low Ins.); 
hyperglycemia (+125 mg/dL) with somatostatin plus insulin replace-
ment to maintain the fasting insulin concentration constant (Basal Ins.); 
hyperglycemia (+125 mg/dL) with endogenous insulin (55 μU/mL) re-
lease. Note that hyperglycemia per se inhibits hepatic glucose produc-
tion and that hyperglycemia acts synergistically with insulin to inhibit 
liver glucose output. In contrast, hyperglycemia stimulates glucose up-
take to approximately the same extent in the presence of low, basal, 
or high insulin, that is, mostly by mass action. (Drawn from data in 
DeFronzo RA, Ferrannini E, Hendler R, et al. Regulation of splanchnic 
and peripheral glucose uptake by insulin and hyperglycemia in man. 
Diabetes. 1983;32:35-45.)
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induced by somatostatin plus glucose infusion) that 
mimic the diabetic state.23 A large part of this effect can 
be reproduced by infusing, under the same experimen-
tal circumstances, glycerol alone. On the other hand, 
when endogenous insulin is allowed to increase or when 
exogenous insulin is administered, the stimulatory effect 
of triglyceride infusion to increase the plasma FFA con-
centration on hepatic glucose release is easily overcome. 
In summary, the long-chain FFAs can regulate hepatic 
glucose production both by acting on the key enzymes 
of gluconeogenesis (through buildup of the products of 
FFA oxidation) and by virtue of the substrate push of 
glycerol. This regulatory loop is operative particularly 
when insulin secretion is not stimulated (i.e., in the basal 
state). Conversely, studies in both animals and humans 
have documented that a significant part of the suppres-
sive action of insulin on hepatic glucose production is 
mediated via the hormone’s antilipolytic effect on adi-
pocytes.10,24 If the plasma FFA concentration is main-
tained during insulin infusion, the inhibitory effect of 
physiologic hyperinsulinemia on hepatic glucose pro-
duction is impaired.

Glucose Disposal
In the basal (postabsorptive) state, the rate of whole-
body glucose disposal equals the rate of hepatic glu-
cose production, and the plasma glucose concentration 
remains approximately constant.1,2 Information about 
the contribution of individual organs and tissues to 
total glucose uptake has been obtained in regional 

catheterization studies performed in combination with 
glucose tracers and indirect calorimetry.25 By collat-
ing the available information, the organ circulation 
model depicted in Figure 35-7 can be constructed.5 In 
this synthesis, steady-state interorgan exchanges of glu-
cose, tissue blood flow, and regional glucose gradients 
are calculated based on a rate of hepatic glucose pro-
duction of 140 mg/min (778 μmol/min). For a 70-kg 
man, this equals 2.0 mg/min per kilogram or 11 μmol/
min per kilogram. In the postabsorptive state, approxi-
mately 70% of basal glucose disposal takes place in 
insulin-independent tissues (brain, liver, kidney, intes-
tine, RBCs). Of these, the brain predominates and 
accounts for almost half of the total hepatic glucose 
production. The liver plus gastrointestinal (splanchnic) 
tissues account for an additional 20%. It also can be 
appreciated that the fractional extraction of glucose 
(as defined earlier) is quite low everywhere in the body 
(ranging from 1.0% to 3.5%) except in the brain (9%) 
(Table 35-2). Because skeletal muscle represents 40% 
of total body weight and receives 16% of the cardiac 
output, one can calculate that muscle accounts for one 
third of the overall glucose disposal in the basal state 
(i.e., ∼245 μmol/min or 44 mg/min) (see Fig. 35-7).1,2,5 
As shown in Table 35-2, the muscle glucose clearance 
averages 1.3 mL/min per kilogram of tissue. Glucose 
clearance is a useful metabolic concept and is defined 
as the amount of plasma that is completely cleared of 
glucose in a given period; as such, it provides an index 
of the efficiency of tissue glucose removal. In the rank 

Figure 35-7 Schematic representation of organ glucose metabolism and blood flow in the basal (or postabsorptive) state. Average data compiled 
for healthy adults from the literature are indicated. Periphery encompasses all tissues other than the liver, gut, kidneys, brain, and heart; gut includes 
organs (i.e., spleen, pancreas) draining their blood supply into the portal circulation. Organ blood flow is shown in mL/min, and glucose fluxes are 
shown in mmol/min or μmol/min). CA, Carotid arteries; HA, hepatic artery; HV, hepatic vein; MA, mesenteric arteries; PV, portal vein; RV, renal 
veins; VA, vertebral artery. (Redrawn from Ferrannini E, DeFronzo RA. Insulin actions in vivo: glucose metabolism. In: DeFronzo RA, Ferrannini E, 
Keen H, Zimmet P, eds. International textbook of diabetes mellitus. Chichester, UK: John Wiley & Sons; 2004: 277-318.)
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of efficiency of tissue glucose clearance in the basal 
state, resting muscle is last, being 10 times less active 
than the liver and 50 times less avid than the brain. It 
is noteworthy that tissues (brain, liver, kidneys) that 
have a high glucose clearance in the basal state are 
insulin independent. Increasing the plasma insulin con-
centration above fasting values has no effect on glucose 
clearance by these tissues (i.e., brain, liver, kidneys), 
whereas in muscle, glucose clearance increases by a 
factor of 10 or greater over the physiologic range of 
insulin concentrations. The intermediate position of 
heart muscle in the list is accounted for by its constant 
working state.

These organ-specific glucose clearance characteris-
tics (see Table 35-2) represent the physiologic equiva-
lent of the type and abundance of facilitative glucose 
transporters (GLUTs, encoded by the SLC2A gene) the 
various tissues express (Table 35-3).26 They also help 
to define the concept of an insulin-independent tissue. 
Thus, in tissues in which an increase in the plasma 
insulin concentration does not accelerate the glucose 
clearance, the GLUT is not responsive to acute changes 
in the plasma insulin concentration. At present, several 
GLUT isoforms have been isolated.26 A ubiquitously 
expressed, non–insulin-regulatable GLUT (GLUT-1) 
effects facilitated glucose transport in RBCs. The abun-
dance of this transporter in RBCs ensures rapid dif-
fusion of glucose across the RBC membrane, and this 
characteristic confers on RBCs an important role in 
the interorgan exchange of glucose. The same GLUT-1 
transporter is present in the endothelial cells lining 
the blood vessels of the brain. Because of its low Km  
(∼1 mmol/L), it saturates at plasma glucose concentra-
tions well below the normal fasting plasma glucose con-
centration (∼5 mmol/L), thereby ensuring a constant 
flux of glucose into brain cells. This is an important 
adaptive mechanism that provides the cerebral tissues 
an adequate supply of fuel, even in the face of hypo-
glycemia. Another unique feature of GLUT-1 is its low 
Vmax (∼3 mmol/L). This protects the brain against acute 
fluid shifts and cerebral edema that otherwise would 
accompany hyperglycemia. Thus, GLUT-1 is well suited 
for its physiologic function, especially in the individual 
with insulin-dependent diabetes in whom wide swings 
in plasma glucose concentration (from hypoglycemia to 
hyperglycemia) are common. Another important corol-
lary of GLUT-1 is that an increase in plasma glucose  

concentration above fasting levels (i.e., >5 mmol/L) will 
necessarily lead to a decline in brain glucose clearance 
because the transporter saturates at approximately 3 
mmol/L. Moreover, because under postabsorptive con-
ditions the brain is responsible for approximately half 
of the total body glucose disposal (see later), it follows 
that an increase in fasting plasma glucose concentra-
tion (with or without an increase in plasma insulin) 
will be associated with a decline in whole-body glucose 
clearance.

A totally distinct (from the physiologic standpoint) 
GLUT, GLUT-2, is present in liver and pancreatic β-cells.26 
It has a high Km (∼15 to 20 mmol/L), and, as a conse-
quence, the free glucose concentration in cells express-
ing this transporter increases in direct proportion to the 
increase in plasma glucose concentration. This character-
istic allows these cells to behave as “glucose  sensors.”1,2 
As the ambient glucose concentration increases, more 
glucose enters the β-cell, which responds by appropri-
ately augmenting its secretion of insulin, whereas the liver 
reads the rising plasma glucose level and decreases its 
output of glucose. As a corollary of this, an increase in 
the plasma glucose concentration is associated with a pro-
portional increase in glucose uptake by these tissues with 
an unchanging glucose clearance. Because GLUT-2 does 
not respond to insulin, hyperinsulinemia is not associated 
with an increase in hepatic or β-cell glucose clearance.

It is noteworthy that each GLUT is associated with a 
specific hexokinase, which has a Km that parallels that 
of its associated GLUT.27 For liver and β-cells, the phos-
phorylating enzyme is hexokinase IV or glucokinase. Its 
high Km constant has led investigators to propose glu-
cokinase as the β-cell sensor. Consistent with this, recent 
studies have demonstrated that some forms of maturity-
onset diabetes of the young (MODY) are associated with 
mutations in the glucokinase gene, and the physiologic 
counterpart of this is a defect in insulin secretion (see 
Chapter 38). Insulin-sensitive tissues, such as skeletal 
muscle and adipocytes, express GLUT-4 and its physio-
logic coupler, hexokinase II. GLUT-4 has a Km constant 
of approximately 5 mmol/L, which is close to that of 
the plasma glucose concentration. In the basal state, the 
majority of GLUT-4 transporters are not located in the 
plasma membrane but reside in vesicles within the cell. 
After exposure to insulin, the concentration of GLUT-4 in 
the plasma membrane of adipocytes and muscle increases 

TABLE 35-2 Regional Glucose Disposal in the 
Basal State

Organ Weight (kg)
Blood Flow  
(L/min)

Uptake  
(μmol/min) Extraction

Clearance* 
(mL/min 
per kg)

Brain 1.2 0.85 385 9.1 64
Liver 1.5 1.50 110 2.3 15
Kidneys 0.28 1.10 20 1.9 15
Heart 0.3 0.25 20 1.7 13
Gut 5.0 1.20 60 1.0 20.4
Muscle 28.0 1.05 245 3.5 1.3

*Organ clearance rate divided by organ weight.

TABLE 35-3 Classification of Main Glucose 
Transporters and Their Couplers in Various Tissues

Organ Transporter Coupler Classification

Brain GLUT-1 HKI Glucose dependent
Erythrocyte GLUT-1 HKI Glucose dependent
Adipocyte GLUT-4 HKII Insulin dependent
Muscle GLUT-4 HKII Insulin dependent
Liver GLUT-2 HKIVL Glucose sensor
β-cell GLUT-2 HKIVB Glucose sensor
Gut SGLT-1 GLUT-1 Sodium dependent
Kidney SGLT-2 GLUT-2 Sodium dependent

GLUT, Glucose transporter; HK, hexokinase; SGLT, sodium-glucose 
co-transporter.
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markedly, and there is a reciprocal decline in the intra-
cellular GLUT-4 pool.28 Insulin not only enhances their 
translocation and insertion into the plasma membrane 
but also augments their intrinsic activity. Thus, muscle 
glucose clearance increases markedly, tenfold or greater, 
in response to increments in plasma insulin concentration 
within the physiologic range.1,2,29 GLUT-3 is the major 
neuronal transporter in brain tissues. Another family of 
glucose transporters, the sodium-glucose co-transporters 
(SGLTs), participate in the process of glucose absorption 
in several tissues.30 SGLT-2, a low-affinity, high-capacity 
member of the family encoded by the SLC5A2 gene, is 
expressed at high levels in the S1-S2 segment of the proxi-
mal renal tubule, where it affects the bulk of reabsorption 
of filtered glucose. This isoform couples with the activity 
of GLUT-2 (expressed on the basolateral membrane) to 
extrude glucose from the intracellular space to the inter-
stitium and bloodstream. Mutations in SLC5A2 (as in 
familial renal glycosuria) or pharmacologic inhibition of 
SLGT2 are associated with marked glycosuria.31 SGLT-
1, a high-affinity, low-capacity co-transporter encoded 
by the SLC5A1 gene, is predominantly expressed on the 
brush border membrane of enterocytes, where it affects 
absorption of glucose and galactose through coupling 
with GLUT-1 (see Table 35-3). These transporters play a 
crucial role in glucose homeostasis by regulating its entry 
into the body and preventing its loss via the kidney.

The intracellular disposition of transported glucose 
can be studied in vivo by using glucose tracers and then 
measuring the appearance of the label in specific meta-
bolic products such as lactate (i.e., anaerobic glycolysis) 
and carbon dioxide (i.e., complete oxidation).8 These 
techniques, even when correctly applied, provide only 
estimates of the metabolic fate of plasma glucose. For 
example, should glycogen in muscle be oxidized directly, 
the plasma glucose–specific activity would miss it com-
pletely because plasma glucose does not equilibrate with 
the intracellular free-glucose pool. To circumvent this 
problem, investigators have employed indirect calorim-
etry, which measures total carbon dioxide production 
from all carbohydrate sources, both intracellular and 
extracellular.32 Although indirect calorimetry depends 
on a number of assumptions, these are reasonable and 
have been largely validated. Moreover, this technique is 
easy to apply and noninvasive. Indirect calorimetry also 
provides a good estimate of the rate of energy expendi-
ture and complements information obtained by tracer 
methods. In the basal state and under ordinary nutri-
tional circumstances, oxygen consumption averages 250 
mL/min, whereas carbon dioxide production is 200 mL/
min—that is, the whole-body respiratory quotient equals 
0.8 (respiratory quotient = carbon dioxide production/
oxygen consumption). From the equations depicted in 
Table 35-4, whole-body carbohydrate oxidation can be 
estimated to account for approximately 60% of total 
glucose uptake in the postabsorptive state.25 Because 
the brain uses 46% of the total glucose turnover (see 
Table 35-2), and because essentially all brain glucose 
uptake is accounted for by oxidation, it follows that 
three fourths (i.e., 46/0.6 or 77%) of basal glucose oxi-
dation occurs in the brain. Little is left for other tissues, 

which preferentially derive their metabolic energy from 
the oxidation of FFAs and other lipids under postab-
sorptive conditions. Skeletal muscle, for example, has a 
respiratory quotient of 0.75 and relies on fat oxidation 
for the production of 80% of the energy that it needs in 
the resting state. Thus, the basal state is characterized 
by parsimonious use of glucose as a metabolic fuel.15 
Moreover, the glucose is selectively channeled to organs 
that cannot rely on alternative energy sources. In the 
postabsorptive state, more than half of the total energy 
production is generated via oxidation of fat, of which 
there are plentiful stores (see Table 35-1). Insulin is the 
principal regulator that determines the metabolic mix of 
fuels in the basal state. A small decrement in the circu-
lating hormone level releases the brake on lipolysis, and 
the plasma FFA concentration increases, thereby allow-
ing fat to override glucose in the competition between 
the two substrates. Although these very small changes in 
plasma insulin concentration are sufficient to promote 
a shift in fuel metabolism from carbohydrate to fat, the 
plasma insulin level is still sufficiently elevated to main-
tain glucose transport and metabolism in target tissues at 
minimal rates and to restrain protein breakdown, which 
contributes only ∼15% to basal energy metabolism.15 
The role that counterregulatory hormones (glucagon, 
epinephrine, cortisol, growth hormone, thyroid hor-
mones) play in basal glucose uptake is less well defined 
but probably centers on the maintenance of lipolysis, 
because all the insulin antagonistic hormones are more 
or less potent lipolytic stimuli.

Glucose Cycles
After entry of glucose into the cell through a specific 
GLUT, the sugar does not necessarily follow a direct path 
to its eventual fate, be it glycogen, lactate, carbon diox-
ide, or pentoses. Rather, it may in part reach its destina-
tion via a number of circuitous routes that have become 
known as futile cycles. A metabolic futile cycle is one in 
which a precursor is converted into a product by a for-
ward reaction and then resynthesized to the precursor. In 
such a reaction, there is no net product accumulation, but 
energy (ATP) is used. There are multiple examples of such 
futile cycles in the glucose metabolic pathway.33 The first 
involves the conversion of glucose to G6P by glucokinase 
and its subsequent reconversion to intracellular free glu-
cose by G6Pase in the liver. Each turn of this cycle uses 
one molecule of ATP. Another example of a futile cycle 
is represented by the conversion of G6P to fructose-6- 
phosphate and back through the phosphoglucoisomerase 

TABLE 35-4 Indirect Calorimetry: Calculation 
of Carbohydrate and Lipid Oxidation and Energy 
Expenditure

Net carbohydrate oxidation 
μmol/min)

25.3 × VCO2 – 17.8 × VO2 – 
16.0 • N

Net lipid oxidation μmol/min) 6.5 × (VO2 – VCO2) – 7.5 × N
Energy expenditure (kJ/min) 0.0164 × VO2 + 0.0046 × 

VCO2 – 0.014 × N

N, Urinary nonprotein nitrogen excretion (in mg/min); VCO2, carbon 
 dioxide production (in mL/min); VO2, oxygen consumption (in mL/min).
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reaction. Perhaps the best-studied futile cycle that is 
under the control of insulin is the conversion of fruc-
tose-6-phosphate to fructose-1,6-bisphosphate in the 
liver. The reverse reaction is regulated by fructose-1,6- 
bisphosphatase, whereas the forward reaction is catalyzed 
by phosphofructokinase (PFK). The latter enzyme is con-
trolled by the energy status of the cell and key intracellu-
lar metabolites. High levels of ATP, acidosis, and citrate 
inhibit PFK, whereas ADP and alkalosis stimulate PFK. 
The most potent activator of PFK is fructose-2,6-bispho-
sphate, whose synthesis is stimulated by the enzyme fruc-
tose-2,6-bisphosphate kinase. This latter enzyme is under 
the control of insulin, and the PFK step, therefore, rep-
resents an important regulatory control point for insulin 
action.34

In general terms, whenever bidirectional flux through 
a metabolic pathway is simultaneously operative, there 
exists a cycle, regardless of the number of intermediate 
reactions and regardless of whether one or more tissues 
are involved. In the examples cited previously, the cycles 
occurred within individual cells. However, cycles also can 
exist between organs. In this regard, lipolysis in adipose 
tissue followed by partial reesterification of FFAs in the 
liver is a complete cycle. Another important cycle is the 
breakdown of proteins in the liver or other tissues. The 
glucose-alanine and glucose-lactate (Cori) loops13 also 
represent important cycles (see previous discussion) that 
provide conservation of carbon skeletons and transfer of 
α-amino groups between muscle and liver.

The negative connotation of futility has traditionally 
been reserved for those cycles that go on in the same cell. 
These cycles are, however, anything but futile. As ele-
gantly discussed by Newsholme and Leech,33 a metabolic 
cycle with a reverberating internal loop provides the best 
kinetic stratagem to maintain the enzymes of a dormant 
pathway at a minimum of activity, while at the same time 
ensuring a high sensitivity gain for rapid amplification of 
incoming signals. The ATP cost of these cycles is itself 
a means of increasing the efficiency of energy dissipa-
tion. The fact that the activity of these cycles is under 
hormonal control (e.g., catecholamines, glucagon, and 
thyroid hormones enhance the cycling rate) establishes 
a mechanism for rapid modulation. In this way, these 
cycles become components of facultative thermogenesis. 
Equally important, the operation of these futile or sub-
strate cycles allows the generation of metabolic interme-
diates that can modulate the activities of key enzymes and 
allow allosteric regulation.

GLUCOSE METABOLISM: FED  
(POSTPRANDIAL) STATE
The fed state refers to the period of active nutrient 
absorption from the gastrointestinal tract and lasts until 
the plasma insulin concentration and glucose metabolism 
have returned to basal values. In normal humans, car-
bohydrates are ingested with lipids and protein (i.e., a 
mixed meal). In the typical diet, carbohydrates comprise 
approximately 50% of the caloric contents, with fat and 
protein contributing about 35% and 15%, respectively. 
However, there is considerable interindividual variation 

in the distribution of the three major dietary constituents. 
The rate of absorption of dietary carbohydrates is mark-
edly influenced by their chemical form (refined sugars ver-
sus complex carbohydrates) and by the composition of the 
meal. Protein and fat, in particular, retard gastric empty-
ing and delay carbohydrate absorption. Furthermore, the 
disposition of dietary carbohydrates is indirectly affected 
by the dietary fat and protein content to the extent that 
these latter (1) compete with glucose as substrates in 
muscle, (2) impair the suppression of hepatic glucose 
production by providing gluconeogenic precursors, and 
(3) alter the balance of glucoregulatory hormones (FFAs 
and some amino acids are insulin secretagogues, whereas 
most amino acids stimulate glucagon secretion).

The rate-limiting factor for the absorption of glucose 
is gastric emptying, which is influenced by meal compo-
sition and shows wide interindividual variation. Gastric 
emptying is determined by the integration of motor activ-
ity of the stomach and upper small intestine, controlled 
by electrical slow waves generated by the interstitial cells 
of Cajal. The chyme is pumped across the pylorus in a 
pulsatile manner. The entire process of transfer of gastric 
contents to the gut is regulated primarily by inhibitory 
feedback arising from the interaction of nutrients with 
the small intestine, and modulated by both stimulation 
of the vagus nerve and the secretion of gut hormones, 
including glucagon-like peptide-1 (GLP-1), glucose-
dependent insulinotropic polypeptide (GIP), cholecysto-
kinin (CCK), and peptide YY (PYY).35 The dynamics of 
gastric emptying are a strong determinant of the shape of 
the oral glucose tolerance curve. Once glucose enters the 
small intestine, it is rapidly transported by specific trans-
port systems (mainly, SGLT-1) that are sodium depen-
dent.36 Sodium is transported from the intestinal lumen 
into the epithelial cell down a favorable sodium gradient. 
Both sodium and glucose are bound to the transporter, 
and cellular entry of sodium brings with it glucose, which 
then exits via the GLUT-1 present in the basolateral 
membrane. For glucose transport to continue, sodium 
also must be pumped out via the basolateral membrane to 
maintain the favorable sodium gradient for sodium entry 
from the lumen. This active step is efficiently carried out 
by a Na+/K+-ATPase pump. This coupled system, which 
effectively and rapidly transports glucose from the intes-
tinal lumen into the interstitial fluid, has a high capacity 
and is independent of insulin. SGLT activity and glucose 
sensing on the luminal surface of chemosensitive entero-
endocrine cells (e.g., L and K cells) mediate the release of 
gastrointestinal hormones (e.g., GLP-1, GIP) by glucose 
(as well as nonmetabolizable sugars) in a dose-dependent 
manner.37 Vagal afferent activity, triggered by a number 
of enteroendocrine hormones including GLP-1 and GIP, 
provides a further level of control of glucose entry into 
the bloodstream.

Quantitation of Insulin Sensitivity and Insulin Secretion
Because of the difficulties involved in following the gas-
trointestinal absorption of glucose and the continuously 
changing plasma glucose and insulin concentrations, the 
regulation of glucose homeostasis during the fed state has 
classically been investigated using intravenous glucose, 
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which can be administered in formats that are more 
suitable for formal analysis. The most detailed informa-
tion concerning glucose utilization by the whole body, 
organs, and specific intracellular pathways has come 
from studies employing the insulin/glucose clamp tech-
nique38 in combination with indirect calorimetry, iso-
tope turnover methodology, and limb (forearm and leg) 
catheterization. Because the insulin-glucose clamp tech-
nique has become the reference method for the study of 
glucose metabolism, this procedure is described briefly. 
The euglycemic insulin version of the clamp technique is 
shown in Figure 35-8. An exogenous infusion of regular 
insulin is started at time zero and is given as a prim-
ing dose followed by a constant infusion (usually at a 
rate of 1 mU/min per kilogram or 40 mU/min per square 
meter of body surface area or 240 pmol/min per square 
meter). Such an infusion quickly establishes a hyperinsu-
linemic plateau of approximately 70 to 80 μU/mL. A few 
minutes after starting the insulin, an infusion of 20% 
glucose is begun. Based on the plasma glucose concen-
tration, which is measured every 5 to 10 minutes, and 
using the negative feedback principle, the glucose infu-
sion rate is adjusted periodically to maintain the plasma 
glucose concentration constant at basal level. In response 
to the hyperinsulinemic stimulus, there is an initial delay 
in the onset of insulin-stimulated glucose disposal that 
lasts approximately 15 to 20 minutes.38 After this delay, 
there is a rapid increase in glucose utilization from 20 to 
80 minutes, and this reaches a near–steady-state value 
of 5 to 10 mg/min per kilogram of body weight (27 to  
54 μmol/min per kilogram) during the last 40 minutes 
of the insulin clamp in healthy young subjects. Because 
endogenous glucose production is completely or nearly 
completely (>90%) suppressed by insulin, and the plasma 
glucose concentration is clamped at the basal level, the 
rate of exogenous glucose infusion must equal the rate of 
glucose uptake by all tissues of the body and provides a 
quantitative measure of the amount of glucose metabo-
lized (M). In insulin-resistant conditions (e.g., obesity 
and type 2 diabetes mellitus1,2), hepatic glucose produc-
tion (measured with radiolabeled glucose or a stable 
isotope of glucose) is incompletely suppressed and must 
be added to the rate of exogenous glucose infusion to 
obtain the true rate of total body glucose utilization. The 
higher the glucose metabolic rate (M), the more sensitive 
the individual is to insulin. The euglycemic insulin clamp 

technique has the following advantages: 1) Any desired 
combination of plasma glucose and insulin levels can 
be achieved and maintained; 2) the time course of insu-
lin action can be determined with a time resolution of 
approximately 10 minutes; 3) other techniques, such as 
tracer glucose infusion, indirect calorimetry, limb cath-
eterization, magnetic resonance imaging/spectroscopy, 
and muscle biopsy, can be combined with the clamp pro-
tocol; 4) because hypoglycemia is avoided, the release of 
counterregulatory hormones (which antagonize insulin 
action) is prevented, and one can derive a pure measure 
of tissue sensitivity to insulin; 5) the interaction of other 
hormones or substrates with insulin action can be quan-
titated by simultaneously infusing them during a clamp 
study; 6) the achievement of constant or nearly constant 
levels of insulin, glucose, tracer glucose-specific activ-
ity (or enrichment), and glucose metabolic rate allows 
one to make quantitative measurements under steady-
state conditions and thus avoid interpretive problems 
encountered when plasma glucose and insulin concen-
trations and glucose flux rates are constantly changing 
(i.e., during an oral glucose tolerance test or intravenous 
glucose tolerance test). The hyperglycemic version of 
the glucose clamp is depicted in Figure 35-9.38 In this 
procedure, the plasma glucose concentration is acutely 
increased by a priming infusion of glucose that is admin-
istered in a logarithmically decreasing manner over  
15 minutes. Thereafter, the plasma glucose concentra-
tion is clamped at the designed plateau by periodically 
adjusting an exogenous glucose infusion as described in 
the euglycemic version. The hyperglycemic step evokes 
an endogenous insulin response that is typically biphasic. 
During the initial 10 minutes, there is an early burst of 
insulin release that is followed by a gradual, continuous 
increase in the plasma insulin concentration. The initial 
(0 to 10 minutes) peak of insulin represents the release of 
preformed hormone that is stored within β-cell granules. 
The late (10 to 120 minutes) phase, which is believed 
to represent the release of insulin packaged in immature 
granules or newly synthesized insulin, lasts until the glu-
cose stimulus is withdrawn. By analogy with the euglyce-
mic insulin clamp counterpart, the hyperglycemic clamp 
also provides a quantitative measure of the total amount 
of glucose taken up and metabolized (M) by the body in 
response to the combined stimuli of endogenous hyper-
insulinemia plus hyperglycemia.
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Figure 35-8 Schematic representation of the euglycemic insulin clamp 
technique. See text for a detailed description.
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technique. See text for a detailed description.
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One disadvantage of the hyperglycemic clamp or any 
study in which glucose is administered intravenously is 
the inability to examine the effect of incretins on insulin 
secretion.14 Thus, when glucose is administered orally, the 
insulin response is significantly greater than when the same 
arterial glucose profile is created by intravenous glucose 
administration (Fig. 35-10). This phenomenon is generally 
known as the incretin effect. The size of the incretin effect 
has been shown to be directly related to the strength of the 
oral stimulus; thus, ascending doses of oral glucose induce 
progressively larger incretin effects in the healthy subject.39 
A defective incretin effect has been demonstrated in nondia-
betic obese subjects as well as in subjects with type 2 dia-
betes.40 Among gastrointestinal hormones, GLP-1 and GIP 
contribute to the incretin effect significantly because of their 
ability to potentiate glucose-induced insulin secretion.14,39

Dynamic Interaction Between Insulin Sensitivity and 
Insulin Secretion
In normal, healthy individuals, the euglycemic insulin 
clamp technique has demonstrated that insulin sensitivity 

declines with age,41 in part because of the age-related 
increase in adiposity.42 More importantly, within the 
normal population insulin sensitivity ranges widely. 
Among young, healthy, normal, glucose-tolerant subjects, 
insulin-mediated glucose disposal varies up to eightfold.43 
A number of factors are known to influence insulin sen-
sitivity (see Chapters 36, 40, and 43). In addition to 
age, adipose tissue mass, fat topography, and degree of 
physical fitness all are powerful determinants of insulin-
mediated glucose disposal.1,2 Increased total body fat 
content and especially increased visceral fat,3 as well as 
decreased VO2max,44 are associated with impaired insulin 
action. Increased metabolites of triglyceride and FFAs 
(fatty acylcoenzyme A, diacylglycerol, and ceramide) 
within muscle and liver cells are associated with insulin 
resistance in these organs.3 Diet composition (increased 
fat and reduced carbohydrate) also has been shown to 
impair insulin sensitivity. However, even when these factors 
are taken into account, one cannot fully explain the wide 
variability in insulin sensitivity among healthy adult indi-
viduals.43 Studies in whites, Pima Indians, and Mexican 
Americans1,2,45 have demonstrated that genetic factors 
play an important role in the distribution of insulin sensi-
tivity (as measured by the glucose disposal rate during a 
euglycemic insulin clamp).

Glucose homeostasis results from a fine balance 
between tissue sensitivity to insulin and insulin secre-
tion.46 This implies that the β cell must be able to sense 
the defect in insulin action and precisely augment its 
secretion of insulin to offset the insulin resistance. In fact, 
insulin resistance is neither necessary nor sufficient to 
cause dysglycemia so long as the β-cell functional reserve 
is large enough to cope even with severe insulin resistance. 
The typical case is the morbidly obese subject with normal 
glucose tolerance, in whom insulin output can be tenfold 
higher than in lean individuals43 and decrease to near-
normal levels following major weight loss.47 β-cell dys-
function, on the other hand, is necessary and sufficient 
to produce hyperglycemia; type 1 diabetes is the proto-
type of primary β-cell failure. In recent years, clinically 
significant advances have also been made in the area of 
in vivo β-cell function.48 First, it has been recognized 
that absolute insulin secretion (whether fasting or post-
meal) reflects the set-point of β-cell secretory function 
(i.e., secretory capacity) of which insulin resistance and 
presumably β-cell mass are positive determinants. However, 
the strongest determinant of glucose tolerance is the abi-
lity of the secretory machinery to rapidly and adequately 
cope with the acute changes in glucose induced by feeding. 
This aspect of β-cell function, called glucose sensitivity, 
is largely independent of insulin resistance. Recent stud-
ies serve to emphasize the importance of this dynamic 
interaction between insulin sensitivity and insulin secre-
tion.49,50 In these studies, both insulin sensitivity (by the 
euglycemic insulin clamp technique) and β-cell function 
(by mathematical modeling of C-peptide concentra-
tions51) were measured in lean and obese subjects with 
and without type 2 diabetes. As shown in Figure 35-11, 
in nondiabetic subjects, both fasting insulin secretion 
and total insulin output in response to an oral glucose 
tolerance test (OGTT) are inversely related to insulin 
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Figure 35-10 The incretin effect: Following oral glucose (75 g) admin-
istration (full line) and isoglycemic intravenous glucose infusion (top) in 
the same nondiabetic subjects, plasma insulin concentrations (middle) 
and insulin secretion rates (bottom) are markedly potentiated with the 
oral as compared to the IV route of administration. Plots are mean ± 
SEM. (Redrawn from Muscelli E, Mari A, Casolaro A, et al. Separate 
impact of obesity and glucose tolerance on the incretin effect in normal 
subjects and type 2 diabetic patients. Diabetes. 2008;57:1340-1348.)
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sensitivity. When including type 2 diabetic patients with 
progressively worse glycemic control, the relation of 
the different parameters of glucose metabolism to glu-
cose tolerance is strikingly different (Fig. 35-12). Insulin 
output shows a biphasic time pattern, initially increas-
ing as glucose tolerance deteriorates, to eventually fall 
below normal values in severe diabetes. Insulin sensitiv-
ity drops by 35% in the passage between lean and obese 
nondiabetic subjects (first two dots to the left of the pan-
els) and continues to fall slowly in the transition from 
the following two tertiles of glucose tolerance, through 
impaired glucose tolerance (IGT), to progressively more 
severe hyperglycemia. In contrast, β-cell glucose sensitiv-
ity declines monotonically in parallel with progressively 
higher 2-hour plasma glucose concentrations. Thus, indi-
viduals in the highest tertile of what would be consid-
ered to represent normal glucose tolerance (i.e., 2-hour 
plasma = 120 to 139 mg/dL) have lost 50% of β-cell glu-
cose sensitivity, whereas IGT individuals have lost 65% 
of β-cell function (see Fig. 35-12). Log-transformation of 
these variables demonstrates that the glucose sensitivity 

is continuously and linearly related to the 2-hour plasma 
glucose concentration in a reciprocal fashion throughout 
the range from low-normal to very high (Fig. 35-13), con-
firming that β-cell glucose sensing is a critical determinant 
of glucose tolerance. The separate quantitative contribu-
tion of insulin sensitivity and β-cell glucose sensitivity to 
glucose tolerance (as the 2-hour plasma glucose level) is 
shown in Figure 35-14, which also illustrates the com-
plex, nonlinear interaction of these two main physiologic 
determinants of glucose tolerance.

Recent genomewide scan association analyses in dia-
betic52 and nondiabetic cohorts53 have consistently iden-
tified common mutations in genes more or less directly 
related to β-cell function (see Chapter 40). Although the 
risk conferred by such variants is small, it is conceivable 
that individuals carrying one or, more likely, several of 
these gene polymorphisms start with an inherently poor 
β-cell glucose sensitivity, which may be compounded by 
a degree of “essential” insulin resistance. Obesity and 
insulin resistance initially provide compensation by rais-
ing the secretory set-point; eventually, however, aging 
and glucose toxicity—even that engendered by slight 
chronic elevations in plasma glucose levels—wear out 
β-cells (especially intrinsically defective β-cells), leading to 

Figure 35-11 Reciprocal relationship between insulin sensitivity (mea-
sured by the euglycemic insulin clamp technique38) and insulin secre-
tion (as reconstructed by the C-peptide deconvolution technique51) in 
the fasting state (top) and in response to a 75-g oral glucose load over 
2 hours (bottom) in lean, nondiabetic subjects (rightmost symbols), in 
obese nondiabetic subjects (split into tertiles of 2-hour plasma glucose 
concentrations (middle symbols), and in subjects with impaired glu-
cose tolerance (IGT) (leftmost symbols). (Redrawn from Ferrannini E, 
Gastaldelli A, Miyazaki Y, et al. Beta-cell function in subjects spanning 
the range from normal glucose tolerance to overt diabetes: a new analy-
sis. J Clin Endocrinol Metab. 2005;90:493-500.)

Figure 35-12 Relationship between plasma glucose concentrations 
measured 2 hours following the ingestion of 75 g of glucose (abscis-
sae) and total insulin output (top), insulin sensitivity (middle), and β-cell 
glucose sensitivity (bottom) in different groups of subjects: from left to 
right, lean nondiabetic controls, obese nondiabetic subjects by tertile of 
2-hour plasma glucose levels, IGT subjects, and patients with overt type 
2 diabetes by quartile of 2-hour plasma glucose levels. IGT, Impaired 
glucose tolerance. (Redrawn from Ferrannini E, Gastaldelli A, Miyazaki 
Y, et al. Beta-cell function in subjects spanning the range from normal 
glucose tolerance to overt diabetes: a new analysis. J Clin Endocrinol 
Metab. 2005;90:493-500.)
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diabetes. This paradigm of the evolution of hyperglyce-
mia from normoglycemia under the separate pressures of 
insulin resistance and β-cell glucose sensitivity, schema-
tized in Figure 35-15, is supported by longitudinal studies 
in nondiabetic humans.54,55

Effect of Insulin on Hepatic and Peripheral  
Glucose Metabolism
The maintenance of normal glucose homeostasis requires 
the closely coordinated effects of insulin and hyperglycemia  
to simultaneously 1) suppress endogenous (primarily 
hepatic) glucose production; 2) stimulate glucose uptake 

by peripheral tissues, primarily muscle; 3) stimulate 
glucose uptake by the liver; and 4) inhibit lipolysis and 
reduce the plasma FFA concentration.1,2 The decrease in 
circulating plasma FFA levels plays an important role in 
enhancing the suppression of hepatic glucose production 
and augmenting muscle glucose uptake in response to a 
physiologic increase in plasma insulin concentration.3

Using the euglycemic insulin clamp technique, insulin 
can be shown to exert a potent suppressive action on 
hepatic glucose production such that portal insulin con-
centrations of less than 100 μU/mL completely abolish glu-
cose entry into the circulation.9,19,56 Figure 35-16 shows 
the typical time course for suppression of endogenous 
(hepatic) glucose production after an acute increase in 
plasma insulin to levels of 60 to 70 μU/mL in healthy 
subjects.57 Dose-response curves relating the calculated por-
tal plasma insulin concentration to inhibition of hepatic 

Figure 35-13 Continuous, inverse association between β-cell glucose 
sensitivity and insulin sensitivity (individual data from Fig. 35-11). Note 
the logarithmic scale for both parameters. (Redrawn from Ferrannini E, 
Gastaldelli A, Miyazaki Y, et al. Beta-cell function in subjects spanning 
the range from normal glucose tolerance to overt diabetes: a new analy-
sis. J Clin Endocrinol Metab. 2005;90:493-500.)
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subjects spanning the range from normal glucose tolerance to overt dia-
betes (data as in Figs. 35-11 and 35-12). (Redrawn from Ferrannini E, 
Gastaldelli A, Miyazaki Y, et al. Beta-cell function in subjects spanning 
the range from normal glucose tolerance to overt diabetes: a new analy-
sis. J Clin Endocrinol Metab. 2005;90:493-500.)

Insulin
resistance

Normal range

Glucose sensitivity

Insulin output

Time (years)

β-cell

Plasma
glucose

Figure 35-15 Schematic representation of the natural history of type 2 
diabetes. Shaded areas represent the normal ranges for insulin resistance 
(top), β-cell function (middle), and plasma glucose concentrations (bot-
tom). Insulin resistance may start from values close to the upper limit 
of normal in predisposed individuals (indicated by the star) and worsen 
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Figure 35-16 Time course for suppression of hepatic glucose produc-
tion in healthy adults during a euglycemic insulin clamp. (Redrawn 
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glucose production (Fig. 35-17) indicate a half-maximal 
effect at a level of approximately 30 μU/mL, correspond-
ing to an increment in the portal insulin concentration 
of only 5 to 10 μU/mL.19,56 These results indicate the 
exquisite sensitivity of the liver to very small increments 
in the circulating plasma insulin concentration. Note that 
in its capacity of a glucose-producing organ, the liver is 
extremely sensitive to insulin, whereas the ability of insulin 
to augment hepatic glucose uptake under conditions of 
euglycemia is quite modest. In the presence of hypergly-
cemia, insulin has a small stimulatory effect on hepatic 
glucose uptake.58,59 Hyperglycemia, induced by intra-
venous glucose administration, strongly synergizes this 
inhibitory action of insulin on hepatic glucose production 
(see Fig. 35-6). Under euglycemic conditions, the apparent 
maximal stimulation is approximately 15 mg/min per 
kilogram (∼80 μmol/min per kilogram) in healthy adult 
subjects and occurs with plasma insulin concentrations 
of approximately 250 μU/mL; the half-maximal stimula-
tion of glucose uptake occurs with a plasma insulin con-
centration of 70 to 110 μU/mL. A dose-response curve 
of similar shape is derived when progressively higher 
insulin doses are infused locally into the forearm or leg 
tissues, approximately 70% of which consists of skeletal 
muscle. By extrapolating from forearm or leg muscle to 
total body muscle mass, it can be estimated that with pre-
vailing peripheral plasma insulin concentrations in the 
high physiologic range (60 to 90 μU/mL), approximately 
70% of total glucose disposal occurs in muscle tissue.25 
Obviously, this percentage increases further with progres-
sively higher insulin levels, because the contribution of 
insulin-independent tissues declines. By combining the 
insulin clamp technique (plasma insulin concentration, 
70 to 80 μU/mL) with leg and hepatic vein catheteriza-
tion, a composite picture of whole-body glucose disposal 
can be generated (Fig. 35-18). Brain (1.2 mg/min per kilo-
gram) and splanchnic (liver plus gastrointestinal tissues)  

(0.5 mg/min per kilogram) glucose uptake are unaf-
fected by insulin infusion.1,2 White adipose tissue in adult 
humans, though insulin-sensitive, has traditionally been 
considered to be relatively inert and to contribute only 
a very small percentage of whole-body glucose disposal. 
However, more recent studies60 combining the euglyce-
mic insulin clamp technique with 18Fluoro-deoxyglucose 
(18FDG) administration and positron-emitting tomogra-
phy (PET) scanning of adipose depots (identified by mag-
netic resonance imaging [MRI]) have demonstrated that 
adipose tissue is metabolically very active despite carry-
ing large, inert lipid droplets (70% to 90% by weight). 
Thus, under clamp conditions, glucose uptake per unit 
tissue weight in subcutaneous adipose tissue in abdomi-
nal and femoral depots is roughly one third of muscle 
glucose uptake, and fat mass contributes an estimated 
10% of whole-body glucose uptake. Of note, visceral 
fat depots are even more insulin sensitive than subcuta-
neous fat60; moreover, in obese individuals, fat behaves 
as a metabolic sink for glucose, and its contribution to 
whole-body glucose disposal rises to 15% to 20%. In any 
event, muscle represents the primary tissue responsible for 
insulin-mediated glucose uptake under euglycemic condi-
tions.25 When hyperglycemia (plasma glucose raised from 
90 to 180 mg/dL) is superimposed on the same level of 
hyperinsulinemia (70 to 80 μU/mL), a doubling of whole-
body glucose utilization occurs (Fig. 35-19); consequently, 
glucose clearance remains unchanged. As can be seen in 
Figure 35-18, essentially all the additional increase in 
glucose disposal above that observed under euglycemic 
conditions occurs in muscle. In the presence of hypergly-
cemia, insulin has a small stimulatory effect on hepatic 
glucose uptake, which amounts to approximately 10% of 
the whole-body glucose disposal.59

The regulation of glucose production and utilization 
by insulin is dependent on both the hormone concentra-
tion and time. At any given insulin concentration, there 
is a finite period before the effect of the hormone is seen 
and reaches its maximum. Such onset time is the sum 
of a circulatory delay (delivery of insulin from arterial 
blood to cell surface membrane) and a cellular lag (insulin 
receptor binding and effector activation). Similarly, insu-
lin’s effect on glucose metabolism remains for some time 
(offset) after the circulating concentration has returned to 
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Figure 35-17 Dose-response relationship between the plasma insulin 
concentration (note the log scale) versus hepatic glucose production and 
whole-body glucose uptake in healthy subjects studied with the euglyce-
mic insulin clamp technique. The insulin concentrations are peripheral 
levels in the case of total glucose uptake and portal levels in the case of 
hepatic glucose production. (Reproduced from DeFronzo RA, Ferran-
nini E, Hendler R, et al. Regulation of splanchnic and peripheral glucose 
uptake by insulin and hyperglycemia in man. Diabetes. 1983;32:35-45.)
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Figure 35-18 Summary of tissue glucose disposal during a euglyce-
mic (90 mg/dL) hyperinsulinemic (+80 μU/mL) clamp in healthy sub-
jects. (Reproduced from DeFronzo RA: Lilly lecture. The triumvirate: 
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1988;37:667-687, 1988.)
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basal levels. Figure 35-20 shows the activation and deac-
tivation times of insulin calculated at euglycemia over a 
wide range of plasma hormone levels (as high as 1000 
μU/mL).61 With the reservations inherent in the analy-
sis of non–steady-state tracer data, the results shown 
in Figure 35-20 provide evidence that activation and 
deactivation are inversely related to one another. Thus 
at higher plasma insulin concentrations, the hormone’s 
effect is more rapid in onset and takes longer to wane. 
From the physiologic standpoint, it also is noteworthy 
that the relationship between onset and offset time is dif-
ferent for the liver (suppression of glucose release) and 
for peripheral tissues (stimulation of glucose uptake). At 
any insulin dose, the liver is activated more rapidly, and 
the effect persists longer. The more rapid onset of action 
in the liver may be related to the shorter diffusion time 
of bloodborne substances into highly perfused organs  
(1 mL/min per gram of tissue in the liver versus a cor-
responding value of 0.04 mL/min per gram in resting 

skeletal muscle; see Table 35-1) and to anatomic differ-
ences between liver capillaries (which are fenestrated) and 
muscle capillaries (which are not fenestrated).

Intracellular Pathways of Glucose Disposal
Overview
By combining indirect calorimetry with dose-response 
studies using the euglycemic insulin clamp technique, it 
has been possible to quantitate the two major compo-
nents of whole-body glucose disposal, that is, glucose 
oxidation and nonoxidative glucose disposal.1,2,62 The 
latter primarily (>90%) represents glycogen synthesis, the 
remainder being accounted for by anaerobic metabolism, 
that is, net lactate production. Figure 35-21 shows that 
the dose-response curves relating glucose oxidation and 
nonoxidative glucose disposal (glycogen synthesis) to the 
plasma insulin concentration both retain the sigmoidal 
shape of the curve for whole-body glucose uptake, but 
with distinctly different dose kinetics. Thus, glucose oxi-
dation is more sensitive (lower half maximum) but satu-
rates earlier (lower maximum) than glycogen synthesis; 
the latter behaves as a pathway with low sensitivity and 
high capacity. Skeletal muscle has been identified as the 
predominant site of insulin-mediated net glycogen syn-
thesis.63 However, the increment in carbohydrate oxida-
tion that follows systemic insulin administration occurs 
in muscle as well as other tissues (probably the liver) in 
an approximate ratio of 1 to 2 (oxidation to glycogen 
synthesis). With the use of nuclear magnetic resonance 
spectroscopy, one can directly quantitate muscle glycogen 
synthesis. The time course of insulin-stimulated muscle 
glycogen formation (Fig. 35-22) closely follows the time 
course of nonoxidative glucose uptake by the whole 
body.63 By extrapolation from leg muscle to whole-body 
muscle, one can account for the great majority (∼90%) of 
nonoxidative glucose disposal as muscle glycogen forma-
tion. Under physiologic conditions of hyperinsulinemia, 
approximately two thirds of G6P is converted to glycogen 
and one third enters glycolysis.25,63 Of the glucose that 
enters the glycolytic pathway, the majority (80% to 90%) is 
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Figure 35-19 Summary of tissue glucose disposal during a hyperglyce-
mic (180 mg/dL) hyperinsulinemic (80 μU/mL) clamp.

Figure 35-20 Relationships between activation and deactivation times 
for stimulation of peripheral glucose uptake and inhibition of hepat-
ic glucose production during three insulin infusion rates: 15 mU/m2 
per minute (blue circles), 40 mU/m2 per minute (green triangles), and  
120 mU/m2 per minute (yellow squares). (Reconstructed from Prager R, 
Wallace P, Olefsky JM. In vivo kinetics of insulin action on peripheral 
glucose disposal and hepatic output in normal and obese  subjects. J Clin 
Invest. 1986;78:472-481.)

Figure 35-21 Dose-response relationship between the plasma insulin 
concentration and total body glucose uptake, glucose oxidation, and 
nonoxidative glucose disposal in healthy subjects during a euglycemic 
insulin clamp. (Drawn from Thiebaud D, Jacot E, DeFronzo RA, et al. 
The effect of graded doses of insulin on total glucose uptake, glucose 
oxidation, and glucose storage in man. Diabetes. 1983;31:957-963.)
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oxidized in the Krebs cycle to carbon dioxide and water, 
and the remainder is converted to lactate.64

For insulin to exert its biological effects on glucose 
metabolism, it must first bind to specific receptors that 
are present on the cell surface of all insulin target tissues2 
(see Chapter 33). After insulin has bound to and acti-
vated its receptor, second messengers are generated, and 
these second messengers initiate a series of events invol-
ving a cascade of phosphorylation-dephosphorylation 
reactions2,65-67 that eventually result in the stimulation 
of intracellular glucose metabolism. The initial step in 
glucose metabolism involves activation of the glucose 
transport system, leading to influx of glucose into insu-
lin target tissues, primarily muscle (Fig. 35-23).2,6,28,68 
The free glucose that has entered the cell is subsequently 
metabolized by a series of enzymatic steps that are under 
the control of insulin. Of these, the most important are 
glucose phosphorylation (catalyzed by hexokinase), gly-
cogen synthase (which controls glycogen synthesis), and 
phosphofructokinase (PFK) and pyruvate dehydrogenase 

(PDH) (which regulate glycolysis and glucose oxidation, 
respectively).

Insulin Receptor/Insulin Receptor Tyrosine Kinase
The insulin receptor is a glycoprotein consisting of 
two α subunits and two β subunits linked by disulfide 
bonds2,65-67 (see Chapter 33 and Fig. 35-24). The α sub-
unit of the insulin receptor is entirely extracellular and 
contains the insulin-binding domain. The β subunit has 
an extracellular domain, a transcellular domain, and an 
intracellular domain that express insulin-stimulated kinase 
activity directed toward its own tyrosine residues. Insulin 
receptor phosphorylation of the β subunit, with subse-
quent activation of insulin receptor tyrosine kinase, rep-
resents the first step in the action of insulin on glucose 
metabolism. Mutagenesis experiments have shown that 
insulin receptors devoid of tyrosine kinase activity are 
completely ineffective in mediating insulin stimulation 
of cellular metabolism. Similarly, mutagenesis of any of 
the three major phosphorylation sites (at residues 1158, 
1163, and 1162) impairs the insulin receptor kinase acti-
vity, and this is associated with a marked decrease in the 
acute metabolic and growth-promoting effects of insulin.

Insulin Receptor Signal Transduction
After activation, insulin receptor tyrosine kinase phos-
phorylates specific intracellular proteins, of which at 
least nine have been identified (see Chapter 33 and Fig. 
35-24).65 Four of these belong to the family of insulin-
receptor substrate (IRS) proteins: IRS-1, IRS-2, IRS-3, 
IRS-4 (the others include Shc, Cbl, Gab-1, p60[dok], and 
APS). In muscle, IRS-1 serves as the major docking protein 
that interacts with the insulin receptor tyrosine kinase 
and undergoes tyrosine phosphorylation in regions con-
taining amino acid sequence motifs (YXXM or YMXM) 
which, when phosphorylated, serve as recognition sites for 
proteins containing src-homology 2 (SH2) domains.68,69 
Mutation of these specific tyrosines severely impairs the 
ability of insulin to stimulate glycogen and DNA synthesis, 
establishing the important role of IRS-1 in insulin signal 

Figure 35-22 Time course of stimulation of muscle glycogen forma-
tion by combined hyperinsulinemia (100 μU/mL) and hyperglycemia 
(200 mg/dL) in healthy subjects as determined by nuclear magnetic res-
onance spectroscopy. (Redrawn from Shulman GI, Rothman DL, Jue T, 
et al. Quantitation of muscle glycogen synthesis in normal subjects and 
subjects with non-insulin-dependent diabetes by 13C nuclear magnetic 
resonance spectroscopy. N Engl J Med. 1990;322:223-228.)
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Figure 35-23 Schematic representation of glucose transport, glucose 
phosphorylation, and the intracellular partitioning of glucose into 
its two major metabolic pathways: glucose oxidation and glycogen 
 synthesis.

Figure 35-24 Schematic representation of the insulin receptor and the 
cascade of intracellular signaling molecules that have been implicated in 
insulin action. See text for a more detailed discussion. GLUT, Glucose 
transporter; MAP, mitogen-activated protein; PI-3-Kinase, phosphati-
dylinositol kinase; SNAP, soluble NSF attachment 23-kD protein; SYN, 
syntaxin; VAMP, vesicle-associated membrane.
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transduction. In liver, IRS-2 serves as the primary dock-
ing protein that undergoes tyrosine phosphorylation and 
mediates the effect of insulin on hepatic glucose pro-
duction, gluconeogenesis, and glycogen formation. In 
adipocytes, Cb1 represents another substrate that is phos-
phorylated after its interaction with the insulin receptor 
tyrosine kinase and is required for stimulation of GLUT-4 
translocation. Phosphorylation of Cb1 occurs when the 
CAP/Cb1 complex associates with flotillin in caveolae, or 
lipid rafts, containing insulin receptors.70

In muscle, the phosphorylated tyrosine residues on 
IRS-1 mediate an association between the SH2 domains 
of the 85-kD regulatory subunit of phosphatidylinosi-
tol-3-kinase (PI-3-kinase), leading to activation of the 
enzyme65-67,69 (see Fig. 35-24). PI-3-kinase is a heterodi-
meric enzyme composed of an 85-kD regulatory subunit 
and a 110-kD catalytic subunit. The latter catalyzes the 
3’-phosphorylation of phosphatidylinositol (PI) in the 
plasma membrane glycolipids, thereby converting PI-
4,5-bisphosphate to PI-3,4,5-triphosphate and PI-4-phos-
phate to PI-3,4 biphosphate. PI-(3,4,5)-P3 and PI-(3,4)-P2 
lead to the stimulation of glucose transport. Activation of 
PI-3-kinase by phosphorylated IRS-1 also leads to activa-
tion of glycogen synthase65,69 via a process that involves 
activation of protein kinase B/Akt and subsequent inhibi-
tion of kinases such as GSK-3 and activation of protein 
phosphatase-1 (PP-1). Inhibitors of PI-3-kinase impair 
glucose transport by interfering with the translocation of 
GLUT-4 from their intracellular location and block the 
activation of glycogen synthase and hexokinase (HK)-II 
expression.28,65-69 The action of insulin to increase protein 
synthesis and inhibit protein degradation also is mediated 
by PI-3-kinase and involves the activation of mTOR.71 
Mammalian target of rapamycin (mTOR) controls the 
translation machinery by phosphorylation and activation 
of p70 ribosomal S6 kinase [p70(rsk)] and phosphoryla-
tion of initiation factors.71 Insulin also promotes hepatic 

triglyceride synthesis by increasing the transcription fac-
tor steroid regulatory element-binding protein (SRBP)-
1c, and this lipogenic effect of insulin also appears to be 
mediated via the PI-3-kinase pathway.65

Other proteins with SH2 domains, including the 
adapter protein Grb2 and Shc, also interact with IRS-1 
and become phosphorylated after exposure to insu-
lin.65,66,69 Grb2 and She serve to link IRS-1/IRS-2 to the 
mitogen-activated protein signaling pathway (see Fig. 
35-24), which plays an important role in the generation 
of transcription factors.65,69 After the interaction between 
IRS-1/IRS-2 and Grb2 and She, Ras is activated, leading to 
the stepwise activation of Raf, mitogen-activated protein 
kinase (MEK), and extracellular signal-regulated kinase. 
Activated extracellular signal-regulated kinase then trans-
locates into the nucleus of the cell, where it catalyzes the 
phosphorylation of transcription factors that promote 
cell growth, proliferation, and differentiation.565,66,69,72,73 
Blockade of the MEK pathway prevents the stimulation 
of cell growth by insulin but has no effect on the metabolic 
actions of the hormone.

Under anabolic conditions, insulin stimulates glycogen 
synthesis by simultaneously activating glycogen synthase 
and inhibiting glycogen phosphorylase74-76 (Fig. 35-25). 
The effect of insulin is mediated via the PI-3-kinase path-
way, which inactivates kinases such as glycogen synthase 
kinase-3 and activates phosphatases, particularly PP-1. It 
is believed that PP-1 is the primary regulator of glyco-
gen metabolism.74-76 In skeletal muscle, PP-1 associates 
with a specific glycogen-binding regulatory subunit, caus-
ing dephosphorylation (activation) of glycogen synthase. 
PP-1 also phosphorylates (inactivates) glycogen phos-
phorylase. The precise steps that link insulin receptor 
tyrosine kinase/PI-3-kinase activation to stimulation of 
PP-1 have yet to be defined. Some evidence suggests that 
p90 ribosomal S6-kinase may be involved in the activa-
tion of glycogen synthase.65 Akt also has been shown to 
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phosphorylate and thus inactivate GSK-3. This decreases 
glycogen synthase phosphorylation, leading to activation 
of the enzyme. A number of studies have convincingly 
demonstrated that inhibitors of PI-3-kinase inhibit gly-
cogen synthase and abolish glycogen synthesis.65,66 From 
the physiologic standpoint, it makes sense that activa-
tion of glucose transport and glycogen synthase should 
be linked to the same signaling mechanism to provide a 
coordinated and efficient stimulation of intracellular glucose 
metabolism.

Glucose Transport
Activation of the insulin signal transduction system in 
insulin target tissues leads to the stimulation of glucose 
transport. The effect of insulin is brought about by the 
translocation of a large intracellular pool of GLUTs (asso-
ciated with low-density microsomes) to the plasma mem-
brane.2,6,28,68 There are five major, different facilitative 
GLUTs with distinctive tissue distributions6,68,77,78 (see 
Table 35-3). GLUT-4, the insulin-regulatable transporter, 
is found in insulin-sensitive tissues (muscle and adipo-
cytes), has a Km of approximately 5 mmol/L, which is 
close to that of the plasma glucose concentration, and is 
associated with HKII.79-81 In adipocytes and muscle, its 
concentration in the plasma membrane increases markedly 
after exposure to insulin, and this increase is associated 
with a reciprocal decline in the intracellular GLUT-4 pool. 
Acute physiologic hyperinsulinemia does not increase the 
total number of GLUT-4 transporters in muscle, even 
though several studies have demonstrated an increase in 
muscle GLUT-4 mRNA. Using a novel isotopic dilution 
technique, the in vivo dose-response curve for the action 
of insulin on glucose transport in human forearm skeletal 
muscle has been described (Fig. 35-26). GLUT-1 repre-
sents the predominant GLUT in the insulin-independent 
tissues (brain and erythrocytes) but is also found in mus-
cle and adipocytes. It is located primarily in the plasma 
membrane, where its concentration changes little after 

the addition of insulin. It has a low Km (∼1 mmol/L) and 
is well suited for its function, which is to mediate basal 
glucose uptake. It is found in association with HK-I.79-

81 GLUT-2 predominates in the liver and pancreatic β 
cells, where it is found in association with a specific HK, 
HK-IV79-82 In the β cell, HK-IV is referred to as glucoki-
nase.82 GLUT-2 has a high Km (15 to 20 mmol/L); as a 
consequence, the glucose concentration in cells express-
ing this transporter increases in direct proportion to the 
increase in plasma glucose concentration. This characte-
ristic allows these cells to respond as glucose sensors. In 
summary, each tissue has a specific GLUT and associated 
HK that allow it uniquely to carry out its specialized func-
tion to maintain whole-body glucose economy.

Glucose Phosphorylation
Glucose phosphorylation and glucose transport are 
tightly coupled phenomena. Isoenzymes of HK (HKI 
to HKIV) catalyze the first committed intracellular step 
of glucose metabolism, the conversion of glucose to 
G6P79-82 (see Table 35-3). HKI, HKII, and HKIII are 
single-chain peptides that have a number of properties in 
common, including a very high affinity for glucose and 
product inhibition by G6P. HKIV, also called glucoki-
nase, has a lower affinity for glucose and is not inhibited 
by G6P. Glucokinase (HKIVB) is the glucose sensor in 
the β cell, whereas HKIVL plays an important role in the 
regulation of hepatic glucose metabolism. In both rat and 
human,80,83 skeletal muscle HKII transcription is regu-
lated by insulin. HKI also is present in human skeletal 
muscle but is not regulated by insulin. In response to 
physiologic euglycemic hyperinsulinemia, HKII cytosolic 
activity, protein content, and mRNA levels increase by 
50% to 200% in healthy subjects,83 and this is associated 
with the translocation of HKII from the cytosol to the 
mitochondria.84 In contrast, insulin has no effect on HKI 
activity, protein content, or mRNA levels.

Glycogen Synthesis
After glucose enters the cell and is phosphorylated, it can 
either be converted to glycogen or enter the glycolytic 
pathway. Of the glucose that enters the glycolytic path-
way, approximately 90% is oxidized. In the low physi-
ologic range of plasma insulin concentrations, glycogen 
synthesis and glucose oxidation are of approximately 
equal quantitative importance. With increasing plasma 
insulin concentrations, glycogen synthesis becomes pre-
dominant.56,62 If the rate of glucose oxidation is sub-
tracted from the rate of whole-body insulin-mediated 
glucose disposal (determined from the insulin clamp), the 
difference represents nonoxidative glucose disposal (or 
glucose storage), which primarily reflects glycogen syn-
thesis.1,2,63 Glucose conversion to lipid accounts for less 
than 5% of total glucose disposal,85 and 5% to 10% of 
the glucose taken up by muscle is released as lactate.64 
Using nuclear magnetic resonance imaging spectros-
copy and measuring insulin-stimulated incorporation 
of [1H,13C]-glucose into muscle glycogen,63 the rate of 
nonoxidative glucose disposal (glucose storage) has been 
shown to correlate closely with the rate of glycogen syn-
thesis (see Fig. 35-22).
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Figure 35-26 Insulin action on glucose transport. Insulin dose-re-
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Glycogen synthase is the key insulin-regulated 
enzyme that controls the rate of muscle glycogen for-
mation.74-76,86-88 Insulin enhances glycogen synthase 
activity by stimulating a cascade of phosphorylation- 
dephosphorylation reactions74,75,88 (see the section enti-
tled “Insulin Receptor Signal Transduction”), which 
ultimately lead to the activation of PP-1 (also called gly-
cogen synthase phosphatase).87,88 The regulatory subunit 
(G) of PP-1 has two serine phosphorylation sites, called 
site 1 and site 2. Phosphorylation of site 2 by cyclic ade-
nosine monophosphate-dependent kinase (PKA) inac-
tivates PP-1, while phosphorylation of site 1 by insulin 
activates PP-1, leading to the stimulation of glycogen 
synthase.88,89 Phosphorylation of site 1 of PP-1 by insu-
lin in muscle is catalyzed by insulin-stimulated protein 
kinase-1, which is part of a family of serine/threonine 
protein kinases termed ribosomal S6-kinases. Because 
of their central role in muscle glycogen formation, and 
because impaired insulin-stimulated glycogen synthesis 
is a characteristic defect in patients with type 2 diabetes 
mellitus, considerable attention has been focused on the 
three enzymes—glycogen synthase, PP-1, and insulin-
stimulated protein kinase-1—in the pathogenesis of insu-
lin resistance in individuals with type 2 diabetes. The 
effect of insulin on glycogen synthase gene transcription 
and translation in vivo has been studied by employing the 
euglycemic insulin clamp in combination with muscle 
biopsies. Most studies83 have shown that insulin does not 
increase glycogen synthase mRNA or protein expression 
in human muscle in vivo. Rather, insulin converts the 
inactive (phosphorylated) form of glycogen synthase to 
the active (dephosphorylated) form of the enzyme.74-76,86

Glycolysis/Glucose Oxidation
Glucose oxidation accounts for approximately 90% of 
total glycolytic flux, while anaerobic glycolysis accounts 
for the other 10%.64 Two enzymes, PFK and PDH, play 
central roles in the regulation of glycolysis and glucose 
oxidation, respectively. PFK represents a key functional 
step in control of glycolysis.90 Insulin does not exert any 
direct effect on this enzyme, which is primarily regulated 
by the energy (ATP) and fuel (citrate, acetyl-CoA) status 
of the cell. However, insulin indirectly stimulates PFK by 
increasing fructose-2,6-bisphosphate, a potent activator of 
PFK. Insulin has no effect on muscle PFK activity, mRNA 
levels, or protein content in nondiabetic individuals.91 
Insulin also regulates flux through glycolysis by increas-
ing the activity of the multienzyme complex, PDH.34,90 
This enzyme is activated by insulin, which stimulates 
PDH-phosphatase, thus converting the enzyme from its 
inactive phosphorylated form to its active dephosphory-
lated form (Fig. 35-27). The PDH complex enzyme also 
is inhibited by its products, acetyl-CoA and reduced nico-
tinamide adenine dinucleotide (NADH).

Free Fatty Acid–Amino Acid–Glucose Interactions
A major part of insulin’s stimulatory action on glucose 
metabolism is indirect and is mediated via changes in sub-
strate metabolism. In contrast to the hormone’s stimu-
latory effect on glucose utilization, insulin is a powerful 
inhibitor of lipolysis and lipid oxidation.56 As shown in 

Figure 35-28, plasma FFA concentrations decline steeply 
in response to small increments in circulating insulin 
levels under conditions of euglycemia. This decrease is the 
result of a drastic reduction in the rate of FFA appearance 
into the circulation. The concomitant decline in plasma 
glycerol concentration is consistent with in vitro studies 
and indicates that lipolysis is inhibited. The consequence 
of the reduced availability of FFA is a parallel reduction 
in both FFA oxidation and nonoxidative FFA disposal, 
that is, reesterification (Fig. 35-29). The inverse patterns 
of change in glucose disposal and oxidation on the one 
hand, and lipid utilization on the other, introduce the 
important concept of substrate competition. Glucose and 

Figure 35-27 Schematic representation of the control of pyruvate 
 dehydrogenase. Sites of insulin regulation are shown. See text for a 
 detailed discussion. NAD+, oxidized nicotinamide adenine dinucleo-
tide; NADH, reduced nicotinamide adenine dinucleotide; PDH, pyru-
vate dehydrogenase.

50
0

0

100

200

300

500

1000

0 100 200

P
la

sm
a 

F
F

A
(µ

m
ol

/L
)

F
F

A
 tu

rn
ov

er
(µ

m
ol

/m
2 -

m
in

)

Plasma insulin (µU/mL)

Figure 35-28 Dose-response relationship between the plasma insulin 
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rate of plasma FFA turnover (bottom) in healthy subjects during euglyce-
mic insulin clamp studies. (Reproduced from Groop LC, Bonadonna RC,  
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long-chain FFAs are the first and best-known example 
of substrate competition in insulin-dependent tissues.92 
Physiologically, the increases in plasma glucose (by mass 
action) and insulin (stimulation of glucose transport) 
concentrations increase the rate of glucose uptake into 
fat cells. The resultant increase in intracellular α-glycerol 
phosphate generated during the stimulation of glycolysis 
supplies the substrate for augmented reesterification of 
tissue FFAs, while at the same time insulin stimulates 
α-glycerol phosphate acyltransferase, the rate-limiting 

enzyme for triglyceride synthesis. These combined effects 
limit the release of FFAs into the bloodstream. In addi-
tion, the glucose-induced increase in plasma insulin 
concentration quickly inhibits lipolysis by stimulating 
hormone-sensitive lipase in the adipocyte, and this further 
reduces the supply of lipid substrates to the oxidative 
machinery in muscle and liver. A decrease in FFA oxi-
dation by these tissues causes a reciprocal stimulation of 
glucose oxidation and glycogen synthesis by reversal of 
the Randle cycle in muscle (see later) and inhibition of 
gluconeogenesis in the liver.

The glucose-mediated inhibition of FFA metabolism 
is counterbalanced by an FFA-mediated inhibition of 
glucose metabolism, creating an FFA–glucose substrate 
interaction known as the Randle cycle.92 When their 
plasma concentration is elevated, by mass action FFAs 
are transported into muscle and liver cells by simple dif-
fusion across the membrane. The intracellular free FFA 
concentration is maintained low by a specific FFA-bind-
ing protein, and this ensures a favorable transport gradi-
ent. Once inside the cell, FFAs are transported into the 
mitochondria, where they undergo beta oxidation (Fig. 
35-30). Before entering the mitochondria, the long-chain 
fatty acids (oleic, palmitic, stearic, linoleic, and palmi-
toleic) are first activated to their acyl-CoA derivative 
by the appropriate acyl-CoA synthetase. Because the 
inner mitochondrial membrane is not permeable to the 
fatty-acyl-CoA, a specific transport system is necessary 
to transport the fatty-acyl derivative into the mitochon-
dria (see Fig. 35-30).93 The enzyme carnitine acyltrans-
ferase-1 in the outer membrane transfers the cytosolic 
fatty acyl-CoA to carnitine, and the resulting fatty-acyl 
carnitine derivative is transported through the mitochon-
drial membrane. At the inner mitochondrial membrane, 
carnitine acyltransferase 2, the rate-limiting enzyme for 
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Figure 35-29 Dose-response relationship between the plasma insulin 
concentration versus the rate of whole-body free fatty acid (FFA) oxida-
tion (top) and the rate of nonoxidative FFA disposal, that is, reesteri-
fication (bottom) in healthy subjects during euglycemic insulin clamp 
studies. (Reproduced from Groop LC, Bonadonna RC, Del Prato S 
et al. Glucose and free fatty acid metabolism in non-insulin-dependent 
diabetes mellitus: evidence for multiple sites of insulin resistance. J Clin 
Invest. 1989;84:205-213.)

Figure 35-30 Free fatty acid (FFA) and ketone body metabolism in the liver. After transport into the hepatocyte, FFAs are activated to their acyl-
CoA derivative. Depending on the hormonal, metabolic, and energy status of the cell, the fatty acyl-CoA moiety is either transported into the mito-
chondrion and oxidized or synthesized into triglyceride. Malonyl-CoA, which is a potent inhibitor of carnitine palmitoyl transferase 1, plays a pivotal 
role in the switch from FFA oxidation to lipid synthesis. Insulin enhances the formation of malonyl-CoA by stimulating acetyl-CoA-carboxylase. 
Insulin also favors triglyceride synthesis by inhibiting triacylglycerol lipase, the rate-limiting step for lipolysis. ATP, Adenosine triphosphate; CAT, 
carnitine acyltransferase; TAG, triacylglycerol.
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beta oxidation, catalyzes the transfer of the fatty-acyl unit 
from fatty-acyl carnitine back to CoA, and the fatty acyl-
CoA then undergoes beta oxidation with the resultant 
generation of acetyl-CoA.

As beta oxidation proceeds, acetyl-CoA accumulates 
within the cell and becomes a powerful inhibitor of the 
PDH enzyme complex (Fig. 35-31).92,93 In addition, the 
accelerated rate of FFA oxidation consumes nicotinic 
adenine dinucleotide (NAD) and generates NADH. This 
shift in redox potential further inhibits PDH and impairs 
the Krebs cycle. Fatty acyl-CoA derivatives also have 
been shown to inhibit glycogen synthase in muscle and 
liver94,95 (see Fig. 35-31). In healthy humans, a physio-
logic elevation in the plasma FFA concentration (created 
by Intralipid/heparin infusion) stimulates FFA oxidation 
and inhibits both glucose oxidation and glucose storage 
(glycogen synthesis),23,96 thus providing experimental 
validation of the Randle cycle. In nondiabetic subjects, 
a physiologic increment in the plasma insulin level  
(+100 μU/mL) causes a 50% to 60% decline in plasma 
FFA concentration and a parallel decline in lipid oxida-
tion (Fig. 35-32). Infusion of Intralipid during the insulin 
clamp, to maintain or increase the plasma FFA level (see 
Fig. 35-32), inhibits insulin-mediated stimulation of both 
glucose oxidation and glucose storage (glycogen synthe-
sis) (Fig. 35-33). These data demonstrate that the Randle 
cycle operates in vivo in humans in response to physi-
ologic changes in the plasma FFA concentration. The 
inhibitory effect of elevated plasma FFA levels is observed 
at all plasma insulin concentrations, spawning the physi-
ologic and pharmacologic range.96 The inhibitory effect 
of an acute increase in plasma FFA concentration on 
muscle glucose metabolism is time dependent. Thus the 
earliest (within 2 hours) observed abnormality is a defect 
in glucose oxidation, as would be predicted by operation 
of the Randle cycle.92 This is followed (between 2 and  
3 hours) by defects in glucose transport and phosphoryla-
tion and eventually (after 3 to 4 hours) by impaired gly-
cogen synthesis.3,97

According to the FFA-glucose cycle originally pro-
posed 5 decades ago by Randle and colleagues,92 the 
increase in FFA oxidation restrains glucose oxidation 
in muscle by altering the redox potential of the cell and 
inhibiting key glycolytic enzymes. The excessive FFA 
oxidation, in addition to causing the intracellular accu-
mulation of acetyl-CoA (a potent inhibitor of PDH) and 
increasing the NADH/NAD ratio (causing a slowing of 
the Krebs cycle), results in the accumulation of citrate, 
a powerful inhibitor of PFK. Randle and colleagues pro-
posed that inhibition of PFK caused product inhibition of 
the early steps involved in glucose metabolism, leading to 

Figure 35-31 Schematic representation of 
the intracellular biochemical and molecular 
events that are inhibited by fatty acyl-CoAs 
and their intracellular metabolites. See text 
for a more detailed discussion. AcCoA, 
Acyl-CoA; F6P, fructose-6-phosphate; FA-
CoA, fatty acyl-CoA; FFA, free fatty acid; 
G1P, glucose-1-phosphate; G6P, glucose-
6-phosphate; GLUT, glucose transporter; 
HK, hexokinase; NAD, nicotinamide adenine 
dinucleotide; PDH, pyruvate dehydrogenase; 
PFK, phosphofructokinase; PI3K, phosphati-
dylinositol kinase; UDP, uridine diphosphate.

Figure 35-32 Plasma free fatty acid (FFA) concentration and total 
body lipid oxidation (measured by indirect calorimetry) in the basal 
state and during a 100-μU/mL euglycemic insulin clamp performed 
with and without Intralipid (IL) infusion. Intralipid was infused at two 
rates to maintain (low IL infusion) or increase (high IL infusion) the 
basal plasma FFA concentration. The high-dose Intralipid infusion rate 
maintained the rate of total body lipid oxidation constant at the basal 
value. (Reproduced from Thiebaud D, DeFronzo RA, Jacot E, et al. Ef-
fect of long-chain triglyceride infusion on glucose metabolism in man. 
Metabolism, 1982;21:1128-1136.)
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the accumulation of G6P, which in turn inhibited HKII. 
The block in glucose phosphorylation caused a buildup of 
intracellular free glucose, which restrained glucose trans-
port into the cell via GLUT-4. The resultant decrease in 
glucose transport, in turn, resulted in impaired glycogen 
synthesis. This sequence of events by which accelerated 
plasma FFA oxidation inhibits muscle glucose transport, 
glucose oxidation, and glycogen synthesis is now referred 
to as the Randle cycle.92 It should be noted that the same 
scenario would ensue if the FFA were derived from tri-
glycerides stored in muscle or from plasma.96

The original description of the Randle cycle was formu-
lated based on experiments performed in rat diaphragm 
and heart muscle.92 More recent studies performed in 
human skeletal muscle implicate mechanisms in addition 
to those originally proposed by Randle and colleagues, in 
the FFA-induced insulin resistance. Several groups98 have 
failed to observe an increase in G6P, or in muscle citrate 
levels, or an inhibition of PFK, when insulin-stimulated 
glucose metabolism was inhibited by a lipid infusion to 
increase the plasma FFA concentration. Thus, although 
increased FFA/lipid and decreased glucose oxidation are 
closely coupled, as originally demonstrated by Randle and 
colleagues, mechanisms other than product (i.e., elevated 
intracellular G6P and free glucose concentrations) inhi-
bition of the early steps of glucose metabolism must be 
invoked to explain the defects in glucose transport, glucose 
phosphorylation, and glycogen synthesis (see Fig. 35-31).

Studies in humans and animals have shown a strong 
negative correlation between insulin-stimulated glucose 
metabolism and increased intramuscular lipid pools, 
including triglyceride, diacylglycerol, ceramides, and 
long-chain fatty acyl-CoAs.3,99-101 An acute increase in 
the plasma FFA concentration leads to an increase in 
muscle fatty acyl-CoA and diacylglycerol concentrations.

Both long-chain fatty acyl-CoAs and diacylglyc-
erol activate protein kinase C-θ, which increases serine 

phosphorylation with subsequent inhibition of IRS-1 
tyrosine phosphorylation. In human muscle, elevated 
plasma FFA levels inhibit insulin-stimulated tyrosine 
phosphorylation of IRS-1, the association of the p85 
subunit of PI 3-kinase with IRS-1, and activation of PI 
3-kinase98,102 (see Fig. 35-31). Direct effects of long-
chain fatty acyl-CoAs to inhibit glucose transport, glu-
cose phosphorylation, and glycogen synthase also have 
been demonstrated in muscle (see Fig. 35-32). Last, 
increased muscle ceramide levels (secondary to increased 
long-chain fatty acyl-CoAs) interfere with glucose trans-
port and inhibit glycogen synthase in muscle via multiple 
mechanisms involving alterations in a variety of intracel-
lular lipid-signaling molecules that exert their inhibitory 
effects on multiple steps of glucose metabolism (insulin 
signal transduction system, glucose transport, glucose 
phosphorylation, glycogen synthase, PDH, Krebs cycle).

The extent to which insulin action in target tissues is 
direct rather than mediated by shifts in substrate sup-
ply can be appreciated by comparing systemic with local 
insulin administration. When infused intraarterially into 
the human forearm, insulin does not alter the circulat-
ing substrate supply, in that neither FFA nor glucose 
concentrations change in the arterial blood recirculating 
to the forearm tissues. Under these conditions, insulin 
stimulates forearm glucose uptake and lactate release in a 
time-dependent manner (Fig. 35-34) but does not induce 
any detectable change in the local respiratory quotient 
(0.76) in the blood draining the forearm tissues.103 This 
observation indicates that the forearm tissues, and the 
muscle in particular, continue to rely mostly on lipid oxi-
dation for energy production, and that the vast majority 
of insulin-stimulated glucose uptake is channeled to gly-
cogen. In contrast, when comparable hyperinsulinemia is 
created by systemic infusion of insulin while maintaining 

Figure 35-33 Inhibitory effect of Intralipid (IL) infusion and enhanced 
lipid oxidation on insulin-mediated rates of glucose oxidation and non-
oxidative glucose disposal. (See legend to Fig. 35-31 for description of 
the experimental protocol.) (Reproduced from Thiebaud D, DeFronzo 
RA, Jacot E, et al. Effect of long-chain triglyceride infusion on glucose 
metabolism in man. Metabolism. 1982;21:1128-1136.)

Figure 35-34 Net glucose, lactate, and pyruvate balances across the 
human forearm of healthy subjects in the fasting state (30 to 0 minutes)  
and during a 100-minute intraarterial insulin infusion calculated to in-
crease the local insulin concentration by approximately 120 μU/mL. 
(Reproduced from Natali A, Buzzigoli G, Taddei S et al. Effects of in-
sulin on hemodynamics and metabolism in human forearm. Diabetes. 
1990;39:490–500.)
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euglycemia, the leg respiratory quotient increases from 
0.74 to almost 1.00, that is, glucose oxidation increases, 
whereas lipid oxidation is markedly reduced. In sum-
mary, the direct effects of insulin are to promote glucose 
transport and phosphorylation, glycolysis, and glycogen 
synthesis; the stimulatory effect of the hormone on glu-
cose oxidation is both direct and indirect, the latter being 
mediated by a fall in lipid availability.

The liver plays a central role in the regulation of glucose 
metabolism.1,2,9,10,104 After ingestion of a carbohydrate 
meal, it is essential that the liver suppress its basal rate 
of glucose production. In addition, the liver ultimately 
takes up approximately one third of the glucose in the 
carbohydrate meal. Collectively, suppression of hepatic 
glucose production and augmentation of hepatic glucose 
uptake account for approximately half of the mainte-
nance of plasma glucose homeostasis after ingestion of 
a carbohydrate meal. The regulation of hepatic glucose 
production is controlled by a number of factors (see Fig. 
35-3), of which insulin (inhibits hepatic glucose produc-
tion) and glucagon and FFA (stimulate hepatic glucose 
production) are the most important. In vitro studies have 
demonstrated that plasma FFA are potent stimulators of 
hepatic glucose production and do so by increasing the 
activity of pyruvate carboxylase and phosphoenolpyru-
vate carboxykinase, the rate-limiting enzymes for gluco-
neogenesis.105 FFAs also enhance the activity of G6Pase, 
the enzyme that ultimately controls the release of glucose 
by the liver106 (Fig. 35-35).

In normal subjects, an acute physiologic increase in 
plasma FFA concentration stimulates gluconeogenesis, 
whereas a decrease in plasma FFA concentration reduces 
gluconeogenesis.107 A significant portion (as much as 
25%) of the suppressive effect of insulin on hepatic 
glucose production is mediated via inhibition of lipoly-
sis and a reduction in circulating plasma FFA concen-
tration.10,24 The relationship between increased plasma 
FFA concentration, FFA oxidation, and hepatic glucose 
production can be explained as follows: 1) Increased 
plasma FFA levels, by mass action, augment FFA uptake 

by hepatocytes, leading to accelerated lipid oxidation 
and accumulation of acetyl-CoA. The increased concen-
tration of acetyl-CoA stimulates pyruvate carboxylase, 
the rate-limiting enzyme in gluconeogenesis, as well as 
G6Pase, the rate-controlling enzyme for glucose release 
from the hepatocyte (see Fig. 35-35). 2) The increased 
rate of FFA oxidation provides a continuing source of 
energy (in the form of ATP) and reduced nucleotides 
(NADH) to drive gluconeogenesis. The net result is an 
enhanced flux of three carbon precursors from pyru-
vate to oxaloacetate and thus into the gluconeogenic 
pathway. Finally, it should be noted that an increase in 
plasma FFA concentration need not be associated with 
an increase in hepatic glucose production, even though 
gluconeogenesis is enhanced. This is especially true in 
nondiabetic subjects in whom, except under very unique 
experimental conditions, elevation of the plasma FFA 
level rarely leads to an accelerated rate of hepatic glucose 
output, because the stimulation of hepatic gluconeogen-
esis by FFA is precisely offset by an inhibition of glycoge-
nolysis, thereby yielding no net change in hepatic glucose 
production. This hepatic autoregulation in response to 
FFA infusion is similar to that observed during the infu-
sion of gluconeogenic precursors.108 Thus, in dogs and 
nondiabetic humans, intravenous administration of ala-
nine, lactate, and glycerol augments gluconeogenesis but 
fails to increase total hepatic glucose production because 
of a reciprocal decline in glycogenolysis. The situation 
in insulin-resistant states, such as obesity and diabetes, 
appears to be different. Here, FFA infusion impairs the 
suppression of hepatic glucose production by insulin and 
in some instances may actually elevate the basal rate of 
hepatic glucose production.109,110

Amino acids also can enter into a substrate competi-
tion cycle with glucose, although somewhat less effec-
tively than FFAs.111 Increased amino acid provision 
enhances glucose production under conditions of insu-
lin deficiency or resistance and limits glucose utilization 
in the insulinized state. Furthermore, an increase in the 
plasma FFA concentration exerts a hypoaminoacidemic 
effect in humans.112 In summary, each of the three major 
substrates (i.e., glucose, FFAs, amino acids), if present in 
excessive amounts (whether by endogenous production 
or exogenous administration), can lower the level of the 
other two by stimulating insulin release. In this situa-
tion, glucose metabolism obviously is favored because it 
is a much more potent insulin secretagogue than fat or 
amino acids. In addition, multiple substrate effects (not 
mediated by insulin) participate in the regulation of the 
substrates themselves: high FFA and amino acid concen-
trations increase glucose, whereas a high FFA concentra-
tion lowers the amino acid levels. The net result is the 
creation of a glucose-FFA-amino acid cycle in which each 
member of the triad influences its fellow members both 
directly and indirectly through the stimulation of insulin 
secretion (Fig. 35-36).

Lipid Synthesis
In addition to its potent restraining effect on lipoly-
sis and inhibition of FFA oxidation, the increase in 
plasma insulin concentration that occurs in the fed 

Figure 35-35 Schematic representation of the regulation of hepatic 
glucose production and hepatic gluconeogenesis. Sites of stimulation of 
free fatty acids are shown by the asterisk. See text for a more detailed 
discussion. PEP, Phosphoenolpyruvate.
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state stimulates fatty acid synthesis and storage as tri-
acylglycerols in adipose depots throughout the body. 
As discussed previously, these fat stores are mobilized 
during conditions of fasting and serve as an important 
metabolic fuel for skeletal muscle, heart, kidney, liver, 
and other organs. In addition to its important role in 
lipid synthesis, insulin also enhances cholesterol for-
mation and cholesterol ester storage and promotes 
phospholipid metabolism.

In humans, adipose tissue and the liver represent the 
primary sites of fatty acid synthesis. Insulin augments 
fatty acid synthesis in these tissues primarily by acti-
vating acetyl-CoA carboxylase33 (see Chapter 43). This 
enzyme converts acetyl-CoA in the cytosol to malonyl-
CoA (see Fig. 35-30). Insulin directly activates acetyl-
CoA carboxylase by increasing its phosphorylation state 
and enhancing its synthesis. Insulin also indirectly acts 
on the enzyme by increasing the supply of citrate, which 
activates acetyl-CoA carboxylase, and by stimulating the 
pentose phosphate cycle, thus providing the necessary 
reducing equivalents (NADH) for fat biosynthesis. Insu-
lin also phosphorylates, thereby activating, ATP-citrate 
lyase, the step immediately preceding that catalyzed by 
acetyl-CoA carboxylase (see Fig. 35-30).33 The increase 
in cytosolic malonyl-CoA concentration simultaneously 
activates fatty acid synthase and binds to carnitine pal-
mitoyl transferase-1, inactivating the enzyme and inhibit-
ing fatty acid oxidation.93 The net result is an enhanced 
availability of fatty acyl-CoA for triglyceride synthesis. 
Insulin appears to have little effect on any of the enzymes 
involved in triacylglycerol synthesis. This is in marked 
contrast to insulin’s powerful inhibitory action on triacyl-
glycerol lipase, the rate-limiting enzyme in the regulation 
of lipolysis.93 In addition to the stimulatory effect of insu-
lin on triglyceride synthesis, the hormone also appears to 
enhance cholesterol formation through an effect exerted 
on hydroxymethylglutaryl-CoA reductase.

Ketone Metabolism
Ketones are formed in the liver from the oxidation of 
FFA, and their synthesis is tightly regulated by the cir-
culating levels of insulin and glucagon as well as malo-
nyl-CoA. In the fed state, insulin levels rise, lipolysis is 
inhibited, and intracellular malonyl-CoA levels rise93 (see 
Chapter 46). This latter key intermediate inhibits carni-
tine acyltransferase-1, thus favoring triglyceride synthe-
sis and retarding fatty acid oxidation and ketone body 
formation. Conversely, in the starved or diabetic state, 
plasma insulin levels decline and glucagon increases. The 
decrease in insulin-to-glucagon ratio is associated with a 
decrease in malonyl-CoA concentration, and fatty acid 
oxidation and ketogenesis are favored (see Fig. 35-31). 
With the exception of the liver, most tissues can oxidize 
ketone bodies. Their utilization by peripheral tissues, 
including muscle, is primarily regulated by their plasma 
concentration. Ketone bodies represent a major fuel for 
muscle during prolonged fasting, once their circulating 
blood levels increase to 1 to 3 mmol/L. Reversal of the 
reduced insulin-to-glucagon ratio after feeding rapidly 
inhibits ketogenesis, and the associated decline in plasma 
ketone levels abolishes ketone utilization by peripheral 
tissues.

Oral Glucose
At any given point in time, the glycemic response to an 
exogenous glucose load represents the balance between 
the rate of glucose appearance in the systemic circulation 
from all sources (i.e., ingested glucose entering via the 
gastrointestinal tract and endogenous glucose produc-
tion) and the rate at which glucose is disposed of by all 
tissues in the body.104,113 Oral glucose appearance in the 
systemic circulation depends on 1) the rate at which the 
gastric contents are passed on to the small intestine; 2) 
the rate of intestinal glucose absorption; 3) the extent of 
gut glucose utilization; 4) the degree of hepatic glucose 
trapping; 5) the dynamics of glucose transfer through the 
gut, liver, and posthepatic circulation to the right heart; 
and 6) the rate of systemic plasma glucose clearance. The 
contribution of endogenous glucose production to the 
glycemic response to feeding depends on the extent and 
rate of change of hepatic glucose release. Initially, dispo-
sition of an ingested glucose load depends on changes in 
the pattern of hormonal stimuli and substrate availabil-
ity. Because it represents a summation phenomenon, the 
response to oral glucose explores the whole of glucose 
tolerance, not the individual contribution of the various 
components. As discussed previously in this chapter, the 
rate-limiting step in the transfer of ingested glucose from 
the stomach to the liver is the rate of gastric emptying. 
This depends on the volume, temperature, osmolarity, 
and sodium content of the glucose solution when glucose 
alone is ingested. Glucose absorption through the intesti-
nal epithelial cells is rapid, efficient, and well in excess of 
ordinary needs. Glucose utilization by intestinal tissues is 
small when glucose is presented from the vascular side, 
that is, when there is no oral glucose (see Table 35-2). 
The major fuels used by the gastrointestinal tissues in 
the postabsorptive state are FFA and glutamine. In the 
presence of glucose at high concentrations on the luminal 
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Figure 35-36 The glucose–free fatty acid–amino acid cycle. Because 
glucose, free fatty acids (FFAs), and amino acids are all insulin secreto-
gogues, isolated increases of each of them lower the circulating levels of 
the other two via hyperinsulinemia (inner ring). By substrate competi-
tion (outer ring), an increased supply of either FFAs or amino acids will 
spare glucose. In addition, FFAs have a hypoaminoacidemic effect of 
their own. See text for a detailed discussion. (Reproduced from Ferran-
nini E, DeFronzo RA. Insulin actions in vivo: glucose metabolism. In 
DeFronzo RA, Ferrannini E, Keen H, Zimmet P, eds. International text-
book of diabetes mellitus. Chichester, UK: John Wiley & Sons; 2004: 
277–318.)
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side, it appears that gut glucose metabolism increases 
in response to the increased energy needs for absorp-
tion; the quantitative aspects of this stimulation of gut 
glucose utilization remain undetermined in the human. 
The possibility also exists that systemic hyperglycemia 
and/or hyperinsulinemia may impede intestinal glucose 
absorption.

Glucose uptake by the liver is stimulated by portal 
hyperglycemia (see later),9,10,114 and this has a major 
impact on hepatic glucose release. The traversal of glu-
cose through the hepatic space is relatively quick, and this 
is unlikely to introduce a significant delay in the systemic 
appearance of oral glucose. In summary, the dynamics 
of oral glucose appearance are essentially determined by 
gastric emptying, whereas intestinal transport, transit 
across the gastrointestinal mucosa into the portal blood, 
and transhepatic passage together introduce only a small 
time delay. Stated otherwise, if neither gastrointestinal 
nor liver tissues used glucose, the time course of oral glu-
cose appearance in the systemic circulation would follow 
that of gastric emptying, with a time shift of a few min-
utes. For this reason, the gastric transfer step represents a 
major component of the shape of the glycemic response to 
glucose. Figure 35-37 shows the pattern of appearance of 
ingested glucose in healthy individuals, as reconstructed 
by a double tracer technique.104 Glucose appearance in 
the systemic circulation peaks within 30 to 45 minutes, 
declines slowly thereafter, but remains significantly above 
zero at 180 minutes after glucose ingestion. At least 4 to  
5 hours are necessary for the complete absorption of an 
oral glucose load, and this is further prolonged by the 
presence of fat and protein in the meal. Fig. 35-37 also 
shows the time course of suppression of endogenous glu-
cose release by oral glucose. A sustained nadir is reached 
between 60 and 120 minutes, and this is followed by 
a slow return to the fasting rate; however, hepatic glu-
cose production is still significantly inhibited 180 min-
utes after the glucose challenge. Overall suppression of 
hepatic glucose production during the 3- to 4-hour period 
after glucose ingestion averages 50%. This is surprisingly 
less than what would be expected based on the com-
bined portal hyperglycemia and hyperinsulinemia (see 
Fig. 35-6). Because circulating levels of insulin antago-
nistic hormones (except norepinephrine) do not change 
after oral glucose, it is likely that activation of the sym-
pathetic nervous system, and specifically those nerves 
innervating the liver, keeps liver glucose outflow open.19 
The resemblance of oral glucose appearance rate to the 
plasma glucose curve is readily evident, especially during 
the first 60 to 90 minutes. Less appreciated is the fact that 
absorption is still incomplete 3 to 4 hours after ingestion. 
After a lag of approximately 30 minutes, plasma glucose 
clearance is stimulated by 50% to 100% throughout 
the period of observation. Hyperglycemia (mass action 
effect of glucose to promote its own uptake) contributes 
more to whole-body glucose disposal during the first half 
hour; thereafter, hyperinsulinemia provides the predomi-
nant stimulus. Oral glucose also elicits a marked vasodi-
lation of the splanchnic vascular bed, and this regional 
increase in splanchnic blood flow persists for at least 4 
hours. Thus, both the metabolic and the hemodynamic 

perturbations induced by oral glucose extend beyond the 
time that it takes for the plasma glucose concentration to 
return to its preingestion level. Figure 35-38 depicts the 
time-course of oral and endogenous glucose appearance 
observed in nondiabetic individuals and in type 2 diabetic 
patients when the same glucose load as in the standard 
OGTT (see Fig. 35-37) is mixed with protein and fat.18 
The shape of the oral absorption curve is similar—if 
somewhat slower—to that of oral glucose alone, with 
substantial oral glucose still appearing in the systemic cir-
culation at the end of 5 hours; suppression of endogenous 
glucose release is marked and protracted despite the rise 
in plasma glucagon levels elicited by protein (see Fig. 
35-5). In diabetic subjects, on the other hand, oral glucose 
appearance is similar to controls, but endogenous glucose 
production shows a significantly lower degree of suppres-
sion between 60 and 160 minutes after ingestion, in line 
with the blunted rise in the estimated prehepatic insulin-
to-glucagon molar concentration ratio (see Fig. 35-5).18
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Figure 35-37 Glucose turnover after glucose ingestion. The rate of 
appearance of the oral glucose load (top), the rate of whole-body glu-
cose clearance (middle), and the rate of endogenous (hepatic) glucose 
production (bottom) are shown after the ingestion of 75-g glucose in 
healthy adults. Plots are mean ± SEM. (Redrawn from data in Bonuc-
celli S, Muscelli E, Gastaldelli A, et al. Improved glucose tolerance to se-
quential glucose loading (Staub-Traugott effect): size and mechanisms. 
Am J Physiol Endocrinol Metab. 2009;297:E532-E537, 2009.)
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The tissue destination of absorbed glucose has been 
the subject of intense investigation. Although the liver 
was classically reputed to be responsible for the even-
tual disposal of the majority of an oral glucose load, 
more recent studies that have employed the hepatic vein 
catheter technique in combination with radioisotope 
methodology have demonstrated that peripheral tis-
sues dispose of approximately two thirds of the ingested 
glucose, whereas the splanchnic tissues account for the 
remaining one third.115,116 However, it must be remem-
bered that the splanchnic tissues (i.e., liver) also contrib-
ute to glucose conservation by reducing their output of 
glucose. When this amount of glucose is added to that 
which is taken up by the liver, it can be seen that splanch-
nic (hepatic) and peripheral tissues contribute approxi-
mately equally to the maintenance of normal glucose 
homeostasis. Obviously, these approximate proportions 
vary according to the period during which the study 
is conducted, as well as with the nature of individual 
responses to glucose ingestion. A robust insulin secretory 
response directs more posthepatic glucose to the periph-
eral tissues, whereas a large increase in splanchnic blood 
flow channels the delivery of incoming sugar to the liver. 
In humans, for example, a glucose drink sipped slowly 

over 3.5 hours rather than swallowed in one bolus gen-
erates the same overall glucose curve but a 50% smaller 
endogenous insulin response. Last, the route of glucose 
administration exerts an important influence on the met-
abolic fate of glucose in that the portosystemic glucose 
concentration gradient per se enhances hepatic glucose 
uptake independently of portal glycemia and total glu-
cose delivery to the liver.10 In humans, the oral route of 
glucose administration also has been shown to enhance 
splanchnic (hepatic) glucose uptake.114,117 Recent studies 
also have shown that the liver takes up glucose in pro-
portion to delivery.118

After glucose ingestion, glucose oxidation in the 
brain continues unabated during the absorptive period. 
Approximately 50% of the glucose that is taken up by 
peripheral tissues (muscle) is oxidized, and the remainder 
is stored as muscle glycogen or as lactate in the lactate 
pool. During absorption from the gastrointestinal tract, 
lactate release by the intestinal tissues into the portal vein 
is markedly increased. It has been estimated that approxi-
mately 5% of the ingested glucose load is converted into 
three carbon precursors (lactate, pyruvate, and alanine) 
that are passed on to the liver and synthesized into glyco-
gen via the indirect pathway of gluconeogenesis. Because 
the lactate concentration in the hepatic vein also increases 
after glucose ingestion, it follows that the sum of hepatic 
lactate production and gut lactate formation must exceed 
hepatic lactate extraction. Liver glycogen formation dur-
ing absorption of oral glucose occurs both directly from 
glucose and indirectly via gluconeogenesis.118 The rela-
tive contributions of the direct (from glucose) versus indi-
rect (from gluconeogenic precursors) pathway to hepatic 
glycogen synthesis in humans remain uncertain owing to 
methodological difficulties. However, current data sug-
gest that gluconeogenesis participates in liver glycogen 
repletion to a much lesser extent in humans than in rats.

Counterregulatory Hormones
A review of the role of the insulin counterregulatory hor-
mones (glucagon, epinephrine, cortisol, growth hormone, 
and thyroid hormones) and their roles in intermediary 
metabolism is beyond the scope of this chapter, and the 
reader is referred to Chapter 47 and reference 16. The most 
important role of the counterregulatory hormones is in the 
defense against hypoglycemia. Glucagon and epinephrine 
play an important role in the acute recovery from hypogly-
cemia by stimulating both glycogenolysis and gluconeogen-
esis. When hypoglycemia is prolonged, cortisol and growth 
hormone contribute to the restoration of normoglycemia 
by impairing the tissue’s ability to respond to insulin. Epi-
nephrine also is a potent peripheral insulin antagonist. 
Except for glucagon (whose concentration increases dur-
ing fasting, leading to a stimulation of hepatic glucose 
production primarily by augmenting gluconeogenesis), it 
is unclear what role if any these insulin antagonistic hor-
mones play in glucoregulation during the transition from 
the fed to the fasted state. More likely, these counterregu-
latory hormones contribute to the mobilization of com-
petitive substrates, especially FFAs, from adipose depots 
to the liver and muscle, where they serve as an important 
energy source. Circulating levels of these counterregulatory 
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Figure 35-38 Rate of appearance of glucose (75-g) in a mixed meal 
(top) and the corresponding rate of endogenous glucose production 
(bottom) in healthy subjects. Note that oral glucose is still appearing 
at the end of 5 hours after meal ingestion while endogenous glucose 
production is still suppressed. Shaded areas are mean ± SEM. The red 
dotted line is the mean value of a group of obese patients with type 2 
diabetes (see also Fig. 35-5). (Redrawn from data in Camastra S, Mus-
celli E, Gastaldelli A, et al. Long-term effects of bariatric surgery on 
meal disposal and β-cell function in diabetic and nondiabetic patients. 
Diabetes. 2013;62:3709-3717, 2013.)
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hormones (except glucagon) do not increase during fast-
ing. Rather, the plasma insulin concentration declines in 
response to the decrease in blood glucose, and the resultant 
hypoinsulinemia leaves the lipolytic and ketogenic activi-
ties of the counterregulatory hormones unopposed, thus 
facilitating the shift from glucose to FFA metabolism.
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In an evolutionary sense, the adipose tissue represents the 
most efficient way to store energy in periods of feast to 
allow survival during periods of famine. There are two 
main reasons for this efficiency. First, on a weight basis, 
triacylglycerol, commonly called triglycerides, yields 
more than two times the amount of energy as glycogen 
or proteins. Second, triglycerides are stored without asso-
ciated water whereas glycogen, which is hydrophilic, 
binds as much as twice its weight to water. Similarly, 
proteins, the building blocks of cells, are associated with 
large amounts of water. As a result, the energy that can 
be recovered from triglyceride stores by unit of weight is 
more than four times larger than that from glycogen and/
or protein stores. An average 75-kg man can store only 
approximately 500 g of carbohydrate in liver and muscle, 
representing less than 1 day of energy stores. By contrast, 

even in lean individuals, fat stores in the adipose tissue 
alone can amount to approximately 10 kg, which is suf-
ficient to maintain bodily functions for weeks of survival 
during total food deprivation. In obesity, fat stores can 
be multiplied by as much as 10 to 20 times and provide 
energy for months of starvation. The energy content of 
and the deficit required to lose 1 pound of body weight 
was originally determined to be 3500 kcal; however, more 
recent calculations show that this is generally true but 
varies depending on the actual initial body weight, sex, 
and body composition.1 The energy from triglycerides 
is stored in some 25 to 50 billion fat cells representing 
the adipose tissue, mostly beneath the skin (subcutane-
ous adipose tissue) and in the abdomen. Until only 20 
years ago, the adipose tissue was primarily considered as 
an energy storage compartment providing energy fuel to 
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the entire body in-between meals and during periods of 
energy deficit.

With the discovery of leptin in 19942 and the many 
other secreted proteins discovered since,3 adipose tissue 
is now not only considered as an energy reservoir but 
has reached the status of a true endocrine organ. Over 
the past decade, effort has been concentrated on a better 
understanding of the regulation of adipose tissue devel-
opment and apoptosis/turnover throughout the life span 
and its consequence on health and diseases. In this chap-
ter, we will review the role of the adipose as an energy 
storage compartment, but more importantly we will sum-
marize the current knowledge of what is now considered 
as a finely tuned endocrine organ, which can influence 
many facets of the conditions often referred as metabolic 
syndrome. We will first describe the links between too 
much fat (obesity), inflammation, endoplasmic reticu-
lum (ER) stress, and insulin resistance and, alternatively, 
provide arguments why too little fat is equally and para-
doxically associated with insulin resistance. Next, we 
will review the pioneering work that led to the concept 
of hypertrophic and hyperplastic obesity and the criti-
cal periods during which the adipose tissue is thought to 
develop. The current understanding of the regulation of 
adipogenesis is then reviewed, followed by a description 
of the afferent endocrine and neural signals to the adipose 

tissue. We will also provide new information regarding 
the potential importance of brown adipose tissue (BAT) 
in humans, a concept that was discarded over the past 2 
decades because of the belief that such tissue was lack-
ing in adult humans. In the next section, we will discuss 
the lipostatic theory, which led to the discovery of leptin 
and many other hormones involved in health and disease. 
Beside leptin, we will provide additional details on adipo-
nectin, resistin, TNF-α, apelin, and adipose. We conclude 
by proposing the adipocyte as a potential target for the 
treatment of obesity, dyslipidemia, and type 2 diabetes, 
with emphasis on inducing BAT.

OBESITY, INSULIN RESISTANCE, INFLAMMATION, ER 
STRESS, AND TYPE 2 DIABETES MELLITUS

Link Between Obesity and Insulin Resistance
Numerous cross-sectional studies have shown an associa-
tion between obesity and type 2 diabetes (Figs. 36-1 and 
36-2). Data from the third National Health Examination 
Survey (NHANES III) provides unequivocal evidence that 
the prevalence of diabetes is almost three times higher 
in overweight individuals than in nonoverweight indi-
viduals.4 Many prospective studies have confirmed this 
association. As an example, the likelihood of developing 
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Figure 36-1 Obesity and adipocyte hypertrophy. Adipocyte hypertrophy is a key feature of the insulin-resistant state. The flux of free fatty acids 
out of adipose tissue is disordered in obesity, especially when adipocyte hypertrophy is present. In addition, hypoxia, inflammation, and endoplasmic 
reticulum (ER) stress have been implicated as important mechanistic links between obesity and insulin resistance. This figure attempts to reconcile the 
available data on how obesity might lead to insulin resistance. In many instances, the directionality of the connections between mechanistic factors is 
unclear. For example, it is clear that ER stress can lead to the secretion of inflammatory cytokines, but it is not entirely clear if inflammation and mac-
rophages might lead to ER stress. Similarly, reduced capillary density (rarefaction) leads to hypoxia, and hypoxia leads to the secretion of chemokines 
and inflammatory cytokines and probably disordered adipokine secretion. Hypertrophic adipocytes secrete the inflammatory peptide SAA, which 
may serve to amplify inflammation and chemotaxis of macrophages. At this time, it is difficult to disentangle the web of deleterious connections. It 
appears that once the cascade is initiated, there are multiple interlocking pathways that may sustain the dysfunctional adipose tissue. (From Yang RZ, 
Lee MJ, Hu H, et al. Acute-phase serum amyloid A: an inflammatory adipokine and potential link between obesity and its metabolic complications. 
PLoS Med 3[6]:e287, 2006; and Jernas M, Palming J, Sjoholm K, et al. Separation of human adipocytes by size: hypertrophic fat cells display distinct 
gene expression. FASEB J 20[9]:1540-1542, 2006.)
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Figure 36-2 Angiogenesis and innervations in adipose tissue. Adipose tissue has the capacity to grow new blood vessels. A, Adipose tissue fragments 
show outgrowth of new capillaries after 10 days of culture ex-vivo. B, In human adipose tissue, capillaries form a rich meshwork around adipocytes. 
Adipocytes are stained green (BODIPY), and capillaries are stained red (Lectin UEA). In obesity, capillary density is decreased in subcutaneous adi-
pose tissue. Obese adipose tissue (C) and lean adipose tissue (D) have different capillary density. Adipocyte plasmalemma is stained green with Lectin-
GS, and capillaries are stained red with Lectin UEA. Human adipose tissue is innervated with sympathetic nervous system (SNS) nerve terminals that 
are important for the activation of lipolysis. E, Fluorescent immunohistochemistry of nerve fibers (neural-specific antibody) in white adipose tissue. 
F, SNS-specific staining with tyrosine hydroxylase. (A, Photomicrograph courtesy of Dr. Frank Greenway, Pennington Biomedical Research Center; 
methods as in Greenway FL, Liu Z, Yu Y, et al. An assay to measure angiogenesis in human fat tissue. Obes Surg 17[4]:510-515, 2007. B, Photomi-
crograph courtesy of Drs. Magdalena Pasarica, David Burk, and Steven Smith, Pennington Biomedical Research Center. C, Methods are presented 
in Trayhurn P, Wang B, Wood IS. Hypoxia and the endocrine and signalling role of white adipose tissue. Arch Physiol Biochem 114[4]:267-276, 
2008. E and F, Reprinted with permission from Giordano A, Song CK, Bowers RR, et al. White adipose tissue lacks significant vagal innervation and 
immunohistochemical evidence of parasympathetic innervation. Am J Physiol Regul Integr Comp Physiol 291[5]:R1243-R1255, 2006.)
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diabetes increases steeply with increasing body weight 
and fatness in Pima Indians.5 The reason for the asso-
ciation between obesity and diabetes is attributed mostly 
to the increase in insulin resistance so common in obese 
people.6 Insulin resistance is a clear predisposing factor 
for the development of type 2 diabetes in individuals at 
risk for the disease.7-9

Obesity is usually characterized by increased circulat-
ing plasma free-fatty acid (FFA) concentration. Studies in 
animals and humans support a causal effect of elevated 
FFA (produced by lipolysis of triglycerides from adipose 
tissue) on impaired insulin-mediated glucose metabo-
lism.10-13 Such studies reinforce the original hypothesis 
proposed by Randle and colleagues in 196314,15 and later 
by McGarry16 that altered fatty acid metabolism was the 
key contributing factor to insulin resistance in obese and 
diabetic patients. Randle and colleagues demonstrated 
that FFAs compete with glucose for substrate oxidation 
in isolated preparations of heart and diaphragm muscle 
from rats. More specifically, they proposed that increased 
fatty acid availability in obesity causes an increase in the 
intramitochondrial acetyl-CoA/CoA and NADH/NAD+ 
ratios, leading to inactivation of the enzyme pyruvate 
dehydrogenase. This, in turn, causes an intracellular 
increase in citrate concentration, leading to inhibition of 
phosphofructokinase, the rate-limiting enzyme for glycol-
ysis. As a consequence, glucose-6-phosphate accumulates 
in the cell and inhibits hexokinase II activity, leading to 
an increase in intracellular glucose and a decrease in glu-
cose uptake, oxidation, and storage.

Randle’s glucose–fatty acid cycle has been challenged 
by data from sophisticated clinical studies using stable 
isotope turnover in conjunction with substrate leg bal-
ance methods or using 13C and 31P magnetic resonance 
spectroscopy. These studies provide evidence that insulin 
resistance in obese individuals may be related to a pri-
mary defect of fatty acid oxidation in skeletal muscle 
rather than a competition between fat and carbohydrate 
metabolism.

First, Wolfe and associates identified some of the flaws 
in the notion that fatty acid availability controls substrate 
oxidation in the fasting state.17 He provided evidence 
that fatty acid oxidation is largely controlled at the site of 
oxidation, which is in turn determined by the availability 
of glucose. In this model, the primary physiologic role 
of increased adipose lipolysis in fasting conditions is to 
provide the necessary glycerol as a gluconeogenic precur-
sor,18 and the rate of fatty acid oxidation is then regu-
lated by the rate of intracellular metabolism of glucose.

Second, it is now well accepted that skeletal muscle pre-
dominantly relies on lipid oxidation during fasting and can 
easily switch from lipid to increased glucose uptake and 
oxidation in response to feeding and hyperinsulinemia.19 
This switch from fat to carbohydrate oxidation in skeletal 
muscle has been called metabolic flexibility. Importantly, 
Kelley and Mandarino provided convincing evidence that 
glucose oxidation after an overnight fast is increased in 
the leg of subjects with type 2 diabetes, thereby decreasing 
its reliance on fat oxidation.20 In opposition to Randle’s 
glucose-fatty acid cycle, their series of studies suggest that 
hyperglycemia itself causes an impairment of the normal 

fasting reliance of skeletal muscle on fatty acids, there-
fore causing an accumulation of lipids into the muscle 
tissue. This “reversed Randle cycle” theory highlights the 
primary role of impaired lipid oxidation in skeletal mus-
cle rather than excessive lipolysis in the adipose tissue. 
Growing evidence suggests that the primary cause of the 
“metabolic inflexibility” in subjects susceptible to insulin 
resistance is impaired fat oxidation in the fasting state 
rather than a lack of increased carbohydrate oxidation 
in response to feeding.21 In support of this concept, there 
is now evidence pointing toward decreased mitochon-
drial oxidative capacity in insulin-resistant subjects with 
diabetes22 or family history of diabetes23 and in insulin-
resistant older adults.24

To prove or disprove the “Randle cycle” hypothesis, 
Shulman and co-workers went one step further. If the 
Randle hypothesis was true, one would predict an accu-
mulation of glucose-6-phosphate in the skeletal muscle 
of healthy subjects during glucose and insulin infusions 
in the presence of high plasma FFA concentration.25 
They directly tested this hypothesis using magnetic reso-
nance spectroscopy. As expected, high concentrations of 
circulating FFA caused a reduction in insulin-mediated 
glucose uptake with an approximately 50% decrease 
in glucose storage and 50% decrease in glucose oxida-
tion.12 However, in contrast to what would be predicted 
by the Randle’s hypothesis, there was no accumulation of 
glucose-6-phosphate. Therefore, reduced glucose uptake 
when FFAs are high is due to impaired glucose transport 
or impaired intracellular signaling. This series of stud-
ies shows that intramuscular fatty acids or fatty acid 
metabolites seem to interfere with the transport of glu-
cose into the skeletal muscle cells. Studies have provided 
some potential mechanisms of the effect of FFA-induced 
insulin resistance via an impact on insulin signaling at 
the level of protein kinase C θ.26-29 More recently how-
ever, Koves and colleagues, using targeted metabolomics, 
found that obesity-related insulin resistance in skeletal 
muscle is characterized by excessive beta-oxidation, 
impaired switching to carbohydrate during the fasted-
to-fed transition, and simultaneous depletion of organic 
intermediates of the tricarboxylic acid cycle.30 There-
fore, an excessive rather than reduced beta-oxidation 
may underlie the development of muscle insulin resis-
tance by accumulation of acyl-CoAs and their respective 
acyl-carnitines.30

While many studies have provided evidence for an 
association between insulin sensitivity and visceral fat 
mass (reviewed in reference 31), other studies provide evi-
dence just as good for associations between the amount 
of subcutaneous fat on the trunk and insulin resistance in 
obese nondiabetic men32,33 and in men with type 2 dia-
betes.20,34,35 Similarly, insulin resistance in obese women 
is best related to overall elevated fat mass than just vis-
ceral fat mass.36,37 Thus, subcutaneous fat, which does 
not drain into the portal vein, causes insulin resistance 
by a nonportal mechanism. The growing experimen-
tal evidence, which does not support the Randle/portal 
hypothesis, therefore calls for a change in the scientific 
paradigm to explain the insulin resistance so common in 
obesity. The bulk of the literature now provides evidence 
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that excessive total fat mass (rather than just visceral fat 
mass) and impaired muscle fat oxidation are associated 
with insulin resistance and increased risk for the develop-
ment of type 2 diabetes.

In addition to the key role of total fat mass to the 
metabolic disturbances described earlier, fat distribution 
may play an important role in several aspects of meta-
bolic function. For example, some of our own studies 
have clearly shown that the gluteal adipose tissue may be 
protective against insulin resistance rather than precipi-
tating it.38 In contrast, visceral omental adipose tissue 
exhibits more inflammation than subcutaneous adipose 
tissue and intramuscular adipose tissue39-42 (the “mar-
bled” adipose tissue in between the muscles) and both 
are associated with a greater cardiovascular and diabe-
tes risks. The mechanisms underlying these regional dif-
ferences in adipose tissue function and disease risk are 
only now being elucidated and will be discussed later in 
the chapter.

Links Between Obesity, Inflammation, and ER Stress
Studies in mice and humans suggested that adipose tis-
sue contains not only adipocytes and supporting cells, 
but also macrophages (see Figs. 36-1 and 36-2).43,44 The 
macrophage is responsible for consuming extracellular 
bacteria, cellular debris, and lipids, whereas the adi-
pocyte is responsible for internalizing and sequestering 
excess lipids. The macrophages appear to be the major 
site of TNF-α secretion and may also secrete other cyto-
kines such as IL-8,45,46 an atherogenic cytokine pro-
duced in adipose tissue. These studies also suggested 
that the bone marrow was the major site of origin for 
the adipose tissue macrophages, suggesting that obesity 
and diabetes might “recruit” these cells through the pro-
duction of one or more chemokines.47 The significance 
of the inflammatory cells is that they are likely to acti-
vate the NF-κb signaling cascade, like TNF-α. Iκκ-β, the 
upstream activator of NF-κb signaling, plays a key role 
in insulin signaling and is necessary for the full expres-
sion of the insulin-resistant phenotype in the obese ob/
ob mouse.48 Upstream αα activators of this pathway 
include not only TNF-α, but also fatty acids 49 and 
bacterial lipopolysaccharide. Fatty acids activate this 
pathway via the Toll-receptor 4, which also responds 
to lipopolysaccharide.49 In vivo studies in mice48 and 
humans50-52 demonstrate that salicylates, inhibitors of 
the Iκκ-β pathway,53 play an important therapeutic role 
in insulin resistance and diabetes,54 in part through adi-
pocyte-mediated pathways.55,56 The antidiabetic peroxi-
some proliferator-activated receptor γ (PPAR-γ) ligands 
(e.g., TZDs) also decrease the gene transcriptional 
effects of the Iκκ-β pathway.57

Many more inflammatory cytokines such as monocyte 
chemoattractant protein-1 (MCP-1) and plasminogen 
activator protein (PAI) have been linked to adiposity. The 
increase in inflammatory cytokines found in obesity ulti-
mately characterizes excess adipose tissue as a state of 
low-grade systemic inflammation, which may link obesity 
to its comorbidities.58 Obesity therefore occurs in asso-
ciation with an increase in inflammatory cytokines and 
an infiltration of macrophages within the adipose tissue. 

Two of the major unsolved questions regarding this 
observation are: Why does inflammation occur in parallel 
with obesity, and what is the consequence of this inflam-
mation? One of the growing hypotheses first proposed 
by Trayhurn’s group59 and more recently reviewed60,61 is 
that inflammation is likely the result of reduced oxygen-
ation (hypoxia; see Figs. 36-1, 36-2, and 36-3) in adipose 
tissue, which may provide cellular mechanisms for mac-
rophage infiltration, reduction in adiponectin secretion, 
increased leptin secretion, adipocyte death, endoplasmic 
reticulum (ER) stress, fibrosis, and mitochondrial dys-
function62 in white adipose tissue (WAT) in obesity.63-65 
Inhibition of adipogenesis and triglyceride synthesis by 
hypoxia may be a mechanism to elevate plasma FFA 
and reduce adiponectin concentrations, both leading to 
insulin resistance in obesity.63,64 The biological basis for 
adipose tissue hypoxia could be related to a reduction in 
arterial blood flow as a result of adipocytes outgrowing 
their blood supply (Fig. 36-3). A failure to maintain blood 
flow or reduced capillary density (a lack of compensa-
tory angiogenesis or vasoconstriction) may be the basis of 
the observed reduction in blood flow in human adipose 
tissue.60 The hypothesis that increased adipocyte mass 
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Figure 36-3 Hypoxia, inflammation, and insulin resistance. Rap-
id growth of adipose tissue leads to an expansion that may not be 
 accompanied by a simultaneous maintenance of capillary density by in-
creased angiogenesis or vasodilation and therefore may cause a decrease 
in blood flow to the tissue. Decreased blood flow per unit of adipose tis-
sue leads to tissue hypoxia, which, in turn, induces inflammation. When 
inflammation becomes out of control with increased systemic and local 
cytokine concentrations, insulin resistance occurs. Adipose hypoxia is 
therefore a signal for the remodeling of the adipose tissue. (Adapted 
from Ye J. Emerging role of adipose tissue hypoxia in obesity and insu-
lin resistance. Int J Obes [Lond] 33[1]:54-66, 2008.)
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in obesity without an adequate support of vasculariza-
tion might lead to hypoxia, macrophage infiltration, and 
inflammation was confirmed in human studies66 (nicely 
reviewed in reference 67).

Over the past few years, publications have provided 
growing evidence suggesting that ER stress may also play 
a role in the pathogenesis of type 2 diabetes.68 The ER is 
a highly dynamic organelle with a central role in lipid and 
protein biosynthesis. It produces the transmembrane pro-
teins and lipids for most cell organelles and is responsible 
for the synthesis of almost all secreted proteins. After 
the translation of proteins is performed by ribosomes on 
the cytosolic surface of the ER, the unfolded polypeptide 
chains are translocated into the ER lumen where numer-
ous chaperone proteins are crucial for the proper folding 
of proteins and protein complexes.69

However, the ER is exquisitively sensitive to alterations 
in homeostasis, and proteins formed in the ER may fail to 
attain proper conformation due to: (1) lack of chaperones 
or energy to promote chaperone-protein interactions, (2) 
calcium depletion, (3) disruption of the redox state, (4) 
protein mutations that hamper adequate folding, and (5) 
reduction of disulfide bonds.68 ER stress is also called the 
unfolded protein response (UPR). Lipotoxicity and glu-
cotoxicity as seen in prediabetes and diabetes are triggers 
of ER stress.

Excess FFAs as seen in obesity activate the ER stress 
response in beta cells, eventually causing apoptosis.70 
Data suggests that hypoxia in adipose tissue of obese 
mice and individuals may contribute to the induction of 
ER stress and thereby affect adipokine production. For 
example, adiponectin expression was decreased in adi-
pose tissue from high-fat–fed KKAy mice.71 Evidence for 
the role of ER stress in human tissues such as pancreas, 
muscle, and adipose is not currently available. Similarly, 
increase in expression and phosphorylation of stress-
activated kinases such as p38 and JNK were detected 
in omental adipose tissue from obese women compared 
with lean controls.72 In the next few years, research in 
this area should lead to a better understanding of the 
interaction between obesity, inflammation, hypoxia, and 
ER stress.

In addition to disordered FFA release, inflammation, 
ER stress, and hypoxia, fibrosis may play a pathophysi-
ologic role in obesity.73 Initial studies in mice and later 
in humans10,74-76 demonstrated upregulation of genes 
encoding several collagens including collagen VI. Col-
lagen VI is particularly interesting, as the knockout 
of COLVIα3 combined with the absence of the leptin 
gene ob led to massive obesity and remarkable adipo-
cyte hypertrophy. In contrast to the degree of obesity 
and hypertrophy, these animals were insulin sensitive 
and metabolically normal. The hypertrophy suggested 
that COLVIα3 acts as a “brake” on adipocyte growth. 
Further study of the COLVIα3 protein revealed a novel 
peptide fragment that they named endotrophin.77-78 
Importantly, neutralizing antibodies directed to this 
small peptide endotrophin normalized insulin action in 
obese mice.79 This suggests that endotrophin is a key 
autocrine, paracrine, or endocrine regulator of insulin 
resistance in obesity.

Link Between Too Little Fat and Insulin Resistance
At the other end of the spectrum from obesity, it is now 
recognized that a lack of adipose tissue is also associ-
ated with insulin resistance and increased risk for devel-
opment of type 2 diabetes. Lipodystrophy in humans is 
an acquired or hereditary syndrome characterized by 
decreased adipose tissue mass, insulin resistance, and 
often diabetes mellitus.80-83 In these patients, insufficient 
adipose tissue mass leads to excess energy storage as tri-
glycerides in liver and skeletal muscle and causes insu-
lin resistance in these tissues.84,85 Genetic manipulation 
causing ablation of adipose tissue in mice supports the 
link between adipose deficiency and insulin resistance. 
Transgenic animals without adipose tissue store lipid in 
skeletal muscle and liver and develop insulin resistance, 
glucose intolerance, and eventually diabetes.86-88 This is 
identical to the fatty liver and muscle seen in obesity and 
type 2 diabetes. Furthermore, transplantation of adipose 
tissue back into lipoatrophic animals reverses the elevated 
glucose levels.89 However, transplantation of adipose tis-
sue from leptin-deficient mice (ob/ob) did not improve 
the metabolic abnormalities, indicating that the seques-
tration of triglyceride into adipose tissue is not entirely 
sufficient to restore insulin sensitivity.90 In humans, treat-
ment of lipodystrophic patients with leptin can dramati-
cally reverse the fatty liver and insulin resistance,91-93 and 
recombinant leptin is now FDA approved for lipodystro-
phy.94 On the other hand, surgical removal of adipose 
tissue causes metabolic syndrome.95 Together these stud-
ies demonstrate that, like in obesity, inadequate adipose 
tissue mass leads to “ectopic” fat storage and metabolic 
disturbances. Too little fat is therefore as deleterious 
as too much fat and predisposes to the development of 
the metabolic syndrome with insulin resistance and ulti-
mately type 2 diabetes. Three new paradigms may there-
fore explain insulin resistance as follows:
  

 1.  Inadequate lipid storage leading to “ectopic fat 
storage syndrome” in which excess fat is deposited 
in tissues other than adipose tissue with functional 
disturbances in these tissues

 2.  “Endocrine adipocyte” that secretes increased 
amounts of hormones involved in insulin resistance 
and cardiovascular disease or secretes decreased 
amounts of beneficial hormones such as adiponectin

 3.  Inflammatory, fibrotic adipose tissue with adipose 
tissue macrophage infiltration and macrophage acti-
vation, leading to dysregulation of adipocyte lipid 
metabolism and disordered adipokine secretion

  

Obesity is Another Ectopic Fat Storage Syndrome
Positive energy balance in our “obesigenic” environment 
produces a pattern similar to lipodystrophy in humans, 
that is, excess lipid storage in liver96 and skeletal mus-
cle25,97,98 followed by insulin resistance, glucose intoler-
ance, and diabetes. However, in contrast to lipodystrophic 
patients, adipose tissue stores are adequate or even large 
in obese patients, suggesting that the size of adipose tis-
sue becomes inadequate to sequester dietary lipid away 
from liver, skeletal muscle, and pancreas. The adipocyte 
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becomes hypertrophic and unable to recruit and/or differ-
entiate new adipocytes to store the excessive dietary fat.99 
This hypothesis is supported by the fact that, indepen-
dent of total fat mass, individuals with larger abdominal 
fat cells are at higher risk of developing type 2 diabetes 
than individuals with smaller fat cells.100 Furthermore, 
thiazolidinediones (TZDs) improve insulin resistance par-
tially by promoting differentiation of new fat cells in sub-
cutaneous adipose tissue through activation of PPAR-γ, 
therefore providing extra storage capacity for dietary 
fat.101,102 When driven by PPAR-γ agonists, adipogenesis 
translates into a gain in subcutaneous adipose tissue103 
and a decrease in lipid infiltration in skeletal muscle and 
liver.104,105 Through the upregulation of genes in the lipid 
storage and synthesis pathways in adipose tissue, TZDs 
also decrease FFA, providing a second mechanism to pro-
tect liver, muscle, and the beta cell from fatty acids.106,108 
As discussed later, drugs may therefore be designed to 
decrease ectopic fat storage by increasing adipogenesis 
and/or increasing fat oxidation leading to improved insu-
lin action. Weight gain with PPAR-γ agonists in humans 
is probably due to an increase in food intake consistent 
with the action of the PPAR-γ agonists to increase food 
intake.109-111

Adipose Tissue: Hypertrophy vs. Hyperplasia
Historically, adipose tissue was viewed as an inert tissue 
with a singular function: lipid storage. The main areas of 
research in the field of adipose tissue were related to adi-
pocyte size and number as well as lipid synthesis, adrener-
gic regulation of lipolysis, and insulin signaling in isolated 
adipocytes. In adults, obesity is associated with an 
increase in both the number and size of adipocytes112,113 
(Fig. 36-4). The increase in fat cell size (hypertrophy) is 
thought to reflect an imbalance between adipocyte lipid 
uptake or synthesis and the release of lipid via lipolytic 
pathways. In addition to increased adipocyte size, obese 
individuals have an increase in the absolute number of 
adipocytes (hyperplasia). Early studies demonstrated het-
erogeneity in fat cell size; some obese patients have adipo-
cytes as large as 1 μl, and others have very small fat cells. 
This heterogeneity led to the concept of hypertrophic or 
hyperplastic obesity based on the average size of fat cells 
(see Fig. 36-4). In contrast to this dichotomous viewpoint, 
the reality is that obese individuals cannot be grouped into 
such simple categories. There is a continuous distribution 
of fat cell size, and most obese patients have both hyper-
trophy and hyperplasia. Increased fat cell size is positively 
correlated with fasting insulin and negatively with insulin 
sensitivity.114 In Pima Indians, increased abdominal adi-
pocyte size is associated with insulin resistance,100,115 a 
potential inherited trait116 that predicts the onset of type 
2 diabetes.100 Together, these data suggest that increased 
fat cell size is important to whole-body metabolism and 
insulin action.

There are several ways of thinking about why fat cells 
might be large in obese individuals. First, adult adipose tis-
sue has been viewed as a non-mitotic tissue, and increases 
in adipocyte size might simply reflect an imbalance 
between storage and lipolysis. If the number of adipo-
cytes is considered “fixed,” any increase in adipose tissue 

mass is the result of increased lipid storage in adipocytes. 
A second view is that fat cells can continually be recruited 
to differentiate into mature lipid-storing fat cells, and 
large fat cells are an indication of a failure of this process. 
Several investigators have proposed that once adipocytes 
are filled to a certain degree, new fat cells are “recruited,” 
and lipid is then stored in these new insulin-sensitive and 
lipid-hungry adipocytes.117 The cross-sectional data used 
to support this model is presented in Figure 36-5. Aver-
age fat cell size increases as body fatness increases up to 
a certain point, after which increased adiposity does not 
result in an increase in fat cell size. Even if individuals 
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Figure 36-4 Hyperplastic versus hypertrophic obesity. Adipocytes are 
derived from mesenchymal stem cell precursors (see Figure 36-7). Both 
the mesenchymal precursors and the preadipocyte, whose differentia-
tion potential is limited to the adipocyte lineage, can undergo mitosis. 
Hyperplastic obesity (A) is defined by an increase in the number of adi-
pocytes, while adipocyte size remains small. Hypertrophic obesity (B) is 
characterized by larger adipocytes. The reason for the increase in adi-
pocyte size is not clear. Current hypotheses suggest that a failure of the 
large adipocyte to recruit preadipocytes to differentiate may play a role 
in the development of insulin resistance, a precursor to overt beta cell 
failure as manifested by diabetes. (Photomicrographs courtesy of Prof. 
Saverio Cinti, MD, Institute of Anatomy, Faculty of Medicine, Univer-
sity of Ancona, Italy.)
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with hyperplastic or hypertrophic obesity lose weight 
equally, hyperplastic obese patients regain the weight 
much more quickly than hypertrophic subjects, lending 
support for the concept of small lipid-hungry fat cells118 
(Figure 36-6). During weight loss, fat cell size decreases 
without a change in fat cell number but with a decrease 
in fasting insulin.114 This has been interpreted as evidence 
that once a fat cell is formed, it is permanent. However, 
studies have demonstrated a relatively high rate of adi-
pocyte turnover119 and evidence for regulation of apop-
tosis.120 It should be noted that there is neither sufficient 

longitudinal data nor sufficiently precise measures of fat 
cell number to confirm this model in humans. This is in 
part due to our current inability to accurately quantify the 
number of stem cells and preadipocytes in adipose tissue 
in vitro or in vivo, as well as the difficulties in quantify-
ing the very smallest fat cells in adipose tissue.121 Studies 
using nuclear bomb–released 14C suggest that approxi-
mately 10% of fat cells are renewed annually.122

In contrast, the cross-sectional data illustrated in Fig-
ure 36-6 could also be interpreted as evidence for the 
recruitment of new adipocytes. If fat cell hypertrophy 
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Figure 36-5 Schematic relationship between age, body fat mass, and fat cell size/number in childhood. A, Whole-body fat cell number remains 
constant during the first year of life and then increases over time. There is a wide range of fat cell sizes and numbers across individuals as indicated 
by the dashed lines. B, The increase in body fat that is seen during the first year of life occurs primarily as a result of increased lipid storage and 
hypertrophy of existing adipocytes rather than through the recruitment of preadipocytes. (Data from Hager A, Sjostrom L, Arvidsson B, et al. Body 
fat and adipose tissue cellularity in infants: a longitudinal study. Metabolism 26[6]:607-614, 1977; and Soriguer Escofet FJ, Esteva de Antonio I, 
Tinahones FJ, Pareja A. Adipose tissue fatty acids and size and number of fat cells from birth to 9 years of age—a cross-sectional study in 96 boys. 
Metabolism 45[11]:1395-1401, 1996.)

ADIPOSE TISSUE CELLULARITY AND CELL SIZE IN ADULTHOOD
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Figure 36-6 Schematic relationship between body fat mass and fat cell size/number in adulthood. A, In adults, whole-body fat cell number increases 
with increasing body mass (hyperplasia). B, Again in adults, cross-sectional data shows a positive correlation between body fat mass and fat cell size 
at lower body fat mass (solid line) until fat cell size reaches a plateau at higher levels of fat mass. At this point, fat cell size cannot increase any further 
due to (a) limitations on lipid storage for unknown reasons, and/or (b) recruitment of existing preadipocytes to differentiate and store lipid, and/or 
c) proliferation and differentiation of mesenchymal precursor cells into mature lipid-storing adipocytes. If fat cell proliferation, differentiation, and/
or recruitment did not occur, fat cell size would continue to increase as fat mass increased. There is a wide range of fat cell sizes and numbers across 
individuals as indicated by the dashed lines. Fat cell number does not appear to change with weight gain or loss; however, precise tools are not avail-
able to quantify small changes in adipocyte number in vivo in humans. (Adapted from Hirsch J, Batchelor B. Adipose tissue cellularity in human 
obesity. Clin Endocrinol Metab 5[2]:299-311, 1976.)
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was the only way to gain fat, then fat cell size would 
increase linearly with fat mass. This is not the case. Based 
on cross-sectional data, the point at which hypertrophy 
recruits new fat cells probably occurs when average cell 
volume reaches 0.8 to 1.0 μl.123-125 Two additional pieces 
of evidence support the view that recruitment of new 
fat cells occurs in vivo in humans. First, when adipose 
tissue is separated into fat cells and the remaining cell 
populations (stromal-vascular fraction), adipocytic pre-
cursor cells from the stromal-vascular fraction are able 
to differentiate in vitro into mature lipid-storing adipo-
cytes throughout life and into old age. Obesity and age 
are determinants of the capacity to differentiate adipo-
cytes in vitro.126,127 Studies of in vivo DNA synthesis in 
humans suggest that adipocyte turnover is high in adult 
humans, with a t½ ranging from 240 to 425 days.119,128 
Other work suggests that the large fat cells secrete a factor 
or factor(s) that promote adipocyte proliferation and dif-
ferentiation, a finding that is consistent with the recruit-
ment of “new” adipocytes by hypertrophic adipocytes, as 
discussed earlier.129

Studies in rodents by Hirsch and colleagues demon-
strated that animals that were calorically deprived before 
weaning had a reduced total number of fat cells when 
compared to animals that were suckled in smaller lit-
ters with higher caloric intake. Similarly, about half of 
the obesity in Zucker fatty rats can be prevented by the 
early restriction of energy.130 This gave rise to the concept 
that early overfeeding during adipose tissue development 
might increase the population of adipocytes and their 
precursors that produce obesity over time. This model, 
known as the adipose-cell or critical period hypothesis, 
predicts that a large number of adipocyte precursors early 
in life could lead to the development of obesity by provid-
ing a “sink” destined to be filled with lipid. A corollary to 
this concept is that individuals with a reduction in adipo-
cyte precursors (e.g., those with a failure of adipocyte dif-
ferentiation, described earlier) would be predisposed to 
the development of diabetes when food intake is increased 
as their storage capacity for excess fat is diminished.

Although the concept of an early-life “critical period” 
for adipocyte precursor development has been much dis-
cussed, by comparison the actual data supporting this 
concept is sparse. Consistent with this concept, obese 
subjects with an early childhood onset of obesity tend to 
have smaller fat cells and are less hyperplastic when com-
pared to those with a later adult onset of obesity.131,132 
Similarly, children of mothers who were energy-deprived 
during the Dutch famine of 1945 had a lower incidence 
of obesity in adulthood.133 Although no prospective long-
term data exists to support the adipose-cell hypothesis, 
the cross-sectional data supports the concept that in many 
cases of early-onset obesity, adipose tissue size tends to be 
hyperplastic rather than hypertrophic; the latter is more 
often seen with late-onset obesity.

The original data and hypothesis presented by Hirsch 
suggested a single early “critical period”; later discussions 
offered the concept that additional critical periods of adi-
pocyte precursor proliferation might also exist113 with 
recruitment from the precursor pools into mature adipo-
cytes throughout life. At birth, a typical infant has about 

4 billion observable fat cells, and this increases to approx-
imately 10 to 40 billion in lean individuals and up to 50 
to 100 billion in obese patients,134 supporting the concept 
of ongoing adipocyte proliferation and/or recruitment 
throughout life. In contrast to rodents, humans have a 
long, slow growth and development period (neotony) 
and are likely to have several critical periods of adipocyte 
development.135

Body fat mass increases during the first year of life 
mostly through fat cell hypertrophy. After the first year, 
the number of adipocytes increases, the fat cell size 
remains relatively constant, and whole-body adiposity 
(% fat) decreases. At about 6 years of age, % body fat 
begins to increase again. This has been termed the adi-
posity rebound. Longitudinal body weight data in chil-
dren demonstrates that an earlier adiposity rebound is 
associated with obesity in adulthood.136-138 Although no 
detailed information exists on the relative role of hyper-
trophy versus hyperplasia for this age range, the adiposity 
rebound is considered a critical period for adiposity later 
in life.139

Regulation of Adipogenesis
Adipose tissue, unlike other tissues such as the brain, kid-
ney, or liver, retains the ability to increase in size in adult-
hood. Several processes control the mass of adipose tissue 
in the body as follows:
  
 •  Adipocyte precursor proliferation
 •  Differentiation of these precursors into mature, 

insulin-sensitive, lipid-storing adipocytes
 •  The balance of lipid storage, utilization, and release 

within each mature adipocyte
 •  Apoptosis of mature adipocytes
  

Adipocytes can be classified based on anatomic loca-
tion as subcutaneous, visceral (intraperitoneal), bone 
marrow, and structural (periorbital, e.g., palms of hands 
and soles of feet). The hereditary and acquired lipodys-
trophies teach us that each of these “depots” of adipose 
tissue are developed or regulated differently, as each form 
of lipodystrophy results in the loss or failure to differenti-
ate in specific depots. For example, in congenital gener-
alized lipodystrophy, “mechanical” adipose tissue of the 
palms and soles is spared.140

Adipose tissue precursors are primarily mesenchymal in 
origin (Figure 36-7). These precursor cells, also known as 
preadipocyte or stromal cells, have the capacity to differ-
entiate into a limited number of cell types including adipo-
cytes, osteoblasts, and chondrocytes.141 There are at least 
two distinct subtypes of preadipocytes [reviewed in refer-
ence 142]. These two subtypes, probably distinct from the 
WAT/BAT “switch” described later, differ in their capac-
ity for replication, differentiation, and susceptibility for 
TNFα-induced apoptosis. Subcutaneous adipose tissue 
preadipocyte precursors replicate faster and differentiate 
better than omental precursors. There is some evidence 
that omental and mesenteric adipose tissue preadipocytes 
differ as well.143-144 These differences in preadipocyte 
characteristics are postulated to influence the propen-
sity of an individual to store fat in the visceral versus 
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subcutaneous depots. Transcriptome analysis of subcuta-
neous and visceral adipose tissue revealed a distinct pat-
tern of expression of many genes, not only between depots 
but also across BMI.145-146 In addition, there were major 
differences in the expression of developmental genes in 
subcutaneous versus visceral adipose tissue. Similarly, 
gluteal-femoral subcutaneous adipocytes display a differ-
ent pattern of HOX genes, microRNAs, and long non-
coding RNAs,147,148 suggesting epigenetic control of the 
known differences in the cell and tissue biology of upper 
and lower body adipocytes.149-152 Taken together with the 
cellular phenotypes identified by Kirkland’s laboratory,153 
this suggests that the different cell types contribute to dif-
ferences in the function of each adipose tissue region and 
that these differences can be explained by developmental 
programming. In addition to these developments in the 
different types of preadipocytes, the origins of the pre-
adipocyte are becoming clearer. Work in multiple tissues 
including adipose tissue suggests that pericytes, cells that 
lie just outside the capillary, are a major source of mesen-
chymal stem cells and preadipocytes.154-155

We know very little about the systems that control 
proliferation of adipose tissue precursors. Most of what 
we know is derived from the study of the cellularity of 
rodent adipose tissue or the behavior of stromal-vascu-
lar cultures in vitro. Some of the known activators and 
inhibitors of adipogenesis are presented in Table 36-1. 

For example, IGF-1, a growth factor under the control of 
insulin and growth hormone (GH) in adipose tissue, pro-
motes the proliferation and differentiation of preadipo-
cytes, while TGF inhibits proliferation.156 More is known 
about the processes whereby adipocyte precursors, par-
ticularly 3T3-L1 preadipocytes, proceed along the path-
way from precursor to mature adipocyte. We now know 
that a series of transcription factors coordinately regulate 
multiple genes in a tightly regulated temporal fashion. As 
shown in Figure 36-7, each of these transcription factors 
forms a nonredundant network that, once initiated, leads 
to the emergence of the adipocyte phenotype. Some of 
the known “key” transcription factors include PPAR-γ; 
STAT5; C/EBP/α, β, and δ; SREBP1c/ADD; CREB; and 
Wnt/frizzled. In addition, a new family of proteins—the 
Kruppel-like factors—has been identified as regulators of 
adipocyte differentiation.157

Multiple hormones, cytokines, growth factors, cell 
cycle regulators, and adhesion molecules control this dif-
ferentiation “cascade.” Classic studies by Green and col-
leagues showed that when clonal cell lines such as 3T3-L1 
and F442A are confluent, they differentiate into adipo-
cytes if exposed to a cocktail of insulin, dexamethasone, 
and isobutylmethylxanthine (IBMX).158-160 Emphasis has 
also been placed on the role of cell cycle and the necessity 
for proliferation prior to differentiation of precursors. 
However, more recent data suggest that this has more to 
do with the E2F transcription factors rather than the pro-
cess of mitosis per se.161-162

IBMX and other agents that increase cAMP act 
through the transcription factor CREB.163 Several tran-
scription factors are critical for the conversion of cells 
from a fibroblastic phenotype to an adipocytic pheno-
type. PPAR-γ has received the most attention, and this is 
warranted since overexpression of PPAR-γ into fibroblas-
tic cell types is sufficient to confer the adipocytic pheno-
type.164 There are several putative “endogenous” ligands 
for PPAR-γ including the prostaglandin PGJ2,165,166 
long-chain fatty acids, and 13-HODE and 15-HETE, 
which can be generated from linoleic and arachidonic 
acids, respectively, by a 12/15-lipoxygenase.167 All of 
these compounds can activate the PPAR-γ transcription 

TABLE 36-1 Extracellular Factors That Regulate 
Adipogenesis

Activating

 •  GH/IGF-1/insulin
 •  Cortisol (GR ligand)
 •  Thyroid hormone (TR ligand)
 •  Retinoic acids (RXR ligands)
 •  “Endogenous” PPAR-γ ligands
 i.  PGJ2
 ii.  HODEs/HETE

Inhibiting

 •  TNF-α
 •  IFN-γ
 •  Pref-1
 •  Resistin
 •  TGF-β

Pleuripotent
precursor

(MSC)

Pre-adipocyte Mature insulin
sensitive, lipid storing

adipocyte

C/EBP δ
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Figure 36-7 Adipocyte differentiation cascade. Adipocytes are derived 
from mesenchymal stem cell precursors (MSC). Both the mesenchymal 
precursors and the preadipocyte, whose differentiation potential is lim-
ited to the adipocyte lineage, can undergo mitosis. The middle panel 
depicts the coordinate, sequential activation of the major nuclear tran-
scription factors thought to be involved in the adipogenic differentiation 
process. PPAR-γ is considered an obligatory “master” regulator of adi-
pogenesis. The PPAR-γ system turns on genes involved in lipid synthesis 
and insulin action.



63736 ROLE OF THE ADIPOCYTE IN METABOLISM AND ENDOCRINE FUNCTION

factor that heterodimerizes with the RXR transcription 
factor to turn on genes in the glucose uptake,168,169 lipid 
uptake170 and lipid synthesis pathways.171,172 The true 
endogenous ligand(s) are unknown, but their synthesis/
activity appears to be downstream of the C/EBP-β tran-
scription factor.173 C/EBP-α is expressed contempora-
neously with PPAR-γ and facilitates the full adipocytic 
phenotype. Immediately upstream of PPAR-γ lies the C/
EBP transcription factors C/EBPβ and C/EBPδ, which 
upregulate PPAR-γ. Other transcriptional promoters of 
adipogenesis include STAT 5,174 the glucocorticoid recep-
tor, and ADD/SREBP-1c.175 Transcriptional inhibitors 
include GATA 3,176 TCF/LEF, and the Wnt pathway.177 
Combined with the transcriptional activators, they coop-
erate in an orchestrated cascade of transcriptional events 
leading to a mature adipocyte.

Lastly, PPAR-γ cofactors may regulate the ultimate 
transcriptional program in adipocytes. For example, adi-
pocytes can be converted from energy storage to energy 
consumers by the PPAR-γ cofactor PGC-1a.178 Similarly, 
the PPAR-γ cofactors SRC-1 and TIF2 may determine 
the responses of adipose tissue to high-fat diets, SRC-1–
activating fatty acid oxidation, and TIF2-promoting lipid 
storage.179 These two examples highlight a growing under-
standing that not only the ligand but also the transcrip-
tion factors and cofactors are important in whole-body 
metabolism. The intracellular transcriptional control sys-
tem is regulated by extracellular signals from cytokines, 
hormones, neural inputs, and the autocrine/paracrine pro-
duction of ligands for these transcription factors.

Adipocytes and indeed virtually all other cells store 
neutral lipids, such as triglycerides, in droplets of varying 
sizes. These droplets are formed as triglyceride is synthe-
sized in the ER or taken into the cell from the plasma 
membrane. Lipid droplets are coated by a layer of phos-
pholipids and proteins that serve to sequester the neutral 
lipids from the cytosol and to regulate the access of lipases 
to the surface of the lipid droplet. Substantial progress has 
been made in the identification of these lipid coat proteins 
since the initial discovery of perilipin and other members 
of the perilipin family (perilipin, adipophilin, S3-12, and 
TIP-47).180 Consistent with their functional role, the 
structure of these proteins is highly conserved with both 
hydrophilic and hydrophobic domains. In adipose tis-
sue, each PAT protein plays a distinct role contributing 
to lipid synthesis or lipolysis. For example, perilipin-A is 
phosphorylated by PKA and PKG, which allows docking 
of lipases and the initiation of lipolysis.181 On the synthe-
sis side, the repertoire of lipid droplet proteins changes as 
the lipid droplet is formed and matures, demonstrating 
the on-off exchange of these proteins and the dynamic 
nature of the process for formation and movement of 
lipid droplets. Once again, the biology shows that the adi-
pocyte is not a static, inert tissue but rather participates as 
an active organ in the regulation of metabolism via lipid 
droplets, which are dynamic organelles in their own right. 
Lipid droplet proteins may also play an important role in 
lipid oxidation independent of their role in lipolysis. A 
novel PAT protein LDRP5 (also called OXPAT or Mldp) 
appears to be important to activate lipid oxidation in oxi-
dative tissues such as the cardiac myocytes.182

Given their central role in lipid storage and synthesis, 
the PAT proteins are being actively explored as a means 
to better understand the regulation of these critical cel-
lular processes.

Brown Adipose Tissue in Humans
BAT is an exquisitely designed tissue/organ system 
evolved for the maintenance of body temperature. It is 
characterized by smaller cells with large amounts of mito-
chondria and small lipid droplets providing a potential for 
high cellular metabolism. At the metabolic, protein, and 
transcription levels, the BAT is upregulated principally 
by the sympathetic nervous system when production of 
heat is needed to maintain body temperature. Years ago, 
Nicholls and Ricquier described a mechanism for heat 
production based upon a specific highly abundant protein 
(uncoupling protein 1; Ucp1) in the inner mitochondria 
of the brown adipocytes that uncouples the production of 
chemical energy as ATP from oxidative phosphorylation 
and instead produces heat.183,184

Until quite recently, BAT has been thought to be 
mostly important in small mammals and infants to main-
tain body temperature, but a function in the physiology 
of adult humans was dismissed because of low numbers 
of brown adipocytes.185,186 However, unrelated pursuits 
in nuclear medicine using PET/CT scanning techniques 
have revealed the presence of BAT in adult humans espe-
cially after cold exposure.187-188 The question is now how 
can we induce this amazing organ not only to generate 
heat but also to enhance fat oxidation, take up glucose, 
and therefore reduce obesity.

Although the normal function of brown fat thermo-
genesis may be specific for the regulation of body temper-
ature, many genetic and pharmacologic studies in rodents 
have shown that constitutive overexpression of Ucp1 in 
white fat and skeletal muscle can drastically reduce both 
genetic and diet-induced obesity, offering therefore a new 
safe molecular target for the treatment of obesity.189-191 
This potential for brown fat adaptive thermogenesis as 
a drug target for obesity has not been ignored by the 
pharmaceutical industry. Unfortunately, many candidate 
agonists of the beta-3 adrenergic receptor have failed in 
human clinical trials, even though these drugs have been 
efficacious in rodent models of obesity. What is different 
in the human and mouse?

Most of the effects of genetic, pharmaceutical or cold-
induced upregulation of Ucp1 in the mouse models result 
in the emergence of new brown adipocytes in white fat 
depots with levels of Ucp1 upregulated up to several 
hundred fold (Figure 36-8). Unfortunately, human WAT 
does not appear to be able to mount such transient induc-
tion of brown adipocytes, at least not in subcutaneous 
adipose tissue. The failure of brown fat thermogenesis 
in humans appears to be based upon the lack of funda-
mental information on the mechanisms controlling the 
developmental origins of brown adipocytes in the discrete 
brown fat depots (e.g., interscapular brown fat) and in 
the small number of diffusely localized brown adipocytes 
in various white fat depots. However, the transcription 
factor PRDM16, whose presence can promote the dif-
ferentiation of preadipocytes and myoblasts into brown 
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adipocytes and whose absence promotes the myogenic 
differentiation program192 (see Figure 36-8), plays a key 
role in the development of BAT. Importantly, the abil-
ity of PRDM16 to induce the brown adipocyte lineage is 
restricted to the discrete brown fat depots, such as that 
found in the interscapular and supraclavicular region, 
but it does not participate in the induction of the dif-
fuse brown adipocytes located in the white fat depots. 
The data support the concept that interscapular BAT and 
brown adipocytes in white fat have separate independent 
developmental origins.193 PRDM16 is clearly an impor-
tant player in brown adipogenesis but may not be suf-
ficient, since PRDM16 KO mice have significant levels 
of interscapular fat with Ucp1 expression.192 However, 
one does not know whether upregulation of PRDM16 in 
humans can induce increased discrete BAT and/or diffuse 
brown adipocytes.

While the regulator PRDM16 has provided important 
insights into the developmental origins of discrete brown 
fat depots, the next important step will be to determine 
the origin(s) of diffusely localized brown adipocytes in 

white fat depots since at least in rodents. Diffuse BAT 
adipogenesis is more closely related to increased ther-
mogenesis and with reduced obesity.146 Enthusiasm 
for the promise of PRDM16 as a drug target needs to 
be tempered by the caveat that mice with an inactivated 
PRDM16 gene die at birth, suggesting that PRDM16 is 
a transcription factor with additional unknown functions 
in mammalian development. It has long been known 
that chronic increases in circulating catecholamines in 
patients with pheochromocytoma lead to large brown 
fat depots.194 This historical data together with the more 
recent findings of discrete brown fat depots uncovered by 
PET technologies187 should stimulate a renewed effort to 
find strategies to induce more brown adipocytes and to 
ask why the many previous studies with beta-3 agonists 
failed to significantly stimulate thermogenesis in humans. 
Maybe the lack of beta-3 adrenergic receptors in human 
white adipocytes is something that needs to be overcome 
to facilitate conversion of white to BAT and to stimulate 
thermogenesis. It is important also to evaluate the effects 
of bone morphogenetic protein 7 (BMP7) on stimulating 
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Figure 36-8 Brown adipose tissue in humans. Mesenchymal stem cells can have two major pathways, one into preadipocytes and another into 
progenitor cells of brown adipocytes or skeletal muscle cells. Bone morphorgenetic protein 7 (BMP7) activates a full program of brown adipogenesis 
including induction of early regulators of brown fat PRDM16 and PGC-1α. In absence of PRDM16, these progenitor cells are transformed into 
skeletal muscle cells. Preadipocytes are differentiated into white adipocytes in subcutaneous and visceral adipose tissue. By stimulation of adrenergic 
signaling, some of these white adipocytes can be transformed into brown adipocytes defused in the white adipose tissue (WAT). On the other hand, 
discrete brown adipoctyes are concentrated in brown adipose tissue (BAT) depots such as in the neck, supraclavicular, paravertebral, and  suprarenal. 
The BAT regulator PRDM16 is responsible, at least in rodents, only for the generation of discrete BAT. (From Seale P, Bjork B, Yang W, et al. 
PRDM16 controls a brown fat/skeletal muscle switch. Nature 454[7207]:961-967, 2008; and Tseng YH, Kokkotou E, Schulz TJ, et al. New role of 
bone morphogenetic protein 7 in brown adipogenesis and energy expenditure. Nature 454[7207]:1000-1004, 2008.)
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the enhanced expression of brown adipocytes as shown 
by Tseng and colleagues in 2008.195 Similarly, the natri-
uretic peptides also stimulate the expansion and activa-
tion of BAT.196 Natriuretic peptides are released during 
exercise, activate adipocyte lipolysis197 and therefore fat 
oxidation,198 and when infused into humans increase 
thermogenesis.199 Combined with the newly discovered 
capacity for BAT activation and interaction with the 
beta-3 adrenoreceptor, natriuretic peptides therefore pro-
vide an attractive target for reversing metabolic distur-
bances of obesity. Lastly, the neuropeptide orexin-A has 
been shown in mice to expand and active BAT200 and is 
necessary for BAT development. Irisin,201-203 metorin,204 
and FGF-21205,206 are other key peptides in the regulation 
of BAT mass and activity, the latter in a paracrine and 
endocrine system involving the sympathetic nervous sys-
tem. Together, these results raise the intriguing possibility 
that BAT might be activated pharmacologically through 
non-adrenergic peptides such as orexin-A, irisin, FGF-21, 
and the natriuretic peptides.

Since the reemergence of BAT as a potential player in 
the regulation of energy homeostasis, there has been a 
lingering question regarding the absolute effects in terms 
of calories that can be burned by the small amount of 
BAT in humans. Recent studies using chronic cold to acti-
vate BAT, analogous to using physical exercise to train 
muscle, showed that BAT can be expanded and activated 
in vivo in humans.207,208 The overall thermogenic capac-
ity appears to be between 100 and 300 kcal/day,209-211 
although much work remains to be done to confirm 
this.212

The discovery of previously uncovered BAT/cells in 
adult humans and its potential physiologic significance in 
cold- and dietary-induced thermogenesis should revamp 
our effort to target the molecular development of brown 
adipogenesis in the treatment of obesity.

Integrative Biology of the Adipose Tissue
To maintain energy homeostasis, the brain has two ave-
nues of communication with the periphery, hormones, 
and neurons. The adipose tissue is no exception to this 
rule, since it is well established that both hormones and 
neurons control its life cycle and metabolism. Under-
standing how adipose tissue operates and is regulated 
in vivo is a prime example of integrative biology. Imaging 
studies of the different adipose depots as well as studies 
of adipose tissue metabolism and secretary function using 
arterial-venous differences and microdialysis in conjunc-
tion with measures of adipose tissue blood flow have all 
improved our integrative view of the metabolism and 
function of the adipose tissue.

There is increasing appreciation for the importance of 
the vasculature to the proper functioning of the adipose 
tissue. Nutrients such as glucose, fatty acids, and proteins 
are supplied from the vasculature and are critical to the 
growth and maintenance of adipose tissue. Recent studies 
have focused on the supply of oxygen for oxidative metab-
olism in adipocytes. Current data suggest that the delivery 
of oxygen may be limiting in adipose tissue of obese mice. 
The consequences of the hypoxia are unclear, but in vitro 
data59 support the in vivo data,63 suggesting that hypoxia 

leads to chemotaxis of macrophages and inflammation. 
These findings were recapitulated in human adipose tis-
sue.66 Under these circumstances, hypoxia should turn 
on the transcription factor HIF-1 leading to angiogenesis 
and a reversal of the hypoxia. This does not appear to be 
the case in mature adipose tissue,213,214 where VEGF, a 
primary downstream transcriptional target of the HIF-1 
pO2 sensing system, is not activated. Anatomically, there 
is good evidence that the new blood vessels sprout from 
existing endothelial cells,215 and this has been co-opted in 
the development of ex vivo assays to clearly demonstrate 
that human adipose tissue is capable of sprouting/angio-
genesis.216 Why the angiogenic signals are not increased 
when pO2 is decreased is a paradox that needs to be 
investigated.

In murine adipose tissue development, angiogenesis, 
adipogenesis and the stromal cells interact in a way that is 
coordinated217,218 and relies on VEGF.219 This is different 
from the situation in mature “hypoxic” adipose tissue, 
highlighting the differences in mechanisms and the rela-
tive importance of growth factors in growth and devel-
opment as opposed to the events occurring in mature 
adipose tissue. Adiponectin, secreted by small but not 
hypertrophic inflammatory adipocytes, stimulates angio-
genesis, highlighting an interplay of adipokines, which 
we typically consider a “metabolic” hormone working in 
concert with the growth factors classically implicated in 
angiogenesis.220

Endocrine Signals
Glucocorticoids
Glucocorticoid treatment of laboratory animals results 
in the development of obesity. Animal models of obesity 
invariably have increased levels of corticosterone. Adre-
nalectomy results in the reversal or prevention of obesity. 
Activation of the glucocorticoid receptor results in dif-
ferentiation of preadipocyte precursors158-160 and lipid 
storage in adipocytes. In humans, overproduction of 
cortisol (Cushing’s syndrome) results in a phenotype of 
central (abdominal) obesity, hypertension, and diabetes. 
Of the many investigations into the role of adrenal gluco-
corticoids in human obesity, most show normal urinary 
free cortisol, normal circadian variation in cortisol val-
ues, and normal plasma cortisol values, although meta-
bolic clearance rate and production are increased.221 The 
enzyme 11βHSD-1 is present in human adipose tissue and 
converts inactive cortisone into active cortisol.222 Impor-
tantly, there is a strong positive correlation between 
adipocyte size and the activity of 11βHSD-1 to convert 
cortisone into cortisol. This fits with the idea that adipo-
cyte hypertrophy generates signals, like cortisol, to recruit 
new adipocytes.

The most compelling data for an association between 
human obesity and cortisol comes from studies that clas-
sify obese women into central and peripheral types of 
obesity. By stratifying volunteers on this basis, Marin and 
coworkers demonstrated an increase in urinary and serum 
cortisol as the waist-to-hip ratio increased.223 Serum cor-
tisol responses to stress were greater in women with high 
waist-to-hip ratio, suggesting a role of response to envi-
ronmental stressors as a potential factor in abdominal 



640 PART 5 DIABETES MELLITUS

obesity.223,224 Other evidence in humans suggests that 
cortisol values within normal concentrations are some-
times related to fat patterning, possibly via increased sen-
sitivity to exogenous stressors. Genetic factors may also 
determine the susceptibility of the adipose tissue to these 
exogenous stressors.225

Growth Hormone/IGF-1
GH is a potent lipolytic hormone.226 GH receptors acti-
vate classic cAMP lipolytic systems in adipose tissue. In 
addition to stimulating lipolysis, GH increases IGF-1 
production in adipose tissue.227 IGF-1 potently activates 
preadipocyte proliferation and differentiation of precur-
sors into mature lipid-storing adipocytes.156 Deficiency of 
GH is associated with central obesity, and replacement of 
GH reduces visceral adiposity.228 Despite early reports of 
therapeutic efficacy of GH in men with central obesity,229 
other studies do not show this effect and in fact show 
an increase in body fat after GH withdrawal compat-
ible with the effects of IGF-1 to promote adipoctye dif-
ferentiation.213 GH treatment in the absence of clear-cut 
GH deficiency cannot be recommended as the side-effect 
profile includes edema, carpal tunnel syndrome, glucose 
intolerance, and many others. GH-like peptides that 
increase lipolysis without upregulation of IGF-1 synthesis 
have been discovered230 and may be beneficial without 
the adverse effects of GH.

Estrogen in Adipose Tissue
Men and women have a different distribution of body 
fat: a gluteal-femoral pattern in women and an abdomi-
nal pattern in men. This sexual dimorphism is thought 
to be due to differences in the sex steroids estrogen and 
testosterone. Lipoprotein lipase (LPL) activity, indicative 
of lipid storage, is increased in the gluteal-femoral region 
of women as compared to men. After menopause, LPL 
activity is equivalent across all adipose tissue depots, sug-
gesting that estrogen upregulates LPL in a depot-specific 
fashion.231 In support of this concept, treatment of post-
menopausal women with estradiol increased LPL activity 
in the gluteal-femoral region,232 which was reversed by 
the addition of a progestin.233 In vitro in human abdomi-
nal subcutaneous adipocytes, low-dose estradiol increased 
LPL protein, and higher-dose estradiol decreased LPL.234 
These dose-dependent effects of estradiol to decrease LPL 
were also observed in a cross-sectional study235 and after 
local transdermal application of estradiol.236 In addi-
tion to systemic estradiol, the stromal-vascular fraction 
of adipose tissue is able to convert estrogenic precursors 
to estrogen vis-à-vis the enzyme aromatase. In men, tes-
tosterone, but not the non-aromatizable steroid dihy-
drotestosterone, increases adipose tissue lipid turnover, 
suggesting that testosterone acts in adipose tissue via 
local conversion of testosterone into estrogen by aroma-
tase.237,238 In vitro, estradiol increases the proliferation 
of stromal-vascular cell cultures of both human 239 and 
rodent preadipocytes.240

Several investigators241-244 have demonstrated estradiol 
binding and ERα mRNA in adipose tissue extracts. After 
the cloning of the ERβ gene, both mRNA and protein for 
ERβ were subsequently described in adipose tissue.243-245 

In human adipose tissue, ERβ was higher in abdominal 
compared to gluteal femoral adipose tissue, and regional 
differences in adipose tissue expression of ERα and ERβ 
were described by Pedersen and colleagues.246 But not all 
of the effects of estrogen are in the adipose tissue. Admin-
istering estrogen directly into the brain is able to reverse 
the gain in visceral fat seen with ovariectomy, suggesting 
that much of the fat patterning attributed to peripheral 
effects might actually be mediated through hypothalamic 
signaling.247

In summary, estradiol is an important sex steroid, both 
for the proliferation of adipocyte precursors and for the 
regulation of lipid storage in a regional-specific fashion.

Neural Signals to the Adipose Tissue
As discussed earlier, the human adipose tissue can be 
divided into two major compartments, subcutaneous and 
visceral (approximately 80% and 10%, respectively), 
whereas other depots such as intramuscular adipose tis-
sue and retroperitoneal, perirenal, and orbital fat account 
for the remainder.248 The two major compartments 
have clearly different rates of lipid synthesis and lipoly-
sis, probably due to differences in hormonal exposure 
and innervation. The brain needs to transmit messages 
to different parts of the body in a selective manner. For 
that reason, the sympathetic nervous system innervates 
different adipose tissues in different ways, influencing 
not only regional blood flow but also functions such as 
lipolysis and lipid synthesis. By viral injection in fat pads 
of Siberian hamsters, Youngstrom and Bartness showed 
the presence of sympathetic projections from central sym-
pathetic ganglia, which were confirmed by injection of 
fluorescent anterograde tract tracers into the sympathetic 
chain ganglia249 and viral tracing studies.250-252 In addi-
tion, denervated fat depots weigh 10% more than the 
intact contralateral depot, implying impaired lipid mobi-
lization in fat pads deprived of their innervation.253 From 
such studies, it was hypothesized that catecholamines 
not only increase lipolysis but also inhibit adipose tissue 
hyperplasia from preadipocytes, which is supported by 
in vitro data.250,254,255

Regulation of Lipolysis
Adipose tissue lipolysis, that is, the catabolic process 
leading to the breakdown of triglycerides into fatty acids 
and glycerol, is often considered as a simple and well-
understood metabolic pathway (Figure 36-9). However, 
we continue to discover new layers of complexity in the 
system. Hormone-sensitive lipase is a major determinant 
of fatty acid mobilization in adipose tissue. Transloca-
tion of hormone-sensitive lipase to the lipid droplet seems 
to be an important step during lipolytic activation. Reor-
ganization of the lipid droplet coating by perilipin may 
also facilitate the access of the enzyme. In humans, altera-
tions of hormone-sensitive lipase expression are associ-
ated with changes in lipolysis in various physiologic 
and pathologic states. The major hormones controlling 
the lipolytic process are catecholamines (stimulation of 
lipolysis) and insulin (inhibition of lipolysis). It is well 
accepted that the adrenergic system is the major regulator 
of lipolysis via a cAMP pathway. In turn, cAMP increases 
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the activity of protein kinase-A, which phosphorylates 
both the hormone-sensitive lipase and perilipin. As a 
counteracting hormone, insulin binds to its receptor and 
activates the various elements of the insulin signaling 
cascade by stimulation of Type 3 cGMP-inhibited phos-
phodiesterase (PDE3B), therefore decreasing cAMP and 
suppressing lipolysis.256 The antilipolytic effect of insu-
lin is reduced in the insulin-resistant state.257 Progress on 
the hormonal regulation and molecular mechanisms of 
beta-lipolytic and alpha2-antilipolytic adrenergic control 
of lipolysis has improved our understanding of the rela-
tive contribution of the two types of receptors.258 Genetic 
studies show that polymorphisms in genes coding for dif-
ferent beta-adrenoceptor subtypes and hormone-sensitive 
lipase may participate in the polygenic background of 
obesity.259

More recently, a novel lipolytic system has been char-
acterized in human fat cells. Natriuretic peptides stimulate 
lipolysis through a cGMP-dependent pathway, which is 
not influenced or suppressed by insulin action.260-262 Along 
with catecholamine stimulation of cAMP, natriuretic 

peptide activation of the cGMP system plays an important 
role in exercise-activated lipolysis.197

It was once thought that hormone-sensitive lipase was 
the first step in the lipolytic cascade. The recent discovery 
of patatin-like phospholipase domain containing 2, also 
known as Adipose TriGlyceride Lipase (ATGL), changed 
that view, and we now know that ATGL is a key molecule 
for the first step in triglyceride hydrolysis, TAG hydrolase 
activity.263 ATGL and its co-activator protein CGi-58/
ABHD5 are required for the full activation of the lipolytic 
cascade (see Figure 36-9), with HSL acting to hydrolyze 
DAGs into MAGs and monoglyceride lipase finishing the 
cascade. New data show that this sequential model may 
be too simplified. When perilipin-A is phosphorylated 
by PKA, CGi-58 is released and “assists” in the recruit-
ment of ATGL to the lipid droplet.264 Taken together, 
the discovery of ATGL, along with the discovery of the 
natriuretic peptide–driven cGMP lipolytic pathway,262 
has dramatically changed our view of the regulation of 
lipolysis. We now know that translocation of HSL to the 
lipid droplet is not the only regulatory step in the activa-
tion of lipolysis; there is a network of controlled signal-
ing that includes interactions between the lipases and the 
PAT proteins. This is a hot area of research, and a better 
understanding of the interactions between the PAT pro-
teins, lipases, and their signaling systems will hopefully 
lead to new therapies to prevent the dysregulated lipolysis 
observed in hypertrophic adipocytes.

Adipocyte as an Endocrine Organ
The study of the biology of adipose tissue including the 
mechanisms of adipogenesis has enjoyed an explosive 
growth over the past 15 years. Unarguably, the trigger 
for this renewed interest came from the cloning of the ob 
(obese) gene and the discovery of leptin in 1994.2 This 
seminal discovery initiated a period of intense research 
for uncovering the endocrine and paracrine roles of the 
adipose tissue and its role in the regulation of energy bal-
ance and the development of obesity and its related dis-
eases. The steps that led to the discovery of leptin were 
summarized in the original description of the cloning of 
the leptin gene.2 In brief, the original notion of a homeo-
static regulation of energy balance (and therefore adipose 
mass) dates back to Lavoisier and Laplace.265-267 The key 
role of the brain in this regulation came later from clini-
cal observations and was confirmed by stereotaxic lesions 
of different regions of the brain.268 It was therefore pos-
tulated that energy balance was regulated by a feedback 
loop in which the body energy stores were sensed by the 
hypothalamus, which, in turn, sent signals to control 
both food intake and energy expenditure. The nature 
of the signal inputs to the hypothalamus was, however, 
not clear. Jean Mayer proposed a “glucostatic theory” in 
which blood glucose was the sensed signal.269 Kennedy 
postulated the presence of a “fat metabolism factor” 
and proposed what is now accepted as the lipostatic the-
ory.270 In this model, a signal coming from the fat stores 
in the adipose tissue is read by the central nervous system 
to regulate feeding and energy homeostasis. Subsequent 
parabiosis studies performed by Hervey confirmed that 
blood-borne signals were coming from the adipose tissue 
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and regulated food intake and body weight.271 Not too 
long after, Coleman performed the seminal parabiosis 
studies using single-gene models of obesity and diabetes 
(ob/ob and db/db mice) and concluded that the product 
of the ob gene was secreted by the adipose tissue, trans-
ported by the blood, and received in the hypothalamus by 
the receptor encoded by the db gene.272 This interaction 
between a factor produced by the adipose tissue and a 
receptor in the hypothalamus became the foundation for 
Leibel and colleagues to undertake the positioning clon-
ing effort of the ob and db genes, leading to the publica-
tion of the discovery of leptin in Nature in 19942 and of 
its receptor in Cell 1 year later.273

Since the discovery of leptin, the simple paradigm of 
adipose tissue as a fat-storage tank has evolved into a 
complex paradigm. First, the size of the adipose tissue 
is not only controlled by the filling of pre-existing adi-
pocytes but involves finely tuned mechanisms control-
ling differentiation and apoptosis of the tissue. Second, 
adipose tissue depots are multipotential secretory organs 
with different secretory capacities for different depots. 
These adipose tissues are composed mostly of adipocytes 
but also of fibroblasts and immune cells such as macro-
phages and mast cells, which all use endocrine, paracrine, 
and autocrine pathways to secrete multiple bioactive 
proteins called adipokines or adipocytokines. The adipo-
cytes respond to various stimuli such as circulating hor-
mones, circulating metabolites, neural input, and cellular 
energy signals by releasing hormones and substrates as 
shown in Figure 36-10.274-275 The molecular revolution 
brought to light many adipocyte-secreted factors, some of 
which are secreted into the bloodstream such as IL-6 and 
leptin, whereas others, such as TNF-α, exert their effects 
in an autocrine/paracrine fashion.276 Although adipose 
tissue has a similar histological appearance throughout 
the body, it is now obvious that there are fundamental 
regional differences in the quality and the amount of 
secreted adipokines by these different depots.

A major emphasis in adipose tissue biology research 
is the understanding of the molecular mechanisms con-
trolling the secretion of adipokines by different depots 
and their implication in a variety of chronic diseases. 
These secreted proteins have been grouped in molecules 
 regulating physiologic and pathophysiologic functions 
such as:275

  
 1.  Energy homeostasis (leptin, adiponectin, resistin, 

omentin, apelin)
 2.  Innate immune system (TNF-α, IL-6, IL-8)
 3.  Vasculature (VEGF, monobutyrin, ESM-1)
 4.  Acute phase reactant response (alpha1 acid glyco-

protein, SAA3, PTX-3)
 5.  Molecules involved in lipoprotein metabolism/insu-

lin action such as LPL or components of extracel-
lular matrix (type VI collagen)

 6.  Recruitment of immune cells (MCP-1, MIP-1)
  

In this chapter, we have chosen to present the cur-
rent knowledge on only five of these adipokines: leptin, 
adiponectin, resistin, TNF-α, and apelin. As shown in 
 Figure 36-11, these adipokines are involved in whole-body 

metabolism since they act on different tissues including the 
brain, the liver, the skeletal muscle, and the adipose tissue 
itself.

Leptin
Leptin is a highly conserved 16-kD hormone secreted 
principally but not exclusively by adipocytes and which 
acts both centrally and peripherally. Plasma leptin con-
centrations are positively correlated with body fat 
mass.277 Leptin crosses the blood-brain barrier by a satu-
rable active transport system and serves as a signal to the 
central nervous system originating in the adipose tissue. 
Even though it was originally described as the hormone 
regulating energy balance, available data now suggest 
that a relative lack of leptin or resistance to its action are 
probably not causal of most cases of human obesity. The 
main biological function of leptin seems to be the mainte-
nance of a minimum level of energy stores during periods 
of caloric restriction.278-279 Low leptin concentration can 
therefore be seen as a “starvation signal” when energy 
stores become insufficient, commanding the body to seek 
food and become thrifty. As part of such a protective 
mechanism, leptin plays a role in reproduction, angiogen-
esis, bone architecture, and immune function, and it may 
also influence processes such as beta-cell insulin secre-
tion, carbohydrate transport, and platelet aggregation.280 
Low levels of circulating leptin trigger strong biological 
responses to protect the organism against the deleterious 
effect of starvation, whereas high levels of leptin (as seen 
in obesity) engender rather weak biological responses.278 
This asymmetric biological effect of leptin is illustrated in 
the upper panel of Figure 36-12.

Studies of caloric restriction in animals and humans 
provide information regarding the importance of leptin 
as a mediator of neuroendocrine responses. Shimokawa 
reviewed the endocrine changes associated with short-
term caloric deprivation in rodent models.281 Many of 
these alterations have been described in humans as well 
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and include a decrease in T3,282 an increase in cortisol 
secretion,283 and a decrease in gonadal function.279 It has 
long been hypothesized that the neuroendocrine system 
coordinates and integrates some of the antiaging actions 
of calorie restriction.284-287 In a 48-hour prolonged star-
vation study in mice, Ahima and associates provided evi-
dence that the reduction in leptin with starvation caused 
a decrease in the activity of the gonadal and thyroid axes 
and an increase in the activity of the adrenal axis.279 The 
changes in activity of these axes during fasting were pre-
vented by leptin administration, suggesting that leptin is a 
master regulator of the neuroendocrine system and possi-
bly the endocrine candidate of the “disposable soma the-
ory” of aging stating that longevity requires investment in 
somatic maintenance by reducing the resources available 
for reproduction281-288 (see Fig. 36-12, bottom panel).

In the obese state in which the circulating leptin con-
centration is already high (see Fig. 36-12), the hormone 
is a rather weak signal to prevent overconsumption of 
food and does not appear to be a viable treatment for 
obesity.289 However, if provided in sufficient amounts 
in obese individuals or to organisms deficient in circu-
lating leptin, injection of the hormone can reduce body 
weight and fat mass by decreasing food intake and 
increasing energy expenditure. The mechanism by which 

leptin seems to exert its peripheral metabolic effects is 
by activating 5′-AMP-activated protein kinase (AMPK) 
in muscle and liver.290-291 As a consequence of AMPK 
activation, ATP-consuming anabolic pathways are inhib-
ited, whereas ATP-producing catabolic pathways are 
activated. The activated mechanisms include glucose 
transport, beta-oxidation, glycolysis, and mitochondrial 
biogenesis. The relevance of leptin in normal human 
metabolic function is provided by leptin replacement in 
individuals with genetic leptin deficiency,292 deficiency 
due to weight loss,293 or lipodystrophy.294 The effects 
of recombinant leptin therapy in children with congeni-
tal leptin deficiency was investigated and clearly showed 
a spectacular effect on reducing food intake and body 
weight but almost no effect on energy expenditure and 
fat oxidation.292 In adult patients with a similar congeni-
tal deficiency, leptin replacement not only impacted food 
intake but also prevented the drop in energy expenditure 
usually observed with weight loss and increased 24-hour 
fat oxidation by more than three times.295 Interestingly, 
weight loss seems to be amplified in a synergetic manner 
when leptin is administered in conjunction with pramlint-
ide, an analogue of amylin.296

HIV and HIV therapy are also associated with altera-
tions in body composition, including lipoatrophy, lipid 
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storage as abdominal adipose tissue, or buffalo hump.297 
The constellation of metabolic findings in these patients is 
consistent with the ectopic fat storage hypothesis as pre-
sented earlier. Several studies suggest that activation and 
rebound of the immune system during antiretroviral ther-
apy are associated with lipodystrophy.298,299 This is anal-
ogous to defects seen in congenital partial lipodystrophy, 
which are due to mutations in the lamin A/C gene.300-302 
There is also evidence of increased apoptosis in adipose 
tissue from HIV lipodystrophy patients.303 Interestingly, 
patients with congenital lypodystrophy or patients with 
AIDS and lipoatrophy induced by antiretroviral therapy 
have shown dramatic improvement of their ectopic fat 
storage syndrome with leptin replacement therapy.304,305

Adiponectin
Adiponectin (also known as AdipoQ, Acrp30, APM1, and 
GBP28) is exclusively expressed in adipose tissue306 and 
circulates in human serum at very high concentrations of 

5 to 30 nM.307 Adiponectin, a 30-kD protein consisting 
of an N-terminal collagenous domain and a C-terminal 
globular domain, was discovered almost simultaneously 
by four separate groups using different methods.306,308-310 
Adiponectin exists in the blood in monomer, trimer, hex-
amer, and very high molecular weight forms.311 This 
protein is closely related to complement factor Cq1,308 
but the folded crystal structure and gene organization 
show close similarity to TNF-α.312,313 Arguably, the 
most interesting observation is that unlike other adipo-
cytokines whose expression increases with increasing fat 
mass, adiponectin is inversely related to fat mass.314-316 
How the increased mass of the tissue from which the gene 
is expressed reduces expression and/or secretion of the 
protein is still an unanswered question. Consistent with 
the observation that lipodystrophic patients have very 
low concentrations of adiponectin317 and increased ecto-
pic fat, a reduction in circulating adiponectin (as well as 
leptin) may facilitate the ectopic storage of fat.

Adiponectin is clearly an insulin-sensitizing hormone, 
and administration of recombinant adiponectin in rodents 
increases glucose uptake and fat oxidation in muscle, 
reduces fatty acid uptake and hepatic glucose production 
in liver, and improves whole-body insulin resistance. Two 
receptors for adiponectin have been discovered, with the 
first isoform (AdipoR1) mostly expressed in skeletal mus-
cle and the second (AdipoR2) mostly in liver.318 Unlike in 
mice, gene expression profiling in humans indicates that 
both isoforms are highly expressed in skeletal muscle.319 
Interestingly, in individuals with normal glucose toler-
ance, muscle expression levels of AdipoR1 and AdipoR2 
were lower in subjects with a family history of type 2 
diabetes when compared to those without a family his-
tory, and the expression level of both receptors correlated 
positively with insulin sensitivity.319 These data indicate 
that both isoforms of the receptor may play a role in the 
insulin-sensitizing effect of adiponectin probably via a 
stimulation of mitochondrial biogenesis, mitochondrial 
function, and fat oxidation.320

Even if the signaling cascade for adiponectin is unclear, 
there is growing evidence that adiponectin may activate 
AMPK, the putative master metabolic regulator described 
earlier. Thus, excitement surrounds the potential for 
adiponectin (or mimetics of adiponectin) to represent 
pharmacologic agents for patients suffering from insulin 
resistance and type 2 diabetes. As for leptin, many func-
tions have already been attributed to adiponectin; it has 
been linked to cardiovascular disease and endothelial 
and immune dysfunctions.321 However, we will focus 
mostly on the role of adiponectin as an insulin-sensitizing 
hormone.

Adiponectin acts peripherally to improve insulin sen-
sitivity in rodents,322-325 although the proposed mecha-
nisms differ. Combs and colleagues found that increasing 
circulating adiponectin concentrations in mice during a 
euglycemic clamp increased the rate of glucose infusion by 
73%.326 The rates of glucose uptake, glycolysis, and gly-
cogen synthesis were unchanged, but the rate of glucose 
production was suppressed by 65%. Chronic infusion 
of a proteolytic product of adiponectin prevents weight 
gain in mice fed a high-fat diet, whereas mice infused with 
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full-length adiponectin or saline gained weight.322 The 
prevention of weight gain was associated with increased 
fat oxidation. The same investigators went on to show 
that adiponectin induces fatty acid oxidation in muscle 
in vitro and reduces FFA flux following a high-fat meal 
or intralipid infusion in vivo.322 Similarly, Yamauchi and 
co-workers observed that adiponectin treatment dur-
ing high-fat feeding prevents adipose tissue deposition 
in wild-type mice by increasing energy expenditure and 
decreasing ectopic fat deposition.323 To determine the 
cellular mechanisms underlying this observation, they 
measured the expression of genes involved in fatty acid 
transport, oxidation, and energy dissipation in both mus-
cle and liver. Adiponectin treatment increased the mRNA 
of genes involved in fatty acid uptake and β-oxidation 
(specifically, CD36, acyl-CoA oxidase, and uncoupling 
protein 2) in muscle and decreased the expression of 
genes involved in fatty acid transport in the liver, result-
ing in decreased storage of triglycerides in non-adipose 
tissues and indirectly improving insulin sensitivity. Taken 
together, the results support the theory that adiponectin 
is a regulator of insulin sensitivity through the reduction 
of ectopic fat deposition.

Like leptin, adiponectin was shown to directly activate 
AMPK in muscle, thereby increasing the phosphorylation 
of acetyl coenzyme A carboxylase.325 In turn, malonyl 
CoA content is reduced, increasing carnitine palmitoyl-
transferase 1 activity and stimulating fat oxidation. In the 
liver, AMPK stimulates fatty acid oxidation and ketogen-
esis and inhibits cholesterol synthesis, lipogenesis, and tri-
glyceride synthesis, whereas it modulates insulin secretion 
in pancreatic beta cells (reviewed in reference 327).

Human studies in Pima Indians and Japanese indi-
viduals demonstrated an association between low plasma 
adiponectin concentrations and obesity or type 2 dia-
betes.314,316 Furthermore, positive correlations between 
plasma adiponectin concentrations and insulin sensitiv-
ity have been reported in several studies.315,316,328 More 
importantly, low adiponectin concentrations are pre-
dictive of type 2 diabetes incidence rates over a 5-year 
follow-up in Pima Indians.329 Other indicators that low 
levels of adiponectin may be involved in the development 
of insulin resistance are derived from intervention studies 
showing that adiponectin is decreased by behaviors lead-
ing to obesity and diabetes323 and increased in situations 
of reduced body fat or increased insulin sensitivity.330,331

At present, adiponectin remains a validated target for 
the potential treatment of insulin resistance and type 2 
diabetes. However, many questions regarding adiponec-
tin remained to be resolved before contemplating the use 
of adiponectin (or mimetics) as therapeutic agents. These 
include: (1) which circulating form of adiponectin is bio-
logically active; (2) what are the post-translational mech-
anisms that regulate adiponectin concentration/secretion; 
(3) what are the exact sites of action of adiponectin in 
central and peripheral tissues; and (4) what is the signal-
ing cascade of adiponectin after binding to its receptor? 
Kim and associates332 in Scherer’s laboratory made a big 
step toward a better understanding of the function of 
adiponectin by creating mice lacking leptin while over-
expressing adiponectin. Surprisingly, these mice have 

normalized glucose and insulin concentrations and dra-
matically improved glucose tolerance as well as positively 
affected serum triglyceride levels despite morbid obesity. 
The authors propose that adiponectin acts as a peripheral 
“starvation” signal promoting the storage of triglycerides 
preferentially in adipose tissue, therefore protecting the 
animals from ectopic fat depots.332

Resistin
Resistin is a putative adipocyte-derived “insulin resis-
tance” hormone that was identified during an in vitro 
screen for genes upregulated during adipocyte differentia-
tion and downregulated by PPAR-γ agonists.333 In mice, 
serum resistin and resistin mRNA expression in adipose 
tissue are increased by high-fat diet, and decreased after 
rosiglitazone treatment.333 Importantly, blocking resistin 
(by antibodies) increases glucose uptake in fat cells and 
increases insulin sensitivity. In vitro, resistin decreases 
glucose uptake in skeletal muscle cells but does not affect 
the “classic” insulin-signaling pathways.334 As expected 
from these results, intraperitoneal administration of resis-
tin increased blood glucose following a glucose tolerance 
test in mice.333 Taken together, these results led to the 
hypothesis that resistin promotes insulin resistance. At 
about the same time, two other groups independently 
identified resistin.335,336 Kim and colleagues335 observed 
that resistin inhibited adipocyte differentiation in 3T3-
L1 cells, suggesting that resistin may promote insulin 
resistance by increasing storage of triglycerides in muscle 
and liver instead of adipose tissue. Resistin-deficient mice 
have low blood glucose after a fast, decreased hepatic 
glucose production, and less hyperglycemia when obese, 
suggesting a key role in the regulation of hepatic glucose 
production.337 Ahima and Lazar reviewed the role of adi-
pokines, including resistin, on the control of energy and 
carbohydrate metabolism.338

In humans, the role of resistin in regulating insulin 
sensitivity is unclear. In one study, serum resistin was 
related to fat mass in young, healthy subjects and was 
significantly higher in women than in men,339 but it was 
not related to BMI, percent body fat, or insulin sensitiv-
ity in other studies.340,341 Resistin mRNA expression was 
shown to be higher in morbidly obese subjects as com-
pared with lean control subjects 342 and higher in individu-
als with a promoter mutation and high levels of oxidative 
stress.343 However, in that same study, serum resistin was 
not different between non-obese, obese, or obese diabetic 
groups. Data in humans indicates that resistin is derived 
mainly from macrophages.344 Given the emerging interre-
lationship between inflammation and metabolic disease, 
hyperresistinemia may be a biomarker and/or a mediator 
of metabolic and inflammatory disease in humans.

TNF-α
TNF-α is a cytokine that is produced by macrophages, 
monocytes, endothelial cells, neutrophils, smooth muscle 
cells, activated lymphocytes, astrocytes, and adipocytes.345 
TNF-α has a variety of functions, such as mediating expres-
sion of genes for growth factors, cytokines, transcription 
factors, and receptors. TNF-α is synthesized as a 26-kD 
transmembrane protein found on the surface or processed 
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to release the 17-kD soluble form.346 Some adipocytokines 
are secreted and transported into the blood (i.e., leptin, 
PAI-1, and IL-6), whereas TNF-α is secreted and probably 
acts locally in an autocrine-paracrine fashion.276

Initial reports implicated TNF-α as an adipocyte-
derived cytokine that was able to block adipocyte differ-
entiation347,348 and was upregulated in human obesity/
insulin resistance.349,350 As a pluripotent cytokine, the 
mechanisms by which TNF-α might decrease insulin 
action and affect adipocyte functioning are numerous. 
As one example, TNF-α suppresses adipocyte-specific 
genes with NF-κB being an obligatory signaling inter-
mediate55 and decreases the expression of transcription 
factors necessary for adipocyte differentiation.347 In an 
autocrine-paracrine fashion, TNF-α blocks further energy 
accumulation in adipocytes through “deactivation” of the 
insulin-signaling pathway (i.e., insulin resistance),55,351 
increased lipolysis, and decreased lipid uptake.352 TNF-α 
may be a homeostatic mechanism that may prevent fur-
ther fat deposition by regulating LPL activity and leptin 
production.353

TNF-α has been termed an adipostat because its adi-
pose tissue expression is, like leptin, more or less propor-
tional to the degree of adiposity. TNF-α has also been 
proposed to link obesity with insulin resistance, with ser-
ine phosphorylation of the insulin receptor substrate-1 
being a prominent mechanism for TNF-α–induced insu-
lin resistance.354 TNF-α increases 11β HSD1 mRNA and 
enzyme activity and therefore local cortisol production in 
human adipocytes,355 thus potentially linking TNF-α to 
visceral adiposity. The mechanism by which transcription 
is upregulated during energy excess is not entirely clear. 
Insulin upregulates TNF-α mRNA, and TZDs appear to 
downregulate TNF-α,356 whereas environmental toxins 
(such as TCCD) upregulate TNF-α.357

Clinically, higher plasma levels of TNF-α are also asso-
ciated with insulin resistance, higher BMI, higher fasting 
glucose levels, and higher LDL-cholesterol levels.358 Using 
confirmatory factor analysis and structural equation mod-
eling, it was shown that obesity, dyslipidemia, and TNF-α 
were the principal explanatory variables for the various 
components of the metabolic syndrome.359 TNF-α has 
also been implicated in HIV-associated lipodystrophy.360

Apelin
Apelin is a novel bioactive peptide first identified in 1998 
as the endogenous ligand of the orphan G protein–cou-
pled receptor (GPR) APJ.361 A 77–amino acid precursor 
can be cleaved into a 55–amino acid fragment and then 
into shorter, less-characterized forms. The physiologically 
active form of apelin is thought to be apelin-36, although 
shorter C-terminal sequences also elicit biological activ-
ity.361 It was only 10 years later that a putative role for 
apelin in the etiology of obesity was described. Rayalam 
and co-workers first described that apelin’s major role was 
to promote angiogenesis in adipose tissue.362 At the same 
time, Kunduzova and associates proposed that the angio-
genic response to apelin in adipose tissue— endothelial 
cells migration, proliferation, and capillary  formation—
was dose-dependent.363 Furthermore, hypoxia upreg-
ulates the expression of apelin in adipocytes, thus 

confirming that the apelin/APJ signaling pathway plays 
a critical role in the development of the functional vascu-
lar network in adipose tissue.363 The adipokine apelin is 
not only upregulated by hypoxia and insulin but also by 
the transcriptional co-activator PGC-1α in human white 
adipocytes.364 Finally and importantly, the same labora-
tory presented a convincing argument that acute intrave-
nous injection of apelin had a powerful effect on lowering 
plasma glucose by enhancing glucose utilization in skel-
etal muscle and adipose tissue.365 Therefore, apelin will 
probably soon be considered as an important target for 
the treatment of obesity-related insulin resistance.

The Adipocyte as a Target for the Treatment of Obesity 
and Type 2 Diabetes
The brain currently serves as the main therapeutic target 
for the treatment of obesity. Given the central role of the 
adipocyte in the regulation of body weight and energy 
metabolism, the adipocyte should not be discarded as 
a target. Classic adipocyte biology, emphasizing the 
adrenergic signaling systems, provided the rationale for 
the development of beta-3 adrenoreceptor agonists as a 
means to increase energy expenditure in muscle and pro-
mote lipolysis in adipose tissue. These efforts have been 
hampered by the failure of the drug discovery systems to 
identify “clean” beta-3–selective agonists.366 Alternate 
lipolytic systems such as the activation of the growth 
hormone receptor, blockade of the antilipolytic alpha2 
adrenergic receptor, or activation of the recently discov-
ered natriuretic peptide signaling pathway may provide 
alternate strategies for increasing adipose tissue lipolysis. 
Increasing lipolysis and lipid delivery to peripheral tissue 
will produce weight loss only in the presence of increased 
energy expenditure or fat oxidation in liver and skeletal 
muscle or a reduction in energy intake. The concern with 
the lipolytic approach is whether the increased lipid sup-
ply to liver and skeletal muscle will produce or exacerbate 
ectopic fat and insulin resistance.

Another avenue to impact insulin action might be 
to increase lipid storage in adipose tissue by recruit-
ing “new” adipocytes from preadipocytes. At first, this 
approach might be counterintuitive since body weight 
is likely to increase. The effectiveness of the antidiabetic 
TZDs in animals and humans provide a strong rationale 
for this approach. In humans and animals, TZDs increase 
lipid storage in adipose tissue, decrease FFA prior to an 
improvement in insulin action, and reduce hepatic and 
skeletal muscle fat. Such data suggest that sequestration 
of lipid in newly recruited or existing adipocytes away 
from liver and muscle might be an effective therapeu-
tic strategy. Unfortunately, the acceptability by patients 
of the weight gain that occurs in this setting makes this 
approach less attractive.

Studies suggest that angiogenesis might precede and 
drive adipogenesis.367 This is logical that adipose tissue 
might need nutrients and oxygen to develop properly. 
However, the opposite concept, namely that anti-angio-
genic agents might prevent weight gain or result in weight 
loss, has been demonstrated in animals367 and, along with 
targeting adipocytes with a lytic peptide,368 holds promise 
as a way to modulate adipose tissue mass and function.369
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The secretion of potent endocrine hormones from 
adipose tissue is another approach to treat insulin resis-
tance or obesity. As an example, antidiabetic TZDs 
upregulate the expression of the insulin-sensitizing hor-
mone adiponectin and increase blood concentrations up 
to threefold.370 Given that body weight is regulated by 
leptin-dependent and leptin-independent signals, and adi-
pose tissue communicates with the brain to regulate food 
intake, additional therapeutic targets and therapeutic 
opportunities are likely.

Exogenous cortisol administration or overproduction 
of cortisol in conditions such as Cushing’s disease increase 
the accumulation of lipid in visceral depots.371,372 The 
local production of cortisol within adipose tissue by con-
version of cortisone to bioactive cortisol by the enzyme 
11 beta HSD-1 also increases the accumulation of lipid 
in visceral depots.373-375 Acting through both adipogenic 
and lipogenic pathways, blockade of the local production 
of cortisol is likely to reduce visceral adipose tissue mass, 
and therapeutic agents are currently in clinical studies.

Beta-3 receptor agonists not only increase energy 
expenditure in rodents but also increase the number of 
brown adipocytes.376-377 It has been suggested that this 
occurs as a result of trans-differentiation of lipid-storing 
white adipocytes into energy-consuming brown adipo-
cytes. The hallmark of brown adipocytes is the expres-
sion of the thermogenic uncoupling protein UCP-1. In 
rodents, the conversion of WAT into BAT is under genetic 
control, and the resulting weight loss improves the fea-
tures of metabolic syndrome. Overexpression of the 
transcriptional factor enhancer PGC-1 in human adipo-
cytes in vitro also increases UCP-1 mRNA and protein 
and serves as an example of how this might also occur 
in humans in vivo.178 Increased energy expenditure and 
fat oxidation would result in a decrease in body weight, 
although the potential mechanisms remain elusive.378,379 
The findings of discrete brown fat depots uncovered by 
PET technologies187 should stimulate a renewed effort to 
find strategies to induce more brown adipocytes. As noted 
earlier, peptide hormones such as natriuretic peptides, 
orexin, meteorin, irisin, and FGF-21 are attractive targets.

Lastly, as discussed earlier, once precursor cells are 
recruited to differentiate into white adipocytes, they are 

conceptually permanent. Studies in vivo in humans suggest 
that adipocytes are constantly being formed and undergo 
apoptosis.119,128 These high turnover rates for adipose 
tissue suggest that a reduction in adipocyte recruitment 
and/or an increase in adipocyte apoptosis might lead to 
a reduction in adipocyte mass. As noted for the lipolytic 
pathways, if the excess energy is not completely oxidized, 
then a possible outcome might be accumulation of lipid in 
skeletal muscle and liver as occurs in lipodystrophy syn-
dromes. This approach would make sense in the setting 
of weight loss achieved by other means as a way to reduce 
the number of lipid-storing small adipocytes.

Another approach to reverse excess lipid supply to 
the liver and skeletal muscle is to modulate lipolysis. 
Lipolysis is disordered in obesity and type 2 diabetes 
where insulin fails to fully suppress lipolysis. Decreased 
lipolysis associated with the decrease in FFA that occurs 
with daytime meals might improve insulin action. 
Indeed, reducing lipolysis for only 7 days improved 
insulin action in vivo.104,180 Preserving the increase in 
lipolysis during sleep and exercise might be necessary 
to normalize the meal-related and circadian pattern of 
lipolysis.

In addition to exercise, which improves blood flow and 
insulin sensitivity in adipose tissue, it might be possible 
to pharmacologically manipulate lipolysis. Nicotinic acid 
therapy is a well-established treatment for hypertriglyc-
eridemia and low HDL cholesterol, and the discovery of 
a nicotinic acid receptor (HM74) opens the door for the 
development of small-molecule inhibitors of lipolysis.380 
Other previously “orphan” GPRs such as the antilipolytic 
GPR43 are ripe as targets to improve insulin sensitivity 
via suppression of lipolysis.381 GPR43 belongs to a sub-
family of GPRs that include GPR40 and GPR41 and are 
all fatty acid receptors. Given the modulation of lipolysis 
across the day, the rational design of these drugs should 
consider dosing and PK in an attempt to mimic the nor-
mal variation in FFA.
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LIPODYSTROPHIES: DEFINITION AND DIAGNOSIS
The lipodystrophic states are a diverse group of clinical dis-
orders, the central feature of which is either a congenital or 
acquired, complete or partial lack of adipose tissue (lipoatro-
phy), and/or a combination of lack of adipose tissue in certain 
body areas, with excess of adipose tissue (lipohypertrophy) 

elsewhere. Metabolic abnormalities, including insulin resis-
tance and its associated clinical features, are present in 
nearly all varieties of lipodystrophies. In addition, patients 
with lipodystrophies also manifest a group of unique fea-
tures such as severe hyperlipidemia, progressive hepatic ste-
atosis, and increased metabolic rate (Fig. 37-1).

K E Y  P O I N T S

 •  Lipodystrophy syndromes are a heterogeneous group of disorders characterized by 
complete or partial lack of adipose tissue in certain areas of the body, with excess of 
adipose tissue elsewhere.

 •  Etiology of lipodystrophy may be either a congenital or acquired cause, and involves a 
loss of mature, functional adipocytes associated with failure of adipogenesis, adipocyte 
apoptosis, or storage of triglycerides.

 •  Congenital lipodystrophy is due to abnormal gene activations and signaling that impair 
adipocyte differentiation, while acquired lipodystrophy is most commonly observed in 
patients with HIV who are receiving highly active antiretroviral therapy.

 •  Metabolic complications, such as insulin resistance, dyslipidemia, fatty liver, 
inflammation, and oxidative stress, are associated with lipodystrophy syndromes and 
constitute major comorbidities of these syndromes.

 •  Current treatments such as metformin, thiazolidinediones, growth hormone 
replacement, growth hormone–releasing hormone analogues, and more recently FDA-
approved recombinant leptin therapy may help with clinical features and associated 
metabolic complications of lipodystrophy.
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Although there is a lack of consensus on the definition 
of the lipodystrophy syndrome(s), the diagnosis of lipodys-
trophy is usually made clinically and is often based on both 
patients’ and doctors’ perceptions and physical examination. 
Anthropometry, measurement of skin folds and circumfer-
ence of the limb, is an easy, cost-affordable, and practical 
way to estimate fat loss and fat redistribution. However, its 
reliability is heavily dependent on the consistency and the 
skill of the examiner(s) and may have poor sensitivity, espe-
cially during the early stages of the disease. Objective mea-
surement of facial lipoatrophy also poses a challenge. Serial 
photographs (with the patient’s consent) have been used to 
document and compare the facial wasting over time.

Dual-energy x-ray absorptiometry (DEXA), magnetic 
resonance imaging (MRI), and computed tomography 
(CT) scan are additional modalities that have been devel-
oped to allow direct quantification of fat within specific 
tissues and/or body mass, as well as fat distribution. 
Although all these techniques are accurate and nonin-
vasive, they are also expensive, have limited availability, 
and are apparently not cost-effective for use in everyday 
clinical practice. Their use, therefore, has been limited to 
the research field.1

In the past few years, ultrasound has emerged as a 
promising alternative quantitative tool to assess body 
fat changes. Although it demonstrates good accuracy 
and accessibility, more studies are needed to elucidate 
its value and to comparatively evaluate ultrasound with 
other imaging modalities. Standardization of ultrasound 
techniques and analyses of cost-effectiveness will also be 
essential for its potential wider clinical applications.2

PATHOPHYSIOLOGY OF LIPODYSTROPHY
In the past decade, the study of mechanisms underlying 
lipodystrophy has attracted significant attention, to a cer-
tain extent owing to the interest of the scientific commu-
nity on obesity research. It is now recognized that white 
adipose tissue is not an inert storage depot organ but an 
active endocrine organ that plays a critical role in regulat-
ing energy homeostasis. Since there are common features 
in the etiopathogenesis of lipodystrophy and obesity, les-
sons learned from studies of the lipodystrophies may pro-
vide essential information not only for the management 
of these rather rare cases but also for obesity research and 
management.

Much of the knowledge on the mechanisms underlying 
the pathogenesis and manifestations of lipodystrophies 
has been obtained through the performance of mouse 
studies and as a result of human genome sequencing. 
It is now understood that patients with lipodystrophy 
have primarily a loss of mature, functional adipocytes, 
as opposed to an absence of lipids in otherwise normal 
adipocytes.3-5 The underlying defects could be associ-
ated with failure of adipogenesis, adipocyte apoptosis, 
or a failure to store triglycerides in existing adipocytes 
because of ineffective lipogenesis or excessive lipolysis. 
Differentiation of adipocytes is controlled by a variety of 
gene activations and signaling pathways, and any abnor-
mality in this process may lead to the development of a 
particular lipodystrophy (Fig 37-2).

In this chapter, we will discuss the classifications of 
different types of lipodystrophies, their distinctive clinical 
presentations, our current understanding of the underlying 
mechanisms, and the recommended treatment modalities.

CLASSIFICATIONS OF LIPODYSTROPHIES AND THEIR 
CLINICAL MANIFESTATIONS
The classifications of lipodystrophies, namely generalized 
or partial lipodystrophy, are normally based on the dis-
tinct clinical presentation and unique patterns of adipose 
tissue distribution. These two divisions may be further 
subcategorized into inherited and acquired forms.

Generalized Lipodystrophies
Generalized lipodystrophy encompasses rare but clini-
cally striking disorders that may be congenital (Berardi-
nelli-Seip syndrome)6,7 or acquired (Lawrence syndrome).

Congenital Generalized Lipodystrophy
Congenital generalized lipodystrophy (CGL), or Berardi-
nelli-Seip congenital lipodystrophy (BSCL), is a rare syn-
drome characterized by near-complete absence of body 
fat. It is inherited in an autosomal recessive fashion and is 
observed in the highest frequency with parental consan-
guinity. To date, it has been reported in approximately 
300 patients of various ethnic backgrounds,8-11 with the 
highest frequency reported in Brazil.

Babies with CGL are noted to have an abnormal 
appearance due to absence of body fat within the first 
2 years of life and frequently soon after birth. Adipose 
tissue is absent from not only subcutaneous but also from 

Figure 37-1 Congenital lipodystrophy.
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intraabdominal sites, and the resultant prominent mus-
culature causes a striking recognizable phenotype. Mag-
netic resonance imaging (MRI) of the abdomen shows 
complete absence of intraabdominal, retroperitoneal, 
and subcutaneous fat, but a prominent fatty liver, and 
presence of fat in certain anatomic sites such as orbits, 

palms, and soles. Thus, this genetic defect results in poor 
development of metabolically active but not mechanically 
important adipose tissue.12-15

Other somatic abnormalities that contribute to the 
abnormal appearance are acanthosis nigricans, a protuber-
ant abdomen associated with hepatomegaly and/or spleno-
megaly, hernias, and prominent musculature. Congenital 
generalized muscular weakness and cervical spine instability 
have also been reported in occasional cases.14 Many females 
have polycystic ovaries and may also present with enlarged 
clitoris, hirsutism, and absence of regular menstrual cycles 
or oligomenorrhea. Only a few affected women have had 
successful pregnancies, whereas affected men have normal 
fertility. Other rare manifestations of CGL include postpu-
bertal focal lytic lesions in the long bones,16-18 mild mental 
retardation,11 and hypertrophic cardiomyopathy.19-21 The 
basal metabolic rate of their body may also be increased. 
Although patients may have accelerated linear growth and 
advanced bone age during their childhood, they normally 
have normal or reduced heights as adults.

Although both boys and girls are affected at similar 
rates, the multiple metabolic features associated with this 
syndrome tend to be more severe and develop earlier in 
girls. Children with CGL tend to have voracious appetite 
and an accelerated growth; precocious menarche and/or 
pubarche, signaling early puberty, are rarely observed. 
Insulin resistance has been noted at an early age and may 
be present even at birth. While diabetes is infrequently 
seen in infancy, its development is common during ado-
lescence or youth adulthood. It is rarely ketotic, and it 
is usually refractory to insulin therapy. Diabetic compli-
cations of nephropathy, retinopathy, acute pancreatitis, 
and hepatic steatosis are typically present and are a major 
cause of morbidity in affected individuals. Dyslipidemia 
poses a therapeutic dilemma as well. Hypertriglyceride-
mia is characterized by increased concentrations of very 
low-density lipoproteins (VLDL) and chylomicrons, 
whereas serum high-density lipoprotein (HDL) is usu-
ally low. Severely elevated triglycerides may provoke 
acute pancreatitis and are frequently related to fatty liver. 
This commonly progresses to cirrhosis, which in many 
cases may be fatal. Serum adipocytokines, the hormones 
produced by adipose tissue (such as leptin and adiponec-
tin), circulate in extremely low levels in CGL.15 At least 
four molecularly distinct forms of congenital lipodystro-
phy have been defined, with mutations of AGPAT2 and 
BSCL2 responsible for 95% of reported cases of CGLs.

Type 1 CGL (CGL1) is due to AGPAT2 gene muta-
tions. This gene has been mapped to chromosome 
9q34.22,23 It encodes the enzyme 1-acylglycerol-3- 
phosphate O-acyltransferase 2 (AGPAT2), which cata-
lyzes the acylation of lysophosphatidic acid to form 
phosphatidic acid, a key intermediate in the biosynthesis 
of triacylglyceride and glycerophospholipids. AGPAT2 
is highly expressed in adipose tissue, and mutations 
are found predominantly in patients of African ances-
try. Only metabolically important adipose tissue (e.g. 
intraabdominal, intermuscular, subcutaneous, bone 
marrow) and not mechanically important adipose tis-
sue (e.g., soles, palms, scalp, periarticular) is markedly 
reduced in patients with type 1 CGL.

Mesenchymal
stem cells

Committed
pre-adipocyte

Adipocyte

Mature adipocyte

Apoptotic
adipocyte material

Pro-adipogenic Wnt
signaling

Pre-adipocyte differentiation
 • Adipogenic stimuli: insulin,
  gIucocorticoids, IGF-1,
  prostaglandins
 • BSCL-2 (seipin)
 • AKT2
 • PPARγ/RXRα and
 C/EBP β/δ

Lipogenic gene activation
 • FAS
 • AGPAT
 • PTRF
 • ACC
 • DGAT

Apoptosis
 • ZMPSTE24
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Figure 37-2 Differentiation of adipocytes, demonstrating gene 
 activation and signaling pathways, in relation to lipodystrophies: 
 lipodystrophy genes and their associated protein products are bolded. 
Mesenchymal stem cells have the pluripotent ability to differentiate into 
osteocytes, myocytes, chondrocytes, stromal cells, or adipocytes. Wnt 
signal transduction pathways and other transcription factors lead to the 
development of a committed preadipocyte. Subsequently, adipogenic 
stimuli, such as insulin, glucocorticoids, IGF-1, and prostaglandins, ini-
tiate cell changes to differentiate into an adipocyte. Current data sug-
gest that the BSCL-2 gene, coding for seipin, and the AKT-2 gene play 
a role in adipocyte differentiation, and their mutations are involved 
in congenital generalized lipodystrophy 2 (CGL2) and familial partial 
 lipodsytrophy 4 (FPLD 4), respectively. CCATT–enhancer-binding pro-
tein (C-EBP) β/δ transcription factors stimulate factors PPARу, C-EBPα, 
and sterol regulatory element–binding protein (SREBP) 1c, which are 
upregulated in this process; PPARу mutations are associated with 
FPLD3, and intracellular lipid accumulation in an adipocyte is depen-
dent on substrate availability. In response to a variety of lipogenic sig-
nals, the adipocyte matures as the size of the lipid droplets are increased. 
Fatty acid synthase (FAS), acetyl coenzyme A carboxylase, and diacylg-
lycerol acyltransferase (DGAT) expression is upregulated, which is nec-
essary for the biosynthesis of phospholipids and triglycerides. AGPAT2 
is responsible for acylating phosphatidic acid to synthesize triglycerides 
and phospholipids, and its mutation is involved in CGL1. PTRF regu-
lates caveolae intracellularly, and its functional loss results in CGL4. 
Apoptosis of adipocytes is influenced by LMNA, encoding for nuclear 
lamina proteins, and ZMPSTE24 required for posttranslational lamina 
processing. Mutations in these genes lead to mandibuloacral dysplasia 
via premature nucleus disruption.
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Type 2 CGL (CGL2) is due to BSCL2 gene mutations. 
This gene is located on chromosome 11q13 and encodes 
a 398–amino-acid protein called seipin.24 The BSCL2 
gene mutation has been found in patients of European 
and Middle Eastern origins but has also been reported as 
a causative gene in Japanese patients with CGL. Seipin 
is expressed diffusely in many tissues but predominantly 
in testis and brain; its function in humans is largely 
unknown but may include adipocyte differentiation. A 
study performed in yeast suggests that seipin is impor-
tant for lipid droplet morphology and perhaps assembly.9 
Another study in cultured murine and human adipocytes 
also indicates that BSCL2 expression is critical for nor-
mal adipogenesis in vitro, as cells lacking BSCL2 failed 
to induce expression of key lipogenic transcription fac-
tors (peroxisome proliferator-activated receptor gamma 
[PPARG] and CCAAT/enhancer binding protein alpha 
[C/EBP-α]), as well as enzymes (AGPAT2, DGAT2, and 
lipin 1). BSCL2 mutations are usually related to more 
severe adipose tissue loss than in CGL1.9

The CGL due to seipin mutation appears to have a 
more severe disease phenotype than that due to AGPAT2 
mutation, with a higher incidence of premature death and 
a lower prevalence of partial and/or delayed onset of lipo-
dystrophy. Furthermore, patients with seipin mutations 
have a higher prevalence of intellectual impairment than 
those with the AGPAT2 mutations.

Compared to CGL1, CGL2 patients have more pro-
nounced absence of body fat. In addition to the loss of 
metabolically active fat (subcutaneous regions, intermus-
cular regions, bone marrow, intraabdominal and intra-
thoracic regions), CGL2 patients also lack mechanical fat 
(orbital regions, palms, soles, and joints). Mild mental 
retardation and cardiomyopathy are also reported to be 
of higher prevalence in patients with CGL2.

A third gene mutation has been identified in one individ-
ual with CGL25-27 who had a homozygous nonsense muta-
tion of CAV1, probably as a result of a consanguineous 
union. CAV1 is located on chromosome 7q31. Its end prod-
uct, caveolin 1, is a highly conserved 22-kD protein and 
a crucial component of plasma membrane microdomains 
known as caveolae. These plasma membrane domains have 
important roles in regulating signaling pathways and pro-
cesses such as cell migration, polarization, and prolifera-
tion. Caveolin 1 has also been identified as a major fatty 
acid binder on the plasma membranes, translocating them 
to lipid droplets. Mutated function of CAV1 may induce 
lipodystrophy by interfering with lipid handling, lipid drop-
let formation, and adipocyte differentiation,9,28 and is phe-
notypically classified as type 3 CGL (CGL3).

The patient with CGL3 from CAV1 mutation had clin-
ical features similar to those of patients with CGL1 and 
CGL2, with the degree of her lipodystrophy being inter-
mediate between these two phenotypes. This patient also 
presented with some distinctive features, including well-
preserved bone marrow fat, short stature, hypocalcemia, 
hypomagnesemia, vitamin D resistance, and decreased 
bone density. However, because there is only one patient 
who has been identified as having this mutation, it is dif-
ficult to fully ascertain the exact relationship between the 
mutation and the associated clinical features.

Type 4 CGL (CGL4) has recently been identified and 
is due to mutations in the PTRF gene. PTRF, also known 
as cavin, is a polymerase 1 and transcript release factor 
involved in biogenesis of caveolae, regulating caveolin 
1 and 3 expression.29 To date, 21 patients with PTRF 
mutations have been reported in the literature. Clinical 
features include moderate lipodystrophy in association 
with congenital myopathy, pyloric stenosis, atlantoax-
ial instability, QT interval prolongation with exercise-
induced ventricular tachycardia, and sudden death.30,31

Of note, there are several patients with CGL who do 
not have any of the four known gene mutations, possibly 
leading to future identification of novel CGL genes.

Acquired Generalized Lipodystrophy
The acquired syndrome of total lipoatrophy, also known 
as Lawrence syndrome, is similar to that of the congenital 
disorder, except that it develops in a previously healthy 
individual over days to weeks, often after a nonspecific 
febrile illness. The syndrome is very rare. It commonly 
develops during childhood and adolescence in patients 
who are predominantly white, with a male-to-female 
ratio of 1:3.26,32

In addition to the generalized loss of fat that has an 
active metabolic function, as seen in CGL, fat loss in 
acquired generalized lipodystrophy (AGL) also occurs in 
palms, soles, and genital areas. However, retroorbital and 
bone marrow fat may be preserved.27

The median time to develop diabetes after loss of fat 
tissue is approximately 4 years.27 Diabetic ketoacidosis 
has been reported, and hypertriglyceridemia, hepatic 
steatosis, acanthosis nigricans, menstrual irregularities, 
and polycystic ovary syndrome (PCOS) are also com-
mon findings.33 Patients with AGL also have markedly 
reduced adiponectin levels and moderately reduced 
leptin levels.15

Several autoimmune diseases and inflammatory condi-
tions have shown a temporal relationship to AGL. These 
include juvenile-onset dermatomyositis (JDM), rheuma-
toid arthritis, systemic sclerosis, systemic lupus erythe-
matosus, Sjögren syndrome, and panniculitis.27,34 JDM 
shows a particularly strong correlation with lipodystro-
phy; 8% to 40% of patients with JDM develop acquired 
lipodystrophy.35-38 The chronicity and severity of JDM, 
as well as the high frequency of calcinosis, have been 
shown to predict the onset of lipodystrophy.35 AGL fol-
lowing autoimmune diseases is also termed AGL type 2 
or the autoimmune disease variety. Panniculitis is another 
inflammatory condition that frequently heralds the onset 
of acquired generalized lipodystrophy. It is estimated to 
be present in approximately 25% of affected patients.27,39 
Panniculitis manifests as subcutaneous inflammatory 
nodules that show a mixed infiltrate of lymphocytes 
and mononucleated macrophages in adipose tissue. The 
course of AGL is frequently protracted in patients with 
panniculitis and linked to less fat loss and less severe 
metabolic disorders.32,36 The panniculitis variety is also 
known as AGL type 1. Up to 50% of AGL patients have 
no clear history of autoimmune disease or panniculitis, 
however. These lipodystrophies are known as AGL type 
3 or the idiopathic type.
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The pathogenesis of AGL is unknown. The autoimmune- 
mediated destruction of adipocytes or preadipocytes has 
been hypothesized to be the underlying mechanism. Auto-
antibodies against adipocyte membranes may also impair 
fat uptake and adipocyte differentiation.34,35,40 Several 
antibodies have been found to be present in AGL, but no 
causative relationship has been established.35 Cytokines, 
including tumor necrosis factor alpha (TNF-α) and inter-
leukin 1 (IL-1), are also likely to play important roles in the 
immunopathogenesis of lipodystrophy. They can poten-
tially lead to lipodystrophy by inhibiting adipogenesis41 or 
increasing receptor-mediated apoptosis of adipocytes and 
preadipocytes.42 Chronic hepatitis with autoimmune fea-
tures and low serum complement 4 levels is also reported 
in some patients with AGL, suggesting an involvement of 
the classical complement pathway causing loss of fat.43

Partial Lipodystrophies
Partial lipodystrophy is characterized by selective regional 
fat loss. It is often associated with hypertrophy of adipose 
tissue in nonatrophic areas and is subclassified into inher-
ited and acquired forms.

Inherited Partial Lipodystrophies
Several syndromes have been described according to dis-
tinctive clinical features or underlying pathogenetic mech-
anisms. Most are inherited in an autosomal dominant 
fashion, and the patients are born with normal fat distri-
bution but notice local fat loss, usually during puberty. 
Familial partial lipodystrophies (FPLD) have phenotypic 
heterogeneity not fully delineated.

FPLD1 or Köbberling-Type Lipodystrophy. Also known  
as Köbberling-type lipodystrophy, familial partial lipo-
dystrophy type 1 (FPLD1) was first reported by Köb-
berling and colleagues in 1971. In comparison to other 
FPLD, the loss of adipose tissue is restricted to the ex-
tremities. The distribution of fat on the face and neck 
is normal or increased in association to frequently ob-
served significant central obesity. The hallmark anthro-
pomorphic feature of this syndrome includes a palpable 
“ledge” formed between the normal and lipodystrophic 
areas and high triceps-to-forearm and abdomen-to-
thigh skinfold ratios.44 Mostly women have been diag-
nosed with FPLD1 to date, as they are more severely 
affected than men. Diagnosis of affected men is difficult 
given the normal muscular physique and very gentle 
clinical presentation that does not allow early detection. 
FPLD1 tends to have a childhood onset with metabolic 
complications occurring during adulthood. Acanthosis 
nigricans is present on the neck, axillae, and groins but 
is usually mild.

Metabolic syndrome, especially hypertriglyceridemia, 
is common in FPLD1. This correlates with a high inci-
dence of pancreatitis and premature coronary artery dis-
ease. Leptin concentrations are low and correspond to the 
BMI and the level of fat loss of individual patients.44

The genetic defect associated with FPLD1 is currently 
unknown, and no LMNA or PPARG mutations have been 
identified. It appears that this syndrome may be familial 
for some subjects but may also occur spontaneously.

FPLD2 or Dunnigan-Variety (Face-Sparing) Lipodystro-
phy. Also known as Dunnigan variety (face-sparing) lipo-
dystrophy, familial partial lipodystrophy type 2 (FPLD2) 
is an autosomal-dominant condition found mostly but 
not exclusively in subjects of northern European descent. 
There are more than 300 cases reported, but the true 
prevalence of this syndrome is thought to be much higher.

It is characterized by gradual loss of almost all sub-
cutaneous fat from the extremities, commencing at 
puberty. This gives rise to the characteristic phenotype 
of “increased muscularity” in the arms and legs. Variable 
and progressive loss of fat from the anterior abdomen 
and chest occurs later. Excess fat may subsequently accu-
mulate in the face and neck and in the intra-abdominal 
region, resulting in a Cushingoid appearance.26

Affected females tend to have more recognizable phe-
notypes. Although questions for gender differences have 
been raised, anthropometric measures and MRI data dem-
onstrated that both affected men and women have similar 
patterns of fat loss. In comparison to the affected men, 
women may have more severe hypoleptinemia and meta-
bolic sequelae of insulin resistance, and they may also have 
higher prevalence of diabetes and atherosclerotic vascular 
disease as well as higher serum triglycerides and lower high-
density lipoproteins. The prevalence of hypertension and 
fasting serum insulin concentrations are similar in men and 
women.27,39 The prevalence of diabetes is not related to age, 
menopausal status, or family history of type 2 diabetes.40

Patients with FPLD2 are more prone to develop PCOS, 
infertility, and gestational diabetes. The prevalence of ges-
tational diabetes and miscarriage is significantly higher 
in these patients than in women with similar body mass 
index (BMI) and PCOS.45

The first gene identified for FPLD2, named LMNA, is 
located on chromosome 1q21-22. It encodes for lamins A 
and C, which are essential components of nuclear lamina 
and provide structural integrity of the nuclear envelope. 
Most FPLD2 mutations in LMNA are missense muta-
tions within the 3′ end of the gene.46 The mutant gene 
products may disrupt interaction with chromatin or other 
nuclear lamina proteins, resulting in apoptosis and pre-
mature death of adipocytes.47 The accumulation of prela-
min A may also impair adipogenesis by interfering with 
the key adipocyte transcription factors/regulators, includ-
ing sterol response element-binding protein 1 (SREBP-1) 
and PPARG.47-50 It is interesting to note that there is a 
lack of difference in the levels of lamin A and lamin C 
expression in different adipose depots even though the 
fat loss of FPLD2 is regionally selective, suggesting that 
the downstream effects of LMNA mutations are differen-
tially regulated in different areas of the body.45

Familial Partial Lipodystrophy Due to PPARG Mutations,  
or FPLD3
Also referred to as FPLD3, familial partial lipodystrophy 
due to PPARG mutations is associated with heterozy-
gous PPARG gene mutations. The phenotype is similar 
to FPLD2, with the exception that fat accumulation in the 
head and neck may be spared.51-54 Patients with FPLD3 
appear to have more severe metabolic abnormalities than 
those with FDLP2.50
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PPARG encodes the peroxisome proliferator– activator 
receptor, which belongs to the superfamily of nuclear hor-
mone receptors. It has a higher expression in adipocytes 
and plays an essential role in adipocyte differentiation 
and adipogenesis. Heterozygous mutations may cause 
loss of function by directly interfering with normal gene 
function (dominant negative) or by reducing gene expres-
sion (haploinsufficiency).

Familial Partial Lipodystrophy Due to AKT2 Mutation, 
or FPLD4. Familial partial lipodystrophy due to AKT2 
mutation, also known as FPLD4, has been reported in a 
single family by George and associates.55 It is inherited in 
an autosomal dominant fashion and manifests as severe 
insulin resistance and partial lipodystrophy confined to 
extremities.55

AKT, also known as protein kinase B, is a serine/threo-
nine protein kinase and plays multiple roles in cell sig-
naling, cell growth, and glycogen synthesis, as well as in 
insulin-stimulated glucose transport.56 Lipodystrophy in 
patients with AKT2 mutations is thought to be due to 
reduced adipocyte differentiation and dysfunctional post-
receptor insulin signaling.

Familial Lipodystrophy Due to PLIN1 Mutation, or 
FPLD5. Also known as FPLD5, familial lipodystrophy 
due to PLIN1 mutation has recently been described, char-
acterized phenotypically by loss of subcutaneous fat from 
the extremities. FPLD5 is associated with mutation in the 
PLIN1 gene coding for perilipin 1, which is a required 
component of lipid droplet membranes and is essential 
for lipolysis and lipid storage. Histologically, the six pa-
tients with this mutation have small adipocytes with in-
creased macrophage infiltration and abundant fibrosis.57

Partial Lipodystrophy Due to CAV1 Mutation. Partial li-
podystrophy due to CAV1 mutation is also identified as 
a rare cause for partial lipodystrophy.58 Two cases with 
different frameshift CAV1 mutations have been reported. 
Both patients were described to have partial lipodystro-
phy with subcutaneous fat loss in the face and upper 
body, micrognathia, and congenital cataracts. One case 
was also associated with abnormal neurologic findings. 
Diabetes, hypertriglyceridemia, and recurrent pancreati-
tis were reported in both cases.58

Mandibuloacral Dysplasia–Associated Lipodystrophy. 
Mandibuloacral dysplasia (MAD) is an extremely rare 
autosomal recessive progeroid syndrome that has been 
reported in approximately 40 case reports. MAD is char-
acterized by postnatal growth retardation, craniofacial 
and skeletal abnormalities (mandibular and clavicular 
hypoplasia, delayed closure of the cranial sutures, acroos-
teolysis, joint contractures, birdlike face, dental abnor-
malities), cutaneous changes (restrictive dermatopathy, 
skin atrophy, alopecia, and mottled cutaneous pigmen-
tation), and lipodystrophy. Although MAD is present at 
birth, dysmorphic manifestations and progeroid features 
become more prominent with time, and the full clinical 
phenotype is recognizable during the early school years. 
The patients have normal intelligence,59 and their serum 

leptin concentration can be low or normal. Hyperinsu-
linemia, insulin resistance, impaired glucose tolerance, 
diabetes mellitus, and hyperlipidemia have been reported 
in some patients.

There are two distinctive phenotypes of MAD: type A 
involves the loss of subcutaneous fat from the extremities 
and trunk but normal or excessive deposition of fat in 
the face and neck, and type B is characterized by more 
generalized loss of subcutaneous fat and premature renal 
failure. Mandibular dysplasia type A (MADA) is also 
considered to be due to mutations of the LMNA gene 
that result in accumulation of prelamin A and lead to 
alterations of nuclear architecture and chromatin defects. 
It remains unclear how different mutations in the same 
gene lead to a variety of phenotypes. Patients with man-
dibular dysplasia type B have been reported to carry 
compound heterozygous mutations in the gene encoding 
an endoprotease, zinc metalloprotease (ZMPSTE24), on 
chromosome 1q34. The enzyme is important in post-
translational processing of prelamin A to mature lamin A. 
As in MADA, the accumulation of farnesylated prelamin 
A is proposed to be responsible for the phenotype.59 Only 
eight patients are known with ZMPSTE24 gene muta-
tions, the majority from Italy. Focal segmental glomeru-
losclerosis and calcified skin nodules have been reported 
in patients with ZMPSTE24 deficiency.60

Autoinflammatory Syndromes. Several autoinflammatory 
syndromes may also be associated with lipodystrophic 
states. JMP syndrome of childhood (joint contractures, 
muscle atrophy, microcytic anemia, and panniculitis-in-
duced lipodystrophy) is a rare autosomal recessive, auto-
inflammatory syndrome that has recently been reported 
in three individual patients from Japan and two families 
from Mexico and Portugal.61 Additional clinical features 
of JMP include hepatosplenomegaly, intermittent fever, 
calcification of the basal ganglia, and hypergammaglobu-
linemia. Sequencing of candidate genes involved in im-
mune system dysfunction led to the discovery of a loss-of-
function mutation of the proteasome subunit beta-type 
(PSMB)-8 gene on chromosome 6. PSMB8 encodes b5i, a 
catalytic subunit of immunoproteasomes, which mediates 
proteolysis and generates MHC class 1 molecules. Mu-
tations may result in adipose tissue lymphocytic infiltra-
tions and loss of surrounding fat tissue.

CANDLE (chronic atypical neutrophilic dermatosis 
with lipodystrophy and elevated temperature) is another 
newly described syndrome causing partial lipodystrophy, 
currently reported in six patients, and likely character-
ized by an autosomal recessive mode of inheritance.62,63 
Infants present with annular violaceous plaques and recur-
rent fevers, with eventual loss of adipose tissue from the 
upper limbs and face. Other associated clinical character-
istics include hepatosplenomegaly, anemia, eyelid swell-
ing, and calcifications of the basal ganglia. The molecular 
mechanism of this syndrome is yet to be determined.

Other Syndromes with a Component of Lipodystro-
phy. Multiple other syndromes are also linked to lipo-
dystrophy. Several of them have also been identified as 
laminopathies, including Hutchinson-Gilford progeria 
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 syndrome (HGPS, a very rare and uniformly fatal seg-
mental progeroid syndrome with progressive and general-
ized fat loss), restrictive dermopathy, progeria-associated 
arthropathy, and atypical progeroid syndrome.5 The 
majority of these syndromes are associated with de novo 
LMNA mutations, yielding a MADA-type lipodystrophy.

Werner’s syndrome (short stature, birdlike appearance 
of the face, and early onset of aging processes) has been 
linked to homozygous mutations in RECQL2, which 
encodes a DNA helicase. In contrast, the molecular 
genetic basis and inheritance patterns have yet to be clari-
fied for the following syndromes: Cockayne’s syndrome 
(short stature, photosensitivity, hearing loss, premature 
aging), carbohydrate-deficient glycoprotein syndrome 
(nonprogressive ataxia associated with cerebellar hypo-
plasia, stable mental retardation, variable peripheral neu-
ropathy, and strabismus), SHORT syndrome (S–short 
stature; H–hyperextensibility of joints and/or hernia 
(inguinal); O–ocular depression; R–Rieger anomaly; T–
teething delay), and ectodermal dysplasia in association 
with generalized lipodystrophy acral renal ectodermal 
dysplasia lipoatrophic diabetes (AREDYLD) syndrome.

Acquired Partial Lipodystrophy (Barraquer-Simons Syn-
drome). First reported in 1885 by Mitchell, acquired  partial 
lipodystrophy (APL) was further characterized by Barra-
quer-Roviralta in 1907. There have been approximately 
250 cases reported in the English-language literature.26

Patients with APL are primarily of European descent; 
however, cases have also been reported in Asian Indian, 
Vietnamese, and Samoan populations. The disease shows 
a female dominance, and most patients have clinical 
manifestations in early puberty or early adulthood, usu-
ally before 15 years of age. The characteristic fat loss 
progresses in a “cephalocaudal” fashion, with fat loss 
appearing first in the face and spreading to the upper part 
of the body. Fat under the umbilicus is rarely affected. 
Many patients develop excess fat accumulation over the 
lower abdomen, gluteal region, thighs, and calves. Breasts 
may lose fat and consist of firm glandular tissue only.27 
Hepatomegaly is common among patients with APL.

In contrast to other types of lipodystrophies, acan-
thosis nigricans, hirsutism, and hypertrichosis are rare. 
Female patients normally have regular menses and intact 
fertility. The prevalence of the metabolic syndrome is also 
significantly lower in patients with APL. Insulin resistance 
is uncommon, and the prevalence of diabetes is much 
reduced compared to other types of lipodystrophies. In 
the series of case reports by Misra and Garg, 35% of APL 
patients had hypertriglyceridemia, and a third had low 
concentrations of HDL.27 Serum leptin levels were nor-
mal in the majority of patients.15

A strong association has been proposed to exist 
between acquired partial lipodystrophy and membra-
noproliferative glomerulonephritis (MPGN) type 2. The 
spectrum of presentations range from acute glomerulone-
phritis, hematuria, nocturia, urinary casts, albuminuria, 
and nephritic syndrome to chronic glomerulonephritis 
and uremia.58,64 The serum C3 complement levels are 
usually low with the presence of C3 nephritic factor,58 
which blocks degradation of the enzyme C3 convertase. 

Patients with low C3 levels tend to have an earlier onset 
of lipodystrophy than those with normal serum C3 levels. 
The median time interval between the onset of lipodystro-
phy and the development of MPGN is approximately 5 to 
10 years but could be as long as 20 years.58,65

Similar to acquired generalized lipodystrophy, APL is 
also frequently seen in the context of autoimmunity or infec-
tions.34 The most frequently cited infection preceding APL 
is measles. The low C3 levels may also render APL patients 
susceptible to recurrent pyogenic infections, particularly 
due to Neisseria.66 Systemic lupus erythematosus and der-
matomyositis/polymyositis are autoimmune diseases most 
frequently associated with acquired partial lipodystrophy.27

The precise mechanisms leading to adipose-tissue 
atrophy in APL remain unclear. The C3 nephritic factor 
has been shown to induce lysis of adipocytes expressing 
factor D (adipsin).27 Recently, rare variants in LMNB2 
encoding for Lamin B were reported in five APL patients, 
but half of those variants were reported in normal con-
trols.67 In a study by Guallar and coworkers, PPARG 
gene downregulation and mitochondrial toxicity were 
observed in a patient with APL, suggesting that impaired 
adipogenesis and adipocyte metabolism may also under-
lie the pathogenesis of APL.68

HIV-Associated Lipodystrophy Syndrome. HIV-associated 
lipodystrophy syndrome (HALS) is currently the most com-
mon form of partial lipodystrophy. First reported in 1998, 
HALS mainly develops in patients infected with HIV who 
are receiving highly active antiretroviral therapy (HAART). 
Importantly, it is independent of fat loss caused by either 
the HIV infection itself or by cancers or opportunistic in-
fections. The pattern of fat loss is also different. HALS pa-
tients may experience lipoatrophy, lipohypertrophy, or a 
combination of both.69 Cases of lipodystrophy have also 
been reported in HAART-naïve patients. The prevalence 
of HALS increases with increased duration of exposure to 
HAART and is reported to be present in up to 50% of 
patients on antiviral treatment for more than 1 year, thus 
affecting more than 100,000 patients in the United States.

HIV-associated lipodystrophy usually manifests as 
peripheral fat wasting that involves face, arms, legs, and 
buttocks. The generalized depletion of subcutaneous fat 
in HIV-associated lipodystrophy is distinct from HIV-
related wasting, which is associated with advanced AIDS 
and loss of other tissues, such as muscle mass. Accumu-
lation of fat is frequently seen in the dorsocervical area 
(“buffalo-hump” pads), abdomen, occasionally in the 
breasts of both men and women, in the suprapubic area, 
under the axillae, and over the anterior aspect of the neck. 
Lipomatosis manifests in a small percentage of patients. 
Facial fat loss can be quite severe as to result in an emaci-
ated appearance. Most studies have shown an increase in 
central fat over the first 6 months after the initiation of 
antiretroviral therapy, which subsequently levels off.

Most HIV-infected patients with lipodystrophy are 
otherwise relatively healthy, but dyslipidemia, especially 
hypertriglyceridemia, is common among HIV-infected 
patients receiving HAART. HIV viremia has been linked 
to decreased plasma concentrations of total, LDL, and 
HDL cholesterol, and at later stages elevated triglyceride 
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levels. HAART has been shown to cause a worsening lipid 
profile, with increased plasma triglycerides, increased 
total and LDL cholesterol, and decreased HDL, which can 
be further accompanied by increases in small, dense LDL 
particles, lipoprotein (a), and apolipoproteins B, C-III, 
E, and H.70 HAART-associated dyslipidemia is associ-
ated with accelerated atherosclerosis and signs of endo-
thelial dysfunction.71-74 Seen in 35% of patients, insulin 
resistance and frank diabetes mellitus are more prevalent 
in HIV subjects with lipodystrophy,75 but acanthosis 
nigricans seems to be extremely rare. Hepatic steatosis 
may also develop. Both leptin and adiponectin levels are 
decreased in patients with HALS. The reduction of leptin 
levels correlates with decreased subcutaneous fat mass,76 
whereas decreased adiponectin levels are more closely 
associated with intraabdominal fat accumulation.77

Fat atrophy and fat deposition appear to be associated 
with different risk factors in HALS. Low baseline fat mass 
and increased disease severity are associated with a higher 
incidence of fat atrophy.78 Epidemiology studies have 
also shown that co-infection with hepatitis C can increase 
the chance of fat atrophy in HIV-infected individuals.79 
On the other hand, older age, female sex, high baseline 
body fat, increased HIV viral load, low CD4 count, and 
longer duration of HAART are associated with a higher 
risk for fat accumulation in HIV patients.80,81

The frequency and manifestations of lipodystrophy also 
differ with respect to the drugs used. Nucleoside reverse 
transcriptase inhibitors (NRTIs), particularly zidovudine 
and stavudine, are commonly associated with morpho-
logic changes, particularly fat loss from the extremities, 
whereas protease inhibitors (PIs) are more frequently 
linked to hypertriglyceridemia, insulin resistance, and 
localized fat accumulation.82 Interestingly, fat loss wors-
ens with ongoing HAART therapy but does not reverse 
on its discontinuation. As well, because PIs and NRTIs 
are usually given in combination as part of HAART, indi-
vidual effects of each drug on phenotype are not clear.

The mechanism behind HALS is complex and cur-
rently not completely understood.83 HAART has been 
widely accepted as playing a central role in the develop-
ment of lipodystrophy, but accumulating evidence indi-
cates that the HIV virus per se, as well as host immune 
responses, also contribute to the development of HALS. 
NRTIs have been shown to suppress adipogenesis either 
through mitochondrial toxicity (by inhibiting mitochon-
drial DNA polymerase gamma) or by induction of genes 
that inhibit adipogenesis. In vitro studies suggest that zal-
citabine, didanosine, and stavudine have the worst effects 
in a reducing order of magnitude, whereas tenofovir and 
lamivudine show minimal or no mitochondrial toxicity.69 
Combinations of drugs can act synergistically and lead to 
mitochondrial depletion. In addition, zidovudine, emtric-
itabine, and abacavir can also impair cell proliferation 
and increase lactate and lipid production. NRTIs may 
also contribute to insulin resistance by altering the levels 
of IL-6, TNF-α, and adiponectin levels.82

PIs can lead to adipose-tissue changes through several 
potential mechanisms: 1) Impairment of adipocyte differ-
entiation by downregulation of the expression of master 
adipogenic transcription factors, such as C/EBP-α and  

C/EBP-β, PPARG, and SREBP-184; 2) increase of adipo-
cyte apoptosis, leading to a reduction in cell numbers; 
and 3) decrease of lipid accumulation in adipocytes 
through reactive oxygen species (ROS) production and 
increased macrophage recruitment.85 Therapy with PIs 
has also been implicated in the causation of metabolic 
abnormalities by inhibiting glucose-transport-4 (GLUT-
4)-mediated glucose transport; by suppressing insulin sig-
naling; and through activation of lipolysis, induction of 
IL-6 and TNF-α, reduction in gene expression, and secre-
tion of adiponectin, as well as proteasome dysfunction. 
Lopinavir, ritonavir, saquinavir, and nelfinavir are the 
worst offenders. The newer PI, atazanavir, has a much 
milder effect. Indinavir does not have much effect on cell 
viability or lipogenesis but inhibits glucose uptake to a 
greater extent than the other PIs.82

Non-nucleoside reverse transcriptase inhibitors 
(NNRTIs), including efavirenz and nevirapine, appear to 
have more favorable safety profiles in terms of lipodys-
trophy complications. Although an in vitro study showed 
that efavirenz may interfere with adipogenesis by reduc-
ing the expression of SREBP-1, a key adipogenic tran-
scription factor,86 and a prospective randomized trial 
suggested that efavirenz could have greater potential for 
causing lipoatrophy than the combination of lopinavir 
plus ritonavir,87 the results from several clinical studies 
imply that the potential role of efavirenz in the develop-
ment of lipodystrophy is minimal, and that it may depend 
on the NRTIs that form the backbone of the regimen.88 
Lipoatrophy is lowest with the NRTI-sparing regimen of 
lopinavir and efavirenz, but this combination led to wors-
ening dyslipidemia.89 Additionally, in vitro data have 
shown that efavirenz may increase production of ROS, 
reduce lipid content in mature adipocytes, and inhibit 
mitochondrial activity.90,91

There is also increasing evidence that HIV-1 infec-
tion itself, regardless of HAART, may induce inflam-
matory and proapoptotic pathways in adipose tissue 
and thus contribute to lipoatrophy. In vitro experi-
ments have demonstrated that the HIV-1 viral protein 
R may act as a corepressor of PPAR gamma-mediated 
gene transcription, inhibiting adipocyte differentiation.92 
This could be either occurring through the direct HIV-1 
infection of cells in adipose tissue or may be mediated by 
HIV-1–encoded proteins.93 Genetic background may also 
influence the degree of HALS. A single nucleotide poly-
morphism in the resistin gene has been associated with 
increased risk for developing limb fat loss, dyslipidemia, 
and insulin resistance in HAART therapy.94 Inflamma-
tory cytokines, including interferon alpha (IFN-α), TNF-
α, IFN-γ, monocyte chemoattractant protein-1 (MCP-1), 
IL-1, IL-6, and IL-12, may also contribute to or mediate 
the clinical manifestations of this syndrome,76,93 and this 
remains an active area of research.

Localized Lipodystrophies
Localized lipodystrophies are characterized by loss of sub-
cutaneous adipose tissue from small areas or from small 
parts of an extremity, but insulin resistance or metabolic 
abnormalities do not usually develop in these patients. 
Drug-induced lipoatrophy at the site of insulin injection 
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was a frequent complication before the availability of 
purified human insulin but is rather uncommon today. 
Localized hypertrophy is still frequently seen in patients 
who use the same injection site too often. Other rare 
causes of localized lipodystrophy due to repeated pres-
sure in specific areas, to panniculitis, or as part of a rare 
syndrome called lipodystrophia centrifugalis abdominalis 
infantilis have been reported.

MECHANISMS RESPONSIBLE FOR SEVERE INSULIN 
RESISTANCE
As mentioned earlier, the mechanisms of insulin resistance 
in several syndromes associated with lipodystrophy are 
not fully understood, and it is likely that the etiology of 
lipodystrophies is multifactorial. Inflammation is thought 
to contribute to insulin resistance via impairment of lipol-
ysis and adipocyte metabolism.95 TNF-α reduces insulin 
receptor kinase activity, downregulating insulin receptor 
substrate (IRS)-1 and GLUT-4 phosphorylation. Further-
more, IL-6 at elevated levels may induce triglyceride secre-
tion from the liver and promote hepatic gluconeogenesis. 
The impaired secretion of adipokines, such as adiponectin 
and leptin, leads to abnormalities of insulin sensitivity. 
Finally, mitochondrial stress plays a key role in metabolic 
dysregulation. These mechanisms are further discussed in 
the following sections.

Fat Redistribution and Fat Metabolism
Changes in fat distribution (reduced subcutaneous fat 
with or without increased visceral fat) may cause increased 
insulin resistance. The lack of adipose tissue can result 
in inadequate storage of and therefore increased levels of 
free fatty acids (FFAs). Intracellular fatty acid accumula-
tion can directly inhibit insulin-mediated glucose trans-
port in skeletal muscle,96,97 excess FFAs can also lead to 
lipotoxicity by inducing ectopic fat accumulation in the 
liver and muscle, where the adipose tissue is considered to 
have more “pathogenic” potential. The deposition of fat 
in the pancreas can also impair beta-cell response and fur-
ther contribute to insulin resistance.98 Moreover, because 
the fat tissue at different depots shows different degrees 
of metabolic activity, such as lipolysis and inflammation, 
lipodystrophic states that are associated with higher vol-
ume of visceral fat and abdominal fat are likely to display 
a higher degree of insulin resistance.98

Adipocytokines
Alterations of adipocytokine levels can affect metabolic 
homeostasis and insulin resistance. Leptin and adipo-
nectin are two of the most abundant adipocytokines 
produced by adipocytes, and their levels decrease in the 
lipodystrophic states.15 Serum adiponectin levels corre-
late positively with insulin sensitivity99,100 and levels are 
upregulated by PPARγ agonists.101 Adiponectin acts by 
reducing hepatic gluconeogenesis (mainly via adiponec-
tin receptor 2 and activation of AMPK phosphorylation) 
and increasing fatty acid oxidation in muscle (mainly via 
adiponectin receptor 1).102 An animal study also demon-
strated that adiponectin may also act in the hypothala-
mus (via adiponectin receptor 1) to activate insulin and 

leptin signaling pathways, thus promoting reduction of 
food intake.103 Antiinflammatory effects of adiponectin 
have also been proven in various animal models of liver 
inflammation81 and have been suggested by several obser-
vational studies in humans.104

In earlier animal models, it was shown that an increased 
expression of adiponectin correlates with improved insulin 
sensitivity, with adiponectin decreasing insulin resistance 
by decreasing triglyceride content in liver and muscle.105,106 
Although adiponectin or leptin alone partially improves 
insulin resistance in mouse models of lipodystrophy,107,108 
the combined administration of physiologic doses of both 
fully normalizes insulin sensitivity.109 In patients with lipo-
dystrophy, adiponectin levels are low in certain subsets of 
the disease, particularly in many patients with CGL1 and 
HALS,110-112 and implicate hypoadiponectemia with the 
development of associated insulin resistance, hypertriglyc-
eridemia, and fat redistribution.113,114

Serum leptin levels reflect the overall amount of adi-
pose tissue in the body and are positively correlated with 
adiposity.98 In addition to regulating food intake and 
increasing energy expenditure, leptin also plays an impor-
tant role in the regulation of glucose homeostasis, possibly 
independently of its weight-reducing effects.115 Aside from 
its actions in the central nervous system (CNS), leptin may 
exert its insulin-sensitizing effects peripherally by decreas-
ing gluconeogenesis in the liver and adipose tissue, by its 
lipolytic activity, and/or by increasing glucose utilization 
in skeletal muscle.115 Leptin may also prevent the “lipo-
toxic” effects of intramyocellular lipid accumulation by 
activating fatty acid oxidation in skeletal muscle.115,116 
It has been shown that leptin levels are decreased in a 
significant proportion of patients with HALS97 and that 
leptin administration improves metabolic manifestations 
of HALS in humans in the short and long term.117-119

Inflammation
Inflammation in adipose tissue is likely to contribute to 
increased insulin resistance in the lipodystrophic state. 
Altered innate immunity and chronic inflammation 
appear to be strongly associated with insulin resistance 
in obesity and type 2 diabetes.120 Inflammatory adipocy-
tokines, such as TNF-α, IL-6, IL-8, macrophage inflam-
matory protein (MIP)-1α and 1β, monocyte chemotactic 
protein-1 (MCP-1; also known as CCL-2), plasminogen 
activator inhibitor-1 (PAI-1), angiotensinogen, retinol-
binding protein-4 (RBP-4), and others have been impli-
cated as the key regulators of insulin sensitivity.101,121 
The expression of several of them, including TNF-α, 
IL-6, and IL-8, as well as macrophage markers (CD 68, 
ITGAM, EMR1, ADAM8) and chemokines (MCP-1 and 
CCL-3), is increased in subcutaneous tissue of patients 
with HALS.122 In a small study of HALS, plasma PAI-1 
was also found to be elevated, although the level of its 
adipose tissue expression was not.123

Accumulating evidence supports an association 
between inflammation and insulin resistance. TNF-α 
mediates insulin resistance via reduction of insulin recep-
tor kinase activity, induction of lipolysis, and downregu-
lation of GLUT-4.124,125 It may also induce apoptosis of 
adipocytes.125 The impact of IL-6 on insulin resistance 
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is less clear, but the majority of evidence indicates that 
chronic elevation of IL-6 promotes hepatic insulin resis-
tance and impedes differentiation of adipose tissue,126 
whereas an acute elevation of IL-6 after exercise may pro-
mote improved glucose and lipid metabolism.126 MCP-1 
has been shown to induce insulin resistance by downregu-
lation of GLUT-4, beta-adrenergic receptors, and PPARG 
in mice. It is also associated with increased levels of athero-
sclerosis. Two pathways, the NF-κB pathway or the c-Jun 
NH2-terminal (JNK) pathway, are essential to mediate 
insulin resistance. Pharmacologic inhibition of the path-
ways has resulted in improved insulin resistance.101,121

Endoplasmic Reticulum and Mitochondrial Stress
Endoplasmic reticulum (ER) plays an important role in 
regulating lipid, glucose, cholesterol, and protein metabo-
lism. Stress on the ER luminal environment may generate 
an increased load of unfolded or misfolded proteins and 
may lead to adipocyte apoptosis, inflammation, and insu-
lin resistance.96 Seipinopathy has recently been identified 
as an ER stress-associated disease127 and may contribute 
to insulin resistance in patients with CGL2.

Mitochondrial defects have been considered as a cen-
tral factor in NRTI-induced lipodystrophy. Mitochon-
drial dysfunction will lead to oxidative phosphorylation 
defects and reactive oxygen species (ROS) accumulation. 
Observational studies have shown that clinical conditions 
associated with increased ROS levels are also associ-
ated with increased insulin resistance.96 Oxidative stress 
may also trigger beta-cell apoptosis and may contribute 
further to insulin resistance.128,129 Angiotensin receptor 
blockers can attenuate oxidative stress and prevent fur-
ther progression of insulin resistance.130

Other Mechanisms
In addition to the mechanisms mentioned earlier, HAART 
may also contribute to insulin resistance by directly 
blocking glucose uptake (protease inhibitors) or by reduc-
ing phosphorylation of a key step in postreceptor insulin 
signaling (indinavir).131,132

Finally, patients with severe lipodystrophic states who 
have voracious appetites, supposedly due to leptin insuffi-
ciency, are theoretically more prone to these insults, since 
overnutrition may aggravate central obesity and has been 
associated with higher levels of inflammation and ROS load.

TREATMENT OF SYNDROMES OF LIPODYSTROPHIES
Lifestyle modification, hypoglycemics, and lipid-lowering 
agents are generally required to treat metabolic distur-
bances associated with lipodystrophies. However, they 
commonly yield limited results. The development of new 
drugs targeted to specifically reverse insulin resistance is 
expected with great anticipation, including the potential 
use of adipocytokines such as leptin in certain subsets of 
patients with lipodystrophic syndrome.

Lifestyle Modification
There are limited data on the effectiveness of diet and 
nutrition support on body composition and metabolic 
abnormalities in patients with lipodystrophy. The general 

clinical recommendations have been to follow the stan-
dard dietary advice regarding management of dyslipid-
emia, obesity, insulin resistance, and impaired glucose 
tolerance, with the goal of attaining ideal body weight. 
Supplementation with dietary fiber and fish oil contain-
ing high doses of omega-3 fatty acids should be encour-
aged.133,134 For patients with severe hypertriglyceridemia, 
an extremely low-fat diet (preferably <15% of daily 
caloric intake coming from fat) should be advised. Recent 
evidence suggests that the Mediterranean diet, consist-
ing of intake of plentiful fruits, vegetables, whole grains, 
olive oil, fish, and dairy products, and avoidance of red 
meat and saturated fats, may be of benefit in patients 
with HALS; specifically, insulin resistance improved and 
HDL cholesterol was increased.135 Patients should also 
avoid alcohol consumption to prevent chylomicronemia 
and acute pancreatitis. For patients with fat atrophy, 
increased caloric intake may be necessary.134

Studies evaluating the effect of exercise regimens 
involving resistance training, aerobic exercise, or stretch-
ing and relaxation techniques have all shown only mod-
est benefit in improving body composition and metabolic 
abnormalities in HIV-infected patients.136,137 Although 
both strength and endurance training improve peripheral 
insulin sensitivity, only strength training reduces total 
body fat in HIV-infected patients with lipodystrophy.138 
Overall, increased physical activity of any kind is likely 
helpful in improving or preventing the clinical manifesta-
tions of lipodystrophy.

Patients with lipodystrophy should also be advised on 
smoking cessation and optimal blood pressure control to 
minimize cardiovascular risk factors.

Management of Insulin Resistance
The treatment strategy for the management of insulin 
resistance in patients with lipodystrophy is in general not 
different from that in other states of insulin resistance. 
Traditional insulin sensitizers such as metformin and/or 
thiazolidinediones can be considered along with lifestyle 
modifications. There are no known pharmacologic inter-
actions between antihyperglycemic agents and antiretro-
viral agents.139

Metformin
Metformin, acting by inhibiting gluconeogenesis in the 
liver and increasing peripheral glucose utilization, has 
shown efficacy in improving insulin sensitivity in patients 
with lipodystrophies.140 It may also potentially improve 
fat redistribution in HALS, as indicated by a random-
ized controlled trial.141 Other studies have cast doubt on 
the potential usefulness of metformin, however, by sug-
gesting that metformin may lead to no changes in waist-
to-hip ratio and may possibly cause further loss of limb 
fat.142-144 Nevertheless, metformin, particularly in com-
bination with exercise training, may be useful in HIV-
infected patients with significant lipohypertrophy and 
minimal lipoatrophy.

Thiazolidinediones
The thiazolidinediones (TZDs), acting by stimulating 
nuclear transcription factor PPARγ, have shown promise 



658 PART 5 DIABETES MELLITUS

in treating patients with lipodystrophies. TZDs result in 
improved insulin sensitivity, but data on fat redistribu-
tion and lipid profiles have been variable and conflicting. 
While some studies show that TZDs may increase sub-
cutaneous fat in patients with lipodystrophy,142,145-148 
other studies on HIV-associated lipodystrophy showed 
no statistically significant difference in limb fat gain 
between rosiglitazone and placebo-treated groups.149,150 
Rosiglitazone may also be associated with increased 
LDL and triglyceride levels, a fact that makes it a less 
desirable drug to treat lipodystrophies. Pioglitazone, 
with its more favorable lipid profile, may have a more 
central place in the control of metabolic abnormalities 
associated with HALS. Randomized studies have dem-
onstrated that treatment with pioglitazone can improve 
limb fat in HIV-infected patients, although patients may 
not perceive the clinical benefits.147 Both pioglitazone 
and rosiglitazone are of benefit to the metabolic syn-
drome of HALS. In one placebo-controlled random-
ized study, treatment with pioglitazone during a 1-year 
period increased serum adiponectin levels and was as 
efficacious as treatment with rosiglitazone in improv-
ing insulin resistance in patients with HAART-induced 
metabolic syndrome, in addition to having more favor-
able outcomes on blood pressure and lipid profiles.151 A 
recent study found that in HIV-positive subjects treated 
with pioglitazone, administration of recombinant leptin 
(metreleptin) further reduced fasting insulin concentra-
tion and insulin resistance, and attenuated postprandial 
glycemia.152 These findings indicate that the improve-
ments in hyperinsulinemia and insulin resistance from 
leptin therapy in HALS may be successfully combined 
with the increases of total body and peripheral fat 
observed from pioglitazone. TZDs can also lower blood 
pressure and improve endothelial function, therefore 
reducing the overall cardiovascular risk in the HALS 
population.153 More, larger, and longer randomized 
studies are needed in this area.

Management of Dyslipidemia
The treatment of dyslipidemia in lipodystrophy should 
follow the same guidelines as in the general popula-
tion,154 with the goal of total cholesterol level being less 
than 200 mg/dL, HDL 60 mg/dL or higher, LDL choles-
terol less than 70 mg/dL, and triglyceride levels less than 
150 mg/dL.155 Lifestyle modification should be empha-
sized and attempted first. If ineffective, a change of anti-
retroviral treatment may be considered initially, followed 
by starting lipid-lowering medications in high-risk HALS 
patients. Lipodystrophy-related dyslipidemia can be dif-
ficult to treat, and multiple agents may be necessary to 
lower lipids to target ranges.139 Extra caution may be nec-
essary, given the potential drug-drug interactions among 
lipid-lowering agents and HIV-specific treatments.

Statins
Statins, such as 3-hydroxy-3-methylglutaryl coenzyme A 
reductase inhibitors, are normally used as first-line agents 
for hypercholesterolemia, especially for patients who 
have fasting triglycerides less than 500 mg/dL. Statins 
have antiinflammatory, antithrombotic, and endothelial 

effects that contribute to their overall beneficial effects 
on reducing mortality from cardiovascular diseases. 
Extensive studies on the use of statins to treat the hyper-
lipidemia associated with HAART have demonstrated 
efficacy in lowering total and LDL cholesterol and tri-
glycerides. Specifically, rosuvastatin and pravastatin 
have been shown to decrease total LDL cholesterol lev-
els.156,157 Among statins, pravastatin may also increase 
subcutaneous and limb fat.158 However, caution must 
be exercised in cases of co-administration of statins and 
HAART. Co-administration of protease inhibitors nor-
mally results in increased levels of statins, except for 
pravastatin. Therefore, simvastatin and lovastatin should 
be avoided in HIV-infected patients receiving protease 
inhibitors, whereas atorvastatin should be used with cau-
tion. A higher dose of pravastatin may be necessary to 
achieve optimal lipid-lowering activity in HALS,159,160 
and co-administration of statins with efavirenz reduces 
atorvastatin, simvastatin, and pravastatin serum concen-
trations, necessitating statins to be administered at higher 
doses.161 Tailoring statin therapy to the HAART therapy 
is thus very important.

Fibrates
Fibrates are normally reserved for patients with elevated 
triglycerides, and particularly when triglycerides are 
higher than 500 mg/dL. They are normally well tolerated 
and efficacious in HALS.70 Head-to-head comparisons are 
lacking between efficacy of fenofibrate versus gemfibrozil 
in HALS. Combinations of fibrates and statins appear 
to provide additional benefit in lipid lowering; however, 
caution is advised given the increased risk for skeletal 
toxicity, especially in patients with renal insufficiency.

Nicotinic Acid
Nicotinic acid, or niacin, is effective for hypertriglyc-
eridemia, but its use may be limited by adverse effects 
including flushing, rashes, pruritus, and exacerbation of 
insulin resistance and hyperuricemia. Extended-release 
niacin preparations are generally better tolerated in HIV 
lipodystrophy. The side effects can be controlled with 
daily aspirin intake.70 Acipimox, a long-acting niacin 
analogue, may also improve triglycerides and improve 
insulin sensitivity.162

Other Lipid-Lowering Agents
Ezetimibe, a cholesterol absorption inhibitor, might be 
useful in the treatment of statin-intolerant patients or in 
severe dyslipidemia associated with lipodystrophies.70 
Studies have shown that ezetimibe can provide incremen-
tal reduction in LDL cholesterol levels when combined 
with a statin, but a recent study suggested that the com-
bination treatment may not provide additional reduction 
in cardiovascular risk.163 Omega-3 fatty acids have also 
proved to be effective in reducing triglycerides in HIV-
associated lipodystrophy.164 They are generally well tol-
erated, but their use may be associated with increased 
LDL levels.70,166 Tetradecylthioacetic acid, cholestin, and 
L-carnitine have also shown efficacy in controlling dys-
lipidemia via unknown mechanisms,70 but their use in 
HALS remains limited.
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Management of HIV-Infected Patients with HAART-
Induced Metabolic Syndrome
Growth Hormone and Growth Hormone–Releasing Hormone 
Analogues
Growth hormone (GH) replacement has been proposed 
to have a promising role in HALS treatment in that this 
group of patients is more prone to growth hormone defi-
ciency (GHD). It has been observed that basal GH concen-
trations, overnight GH secretion, and pulse amplitude are 
reduced in patients with HIV lipodystrophy,167 although 
normal pulse frequency is maintained.168 Relative GHD 
also appears to be common in HALS, as evidenced by 
decreased response to a standardized GH-releasing hor-
mone arginine stimulation test.169 Although the caus-
ative relationship of GHD and metabolic abnormalities 
is not well understood, interventions that normalize GH 
concentrations have demonstrated efficacy in improving 
metabolic abnormalities associated with visceral fat accu-
mulation in the HIV population.168

Treatment with high doses of GH (2 to 6 mg/day) 
has shown to effectively reduce visceral fat and improve 
lipid parameters.170-172 However, its application is ham-
pered by significant side effects, including fluid retention, 
arthralgia, myalgia, carpal tunnel syndrome, and worsen-
ing glucose control. There is also the theoretical concern 
that long-term GH therapy may increase the risk for can-
cer. In addition, high-dose GH replacement may lead to a 
further decrease in peripheral subcutaneous fat,173 which 
is undesirable in this patient population from the cosmetic 
point of view. The effect of GH generally diminishes after 
discontinuation of treatment, however improvements in 
facial lipoatrophy for up to 6 months after cessation of 
treatment has been reported.174

Increasing evidence demonstrates that physiologic 
GH replacement, with doses as low as 2 to 6 mcg/kg/
day, can also effectively raise circulating IGF-1 levels and 
may provide similar benefits in visceral fat reduction but 
fewer adverse effects.174-177 Although low-dose GH treat-
ment did not result in worsened insulin sensitivity,168 this 
potential side effect and the lack of durability with GH 
treatment limit its clinical application. GH therapy is not 
currently FDA approved for treatment of HALS.

Growth hormone–releasing hormone (GHRH), the 
hormone that regulates GH secretion by the pituitary 
gland, has recently emerged as an alternative treatment 
option for HALS. GHRH augments endogenous GH pul-
satility and may preserve the negative feedback of IGF-1 
on the pituitary gland.168 Initial recombinant forms used, 
such as Sermorelin or GHRH 1-29 (Geref™), have been 
shown to increase lean body mass, decrease abdominal 
visceral fat, and decrease truncal fat without altering glu-
cose levels.178-180

The United States Food and Drug Administration 
(FDA) has approved tesamorelin (Egrifta™), a GHRH 
analogue, as the first medication for the treatment of 
HALS. Two large phase III clinical trials were designed 
to evaluate the efficacy and safety of tesamorelin, dem-
onstrating evidence of benefit without affecting glyce-
mic control; patients receiving tesamorelin experience 
an average visceral fat reduction of 11% at 6 months, 

and 18% by 12 months, while preserving insulin sensi-
tivity.181,178 Trunk fat, waist circumference, and waist-
to-hip ratio all significantly improved, and patients have 
reported improved feelings about body image.179 Treat-
ment with tesamorelin is also associated with improve-
ment of triglycerides and total cholesterol levels,182 but 
its effect on HDL seems to be variable181,182 and needs 
to be confirmed by long-term controlled studies. Adverse 
events are usually limited to arthralgia, myalgia, and local 
site irritation.179 The current indication of tesamorelin, 
which is administered by subcutaneous injection of 1 to 
2 mg/day in single or divided doses, is for HIV-infected 
patients without active malignancy who are distressed by 
moderate to severe abdominal fat accumulation. Therapy 
should not be continued beyond 6 months if there is no 
treatment response.

Similar to other interventions, such as lifestyle modi-
fication or metformin, the effect of GHRH analogues 
ceases to exist upon discontinuation, and while analogues 
are generally well-tolerated, long-term effects of treat-
ment remain to be elucidated.

HALS-Specific Treatment
In addition to the earlier-mentioned treatment options, 
HALS-specific options may also be valuable in the treat-
ment of these patients.

Modification of HAART
Interruption of antiretroviral therapy is associated with 
increased mortality and opportunistic infections. There-
fore, it should be avoided. Instead, a careful evaluation 
for cardiovascular risk factors should be conducted before 
antiretroviral therapy is initiated, and the drug with the 
least metabolic implications and comparable efficacy 
should be selected. Once lipoatrophy or metabolic com-
plications develop, switching from the offending drug to 
another agent may be an important strategy. However, 
the reversal is normally slow and gradual.

In the case of lipoatrophy, the treatment regimen with 
two thymidine analogues should generally be avoided. 
Switching to abacavir or tenofovir may partially restore 
subcutaneous fat.183 Switching from a PI to an NNRTI or 
abacavir has not shown any beneficial effects in terms of 
improvement of lipoatrophy.

As regards to metabolic abnormalities, switching from 
a PI to nevirapine or abacavir has generally resulted in 
improved total cholesterol and triglycerides, whereas 
switching to efavirenz has generated less consistent 
results.184 Newer-generation protease inhibitors (e.g., ata-
zanavir, darunavir, and saquinavir) are associated with 
favorable lipid profiles. However, because antiretroviral 
regimens containing PIs normally require low-dose rito-
navir for its boosting effect, the impact of switching from 
one ritonavir-boosted PI to another may be modest.139

Uridine
Uridine is a pyridine precursor that reverses mitochon-
drial toxicity. It may have clinical value in treating HIV-
associated lipodystrophy induced by pyrimidines such as 
zalcitabine and stavudine. Uridine can also reverse the 
cell depletion and lactic acidosis seen with zidovudine 
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and lamivudine combination. It has no effect on lipoatro-
phy caused by didanosine, a purine analogue. Uridine is 
generally well-tolerated.82

Management of Cosmetic Appearance
Autologous fat transplant and implantation of synthetic 
bulking agents have been used for the cosmetic correc-
tion of facial lipoatrophy and appear to be associated 
with improvements in quality of life. However, long-
term, well-designed studies are needed to assess their 
efficacy and safety.185 Occasionally, the fat harvested 
from HIV-infected patients with buffalo hump can 
cause hypertrophies in the transplanted sites (cheeks), 
and cause a disfiguring “hamster” appearance. The 
intradermal injections of synthetic agents (polylactic 
acid or New-Fill™) have been shown to result in a more 
durable increase in total cutaneous thickness (TCT) 
persisting up to 48 weeks.

Adipokines in Lipodystrophy
Leptin
A relatively large proportion of patients with lipodys-
trophy are found to have low leptin levels, including 
20% to 30% of HALS patients186 and the vast major-
ity of patients with generalized lipodystrophy. Apart 
from its central and peripheral effects on satiety and glu-
cose metabolism,187,189 leptin has been associated with 
increased skeletal muscle lipoprotein lipase activity,187 
which may partially explain its ability to preserve lean 
tissue during weight loss.

The mechanisms through which leptin exerts its role 
remain under intensive investigation. Animal studies 
indicate that leptin acts mainly at the hypothalamus, 
particularly at the neurons containing pro-opiomelano-
cortin (POMC) and neuropeptide Y (NPY), to regulate 
food intake and fuel partitioning.189 Functional magnetic 
resonance imaging (fMRI) studies in humans confirm that 
leptin mediates its “adipostatic” effect through hypotha-
lamic and other brain areas that are important in emo-
tional and cognitive control.190,191 Although animal and 
human studies indicate that leptin may also work periph-
erally (i.e., in the liver, muscle, and white adipose tissue) 
to affect lipid metabolism,192,193 studies suggest that these 
effects are largely mediated by the CNS.194 Long-term 
leptin treatment may also attenuate beta cell function 
and decrease glucose-induced insulin secretion,189,195 but 
whether these effects are independent from reduction of 
insulin resistance remains to be seen.

Leptin Treatment in Generalized Lipodystrophy
The administration of recombinant leptin (r- metHuLeptin 
or metreleptin) has been tested in the treatment of con-
genital and acquired non–HIV-related lipodystrophies 
and has shown amelioration of the metabolic abnormali-
ties.187,188 Several small, open-label studies show that 
subcutaneous injection of leptin (0.04 to 0.08 mg/kg/day) 
in patients with severe generalized lipodystrophy results 
in significant and sustained weight loss with decreased 
fat and lean body mass. The weight loss is associated 
with a decrease in appetite, calorie intake, and resting 
energy expenditure. 165,196-198

Hypertriglyceridemia, usually refractory to traditional 
lipid-lowering agents, is commonly responsive to leptin 
treatment.196 The liver volume decreases with leptin treat-
ment, most likely as a result of decreased intrahepatic 
lipid content.199,200 Transaminases and hepatocellular 
injuries that are associated with nonalcoholic steato-
hepatitis (NASH) are also reduced.199 In comparison to 
patients with generalized lipodystrophies, patients with 
familial partial lipodystrophy may have a less dramatic 
response to leptin treatment.201,202 Since all these studies 
are uncontrolled and open label, it remains to be proven 
beyond any doubt whether the beneficial effects observed 
are r-metHuLeptin specific.

Metreleptin has been approved in Japan as a leptin 
therapy for the treatment of lipodystrophy for several 
years.203 Despite declining its use for metabolic disorders 
associated with partial lipodystrophy, the FDA advisory 
panel has recently suggested approval of metreleptin 
administration for generalized lipodystrophy, thus pav-
ing the way for a new modality in the treatment of this 
disorder, probably in the context of risk evaluation and 
mitigation strategy (REMS), given that the above uncon-
trolled studies have also demonstrated several potentially 
serious side effects.

Leptin Treatment in HALS
In addition to generalized lipodystrophies, we have 
reported a modest effect of leptin therapy on meta-
bolic abnormalities in a randomized, placebo-controlled 
study in patients with HALS. Compared with placebo, 
r-metHuLeptin therapy administered at 0.02 mg/kg twice 
a day decreases body weight mass and truncal fat mass 
but not peripheral fat or lean body mass, and it improves 
fasting insulin levels, insulin resistance, and levels of high-
density lipoprotein.117

Leptin treatment was associated with a 15% decrease 
in central fat mass as well as significant improvements 
in glucose levels, insulin sensitivity, and fasting insulin, 
despite having no effects on LDL and TG.117 Other stud-
ies of longer duration confirmed these results, demon-
strating a 32% decrease in visceral fat, increased hepatic 
insulin sensitivity, and improved dyslipidemia with 
metreleptin treatment.118 The improvements in lipids and 
abdominal fat were comparable to those reported with 
metformin and thiazolidinediones in HALS patients and 
provide an advantage over growth hormone replacement, 
as leptin replacement has not been observed to induce 
glucose intolerance. Although no direct comparisons 
are available, the decrease of visceral adipose tissue and 
the lipid-lowering effect of leptin are either comparable 
or better than those reported for GHRH analogues as 
well.176,181 Thus, recombinant human leptin holds prom-
ise as an agent that could improve HIV-associated lipoat-
rophy and features of the associated metabolic syndrome. 
Future randomized, placebo-controlled trials of adequate 
duration are needed to fully quantitate efficacy and clar-
ify the side-effect profiles of metreleptin in HALS.

Clinical Use of Leptin: Benefits and Risks
Replacement of leptin may provide additional benefits 
beyond ameliorating metabolic abnormalities, which may 
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include alleviation of the glomerular injury in humans 
with lipodystrophies204,205 and improvement of pituitary-
gonadal function in lipodystrophic patients with severe 
leptin deficiency.206,207 It remains inconclusive, how-
ever, whether recombinant leptin therapy will affect such 
systems and/or bone density in the long term, given the 
uncontrolled nature of prior studies. Small human stud-
ies suggest that long-term treatment may not affect bone 
density in patients with generalized lipodystrophies with 
regular menses.197,208,204

In generalized lipodystrophy, it has been suggested that 
the benefits of leptin treatment outweigh the risks when 
administered in normal replacement doses. Potential side 
effects of metreleptin treatment, such as deterioration of 
renal function205 and possible occurrence of T-cell lym-
phomas, will require further investigation. However, the 
effects of leptin appear not to be sustainable after the 
therapy is discontinued.129,132

FUTURE PERSPECTIVES

Adiponectin
Adiponectin, as well as its receptors AdipoR1 and Adi-
poR2, are attractive future targets for drug develop-
ment given that the levels of this hormone are lower 
in patients with HALS.209 Based on the fact that adi-
ponectin is decreased in lipodystrophic states15 and the 
evidence from mouse studies showing that adiponectin 

administration can improve insulin sensitivity, dyslip-
idemia, sustained weight loss without reducing food 
intake, and production of proinflammatory cyto-
kines,210,211 adiponectin analogue administration in 
replacement doses may prove to be an effective future 
treatment option. Because of its complex molecular 
structure, synthetic adiponectin is not yet available for 
therapy in humans. However, increasing adiponectin 
levels by pharmacologic means is likely to become a 
valuable addition to our armamentarium as a treatment 
option for lipodystrophy. Medications that increase 
endogenous levels of adiponectin in lipodystrophy, such 
as pioglitazone or INT-131, a selective PPARγ modu-
lator currently in development, may prove useful as 
therapeutic possibilities because they increase circulat-
ing adiponectin levels. Further research is needed to 
determine the efficacy and long-term durability of symp-
tomatic improvement of lipodystrophy and its associ-
ated metabolic disorders as well as short- and long term 
morbidity and mortality.
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DEFINITION
The term diabetes mellitus does not represent a single dis-
ease entity but rather a set of disease states that share 
certain characteristics. Foremost among these is the pres-
ence of elevated plasma glucose levels. As is discussed in 
the following section, the presence of hyperglycemia in 
a patient is used both to diagnose diabetes and to guide 
management decisions, which are directed largely toward 
avoiding hyperglycemia. The hyperglycemia itself results 
from a combination of defects in insulin secretion, insulin 
action, or both.1 An important characteristic of the various 
disease states that are labeled as diabetes is the develop-
ment of end-organ damage in vital organs of the body, 
including the retina, the renal glomerulus, and peripheral 

nerves. Damage results, at least in part, from the long-
term effects of hyperglycemia and is mediated through 
glycation of tissue proteins, increased activity of the 
polyol pathway, or other, as yet unrecognized, mecha-
nisms.2 Individual patients vary in their predisposition 
to develop these so-called microvascular complications. 
Because of this and because of the length of time they 
take to develop (frequently decades), the complications 
of diabetes cannot be used to classify or diagnose the 
disease. People with diabetes are at considerably greater 
risk for developing atherosclerotic disease affecting the 
coronary, cerebrovascular, peripheral arterial, or other 
parts of the circulation. A cause-and-effect relationship 
between chronic hyperglycemia and these so-called mac-
rovascular complications of diabetes has not been as 

K E Y  P O I N T S

 •  Diabetes mellitus represents a heterogenous set of disorders that share dysglycemia as 
their defining characteristic.

 •  Diagnosis of diabetes mellitus is based on fasting glucose, glucose measurements 
following an oral glucose load, and HbA1c measurements. These values are common to 
most forms of the disease with the exception of gestational diabetes mellitus.

 •  Classification of diabetes mellitus is largely based upon the initial presentation and 
underlying pathogenesis, and accurate classification informs the best therapeutic 
interventions.
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clearly established, although evidence linking the two 
is accumulating.3 Any definition of diabetes that refers 
only to carbohydrate metabolism is incomplete. Oskar 
Minkowski is reputed to have first made the association 
between the insulin-deficient pancreatectomized state of 
his laboratory dogs and the sweet taste of their urine. It 
has been suggested that if Minkowski had lacked a sense 
of taste but possessed a keen sense of smell, he might 
have smelled the ketones on the breath of his animals and 
thereby directed diabetes research toward the study of 
fat metabolism.4 Disordered fat and protein metabolism 
must be included in a complete definition of the disease, 
although an emphasis on the pathogenesis of hyperglyce-
mia continues to this day. To define a disease purely in 
biochemical terms is to diminish the component of the 
disease that leads to much physical, mental, and psycho-
social distress for the many millions of people around the 
world who live with it every day. Chronic rheumatic dis-
eases such as rheumatoid arthritis are not associated with 
any biochemical hallmark, and their definition is based 
largely on patient-derived symptoms and signs. There-
fore, it is important to try to include the patient’s per-
spective in any definition of the chronic disease referred 
to as diabetes.

CLASSIFICATION
Before 1979, a classification system for diabetes was 
not well established, and many different terms were 
used to describe essentially the same clinical entity. 
Following publication that year of the report of the 
National Diabetes Data Group (NDDG),5 some order 
was brought to bear in this area. The recommenda-
tions of the NDDG were subsequently endorsed by 
the World Health Organization (WHO) in a publica-
tion in 1980, and minor modifications were later made 
in a document published in 1985.6 This classification 
in large part was based on pharmacologic treatment 
of the disease. Insulin-dependent diabetes mellitus  
(IDDM) and non–insulin-dependent diabetes mellitus 
(NIDDM) were the two major forms of diabetes that had 
been identified. The term insulin-dependent diabetes 
mellitus was used to describe patients who typically were 
lean at presentation, were prone to ketosis, and required 
insulin for survival. The term non–insulin-dependent 
diabetes mellitus was used to describe patients who typi-
cally were overweight or obese at presentation, were not 
prone to ketosis, and did not require insulin for survival. 
The NDDG also had categories for gestational diabetes, 
malnutrition-related diabetes mellitus (MRDM), and a 
category labeled “other types,” which included certain 
forms of diabetes for which a cause had been suggested 
at that time. As the terms IDDM and NIDDM became 
widely used during the 1980s and 1990s, several prob-
lems became apparent. The main problem arose from the 
fact that many patients with NIDDM ended up at some 
point in the course of their disease being treated with 
insulin and being misclassified as IDDM or having the 
rather confusing term insulin-requiring NIDDM applied 
to them. In addition, as more information became avail-
able on the causes of the various forms of diabetes, it 

became apparent that a classification based on therapy was 
not always consistent with new insights into the patho-
genesis of the various forms of diabetes. For this reason, 
the American Diabetes Association (ADA) convened an 
expert panel in 1995 to address the issue of classification. 
This panel published its recommendations in 1997,7 and 
these were subsequently endorsed by a WHO consultation 
group in a 1998 report.8 The main thrust of this proposal 
was to move away from a classification based on therapy 
and toward one based on pathogenesis. Four major catego-
ries were proposed: type 1 diabetes, type 2 diabetes, other 
specific types of diabetes (including categories for which a 
cause has been established), and gestational diabetes. The 
details of this classification system, which are outlined in 
Table 38-1, are discussed in the following sections.9

Type 1 Diabetes
Type 1 diabetes is characterized by the development of 
a state of complete insulin deficiency arising as a conse-
quence of β-cell destruction. In its fully developed form, 
patients, if deprived of insulin, will develop ketoacidosis, 
coma, and death. Biochemical testing reveals a marked 
reduction or complete absence of circulating C-peptide 
(a marker of insulin secretion) despite hyperglycemia. The 
prevalence of type 1 diabetes in the United States is as 
high as 3,000,000 individuals with an annual incidence 
of approximately 30,000 new cases.10 Although the peak 
incidence occurs in childhood and early adolescence, this 
form of diabetes can occur at any age. The incidence of the 
disease shows marked regional variation, with the highest 
worldwide incidence reported in Scandinavia.11 Epidemi-
ologic and immunologic research has led to the recogni-
tion of two major forms of type 1 diabetes based on the 
presence or absence of certain immunologic markers.

Autoimmune Type 1 Diabetes
Autoimmune type 1 diabetes is a prototypic organ-specific 
autoimmune disorder. Individuals who develop this form 
of diabetes are born with a genetic predisposition to auto-
immune dysfunction, which may manifest in the develop-
ment of other autoimmune conditions such as Addison’s 
disease, vitiligo, pernicious anemia, Hashimoto’s thyroid-
itis, and Celiac disease. The genetic predisposition is not 
well understood but is known to be linked to the major 
histocompatibility locus on chromosome 6.12 The pres-
ence of certain human lymphocyte antigen (HLA) haplo-
types appears to predispose the individual to the disease, 
but other HLA haplotypes appear to be protective. In pre-
disposed individuals, a poorly understood environmental 
trigger sets off a series of immunologic events that culmi-
nate in selective T cell–mediated destruction of the β cells 
of the pancreatic islet. Many antigens have been investi-
gated as potential triggers for the disease. These include 
certain viral antigens13 as well as an antigen contained in 
cow’s milk protein.14 A large series of investigations has 
been carried out for the “Diabetes Autoimmunity Study in 
the Young.” These studies initially investigated the early 
detection of anti-islet antibodies in children15 and their 
role in the prediction of future type 1 diabetes.16,17 The 
rate at which β cell destruction occurs varies from indi-
vidual to individual and may be very brief, as is seen when 
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type 1 diabetes presents in children or young adults,17,18 or 
may be prolonged, as is seen in what has been called latent 
autoimmune diabetes in adults.19 Antibodies appear in the 
circulation early in the process of β cell destruction.20 These 
autoantibodies are believed to be markers (rather than 
true instigators) of the immune response. Their presence 
can help to classify a newly diagnosed patient with diabe-
tes. In several studies, screening for these autoantibodies 
has led to recognition of autoimmune type 1 diabetes in 
individuals who otherwise might have been labeled as hav-
ing type 2 diabetes21,22 (see later). Islet cell antibodies, the 
first autoantibodies to be discovered, are directed against 
a range of islet antigens. The best characterized autoanti-
bodies are those directed against glutamic acid decarbox-
ylase (GAD), an enzyme that is involved in γ-aminobutyric 
acid synthesis.23 Isoforms of GAD are found in the central 
nervous system and in β cells of the pancreatic islet. Other 
autoantibodies include those directed against tyrosine 
phosphatases, namely IA-2 and IA-2β, as well as antibod-
ies directed against insulin itself (anti-insulin antibodies). 
Autoantibodies are present in 85% to 90% of individu-
als with type 1 diabetes at the time of presentation with 
fasting hyperglycemia.15 Childhood-onset type 1 diabetes 
is associated with higher levels of autoantibody in serum. 

Testing for these autoantibodies is still restricted to a lim-
ited number of laboratories. The most recent recommenda-
tion from the ADA recognizes the utility of autoantibody 
testing when aiding the classification of diabetes and states 
that while autoantibodies are not recommended for the 
routine diagnosis of diabetes, standardized autoantibody 
tests can be used for classification of diabetes in adults and 
in prospective studies of children at genetic risk for type 1 
diabetes after HLA typing at birth.16 The report also states 
that the use of insulin antibody testing has no place in the 
routine care of patients with diabetes.16

Idiopathic Type 1 Diabetes
The term idiopathic type 1 diabetes is used to describe 
a small subset of individuals with type 1 diabetes who 
appear not to have an autoimmune basis for their β cell 
destruction.24 Other features of this subtype include its 
occurrence predominantly in individuals of African-
American or Asian ethnicity, its lack of HLA association, 
and its intermittent proneness to ketosis. A number of 
different terms, including atypical diabetes, Flatbush dia-
betes, and type 1.5 diabetes, have been used to describe 
this form of diabetes. The preferred term in the recent 
literature appears to be ketosis-prone type 2 diabetes.25

 1.  Type 1 diabetes
 A.  Immune-mediated
 B.  Idiopathic
 2.  Type 2 diabetes
 3.  Other specific types
 A.  Genetic defects in β cell function
 1.  HNF-4α (MODY 1)
 2.  Glucokinase (MODY 2)
 3.  HNF-1α (MODY 3)
 4.  IPF-1 (MODY 4)
 5.  HNF-1β (MODY 5)
 6.  NeuroD1, or BETA 2 (MODY 6)
 7.  Mitochondrial DNA
 8.  Others
 B.  Genetic defects in insulin action
 1.  Type A insulin resistance
 2.  Leprechaunism
 3.  Rabson-Mendenhall syndrome
 4.  Lipodystrophic diabetes
 5.  Others
 C.  Diseases of the exocrine pancreas
 1.  Pancreatitis
 2.  Trauma/pancreatectomy
 3.  Neoplasia
 4.  Cystic fibrosis
 5.  Hemochromatosis
 6.  Fibrocalculous pancreatic diabetes
 7.  Others
 D.  Endocrinopathies
 1.  Cushing’s syndrome
 2.  Acromegaly
 3.  Glucagonoma
 4.  Pheochromocytoma
 5.  Somatostatinoma
 6.  Aldosteronoma
 7.  Hyperthyroidism
 8.  Others

 E.  Drug or chemical induced
 1.  Vacor
 2.  Pentamidine
 3.  Nicotinic acid
 4.  Glucocorticoids
 5.  Thyroid hormone
 6.  Diazoxide
 7.  β-Adrenergic agonists
 8.  Thiazides
 9.  Second-generation antipsychotics
 10.  Protease inhibitors
 11.  Pasireotide
 12.  Others
 F.  Infections
 1.  Congenital rubella
 2.  Cytomegalovirus
 3.  Others
 G.  Uncommon forms of immune-mediated diabetes
 1.  “Stiff-man” syndrome
 2.  Anti-insulin receptor antibodies
 3.  Others
 H.  Other genetic syndromes sometimes associated with 

diabetes
 1.  Down syndrome
 2.  Klinefelter’s syndrome
 3.  Turner’s syndrome
 4.  Wolfram’s syndrome
 5.  Friedreich’s ataxia
 6.  Huntington’s chorea
 7.  Lawrence Moon Biedel syndrome
 8.  Myotonic dystrophy
 9.  Porphyria
 10.  Prader-Willi syndrome
 11.  Others
 4.  Gestational diabetes mellitus

TABLE 38-1 Classification of Diabetes Mellitus

HNF, Hepatocyte nuclear factor; IPF, insulin promoter factor; MODY, maturity-onset diabetes of the young.
From the Report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Diabetes Care. 1997;20(7):1183-1197.
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Type 2 Diabetes
Type 2 diabetes represents the most common form of 
diabetes. The number of adults with type 2 diabetes has 
doubled over the past three decades. Current estimates 
for the U.S. population indicate that over 20 million peo-
ple have type 2 diabetes,26,27 while worldwide estimates 
for type 2 diabetes reach almost 250 million.27 The con-
dition is characterized by hyperglycemia that results from 
a combination of defects in insulin secretion and insulin 
action. In any given individual, the degree to which these 
defects contribute to hyperglycemia may vary. The dis-
ease usually has its onset after 40 years of age, although 
type 2 diabetes is being seen increasingly in young adults 
and adolescents.28,29 Although progressive β cell failure is 
believed by many to be an important part of the natural 
history of this form of diabetes,30 the β cell destruction is 
not autoimmune mediated1 and does not progress to the 
point at which the patient becomes dependent on insulin 
for survival. Ketoacidosis is unusual in this form of dia-
betes, and when it occurs, it usually does so in the setting 
of a major intercurrent illness such as myocardial infarc-
tion or stroke, or when treatment with glucocorticoids 
is provided. Individuals with type 2 diabetes are not at 
increased risk for autoimmune disease but have a higher 
prevalence of metabolic abnormalities, including obesity, 
hypertension, and a dyslipidemia that is characterized 
by hypertriglyceridemia and low levels of high-density 
lipoprotein cholesterol. This combination of metabolic 
derangements is associated with a marked increase in 
risk for atherosclerotic disease. In fact, the prevalence of 
atherosclerotic disease in individuals with type 2 diabe-
tes has led to the suggestion that, rather than one lead-
ing to the other, the two conditions may share common 
antecedents.3 Insulin resistance may be an important 
predisposing factor for both conditions. In recent years, 
an inflammatory paradigm of innate immune cell activa-
tion has been proposed as an underlying factor for both 
conditions.31

The cause of type 2 diabetes remains to be determined. 
Any pathogenetic model of the disease must include both 
genetic and environmental factors. Challenges in estab-
lishing the cause of type 2 diabetes include the follow-
ing: (1) The disease lacks an easy-to-define phenotype 
and instead is characterized by considerable heteroge-
neity across different ethnic groups; this heterogeneity 
often is represented by a spectrum ranging from a pre-
dominant defect in insulin secretion on the one hand to a 
predominant defect in insulin action on the other. (2) The 
relatively late age of onset makes it difficult to establish 
large kindreds and therefore limits genetic studies. (3) No 
easy-to-apply methods are available for screening popula-
tions for insulin resistance and defective insulin secretion. 
(4) The pathways that are involved in mediating insulin 
action are complex and are not fully understood; most 
authors believe that a single genetic defect will explain 
only a subset of the disease; it is much more likely that 
type 2 diabetes represents a set of disorders. Evidence to 
support a genetic component of the disease comes from 
the strong concordance for the disease that is seen among 
monozygotic twins.32 On the other hand, the dramatic 
increase in incidence and prevalence of type 2 diabetes 

that accompanies the change to a so-called Westernized 
lifestyle strongly supports an environmental component 
as well.33,27

Other Specific Types of Diabetes
Other specific types of diabetes are included in both 
the 1979 NDDG and the 1997 American Diabetes 
Association (ADA) classification systems.5,7 A number 
of changes occurred in the subtypes of diabetes listed 
between the two eras. In particular, the form of diabetes 
that is referred to as maturity-onset diabetes of the young 
(MODY) has been better defined genetically, and this is 
reflected in the 1997 ADA classification system.7 Another 
change resulted from removal of MRDM from the clas-
sification and inclusion of fibrocalculous pancreatic dia-
betes (which was previously a subtype of MRDM) as a 
disease of the exocrine pancreas. The decision to remove 
MRDM as a separate entity resulted from an interna-
tional conference on this subject.34,35 The findings of 
the conference did not support a direct cause-and-effect 
relationship between protein-calorie malnutrition and 
the development of diabetes. Rather, it was thought that 
the presence of malnutrition could influence the manner 
in which diabetes might present in an otherwise predis-
posed individual.

Genetic Defects in β Cell Function
In the past, the term maturity-onset diabetes of the young 
was used to describe a subset of patients with a form of 
diabetes characterized by early age of onset of hypergly-
cemia with an autosomal dominant mode of inheritance. 
Mutations in certain genes that are involved in regulat-
ing insulin secretion have now been shown to be respon-
sible for the hyperglycemia seen in MODY kindreds.36 
Six major forms of MODY have been described,37-40 
and their clinical and genetic features are outlined in 
Table 38-2 (see Chapter 49). All forms of MODY are 
associated with defective insulin secretion without any 
significant degree of insulin resistance.41,42 In the case of 
glucokinase, the pathophysiologic mechanism is clear, 
because the enzyme is involved in phosphorylating glu-
cose, one of the first steps in glucose metabolism. A glu-
cokinase mutation therefore decreases the ability of the 
β cell to sense glucose. MODY2 is associated with rela-
tively mild hyperglycemia that is usually amenable to 
treatment with diet and exercise. MODY1 and MODY3, 
on the other hand, can be associated with more severe 
hyperglycemia, a greater likelihood that insulin will be 
required for management, and a higher propensity to 
develop complications.36 The link between diabetes and 
mutations in the genes for hepatocyte nuclear factor 
(HNF)-1a, HNF-1β (hepatocyte transcription factors 
also expressed in β cells), and HNF-4a (a member of the 
steroid-thyroid hormone superfamily and an upstream 
regulator of HNF-1 a), appears to involve regulation of 
expression of the insulin gene.43 It has been suggested 
that MODY may account for between 2% and 5% of 
cases of type 2 diabetes.44

Neonatal diabetes is rare and may be transient or per-
manent.45 Several genetic defects have been identified in 
these patients. Transient neonatal diabetes results from a 
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defect on ZAC/HYAMI imprinting, and, most notably, 
mutations in the adenosine triphosphate (ATP)-sensitive 
potassium channel (KATP) of the β cell cause permanent 
diabetes.46 The KATP channel comprises two subunits 
(Kir6.2 and SUR1), and mutations in these can result 
in loss of function (leading to channel closure and neo-
natal hyperinsulinemic hypoglycemia) or gain of func-
tion (leading to channel opening and neonatal diabetes). 
Although rare, elucidation of these conditions and the 
molecular mechanisms underlying them has improved 
our understanding of this area of human biology. More-
over, diabetes arising from KATP channelopathies can 
retain sensitivity to the insulin secretagogue effects of 
sulfonylureas.47

Other genetic disorders that are associated with 
impaired β cell function include certain maternally inher-
ited forms of diabetes with a mutation in mitochondrial 
DNA,48 disorders that lead to impaired conversion of 
proinsulin to insulin,49 and disorders that lead to synthe-
sis of an aberrant form of the insulin molecule.50 Of the 
former conditions, diabetes associated with an A-to-G 
transition at the nucleotide pair 3243 in mitochondrial 

transfer RNA (tRNA) has been best characterized and 
appears to have a wide phenotypic expression from type 
2 through to type 1 diabetes. The latter two conditions 
are inherited in an autosomal dominant manner and are 
associated with relatively mild glucose intolerance.

The ADA in a 2011 position statement has recog-
nized the importance of genetic testing in diagnosis of 
some genetic syndromes of β cell function, and states 
that measurement of genetic markers for selected diabetic 
syndromes, including neonatal diabetes, could provide 
valuable information with definition of diabetes-associated 
mutations.16 However, the routine measurement of genetic 
markers is not of value at the time of diagnosis or manage-
ment of type 1 diabetes.16

Genetic Defects in Insulin Action
For insulin to exert its biological effect, it first must bind 
to its receptor on the cell surface. Following receptor 
binding, a complex series of postreceptor signaling reac-
tions take place, leading to the hormone’s metabolic and 
mitogenic effects. Disruption of some of these postrecep-
tor mediators (e.g., insulin receptor substrate-1) has been 

TABLE 38-2 MODY-Related Genes and the Clinical Phenotypes Associated with Mutations in the Genes

MODY Type Gene
Clinical Features of  
Heterozygous State

Most Common  
Treatment Molecular Basis

Clinical Features of 
Homozygous State

MODY 1 HNF-4α Diabetes; microvascular  
complications (in many 
cases); reductions in serum 
concentrations of triglyc-
erides, apolipoproteins 
AII and CIII, and Lp(a) 
lipoprotein

Oral hypoglycemic 
agent, insulin

Abnormal regulation of gene 
transcription in β cells, leading 
to a defect in metabolic signaling 
of insulin secretion, β cell mass, 
or both

MODY 2 Glucokinase Impaired fasting glucose, 
impaired glucose tolerance

Diet and exercise Defect in sensitivity of β cells to 
glucose due to reduced glucose 
phosphorylation; defect in 
hepatic storage of glucose as 
glycogen

Permanent neo-
natal diabetes 
requiring 
insulin treat-
ment

MODY 3 HNF-1α Diabetes, microvascular  
complications (in many 
cases), renal glycosuria, 
increased sensitivity to 
sulfonylurea drugs

Oral hypoglycemic 
agent, insulin

Abnormal regulation of gene 
transcription in β cells, leading 
to a defect in metabolic signaling 
of insulin secretion, β cell mass, 
or both

MODY 4 IPF-1 Diabetes Oral hypoglycemic 
agent, insulin

Abnormal transcriptional regula-
tion of β cell development and 
function

Pancreatic 
agenesis and 
neonatal dia-
betes requir-
ing insulin 
treatment

MODY 5 HNF-1 β Diabetes; renal cysts and 
other abnormalities of renal 
development; progressive 
nondiabetic renal dysfunc-
tion, leading to chronic  
renal insufficiency and 
failure; internal genital 
abnormalities (in female 
carriers)

Insulin Abnormal regulation of gene 
transcription in β cells, leading 
to a defect in metabolic signaling 
of insulin secretion, β cell mass, 
or both

MODY 6 NeuroD1  
or BETA2

Diabetes Insulin Abnormal transcriptional regula-
tion of β cell development and 
function

BETA2, β cell Ebox transactivator 2; HNF, Hepatocyte nuclear factor; IPF, insulin promoter factor; MODY, maturity-onset diabetes of the young; 
NeuroD1, neurogenic differentiation factor 1.

From Fajans SS, Bell GI, Polonsky KS. Molecular mechanisms and clinical pathophysiology of maturity-onset diabetes of the young. N Engl J Med. 
2001;345:971-980.
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shown to cause diabetes in animals.51 However, very 
few human forms of diabetes have been linked clearly to 
specific genetic defects in the insulin-signaling cascade. 
Leprechaunism and Rabson-Mendenhall syndrome rep-
resent rare congenital disorders of the insulin receptor.52 
Both syndromes are associated with diabetes, hyperinsu-
linemia, and altered growth in utero. As the insulin signal-
ing cascade is further defined, it is likely that additional 
forms of diabetes will be found to be caused by genetic 
defects in insulin action.

The nomenclature associated with clinical syndromes 
of severe insulin resistance can be confusing.53,54 The 
term type A insulin resistance has been used to describe 
a syndrome in which severe insulin resistance is associ-
ated with a skin condition called acanthosis nigricans and 
with hyperandrogenism in females. Glucose intolerance 
or overt diabetes may or not be present. The term type 
B insulin resistance describes a rare syndrome in which 
autoantibodies to the insulin receptor lead to insulin 
resistance and hyperinsulinemia (see later). Also associ-
ated with insulin resistance are the lipodystrophies (see 
Chapter 37); several forms of lipodystrophic diabetes 
have been characterized,55 and in some cases, their genetic 
basis has been established and novel therapeutic interven-
tions have been utilized.56 Several novel forms of familial 
partial lipodystrophy are now well characterized and are 
associated with severe insulin resistance. Interestingly, 
syndromes of partial lipodystrophy often masquerade as 
obesity and are characterized clinically by a redistribu-
tion of fat to facial and abdominal areas with lipoatrophy 
of the femerogluteal region and lower limbs. Numerous 
mutations have been described in individuals with partial 
lipodystrophy ranging from mutations of LMNA (lamin 
A/C), encoding the filament laminin, to nuclear receptors 
(PPARγ) to rarer mutations in lipid droplet–associated 
proteins such as CIDEC (cell death–inducing DFFA-like 
effector c) and Perlipin 1.54

The use of genetic testing in the classification of genetic 
syndromes of insulin action remains an area for evalua-
tion within subspecialized services at this time. The ADA 
have recommended that routine genetic testing in patients 
with type 2 diabetes has no current role, stating that these 
studies should be confined to the research setting and 
evaluation of specific syndromes.16

Diseases of the Exocrine Pancreas
Hyperglycemia can occur during an episode of acute 
pancreatitis and is associated with a poor prognosis. It is 
unusual for permanent diabetes to develop following a sin-
gle episode of acute pancreatitis. Furthermore, removal of 
up to 90% of the pancreas does not always cause diabetes. 
On the other hand, diabetes has been reported in associa-
tion with very small pancreatic adenocarcinomas, leading 
some investigators to speculate that these tumors produce 
some diabetogenic factor or factors.57 Five percent to 15% 
of patients with cystic fibrosis develop diabetes.58 Insulin 
replacement in cystic fibrosis–related diabetes (CFRD) is 
often challenging, as these individuals retain insulin sensi-
tivity and are prone to hypoglycemic episodes. Moreover, 
insulin requirement in the setting of CFRD is compli-
cated by malabsorption, the associated need for enteral 

feeding as well as by infectious exacerbations associated 
with underlying bronchiectasis.59 Hemochromatosis can 
cause diabetes.60 Because glucose tolerance may improve 
with phlebotomy, this condition represents an important, 
potentially reversible cause of diabetes. Fibrocalculous 
pancreatic diabetes is seen mainly in the tropics and is 
associated with abdominal pain and calcification of the 
pancreas on abdominal imaging.61 The natural history of 
this form of diabetes has been established,62 along with a 
genetic marker of the disease.63

Endocrinopathies (See Chapter 42)
Cortisol, growth hormone, glucagon, and the catechol-
amines (epinephrine and norepinephrine) can antagonize 
insulin action. Tumors that produce these hormones in 
excess lead to Cushing’s syndrome, acromegaly, gluca-
gonoma, and pheochromocytoma, respectively. Although 
all of these conditions are associated with a degree of glu-
cose intolerance, overt diabetes develops only in a subset 
of patients. The importance of recognizing these second-
ary forms of diabetes lies in the fact that resection of the 
underlying tumor can cure diabetes. The hyperglycemia 
that is seen in the setting of aldosterone-producing ade-
nomas and somatostatinomas results from alteration of 
insulin secretion. An added challenge to diabetes mellitus 
arising from endocrinopathy is that somatostatin ana-
logues often used to control conditions such as growth 
hormone excess and, more recently, glucocorticoid excess 
can induce diabetes in their own right (described in the 
following section).

Drug- or Chemical-Induced Diabetes
Certain compounds are toxic to β cells. These include 
the rat poison vacor and the antipneumocystis drug 
pentamidine. The hyperglycemia that results from these 
agents is usually not reversible. Thiazide diuretics can 
inhibit insulin secretion by causing hypokalemia, and 
this effect may be picked up on an oral glucose toler-
ance test as early as 4 weeks following the initiation of 
therapy. However, these agents do not induce diabetes 
mellitus in the absence of underlying susceptibility.64 
Glucocorticoids and nicotinic acid cause hyperglyce-
mia by impairing insulin action. Glucocorticoid excess, 
whether endogenous or exogenous, is also independently 
associated with many so-called secondary complications 
of diabetes such as atherosclerosis and cardiovascular 
disease.65 Protease inhibitors (PIs) commonly used in 
the treatment of individuals with human immunodefi-
ciency virus infection can cause hyperglycemia. This 
effect of PIs probably results from inducing a form of 
partial lipodystrophy that selects the face and limbs, 
while causing fat accumulation in the region around 
the waist.66 The so-called atypical or second-generation 
antipsychotics are associated with metabolic disorders 
including overt diabetes mellitus. The ADA published 
a consensus statement highlighting this association and 
identifying the need for clinical research in this area.67 
The pathophysiologic mechanisms underlying the met-
abolic derangements are beginning to be elucidated.68 
Finally, somatostatin analogues, often used in the treat-
ment of endocrinopathy and neuroendocrine tumors, 
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also cause inhibited insulin release. This is particularly 
true for pasireotide, an agent that has a broader selectiv-
ity across the somatostatin receptor subtypes. In endo-
crinopathies associated with insulin resistance such as 
Cushing’s disease or acromegaly, use of these agents 
may result in overt diabetes.69

Infections
Certain viral infections, including rubella70 and cox-
sackie B virus,71 have been associated with diabetes. 
Some studies suggest that a viral infection can trigger 
autoimmune destruction of β cells in genetically pre-
disposed individuals, leading to autoimmune type 1 
diabetes.

Uncommon Forms of Immune-Mediated Diabetes
The stiff-man syndrome is a rare neurologic syndrome 
characterized by spasticity of the axial muscles. It is asso-
ciated with very high titers of anti-GAD antibodies, and 
up to one third of patients develop diabetes.72 Autoan-
tibodies directed against the insulin receptor represent 
another rare cause of diabetes (referred to as type B insu-
lin resistance).73 These antibodies have the potential to 
change from being receptor antagonists (causing insulin 
resistance) to being receptor agonists (leading to poten-
tially life-threatening hypoglycemia). Spontaneous remis-
sion of antibody production can occur. The syndrome is 
typically seen in African-American females in association 
with other autoimmune diseases (most commonly sys-
temic lupus erythematosus).

Other Genetic Syndromes Sometimes Associated  
with Diabetes
Many of the genetic syndromes listed under H in Table 
38-1 are known to be associated with diabetes. Wolfram’s 
syndrome, also known as DIDMOAD (reflecting the 
components of the disorder; diabetes insipidus, diabetes 
mellitus, optic atrophy, and deafness), is a rare autosomal 
recessive disorder caused by mutations in the WFS1 gene 
on the short arm of chromosome 4. Polymorphisms in 
the WFS1 gene have been linked to an increased risk for 
type 2 diabetes,74 providing an example of how the study 
of rare disorders can improve our understanding of com-
mon conditions.

Gestational Diabetes
Gestational diabetes (GDM) is a common medical com-
plication of pregnancy and is defined as diabetes with 
onset or first recognition during pregnancy. The original 
criteria for diagnosis of GDM were chosen to identify 
women for whom there was a greater risk for postpar-
tum persistence of hyperglycemia. Dysglycemia during 
pregnancy is associated with complications for both 
mother and fetus. Fetal/neonatal complications include 
large for gestational age birth weight, macrosomia, 
and neonatal hypoglycemia. Maternal complications 
include higher rates of cesarean section.74-77 Appropri-
ate diagnosis and management of gestational diabetes 
potentially reduces the incidence of these related com-
plications. The Hyperglycaemia and Adverse Pregnancy 
Outcome (HAPO) study aimed to clarify the relationship 

between adverse pregnancy outcomes and maternal glu-
cose levels (below the threshold for overt GDM).78 The 
results from this study suggested that updated threshold 
values were necessary to develop an “outcomes-based” 
system for diagnosis of GDM. Consequently, the Inter-
national Association of Diabetes and Pregnancy Study 
Groups (IADPSG) have published a consensus statement 
that sets out updated recommendations for the diagno-
sis of GDM using the 75-g oral glucose tolerance test 
(OGTT), performed between 24 and 28 weeks (Table 
38-3).79 Recent controversies have arisen regarding the 
use of the IADPSG criteria. The National Institutes of 
Health have recommended retaining the traditional, so-
called “2-step approach” of diagnosis for GDM with a 
1-hour 50-g OGTT, followed by a 3-hour 100-g OGTT. 
However, there are sufficient data to support the use of 
IADPSG criteria, which have now been endorsed by the 
ADA and WHO.80,81

The prevalence of gestational diabetes increases 
in parallel with the prevalence of type 2 diabetes in a 
population. Previous data from a large U.S. health care 
organization described a prevalence of 7.4 cases per 100 
pregnancies.75 Using diagnostic thresholds, as set out by 
the IADPSG, the prevalence of GDM is higher, between 
11% and 12.5%.78,79,82 Moreover, when applied to large 
population-based cohorts, GDM diagnosed by IADPSG 
criteria is associated with a higher incidence of adverse 
maternal and neonatal outcomes, validating the chosen 
threshold values.82

Risk factors for GDM include age (it is more common 
among older women), ethnicity (higher rates are seen 
among women from ethnic groups with a high incidence 
of type 2 diabetes), prepregnancy body mass index (the 
risk increases with degree of obesity), parity (the risk 
increases with the number of previous pregnancies), and 
family history of diabetes. A previous pregnancy that was 
complicated by GDM or a history of delivery of a macro-
somic infant also represents a strong risk factor for future 
GDM as well as a future diagnosis of type 2 diabetes.77,83 

TABLE 38-3 Screening for and Diagnosis of 
Gestational Diabetes Mellitus*

In women not previously diagnosed with overt diabetes, perform 
a 75-g OGTT (with measurement of plasma glucose fasting and 
at 1 and 2 hours post–glucose load) at 24 to 28 weeks gestation.

The OGTT should be performed in the morning after an overnight 
fast of at least 8 hours.

The diagnosis of gestational diabetes mellitus is made when any 
of the following plasma glucose values are exceeded:

Fasting ≥92 mg/dL (5.1 mmol/L)
1 hour post–75-g oral glucose ≥180 mg/dL (10.0 mmol/L)
2 hours post–75-g oral glucose ≥153 mg/dL (8.5 mmol/L)

*There is no consensus regarding universal screening versus screening 
in “at-risk” individuals.

OGTT, Oral glucose tolerance test.
Diagnosis based on IADPSG recommendations and endorsed by the 

ADA.
From International Association of Diabetes and Pregnancy Study 

Groups Consensus Panel. International Association of Diabetes 
and Pregnancy Study Groups Recommendations on the Diagnosis 
and Classification of Hyperglycemia in Pregnancy, Diabetes Care. 
33:676–682, 2010; American Diabetes Association: Diagnosis and 
classification of diabetes mellitus. Diabetes Care. 2013;36:S67-S74.
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In fact, the rising tide of obesity, unhealthy lifestyle, and 
type 2 diabetes presents a significant challenge in discern-
ing type 2 diabetes first presenting during pregnancy from 
GDM. Hence postpartum testing of glycemia is necessary 
in all women with a diagnosis of GDM.9,79,83 Screening 
for GDM presents a further challenge and currently there 
is no consensus on whom should be screened.79,84 In some 
countries (e.g., the United States), universal screening 
is undertaken routinely, whereas in other regions (e.g., 
parts of Europe), only women who are believed to be at 
high risk are screened.

DIAGNOSIS

Diagnostic Criteria
The modern-day classification of diabetes is based on clin-
ical presentation combined with (in some cases) genetic 
and autoantibody testing. The diagnosis of diabetes is 
based on measurement of glucose and/or glycated hemo-
globin (HbA1c). A historical perspective is necessary to 
understand how we got to this point. The Expert Com-
mittee of the ADA, in their 1997 report, recommended 
changes in the diagnostic criteria used for diabetes, in 
addition to recommending changes in the classification 
system.7 These recommendations were subsequently 
endorsed by the WHO8 (Table 38-4). Major changes 
included a reduction in the fasting plasma glucose cut 
point used to diagnose diabetes from 140 mg/dL to 126 
mg/dL and a recommendation to use fasting plasma glu-
cose rather than an OGTT for diagnosis. The ability to 
use casual (i.e., random) plasma glucose levels in patients 
with hyperglycemic symptoms was retained, as was the 
requirement that in asymptomatic individuals, a diagnosis  
should be based on testing carried out on more than 
one occasion. The ADA report based its criteria on use 
of the fasting plasma glucose level, and the WHO report 
included equivalent cut points for whole-blood venous and 
capillary glucose.8 The Expert Committee of the ADA 
published two further reports in 2003 and 2009.85,86 

While recommendations regarding diagnostic criteria for 
diabetes on the basis of fasting glucose, OGTT, and random 
glucose have remained unchanged, the 2009 report also 
added recommendations for use of HbA1c in the diagnosis  
of diabetes mellitus (see Table 38-4). These updated 
recommendations for HbA1c have subsequently been 
included in ADA Clinical Practice Recommendations.9

In the 1997 report, the ADA also introduced a new 
system for classifying the intermediate zone between nor-
mal glucose tolerance and overt diabetes.7 A new cate-
gory called impaired fasting glucose (IFG) was introduced 
along with the pre-existing category of impaired glucose 
tolerance (IGT). The presence of one or both of these 
categories is often referred to as pre-diabetes, although 
this term has never been formally endorsed by any of 
the Expert Committees, who have instead preferred the 
description “sub-diabetic, high risk state.”

While threshold values for the diagnosis of diabetes 
were originally formulated based on the risk for devel-
oping retinopathy, the basis for the “diagnosis” of these 
intermediate categories of hyperglycemia is the risk for 
developing overt diabetes; hence the terminology “Cate-
gories of Increased Risk for Diabetes.”86 The diagnosis of 
intermediate levels of hyperglycemia uses threshold val-
ues of fasting glucose (IFG: 100 to 125 mg/dL) or 2-hour 
glucose following a 75-g glucose load (IGT: 140 to 199 
mg/dL). An intermediate level of HbA1c (5.7% to 6.4%) 
has also been suggested as an indicator of future onset of 
diabetes in “at-risk” individuals.9,86 The threshold values 
for the diagnosis of intermediate levels of hyperglycemia 
have been a considerable matter of debate, and there is 
no overall consensus between the ADA and the WHO for 
threshold values of fasting glucose. The main questions of 
clinical relevance are: (1) What constitutes diabetes? and 
(2) What constitutes “normal”? We will address both of 
these questions now.

What Level of Fasting Plasma Glucose  
Constitutes Diabetes?
The development of microvascular changes, particularly 
in the retina, is one of the hallmarks of diabetes melli-
tus. Because these complications can take many years to 
develop, it is not possible to use their presence to diag-
nose the condition. Instead, the level of plasma glucose 
that confers a risk for occurrence of these changes is used 
for diagnostic purposes. At the time the 1997 report was 
written, the best estimate of this level was fasting plasma 
glucose of 126 mg/dL. This value was based on data 
from three epidemiologic studies involving Pima Indians, 
Egyptians, and a U.S. national sample.7 In all three stud-
ies, there appeared to be a threshold of risk (i.e., a level 
below which the risk for retinopathy was negligible, and 
above which the risk rose steeply). In the 2003 report of 
the expert committee, reference was made to a separate 
analysis of Pima Indian data, suggesting that the thresh-
old at which retinopathy risk increased might be lower 
than that previously reported.87 However, the presence 
of a threshold was not disputed, and the 126 mg/dL cut 
point for diagnosis remained in place. An analysis of data 
from two cross-sectional Australian cohort studies and 
one longitudinal U.S. cohort study has raised doubt about 

TABLE 38-4 Diagnostic Thresholds for 
Diabetes and Lesser Degrees of Impaired Glucose 
Regulation*

Category
Fasting Plasma  
Glucose

2-Hour Plasma  
Glucose HbA1c

¶

Normal <100 mg/dL
(<5.6 mmol/L)

<140 mg/dL
(<7.8 mmol/L)

≤5.0%

IFG 100-125 mg/dL*
(5.6-6.9 mmol/L)

— ❖

IGT — 140–199 mg/dL*
(7.8–11.0 mmol/L)

Diabetes ≥126 mg/dL†

(≥7.0 mmol/L)
≥200 mg/dL
(≥11.1 mmol/L)

≥6.5%

IFG, Impaired fasting glucose; IGT impaired glucose tolerance.
*When both tests are performed, IFG or IGT should be diagnosed only 

if diabetes is not diagnosed by the other test.
†A diagnosis of diabetes needs to be confirmed on a separate day.
¶The test should be performed in a laboratory using a method that is 

NGSP (or equivalent) certified and standardized to the DCCT assay.
❖HbA1c values between 5.7% and 6.4% represent a category for 

“sub-diabetic, high-risk state”9,86,97
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the presence of a retinopathy threshold (Fig. 38-1).88 All 
three studies used multiple-field digital retinal photogra-
phy to identify retinopathy, a more sophisticated method 
than that used in earlier studies that informed the ADA 
expert committee decision. The risk for retinopathy in all 
three studies appeared to be continuous across the entire 
range of plasma glucose, with up to 10% of individu-
als demonstrating some degree of retinopathy at levels of 
fasting plasma glucose well within the range considered 
normal. These data are consistent with an earlier report 
from the Diabetes Prevention Program, which also identi-
fied retinopathy in individuals with impaired glucose tol-
erance.89 Taken together, these data suggest that current 
diagnostic criteria may need further revision. Nonethe-
less, the current threshold values for glucose in the diag-
nosis of diabetes have remained unchanged in the most 
recent recommendations.8,86

The most significant new recommendation from the 
2009 Expert Committee of the ADA was the inclusion 
of an HbA1c value ≥6.5% as a criterion for the diagnosis 
of diabetes.86 The measurement of HbA1c has been the 
mainstay of the assessment of glycemic control in clini-
cal practice for many years. However, as a consequence 
of poor standardization of the assay in the past, HbA1c 
results could not previously be compared across popula-
tions. Standardization of the HbA1c assay has been com-
pleted in the United States. A further complication of the 
use of HbA1c in the diagnosis of diabetes is the recommen-
dation by the International Federation of Clinical Chem-
ists that the units used for reporting results be changed 
from percentage (as used in DCCT aligned assays in the 
United States) to millimoles per mole (mmol/mol). This 
recommendation has been adopted by many (but not all) 
European countries. The diagnostic value of ≥6.5% (for 
DCCT aligned assays) was chosen based on its associa-
tion with the inflection point for retinopathy, upon which 
the fasting and 2-hour glucose values have been chosen. 
HbA1c offers a useful so-called “chronic measurement” 
upon which to base the diagnosis of diabetes. Measure-
ment does not require the patient to fast or consume a 
glucose load. However, these benefits must be balanced 
with consideration of the higher cost of the assay as well 
as errors associated with high red bloo cell turnover states 
and hemoglobinopathies.

What Level of Fasting Plasma Glucose  
Constitutes Normality?
Less straightforward than diagnosing overt diabetes has 
been the characterization of intermediate levels of (what 
has been termed) dysglycemia. At what level does one 
cross the boundary between normal and abnormal? Glu-
cose is a continuous variable, and therefore choosing a cut 
point to define the upper limit of normal fasting glucose 
(and the lower limit of impaired fasting glucose) while 
informed by clinical risk and observation, is ultimately 
arbitrary. The Expert Committee in its 1997 report, chose 
a value of 110 mg/dL but revised this value to 100 mg/
dL in 2003.85 The updated lower recommendation was 
based on receiver operator characteristic (ROC) curve 
analyses of the ability of various baseline levels of fasting 
plasma glucose to predict future diabetes. ROC curves 
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were derived from cohort studies available to the com-
mittee at the time but were not published in the report.

A factor that undoubtedly influenced the committee 
was a desire to achieve “equivalence” (in terms of pre-
dicting future diabetes) between impaired fasting glucose 
and impaired glucose tolerance. The term equivalence can 
be considered as cross-sectional or prospective. In cross-
sectional terms, complete equivalence would amount to 
those patients with impaired fasting glucose also having 
impaired glucose tolerance. This was not the case when the 
cut point was at 110 mg/dL and still is not the case with 
the cut point at 100 mg/dL. In fact, it has been suggested 
that these two states of “pre-diabetes” may be different 
biological entities, with altered insulin action and altered β 
cell function contributing in different ways to their patho-
genesis.90 A lesser degree of cross-sectional equivalence 
would be a situation in which population prevalences of 
impaired fasting glucose and impaired glucose tolerance 
are the same. Lowering the cut point to 100 mg/dL did 
help move things toward equivalence by this definition. 
In prospective terms, equivalence amounts to an equal 
ability of these two intermediate states of hyperglycemia 
to predict future events, such as overt diabetes and car-
diovascular disease or mortality. This is the point about 
which most of the controversy has arisen. A large Euro-
pean epidemiologic consortium published data clearly 
demonstrating that 2-hour plasma glucose following an 
OGTT was superior to fasting plasma glucose in predict-
ing future cardiovascular events.91 Members argued that 
the OGTT should not be discarded from clinical practice 
or from epidemiologic research. A large number of stud-
ies have looked at the ability of fasting plasma glucose to 
predict future diabetes. One of these, the Baltimore Longi-
tudinal Study of Aging (BLSA), followed a cohort of more 
than 800 subjects with serial OGTTs for up to 20 years.92 
Investigators documented the natural history of pro-
gression from normal glucose tolerance to intermediate 
states of hyperglycemia to overt diabetes. Many subjects 
reverted to normal from intermediate states of hyperglyce-
mia, but in general, a slow, steady progression to diabetes 
was seen, with male gender and obesity increasing risk. By 
altering the threshold that was used to define the lower 
limit of impaired fasting glucose, BLSA investigators 
showed that much of the “discrepancy” between rates of 
progression from impaired fasting glucose versus impaired 
glucose tolerance to overt diabetes was a function of the 
threshold used rather than of any inherent biological dif-
ference between the two states of hyperglycemia. Using 
the definition of a threshold that we discussed previously, 
one would expect that the cut point between normal and 
impaired fasting glucose would be associated with a sig-
nificant increase in risk. This is not the case. Several inves-
tigators have demonstrated that risk for future diabetes 
and risk for cardiovascular events increase across the con-
tinuum of glucose levels from normal through impaired 
fasting glucose or impaired glucose tolerance.93-96 There 
does not appear to be a threshold of risk.

Has HbA1c added clarity to this area? The Expert 
Committee position statement from 2009 declared that 
HbA1c values of 6.0% to 6.4% represented a category 
that is described as a “sub-diabetic, high risk state.”86 
The ADA, in their 2013 position statement, set out that 
“it is reasonable to consider an A1c range between 5.7 and 
6.4% as identifying individuals with high risk for future 
diabetes, to whom the term pre-diabetes may be applied.” 
8,86 These HbA1c thresholds are based upon the future 
risk for developing diabetes, rather than cardiovascular 
complications relating to diabetes. The choice of thresh-
old HbA1c values are informed by data from the National 
Health and Nutrition Examination Surveys (NHANES) 
as well as the Diabetes Prevention Programme (DPP) in 
which study participants with “pre-diabetes” had HbA1c 
values between 5.5% and 6.0% (NHANES) or a mean 
HbA1c of 5.9% (DPP).8,89 Several prospective studies 
were systematically reviewed in a large meta-analysis that 
included a combined sample of 44,203 individuals. The 
results of this meta-analysis were published since the last 
meeting of the Expert Committee, and they have been 
used in resolving the updated HbA1c threshold values for 
the identification of a so-called “sub-diabetic, high risk 
state.”8,97 The HbA1c may actually represent a more pow-
erful predictor of type 2 diabetes than fasting glucose. 
Ultimately, HbA1c, like fasting glucose, is a continuous 
variable, and its association with future risk for diabetes 
or macrovascular or microvascular outcomes is curvilin-
ear. Hence the choice of the appropriate inflection point 
at which to “draw a line in the sand” is likely to remain 
an area of controversy and debate.

WHERE NEXT?
Classification and diagnosis of diabetes has become ever 
more complicated as our understanding of this heteroge-
nous set of conditions, underpinned by chronic hypergly-
cemia, increases. The appropriate diagnosis, classification 
and appropriate management of diabetes, while guided 
by various position statements, requires clinical acumen. 
This is even truer in light of the gray area that represents 
so-called pre-diabetes, a categorization applicable princi-
pally to individuals at risk for type 2 diabetes. It remains 
the most sensible to address the diagnosis of pre-diabetes 
by taking a holistic approach and considering body mass 
index, lipid profile, blood pressure, as well as various gly-
cemic threshold. In light of the global obesity epidemic, 
perhaps we should be more liberal with our advice (and 
interventions) regarding healthy lifestyle, rather than 
waiting for members of the population to cross arbitrary 
thresholds.
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Type 1 (insulin-dependent) diabetes mellitus (T1D) is 
associated with several immune abnormalities. Classi-
cally, when age at onset is young, classification of the 
disease is uncomplicated. Classification may be changing 
in the current obesity epidemic among the young, mak-
ing differentiation between T1D and type 2 diabetes 
mellitus (T2D) more difficult.1,2 Although it has been 

known for decades that diabetes mellitus may occur in 
various degrees of severity, it was not until approximately  
40 years ago that evidence was presented that indicated 
different modes of inheritance for what were then clas-
sified as “maturity-onset” and “juvenile-onset” types 
of diabetes.3 It is now evident that T1D may occur at 
any age. The fact that T1D in adults may fulfill clinical 

K E Y  P O I N T S

 •  Islet autoimmunity is strongly related to the risk for type 1 diabetes.
 •  HLA DR-DQ genotypes may be used already at birth to predict risk for islet 

autoimmunity, type 1 diabetes, or both.
 •  Autoantibodies directed against insulin, GAD65, IA-2, or ZnT8 predict type 1 diabetes. 

Insulin or GAD65 autoantibodies appear first at a very young age.
 •  A trigger of islet autoantibodies is still unknown. Prior research has been looking at the 

wrong time and wrong site.
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criteria of T2D demonstrates the limitation of a disease 
classification based on clinical symptoms rather than on 
etiology and pathogenesis. Despite the fact that autoanti-
bodies are the main markers that predict and differentiate 
T1D from other forms of diabetes, these markers are not 
yet included among the diagnostic criteria for T1D.4

The diagnostic criteria used to differentiate between 
T1D (insulin-dependent) and T2D (non–insulin- dependent) 
are important for understanding the etiology and patho-
genesis of these two disease entities. The diagnostic cri-
teria are primarily recommendations for classification, 
the aim of which is a better understanding of the cause 
of diabetes and optimization of care for the patients. By 
using molecular genetics, it has been possible to clarify 
fully several monogenic forms of diabetes. The etiology 
of these diabetes phenotypes has been explained by muta-
tions in the genes for insulin, insulin receptor, glucoki-
nase (maturity-onset diabetes in the young; MODY-2), 
HNF-4α (MODY-1), or HNF-1a (MODY-3).5 The clari-
fication of the etiology of these diabetes phenotypes is a 
major progress that has increased the diagnostic preci-
sion of diabetes syndromes.4,5 The understanding of the 
more complex and multifactorial T1D syndrome also 
has undergone significant advances. This chapter is an 
attempt to present an evidence-based medicine review of 
the etiology, pathogenesis, and natural history of T1D.

HISTORY
Early histologic studies of pancreatic tissue of diabetes 
patients who died shortly after clinical onset revealed 
that the pancreatic islets were altered by fibrosis, hyali-
nosis, atrophy, and infiltration of inflammatory cells.6 
The inflammatory lesion of the islets of Langerhans was 
later described as insulitis,7 and quantitative studies of the 
pancreatic islets showed a specific loss of insulin-produc-
ing cells in association with clinical onset of T1D.8,9 The 
rediscovery of insulitis9 was of major significance, espe-
cially because it was later observed that autoimmune thy-
roid disease often developed in diabetic patients treated 
with insulin or, conversely, that patients with diseases of 
autoimmune character (e.g., Grave’s disease, Hashimo-
to’s thyroiditis, pernicious anemia, and Addison’s disease) 
had an increased prevalence of T1D.10 It was therefore 
suggested that the pathogenesis of T1D involved autoim-
mune reactions directed toward the endocrine pancreas. 
This notion was supported by leukocyte migration inhi-
bition to pancreatic islet antigens.11 Numerous studies 
have confirmed the presence of insulitis12,13; however, in 
spite of the assumption that T1D is a T-cell–mediated dis-
ease, reproducible and standardized tests of blood T-cell 
reactivity against islet autoantigens are yet to be fully 
established.14 Long-sought-for islet cell antibodies (ICA) 
were described in 1974,15,16 islet cell surface antibodies 
(ICSA) in 1978,17 and complement-dependent antibody-
mediated islet cell cytotoxicity in 1980.18 The first antigen 
recognized by islet antibodies, an islet protein of 64,000 
relative molecular mass (Mr), or 64 K, was described in 
1982.19,20 Later, the 64-K protein was found to have glu-
tamic acid decarboxylase (GAD) activity,20 but molecular 
cloning showed that the human islet GAD was a novel 

isoform, GAD65.21 Autoantibodies to insulin were dem-
onstrated in 1983;22 to insulinoma-associated antigen 2 
(IA-2), a receptor-type protein tyrosine phosphatase, in 
1994;23 and to the ZnT8 transporter in 2007.24 In contrast 
to T-cell analyses, GAD65 and IA-2 autoantibodies may 
be determined in standardized assays.25 Taken together, 
ample evidence exists that islet cell autoimmunity is of 
major importance in the etiopathogenesis of T1D.

DEFINITION
T1D results from selective destruction of the β cells in 
the pancreatic islets, leading to absolute lack of insulin 
and hyperglycemia.4 The β cells are principally destroyed 
by an aggressive autoimmune process, which is medi-
ated but not limited to infiltration of CD4+ and CD8+ 
T cells, as well as macrophages, resulting in insulitis. An 
improved understanding of these processes is obtained 
in animals with spontaneous T1D, most prominently the 
NOD mouse and the BB rat. These animals allow detailed 
genetic and experimental observations prior to onset 
of diabetes and facilitate preclinical trials to develop 
approaches of prevention and intervention.26

SYMPTOMS AND SIGNS
T1D is often thought to be a disorder of acute onset, and 
the clinical onset may be dramatic. Nevertheless, T1D 
may be discovered accidentally27 or associated with seri-
ous, life-threatening diabetic ketoacidosis (DKA). Over 
the years, however, numerous reports have noted that 
signs of subclinical diabetes precede the clinical onset. In 
addition, in adult diabetes patients classified with T2D, a 
change sometimes occurs from an insulin-independent to 
insulin-dependent state.

T1D is said to have four major clinical phases: pre-
clinical diabetes, overt diabetes, partial remission phase 
(honeymoon), and chronic phase of lifelong dependency 
on injected insulin.28 It is now accepted that autoantibod-
ies against GAD65, insulin, IA-2, or ZnT8, alone or in 
combination, may be present up to several years before 
the clinical onset of the disease.24,29,30 The possibility that 
islet autoimmunity might be present long before symp-
toms of hyperglycemia occur makes it difficult to define a 
causative factor. The clinical onset is not likely to occur 
until a major loss (80% to 90%) of islet β cells and their 
functional capacity has occurred. Currently it is not pos-
sible to determine the human β cell mass or volume. β cell 
function tests are affected by both β cell mass and insulin 
sensitivity.31 It is therefore not possible to relate clinical 
onset to β cell mass, especially since some reports suggest 
that around 40% to 50% of β cells may be viable, owing 
to β cell regeneration at the time of overt hyperglycemia.27

The occurrence of DKA is more commonly seen with 
new-onset disease, especially in children younger than  
4 years of age (Fig. 39-1), but it is not specific to T1D and 
may also occur in T2D.32 DKA occurs invariably in dif-
ferent populations, ranging from 15% to 67% of patients 
in Europe and North America, whereas in the develop-
ing world, around 80% of children with T1D present 
initially with DKA.33 Typically the child is acidotic with 
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acetone fruity odor, air hunger and Kussmaul respiration, 
abdominal pain, nausea and vomiting, and polyuria and 
polydipsia (see Fig. 39-1). The child has hyperglycemia, 
glucosuria, ketonemia, and ketonuria. Without timely 
management, severe fluid and electrolyte depletion soon 
develop, with signs of hypoperfusion and deterioration 
in level of consciousness due to cerebral edema that may 
lead to coma and death (see Fig. 39-1).

Because T1D is detected in the majority of patients after 
a relatively short period of symptoms, such as increased 
thirst, polyuria, and unexplained weight loss, the natu-
ral history of the disease has been poorly defined until 
recently. With the current ability to define individuals at 
high risk for T1D based on high-risk HLA and islet auto-
antibody positivity, our understanding of the prediabetic 
period is improving. Current prospective studies of chil-
dren with increased risk for T1D (TEDDY, DIPP, DAISY, 
DiPiS, BABYDIAB, PANDA)34,35 have revealed that auto-
antibodies to GAD65, IA-2, or insulin and decreased abil-
ity to release insulin in response to glucose36 may develop 
several years before the clinical diagnosis of diabetes. The 
sequence of events preceding the diagnosis of overt T1D 
would include the following: (1) genetic predisposition, 
(2) immunologic abnormalities with normal glucose lev-
els, (3) development of β cell dysfunction, (4) development 
of overt hyperglycemia with detectable C peptide, and (5) 
the final stage of insulin dependency, with disappearance 
of C peptide (Fig. 39-2). The fact that T1D develops in 
individuals of all ages must be taken into account when 
studying the natural history in children and adults. It is of 
significance that T1D is often associated with other auto-
immune diseases such as autoimmune thyroiditis (15% to 
30%), Addison’s disease (0.5%), and celiac disease (4% 
to 9%). Additionally, the risk for autoimmune diseases is 
increased among relatives to T1D patients.37

DIAGNOSTIC CRITERIA
The basis for distinction between T1D and T2D is islet 
autoimmunity and the patient’s dependence on insulin. 
Recent Genome-Wide Association Studies (GWAS) also 
indicate that non-HLA genes associated with T1D are not 
shared with genes associated with T2D. Most patients 
have a history of polyuria, polydipsia, and unexplained 
weight loss (see Fig. 39-1). The American Diabetes Asso-
ciation (ADA)4 and the International Society for Pediatric 
and Adolescent Diabetes (ISPAD)28 have recommended 
diagnostic criteria for T1D (Table 39-1).

Evidence has been presented that adult-onset T2D 
may progress to insulin dependence at a rate of 1% to 
2% per year.3 This rate is increased in GAD65 autoan-
tibody–positive patients classified with T2D,38 and this 
form of T1D has variably been termed type 1.5 diabe-
tes, latent autoimmune diabetes in adults (LADA), or 
slowly progressive insulin-dependent diabetes mellitus 
(SPIDDM).39

Glucose tolerance tests, both oral and intravenous, 
are used to evaluate diabetic states. The oral glucose tol-
erance test (OGTT) is a diagnostic criterion (see Table 
39-1). Although glucose tolerance tests are more impor-
tant in disorders of impaired glucose tolerance and T2D, 
they may also find an increased use in the prediction and 
diagnosis of T1D.40

CLASSIFICATION
T1D may be classified into two main types: immune-
mediated, or type 1A, and the uncommon idiopathic, 
or type 1B (∼10% of patients). Unlike immune-medi-
ated T1AD, T1BD is not associated with islet auto-
antibodies or HLA, although both forms can involve 
ketoacidosis.4,5

Figure 39-1 Pathophysiologic mechanisms 
and clinical presentations in type 1 diabetes 
(T1D). The clinical presentation in T1D can 
be classical or emergency diabetic ketoacido-
sis (DKA), depending on the extent of insulin 
deficiency, effects of counteracting hormones, 
and other conditions. DKA can be viewed 
as an exaggerated compensatory physiologic 
mechanism.

INSULIN DEFICIENCY
(and excess Glucagon, Catecholamines, Growth Hormone, and Cortisol)

↑ Glycogenolysis ↑ Gluconeogesesis
↑ Proteolysis
and lipolysis

β−Oxidation of FFA* from
lipolysis

Ketonemia and
ketonuria

Ketoacidosis

Vomiting

Hyperventilation

Coma and
death

Cerebral
edema

D
K

A
: em

ergency presentation

C
la

ss
ic

al
 p

re
se

nt
at

io
n

Hyperglycemia

Glycosuria
osmotic diuresis

Fluid and electrolytes
loss

*FFA = free fatty acids

Low tissue perfusion
and lactic acidosis

Dehydration

Polyuria

Polydipsia

Weight loss

Polyphagia



67539 TYPE 1 (INSULIN-DEPENDENT) DIABETES MELLITUS: ETIOLOGY, PATHOGENESIS, PREDICTION, AND PREVENTION

EPIDEMIOLOGY

Prevalence
The prevalence of T1D is low compared with that of T2D. 
Among individuals 30 years of age or younger, the preva-
lence of T1D does not usually exceed about 0.3%, com-
pared with prevalence rates for T2D of 4.2% worldwide 
populations and nearly 25% in certain high-risk popu-
lations.33 While current attention is directed toward the 
trends of the “epidemic” of T2D, epidemiological data sug-
gest that there is a “parallel rise” in the incidence rates of 
both T1D and T2D.41 Both geographical and ethnic varia-
tions are seen in the prevalence rates. The International 
Diabetes Federation (IDF) estimates that in 2006 there 
were 440,000 cases of T1D among children younger than 
15 years of age, and that Southeast Asia contributes to one 
fourth of the prevalent cases, while Europe contributes to 

one fifth.33 It has been pointed out that the results of preva-
lence studies should be viewed with caution. Different age 
groups were studied,4,33 and although geographical varia-
tion may be related to variations in genetic predisposition, 
environmental risk factors, or both, it may also be due to 
some research methodological problems.33 In addition, it 
is unclear whether recently observed increases in incidence 
rates worldwide reflect a change in the age at onset of dia-
betes or a true increase in prevalence of T1D.42

Incidence
The incidence rate is the frequency with which new cases 
of T1D are detected during a defined period. The rate is 
expressed as an annual number of cases per 100,000 age-
corrected individuals. A determination of incidence rate 
therefore requires a precise knowledge of the total number 
of individuals in each age group and the number of new 
patients diagnosed in the particular area during 1 year. 
Determinations of secular trends constitute an important 
part of population-based epidemiologic studies. How-
ever, such analyses are rare because they require careful 
follow-up investigations during several subsequent years.

Globally, the current rise in incidence rates by 3% 
(2% to 5%) is expected to increase 40% higher in 2010 
compared to figures from 199843,44 (Fig. 39-3). It was 
estimated that more than 70,000 new patients are diag-
nosed each year worldwide.33 There are more sugges-
tions that the increasing incidence rates and changing 
trends are seen in populations with high incidence and 
populations with previously lower incidence rates.27 
Over the last 3 decades, T1D has shown temporal trends 
in most of the regions of the world except Central Amer-
ica and the West Indies, while European data showed 
that the main recent rise in incidence rates is in Central-
Eastern countries.43 Other studies such as EURODIAB44 
and DiaMond45 have attempted to better define the 
incidence rates in various populations by using prospec-
tive, population-based, geographically defined registries. 

Figure 39-2 Natural history and etiology of type 1 diabetes 
(T1D). Several genetic and environmental factors are impor-
tant in the etiology of T1D. Autoimmune markers (IAA, GAD-
65Ab, IA-2Ab, and ZnT8Ab) can be detected in the prediabe-
tes phase long before clinical onset.
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TABLE 39-1 Criteria for the Diagnosis of 
Diabetes

 1.  Fasting plasma glucose (FPG) ≥126 mg/dL (7.0 mmol/L). 
 Fasting is defined as no caloric intake for at least 8 hours.*
OR

 2.  Symptoms of hyperglycemia and a casual plasma glucose ≥200 
mg/dL (11.1 mmol/L). Casual is defined as any time of day 
without regard to time since last meal. The classic symptoms 
of hyperglycemia include polyuria, polydipsia, and unex-
plained weight loss.
OR

 3.  2-hour plasma glucose ≥200 mg/dL (11.1 mmol/L) during an 
oral glucose tolerance test (OGTT). The test should be per-
formed as described by the World Health Organization, using 
a glucose load containing the equivalent of 75 g anhydrous 
glucose dissolved in water.*

From American Diabetes Association: Standards of medical care in 
diabetes—2008. Diabetes Care 31(Suppl 1):S12-S54, 2008.

*In the absence of unequivocal hyperglycemia, these criteria should be 
confirmed by repeat testing on a different day.
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Overall, the average annual incidence rate varies widely, 
from 0.1 per 100,000 children in parts of Asia and South 
America43,46 to 64.2 per 100,000 in Finland.47 World-
wide epidemiologic investigations of T1D as a noncom-
municable disease indicate a 4% to 6% annual increase 
in incidence rate in Scandinavia,33,44 and similar data 
are being collected in other countries.48 Pooled data 
from all sites in the EURODIAB study demonstrated an 
annual rate of increase in incidence of 3.4%, with more 
rapid rates of increase occurring in certain regions.43,44 
About 1% of all children born in Scandinavian countries 
will manifest T1D during their lifetimes. The causes of 
this rapid rise are not understood, and further studies 
are needed to define to what extent the rise may be due 
to environmental factors, genetic admixture, or both.

Geographical Distribution
T1D may occur in any region of the world, and recently 
it was observed that the incidence is increasing in coun-
tries with both high and low incidence rates; in the lat-
ter group, the rise is steeper.43,48 However, it is suggested 
that the incidence of T1D increases with increasing dis-
tance away from the equator (see Fig. 39-3). The annual 
incidence of T1D is higher in northern Europe than in the 
Mediterranean area, with the exception of Sardinia. Fur-
thermore, the incidence in Iceland is lower than that in 
Sweden or Finland.43,44 Surprisingly, the T1D incidence 
rate in Estonia is about 25% of the rate in Finland, in 
spite of their close geographic proximity and comparable 
genetic background.49 The incidence rates within coun-
tries also show stable differences. The eastern and south-
ern parts of Finland,50 as well as the central and southern 
parts of Sweden,51 have higher incidence rates than the 
northern parts of those countries.

The cause of geographic variation remains unknown, 
but it has been speculated to be related to genetic fac-
tors primarily associated with different HLA-DR or 

DQ genotypes of the major histocompatibility complex 
(MHC) on chromosome 6. HLA class II molecules from 
the DQ and DR loci that are necessary (but not sufficient) 
for disease vary greatly between countries and thereby 
affect disease incidence.49,52,53 In addition, environmental 
factors are important in understanding the etiology and 
pathogenesis of T1D and may also help to explain differ-
ences in geographic distribution. This is supported by the 
observation that monozygotic twins show less than 20% 
to 30% concordance rates for T1D.54

In the European region, incidence rates show correla-
tion with the frequency of HLA susceptibility genes in 
the general population.52,55 In this region, there is also 
wide variation in incidence rates, ranging from 6 to 62 
cases/100,000/year among children 0 to 14 years of age, 
with higher rates observed in Scandinavian countries, espe-
cially in Finland and Sweden.44,47 In countries with popu-
lations of European origins, there is less variation: Canada 
reports 21/100,000/year, the United States 16/100,000/
year, and New Zealand and Australia have incidence rates 
ranging from 16 to 20 cases/100,000/year.43 In the Middle 
East and North Africa, few reliable data are available. The 
incidence rates range from 1.0/100,000/year in Pakistan 
to 8 to 12 cases/100,000/year in Egypt, Sudan, and Libya; 
however, reports from Kuwait showed a rise in incidence 
rates from 15.4 in 1992 to 20.9 in 1997. There are few 
published data from the Southeast Asian region, and data 
from the African region are mostly lacking. In South and 
Central America, the incidence rates are low, except for 
Argentina, 6.8, and Uruguay, 8.3 cases/100,000/year. The 
Western Pacific countries have low incidence rates, espe-
cially China, which has one of the lowest incidence rates 
worldwide, ranging from 0.1 to 0.6 cases/100,000/year 
(see Fig. 39-3).43,48

It has been documented that migration of people from 
relatively low incidence countries into countries with a 
“diabetogenic” environment (i.e., with high incidence rates) 

Figure 39-3 Incidence rates of 
type 1 diabetes (T1D), 0 to 14 
years: global trends in childhood 
T1D. The incidence of T1D varies 
widely, depending on genetic back-
ground and geographic location.  
(From International Diabetes Fed-
eration [IDF]. World atlas of diabe-
tes. Brussels:International Diabetes 
Foundation, 2006, with permission.)
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increases the risk among the migrant groups. Migrants, 
within a short period of time, assume comparative risks 
of the native population, and several studies confirmed the 
importance of country of origin in the risk for T1D.56,57 
Improved epidemiology and better diagnostic criteria to 
distinguish different forms of diabetes are critical in obtain-
ing reliable incidence rates for various countries and states.

Variation with Age
Until recently, T1D was thought to occur almost exclu-
sively in children and adolescents (Table 39-2). Epidemi-
ologic studies with rigorous diagnostic criteria4 suggest, 
however, that the clinical onset of T1D may occur at any 
age. The incidence rate varies with both age and gen-
der (Fig. 39-4). The peak for both girls and boys, 11 to  
14 years of age, has been discernible in most studies and 
seems to be present irrespective of the country or area 
studied.44,46,48 This peak is associated with puberty and 
the maximal velocity of pubertal growth, and it may be 
associated with reduced insulin sensitivity due to hor-
monal factors related to growth. Previous studies have 
suggested that the annual rate of increase in incidence is 
higher in younger age groups, with rates of 6.4% for chil-
dren 0 to 4 years of age, 3.1% for children 5 to 9 years 
of age, and 2.4% for children 10 to 14 years of age.44 
In children, minor incidence peaks occur at 4 to 6 years 
of age58 and 7 to 8 years of age,59,60 which have been 
associated with entrance into preschool or school pro-
grams.61 Recent data suggest that around 50% to 60% 
of cases of T1D in Western countries occur before the 
15th birthday, and that more than 90% of childhood and 
adolescent diabetes is T1D.55 Epidemiologic investigation 
has indicated that the incidence rate of T1D in patients 
older than 20 years of age is lower than that seen in chil-
dren, except for a possible peak at around 50 to 65 years 
of age.62 In addition to adults having what is considered 
a more classic T1D clinical picture, some adult patients 
initially classified and treated as having T2D may require 
insulin after 1 to 5 years of therapy with diet, exercise, or 
oral hypoglycemic agents.38,39 As noted earlier, this type 
of diabetes is referred to as type 1.5 diabetes, latent auto-
immune diabetes in adults (LADA), or slowly progres-
sive insulin-dependent diabetes mellitus (SPIDDM).39,63 
These patients are positive for islet autoantibodies and 
have lower body mass index (BMI) and higher frequen-
cies of high-risk HLA types compared with other “type 2”  

patients.63 It is speculated that these patients in fact have 
T1D in addition to genetic factors that may inhibit rapid 
progression of β cell killing.62

Although rare, some forms of diabetes mellitus can 
occur in the newborn period, at birth, or during the first 
months of life. Neonatal diabetes (NDM) describes one 
kind of diabetes that occurs in the first month (up to 
6 months) of life at a rate of 1 in 500,000 live births. 
It is characterized by insulin-sensitive hyperglycemia. 
About half of cases of NDM are transient (TNDM), but 
the remaining progress into a permanent (PNDM) type, 
with lifelong dependence on exogenous insulin. Clini-
cally the infant is thirsty, with excessive urination and 
hyperglycemia and/or glycosuria, but the condition may 
progress into ketoacidosis. PNDM usually proceeds after 

TABLE 39-2 Severity of Symptoms at Onset, HbA1c Goals, and Treatment for Type 1 Diabetes by Age

Age Group (Years)
Severity of Symptoms at 
Onset

PBG Goal Range (mg/dL) 
Bedtime/Overnight A1c Rationale Treatment

Toddlers and 
preschoolers 
(0-6)

+++ 110-200 <8.5% (but >7.5%) High risk for 
hypoglycemia

++

School age (6-12) ++ 100-180 <8% Risk for hypogly-
cemia

+

Adolescents and 
young adults 
(13-19)

+ 95-150 <7.5% Risk for severe 
hypoglycemia

+++

Modified from American Diabetes Association: Standards of medical care in diabetes—2008. Diabetes Care 31(Suppl 1):S12–S54, 2008. A1c, 
 Hemoglobin A1c; PBG, plasma blood glucose; T1DM, type 1 diabetes mellitus.
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Figure 39-4 Age-adjusted incidence of insulin-dependent diabetes 
mellitus in relation to age at onset in male and female subjects. (Data 
from Nystrom L, Dahlquist G, Ostman J, et al: Risk of developing 
 insulin-dependent diabetes mellitus [IDDM] before 35 years of age: in-
dications of climatological determinants for age at onset. Int J  Epidemiol 
21:352-358, 1992, with permission.)
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the second year, and differentiation between the two 
forms can only be done through genetic testing. TNDM 
occurs at birth up to 3 to 6 months and is correlated to 
defects in the following specific genes: ZAC/HYMAI 
(ZAC pleomorphic adenoma gene-like 1, or PLAG1, and 
hydatidiform mole–associated and imprinted transcript, 
HYMAI); KCNJ11, the moderately activating mutation 
of the Kir6.2 gene; hepatocyte nuclear factor 1β (HNF1β); 
and SUR1 (sulfonylurea receptor 1). PNDM, on the other 
hand, is related to several gene defects, such as pancreatic 
aplasia; activating mutations of KCNJ11 of the Kir6.2 
gene that encodes for ATP potassium channel (KATP); the 
ABCC8 gene of sulfonylurea receptor 1 (SUR1); complete 
deficiency of the glucokinase IPF1 (PDX1) gene, which 
encodes insulin promoter factor1; PTF1A, which encodes 
the pancreas transcription factor 1A; and also mutations 
in the forkhead box p3 (FOXP3) gene (also known as 
T-cell regulatory gene).64

Variation with Gender
It has been reported that the peak incidence in girls occurs 
earlier than in boys59 (see Fig. 39-4). If the clinical onset 
of T1D is linked to pubertal growth, this difference in 
incidence rate can be explained by the fact that pubertal 
growth occurs earlier in girls. In children followed from 
birth because of T1D genetic risk, the male-to-female 
ratio was 1.4:1.0 before 6 years of age at T1D diagno-
sis. This ratio was increased (1.7:1.0) among children 
younger than 18 months of age.65 Prepubertal boys were 
found to be taller at the clinical onset of T1D.60 In addi-
tion, newly diagnosed children of both genders showed 
advanced skeletal maturity.66 Even if boys tend to show 
an increased height compared with controls, their growth 
seems to cease about 35 weeks before the clinical onset 
of T1D.60 It therefore is possible that processes affecting 
the pancreatic β cell mass and the ability to produce insu-
lin may have profound effects on body growth and func-
tion at a young age. Because these processes differ slightly 
between boys and girls, growth characteristics may offer 
a simple explanation for the differences seen in incidence 
rates between the genders.

A study that examined sex differences in T1D incidence 
before 15 years of age showed a slight male preponder-
ance in many but not all European countries, whereas a 
female preponderance was found in most African and 
Asian countries.67 Interestingly, the male excess was seen 
in all countries with the highest incidence rates (>20/105/
year), whereas a female excess was seen in all countries 
with low incidence rates (<4.5/105/year). Studies of older 
age groups have consistently shown a male preponder-
ance for new cases of T1D, with male/female ratios rang-
ing from 1.3 to 2.5:1.68 One registry of T1D among 15- to 
34-year-olds (see Fig. 39-4) demonstrated that T1D was 
1.5 times more common in men than in women.61 Further 
studies are necessary to document gender-dependent inci-
dence rates and to explain their mechanisms.

Seasonal Variations
T1D shows cyclic, sinusoidal appearance of seasonal 
variation in date of diagnosis, with a peak in winter 
months.48 This variation is proposed to be related to 

the timing of occurrences of certain precipitating factors 
such as viral infection and cold climate.48 It is of interest 
that islet cell autoantibodies appearing during the pre-
diabetic state follow similar seasonal variations, being 
more prevalent in colder months and rare in summer 
and spring. Additionally, the triggering of β cell autoim-
munity appears to have variable trends over subsequent 
years and does not equally affect genetically susceptible 
siblings.69 These observations suggest that triggering of 
immunologic markers may be related to factors (most 
likely viruses) that prevail mostly in colder months with 
variable frequency of occurrence.

ETIOLOGY
The absence of an unambiguous mode of inheritance, 
the presence of a period of subclinical islet autoimmunity 
preceding clinical onset of disease, human leukocyte anti-
gen (HLA) genes that control the immune response, and 
age and seasonal variation must be taken into account in 
attempts to explain the cause of T1D. A defined etiologic 
factor, endogenous or exogenous, capable of causing T1D 
remains to be identified (see Table 39-5). Because evi-
dence exists of genetic heterogeneity in T1D, it is possible 
that different causative factors are responsible. In experi-
mental animals (see Table 39-5), both viral and chemical 
agents have been used to induce diabetes reproducibly, 
and certain strains of animals are at higher risk for devel-
oping diabetes due to genetic factors. In addition, only 
indirect evidence suggests that environmental factors that 
are clearly diabetogenic in animals are involved in initiat-
ing T1D in humans. The following is a brief summary of 
possible genetic or environmental factors that are associ-
ated with the appearance of T1D.

Inheritance
The mode of inheritance is complex, and around 80% to 
85% of newly diagnosed T1D patients occur sporadically 
without familial aggregation.52 Among HLA-identical 
siblings of T1D-affected patients, about 20% eventually 
manifest the disease. The overall lifetime risk for first-
degree relatives has been estimated at about 8% for sib-
lings—15 times higher than the general population—and 
5% for children of parents with T1D.70 The risk for T1D 
among offspring ranges from 2% to 4% if the mother 
was affected, compared to 6% to 9% if the father was 
affected, and the risk tolls to 30% when both parents are 
affected.52,70

Genetic Factors
T1D is both genetically associated with and linked to cer-
tain HLA genetic factors of the major histocompatibility 
complex (MHC).71,72 By using DNA sequence informa-
tion in the genetic analysis, it is found that more than 
95% of all patients in whom T1D onset occurred before 
30 years of age are positive for the chromosome 6 HLA 
haplotypes DRB1*04-DQAI*0301-BI*0302, DRBI*03-
DQA1*0501-BI*0201, or both. Although some 40% 
to 50% of the background population carry these HLA 
factors, they represent necessary but insufficient prerequi-
sites for the development of T1D. It has been estimated 
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that HLA contributes about 60% of T1D risk among 
first-degree relatives to T1D patients. Hence it is not 
surprising that less than 10% of genetically susceptible 
subjects develop the disease.68 Other genetic factors have 
indeed been identified,73,74 but none has shown a level of 
importance comparable to that of HLA.

The HLA haplotypes DRB1*04-DQAI*0301-BI*0302 
and DRBI*03-DQA1*0501-BI*0201 are the two major-
risk haplotypes71,75 (Table 39-3). The most important 
alleles are DQB1*0302 and DQB1*0201, along with 
DRB1*03. DRBI*04 is a large family of related mol-
ecules, and DRB*0401 confers an independent risk, 
whereas DRB1*0403 is negatively associated with T1D 
and may protect or decelerate an ongoing disease pro-
cess.75 DRB1*03 seems to be more important than 
DQB1*0201, as only DRBI*03-DQA1*0501-BI*0201, 
not DRBI*07-DQA1*0501-BI*0201, confers T1D risk. 
DQB1*0401 and DQB1*0404 are susceptibility alleles 
on the DRB1*04-DQAI*0301-BI*0302 haplotype. 
DQB1*0604 and DQB1*0501 are susceptibility alleles, 
together with either DRBI*03-DQA1*0501-BI*0201 or 
DRB1*04-DQAI*0301-BI*0302. The genetic linkage and 
association between T1D and HLA is remarkable in that 
certain HLA haplotypes are protective. Most prominently, 
DQA1*0102-B1*0602 and DQA1*0102-B1*0603 are 
protective before 15 years of age (see Table 39-3). The 
detailed mechanisms by which HLA confers either risk or 
resistance is not fully understood.76 The function of these 
molecules is to display peptide antigens to be recognized by 
T-cell receptors (TCR) on CD4-positive T cells. The disease 
association may therefore be related either to an inability 
to induce immunologic tolerance to certain autoantigens 
or to antigen presentation of an endogenous autoantigen. 

In the first case, the subject may be exposed to infectious 
agents that mimic autoantigens. Reactivity to the infectious 
agent sets off an immune response that cross-reacts with 
self. In the second case, the immune reaction may result 
in a direct attack on the individual’s own cells through the 
recruitment of CD8-positive T cells, which express TCRs 
that recognize autoantigen-peptides displayed on HLA 
Class I heterodimers on the beta cell surface.

The genetics of T1D is studied extensively because it 
represents a paradigm for genetically complex diseases. 
Genome screens and studies on candidate genes have 
provided evidence for genetic linkage between polymor-
phic DNA markers, and more than 40 putative T1D sus-
ceptibility genes have been detected in GWAS. Details 
and illustrations are found at the T1Dbase website (htt
p://www.t1dbase.org/page/Welcome/display). Currently, 
it has been shown that PTPN22 (chr.1p13), CTLA-4 
(chr.2q33), IFH1 (chr.2q24), IL2 (chr.4q27), ITPR3 
(chr.6p21), IL2RA (chr.10p15), INS-VNTR (chr.11p15), 
TH (chr.11p15), ERBB3 (chr.12p13), C12orf30 
(chr.12q24), CLEC16A/KIAA0350 (chr.16p13), PTPN2 
(chr.18p11) genes and two recently identified novel loci, 
BACH2 (chr.6q15) and UBASH3A (chr.21q22)77 are all 
associated with increased T1D risk (Table 39-4). Refer-
ences to these individual genetic factors are found at the 
T1DBase website.

Taken together, however, these and other genetic fac-
tors have limited effects on the relative risk for T1D. It 
needs to be determined if these genetic factors contribute 
to T1D by being protective or if they have an additive or 
potentiating effect on the risk provided by HLA. It also 
needs to be determined if the respective genes confer risk 
for islet autoimmunity, progression to clinical onset of 
diabetes, or both. The mechanisms by which these factors 
contribute to appearance of either islet autoantibodies, 
clinical onset, or both, remain to be clarified. It is noted 
that most of the genetic factors linked to T1D risk are 
involved in the function of the immune system. This is 
distinctly different from GWAS in T2D where the genes 
are all related to beta cell function or metabolism.

Environmental Factors
T1D is characterized by a multifactorial web of envi-
ronmental factors (Table 39-5). The interaction between 
genetic and environmental factors and the aggressive 
islet autoimmune phenomena is complex. The fact that 
the disease has a relatively long latent period, in which 
autoimmunity is triggered long before the onset of the 
clinical syndrome (see Fig. 39-2), indicates a role of envi-
ronmental factors as initiators or promoters in relation 
to genetic predisposition.68 Several environmental fac-
tors are incriminated in the etiology of T1D, but linking 
is indirect, and a definite proof of confirmed association 
for each factor is yet to be achieved, since the majority 
of investigations have been carried out at the time of 
clinical diagnosis and not in relation to the time of islet 
autoimmunity.

Viral Infection
There are numerous reports of individual cases in which 
T1D onset followed an acute viral infection, borne out 

TABLE 39-3 Class II HLA Haplotype Risk Genes 
for Type 1 Diabetes in Caucasians

Effect HLA Locus

Susceptibility* DRB1 DQA1 DQB1 Abbreviation

S1 0405 0301 0302 DQ8
S2 0401 0301 0302 DQ8
S3 0301 0501 0201 DQ2
S4 0402 0301 0302 DQ8
S5 0404 0301 0302 DQ8

Protection†

P1 0701 0201 0303
P2 1401 0101 0503
P3 1501 0102 0602 DQ6
P4 0403 0301 0302

Modified from Erlich H, Valdes AM, Noble J, et al: HLA DR-DQ hap-
lotypes and genotypes and type 1 diabetes risk. Analysis of the Type 
1 Diabetes Genetics Consortium families. Diabetes 57:1084—1092, 
2008.

*The five most susceptible (S).
†The four most protective (P).
The most common high-risk haplotype is: HLA DR4-DQ8 

(DQBI*0302-A1*0301).
The most common moderate-risk haplotype is: HLA DR3-DQ2 

(DQB1*0201-A1*0501).
The most common high-risk genotype is: heterozygous DR3-DQ2/

DR4-DQ8.

http://www.t1dbase.org/page/Welcome/display
http://www.t1dbase.org/page/Welcome/display
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by subsequent animal studies in which viruses have been 
shown to have diabetogenic activity.78 The first case 
linking T1D to an acute viral infection was reported in 
the late nineteenth century; the onset of T1D appeared 
to be precipitated by a mumps infection in a child.79 
Many similar reports have followed since,78,80 and, 
taken together, these reports suggest a relation between 
the clinical onset of T1D and several viruses including 
rubella, mumps, coxsackievirus B, rotavirus, cytomegalo-
virus, and Epstein-Barr virus.78 The true relation between 
these viral diseases and the clinical onset of T1D remains 
conjectural.

Viruses are thought to increase the risk for T1D through 
different proposed mechanisms. Whereas some viruses 
induce a rapid and direct effect, causing β cell destruction 
and subsequent insulin deficiency, other viruses induce a 
slower, long-standing effect through activation of autore-
active T cells. Viruses may also inhibit insulin production 
by inducing interferons and HLA antigen expression, or 
they may mimic autoantigens of β cells.78,80

T1D develops in individuals who are positive for 
HLA-DR3-DQ2, DR4-DQ8, or both (discussed earlier). 
The DQ6 haplotype containing DQB1*0602 confers 
resistance among children. Because these specificities are 
present in about half the population, a virus inducing 

either islet autoimmunity, clinical onset of T1D, or both, 
may not be spread effectively enough to cause disease. In 
addition, variations in the annual incidence rate are often 
taken as evidence of an involvement of virus. An annual 
variation was found in a population of 15- to 34-year-
olds, with lower numbers of new patients being identified 
during the summer months.48,69 In the group of children 
younger than 6 or 7 years of age who have T1D, how-
ever, this annual variation is not always present.51,81

Earlier studies suggested that the congenital rubella 
syndrome was strongly associated with T1D; approxi-
mately 10% to 20% of children develop autoimmune 
T1D, and around 50% of them develop autoimmune 
antibodies.80 However, most countries with high inci-
dence, such as Finland and Sweden, had successfully 
implemented vaccination programs against rubella virus. 
Vaccination practices have prevented rubella epidemics, 
but they have not affected the incidence rate of T1D.

Maternal enteroviral infection during pregnancy also 
appears to be a risk factor for childhood T1D.82 It is 
therefore possible that gestational infections by many 
types of viruses affect the maturation of the immune sys-
tem, causing certain children to be more predisposed to 
autoimmunity and thereby increasing the risk for T1D. 
Prior exposure to measles, mumps, and rubella, but not 

TABLE 39-4 Non-HLA Genes Associated with Type 1 Diabetes (Confirmed Associations Loci)

Gene (Synonym) Description Location Function Association

PTPN22 (PEP, 
Lyp1, Lyp2, LYP, 
PTPN8)

Protein tyrosine phospha-
tase, non-receptor type 22 
(lymphoid)

Chr.1p13 Encodes tyrosine phosphatase; may be involved 
in regulating CBL function in the T-cell recep-
tor–signaling pathway

T1D and 22 
other diseases

CTLA-4 (DDM12, 
CELIAC3)

Cytotoxic T-lymphocyte–as-
sociated protein 4

Chr.2q33 Possible involvement in regulating T-cell activa-
tion

T1D and 99 
other diseases

IFH1 (MDA5, 
IDDM19)

Interferon induced with 
helicase C domain 1

Chr.2q24 Proposed involvement in innate immune defense 
against viruses through interferon response

T1D association

IL2 (lymphokine, 
TCGF)

Interleukin 2 Chr.4q27 Encodes a cytokine important for T cell and B 
cell proliferation; stimulates B cells, monocytes, 
killer cells, and NK cells

T1D and 39 
other diseases

ITPR3 (IP3R3) Inositol 1,4,5-triphosphate 
receptor 3

Chr.6p21.3 A second messenger that mediates the release of 
intracellular calcium

Strong T1D 
association

BACH2 (BTB and 
CNC homology 1)

Basic leucine zipper tran-
scription factor 2

Chr.6q15 Important roles in coordinating transcription 
activation and repression by MAFK (by simi-
larity)

T1D association

IL2RA (IDDM10, 
CD25)

Interleukin 2 receptor alpha 
(chain)

Chr.10p15 Receptor for interleukin 2 Strong T1D 
association

INS-VNTR (proinsu-
lin, ILPR, MODY)

Insulin Chr.11p15 Regulates glucose metabolism through adjusting 
central tolerance to insulin

T1D and 38 
other diseases

TH (TYH, The) Tyrosine hydroxylase Chr.11p15 Encodes a protein that converts tyrosine to 
dopamine; plays key role in adrenergic neuron 
physiology

T1D and 35 
other diseases

ERBB3 (c-erbB3, 
HER3, LCCS2)

v-erb-b2 erythroblastic 
leukemia viral oncogene 
homolog 3

Chr.12p13 Encodes a member of the epidermal growth fac-
tor receptor (EGFR) family of receptor tyrosine 
kinases; binds and is activated by neuregulin 
and NTAK

T1D and mul-
tiple sclerosis

C12orf30 (C12orf51, 
KIAA0614)

Similar to KIAA0614 
protein

Chr.12q24 Not yet determined T1D association

CLEC16A/KIAA0350 
(Gop-I)

C-type lectin domain family 
16, member A

Chr.16p13 Unknown; proposed to be related to immune-
modulation mechanisms

Strong T1D 
association

PTPN2 Protein tyrosine phospha-
tase, non-receptor type 2

Chr.18p11 Encodes a PTP family protein and may be related 
to growth factor–mediated cell signaling

T1D associa-
tion77

UBASH3A (TULA, 
CLIP4)

Ubiquitin-associated and 
SH3 domain-containing 
protein A

Chr.21q22 Promotes accumulation of activated target 
receptors, such as T cell receptors, EGFR, and 
PDGFRB

T1D associa-
tion77

From T1DBase. Available at http://www.t1dbase.org/page/Welcome/display.

http://www.t1dbase.org/page/Welcome/display
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vaccination, decreased the prevalence of pancreatic and 
thyroid autoantibodies.83 Maternal viral infections or 
reduced exposure to natural infections may be associated 
with an increase in T1D.

Enteroviruses, in particular the coxsackie B serotype, 
have been extensively studied at the time of clinical onset84 
but rarely in relation to the appearance of islet autoimmu-
nity.80 Coxsackie B4 virus was isolated from the pancreas 
of a child who died at presentation with T1D, propagated 
in the in-vitro cultures of endocrine pancreatic cells, and 
then shown to have diabetic activity in certain mouse 
strains.85 Coxsackievirus infection in the mouse seems 
to be associated with virus replication in the β cells, fol-
lowed by the formation of GAD65 antibodies.86,87 Two 
important hypotheses follow from these experiments. One 
hypothesis is that the coxsackievirus induces β cell neo-
antigens, which initiate an (auto)immune reaction. This 
hypothesis may be tested by analyzing the appearance of 
such neoantigens. The neoantigen may initiate a devastat-
ing reaction if its structure mimics a self-protein. In line 
with this hypothesis, a sequence in GAD65 is identical to 
that in a coxsackievirus antigen.88,89 Another hypothesis is 
that coxsackie B virus replication in β cells results in β cell 
necrosis and the formation of antibodies against β cell con-
stituents or “hidden antigens” not normally surveyed by 
the immune system.90 An autoimmune reaction is initiated 
that may escalate with time.

Other viruses incriminated in T1D etiology include 
rotavirus, which are common causes of childhood gas-
troenteritis. Rotavirus showed peptide sequences similar 
to T-cell epitopes in IA-2 and GAD65 autoantibodies, 
suggesting a possible role in T1D.82 Cytomegalovirus 
is a DNA virus that is thought to induce autoimmunity 
also through a molecular mimicry mechanism. Mumps 
virus was correlated to autoimmunity and even to overt 
T1D. Human endogenous retroviruses (HERV) were 
also reported to correlate with T1D.80 The large family 
of enteroviruses, including coxsackie and parechovirus, 
are investigated to test whether they are related to the 
appearance of islet autoimmunity.

In experimental animals (see Table 39-5), several 
viruses are known to induce T1D, either through direct 
effects on β cells, causing rapid destruction (e.g., encepha-
lomyocarditis virus EMC-D) or through the disruption 
of the normal immune regulatory mechanisms (e.g., Kil-
ham rat virus [KRV], which causes autoimmune diabetes 
in diabetes-resistant BioBreeding [DR-BB] rats).78 Other 
viruses (e.g., reovirus) were found to affect primarily 
the immune system of the host to induce a polyclonal 
autoantibody response. The production of autoantibod-
ies appeared to be closely related to the pathogenesis of 
disease in mice.86,87 Captured bank voles may develop 
T1D with islet autoantibodies and signs of parechovirus 
(Ljungan virus) infection, raising the question of whether 
there is zoonotic virus-inducing islet autoimmunity, T1D, 
or both.91

The virus-induced disease in mice depends on strain, 
because some mouse strains are resistant to the patho-
genesis of a virus that induces T1D in another strain. 
Similar strain dependency to the β cytotoxic agent strep-
tozotocin, followed by the inoculation of a diabetogenic 
virus, rendered otherwise virus-resistant mice diabetic.92 
This observation may be significant to humans because it 
is possible that repeated injuries to the pancreatic β cells 
over several years of life may eventually induce islet auto-
immunity and T1D. An additional role of HLA has been 
suggested, because it cannot be excluded that repeated 
injuries are particularly detrimental if the T1D-associated 
HLA alleles are linked with a poor regenerative capacity 
of the pancreatic β cells.

Hygiene Hypothesis
The hygiene hypothesis proposes that as living envi-
ronment is improved, children become less exposed to 
infectious agents, which leads to inadequate maturation 
of their immune systems. This hypothesis suggests that 
early exposure to pathogens may enhance the immune 
responses of those children, thereby suppressing autoim-
mune reactions involved in T1D pathogenesis. The latter 
suggestion is based on increasing incidences of diseases 
like asthma or other atopic disorders, in addition to the 
fact that T1D is more prevalent in developed societ-
ies. The hypothesis also suggests that younger children 
are more prone to infections, since they did not acquire 
antibodies against viruses (e.g., enterovirus antibod-
ies from their mothers), resulting in an increased risk 
for islet autoimmunity, T1D, or both, as well as other 
autoimmune diseases.80 Indeed, other studies reported 

TABLE 39-5 Viruses and Other Environmental 
Factors Implicated in or Able to Induce Type 1 
Diabetes

Comment

Factor Host Diabetes in Animals

Viruses
Coxsackie (RNA) Human Mice
Rubella (RNA) Human Hamsters
Mumps (RNA) Human None
Cytomegalovirus (DNA) Human Rat CMV in rats
Echovirus (RNA) Human None
Ljungan virus (RNA) Human Bank voles
Rotavirus (RNA) Human None
Diet and Nutrition
Cow’s milk protein/bovine 

insulin
Early introduction before  

4 months of age
Cereals/gluten Early introduction before  

4 months of age
High-calorie carbohydrates
Nitrosamine-containing 

foods
Vitamin-D deficiency
Growth, Body Size, and 

Weight Gain
Excess stress on β cells (accelerator 

hypothesis)28

Psychological Stress Possibly through changing the 
hypothalamic-pituitary-adrenal 
regulatory mechanism

Hygiene Theory Inadequate maturation of immune 
system and subsequent autoim-
mune reaction

Toxins
Pyriminyl (Vacor)
Pentamidine isothiocyanate
N-3-Pyridylmethyl-N’p’-

nitrophenylurea (PNU)



682 PART 5 DIABETES MELLITUS

higher maternal enterovirus antibodies in countries with 
lower incidence of T1D compared to countries with high 
incidence.82

Dietary Factors
The dietary hypothesis is based on earlier observations 
that breastfed children have a lesser risk for T1D. It was 
also noted that early exposure of infants younger than 
6 months of age to cow’s milk proteins may double the 
T1D risk, particularly in HLA high-risk children. Other 
studies described an association between islet autoim-
munity and shorter duration of breastfeeding, as well as 
early exposure of infants to bovine protein.93 The Dia-
betes Prediction and Prevention (DIPP) study of Finland 
reported a fivefold higher risk for multiple islet autoan-
tibodies among children with HLA DQB1 *0302 who 
received cow’s milk formula before 4 months of age. 
Similar associations between islet autoimmunity or T1D 
and intake of gluten, foods rich in protein, carbohydrates, 
and nitrosamine compounds were reported.94 Addition-
ally, early exposure to bovine insulin in cow’s milk was 
thought to induce autoantibodies against human insulin 
through cross-reaction.95 These findings are controver-
sial. The Diabetes Auto-Immunity Study in the Young 
(DAISY) found no evidence correlating cow’s milk, 
enteroviral infection, or vaccinations with increased T1D 
risk.96 Similarly, the EURODIAB Substudy-2 Group sug-
gested that rapid growth, rather than cow’s milk or early 
introduction of solid food, would explain the increased 
incidence of T1D.97 The islet autoimmune processes in 
the spontaneously diabetic NOD mouse and some BB rats 
were easily inhibited by dietary manipulation.98 Studies 
in inbred and pathogen-free laboratory rodents under-
score the possible importance of the gut immune system 
in T1D. Randomizing children born to mothers with T1D 
to neutramigen failed to protect the children from islet 
autoimmunity.

Maternal Factors
Several maternal factors were reported to increase the risk 
for T1D in children. Higher maternal age (and, to a lesser 
extent, paternal age) at the time of delivery increased the 
risk for T1D in the offspring. Exposure of the mother, as 
mentioned earlier, to enteroviral infection, colder season 
of delivery, ABO blood group incompatibility, maternal 
islet autoantibodies, or eclampsia all increased the risk 
for T1D.99 An analysis of nondiabetic mothers with islet 
autoantibodies at delivery indicated that an association 
between HLA and islet autoimmunity may depend on 
environmental exposure during pregnancy.30,82 Follow-
up of mothers and children will determine the risk for 
T1D. However, mothers who developed T1D after 8 years 
of age confer lower risk on their offspring compared to 
fathers with T1D. On the other hand, birth order seems 
to have a positive association with the risk for T1D, since 
the first child carries the highest risk, and this risk declines 
by 15% with each new child.99 In the NOD mouse, it 
was reported that obliteration of the maternal transmis-
sion of antibodies inhibited the T-cell-mediated destruc-
tion of islet β cells.100 These and other investigations, in 
humans as well as in laboratory animals, underscore the 

importance of clarifying whether transmission of mater-
nal autoantibodies affects the incidence of T1D in suscep-
tible offspring.

Birth Weight and Growth Rate
Several studies suggest a positive association between 
T1D HLA risk and an increase in perinatal and postnatal 
growth. Children with higher weight-for-height or BMI 
during infancy or childhood have a greater T1D risk.101 It 
has also been suggested that high energy intake (particu-
larly disaccharides such as sucrose) may be important to 
hyperinsulinemia resulting in rapid growth and T1D sus-
ceptibility.102 The “accelerator hypothesis” suggests that 
factors like rapid growth, weight gain, and high energy 
intake would stress β cells, leading to acceleration (not 
triggering) of cell-mediated autoimmune destruction28 
and that this may explain the increasing incidence of T1D 
among young age groups. So far, the “accelerator hypoth-
esis” has not found support in large studies of children 
followed from birth such as DiPP, DAISY, BABYDIAB, 
and TEDDY.

Psychological Stress
Case-controlled studies reported that negative life events 
occurring during the first 2 years of life, difficult adap-
tation, or child behavioral deviances may increase the 
risk for T1D.102 It has also been reported that psycho-
logical stress, measured as psychosocial strain during 
pregnancy, seems to be involved in the induction or pro-
gression of β cell–related autoimmunity in cord blood 
and during the first year of life.103 Additionally, high 
parenting stress, experiences of serious life events, for-
eign origin of the mother, and low socioeconomic status 
were all associated with β cell–related autoimmunity in 
young children.104 It was hypothesized that parent-infant 
relationship may be a “psychobiological regulator” and 
that early disruption of this relationship may cause stress 
and affect the hypothalamic-pituitary-adrenal axis. Such 
changes may affect the immature autonomic nervous 
system of the child and subsequently impair the regula-
tion of autoimmunity.105

Toxic Substances
Alloxan and streptozotocin are widely used to induce β 
cell destruction and diabetes in experimental animals.106 
Some species including humans are more resistant to 
these drugs than others. Streptozotocin is commonly 
used in treating certain gastroenteric tumors, including 
glucagonomas; however, T1D rarely develops in these 
patients. A number of compounds structurally related 
to streptozotocin and alloxan have been implicated as 
possible environmental agents contributing to T1D. The 
nitrosamine moiety of the streptozotocin molecule may 
be diabetogenic when present on molecules other than 
D-glucose.107 Pyriminil (Vacor), an effective rodenticide, 
is diabetogenic in humans.106 Individuals in whom dia-
betes developed after ingestion of Vacor had islet cell 
surface antibodies, indicating that β cell–related autoim-
munity may develop after β cell destruction. The TEDDY 
study (The Environmental Determinants of Diabetes in 
the Young) is an international effort to substantiate the 
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possibility that not only viruses but also environmental 
chemicals may cause islet autoimmunity and T1D.108

In summary, virus and chemical agents have direct 
effects on pancreatic β cells and may therefore represent 
the causative factors that initiate the autoimmune process 
against these cells. The alternative hypothesis is that these 
agents potentiate a β cell–destructive process that is genet-
ically determined or initiated by environmental factors.

PATHOLOGY
Studies of the pancreas in newly diagnosed T1D patients 
have indicated that the gland is diminished in size com-
pared with that in matched controls.8,109 An atrophic 
pancreas with little or negligible residual insulin is typical 
of a patient with long-standing T1D. The atrophy affects 
primarily the tail of the pancreas. In this part, the com-
position of the endocrine pancreas is dominated by β and 
α cells, whereas in the pancreatic head, β and pancreatic 
polypeptide (PP) cells predominate. In addition to insulin 
deficiency, the pancreatic atrophy appears to be reflected 
in lower serum levels of pancreatic trypsin and isoamy-
lase.110,111 It is speculated that the pancreas atrophy is a 
result of an intrapancreatic insulin deficiency affecting the 
growth of the pancreas.

Insulin deficiency is the result not only of a specific loss 
of β cells but also of β cell function in residual β cells. 
The total mass of the endocrine pancreas is markedly 
affected in T1D, but the degree of actual β cell loss var-
ies (Table 39-6). The islets are small and appear pseu-
doatrophic.112,113 In contrast to the normal pancreas, in 
which the β cells predominate, the endocrine cells in the 
diabetic pancreas are primarily α, δ, and PP cells. Lobu-
lar variation has been described, and areas with β cell–
containing islets without pancreatic atrophy also have 
been detected, suggesting that parts of the pancreas may 
be spared112 in individuals with newly diagnosed T1D. 
Sometimes β cells are seen in close proximity to duct cells, 
suggesting neoformation of cells. The understanding of 
the developing endocrine pancreas has improved, and a 
number of transcription factors controlling the process 
have been identified.114 However, one of the character-
istics of the pancreas in many children with newly diag-
nosed T1D is the presence of inflammatory cells within or 

adjacent to islets as well as next to cords of newly formed 
β cells.112

The presence of inflammatory cells in the pancreas of 
diabetes patients with short-duration disease was initially 
demonstrated at the turn of the twentieth century. The 
term insulitis was first introduced in 1940,7 but the phe-
nomenon was not established until quantitative investiga-
tions reported insulitis in 16 of 23 individuals with T1D 
who died within 6 months of diagnosis.8 It is believed 
that insulitis is not detected in a greater percentage of 
new-onset T1D patients because the total mass of β cells 
is already markedly reduced at the time of clinical diag-
nosis.13 Immunocytochemical investigation in rare speci-
mens of pancreas from patients who died shortly after the 
clinical onset of T1D indicates that all cell types considered 
part of the immune system populate the islets to form the 
insulitis;115 T lymphocytes, B lymphocytes, macrophages, 
and occasional natural killer (NK) cells may be seen. In 
agreement with earlier studies, examination of pancreatic 
islets in laparoscopically obtained biopsy specimens from 
newly diagnosed T1D patients116,117 demonstrated insu-
litis in about 60% of patients, with a T cell–predominant 
infiltration and increased expression of HLA class I.118 
Notably, the presence of insulitis was strongly correlated 
with the presence of other autoimmune features, specifi-
cally positivity for GAD65 or IA-2 autoantibodies.118 In 
contrast, recent examination of specimens from 1507 
pancreatic donors 25 to 60 years of age revealed 62 (4%) 
islet autoantibody–positive subjects. Insulitis was found 
in only 2 of the 62 (3%) subjects; the 2 subjects were 
positive for multiple islet autoantibodies and susceptible 
HLA. None of the 62 matched controls showed mono-
nuclear infiltration. These results suggest that positivity 
for islet autoantibodies does not immediately mean that 
insulitis is present. Islet autoantibodies may precede insu-
litis, which therefore may require the concurrent presence 
of multiple islet autoantibodies.119

Individuals at risk for T1D have been found to have 
hyperproinsulinemia, a condition thought to reflect maxi-
mally stimulated or perhaps exhausted β cells.120,121 When 
compared with matched controls, HLA-identical siblings 
of patients with T1D have been found to have evidence 
of both insulin resistance and impaired β cell function.122 
To estimate the residual mass of insulin-producing cells in 
humans, it is important to take into account such factors 
as the maximal rate of insulin release, extraction of insulin 
in the liver and peripheral tissues, and resistance to insu-
lin action.123 It has been shown that intensive therapy for 
T1D helps sustain endogenous insulin secretion, which in 
turn is associated with better metabolic control and lower 
risk for hypoglycemia and chronic complications.124,125

The role of immune cells in the process leading to the 
disappearance of β cells is well established in the NOD 
mouse and BB rat.26 It is possible to transfer diabetes 
adoptively with clonal T lymphocytes in both species. 
Similarly, transfer of T1D between HLA-identical siblings 
has been achieved by bone marrow transplantation.126

Taken together, current observations support the hypoth-
esis that T1D is an immune-mediated disease and that immu-
nocytes play a pivotal role in the β cell killing. Although the 
total pancreatic insulin content in experimental animals 

TABLE 39-6 Morphometric Analysis of the 
Endocrine Pancreas in Control Individuals and 
Patients with Type 1 Diabetes Mellitus

Cell Type Endocrine Pancreas (μg)

Controls T1D

β cells 850 0
α cells 230 150
δ cells 125 97
PP cells 190 166
All cells 1395 413

Adapted from Rachier J, Goebbles RM, Henquin JC: Cellular com-
position of the human diabetic pancreas. Diabetologia 24:336-371, 
1983.

PP, Pancreatic polypeptide.
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appears to correlate well with the total β cell mass, it can-
not be excluded that a diminished β cell mass alters the rate 
of insulin biosynthesis and secretion in remaining β cells, as 
well as insulin resistance in peripheral tissues.

PATHOGENESIS
The pathogenesis of T1D is strongly associated with sev-
eral immune abnormalities. These immune abnormalities, 
in particular autoantibodies directed against specific islet 
cell autoantigens such as insulin, GAD65, IA-2, and ZnT8, 
are dynamic markers of an ongoing disease process. These 
pathogenic markers are useful to predict and classify T1D. 
The rate of β cell destruction appears to be influenced by 
HLA. The HLA DQA1*0301-B1*0302/DQA1*0501-
BI*0201 genotype may accelerate β cell destruction.127 
The DQB1*0602 or 0603 alleles are dominantly protec-
tive, although the negative association is attenuated with 
increased age at onset.128 In DQB1*0602/0603-positive 
patients, the second haplotype is most often DQA1 
*0201-B1*0302,129 suggesting that HLA may influence 
the tempo of the disease process. Because the HLA mole-
cules are important determinants in regulating the immune 
response in humans, the susceptibility to T1D may be con-
ferred by the functional importance of these molecules. 
The role of the class II molecules in the immune response is 
to convey cell-cell interactions between antigen-presenting 
cells (APCs) including B lymphocytes and CD4+ T-helper 
lymphocytes. The CD4+ T cell provides help to cytotoxic 
CD8+ T lymphocytes as well as to B lymphocytes. The 
importance of the immune system to T1D pathogenesis 
is underscored by recent GWAS, which suggest that vari-
ants of genetic factors important to the immune system 
increase the risk for T1D (see Table 39-4).

The development of diabetes in the NOD mouse and 
several strains of rats, including the BB, LEW, and Japa-
nese rat, are similarly linked to the MHC of these ani-
mals. The autoantigens in these rodents are not as well 
defined as in humans. However, the ability to genetically 
manipulate both mice and rats has made it possible to 
design experiments that allow β cell antigens presented 
by MHC class II molecules to be recognized by specific 
TCRs on CD4+ T lymphocytes. These cells then signal to 
initiate specific cytotoxic CD8+ T lymphocytes killing the 
β cells. These types of laboratory rodents are also used to 
define cytokines such as interferon gamma (IFN-γ) and 
interleukin 2 (IL-2), which promote an immune response 
that is predominantly cell mediated and aggressive (a THl 
response), or IL-4 and IL-10, which promote an immune 
response that is mostly humoral (a TH2 response). These 
cytokines along with a large number of chemokines are 
local mediators. The large variety of laboratory mice 
genetically manipulated to develop T1D should prove 
useful to dissecting the role of inflammatory mediators in 
the disease pathogenesis.

IMMUNOLOGIC ABNORMALITIES

Cellular Immunopathophysiology
It is possible that the APC activity is altered in patients 
or in individuals susceptible to T1D. Blood monocytes in 

T1D patients may be defective in prostaglandin synthe-
tase,130 and dendritic cells from patients with T1D have 
a maturational and functional defect.131 APC from T1D 
patients secrete markedly higher levels of proinflamma-
tory cytokines in response to a non-antigenic stimulus.132 
Also, healthy HLA DR3-positive subjects have an abnor-
mally prolonged Fc receptor–mediated mononuclear 
phagocyte system.133

T lymphocytes are also important to the pathogenesis 
of T1D. The earliest demonstration involved tests for leu-
kocyte migration inhibition or blast formation, suggesting 
that T1D patients may be sensitized to pancreatic anti-
gens.10,11,134 It was also noted that a delayed hypersensitiv-
ity reaction developed in these patients to subcutaneously 
injected pancreatic homogenate.11,134 Several disorders of 
autoimmune character have been found to have an imbal-
ance in the peripheral blood between CD4+ T-helper, 
CD8+ cytotoxic, and regulatory CD4+CD25+ T cells.135 
Recent clinical trials with anti–T-cell drugs, such as cyclo-
sporine,136 or humanized monoclonal antibodies against 
CD3,137 have been shown to preserve residual β cell func-
tion in newly diagnosed T1D patients. Clinical trials with 
alum-formulated GAD65 showed preservation of C-pep-
tide and an increase in T regulatory cells.138,139 However, 
assays specific to T cells recognizing insulin, GAD65, or 
IA-2 have proven difficult to establish and standardize.14,140 
Immunodominant epitopes of GAD65141,142 and IA-2143 
have been identified and should be useful in improving 
cellular assays in T1D.144-146 The use of HLA tetramers 
makes it possible to detect147 and clone autoantigen-spe-
cific human T cells.148 Other approaches to detect T-cell 
reactivity against islet cell antigens, such as ELISPOT, 
which measures cytokine secretion from individual T cells, 
are being explored.149 Several reports indicate an increased 
frequency of in-vitro proliferating T cells in patients with 
T1D, compared with levels in control subjects, in response 
to autoantigens such as GAD89,150,151 and IA-2.143

In conclusion, autoantigen-specific tests in HLA-
DQ- and HLA-DR-matched T1D subjects and control 
individuals should eventually allow a proper test of the 
hypothesis that a specific immunoregulation abnormality 
involving β cell autoantigens is associated with the risk 
for either islet autoimmunity, T1D, or both.

Humoral Immunopathophysiology
Islet Cell Antibodies
Islet cell antibodies (ICA) detected by indirect immuno-
fluorescence on frozen sections of human blood group 
O pancreas was the first indication of autoantibodies 
in T1D.16 ICSA (Table 39-7) in newly diagnosed T1D 
patients were demonstrated in dispersed-cell preparations 
of rat or mouse pancreatic islets.17,152 Autoantibodies in 
T1D sera preferentially bind to β cells if the disease was 
diagnosed before 30 years of age.153 The observation 
that antibodies are capable of binding to living β cells is 
important because it allows testing of the possibility that 
surface-bound autoantibodies either mediate immune 
effector mechanisms or directly affect the function of the 
β cells. The former phenomena included complement-
mediated cytotoxicity or antibody-dependent cellular 
cytotoxicity.154 Either mechanism could contribute to 
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killing pancreatic β cells, provided that the in-vitro phe-
nomenon also is occurring in vivo. However, not know-
ing the autoantigen was a shortcoming in these types of 
autoantibody studies. The search for autoantigens was 
initiated already in the late 1970s. The first report was 
published in 1982.19 Several assay systems are now in use 
to determine the presence of autoantibodies reactive with 
pancreatic islet cell autoantigens (see Table 39-7). Auto-
antibodies to GAD65, IA-2, insulin, and the zinc trans-
porter ZnT8 have essentially replaced ICA.24,25 One or 
more of these autoantibodies may be present in more than 
95% of newly diagnosed T1D patients, and they present 
variably during the prodrome of islet autoimmunity long 
before the clinical onset. Two or more of these autoanti-
bodies have a high predictive value of T1D.27 Therefore, 
it is critical that reliable, standardized, and harmonized 
tests are available to detect these autoantibodies.

Glutamic Acid Decarboxylase Autoantibodies
Glutamic acid decarboxylase is an enzyme present mainly 
in pancreatic β cells and neuron cells. This enzyme pro-
duces γ-aminobutyric acid (GABA), which is stored in 

small neurotransmitter vesicles. Two isoforms are known: 
GAD65 and GAD67. Immunoprecipitation of human 
islet proteins has revealed the presence of autoantibodies 
against a 64K protein19,155 identified as GAD but found to 
represent an isoenzyme, GAD65, coded for by a gene on 
human chromosome 10.21 The previously known GAD67 
on chromosome 2 shares 65% of the amino acids, but 
this isoform is not expressed in human β cells.156,157

The frequency of GAD65 autoantibodies (GAD65Ab) 
in children with new-onset T1D is 70% to 80% (Fig. 
39-5). Patients with GAD67 antibodies are almost invari-
ably GAD65-antibody positive. The GAD65 autoan-
tibody (GAD65Ab) frequency in new-onset patients is 
little affected by the age at onset; however, in children 
younger than 10 years of age, more girls than boys have 
GAD65Ab. GAD65Ab are evanescent but less so than 
ICA (Fig. 39-6). GAD65Ab tend to be the most prevalent 
and persist for longer duration after the diagnosis of T1D 
when compared to other autoantigens. Almost 50% of 
patients with a disease duration of 10 years may still be 
GAD65Ab positive (see Fig. 39-6).158,159 GAD65Ab have 
high sensitivity but lesser specificity, owing to variations 
in the titer, which is usually low at the time of diagnosis.

Any assessment of an individual’s risk for develop-
ing T1D depends on the ability to determine accurately 
the presence of antibodies in a prospective analysis. 
This is particularly important because GAD65Ab may 
appear temporarily in healthy individuals.160 Persis-
tent GAD65Ab are more often detected in DRBI*03-
DQA1*0501-B1*0201-positive than in DRB1*04-DQ 
A1*0301-B1*0302-positive subjects.161 GAD65Ab may 
be detected in about 1% of the general population, but 
the frequency increases to about 8% among first-degree 
relatives of patients with T1D.162,163 The positive predic-
tive value of GAD65Ab for T1DM is about 50% or higher 
among first-degree relatives. It may be as high as 20% in 
schoolchildren with high-risk HLA.164 GAD65Ab also 
predict stiff-man syndrome, although the GAD65Ab epi-
topes are different from those in T1D.165,166 T1D is best 
predicted when the GAD65Ab is combined with insu-
lin autoantibodies (IAA), IA-2Ab, or ZnT8Ab.27,167,168 
In studies of GAD65 epitopes with human monoclo-
nal GAD65 antibodies, it was found that anti-idiotypic 
GAD65Ab were reduced in T1DM patients. It was 
suggested that the major marker for T1D is rather the 
absence of specific anti-idiotypic antibodies than the pres-
ence of GAD65Ab.169

In order to provide unified comparative assays, stan-
dardization of GAD65Ab (and IA-2A) has been done 
in the DASP (Diabetes Antibody Standardization Pro-
gram).25 Both the radio-binding assay (RBA) and enzyme-
linked immunosorbent assay (ELISA) performance have 
improved and are able to discriminate controls from 
patients (see Table 39-7). These results imply the value of 
GAD65Ab (and IA-2Ab) both for classification of patients 
with diabetes and for screening high-risk populations.

Studies in the BB rat and the NOD have failed to estab-
lish that GAD65Ab may be reproducibly detected in these 
animals.170 However, an international workshop on les-
sons from animal models for human T1D questioned the 
nature of GAD65Ab (and IA-2A) in the NOD mouse.170 

TABLE 39-7 Methods to Detect Autoantigen-
Specific Islet Cell Autoantibodies

Method of  
Detection

Preparation RBA ELISA
Autoantibody 
Abbreviation References

Human 
 recombinant 
glutamic acid 
decarboxylase

+ + GAD-
65Ab

Törn25

Human recom-
binant insulin

+ To be  
devel-
oped

IAA Verge177

Green-
baum178

Human recom-
binant IA-2A

+ + IA-2Ab Törn25

Human re-
combinant 
phogrin

+ To be  
devel-
oped

IA-2βAb Kawa-
saki187

Human re-
combinant 
zinc trans-
porter ZnT8 
(SLC30A8)

+ To be  
devel-
oped

ZnT8Ab Wenzlau24

Other Non-Au-
toantigen-Spe-
cific Assays

Frozen sections 
of human 
pancreas

Indirect immuno-
fluorescence

ICA, ICC Bottazzo16

Atkinson89

Dispersed rat 
islet cells

Indirect immuno-
fluorescence

ICSA Lern-
mark17

Monolayers of 
rat islet cells

51Cr release C’AMC Dober-
sen18,153

Purified rat islet 
β cells

Indirect immuno-
fluorescence

β cell–
specific 
ICSA

Van de 
Win-
kel152

ELISA, Enzyme-linked immunosorbent assay; ICSA, islet cell surface 
antibodies; RBA, radioligand binding assay.
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ELISA- and RBA-detected GAD65Ab in some mice 
seemed mostly to represent nonspecific binding. The role 
of GAD65 in spontaneous or transgenic diabetic mice 
remains an enigma, as GAD65 is not expressed in mouse 
beta cells.

Insulin Autoantibodies
Insulin is produced after the C-peptide has been cleaved 
from proinsulin. The molecular weight of insulin is 5.8 
kD, and the molecule is composed of the A and B chain. 
It was demonstrated in a radioligand-binding assay that 
approximately 50% of patients with newly diagnosed 
but untreated T1D had IAA.22 Among children at T1D 
genetic risk and younger than 5 years of age, IAA were 
reported to be the first islet autoantibody to appear but 
fluctuated more than ICA, GAD65Ab, or IA-2Ab.171 Pro-
insulin is therefore viewed as a primary specific autoanti-
gen, especially since it is unique to the β cells. IAA react 
with both insulin and proinsulin, indicating that they pos-
sess shared epitopes as targets of IAA.

IAA were positively associated with DR4, per-
haps because they are in linkage disequilibrium with 
DQA1*0301-DQB1*0302.161,172 A first analysis of 
putative IAA epitopes indicates that the amino acids B1 
to B3 and A8 to A13 are important.173 IAA and insulin 
antibodies that appear after insulin therapy have similar 
binding characteristics.174

It has been proposed that IAA predict T1D better in 
children (see Fig. 39-5) than in adults.175 Current pro-
spective, population-based studies of children followed 
from birth (DiPP, DAISY, BABYDIAB, and TEDDY) sug-
gest that in one group of children IAA are the first auto-
antibody to appear at approximately 1 to 3 years of age. 
At this age, IAA are strongly associated with DRB1*04-
DQA1*0301-DQB1*0302. The second autoantibody to 
appear in this group of children tends to be GADA. In 
another group of children, GAD65Ab is the first auto-
antibody to appear. These children are 3 to 5 years of 
age. This group of children are strongly associated with 
DRB1*03-DQA1*0501-DQB1*0201. The second auto-
antibody to appear in this group of children tends to be 
IAA or IA-2A. IAA as the first autoantibody is decreasing 
with increasing age, while GAD65Ab is increasing with 
increasing age.176

IAA assays have been standardized, and only the fluid-
phase radioimmunoassay (but not ELISA) was found 
to have high diagnostic sensitivity and specificity for 
T1D.177,178 The fluid-phase radioimmunoassay for IAA 
is still lacking an international standard, and the IAA test 
is therefore yet to be standardized.177 However, insulin 
antibodies developed after initiation of insulin therapy 
have higher specificity for insulin and may therefore be 
detected by ELISA.179

Insulin appears to be an important autoantigen in the 
NOD mouse but not in the BB rat. IAA measured by sen-
sitive RBA were found to be markers of autoimmunity 
in NOD mice.170 Furthermore, it was found that CD4 
T-cells in the NOD mouse specifically target the β chain 
of insulin, and administration of the whole insulin mol-
ecule or its β chain in the prediabetes phase may prevent 
or delay disease onset in susceptible mice.179 It has also 

Age at diagnosis (years)

A
nt

ib
od

y 
po

si
tiv

e 
(%

)
100

80

60

40

20

0 5 10 15 20 25 30 35

0

40

IA-2Ab

IAA

ICA

GAD65Ab

Figure 39-5 Frequency of autoantibodies against glutamic acid decarbox-
ylase (GAD65) (GAD65Ab), insulinoma-associated antigen 2 (IA-2Ab), 
and insulin autoantibodies (IAA) at the time of clinical diagnosis of type 1 
diabetes in relation to age at onset.

100

IA-2Ab

GAD65Ab

ICA

90

80

70

60

50

40

30

20

10

0

−1 0 1 2 3 4 5

Duration (years)

A
n
tib

o
d
y 

p
o
si

tiv
e
 (

%
)

6 7 8 9 10

Figure 39-6 Frequency of autoantibodies against glutamic acid decar-
boxylase (GAD65) (GAD65Ab) and insulinoma-associated antigen 2 
(IA-2Ab), as well as islet cell antibodies (ICA), in relation to the dura-
tion of type 1 diabetes.



68739 TYPE 1 (INSULIN-DEPENDENT) DIABETES MELLITUS: ETIOLOGY, PATHOGENESIS, PREDICTION, AND PREVENTION

been proposed that proinsulin acts as the primary auto-
antigen that triggers a pathologic autoimmune reaction 
against the β cells. This reaction is propagated into other 
antigens such as IGRP (islet-specific glucose-6-phospha-
tase catalytic subunit–related protein) through epitope 
spreading.180

Islet Antigen-2 Autoantibodies (Insulinoma-Associated 
Antigen-2 Autoantibodies)
Trypsin treatment of the 64-K immunoprecipitate 
revealed 40-K and 37-K fragments of islet antigen181,182 
yielding two isoforms of the tyrosine phosphatase–
like protein islet antigen-2 antibodies (IA-2Ab), IA-2 
(ICA512)23 and IA-2β (phogrin),183-185 respectively. IA-2 
and IA-2β are both associated with the secretion granule 
membrane.182,186,187 These isoforms share high structural 
similarities but lack enzymatic activity, and their func-
tions in neuroendocrine tissues such as the hypothalamus 
and pancreatic islets are not fully understood. IA-2Ab 
are detected in 60% to 70% of patients with new-onset 
T1D.188 These antibodies are less frequent with increas-
ing age at onset (see Fig. 39-5).189 The IA-2Ab would 
therefore better predict young age at onset of T1D. Lon-
gitudinal studies of first-degree relatives suggest that IA-
2Ab tend to appear closer to the clinical onset of T1D 
compared with GAD65Ab, which tend to appear earlier 
in the prodrome.188 The IA-2Ab are evanescent (see Fig. 
39-6), but when present in patients who are young at dis-
ease onset, as many as 50% may still be IA-2Ab positive 
after having had diabetes for 10 years (see Fig. 39-6).

IA-2Ab were associated primarily with DRB1*0401 
and not with DQA1*0301-DQBI*0302,161 and the risk 
for this antibody is increased in males.189 Surprisingly, 
the presence of IA-2Ab in T1D was negatively associated 
with DQA1 *0501-DQBI*0201.128 The mechanisms by 
which the IA-2 proteins become recognized as autoan-
tigens are therefore not yet understood. The frequency 
of IA-2Ab in the general population is less than 1%.39 
In young children with genetic susceptibility, progression 
to clinical T1D onset was associated with broad epitope 
response and juxtamembrane reactivity to the IA-2 anti-
gen, while the occurrence of IgE-IA-2 antibodies provided 
relative protection.190

The predictive value of IA-2A for T1D is best esti-
mated in combination with GAD65Ab and IAA.27,168,176 
The fact that sera from T1D patients could precipitate 
GAD65, IA-2, and IA-2β simultaneously using RBA made 
it possible to develop standardized assays for these auto-
antibodies with high levels of sensitivity and specificity.25 
ELISA tests for IA-2Ab are available with similar diag-
nostic sensitivity and specificity to radioligand assays, 
and combination ELISA tests using biotin-labeled prepa-
rations of both IA-2Ab and GAD65Ab have been devel-
oped. IA-2Ab performance with ELISA was improved in 
DASP to achieve levels of equivalent to in-house results of 
RIA (see Table 39-7).25

At onset of diabetes in NOD mice, IA-2Ab had higher 
signals (36% to 47%) in RBA than in control mice, and 
these results were concordant with an IA-2Ab ELISA 
(50%). However, although both GAD65Ab and IA-2Ab 
had strong concordance in individual mice, they seemed 

to represent nonspecific binding.170 IA-2Ab have not 
been reported in the BB rat or in other spontaneously dia-
betic laboratory rodents; however, these antibodies were 
detected in bank voles developing diabetes in captivity.91 
The BB rat developed lymphopenia and diabetes because 
of a mutation in the GIMAP 5 gene,191 and it was there-
fore of interest that high titers of IA-2Ab were associ-
ated with a genetic polymorphism in the human GIMAP5 
gene.192

ZnT8 Transporter (SLC30A8)
Insulin used to be thought of as the only β cell–specific 
autoantigen, but the β cell–specific ZnT8 transporter 
(zinc transporter isoform-8) was found not only to be the 
target of islet autoimmunity but also a genetic marker for 
T2D.24,193 The ZnT8 transporter is important to the for-
mation of insulin crystals in that it facilitates Zn2+ trans-
portation into the β cell insulin granules. This antigen 
is encoded by the SLC30A8 gene, which is one of nine 
human genes for multispanning transmembrane pro-
teins.194 Epitope mapping of these autoantibodies showed 
that ZnT8Ab primarily react with the C-terminal end 
of the protein. Polymorphic variants of ZnT8 at amino 
acid position 325 in the cytosolic tail were found to be 
either arginine (ZnT8-R) or tryptophan (ZnT8-W),193,194 
both representing markers of ZnT8Ab susceptibility with 
potential diagnostic, therapeutic, and prognostic uses.24

ZnT8Ab were detected in 26% of subjects who were 
reported negative for GAD65Ab, IA-2Ab, and IAA. On 
the other hand, ZnT8Ab were found to be positive in 
60% to 80% of newly diagnosed T1D patients but in only 
2% of controls and less than 3% of T2D patients.168,193

ZnT8Ab were also found during the islet autoimmune 
prodrome, often after 2 years of age and independently 
of other autoantibodies but mainly later than GAD65Ab 
and IAA.24,193 The high specificity and independent 
appearance of ZnT8Ab highlight their usefulness for pre-
diction, especially in older children and adolescents, since 
ZnT8Ab prevalence and titer levels increase with age.

Following similar principles of GAD65Ab and IA-
2Ab standardization, fluid-phase radioassays of ZnT8Ab 
(C-terminal) were standardized and validated in the 
DASP workshop (see Table 39-7).24,168

In summary, currently available methods for detecting 
autoantigen-specific autoantibodies (GAD65Ab, IA-2Ab, 
IAA, and ZnT8Ab) are of value in predicting T1D.27,168 
Standardized assays for these autoantibodies25,168 are 
important when selecting participants in prevention and 
intervention trials.195 How the uptake, processing, and 
presentation of these autoantigens by APC that initiate 
the formation of islet cell autoantigen–reactive T and B 
lymphocytes are accomplished are important questions 
that remain to be answered.

Candidate (Minor) Autoantigens
Several substances or molecules attributed to the autoimmu-
nity of T1D may represent candidate or minor autoantigens. 
Autoantigens reported to be associated with T1D include 
imogen 38,196 vesicle-associated membrane protein-2 
(VAMP2),197 neuropeptide-Y (NPY),197 glima-38,198 heat 
shock protein 60 (HSP60),199 ICA69,200 carboxypeptidase 
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H (CPH),201 DNA topoisomerase II,202 CD38 (ADP ribo-
syl cyclase/cyclic ADP-ribose hydrolase),203,204 Glut-2 
(Type-2 glucose transporter),205 ICA12/SOX13,206,207 and 
others (Table 39-8). The role of these candidate autoanti-
gens in islet autoimmunity, T1D, or both, remains to be 
determined.

PREDICTION
Highly effective, precise, and reproducible screening 
assays for HLA genotypes, as well as for GAD65Ab, lA-
2Ab, ZnT8Ab, and possibly IAA, are in use to detect indi-
viduals who are carriers of islet cell autoimmunity with 
an increased risk for T1D (Table 39-9). Early detection of 
T1D serves several purposes. Among them is the distinct 
possibility that ketoacidosis associated with a dramatic 
and traumatic onset of T1D, in some cases leading to 
death, would be forestalled. In addition, immunothera-
peutic modalities for disease prevention of β cell destruc-
tion are under active investigation, with the hope that 
T1D may someday be a preventable disease.

It is well established that the development of islet auto-
immunity and T1D may be triggered during early infancy 
or even intrauterine life among genetically susceptible 
subjects.29,30 Transplacentally-transferred autoantibod-
ies may be detected in cord blood of newborn infants of 
diabetic mothers, but they mainly disappear by 6 months. 
On the other hand, nondiabetic mothers with detectable 
antibodies confer an even higher disease risk to their 
offspring.208

The fact that clinical onset of T1D is preceded by a 
prodrome phase of “prediabetes” marked by islet auto-
immunity markers makes T1D a candidate for prediction 
and prevention. The predictive value of these auto-
antibodies varies with age, and combining more than 
one autoantibody is increasing the positive predictive 

value.176 The improved ability to measure autoantibod-
ies against GAD65, IA-2, and insulin made it possible to 
predict T1D by up to 98% accuracy when ZnT8Ab were 
added to the arsenal of islet autoantibody tests.168 A high 
predictive value of the screening tests is critical to design-
ing interventional studies. This strategy is most useful in 
high-risk groups such as first-degree relatives, where high 
diagnostic specificity is required. The levels of autoanti-
bodies reflect the degree of aggressiveness of the autoim-
mune reaction and are related to persistence of positivity 
and subsequent progression into clinical disease.209

TABLE 39-8 Candidate (Minor) Autoantigens in Type 1 Diabetes

Candidate Autoantigens Notes Reference

Imogen-38 A mitochondrial 38-kD protein found in β cells more frequently than in α cells. No 
antibodies are yet detected against imogen-38, but it may be a target for bystander 
autoimmune attack in diabetes rather than a primary autoantigen.

Arden196

Vesicle-associated membrane 
protein-2 (VAMP2)

A protein associated with secretary vesicles of pancreatic β cells. Anti-VAMP-2 antibod-
ies were detected in sera of 21% of T1D patients and 4% of controls.

Hirai197

Neuropeptide Y (NPY) In the pancreas, it inhibits insulin secretion stimulated by glucose secretion. NPY was 
detected in sera of 9% of T1D patients and 2% of controls.

Hirai197

Glima 38 Antibodies against this amphiphilic glycated β cell membrane protein are found in 20% 
of new-onset T1D, 14% of prediabetic individuals, and 0% of healthy controls.

Aanstoot198

Heat shock protein 60 (HSP60) Antibodies against this protein are found in 15% of T1D patients and 20% of rheuma-
toid arthritis patients.

Ozawa199

Islet cell autoantibody  
69 ICA69

Antibodies to this novel peptide are found in 5% to 30% of new-onset T1D patients but 
can also be found in 6% of normal controls and 20% of rheumatoid arthritis patients.

Martin200

Carboxypeptidase H (CPH) A glycoprotein that functions in processing proinsulin to insulin within islet granules. 
CPHAb were detected in 20% of ICA+ relatives and 0% of controls.

Castano201

DNA topoisomerase II TopIIAb can be found in 50% of T1D patients. Chang202

CD38 (ADP ribosyl cyclase/cy-
clic ADP-ribose hydrolase)

CD38Ab were found in 13% of T1D patients, 10% of T2D, and 1.3% of controls 
among Caucasian populations. It was also reported in 14% of T2D Japanese patients.

Pupilli203

Ikehata204

Glut-2 (type-2 glucose trans-
porter)

A glucose transporter that was found in 32% to 80% of newly diagnosed T1D patients 
but only 6.6% of controls.

Inman205

ICA12/SOX13 Autoantibodies to ICA12/SOX13 were demonstrated in 10% to 30% of T1D patients 
and 6% to 9% of T2D patients but in only 2% to 4% of controls from different 
populations.

Kasimiotis206

Törn207

TABLE 39-9 Autoantibodies and Immune 
Complexes Found with Increased Frequency Among 
Type 1 Diabetes Patients and Their First-Degree 
Relatives

Target Autoantigen

Organ-Specific

Islets GAD65, IA-2, insulin, ZnT8
Thyroid Thyroid peroxidase (TPO), thyro-

globulin (Tg)
Parathyroid NACHT leucine-rich-repeat protein 5 

(NALP5)
Stomach H+/K+ ATPase, intrinsic factor
Adrenal glands 21-hydroxylase
Pituitary gland Enolase is a candidate autoantigen

Non-Organ-Specific

Peripheral lymphocytes Lymphocytotoxic
Nucleic acids Single-stranded RNA, double-stranded 

RNA
Cell constituents Tubulin, insulin receptor
Plasma proteins Albumin
Immune complexes Solid-phase C1q-binding, Raji cell 

binding

ATP, Adenosine triphosphate; GAD, glutamic acid decarboxylase.
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HLA testing alone is not a primary indicator for the 
prediction of T1D, but it has a significant role when 
used with autoimmune markers to increase sensitivity of 
prediction among subgroups with moderate risk. How-
ever, adding HLA-DQ did not affect the diagnostic sen-
sitivity of islet autoantibodies.210 Several other genetic 
loci have also been reported to be associated with T1D 
genetic risk, but their contribution was less than HLA 
(see Table 39-4).

The prediction of β cell function is assessed through 
metabolic tests using the first-phase insulin response 
(FPIR) as a marker among susceptible individuals tested 
following an intravenous glucose tolerance test (IVGTT). 
Low levels of FPIR below 50 mU/L confer a risk of 85% 
within 5 years and predict a 92% risk in the presence of 
one autoantibody, especially ICA or IAA.211

PREVENTION
The ability to prevent or reverse autoimmune diabetes 
in laboratory animals such as the NOD mouse and BB 
rat using different therapeutic approaches has initiated 
several prevention and intervention studies in humans.26 
However, the possibilities of success in humans are signif-
icantly different from these animals. Studies in the NOD 
mouse and the BB rat showed that treatment with insu-
lin or nicotinamide reduced spontaneous diabetes. These 
studies initiated large clinical trials, such as the Diabetes 
Prevention Trial-1, the Diabetes Prediction and Preven-
tion Project, and the European Nicotinamide Diabetes 
Intervention Trial, all without effects (see later discus-
sion). Preclinical studies in rodents may therefore not 
always be suitable to guide human trials. On the other 
hand, the spontaneous T1D rodents may be useful to dis-
sect mechanisms of preventive studies, previously shown 
to be successful in humans.

Whether to choose a preventive or intervention strat-
egy is a matter of debate, which is related to several fac-
tors. First, it has been suggested that intervention trials 
should be reserved for therapies with greater risk that 
need to be used on a small number of newly diagnosed 
patients within limited follow-up periods. Second, pre-
vention trials may be implemented on safer therapies that 
can be used in the preclinical phase with longer periods 
of follow-up.34 Prevention trials are often grouped into 
antigen-specific and non–antigen-specific therapies.35

Primary prevention trials would target high-risk 
groups (such as infants with high HLA risk or positive 
family history) prior to the initiation of the autoimmune 
insult. Environmental factors such as nutritional factors 
are of interest especially from birth up to 6 years of age; 
the period when autoimmunity is mostly triggered and 
highest incidence rise has been observed.44 The Trial to 
Reduce IDDM in the Genetically At Risk (TRIGR) is a 
randomized, placebo-controlled, double-blind trial that 
is testing the effects of cow’s milk in genetically at-risk 
infants with a positive family history. Infants were ran-
domized to receive cow’s milk or hydrolyzed casein for-
mula following 6 to 8 months of breastfeeding. TRIGR 
is implemented in 17 countries. Recent results indicate 
that the hydrolyzed casein formula did not prevent the 

children from developing islet autoantibodies.212 The 
Nutritional Intervention to Prevent Diabetes (NIP-Diabe-
tes) is recruiting pregnant women and high-risk infants 
younger than 5 months of age. NIP is using oral doco-
sahexaenoic acid (DHA), a fatty acid thought to prevent 
islet autoimmunity, given to the mothers as a supplement. 
Infants will be followed up until 9 years of age. Results 
from this study will decide future larger trials.35 The glu-
ten-free diet trial, PREVFIN, tested the possible effect of 
eliminating gluten from the diet on the risk for T1D. It 
ended in 2002 with no observed effects on islet autoanti-
bodies or disease progression.35 Meta-analysis of results 
from several earlier observational studies suggested that 
a vitamin D supplement given to children significantly 
reduces T1D risk. There also was some evidence that this 
association was affected by the dose and timing of supple-
mentation.213 A randomized, open-label trial initiated in 
2003 tested the use of 2000 IU/day of vitamin D3 (cho-
lecalciferol), compared to the currently used supplement 
dose of 400 IU/day, as a possible preventive factor. This 
pilot study (Manitoba, Canada) recruited infants up to  
4 weeks of age who had a high HLA genetic risk.35

Secondary prevention strategies recruit children with 
high HLA genetic risk with positive autoantibodies and 
children and young adults with multiple autoantibodies. 
The aim is to retard and suppress β cell destruction by 
aggressive immunity. Antigen-based secondary preven-
tion trials using insulin as a specific antigen have been 
carried out. The Diabetes Prevention Trial-1 (DPT-1) 
was a large efficacy randomized trial that had two arms: 
parenteral insulin (high-risk subject, no placebo, com-
pleted in 2002) and oral insulin (moderate-risk subject, 
placebo-controlled, completed in 2005 and repeat study 
is ongoing).35 Both arms showed no effect on the pro-
gression of T1D, although results from subanalysis of 
the oral arm gave strong evidence on reducing the inci-
dence of T1D in relatives with insulin autoimmunity (IAA 
≥80 U).35 Nicotinamide (vitamin B3) was used orally as 
a non–antigen-specific agent in the European Nicotin-
amide Diabetes Intervention Trial (ENDIT). The results 
of ENDIT showed no effect on T1D outcome.35,212 The 
Diabetes Prediction and Prevention Project (DIPP) was 
a randomized, placebo-controlled trial implemented in 
Finland; it recruited high–genetic-risk children to test the 
efficacy of intranasal insulin on the prevention of T1D. 
Intranasal insulin did not delay or prevent T1D.214 Other 
trials that used cyclosporine, vitamin-E, or intensive insu-
lin treatment in combination with nicotinamide were also 
without effects. Other prevention trials tested some drugs 
such as ketotifen, a histamine antagonist, with no effect 
observed.35,211,212

INTERVENTION
Intervention or tertiary prevention trials target newly 
diagnosed T1D patients, aiming at preserving the residual 
β cell mass and enhancing their functionality and regen-
eration. Like prevention trials, intervention trials can also 
be either antigen-specific or non–antigen-specific. Immu-
nologic vaccination with specific pancreatic antigens 
has been adopted by a group of trials. The NBI-6024 
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is a currently ongoing, randomized, placebo-controlled, 
double-blind trial testing the effects of the altered peptide 
ligand (APL) insulin B:9-23 vaccine, which is a significant 
islet autoantigen. This genetically engineered vaccine is 
injected subcutaneously to adolescents and adults with 
new-onset T1DM.35

The DiaPep277 was also a randomized, placebo-con-
trolled, double-blind trial that used an immunomodu-
latory peptide heat shock protein 60 (HSP60) given 
subcutaneously to subjects with new-onset T1D. Results 
from DiaPep277 suggested prevention of β cell destruc-
tion and preservation of C-peptide levels within 12 to 18 
months in adults, but a similar effect was not found in 
T1D children.34,35 The data from the DiaPep277 studies 
have recently been questioned.

GAD65 formulated with alum has been used in ran-
domized, placebo-controlled immunomodulation trials in 
LADA215 and 10- to 18-year-old T1D patients.216 Subcu-
taneous injection of 20 mcg GAD-alum resulted in pres-
ervation of residual insulin secretion.215,216 Other trials 
are using proinsulin-peptide vaccine or proinsulin-based 
DNA vaccine (BHT-3021) among high-risk children.34,35

The non–antigen-specific approach has been used in 
numerous interventional studies. Randomized, placebo-
controlled trials with oral cyclosporin-A showed reduced 
loss of residual C-peptide and insulin dosages; however, 
the effects were transient, and side effects outweighed the 
benefits.35,212 Although azathioprine trials showed no 
effects when used alone, its combination with prednisone 
showed partial, temporary remission of new-onset T1D.35 
Antithymocyte globulin (aTG), used in organ trans-
plantation, showed a reduction in insulin requirements 
when combined with prednisone, but severe, transient 
thrombocytopenia emerged as a major side effect.35 CD3 
monoclonal antibodies including hOKT3gl (Ala-Ala) and 
ChAglyCD3 (TRX4), which suppress T-cell activity by 
blocking their proliferation and differentiation, showed 
preserved C-peptide levels and lowered insulin require-
ments for 18 to 24 months after therapy.35,35 Trials with 
CD3 monoclonal antibodies have continued. The Anti-
CD20, rituximab, is a monoclonal antibody that reduces 
blood β cells by blocking the CD20 receptors. Rituximab 
has shown effects in other autoimmune diseases such as 
rheumatoid arthritis, with possible benefits in T1D.34,212 
Diazoxide, an inhibitor of insulin secretion, was used 
to allow residual β cells to rest and protect them from 
further immune-mediated destruction, but no effect was 
reported. Similarly, a pilot study with subcutaneous BCG 
vaccine showed no effects.35

Newly designed trials using autologous umbilical 
cord blood cells or gene-engineered dendritic cells have 
been lately launched as tertiary-level interventional tri-
als.212 Mesenchymal stem cells (MSC) have immuno-
modulatory effects and may be used to prevent and cure 
T1D.217 MSC may contribute through direct effects on 
regulatory T cells and autoreactive T cells and through 
correction of B cells and natural killer cells, or through 
indirect effects by regulating the function of dendritic 

cells or enhancing peripheral immunologic tolerance.217 
Tertiary intervention includes both whole-organ pan-
creatic transplantation and isolated islet transplanta-
tion. Both approaches have proved successful in terms 
of restoring glycemic levels and insulin independence, 
but isolated islet transplantation had lesser glycemic 
control, transient effects, and increased morbidity but 
higher costs.218

SUMMARY
The islet β cells appear to be the specific target in an auto-
immune process that leads to the clinical onset of T1D. 
T1D develops in several stages: the presence of a genetic 
risk (HLA and non-HLA genes), initiation of autoimmune 
reaction against β cells, triggering or promoting environ-
mental factors, β cell destruction by cellular immunity, 
prediabetic metabolic disturbances, and finally overt dia-
betes. The process of β cell autoimmunity is often initiated 
long before the clinical onset of the disease. The event 
that initiates this process is not yet understood, and the 
β cell autoantigens GAD65, IA-2, insulin, or ZnT8 may 
serve as the recognition structure or structures for the 
cells in the immune system that eventually induce insu-
litis. Recent advances in molecular genetics have made it 
possible to better define the HLA-DQ and HLA-DR mol-
ecules that seem to be necessary, but not sufficient, for 
T1D risk. A screen of the human genome for susceptibil-
ity to T1D has identified several additional genetic factors 
that may affect T1D risk by accelerating or decelerating 
the disease process. Spontaneous diabetic rodents such as 
the NOD mouse and the BB rat are important to the dis-
section of mechanisms; however, their utility in preclini-
cal trials to guide human studies has proven to be limited 
and often misleading. The aim of future prevention and 
intervention studies in humans is to test whether antigen-
specific immunosuppression or other immunomodulatory 
therapies in T1D-susceptible individuals will prevent the 
loss of pancreatic β cells.
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Type 2 diabetes mellitus is the most common form of dia-
betes and is currently a major worldwide cause of mor-
bidity and mortality. This is likely to worsen, given the 
rapidly increasing prevalence of this condition; therefore, 
an understanding of its etiology and pathogenesis is of 
considerable importance. By definition, patients with type 
2 diabetes have neither autoimmune β cell destruction, as 

is found in type 1 diabetes, nor one of the other specific 
causes of diabetes described in Chapter 38. Type 2 dia-
betes is not a single disease process but instead represents 
a heterogeneous constellation of disease syndromes, all 
leading to the final common pathway of hyperglycemia. 
Many factors, alone or in combination, can cause hyper-
glycemia; thus, the complexity of the pathogenesis of type 

K E Y  P O I N T S

 •  Type 2 diabetes mellitus is characterized by insulin resistance as well as abnormal 
pancreatic beta cell function with relative insulin insufficiency.

 •  The great majority of subjects with type 2 diabetes are obese, and obesity is the most 
common cause of insulin resistance in these patients.

 •  Abnormalities in insulin action and secretion have both environmental and genetic 
causes.

 •  Recently discovered causes that may underlie insulin resistance include activation 
of local and systemic inflammatory pathways, lipotoxicity, and activation of stress 
pathways.
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2 diabetes reflects the heterogeneous genetic, pathologic, 
environmental, and metabolic abnormalities that can 
exist in different patients.

Normal glucose homeostasis relies on a balance 
between insulin secretion and tissue sensitivity to insu-
lin. With respect to regulation of glucose metabolism, 
the tissue effects of insulin on skeletal muscle, liver, and 
adipose tissue are most important. Three major meta-
bolic abnormalities coexist in type 2 diabetes,1-4 each 
contributing to the hyperglycemic state. These abnor-
malities are summarized in Figure 40-1. To begin at the 
hepatic level, the role of the liver in the pathogenesis of 
type 2 diabetes is overproduction of glucose. Increased 
basal hepatic glucose production is characteristic of 
essentially all type 2 diabetic patients with fasting 
hyperglycemia.5-7 Skeletal muscle is depicted as the pro-
totypic peripheral insulin target tissue, because 70% to 
80% of all glucose is taken up by skeletal muscle in the 
in vivo insulin-stimulated state. Target tissues are insu-
lin resistant in type 2 diabetes, and such resistance has 
been well described in many studies across a large vari-
ety of population groups.2-5,8-12 Finally, abnormal islet 
cell function plays a central role in the development of 
hyperglycemia; decreased β cell function and increased 
glucagon secretion are standard concomitants of the 
diabetic state.1,13,14 Taken together, abnormalities in 
these organ systems account for the syndrome of type 
2 diabetes mellitus. In subsequent sections of this chap-
ter, each of these abnormalities will be considered in 
further detail.

Although the causal mechanisms may be heteroge-
neous in different type 2 diabetic patient groups, ultimate 
expression of the hyperglycemic state involves some com-
bination of impaired insulin secretion, insulin resistance, 
and increased hepatic glucose production, and the relative 
magnitude and importance of these three common meta-
bolic abnormalities depend on the specific genetic, patho-
logic, or environmental factors involved in a particular 
patient.

GENETIC VERSUS ACQUIRED FACTORS

Genetic Factors
Abundant evidence supports the view that a strong genetic 
component contributes to type 2 diabetes. Although many 
patients have a positive family history for this disease, 
perhaps the strongest evidence comes from twin studies. 
In one study, 53 twin pairs were examined, in whom one 
twin was ascertained to have type 2 diabetes. On assess-
ment of the other twin, type 2 diabetes had developed 
in 91% (48/53) of the co-twins.15 Although the five dis-
cordant twins were not overtly diabetic, they had mild 
glucose intolerance and abnormal insulin responses dur-
ing oral glucose tolerance tests, suggesting that they too 
might ultimately progress to overt disease.

Further evidence for a genetic basis comes from strik-
ing differences in the prevalence of type 2 diabetes in 
various ethnic groups that are not explained by environ-
mental factors. The prevalence of type 2 diabetes in the 
United States is 2% to 4% for Caucasians, but it is 4% to 
6% for African Americans16 and 10% to 15% for Mexi-
can Americans,17 and these numbers are increasing as the 
prevalence of obesity is rising at epidemic rates. More than 
40% of the Pima Indians in Arizona have type 2 diabetes 
mellitus; this is the group with the highest incidence of 
type 2 diabetes in the world.18 Among the Pima Indians, 
80% of 35- to 44-year-old offspring of two parents with 
type 2 diabetes mellitus before age 45 years have diabe-
tes, and a positive family history of type 2 diabetes is a 
substantial risk factor for disease development. Clearly, 
this genetic predisposition interacts with adverse environ-
mental influences, such as obesity and sedentary lifestyle, 
which are largely responsible for the sharp uptick in type 
2 diabetes mellitus incidence in recent years.

Despite the high concordance rate in twins, “garden 
variety” type 2 diabetes is obviously not simply the result 
of a single-gene defect; the inheritance pattern of type 2 
diabetes does not conform to any recognizable Mendelian 
pattern, and the incidence of type 2 diabetes in first-degree 
relatives is below what one would expect. In most patients 
with type 2 diabetes, the disease appears to be a polygenic 
disorder, in that disease expression depends on multiple 
gene loci, all of which may have small to moderate effects. 
It also is likely that type 2 diabetes is multigenic, meaning 
that different combinations of gene polymorphisms may 
exist among patients. A more detailed discussion of pos-
sible susceptibility genes will follow later in this chapter. 
Type 2 diabetes is referred to as a multifactorial disease, 
in that the genes interact not only with each other, but 
also with environmental influences. Individuals therefore 
may be predisposed to develop type 2 diabetes through 
their inheritance of a particular combination of genes, but 
acquired environmental factors are necessary to bring out 
the phenotypic manifestation of hyperglycemia.

Although multiple genes are involved in the pathogenesis 
of diabetes in most patients, a small number of patients have 
a monogenic form of this disease. In these forms of diabe-
tes, environmental factors play little or no role in determin-
ing the phenotypic expression. These single-gene mutations 
may confer a defect in insulin secretion or insulin action, 
and each will be discussed specifically later in the chapter.

Liver

Increased glucose
production

Glucose

Pancreas

Peripheral tissues
(muscle)

Receptor
+

postreceptor defect

Impaired insulin
secretion

Figure 40-1 Summary of the metabolic abnormalities in type 2 diabe-
tes mellitus that contribute to hyperglycemia. Increased hepatic glucose 
production, impaired insulin secretion, and insulin resistance caused by 
receptor and postreceptor defects all combine to generate the hypergly-
cemic state.
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Acquired Factors
Lifestyle: Diet, Exercise, and Obesity
Acquired factors play a major role in the development 
of type 2 diabetes in genetically predisposed individuals; 
this is clearly demonstrated by assessment of the impact 
of lifestyle changes on prevalence of diabetes in various 
ethnic populations. The prevalence of diabetes increases 
as ethnic groups migrate from lesser developed to more 
urbanized areas or simply change from an agrarian to 
a more sedentary, urban lifestyle. The former has been 
illustrated by surveys in Japanese subjects. In rural Japan, 
the prevalence of type 2 diabetes was approximately 
4%,19 whereas among Japanese who have immigrated 
to the United States, the prevalence rises to more than 
21%.20 This is also the case in the Pima Indians, who 
in Arizona have adopted a largely “Westernized” life-
style, although those living in northwestern Mexico have 
remained agrarian. The Indians in Arizona have a preva-
lence of diabetes of 54% and 37% for men and women, 
respectively, whereas the Mexican Indians have a preva-
lence of 6% and 11%, respectively.21

It is likely that nutrition and lifestyle are the environ-
mental factors that explain the difference in diabetes 
prevalence in genetically similar populations. Adoption 
of an urbanized, Westernized lifestyle is associated with 
change to a diet that has a higher content of total calo-
ries, fats, and refined carbohydrates. For example, the 
mean daily intake of fat among Japanese men living in 
Japan was reported to be 16.7 g; by contrast, in Japanese 
American men, the mean intake was 32.4 g.22 In addition, 
the level of physical activity is lower among ethnic groups 
living in the United States compared with the same ethnic 
groups living in their country of origin.23 These lifestyle 
changes obviously predispose to the development of obe-
sity, and overwhelming evidence suggests that obesity is a 
major factor in the development of diabetes. The role of 
obesity in the pathogenesis of diabetes will be discussed 
in detail later in this chapter. Recent evidence supporting 
the role of lifestyle factors in the development of diabe-
tes has come from the Diabetes Prevention Program.24 
In this study, intensive lifestyle modification, consisting 
of dietary change and increased exercise, led to a 58% 
reduction in the progression of impaired glucose toler-
ance to diabetes over a 2.8-year period.

The extent of the contribution of these lifestyle fac-
tors, independent of their association with obesity, to the 
development of diabetes remains unclear. For example, it 
is not known whether specific dietary components, such 
as a diet that is rich in saturated fat or highly refined car-
bohydrates, play an independent role in the pathogenesis 
of type 2 diabetes. With regard to exercise, however, 
evidence from experimental and epidemiologic studies 
indicates that subjects with lower physical activity lev-
els are more prone to develop diabetes, independent of 
obesity.25

Low Birth Weight
Low birth weight as a risk factor for the development 
of insulin resistance and diabetes mellitus later in life 
has been described in many populations over the past 2 

decades.26-28 The mechanisms responsible for this associ-
ation are unknown but may be related to epigenetic fetal 
adaptation to nutritional stimuli or excess fetal glucocor-
ticoid exposure.29

Aging
Aging is associated with a decrease in glucose tolerance, 
which appears to be due to a decline in both insulin sen-
sitivity and insulin secretion.30 However, age-related fac-
tors such as reduced physical activity and increased fat 
accumulation are at least in part responsible for this phe-
nomenon. Obviously, type 2 diabetes incidence increases 
with age, but whether the aging process per se is contribu-
tory remains unclear.

In summary, in most subjects, type 2 diabetes is a het-
erogeneous disorder that results from a complex interac-
tion between genetics and environmental influences, such 
as obesity and other acquired factors.

NATURAL HISTORY OF TYPE 2 DIABETES MELLITUS
The pathophysiologic findings depicted in Figure 40-1 
represent a single point in time after overt type 2 diabe-
tes has developed. However, such an analysis does not 
reveal the progressive evolution of this disease. Figure 
40-2 presents a schematic description of the natural his-
tory or progression to type 2 diabetes. Evidence indicates 
that in most populations, those who evolve to type 2 
diabetes begin with insulin resistance. Insulin resistance 
can be a primary inherited feature, but acquired fac-
tors such as obesity, sedentary lifestyle, and aging (par-
ticularly obesity) also can be causal or can exacerbate 
underlying genetic mechanisms of decreased insulin sen-
sitivity. In an attempt to overcome insulin resistance, the 
β cell increases insulin secretion, resulting in hyperinsu-
linemia, which is able to maintain relatively normal glu-
cose tolerance. In a subpopulation of subjects, however, 
this hyperinsulinemic response is insufficient to fully 
compensate for the prevailing insulin resistance, and 

AcquiredGenetics

Insulin resistance

Hyperinsulinemia

IGT

Compensated
insulin resistance

Islet B cell
failure

• Genetics
• Glucotoxicity
• Lipotoxicity (FFAs)
• Other

Type 2 diabetes
• Insulin resistance
• ↑ HGO
• ↓ Insulin secretion

Figure 40-2 Proposed origin for the development of type 2 diabetes 
mellitus.
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impaired glucose tolerance (IGT) develops. Although a 
percentage of subjects with IGT may revert to normal 
glucose tolerance, IGT should be considered an interme-
diate stage in the development of type 2 diabetes, with 
many subjects eventually progressing to frank expres-
sion of the disease.

The proportion of IGT subjects who progress to type 
2 diabetes depends on the particular ethnic groups stud-
ied and the methods of assessment used. For example, 
in the National Institutes of Health (NIH)-sponsored 
multicenter Diabetes Prevention Program, ≈10% of 
patients with IGT developed type 2 diabetes mellitus 
per year.31 During the transition from IGT to frank type 
2 diabetes, at least three pathophysiologic changes can 
be observed. First is a marked fall in β cell function 
and insulin secretion. Whether this decrease is due to 
preprogrammed genetic abnormalities in β cell function, 
to acquired defects (such as glucotoxicity or lipotox-
icity), or to both remains to be elucidated. Neverthe-
less, a marked decrease in β cell function accompanies 
this transition, and most believe that this decreased  
β cell function is the major contributor to the progres-
sion to type 2 diabetes mellitus. A second metabolic 
change is seen at the level of the liver. Subjects with 
IGT have normal basal rates of hepatic glucose output 
(HGO), whereas patients with fasting hyperglycemia 
have increased HGO. Thus, the capacity of the liver to 
overproduce glucose is an important contributory fac-
tor (albeit secondary) to the pathogenesis of type 2 dia-
betes. Finally, many but not all studies have indicated 
that patients with type 2 diabetes are more insulin resis-
tant than are those with IGT. Most likely, this increase 
in insulin resistance is secondary to glucotoxicity or to 
other acquired factors.

Evidence implicating insulin resistance as a primary 
defect comes principally from studies examining sub-
jects who are at increased risk for developing diabetes. 
One such group consists of individuals whose parents 
have type 2 diabetes. Using intravenous glucose toler-
ance tests (GTTs), Warram and coworkers evaluated 
155 nondiabetic offspring whose parents both had 
type 2 diabetes.32 During a follow-up period averag-
ing 13 years, type 2 diabetes developed in 16% of the 
total group. However, when offspring were categorized 
on the basis of insulin sensitivity at initial testing, the 
cumulative incidence of diabetes was 60% among sub-
jects with preexisting insulin resistance and less than 5% 
in insulin-sensitive offspring. Thus, insulin resistance 
and hyperinsulinemia (rather than hypoinsulinemia) 
characterized the prediabetic state, and this occurred 
irrespective of obesity and antedated by many years the 
subsequent development of impaired insulin secretion 
and overt type 2 diabetes.32

Studies in ethnic populations with a high prevalence of 
type 2 diabetes also have provided data supporting a pri-
mary role for insulin resistance in diabetes development. 
Thus, among Pima Indians, hyperinsulinemia and an asso-
ciated decrease in insulin-mediated glucose disposal are 
early abnormalities that predict the subsequent develop-
ment of both IGT and type 2 diabetes.33,34 Pima Indians 
with IGT who progress to type 2 diabetes have lower 

insulin levels 2 hours after a glucose load than do those 
who continue to have IGT or who return to normal glu-
cose tolerance. Similar results come from studies of Micro-
nesians in Nauru, a population with a prevalence of type 
2 diabetes of approximately 30%.35 Again, in this popula-
tion, IGT and type 2 diabetes were most likely to develop 
in those with hyperinsulinemia at baseline, but progression 
from IGT to type 2 diabetes could be predicted by lower 
baseline insulin responsiveness to a glucose challenge.

Further evidence comes from studies in first-degree 
relatives of type 2 diabetic patients.36-38 In these studies, 
peripheral insulin resistance and hyperinsulinemia were 
found in normoglycemic relatives of diabetic patients. 
First-degree relatives with IGT displayed insulin resis-
tance but also exhibited defects in insulin secretion that 
were not apparent in those with normal glucose tolerance.

In summary, the phenotypic manifestation of type 2 
diabetes mellitus involves elevated HGO, impaired insulin 
secretion, and peripheral insulin resistance. Type 2 diabe-
tes mellitus has a strong genetic component, and studies 
of prediabetic subjects indicate that in most populations, 
insulin resistance, accompanied by hyperinsulinemia, 
exists before any deterioration in glucose homeostasis 
occurs. After a period of compensatory hyperinsulinemia 
with normal glucose tolerance, β cell insulin secretion 
declines, and IGT and eventually overt type 2 diabetes 
mellitus result.

In the remainder of this chapter, abnormalities of insu-
lin secretion, insulin action, and hepatic glucose metab-
olism in type 2 diabetes are reviewed, with particular 
attention to basic mechanisms (where known) and their 
applicability to etiology.

PATHOPHYSIOLOGY OF TYPE 2 DIABETES MELLITUS

Abnormal Pancreatic β Cell Function
Obesity is a major cause of insulin resistance, and as was 
described earlier, the β cell compensates for decreased 
insulin sensitivity by increasing insulin secretion. In 
normal glucose-tolerant subjects, the increase in insulin 
secretion that occurs with insulin resistance is described 
by a hyperbolic relationship39 (Fig. 40-3). Although this 
quantitative increase in insulin secretion in response 
to decreased insulin sensitivity should be viewed as an 
appropriate response, subtle qualitative changes in insulin 
secretion also are noted in the insulin-resistant state. Insu-
lin normally is secreted in rapid regular pulses with a 5- to 
15-minute frequency superimposed on slower ultradian 
oscillations every 80 to 150 minutes (see Chapter 32).40  
These normal rapid, regular pulses are replaced by disor-
dered pulses in obese subjects with insulin resistance and 
also in the insulin-resistant but glucose-tolerant offspring 
of subjects with type 2 diabetes.41 Indeed, insulin secre-
tory pulse frequency has been shown to correlate inversely 
with peripheral insulin sensitivity.42,43

Insulin Secretion in Subjects with Impaired Glucose Tolerance
In subjects with IGT, both quantitative and qualitative 
defects in insulin secretion are usually present, although 
this can be variable.43,44 Part of this variability may be 
explained by the heterogeneity of this condition, as some 
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subjects with IGT will revert to normal glucose tolerance, 
a proportion will progress to frank type 2 diabetes, and 
others will continue to have IGT for many years.45

With regard to the hyperbolic relationship between β cell 
function and insulin sensitivity, subjects with IGT secrete 
less insulin than is appropriate for their degree of insulin 
resistance.46 Furthermore, using the graded glucose infusion 
method, Polonsky has shown that subjects with IGT secrete 
less insulin at any given glucose level than do normoglyce-
mic subjects matched for a similar degree of insulin resis-
tance and obesity (Fig. 40-4).47 Insulin-resistant subjects 
with IGT who have progressive impairment in insulin secre-
tion are most likely to develop full-blown type 2 diabetes.48

Insulin secretion in response to a sustained intrave-
nous glucose stimulus is normally biphasic: A rapid rise 
in insulin levels within 1 to 3 minutes (first phase) is fol-
lowed by a return to baseline within 6 to 10 minutes with 
a subsequent gradual increase (second phase). Subjects 
with IGT have a reduction in both first- and second-phase 
responses49 to glucose, and a further qualitative defect in 
insulin secretion in IGT is the replacement of rapid regu-
lar secretory oscillations with disorganized pulses.41

Insulin Secretion in Subjects with Type 2 Diabetes
The abnormalities of insulin secretion described in sub-
jects with IGT are also present in type 2 diabetes, although 
to a more marked degree. β Cell function progressively 
deteriorates during the natural history of type 2 diabetes. 
This decline in β cell function is evident not only during 
the conversion from compensated insulin resistance to 
IGT and subsequently to overt type 2 diabetes, but also 
during the progressive course of established type 2 diabe-
tes after its initial onset.50

Basal insulin levels usually are normal or increased in 
type 2 diabetes. Indeed, obese subjects with type 2 diabe-
tes can have basal insulin levels severalfold higher than 
normal, but this does not mean that basal β cell secretory 
function is normal, because the prevailing plasma glucose 
level also must be taken into account.51-53 Hyperglycemia 
is the major stimulus for insulin secretion, and when nor-
mal individuals are made hyperglycemic by infusion of 
glucose, circulating insulin levels are much higher than 
those found in type 2 diabetes.51,52 Thus, patients with 
type 2 diabetes maintain normal or increased basal insulin 
levels only in the face of the enhanced stimulus of fasting 
hyperglycemia, which indicates an underlying impairment 
in the sensitivity of the β cell to glucose. Stimulated insu-
lin levels in type 2 diabetes can be low, normal, or high 
depending on factors such as the severity of diabetes, 
the degree of obesity, and the preceding level of diabetic 
control.13,14,44

In Response to Intravenous Glucose. In type 2 diabetes, 
defects in the insulin secretory response to intravenous glu-
cose are observed consistently. Once fasting plasma glucose 
levels exceed 126 mg/dL, the first-phase insulin response to 
intravenous glucose characteristically is completely absent. 
This relationship is shown in Figure 40-5.1,54,55

It is interesting to note that acute or first-phase insulin 
secretion in response to nonglucose stimuli such as argi-
nine1 or isoproterenol56 is relatively preserved; this finding 
indicates a functionally selective β cell defect in response 
to glucose stimuli in type 2 diabetes. Because the acute 
insulin response to intravenously administered arginine 
or isoproterenol increases as the glucose concentration is 
raised, Porte and colleagues have attempted to quantitate 
this effect of glucose by plotting the increase in acute insu-
lin response to arginine or isoproterenol pulses as a func-
tion of increasing plasma glucose level.1,14,51 The slope of 
this relationship is termed the glucose potentiation slope, 
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and, by this analysis, glucose potentiation of β cell function 
is also reduced in type 2 diabetes.1,14

Although absent first-phase insulin secretion may be 
a marker for β cell dysfunction, it is unlikely to be an 
important cause of glucose intolerance or hyperglycemia. 
Thus, mildly hyperglycemic and severely hyperglycemic 
type 2 diabetic patients are equally deficient in first-phase 
insulin secretion, implying that this deficiency does not 
play a role in further deterioration in glucose tolerance 
from mild to severe fasting hyperglycemia. Further-
more, in selected patients with normal glucose tolerance 
in whom type 1 diabetes eventually develops, the acute 
insulin response to intravenous glucose is absent during 
the normal stage and therefore does not cause hypergly-
cemia.57 Finally, α-adrenergic blockers can substantially 
restore the acute insulin response to intravenous glu-
cose58 without major improvement in fasting glycemia or 
glucose tolerance.

Second-phase insulin secretion, which is assessed 
with the hyperglycemic clamp or the graded intravenous 
glucose infusion technique (see Fig. 40-4), is markedly 
reduced in individuals with type 2 diabetes compared 
with normal subjects and those with IGT. In general, the 
more severe the diabetes, the lower is the second-phase 
insulin response.1,54

In Response to Oral Glucose and Mixed Meals. The insu-
lin response in type 2 diabetes to oral ingestion of glucose 
or mixed meals is far more variable than the response to 
intravenous glucose. After oral glucose, insulin levels are 
usually subnormal in type 2 diabetes,14,36 although this 
might not always be the case in patients with mild hyper-
glycemia.44 This heterogeneity is depicted in Figure 40-6, 
which summarizes the results of oral GTTs in a wide spec-
trum of normal and type 2 diabetic subjects.59 As can be 
seen, hyperinsulinemia frequently exists in mild states of 
glucose intolerance. In individuals with mild diabetes, in-
sulin levels generally are in the “normal range,” although 

Figure 40-5 First-phase insulin release in response 
to the intravenous administration of glucose in nor-
mal and type 2 diabetic (noninsulin-dependent dia-
betes [NIDD]) subjects. Mean fasting plasma glucose 
concentrations were 83 ± 3 mg/dL in normal subjects 
and 160 ± 10 mg/dL in type 2 diabetic subjects. (Data 
from the American Diabetes Association, Inc., from 
Ward WK, Beard JC, Halter JB, et al: Pathophysiol-
ogy of insulin secretion in non-insulin-dependent dia-
betes mellitus, Diabetes Care 1984;7:491-502.)

–30 0 30 60 90 120 –30 0 30

Time (min)

60 90 120

P
la

sm
a 

IR
I (

µU
/m

l)

0

20

40

60

80

100

120

Normal (n = 9) NIDD (n = 9)

= x + SEM
= 20 gram glucose pulse

P
la

sm
a 

in
su

lin
 (

m
U

/l)
P

la
sm

a 
gl

uc
os

e 
(m

g/
dl

)

0A

B

0

50

25

75

100

125

150

50

100

150

200

250

300

350

400

450

0 60 120

Minutes

180

Figure 40-6 A, Mean (± standard error of the mean [SEM]) plasma 
glucose response to oral glucose in the five subject groups. Blue circle, 
normal; cross, borderline tolerance; red circle, impaired glucose toler-
ance; red triangle and broken line, fasting hyperglycemia (110 to 150 
mg/dL); blue triangle and broken line, fasting hyperglycemia (>150 mg/dL). 
B, Mean (±SEM) plasma insulin response to oral glucose in the five 
subject groups. Symbols are the same as in A. (Data from Reaven GM, 
Olefsky JM: Relationship between heterogeneity of insulin responses 
and insulin resistance in normal subjects, Diabetologia 1977;13: 
201-206.)



69740 TYPE 2 DIABETES MELLITUS: ETIOLOGY, PATHOGENESIS, AND NATURAL HISTORY

inappropriately or relatively low for the degree of hyper-
glycemia and insulin sensitivity. With more severe diabe-
tes, absolute stimulated insulin levels are uniformly low.

In type 2 diabetes, the defect in β cell function is rela-
tively (but not completely) specific for glucose stimuli. The 
relative preservation of insulin responses to nonglucose 
stimuli, such as certain amino acids and the incretin gut 
peptides, means that type 2 diabetic patients have a bet-
ter insulin response to mixed meals than to oral glucose. 
Thus, in mild type 2 diabetes, insulin responses to mixed 
meals may be delayed, but postprandial hyperglycemia, 
coupled with other insulinogenic factors, often leads to 
exaggerated insulin responses 2 to 4 hours after meal 
ingestion. However, with more severe hyperglycemia, 
decreased insulin levels are more common. Because oral 
GTTs represent a rather nonphysiologic stress by which 
to assess β cell function, it is important to keep in mind 
that in the free-living state, when patients are consuming 
mixed meals, absolute insulin levels can be relatively pre-
served in type 2 diabetes.

Proinsulin Secretion
Another factor related to hyperinsulinemia in type 2 dia-
betes is circulating proinsulin levels. Proinsulin is secreted 
by β cells concomitantly with insulin and cross-reacts 
with insulin in most insulin immunoassays, thus contrib-
uting to the total measured immunoreactive insulin level. 
In normal subjects, proinsulin represents only a small 
portion (3% to 7%) of the insulin-like material secreted 
by β cells. However, using proinsulin-specific immunoas-
says, several groups have shown that in hyperinsulinemic 
states and in many cases of type 2 diabetes, an increased 
proportion of proinsulin is released and contributes to 
the measured insulin in standard immunoassays, so true 
insulin levels are overestimated.14,53,60 When corrected 
for this factor, basal insulin levels may be normal or mod-
erately elevated in type 2 diabetes.

Mechanisms of β Cell Dysfunction
The precise cellular mechanisms underlying β cell dysfunc-
tion in type 2 diabetes are unclear, but they most likely 
represent a combination of genetic and acquired factors.

The overall mass of β cells changes in obesity and type 
2 diabetes.61,62 β Cell mass reflects the balance between 
new islet formation (neogenesis) and β cell loss due to 
apoptosis. Longitudinal studies in animal models suggest 
that β cell mass increases appropriately in response to a 
decrease in insulin sensitivity,62 and cross-sectional data 
from humans have long revealed an expanded β cell mass 
in obesity.63 In contrast, β cell mass is reduced in type 
2 diabetes.61 On the basis of murine models and cross-
sectional autopsy data from humans, diminished β cell 
mass is thought to be due to accelerated β cell apoptosis 
and the failure of islet neogenesis and β cell replication to 
compensate for this loss.62

It has been theorized that lipid accumulation in the 
β cell is implicated in the apoptotic process and the deve-
lopment of impaired insulin secretion in type 2 diabetes. 
This is referred to as lipotoxicity and may involve excess 
fatty acids entering β cells, thus triggering the apoptotic 
cellular response.64

A body of evidence also suggests a role for islet amyloid 
polypeptide (IAPP) in the loss of β cells. IAPP is synthe-
sized in the β cell and is co-secreted with insulin.65 IAPP 
aggregates to form fibrils of amyloid, and islet amyloid 
is found at autopsy in up to 90% of subjects with type 2 
diabetes.66 In vitro, IAPP is toxic, causing β cell apopto-
sis,67 and it may contribute to the reduced β cell mass that 
is associated with type 2 diabetes.

Insulin secretory abnormalities found in type 2 diabetes 
are often improved after a period of good blood glucose 
control, irrespective of the treatment used (diet, insulin, 
or oral hypoglycemic agents).68-70 This partial reversibil-
ity is consistent with the idea that, to some extent, the 
abnormalities may be secondary to hyperglycemia or 
some other factor associated with uncontrolled diabetes. 
Support for the “glucotoxicity” theory comes from a vari-
ety of in vivo and in vitro studies showing that chronic 
exposure of islets to hyperglycemia can result in a num-
ber of different defects in glucose-induced insulin secre-
tion.71 It is important to note that when isolated human 
islets are incubated under euglycemic and hyperglycemic 
conditions, islets that are exposed to hyperglycemia dem-
onstrate a marked defect in their ability to secrete insulin 
in response to subsequent glucose stimuli.72 Although the 
precise mechanism is unknown, it seems likely that gluco-
toxicity coupled with lipotoxicity plays some role in the 
impaired β cell function of type 2 diabetes.

An interesting finding from studies of mouse genetics 
is that insulin receptor signaling in β cells is important 
for normal function. Thus, mice in which the insulin 
receptor gene has been specifically deleted from β cells 
show a complete loss of first-phase insulin secretion in 
response to glucose, but not arginine, reminiscent of the 
β cell defect in type 2 diabetes.73 Second-phase glucose-
induced insulin secretion is also blunted in these mice, 
and they show an age-dependent progressive impairment 
in glucose tolerance. Glucose-stimulated insulin secre-
tion involves transport of glucose into cells by a specific  
glucose transporter, termed GLUT2. Following uptake, 
glucose is phosphorylated by glucokinase, and subse-
quent intracellular metabolism of glucose-6-phosphate 
leads to stimulation of insulin secretion. In mouse stud-
ies, genetic deletion of GLUT2 leads to loss of glucose but 
not arginine-stimulated insulin secretion. It is interesting 
to note that feeding mice high-fat diets to induce obe-
sity also leads to a decrease in β cell GLUT2 expression, 
suggesting another mechanism of interaction between 
acquired environmental factors and β cell dysfunction.

The decrease in β cell mass in type 2 diabetes is in the 
range of 30% to 50%. However, because sufficient insu-
lin secretory reserve normally exists to sustain an 80% to 
90% loss of β cells without the development of hypergly-
cemia, it follows that decreased functional capacity of the 
remaining β cells must exist in type 2 diabetes. Indeed, it 
has been shown that the maximal insulin secretory capac-
ity may be reduced by as much as 80% in type 2 dia-
betic subjects.52 It is possible that the decrease in β cell 
mass in type 2 diabetes is somehow causally related to the 
decreased function of the remaining β cells. Thus, par-
tially pancreatectomized rats and streptozotocin-treated 
rats display similar insulin secretory defects,71 which 
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suggests that decreased glucose-stimulated insulin secre-
tion with relative preservation of responsiveness to non-
glucose stimuli may be a general type of abnormality that 
may occur in response to a variety of β cell insults.

Peripheral Insulin Resistance
In addition to impaired β cell function, another primary 
pathophysiologic disorder underlying type 2 diabetes 
mellitus is insulin resistance. Insulin resistance is a met-
abolic state in which a normal concentration of insulin 
produces a less than normal biological response. This 
decreased response to insulin can involve any of the mul-
tiple metabolic effects of insulin, but from the standpoint 
of relevance to type 2 diabetes, resistance to the effects of 
insulin on glucose metabolism has been the most exten-
sively studied. Because insulin travels from the β cell  
through the circulation to the target tissue, events at 
any of these loci can influence the ultimate action of the 
hormone.

Causes of Peripheral Insulin Resistance
Circulating Factors That Influence Insulin Action. Hor-
monal antagonists include all known counterregulatory 
hormones such as cortisol, growth hormone, glucagon, 
and catecholamines. In well-known syndromes (e.g., 
Cushing’s disease, acromegaly), elevated levels of these 
hormones can induce an insulin-resistant diabetic state. 
However, in the usual case of obesity or type 2 diabetes, 
excessive levels of these counterregulatory hormones are 
not an important contributory factor to insulin resistance.

As the body’s largest endocrine organ, adipocytes 
secrete a number of polypeptides, called adipokines, into 
the circulation. In turn, these adipokines (i.e., adiponec-
tin, leptin, resistin, retinal binding protein 4, and others) 
exert distal effects on glucose homeostasis in an endo-
crine fashion. The effects of adipokines will be discussed 
later in the chapter.

Several years ago, Randle and coworkers hypothesized 
that the elevated circulating levels of free fatty acids (FFAs) 
found in obesity and type 2 diabetes impair peripheral 
glucose utilization.74 Substantial evidence indicates that 
FFAs do indeed contribute to insulin resistance, although 
the mechanisms differ from those originally proposed by 
Randle. FFAs also play an important role in the regula-
tion of HGO and contribute to hepatic insulin insensitiv-
ity in obesity and type 2 diabetes. These mechanisms will 
be discussed in greater detail later in this chapter.

Complex metabolic profiling of blood samples, also 
known as metabolomics, has recently provided novel 
insight into mechanisms underlying insulin resistance.75 In 
human studies, the measured components most strongly 
associated with insulin resistance were branched chain 
amino acids (BCAAs), aromatic amino acids, and C3 and 
C5 acylcarnitines.76 The BCAA-related metabolite cluster 
was present across multiple ethnic groups and geographic 
locales.77 The strong association of BCAAs with the insu-
lin-resistant and obese phenotype was shown to have clin-
ical relevance, as the presence of a higher BCAA-related 
principal component factor score was predictive of subse-
quent weight loss in response to dietary interventions,78 
and was also predictive of incident type 2 diabetes.79

Other circulating antagonists, such as antibodies 
against the insulin molecule or against the insulin recep-
tor, are rare causes of insulin resistance and are discussed 
in Chapter 38.

Cellular Defects in Insulin Action
Available evidence points to a target tissue defect as 
the major cause of insulin resistance in type 2 diabe-
tes. Before potential causes are considered, it is use-
ful to review some general concepts concerning normal 
insulin action (Fig. 40-7) (see Chapter 33). Insulin first 
binds to its cell surface receptor, a heterotetrameric gly-
coprotein composed of two α subunits (135 kD) and 
two β subunits (95 kD) linked by disulfide bonds.80-82 
The α subunits are entirely extracellular and are respon-
sible for insulin binding. The β subunits are transmem-
brane proteins containing a small extracellular domain 
and a larger cytoplasmic domain that includes insulin- 
regulated tyrosine kinase activity. Binding of insulin to 
the receptor rapidly induces tyrosine autophosphoryla-
tion of the β subunit involving three tyrosine residues 
in the kinase domain, in addition to tyrosine residues 
adjacent to the transmembrane domain and in the C 
terminus of the β subunit. Once the receptor has been 
autophosphorylated, its intrinsic tyrosine kinase cata-
lytic activity is markedly enhanced, and it now can 
phosphorylate tyrosine residues on endogenous protein 
substrates. Activation of the insulin receptor tyrosine 
kinase is essential for transduction of the insulin signal 
and for internalization of the receptor. Patients with 
naturally occurring mutations in the tyrosine kinase 
domain of the insulin receptor have syndromes of severe 
insulin resistance.

In recent years, major advances have been made in 
our understanding of how the insulin signal is propa-
gated downstream from the activated insulin recep-
tor to various insulin-regulated enzymes, transporters, 
and insulin-responsive genes to mediate its metabolic 
and growth effects (see Fig. 40-7). This field is rapidly 
evolving and complex and is discussed only briefly here 
because it is covered comprehensively in Chapter 33. 
A large number of intermediate signaling molecules 
have been identified, and after activation of the insulin 
receptor kinase, more than one signaling pathway may 
be used (see Fig. 40-7). For example, some of the com-
ponents in the pathways leading to mitogenic effects of 
insulin are distinct from those leading to activation of 
glucose transport. Even a single action of insulin such 
as stimulation of glucose transport can involve more 
than one signaling pathway. Several cytosolic protein 
substrates of the insulin receptors are phosphorylated 
on tyrosine residues within seconds of insulin binding 
to its receptor. The first of these substrates to be identi-
fied was insulin receptor substrate 1 (IRS-1).83,84 IRS-1 
belongs to a growing family of proteins that includes 
IRS-2, IRS-3, IRS-4, and a protein termed shc, which 
are immediate substrates of the insulin receptor kinase 
involved in insulin signaling. These proteins have no 
enzymatic activity but act as docking proteins. Tyrosine 
phosphorylation of these substrates enhances their asso-
ciation with proteins that contain src homology-2 (SH2) 
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domains. These SH2 domains contain ≈100 amino acids 
and can bind to specific short motifs that encompass a 
phosphotyrosine. The binding of specific SH2 domain-
containing proteins to tyrosine-phosphorylated IRS 
proteins or shc generates multicomponent signaling com-
plexes, which, in turn, modulate the activities of phos-
phoinositide-3-kinase (PI3K), several serine kinases, and 
phosphatases that act on key insulin-regulated enzymes 
and transcription factors.

One of the most important effects of insulin with 
respect to type 2 diabetes is stimulation of glucose 
uptake into skeletal muscle, adipocytes, and heart 
muscle. Under most physiologic circumstances, glucose 
transport in these tissues is rate limiting for overall glu-
cose disposal.85-87 Tissue glucose uptake is mediated by 
a family of at least five facilitative glucose transport-
ers, each derived from a separate gene. These trans-
porters show a high degree of homology, but each has 
tissue-specific distribution.88,89 One of them, GLUT4, 
or the insulin-sensitive glucose transporter, is uniquely 
expressed in skeletal muscle, adipose tissue, and cardiac 
muscle. In the unstimulated state, most of the GLUT4 
proteins are located in an intracellular vesicular pool. 
Upon insulin stimulation, recruitment or translocation 
of these glucose transporter-rich vesicles to the cell sur-
face causes insertion of GLUT4 proteins into the plasma 
membrane, where they begin to transport glucose into 
the cell.90-94

Clearly, insulin action involves a cascade of events, 
and abnormalities anywhere along this sequence can lead 
to insulin resistance.

Characteristics of Insulin Resistance in Subjects with Impaired 
Glucose Tolerance or Type 2 Diabetes
The frequency of insulin resistance increases as the degree 
of carbohydrate intolerance worsens.95 Thus, many, but 
not all, subjects with IGT are insulin resistant, whereas 
essentially every type 2 diabetic patient with fasting hyper-
glycemia displays this abnormality. Most studies indicate 
that insulin resistance is more marked in type 2 diabetes 
than in the prediabetic IGT state.3,5,36 Because most type 
2 diabetic patients are overweight, obesity-induced insu-
lin resistance is clearly a major contributing factor in these 
patients. However, obesity is not the only cause, since the 
insulin resistance in obese type 2 diabetic patients exceeds 
that caused by obesity alone, and some nonobese type 2 
diabetic patients are also insulin resistant.3,5,95

All methods of assessing insulin resistance in vivo rely 
on measurement of the ability of a fixed dose or concen-
tration of insulin to promote glucose disposal. Thus, a 
blunted decline in plasma glucose concentration after 
administration of intravenous insulin has been demon-
strated in type 2 diabetes.97,98 Another approach has been 
to infuse insulin and glucose at fixed rates while endog-
enous insulin secretion is inhibited by a combination of 
epinephrine and propranolol or by somatostatin.97,99 
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With this method, the resulting steady-state plasma glu-
cose level reflects the action of concomitantly infused 
insulin; the higher the steady-state plasma glucose, the 
greater is the degree of insulin resistance. Bergman and 
colleagues’ minimal model is yet another method of 
assessing in vivo insulin resistance.96 This method entails 
computer modeling of plasma glucose and insulin levels 
after an intravenous glucose bolus to generate an index of 
insulin sensitivity. With all these methods, type 2 diabetic 
subjects exhibit a significant decrease in insulin sensitivity 
compared with controls.3,96,99,100

More detailed studies of in vivo insulin resistance 
have been carried out with the euglycemic glucose clamp 
method.96 With this approach, insulin is infused at a con-
stant rate, resulting in a given steady-state plasma insulin 
level, while plasma glucose is kept constant at a prede-
termined level by a feedback-controlled variable infusion 
of glucose. The insulin normally lowers the plasma glu-
cose level by suppressing HGO and by stimulating tissue 
glucose uptake. During the insulin infusion, the amount 
of glucose that has to be infused to keep plasma glucose 
levels constant increases gradually until a steady state is 
reached. Under these steady-state conditions, the glucose 
disposal rate provides an excellent quantitative assess-
ment of the biological effect of a particular steady-state 
insulin level. If a radioactive or stable isotope of glucose is 
also infused during the study, HGO during the clamp can 
be quantified. In type 2 diabetes, glucose disposal rates 
are 30% to 60% lower than those in normal subjects at 
any given insulin infusion rate. If several studies at differ-
ent insulin levels are performed in a given subject, dose-
response curves for insulin-stimulated glucose disposal 
and suppression of HGO can be constructed. Patients 
with type 2 diabetes (obese and nonobese) exhibit both 
a rightward shift in their dose-response curve (dimin-
ished sensitivity) and a marked decrease in their maximal 
rate of glucose disposal (decreased responsiveness) (Fig. 
40-8). These changes are more pronounced in obese dia-
betic patients, particularly at maximal glucose disposal 
rates (see Fig. 40-8). The insulin resistance of obese type 2 
diabetic patients is significantly greater than that of non-
diabetic obese subjects. Subjects with IGT tend to have a 
rightward shift in their dose-response curves with normal 
maximal glucose disposal rates (see Fig. 40-8).

Because skeletal muscle is responsible for the great 
majority of in vivo insulin-stimulated glucose uptake, 
this tissue must be the major site for resistance to insulin-
stimulated glucose disposal. This conclusion is evidenced 
by the demonstration of insulin resistance in type 2 dia-
betic patients during forearm perfusion studies.101,102 Leg 
catheterization studies have shown that skeletal muscle 
accounts for ≈80% of whole-body insulin-mediated glu-
cose uptake, and that leg skeletal muscle is markedly 
resistant to the ability of insulin to stimulate glucose 
uptake in type 2 diabetes.103-105 Thus, although other 
insulin target tissues display decreased insulin sensitivity, 
they do not account for a significant proportion of overall 
glucose uptake, and one can conclude that all measures 
of in vivo insulin action on glucose disposal largely assess 
the resistance of skeletal muscle to take up glucose under 
the influence of insulin.

Pathophysiologic Abnormalities in Insulin Target Tissues
Skeletal Muscle
The major manifestation of skeletal muscle insulin resis-
tance is decreased glucose disposal. Clearly, insulin 
action in skeletal muscle involves a cascade of events, and 
abnormalities anywhere along this sequence can lead to 
insulin resistance. These defects can involve abnormal 
coupling between insulin receptor complexes and the 
glucose transport system, decreased activity of the glu-
cose transport system per se, or a variety of intracellular 
enzymatic defects located in various pathways of glucose 
metabolism.

Mechanisms of Skeletal Muscle Insulin Resistance. As the 
first step in insulin action, it is apparent that a decrease in 
cellular insulin receptors could lead to insulin resistance. 
However, this potential relationship is not as clear as it 
would seem because a maximal insulin effect is achieved 
at insulin concentrations that occupy a fraction of the 
surface receptors, giving rise to the concept of “spare” 
receptors. A maximal response of glucose transport in 
adipocytes and muscle is achieved with only 10% to 
20% of the receptors occupied.106,107 Once the critical 
number of receptors needed to generate a maximal re-
sponse is activated, additional increases in the prevailing 
insulin concentration lead to increases in receptor oc-
cupancy with no further increase in biological response, 
because a step (or steps) distal to the receptor is now rate 
limiting. The functional significance is that a decreased 
number of insulin receptors leads to a rightward shift in 
the insulin biological function dose-response curve, with 
decreased responses at all submaximal insulin concentra-
tions but a normal maximal response. A reduction in the 
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maximal insulin response generally denotes the presence 
of a postbinding abnormality. In this context, the term 
postbinding defect includes abnormalities of insulin re-
ceptor function that affect its transmembrane signaling 
function, such as its kinase activity. A postreceptor defect 
refers to any abnormality in a step distal to the insulin 
receptor.

Early studies showed decreased insulin binding to cir-
culating monocytes from obese and IGT subjects and from 
both obese and nonobese type 2 diabetic patients.108,109 
This decreased binding was due to a decrease in insulin 
receptor number with no change in affinity. Similar results 
were subsequently obtained, when isolated adipocytes, 
hepatocytes, and skeletal muscle from obese subjects 
and patients with type 2 diabetes were used.110,111 The 
decrease in cellular insulin receptors in obesity and type 
2 diabetes may well be secondary to hyperinsulinemia, 
inasmuch as elevated circulating insulin levels can down-
regulate receptor number.

A reduction in insulin receptor tyrosine kinase activity 
in type 2 diabetes generally has been found in patients 
with normal kinase activity in IGT.85,111 The receptor 
autophosphorylation/kinase defect appears to be gener-
alized to all insulin target tissues and relatively specific 
for the hyperglycemic insulin-resistant state that is seen 
in type 2 diabetes.

A defect in IRS protein function may also play a role 
in the development of insulin resistance. Reduced insulin-
stimulated IRS-1 tyrosine phosphorylation is found in 
skeletal muscle from type 2 diabetic patients, although 
overall IRS-1 expression is unchanged.112 Serine/thr 
phosphorylation of IRS proteins is closely associated 
with reduction of signaling. Two potential mechanisms 
may underlie this phenomenon. First, serine phosphory-
lation may block the interaction of IRS-1 with its target 
proteins.113 Second, proteasomal-mediated degradation 
of IRS-1 may be increased.114 Several intermediary lipid 
metabolites and cytokines have been shown to activate 
a variety of serine/threonine kinases that induce ser-
ine phosphorylation of IRS-1. Serine kinases implicated 
include c-Jun NH2-terminal kinase (JNK),115 IκB kinase 
(IKK),116 PKC theta, S6K, and MTOR. It is interesting to 
note that this places IRS-1 at the intersection of a variety 
of intracellular pathways, including inflammation, endo-
plasmic reticulum (ER) stress, and nutrient sensing, all 
of which can activate serine/threonine kinases that may 
phosphorylate IRS-1.

IRS-2 is also important for insulin signaling and glu-
cose homeostasis. In mice with disruption of the IRS-2 
gene, profound defects in both insulin action (predomi-
nantly in the liver) and β cell function develop, progressing 
to diabetes.117

PI3K plays a key role in mediating the effects of insulin 
on glucose metabolism.118 Insulin-stimulated PI3K activ-
ity in skeletal muscle is reduced in both obese nondia-
betic subjects119 and patients with type 2 diabetes.112 This 
reduction in PI3K activity correlates with the decrease in 
whole-body glucose disposal.112 Activated PI3K stimu-
lates phosphoinositide-dependent kinase (PDK1) in the 
plasma membrane, which then leads to activation of AKT 
and PKC λ/ζ. Both of these latter enzymes are upstream 

of GLUT4 translocation and are important regulators of 
glucose transport stimulation. Decreased insulin-induced 
AKT and PKC λ/ζ activation are widely described in insu-
lin-resistant skeletal muscle from a variety of states.

Insulin-stimulated glucose transport in isolated mus-
cle fibers and adipocytes from type 2 diabetic patients 
is markedly reduced at all insulin concentrations.10,120 
What is the mechanism of this decrease? In adipocytes 
from type 2 diabetic subjects, decreased GLUT4 levels 
have been reported. In contrast, skeletal muscle GLUT4 
mRNA and protein levels are normal in type 2 diabe-
tes.121,122 Because the muscle of type 2 diabetic patients is 
not deficient in GLUT4 protein, it appears that the defect 
in insulin-stimulated glucose transport reflects a decrease 
in the ability of insulin to signal translocation of GLUT4 
to the cell surface.

Indeed, clear evidence suggests that this is the case. 
For example, Kelley and co-workers used quantitative 
confocal laser scanning microscopy to examine insulin-
stimulated recruitment of GLUT4 to the sarcolemma in 
muscle biopsies from patients with type 2 diabetes.92 In 
the basal state, sarcolemmal GLUT4 labeling was simi-
lar in diabetic and normal subjects, but in response to 
insulin, the increase in GLUT4 in type 2 diabetic subjects 
was only 25% of that in control subjects. A quantitatively 
similar defect in GLUT4 translocation was found in obese 
nondiabetic subjects. In both type 2 diabetic subjects and 
obese nondiabetic subjects, the defect in GLUT4 translo-
cation was associated with marked impairment in insu-
lin-stimulated muscle glucose transport as determined by 
positron emission tomography. Others using biochemical 
muscle subfractionation techniques have found a defect in 
GLUT4 translocation in patients with type 2 diabetes.93

Trafficking of GLUT4 involves a complex system anal-
ogous to synaptic vesicle movement, and an expanding 
list of proteins involved in the regulation of GLUT4 traf-
ficking are being identified.94 Clearly, impaired GLUT4 
translocation could be due to a defect in one or more of 
these GLUT4 vesicle-trafficking proteins.

Oxidative and Nonoxidative Glucose Metabolism 
in Skeletal Muscle. By performing indirect calorimetry 
during glucose clamp studies, one can determine the in-
tracellular fate of glucose by measuring the percentage 
of glucose that is oxidized versus that which undergoes 
nonoxidative glucose metabolism (consisting of storage 
as glycogen plus glycolysis). The insulin concentrations 
necessary for half-maximal stimulation of glucose oxida-
tion (≈50 mU/L in normal subjects) are lower than those 
required for stimulation of glucose uptake and storage as 
glycogen (≈100 mU/L).123 Thus, at low physiologic in-
sulin levels, oxidative glucose disposal is quantitatively 
more important, but at higher insulin levels, nonoxida-
tive glucose metabolism predominates.12 Defects in both 
oxidative and nonoxidative glucose metabolism exist in 
type 2 diabetes, although the decrease in nonoxidative me-
tabolism is greater.9,36,105,124,125 Shulman and co-workers, 
using nuclear magnetic resonance (NMR) spectroscopy 
of the gastrocnemius muscle during an infusion of 13C-
enriched glucose, showed that during a hyperinsulinemic 
hyperglycemic clamp study, nonoxidative glucose disposal 
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is highly correlated with rates of skeletal muscle glycogen 
deposition.9 Moreover, a 50% reduction in the rate of 
muscle glycogen synthesis in type 2 diabetic patients was 
found, and defects in nonoxidative glucose metabolism 
and muscle glycogen synthesis correlated well with the de-
crease in whole-body glucose uptake.9

The reduced muscle glycogen synthesis rate in type 2 
diabetes could be the result of a decrease in glucose trans-
port, impaired glucose phosphorylation, or an abnormal-
ity in the glycogen synthetic pathway, and decreases in 
GLUT4 translocation, hexokinase II, and glycogen syn-
thase have been reported. To identify the primary site of 
the intracellular block in glycogen synthesis, Rothman 
and co-workers used 31P-NMR during glucose clamp 
studies to measure glucose-6-phosphate concentrations 
in gastrocnemius muscle.126 They reasoned that a pri-
mary block in glycogen synthesis (e.g., resulting from 
decreased glycogen synthase) would lead to increased 
glucose-6-phosphate levels, whereas if the decreased flux 
of glucose to glycogen reflected impaired glucose trans-
port and/or phosphorylation, then glucose-6-phosphate 
levels would be low. They found a lower steady-state 
glucose-6-phosphate concentration in type 2 diabetes, 
indicating that the reduced rate of glycogen synthesis 
was secondary to impaired glucose transport, hexokinase 
activity, or both. In additional muscle NMR studies, these 

investigators detected a very low intracellular free glucose 
concentration during hyperinsulinemic hyperglycemic 
clamp studies in both normal and type 2 diabetic patients. 
This finding strongly suggested that glucose transport 
is the rate-controlling step in insulin-stimulated muscle 
glycogen synthesis, indicating that decreased insulin- 
mediated glucose transport is the major defect in the muscle 
insulin resistance of type 2 diabetes.

Skeletal Muscle Lipid Metabolism. Increased FFA flux is 
a consistent finding in type 2 diabetic patients, as well as 
in obese insulin-resistant nondiabetic subjects. This usu-
ally is accompanied by elevated circulating FFA levels, 
particularly in the postprandial state, and increased FFA 
uptake into skeletal muscle, as well as liver, can be a cause 
of decreased insulin sensitivity. After cellular uptake, FFAs 
are converted to long-chain fatty acyl CoAs (LCFA-CoAs), 
which can be transported into the mitochondria by car-
nitine palmitoyl-transferases to undergo β oxidation (Fig. 
40-9). If not transported into the mitochondria, LCFA-
CoAs can be reesterified with glycerol-3-phosphate (G-
3-P) to form phosphatidic acid (PA), which is converted 
to diacylglyercol (DAG) and then to triglycerides. When 
levels of fatty acyl CoAs (particularly palmitoyl CoA) are 
high, the ability of cells to oxidize or store this lipid inter-
mediate may be limiting, which leads to increased conver-
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sion of fatty acyl CoA to ceramide. With increased uptake 
of FFA into the cell, intracellular levels of LCFA-CoAs and 
intermediates such as DAG, ceramide, and triglyceride 
are increased.127,128 Evidence exists to indicate that these 
fatty acid intermediates and metabolites can impair insulin 
signaling by activating inhibitory serine/threonine kinases 
such as JNK1, PKCθ, IKKβ, and MTOR/p70S6K. In turn, 
these inhibitory serine kinases phosphorylate IRS-1, im-
pairing the ability of IRS-1 to propagate downstream insu-
lin signaling. In addition, accumulation of ceramide has an 
additional effect of impairing AKT activation, thus further 
inhibiting insulin signaling.

When lipid synthesis and fatty acid (FA) oxidation 
become unbalanced, inadequate complete mitochondrial 
β oxidation exaggerates the accumulation of these lipid 
metabolites, potentiating insulin resistance. Incomplete β 
oxidation of FAs leads to accumulation of various acyl 
carnitine intermediates, which may also contribute to 
decreased insulin sensitivity.129 In contrast, enhanced 
complete mitochondrial fatty acid oxidation causes a 
decrease in intracellular levels of lipid intermediates, 
which could cause greater insulin sensitivity. These path-
ways provide an important connection between abnormal 
intracellular lipid metabolism and insulin resistance.

Intramyocellular triglyceride content, measured by 
muscle biopsy or NMR spectroscopy, is increased in obe-
sity and type 2 diabetes130 and is a strong predictor of 
insulin resistance in both animals and humans.131,132 It is 
likely that increased intramyocellular triglyceride content 
does not, by itself, impair insulin signaling, but acts as 
a marker of increased intracellular LCFA-CoAs, DAGs, 
ceramides, or other lipid intermediates. A strongly negative 
correlation has been demonstrated between whole-body 
insulin sensitivity, as determined by the glucose clamp, 
and the content of LCFA-CoAs and DAGs, as measured 
in muscle biopsy samples.133

Kinetic Defects in Insulin Action. Although most quan-
titative assessments of in vivo insulin resistance report 
impaired insulin action based on steady-state measure-
ments, kinetic defects in insulin action in obesity have 
been demonstrated. Thus, the rate of activation of the 
effect of insulin in stimulating glucose disposal is de-
creased, and the rate of deactivation of the effect of 
insulin is increased. Given that under physiologic post-
prandial conditions, insulin is secreted in a phasic rather 
than a steady-state manner, it is likely that kinetic defects 
in insulin action are of functional importance, and that 
steady-state measurements of insulin action underesti-
mate the functional defect in insulin sensitivity. This has 
been demonstrated by measuring glucose disposal during 
phasic administration of insulin during a glucose clamp, 
designed to mimic the pattern of insulin secretion during 
oral glucose tolerance tests. Total insulin-stimulated glu-
cose disposal during the “phasic” clamp was reduced by 
64% in obese subjects compared with lean controls.134 
This is greater than the 20% to 50% decrease in steady-
state insulin-mediated glucose disposal that was observed 
in glucose clamp studies in these same subjects, confirm-
ing the functional importance of kinetic abnormalities in 
insulin action.135

In summary, skeletal muscle insulin resistance in type 
2 diabetes is associated with multiple defects in insulin 
signaling, glucose transport, and oxidative and nonoxida-
tive glucose metabolism. It remains to be fully determined 
which defects are primary and which are secondary, but 
a decrease in insulin-stimulated GLUT4 translocation 
appears to be the fundamental defect that gives rise to the 
insulin-resistant state.

Liver
In addition to peripheral insulin resistance and abnormal 
β cell function, the third major pathophysiologic defect 
in type 2 diabetes mellitus is dysregulation of hepatic 
glucose output. The liver plays a key role in carbohydrate 
metabolism by extracting glucose from the portal vein 
and hepatic artery, and by releasing glucose derived from 
glycogenolysis or gluconeogenesis into the hepatic vein.

Hepatic Glucose Output. After an overnight fast, normal 
basal glucose production rates are 1.8 to 2.2 mg/kg/min, 
with about 90% of the glucose that is released into the 
circulation coming from the liver. After glucose inges-
tion, HGO must be suppressed promptly to limit the rise 
in plasma glucose levels; as intestinal glucose delivery 
wanes, HGO rates must be restored to meet the obligato-
ry glucose needs of tissues such as the brain. These changes 
in HGO are mediated largely by changes in insulin and 
counterregulatory hormones (predominantly glucagon). 
The rate of basal HGO is increased in both obese and 
nonobese type 2 diabetic patients,6,7,11 but not in subjects 
with IGT (Fig. 40-10, A). The fasting plasma glucose level 
and HGO are closely correlated in type 2 diabetic pa-
tients (see Fig. 40-10, B), which indicates that the rate 
of basal glucose production by the liver directly modu-
lates the level of fasting hyperglycemia in type 2 diabe-
tes. Gluconeogenesis is the predominant source of HGO 
following an overnight fast,136 and most studies suggest 
that gluconeogenesis is increased in type 2 diabetes.137,138 
Thus, enhanced gluconeogenesis is the proximate cause 
of increased HGO in type 2 diabetes, and although the 
mechanism is unclear, it is probably a multifactorial de-
fect. Glucagon levels are elevated in type 2 diabetes, and 
the effect of glucagon in stimulating the synthesis and 
release of glucose by the liver is well known. Hypergly-
cemia normally exerts a suppressive effect on α cell gluca-
gon secretion, and the presence of hyperglucagonemia in 
the face of hyperglycemia implies that pancreatic α cells 
in type 2 diabetes are resistant to the inhibitory effects of 
glucose. Other factors are possible, but regardless of the 
mechanisms, increased α cell function in type 2 diabetes is 
a consistent abnormality, and suppression of plasma glu-
cagon levels by infusion of somatostatin acutely lowers 
plasma glucose levels in both normal and type 2 diabetic 
subjects.139

Hepatic glucose production can be suppressed com-
pletely by high physiologic or supraphysiologic insulin 
levels in type 2 diabetes, but the sensitivity of HGO to 
lower concentrations of insulin is reduced.12 This reduced 
insulin sensitivity also contributes to the overall increase in 
glucose production in these patients. The ability of insulin 
to suppress HGO may in part occur indirectly140 through 
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suppression of adipose tissue lipolysis and plasma FFA 
levels. Thus, a component of impaired insulin-induced 
suppression of HGO in type 2 diabetes may in part be 
secondary to impaired inhibition of plasma FFA levels by 
insulin.13

Finally, increased flux of gluconeogenic precursors and 
FFAs from peripheral tissues to the liver may participate 
in the maintenance of increased HGO in type 2 diabe-
tes. Alanine, lactate, and glycerol production rates are 
increased in type 2 diabetes with fasting hyperglycemia, 
and increased plasma lactate and glycerol levels would be 
expected to promote gluconeogenesis. In obese type 2 dia-
betic patients, increased plasma FFA levels may stimulate 
gluconeogenesis and contribute to higher rates of HGO.

Hepatic Glucose Uptake. Although earlier data held that 
most orally ingested glucose was extracted by the liver 
and was largely converted to glycogen,141 more recent 
studies indicate that skeletal muscle is quantitatively the 
most important tissue for disposal of an oral glucose 

load, with 50% to 60% of total glucose disposal being 
accounted for by skeletal muscle.142 Only 20% to 35% 
of oral glucose is taken up by the liver. In contrast to  
direct stimulation of muscle glucose uptake by insulin and 
incorporation into glycogen, insulin plays a permissive 
role in promoting hepatic glucose uptake (HGU). Thus, 
insulin does not cause net HGU or stimulation of liver 
glycogen deposition without an increased portal venous 
glucose concentration. The main determinant of glucose 
transport into and out of the liver is the glucose concentra-
tion gradient between sinusoids and hepatocytes.143 After 
glucose ingestion, uptake of glucose by the liver (newly 
absorbed and recirculating) is impaired in type 2 diabe-
tes.144 This may be due to decreased hepatic glucokinase 
activity, and this defect in HGU accounts for =25% of 
postprandial hyperglycemia in type 2 diabetes.145

In summary, inhibition of glucose production and 
release is the major effect of insulin on hepatic glucose 
balance. In type 2 diabetes, the liver overproduces glu-
cose in the basal state, primarily because of increased 
gluconeogenesis, and this is the predominant cause of 
fasting hyperglycemia. The metabolic milieu in this dis-
order is ideal for sustaining this abnormality. Increased 
stimulation by glucagon, in combination with hepatic 
insulin resistance, plus augmented gluconeogenic pre-
cursor flow ensures adequate substrate availability for 
increased HGO. Finally, elevated FFA levels promote 
the gluconeogenic process. Decreased HGU has been 
reported in type 2 diabetes, and this contributes to post-
prandial hyperglycemia.

Mechanisms of Hepatic Insulin Resistance. Various de-
fects in the cellular actions of insulin have been described 
in livers of type 2 diabetic patients, or in relevant animal 
models, and, in most ways, these defects are similar to 
what is seen in skeletal muscle and other tissues. These 
include a decrease in insulin receptor tyrosine kinase  
activity, decreased IRS-1/PI3K signaling, and impaired acti-
vation of AKT. An important pathophysiologic element 
unique to the liver involves the transcriptional control of 
gluconeogenesis. Gluconeogenesis is finely controlled by 
a complex transcriptional network that allows the liver 
to adjust rapidly to changes in glucose need. Glucagon 
stimulates adenylcyclase activity, leading to increased in-
tracellular cyclic adenosine monophosphate (AMP) levels, 
with activation of PKA and subsequent phosphorylation 
and activation of the nuclear transcription factor CREB. 
CREB is a master positive regulator of gluconeogenic 
gene expression. The effects of CREB are facilitated by 
two nuclear co-activators, TORC2 and CBP. In addition, 
PGC1α, FOX01, and HNF-4α positively activate the glu-
coneogenic program. Clearly, the transcriptional control 
of gluconeogenesis is a complex system. It is important 
to note that TORC2, CBP, and FOX01 are highly insu-
lin regulated. Insulin-induced phosphorylation of these 
co-factors causes nuclear exclusion of these proteins 
with inhibition of gluconeogenesis. This provides the 
mechanism for the ability of insulin to downmodulate 
gluconeogenesis. Once the liver is insulin resistant, phos-
phorylation of these co-factors is impaired and high lev-
els of nuclear TORC2, CBP, and FOX01 exist, leading 
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to increased gluconeogenesis. From a therapeutic point 
of view, controlled inhibition of hepatic gluconeogenesis 
is a highly valuable approach to the treatment of type 2 
diabetes.

Adipose Tissue
Adipokines. As noted earlier, adipose tissue represents the 
body’s largest endocrine organ (see Chapter 36). Indeed, 
adipose tissue is responsible for secretion of a large num-
ber of polypeptide factors, some of which are exclusively 
elaborated by adipocytes and are termed adipokines. 
Some of the major adipokines include leptin, adiponec-
tin, and resistin.

Adiponectin is secreted by adipocytes and circulates 
as a large multimeric protein complex consisting of up 
to 18 monomers.146 Two receptors for adiponectin have 
been identified (Adipo-R1 and Adipo-R2) with somewhat 
different tissue expression patterns. Adipo-R1 is more 
highly expressed in liver, whereas Adipo-R2 is predomi-
nant in muscle. Through these receptors, adiponectin 
stimulates AMP kinase activity, leading to a variety of 
cellular effects that all serve to improve tissue insulin sen-
sitivity. Thus, adiponectin is a bonafide insulin-sensitizing 
hormone and may play an important role in pathophysi-
ologic states. For example, adiponectin levels are usually 
decreased in obesity and other insulin-resistant states, 
and circulating high–molecular-weight adiponectin lev-
els are inversely correlated with the magnitude of insulin 
resistance. Furthermore, administration of adiponectin 
to animals leads to improvement in insulin sensitivity. 
Treatment of animals and insulin-resistant humans with 
insulin-sensitizing thiazolidinediones leads to an increase 
in adiponectin secretion from adipocytes, consistent with 
a role for increased adiponectin in the insulin-sensitizing 
effects of this class of therapeutics.

Resistin is another adipokine, and although it is much 
less well studied than adiponectin, earlier reports sug-
gested that resistin leads to a decrease in insulin sensi-
tivity, and elevated levels of resistin may track with 
insulin-resistant states.147 Leptin is perhaps the best 
known of the adipokines, and it exerts its effects largely 
by reducing food intake and increasing thermogenesis.148 
Obviously, insofar as leptin helps to control body weight, 
it has a profound effect on obesity-induced insulin resis-
tance. Independent of its effects on obesity, some evidence 
indicates that leptin may directly improve insulin sensi-
tivity, although this is less certain and requires further 
investigation. This is an interesting and evolving field, and 
a number of other adipokines have been identified that 
have effects on diverse physiologic systems.149-155

Impact of Regional Fat Distribution and Adipocyte Size. 
Adipose tissue is responsible for only a small fraction of 
overall whole-body glucose disposal. Although glucose 
uptake per kilogram of tissue is reduced in insulin- 
resistant states, overall glucose disposal in adipose tissue 
probably is not significantly altered, given the expanded 
fat mass in most insulin-resistant subjects.156

Intraperitoneal (visceral) adipose tissue may be par-
ticularly deleterious to glucose homeostasis (see Chapter 
43). Because of its anatomic location, visceral fat drains 

directly to the liver via the portal vein, thereby exposing 
the liver to high concentrations of FFA from this depot. 
Furthermore, visceral adipocytes appear to be more 
responsive to catecholamine-stimulated lipolysis and less 
responsive to suppression of lipolysis by insulin.157,158 
It has long been recognized that excess fat in the upper 
part of the body (central or abdominal), termed android 
obesity, is associated with increased risk for type 2 diabe-
tes, dyslipidemia, and increased mortality compared with 
lower-body (gluteofemoral), or gynoid, obesity.159-161 
The relationship between visceral fat and cardiovascu-
lar risk has been established, and evidence also exists 
for an association between decreased insulin sensitivity 
and increased visceral adipose tissue. Visceral fat area, as 
determined by computed tomography scan, is correlated 
with decreased insulin action, as measured by the glucose 
clamp.

Subjects with deficiency of adipose tissue amount 
(lipoatrophy) or distribution (lipodystrophy) are also 
insulin resistant (see Chapter 37), with excess triglycer-
ide deposition in skeletal muscle and the liver.162 In a 
transgenic animal model with absence of white adipose 
tissue, insulin resistance is associated with lipid deposi-
tion in skeletal muscle and liver163—a phenotype that 
can be reversed by surgical implantation of normal adi-
pose tissue.164 These findings suggest that adipose tissue 
plays a pivotal role in buffering of fatty acid flux, with 
insufficient buffering leading to “ectopic triglyceride” 
storage in muscle and the liver, resulting in deleterious 
metabolic effects.165 The more common scenario, how-
ever, is of excess adipose tissue in obesity; in this situa-
tion, the antilipolytic effects of insulin are impaired. This 
could result in increased FFA flux into muscle and liver, 
contributing to the increased intramyocellular and hepatic 
triglyceride content and insulin resistance observed in this 
condition.166

Another aspect of lipid metabolism that influences 
insulin action is that of adipocyte size. Larger adipocytes 
are more resistant to insulin-stimulated glucose uptake 
and to insulin suppression of lipolysis,167,168 and larger 
subcutaneous adipocytes may predict the development 
of type 2 diabetes, independent of insulin resistance.169 
Smaller fat cells may be more efficient at fatty acid uptake 
and better able to buffer lipid flux. Indeed, it has been 
hypothesized that failure of adipogenic precursor cells 
to differentiate into adipocytes results in glucose intoler-
ance,170 which may be due to inefficient handling of lipid 
flux by the remaining large adipocytes.

INFLAMMATORY PATHWAY ACTIVATION  
AND INSULIN RESISTANCE
In recent years, the concept has emerged that chronic low-
grade activation of pro-inflammatory pathways within 
insulin target tissues is an important cause of obesity-
associated insulin resistance.171 For example, elevated lev-
els of TNFα, IL-6, MCP-1, and C reactive protein (CRP) 
have been shown in individuals with insulin resistance and 
type 2 diabetes.172 Furthermore, TNFα levels are elevated 
in blood and adipose tissue from obese rodents, and neu-
tralization of TNFα improves insulin sensitivity in these 
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animals.173 Furthermore, recent clinical studies have also 
supported the role for chronic inflammation in the eti-
ology of insulin resistance. Thus, high-dose salicylate 
treatment can inhibit IKKb and reverse the glucose intol-
erance and insulin resistance in obese and high-fat diet 
rodent models.174 In clinical studies, it has been shown 
that salicylate treatment can lower glucose levels and 
improve insulin sensitivity in type 2 diabetic subjects.175 
Saturated fatty acids, microhypoxia in adipose tissue, ER 
stress, and certain cytokines can all initiate pro-inflam-
matory responses by activating the JNK/activator pro-
tein-1 (AP-1) and IKKb/NF-κB signaling pathways.171,176 
Indeed, JNK-1 and IKKb signaling are upregulated and 
activated in insulin-resistant human and rodent skeletal 
muscle, as well as other tissues.177,178 This is an important 
point, since these serine kinases activate the transcription 
factors AP-1 (C-Jun\fos) and NF-κB, which then induce 
expression of an overlapping set of inflammatory path-
way genes. These serine kinases can also phosphorylate 
IRS proteins, directly interfering with insulin signaling.179

A key initiator of this inflammatory response is adi-
pose tissue, which is not only a storage depot for excess 
calories but also actively secretes fatty acids and a vari-
ety of polypeptides. These peptides include hormones, 
cytokines, and chemokines that can function in both an 
endocrine or paracrine fashion.171,176 The discovery that 
adipose tissue from obese mice and humans is heavily 
infiltrated with macrophages provided a major mechanis-
tic advance into our understanding of how obesity propa-
gates inflammation.180,181 Adipose tissue (AT) contains 
bone marrow–derived macrophages (M), and the content 
of these ATMs tracks with the degree of obesity. More 
than 40% of the total adipose tissue cell content from 
obese rodents and humans can be composed of ATMs, 
compared with 10% in lean counterparts. These ATMs 
are a major source of pro-inflammatory cytokines, which 
can act locally in the adipose tissue or leak out into the 
circulation to cause decreased systemic insulin sensitiv-
ity. Using various knockout and transgenic strategies in 
mice, a large number of studies have shown that vari-
ous genetic manipulations that disable pro-inflammatory 
pathways in macrophages lead to protection from obe-
sity-induced insulin resistance and hyperglycemia.171,176 
In vivo, tissue macrophages can exist across a polariza-
tion spectrum, ranging from the most pro-inflammatory 
to anti-inflammatory macrophage types. In obesity, the 
pro-inflammatory macrophage population (often referred 
to as M1-like) expands while the noninflammatory mac-
rophage subpopulation (referred to as M2-like) decreases. 
This body of work supports the general concept that 
obesity induces the accumulation of pro-inflammatory 
ATMs that secrete cytokines and other factors that cause 
adipose tissue and systemic insulin resistance.

A number of studies have shown that in addition to 
ATMs, lymphocytes are also present in obese adipose tis-
sue and that adipose tissue lymphocytes participate in the 
pro-inflammatory response.182 While the role of lympho-
cyte subpopulations remains to be fully defined, the num-
bers of pro-inflammatory Th-1 lymphocytes are increased 
in obese adipose tissue, and these cells can secrete fac-
tors that help recruit macrophages into the tissue and 

stimulate their inflammatory activation state. CD4+ lym-
phocytes, particularly T regulatory cells (TREGS), exert 
anti-inflammatory effects, and studies in mice have dem-
onstrated a decrease in either the absolute number or pro-
portion of adipose tissue TREGS in obesity.182 Through 
various gain-of-function and loss-of-function strategies, it 
has been demonstrated that Th-1 lymphocytes are associ-
ated with progression of the inflammatory state and insu-
lin resistance, while TREGS have a protective effect to 
inhibit pro-inflammatory activation and attenuate insu-
lin resistance. Adaptive immunity may also play a role in 
propagating the adipose tissue inflammatory response in 
obesity. Thus, lymphocytes may respond to unique anti-
gens present in obese adipose tissue, and evidence exists 
that adipocytes and macrophages can function as anti-
gen-presenting cells.183

Chronic inflammation in the liver can also be a cause 
of hepatic insulin resistance in obesity and type 2 diabe-
tes. Macrophage cell types in the liver include Kuppfer 
cells and freshly recruited hepatic macrophages.184,185  
In obese mice, there is a large increase in the content of 
pro-inflammatory recruited macrophages in the liver, and, 
just as in adipose tissue, these cells, along with Kuppfer 
cells, release inflammatory factors that incite the hepatic 
inflammatory state. Thus, in obese and type 2 diabetic 
insulin resistance states, hepatic JNK-1, IKKb, and PKCd 
activity are all increased, and these serine kinases can 
blunt insulin signaling in hepatocytes. The attenuation of 
insulin action leads to increased levels of gluconeogenesis 
and glycogenolysis with elevated hepatic glucose production 
rates. This insulin-resistant state is often accompanied by 
nonalcoholic fatty liver disease (NAFLD) or nonalcoholic 
steatohepatitis (NASH).

It is quite likely that this chronic inflammatory process 
contributes to skeletal muscle insulin resistance through 
changes in circulating concentrations of cytokines or 
adipokines released from adipose tissue and/or liver. 
Furthermore, adipose tissue is interspersed within skel-
etal muscle in obesity, and these intramuscular adipose 
depots are expanded in obese patients. The intramuscular 
adipose tissue contains macrophages and other immune 
cells, and the content of these cells increases in obesity. 
It remains possible that inflammatory factors released by 
these immune cells could have local paracrine effects con-
tributing to skeletal muscle insulin resistance (Fig. 40-11).

Although low-grade, chronic tissue inflammation is an 
important cause of insulin resistance in obese and type 
2 diabetic subjects, how does this inflammatory process 
begin? One possibility is that expansion of adipose tissue 
in obesity leads to areas of microhypoxia that activate the 
adipocyte hypoxic response. In addition, nutrient over-
load of adipocytes and hepatocytes initiates stress path-
ways. Both of these processes can lead to activation of 
pro-inflammatory mechanisms with release of chemo-
kines, which then attract macrophages and other immune 
cell types into the adipose tissue and liver to propagate 
the inflammatory state. In this scenario, chronic obesity 
and type 2 diabetes leads to long-term accumulation of 
activated tissue macrophages, lymphocytes, and other 
immune cells, which, in turn, release cytokines and other 
factors that directly cause decreased insulin sensitivity.
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OTHER CONTRIBUTORS TO THE INSULIN-RESISTANT 
PHENOTYPE

Insulin-Mediated Versus Non–Insulin-Mediated 
Glucose Uptake
Under basal conditions, a near steady state of glucose 
flux is approximated, and the rate of glucose appear-
ance (HGO) equals the overall rate of glucose disposal. 
To understand the significance of increased basal HGO 
in type 2 diabetes, it is important to distinguish between 
insulin-dependent and insulin-independent processes of 
glucose disposal. By definition, insulin-mediated glucose 
uptake (IMGU) occurs in insulin target tissues under 
the influence of insulin. Non–insulin-mediated glucose 
uptake (NIMGU) consists of all glucose uptake that is 
not under the influence of insulin, and this has two com-
ponents. NIMGU occurs in tissues (primarily the central 
nervous system) that are not targets for insulin action; it 
also involves insulin target cells and composes the basal 
rate (non–insulin-mediated) of glucose disposal by these 
tissues. Total glucose disposal (Rd) equals the sum of 
NIMGU and IMGU. NIMGU can be assessed in vivo by 
measuring Rd under conditions of severe insulinopenia 
induced by an infusion of somatostatin.186 Thus, after 
measurement of basal Rd (at basal or fasting insulin and 
glucose levels), somatostatin is administered to inhibit 

insulin secretion to negligible levels. Rd gradually falls 
to a new steady state that equals NIMGU because insu-
lin action is absent under these conditions. With this 
approach, the proportion of basal Rd that is NIMGU is 
approximately two thirds in normal individuals at eugly-
cemia and in type 2 diabetic subjects studied at their basal 
level of hyperglycemia.186 This means that at all levels of 
basal glycemia (normal and diabetes), most of the glucose 
is disposed of by NIMGU mechanisms, and the elevated 
rates of basal HGO that prevail in type 2 diabetes are 
associated with increased rates of NIMGU.

Pathophysiology of Fasting Versus Postprandial 
Hyperglycemia
Once type 2 diabetes develops, peripheral insulin resis-
tance, impaired insulin secretion, and increased HGO all 
contribute to fasting hyperglycemia, but increased HGO 
predominates (see Chapter 43). This conclusion derives 
from the known physiology of glucose homeostasis in the 
basal state. Thus, in the postabsorptive fasting state, insu-
lin levels are low, and approximately 70% of basal glu-
cose uptake (Rd) is non–insulin-mediated in both normal 
and hyperglycemic type 2 diabetic subjects.186 Because 
skeletal muscle accounts for only 15% to 20% of basal 
glucose Rd, it follows that an impairment in insulin-
mediated glucose uptake by muscle will have little effect 
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on overall basal glucose Rd or on the fasting plasma glu-
cose level. Major increases in fasting glucose levels do not 
occur unless the rate of glucose entry into the systemic 
circulation (Ra) increases, and, in the basal state, glucose 
Ra essentially equals HGO. In type 2 diabetes, increases 
in glucose Ra readily lead to increases in fasting glucose 
levels because, in the setting of peripheral insulin resis-
tance and impaired insulin secretion, the ability of IMGU 
to rise and accommodate an increase in Ra is severely 
curtailed. Thus, decreased insulin secretion and action 
provide the setting that allows glucose Ra to regulate fast-
ing plasma glucose, leading to the principle that fasting 
hyperglycemia is largely due to increased HGO.

The cause of postprandial hyperglycemia, however, is 
more complex. Thus, in the postprandial state, glucose Ra 
comes predominantly from ingested carbohydrate, which 
enters the peripheral circulation. In the postprandial state, 
IMGU normally predominates, and the limited ability of 
type 2 diabetic subjects to increase IMGU (because of 
insulin resistance and impaired insulin secretion) allows 
the marked postprandial glucose excursions.

The clinical implications of this understanding of the 
pathophysiology of fasting versus postprandial hypergly-
cemia are obvious. Any form of antidiabetic therapy must 
address both aspects of hyperglycemia to be fully effec-
tive, which means that a given treatment modality must 
correct the disordered hepatic glucose metabolism at the 
same time that it improves insulin-mediated skeletal mus-
cle glucose uptake. This principle is true for single modes 
of therapy (insulin, oral agents, weight loss) and for 
various combination forms of treatment. For example, a 
treatment modality that lowers HGO combined with one 
that enhances IMGU would be an effective overall man-
agement strategy for controlling overall glycemia in type 
2 diabetes.

Gastrointestinal Incretins and Intestinal Bypass Surgery
An incretin is a gastrointestinal hormone that increases 
insulin release from the β cell in response to a meal or an 
oral glucose load (see Chapter 34). Although many pep-
tides produced in the stomach and/or small intestine have 
a role in the regulation of food intake, the two dominant 
gut-derived incretins are GIP and GLP-1. GIP is secreted 
from enteroendocrine cells (“K cells”), which have high-
est density in the duodenum but are found throughout 
the small intestinal mucosa.187 Secretion of GIP is stimu-
lated by carbohydrates and by lipids, and a 10- to 20-fold 
elevation in plasma concentration is seen following a 
meal. The GIP receptor is a Gαs-coupled 7-transmem-
brane receptor (7TMR), and activation leads to enhanced 
insulin secretion. GLP-1 is derived from the polypeptide 
product of the glucagon gene through a process of differ-
ential proteolytic cleavage within intestinal “L cells.”188 
GLP-1 secretion is stimulated by the presence of nutrients 
in the gut lumen (predominantly distal small intestine and 
colon), and its secretion is highly correlated with insulin 
release. Similar to GIP, it interacts with a Gαs-coupled 
7TMR on β cells and is a potent insulin secretagogue.

The “incretin effect” was first suggested following the 
observation that an oral glucose load stimulates insu-
lin secretion to a higher degree than does a comparable 

intravenous glucose load. The incretin effect is respon-
sible for 50% to 70% of postprandial insulin secretion in 
normal individuals.189 In individuals with type 2 diabetes, 
this contribution is reduced to less than 20%,190 suggest-
ing that impaired incretin action may contribute to the 
pathogenesis of type 2 diabetes.

GIP blood levels from patients with type 2 diabetes 
are variable and have been reported to be elevated, nor-
mal, or reduced in various studies. Several studies have 
reported reduced GLP-1 secretion after a mixed meal in 
subjects with type 2 diabetes. However, defects in GLP-1 
secretion do not become detectable until 2 to 3 hours 
after the meal, and thus do not coincide with defects in 
insulin secretion seen in these patients. In addition, other 
reports demonstrated normal GLP-1 response in type 2 
diabetes compared to controls. Taken together, these data 
suggest that abnormal secretion of GIP and GLP-1 are 
unlikely contributors to the diabetic state in the majority 
of patients.191

GIP action, in contrast, appears to be markedly 
impaired in type 2 diabetes, while GLP-1 action is either 
preserved or only modestly reduced.192 However, argu-
ments against a primary role for incretin dysfunction 
in the pathogenesis of type 2 diabetes have been made. 
For example, similar defects in incretin action are seen 
in diabetes associated with pancreatitis and MODY as 
compared to type 2 diabetes.193 Also, while impaired 
GIP action is a consistent finding among type 2 diabetics, 
its effect on insulin secretion is not significantly differ-
ent from that induced by hyperglycemia per se. Taken 
together, this may suggest that a separate, primary defect 
in beta cell function is present, which subsequently leads 
to an impaired “incretin effect.”191

Whether or not an impaired incretin effect is a primary 
or secondary phenomenon in type 2 diabetes, analogues 
of GLP-1, as well as inhibitors of the GLP-1 degrading 
enzyme DPP-IV, are now mainstays of clinical treatment.

Lessons from Bariatric Surgery
Bariatric surgery is used increasingly for the treatment 
of morbid obesity. Over the years, clinical observations 
have demonstrated that morbidly obese type 2 diabetic 
patients undergoing nonbanding bariatric surgery exhibit 
rapid resolution of the diabetic state, even before signifi-
cant weight loss occurs. This rapid resolution of hypergly-
cemia has been reported within days after several types of 
anatomically distinct bariatric surgeries, including Roux-
en-Y gastric bypass, sleeve gastrectomy, duodenal-jejunal 
bypass, and ileal transposition. The mechanism of this 
rapid antihyperglycemic effect is currently unknown, and 
future studies may provide novel insights into the mecha-
nisms of obesity and type 2 diabetes. For an in-depth dis-
cussion of this topic, please see Chapter 27.

The Gut Microbiota
In addition to producing the incretins, the gastrointes-
tinal tract is home to a large and diverse population of 
microorganisms (the gut microbiota).194 These organisms 
have been shown in rodent models to have an important 
role governing intestinal permeability, energy harvest 
from ingested nutrients, and regulation of host genes 
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controlling cellular metabolic processes.195,196 Their role 
in the development of human obesity and type 2 diabetes 
is an area of current research interest.

Initial studies in rodents suggested a role for the gut 
microbiota during development of obesity. Germ-free 
mice are leaner than conventionally raised mice and are 
resistant to diet-induced obesity;197 recolonization of the 
intestine of germ-free mice with gut microbiota obtained 
from wild-type mice, using fecal transplantation, led to 
diet-induced obesity in germ-free mice at levels similar to 
that found in the wild-type mice.198 This effect was exag-
gerated in germ-free mice after fecal transplantation from 
obese mice.199

Mechanisms by which obese mouse microbiota can 
be associated with adverse metabolic changes include a 
reduction in bacterial diversity, reduction in the ratio of 
firmicute:bacteroides species, and an enhanced capacity 
to harvest energy from food.199 Bacterial products that 
can reach the systemic circulation include bacterial lipo-
polysaccharides, bacterial DNA, short-chain fatty acids, 
and bile acid derivatives, all of which can influence insulin 
sensitivity, inflammation, and energy metabolism.194, 200  
Fiaf (fasting-induced adipose factor, aka angiopoietin-
like 4 protein) is a circulating lipoprotein lipase inhibitor 
produced in gut epithelial cells; suppression of Fiaf in 
germ-free mice either through fecal transplantation from 
wild-type mice or by Fiaf gene knockout leads to obesity, 
providing an example of microbiota-induced changes in 
host metabolism.199,201,202

It remains to be determined if changes in gut microbi-
ota in rodents are a direct cause of obesity and/or insulin 
resistance, rather than an association or even a conse-
quence.203 While fecal transplantation studies into germ-
free mice leads to obesity, data confirming these findings 
in other rodent models are lacking.

Another outstanding question is whether the meta-
bolic effects of the altered gut microbiota (“dysbiosis”) 
is due to the change in bacterial species per se, or rather 
due to functional changes within the collective micro-
biota genome, known as the microbiome. In humans, a 
causal relationship between the presence of altered gut 
microbiota and obesity and insulin resistance remains to 
be demonstrated. Unlike experimental mice, which are 
genetically homogenous and all consume the same diet, 
humans eat a range of diets and are genetically heteroge-
nous. As a result, there is substantial interindividual vari-
ation in gut microbiota composition in humans, which 
has made it difficult to identify a core group of bacterial 
species that reproducibly define “abnormal” gut micro-
biota in obese subjects. Changes in relative proportions 
of organisms in obese individuals appear to be more vari-
able than in rodent models, and individual differences at 
the phylum level are probably less important than func-
tional differences.204

An initial randomized control study examined the 
effect of fecal transplants from lean or obese donors 
to obese human subjects, and showed that transplants 
from lean donors were associated with improved insu-
lin sensitivity without causing weight loss over a 6-week 
period.205 However, 1 year later, the original microbiota 
had reestablished itself, and insulin resistance returned to 

pretransplant levels. Conclusive determinations of micro-
biota compositions and functions will require in-depth 
long-term studies with larger sample sizes.

Factors that complicate attempts at therapeutically 
altering the host microbiota involve mechanisms that 
maintain a stable bacterial population in an individual 
over time. The gut microbiota is established before 2 years 
of age, and, once set, immune adaptations occur that 
favor maintenance of the same or similar bacterial com-
position.198,204,206 For example, secretion of IgA anti-
bodies and antimicrobial peptides (such as defensins) by 
innate immune cells, resident gastrointestinal epithelial 
cells, and Paneth cells may create an environment permis-
sive to only a select microbiota. Supporting this hypoth-
esis, changes in gut microbiota supporting obesity can 
be induced in mice by genetic manipulation of immune 
components.207,208 This may explain why therapeutic 
attempts to change microbiota composition with probiotic 
therapy have shown little success.209

The success of eventual therapies that target manipula-
tion of the gut microbiota will need to address these com-
plexities. However, fecal transplantation is already used 
for treatment of some human diseases (Clostridium difficile 
colitis, inflammatory bowel disease), and since the gut 
microbiota contributes to human metabolic homeostasis, 
this remains a promising new area of research, with pos-
sible therapeutic potential.210

SYNDROMES OF SEVERE INSULIN RESISTANCE
Some patients demonstrate a severe degree of resistance 
to endogenous or exogenous insulin. These patients 
may require extremely high treatment doses of insu-
lin to normalize blood glucose levels and represent a 
clinically distinct group designated as having “severe 
insulin resistance.”211 Definitive laboratory values to 
designate the presence of severe insulin resistance have 
not been agreed upon, although fasting insulin levels 
above 50 to 70 μU/mL or peak (post–oral glucose tol-
erance test [OGTT]) insulin levels above 350 μU/mL 
may be acceptable diagnostic thresholds.212 In addition 
to insulin resistance, certain clinical features are often 
present with many of these syndromes, including acan-
thosis nigricans and, in women, symptoms of ovarian 
hyperandrogenism.

Lipoatrophic Diabetes
Loss of subcutaneous fat (lipoatrophy)213 can be asso-
ciated with severe insulin resistance. The mechanism 
underlying insulin resistance in these conditions is multi-
factorial, related to ectopic deposition of triglycerides in 
peripheral tissues, increased circulating lipid metabolites 
such as FFAs, and decreased levels of adipokines (adi-
pose-derived hormones) such as adiponectin and leptin. 
Although all lipoatrophy syndromes are associated with 
insulin resistance to a degree, the severity of metabolic 
disturbance generally is correlated with the extent of adi-
pose tissue loss. In this regard, severe insulin resistance 
refractory to insulin therapy may be seen in syndromes 
of generalized lipoatrophy but are unusual with partial 
lipoatrophy.
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The most common cause of lipoatrophy is that associ-
ated with antiretroviral therapy in patients with human 
immunodeficiency virus (HIV) infection. However, many 
other disease states may present with partial or gener-
alized lipoatrophy, and these may in turn be acquired 
conditions or may have a genetic basis. The topics of 
lipoatrophy and lipodystrophy are covered comprehen-
sively in Chapter 37.

Defects in Insulin Receptor Signaling
Type B Insulin Resistance
Patients with type B insulin resistance have extreme lev-
els of insulin resistance associated with the presence of 
anti-insulin receptor antibodies.214 First described in 
1975, patient-derived serum and serum immunoglobulins 
may block insulin binding in a variety of tissues and sub-
jects.215 As with other autoimmune disorders, this condi-
tion is seen more commonly in women, and among ethnic 
groups is most common in blacks. Mean age of onset is 
40 years of age, but reported cases have ranged from 
12 to 78 years of age.

The main clinical features include hyperglycemia, 
acanthosis nigricans, and clinical signs of autoimmunity. 
These may also include leukopenia; increases in antinu-
clear antibody, erythrocyte sedimentation rate, and serum 
immunoglobulin (Ig)G; proteinuria; alopecia; arthritis; 
vitiligo; Raynaud’s phenomenon; and enlarged salivary 
glands. Insulin resistance may be extreme, with patients 
requiring >1000 units/day. However, some patients may 
present with postprandial hyperglycemia coupled with 
fasting hypoglycemia, or isolated fasting hypoglycemia.216 
In cases with hypoglycemia, insulin levels may be elevated 
as the result of an antibody-induced reduction in insulin 
clearance, and this may be confused with insulinoma.217 
Hypoglycemia may be due in part to antibody-mediated 
activation of insulin receptor (IR) signaling.

The clinical course can be variable, ranging from per-
sistent hyperglycemia not amenable to insulin treatment 
to spontaneous remission months to years after disease 
onset. Patients have rarely progressed from severe insulin 
resistance to severe hypoglycemia over several weeks to 
months. Glucocorticoids and/or plasmapheresis may be 
useful therapy in severe cases.218

The dominant site for antibody binding is a limited 
region in the receptor α subunit between amino acid 
residues 450 and 601.219 Although initial studies dem-
onstrated that insulin receptor antibodies blocked insulin 
binding to its receptor in a wide variety of tissues from 
several species, the biological activity of insulin receptor 
antibodies is complex. Virtually all antibodies isolated 
from hyperglycemic or hypoglycemic patients acutely 
stimulate insulin receptor activity, such as glucose uptake 
and metabolism.220 Over time, cells become refractory to 
these effects, and this may underlie the clinical heteroge-
neity of this syndrome.221

Type A Insulin Resistance
This clinical definition is applied to individuals with severe, 
apparently inherited insulin resistance, in the absence of 
growth defects or lipodystrophy. The most common fea-
tures are the peripubertal onset of insulin resistance and 

acanthosis nigricans and, in women, symptoms of ovar-
ian hyperandrogenism. Body habitus is varied but can be 
accompanied by prominent musculature, which may result 
from hyperandrogenism or from insulin-induced anabo-
lism via the insulin-like growth factor (IGF)-1 receptor. 
Many of these patients harbor heterozygous mutations in 
the insulin receptor gene or have homozygous mutations 
that cause relatively mild defects in receptor function.222,223 
Mutations may be associated with impaired binding of 
insulin to cells and tissues from affected patients,224,225 or 
with normal insulin binding but impaired receptor tyro-
sine kinase activity.226 The syndrome may display auto-
somal dominant or recessive inheritance. Other patients 
with clinical type A insulin resistance syndrome do not 
have mutations in the insulin receptor gene and may have 
as yet unidentified mutations in downstream intracellular 
signaling molecules.

Other Congenital Syndromes of Insulin Receptor Signaling
Leprechaunism (Donohue’s syndrome) was first described 
in 1954 in two siblings with intrauterine and postnatal 
growth retardation, sparse subcutaneous fat, acanthosis 
nigricans, and early death.227 Patients have characteristic 
facies with large ears and micrognathia. Fasting hypergly-
cemia and marked hyperinsulinemia are always present, 
and survival past the first year is uncommon. The precise 
molecular defect in leprechaunism is not known; how-
ever, insulin binding to cells is markedly reduced,228,229 
and inactivating mutations in the insulin receptor locus 
have been reported.230

Rabson-Mendenhall syndrome is a clinical syndrome 
that includes severe insulin resistance and acanthosis. 
Patients present with characteristic features of short 
stature, protruberant abdomen, abnormal dentition and 
nails, and pineal hyperplasia. Insulin binding is reduced, 
which may be associated with reduced receptor synthe-
sis.231 This, in turn, is due to impaired cleavage of the 
insulin proreceptor, which is associated with a point 
mutation that affects the proteolytic cleavage site.232 The 
degree of insulin resistance is intermediate between that 
seen with leprechaunism and type A insulin resistance.

Pseudoacromegaly is severe insulin resistance associ-
ated with pathologic tissue growth similar to that seen 
in acromegaly, but with normal IGF-1 and growth hor-
mone (GH) levels. The initial report from Flier and col-
leagues in 1993233 described a 19-year-old patient with 
acromegaloid features, a history of accelerated linear 
growth, and a normal GH/IGF-1 axis. The patient was 
found to have severe fasting hyperinsulinemia and lacked 
a hypoglycemic response to an IV insulin bolus. Cultured 
skin fibroblasts had normal insulin-stimulated mitogenic 
responses but displayed a marked reduction in insulin-
stimulated glucose uptake. No functional insulin recep-
tor or GLUT4 mutations were identified. Additional 
studies suggest that the defect resides in the activation of 
phosphoinositide-3-kinase.234 The acromegaloid features 
seen in this syndrome are hypothesized to result from 
very high insulin levels coupled with the normal insulin 
anabolic and mitogenic signaling pathways. The genetic 
defect underlying this syndrome remains unknown. In 
a recent report, pericentric inversion of chromosome 
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11 segregated with acromegaloid features in one fam-
ily, although candidate genes affected by this inversion 
remain to be determined.235

Defects Related to the Insulin Molecule
Anti-Insulin Antibodies
The seminal studies of Berson and Yalow236 demonstrated 
the presence of anti-insulin antibodies, which caused insulin 
resistance in a series of insulin-treated patients. As a com-
plication of insulin therapy, insulin resistance due to anti-
insulin antibodies is associated with a very high antibody 
titer237,238 and was prevalent with the widespread intermit-
tent use of beef- and pork-derived insulin of limited purity, 
containing proinsulin, C-peptide, and other peptide con-
taminants. Anti-insulin antibodies may develop in patients 
treated with human insulin as well but are associated with 
clinically significant insulin resistance to therapy only in 
rare instances.239 Immune insulin resistance tends to be 
self-limited; 50% of cases last less than 6 months, and 75% 
last less than 1 year. Switching insulin preparations is con-
sidered the first line of treatment. In refractory cases, pred-
nisone (60 to 80 mg/day for 2 to 3 weeks) has resulted in 
lower insulin requirements and, on occasion, has been asso-
ciated with dramatic responses, including hypoglycemia.239

Rare patients have been described who demonstrate 
antibodies in the absence of previous insulin therapy, a 
condition called the insulin autoimmune syndrome. This 
condition is associated with extremely high serum levels 
of endogenous insulin but normal serum levels of glucose 
and usually is seen in conjunction with other autoimmune 
diseases. The most frequent presentation is postprandial 
hypoglycemia.240

Increased Insulin Degradation
Some patients demonstrate severe resistance to insulin 
administered subcutaneously but normal responses to 
insulin delivered intravenously or intraperitoneally. To 
account for this finding, it has been proposed that these 
patients have increased insulin-degrading enzyme (insulin-
ase) activity in subcutaneous tissues. A previous attempt 
to directly demonstrate increased skin insulinase activity, 
or to directly measure the presence of insulin degradation 
products in skin from these patients, was not successful.241

Mutant Insulins
Several families have been described in which one or more 
members have missense mutations in the insulin gene 
causing amino acid substitutions within the proinsulin 
molecule, leading to biologically defective insulin.242-249 
All patients have marked fasting hyperinsulinemia or 
hyperproinsulinemia, but with normal glucose levels or 
with mild hyperglycemia. These patients respond nor-
mally to exogenous insulin and therefore are “insulin 
resistant” only to the endogenously produced hormone.

MOLECULAR GENETICS OF TYPE 2 DIABETES 
MELLITUS
Many lines of evidence indicate a strong genetic compo-
nent to type 2 diabetes. Although acquired factors such 
as obesity might be necessary to bring out the phenotypic 

manifestation of type 2 diabetes, these alone are insuffi-
cient in most patients without a preexisting genetic deter-
minant. Although type 2 diabetes shows clear familial 
aggregation, it does not segregate in classical Mendelian 
fashion and therefore is likely to be a genetically heteroge-
neous, polygenic disease. In other words, more than one 
diabetes gene occurs within a population, and it is pos-
sible that more than one abnormal genotype must exist 
within an individual for the type 2 diabetic phenotype 
to develop. For example, it is possible that one or more 
genes involved in insulin action are affected, along with a 
separately inherited genetic defect that is responsible for 
the loss of β cell function that occurs late in the course of 
development of type 2 diabetes.

Type 2 diabetes is polygenic and multifactorial, and, in 
addition to genetic factors, the environment (obesity, 
physical inactivity, diet) modulates the diabetic pheno-
type. Because of this, accurate clinical and metabolic 
phenotyping is critical in attempting to determine the role 
of individual genes in this disease.

Several strategies have been employed to search for 
type 2 diabetes susceptibility genes, including the can-
didate gene approach, genomewide association (GWA) 
studies, exome sequencing, and studies of epigenetic 
changes associated with gene expression.

Candidate Gene Approach
Most candidate gene studies have focused on genes that 
encode proteins in the pathways of pancreatic β cell insu-
lin secretion, or insulin signal transduction. Many studies 
in this regard have been undertaken, and lack of repro-
ducibility has limited their interpretation. Earlier studies 
in this area had problems with poor matching of cases and 
controls, testing of a limited number of markers per gene, 
and small study population size with consequently little 
power to detect genuine effects. As a result, few associa-
tions have been replicated in additional populations.250 
Several studies examined the insulin receptor, glycogen 
synthase, and GLUT4 as potential candidate genes in 
type 2 diabetes. Except in rare individuals, the primary 
sequences of these genes are normal, eliminating them as 
diabetes gene loci. In some populations, IRS-1 variants 
may be two to three times more common in patients with 
type 2 diabetes than in normal subjects, and some stud-
ies found an association between polymorphisms affect-
ing the region of IRS-1 important for PI3K binding and a 
reduction in insulin sensitivity,251 although not all studies 
confirmed this association.252

Genomewide Association Studies
Because the candidate gene approach was not productive 
in identifying type 2 diabetes mellitus genes, it was largely 
supplanted by genomewide association (GWA) stud-
ies involving linkage analysis.253 In a GWA study, DNA 
samples are obtained from two groups of participants: 
subjects with disease, and matched subjects without dis-
ease. The genomes then are scanned for markers of genetic 
variation such as single nucleotide polymorphisms (SNPs). 
If specific genomic markers are more frequent in subjects 
with the disease phenotype, they are termed disease-
associated. These markers then can be used to direct 
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researchers to specific chromosomal loci, and positional 
cloning techniques are used to identify the specific gene. 
However, prohibitive technical (e.g., there are =10 million 
common SNPs) and financial hurdles involved in studying 
the large populations needed to attain sufficient power to 
detect the small effects of individual genes have limited ini-
tial attempts at performing GWA studies to identify major 
susceptibility loci in type 2 diabetes.

Recent advances have greatly increased the power of 
GWA studies to detect disease susceptibility alleles/hap-
lotypes. Dense genotyping chips, containing sets of hun-
dreds of thousands of SNPs that provide coverage of much 
of the human genome, are now available, so that, for the 
first time, GWA studies of thousands of cases and controls 
are feasible. Most important has been the development of 
the International HapMap resource.254-256

The potential power of these molecular genetic tools to 
discover novel mechanisms underlying the development 
of type 2 diabetes has been demonstrated in several recent 
studies. The Wellcome Trust Case Control Consortium 
(WTCCC) recently completed a GWA scan in 1924 cases 
of type 2 diabetes mellitus and 2938 population con-
trols from the United Kingdom, using the Affymetrix 
GeneChip Human Mapping 500 k Array Set (Affyme-
trix Research Services Laboratory, Santa Clara, CA).257 
The strongest GWA signals were observed for SNPs in 
TCF7L2 (transcription factor 7–like 2), which acts within 
the WNT signaling pathway and may affect diabetes risk 
through pancreatic β cell dysfunction.258 Other asso-
ciation signals were reported within genes for KCNJ11 
(encodes for the inwardly rectifying Kir6.2 component 
of the pancreatic β cell adenosine triphosphate [ATP]-
dependent potassium channel), P12A, PPARγ2, FTO (fat 
mass and obesity associated), CDKAL1 (CDK regulatory 
subunit associated protein 1-like 1), HHEX (homeobox, 
hematopoietically expressed), IDE (insulin-degrading 
enzyme), IGF2BP2 (insulin-like growth factor 2 binding 
protein 2), and CDKN2A/CDKN2B (cyclin-dependent 
kinase 2A/2B). Integration of data from similar studies 

performed by the Diabetes Genetics Initiative,259 the Fin-
land-United States Investigation of NIDDM Genetics,260 
and WTCCC/UKT2D261 is shown in Table 40-1.

There have now been over 1600 GWA studies pub-
lished associating more than 11,000 SNPs with hundreds 
of complex diseases and traits, involving subjects across 
diverse populations; most of these studies have been well-
designed with powerful technological advances that have 
allowed researchers to identify individual SNPs with a 
great degree of accuracy and on a large scale.262 The result 
of these efforts, combined with subsequent meta-analyses 
of these studies, has been the identification of over 60 
individual diabetes susceptibility variants that uniformly 
have small effects on the type 2 diabetes phenotype.263,264

As with most of the common variants of complex dis-
eases, it is estimated that only a small fraction of type 
2 diabetes heritability (10% to 30%) is explained by 
GWAS-identified susceptibility loci.265, 266 Based on this, 
future discoveries will likely be limited to alleles of rather 
small effect size, below the generally used minor allele 
frequency (MAF) of 0.5% to 1.0%. These rare genetic 
variants are predicted to vastly outnumber common vari-
ants in the human genome, and could explain an addi-
tional component of heritability of common, complex 
disease.267

Exome Sequencing
The search for low frequency variants is enabled by 
large-scale sequencing studies in which all protein-coding 
exons (the exome, composing 1% to 2% of the human 
genome) are captured and sequenced. Exome sequencing 
identifies thousands of single-nucleotide variants (SNVs), 
the majority of which are rare, previously unknown, and 
population specific. The NHLBI Exome Sequencing Proj-
ect started in 2008 with a goal to validate high-through-
put applications for sequencing all the protein-coding 
regions of the human genome.268

A recent study using exome sequencing combined 
with linkage analysis identified the N1072K variant of 

TABLE 40-1 Confirmed T2DM Susceptibility Variant

Representative  
SNP Chromosome Position of SNP

Ancestral  
Allele SNP Allele Gene

Combined OR  
(95% CI) P Value

rs8050136 16 52373776 A C FTO 1.17 (1.12-1.22) 1.3 × 10–12

rs10946398 6 20769013 C A CDKAL1 1.12 (1.08–1.16) 4.1 × 10–11

rs5015480 10 94455539 C T HHEX 1.13 (1.08-1.17) 5.7 × 10–10

rs1111875 94452862 T C
rs10811661 9 2214094 C T CDKN2B 1.20 (1.14–1.25) 7.8 × 10–15

rs564398 9 22019547 T C CDKN2B 1.12 (1.07–1.17) 1.2 × 10–7

rs4402960 3 186994389 G T IGFBP2 1.14 (1.11–1.18) 8.6 × 10–16

rs1326634 8 118253964 C T SLC30A8 1.12 (1.07–1.16) 5.3 × 10–8

rs7901695 10 114744078 C T TCF7L2 1.37 (1.31–1.43) 1.0 × 10–48

rs5215 11 17365206 T C KCNJ11 1.14 (1.10–1.14) 5.0 × 10–11

rs1801282 3 12368125 C G PPARγ 1.14 (1.08–1.20) 1.7 × 10–6

Representative SNPs (RS) are shown for each signal, with odds ratios (ORs) and 95% confidence intervals (CIs) reported with respect to the risk 
allele (denoted in bold). An OR of 1 denotes no difference in diabetes cases among those having the risk allele and those who do not. SNPs selected 
for inclusion are those with the strongest association in U.K. data sets. In the case of HHEX, data are combined from rs5015480 and rs1111875 
(r2 = 1 in HapMap CEU). Combined estimates of ORs were calculated by weighing the log ORs of each study (UK, DGI, FUSION) by the inverse 
of their variance.

SNP, Single nucleotide polymorphism.
Adapted from Robbins D, Blix P, Rubenstein A, et al: A human proinsulin variant at arginine 65, Nature 1981;291:679-681.
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early endosomal antigen 1 (EEA1) as a candidate caus-
ative mutation in a family with highly aggregated type 2 
diabetes.269 In another study, exome sequencing of 1000 
diabetics was compared to 1000 controls, and the resul-
tant 70182 SNVs were screened and associations were 
shown with eight metabolic phenotypes, including type 2 
diabetes, obesity, BMI, waist circumference, and levels of 
fasting plasma glucose, fasting insulin, HDL cholesterol, 
and fasting triacylglycerol. Robust associations with 
type 2 diabetes were found for two genes (COBLL1 and 
MACF1).270

Epigenetics
Recently, a compelling case has been made for the role 
of the “epigenome” in linking nutrition, metabolism, and 
gene regulation. The term epigenome is used to compre-
hensively describe DNA sequence–independent processes 
that modulate gene expression patterns in the cell. Epi-
genetic changes, including posttranslational modification 
of histones and DNA methylation, can regulate the acces-
sibility of transcriptional machinery to promoter and 
enhancer regions of DNA, altering patterns of gene tran-
scription. These epigenetic changes may vary between 
different cell types, and can regulate gene expression in 
a cell-specific manner.271,272 Most chromatin-modifying 
enzymes require substrates or co-factors that are inter-
mediates of cell metabolism, raising the possibility that 
changes in metabolite levels could modulate gene tran-
scription by affecting the activity of these enzymes.273 
Thus the complexity and dynamics of epigenetic modifi-
cations provide a link between the extracellular environ-
ment and gene transcription.

Epigenetic changes in response to metabolic alterations 
may have a role in the pathogenesis and expression of the 
obese or diabetic phenotype. It has long been recognized 
that adverse metabolic events in early life may lead to 
increased disease risk later in life. A growing body of data 
suggest that one aspect of this “metabolic programming” 
involves altered DNA methylation. Recently, differential 
DNA methylation patterns of metabolic pathway genes 
were demonstrated in offspring of mothers with gesta-
tional diabetes.273 Children born after maternal bariatric 
surgery are less obese compared to siblings born before 
maternal bariatric surgery, and differential DNA methyl-
ation of glucoregulatory genes were found in this cohort 
as well.274

Maturity-Onset Diabetes of the Young (MODY)
MODY refers to disorders due to monogenic defects in 
β cell function, with little or no defect in insulin action 
(see Chapter 38). They usually are transmitted as an auto-
somal dominant trait and are characterized by the onset 
of overt diabetes, usually before 25 years of age. The 
MODY phenotype is associated with abnormalities in at 
least six genetic loci on different chromosomes. The gene 
for MODY-1 was initially localized to the long arm of 
chromosome 20, close to the adenosine deaminase locus, 
by Bell and colleagues, on the basis of extensive family 
studies of the RW pedigree. The gene was subsequently 
identified as the transcription factor hepatocyte nuclear 
factor 4α (HNF-4α).275 MODY-2 is due to mutations 

in the glucokinase gene that catalyzes the formation of 
glucose-6-phosphate from glucose in islet β cells and 
hepatocytes. More than 40 different mutations have been 
described.276,277 The missense mutations that co-segregate 
with diabetes in families with MODY-2 alter the affin-
ity of the enzyme for glucose or the maximal activity for 
glucose phosphorylation. Because insulin secretion is inti-
mately linked to the metabolism of glucose-6-phosphate, 
glucokinase is thought to play a key role as the “glucose 
sensor” of the β cell. Impaired hepatic glucose phosphory-
lation also may contribute to hyperglycemia in patients 
with MODY-2. It is interesting to note that most subjects 
with glucokinase mutations have very mild hyperglyce-
mia, a normal first-phase insulin response to intravenous 
glucose, and a nonprogressive course. MODY-3 is the 
most common subtype. It is associated with mutations on 
chromosome 12 in a gene encoding HNF-1α, a liver tran-
scription factor that also is expressed in β cells.278 In con-
trast to patients with MODY-2, hyperglycemia in patients 
with MODY-3 tends to be progressive. Because they fre-
quently present in adolescence with symptomatic hyper-
glycemia, type 1 diabetes mellitus might be diagnosed. 
MODY-4 is due to mutations in yet another transcription 
factor gene, insulin promoter factor 1 (IPF-1), which in 
its homozygous form leads to total pancreatic agenesis.279 
Additional mutations have more recently been described 
that involve HNF-1β280 and NeuroD1/BETA2.281 In “gar-
den variety” type 2 diabetes, mutations in the glucokinase 
and hepatic nuclear transcription factor genes are rare.282 
Point mutations of IPF-1, however, have been associated 
with increased risk for type 2 diabetes.283

CONCLUDING OVERVIEW
With regard to the sequential development of type 2 dia-
betes, population-based and prospective studies indicate 
that insulin resistance is the initial defect, although insulin 
secretory abnormalities may be primary in some popula-
tions.13,284 In a number of different ethnic groups, insulin 
resistance has been found to exist in the prediabetic state 
in the absence of any impairment in insulin secretion. 
Thus, insulin resistance and hyperinsulinemia character-
ize most individuals in whom type 2 diabetes is destined 
to develop. However, except in extreme cases, insulin 
resistance alone is not sufficient to cause the full-blown 
type 2 diabetic phenotype. Decreased β cell function even-
tually must supervene to cause the full-blown syndrome. 
This setting leads to the scheme depicted in Figure 40-2, 
in which insulin resistance leads to hyperinsulinemia and 
compensated glucose metabolism. Eventually, in some of 
these individuals, perhaps those with a coexisting geneti-
cally determined β cell defect, the ability of β cells to 
compensate by sustaining hyperinsulinemia declines, and 
insulin secretory defects appear, along with decreased 
β cell mass. At this stage, glucose metabolism decom-
pensates, and the hyperglycemic diabetic state emerges. 
This scheme (see Fig. 40-2) describes most patients, but 
because type 2 diabetes is a heterogeneous disease, this 
scenario may not apply to all.

Once type 2 diabetes has been established, the abnor-
mal metabolic and hormonal milieu leads to secondary 
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changes with worsening hyperglycemia. Thus, insulin 
resistance tends to be more marked in type 2 diabetes 
than in the prediabetic IGT state,3,5,36 and insulin secre-
tion continues to decline throughout the course of estab-
lished type 2 diabetes.50 Therefore, many patients, even 
if they initially are well controlled by diet or oral hypo-
glycemic agents, eventually require insulin for control of 
their diabetes. Glucotoxicity may well be the causal link 
here. Thus, strong evidence indicates that chronic hyper-
glycemia per se can lead to secondary worsening of both 
insulin resistance and insulin secretion, with the potential 
for a vicious cycle in which hyperglycemia begets more 
hyperglycemia. Support for this concept comes from 
numerous observations showing that control of hyper-
glycemia by insulin therapy, weight loss, or oral agents 
leads to improvements in both insulin secretion and insu-
lin action.

Because of the convergence of primary and secondary 
events that coexist in the manifest type 2 diabetic state, it 
is a daunting task to identify the critical biochemical and 
cellular defects that underlie this disorder. Obesity is the 
most common cause of insulin resistance in humans, and 
the great majority of patients with type 2 diabetes are 
obese. Thus, obesity-associated chronic tissue inflamma-
tion emerges as a key component of insulin resistance in 
type 2 diabetes. This raises the possibility that specific 
anti-inflammatory therapeutic approaches could have 

therapeutic potential in the future. New studies, primar-
ily in rodents, have shown that the gut microbiota can 
play an important role in metabolic homeostasis. In spe-
cific, some reports indicate that a particular composition 
of gut microorganisms predispose toward obesity and 
insulin resistance. Whether these studies will translate to 
humans and whether they will have ultimate clinical util-
ity is a subject of great interest. It is also well-recognized 
that type 2 diabetes has both genetic and environmental 
components. This focuses attention on the mechanism 
whereby the environment can “talk” to our genomes. It 
involves environmentally induced (diet, obesity, physi-
cal activity) epigenetic changes that can modify the 
expression pattern of affected genes. Discovery of all the 
molecular defects that can lead to type 2 diabetes is an 
enormous but completely feasible goal and should pro-
vide the basis for an exciting future for our understand-
ing of the causes and treatments of this disease.
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Atherosclerosis is a chronic inflammatory disease of large- 
and medium-sized arteries that results from the deposition 
of lipids and lipoproteins in the intima of these vessels.1-3 
This process is a major cause of morbidity and mortality 
in the developed world, and the toll is particularly high 
in the diabetic population, accounting for approximately 
two-thirds to three-quarters of all diabetic deaths.4 When 
combined with significant morbidity arising from isch-
emic injury and loss of limb perfusion, the impact of 
atherosclerosis on human health is enormous.5 Intensive 
lipid-lowering therapy has demonstrated remarkable 
therapeutic value in the treatment and prevention of cor-
onary heart disease (CHD) in patients with and without 
diabetes. This chapter will review basic principles of lipo-
protein metabolism, focusing on the impact diabetes has 

on these lipid pathways. Data that address the value of 
lipid-altering treatments in reducing the burden of ath-
erosclerosis in patients with and without diabetes will be 
presented. Finally, an approach to the management of 
patients with dyslipidemia will be outlined.

LIPOPROTEIN METABOLISM

Lipoproteins
The clinically reported serum triglyceride and cholesterol 
values represent the sum of the cholesterol and triglycer-
ide contents of the circulating lipoproteins present in a 
volume of blood (expressed either as mg/dL or mmol). 
While knowledge of these total lipid values is very help-
ful in assessing cardiovascular risk, it is the distribution 

K E Y  P O I N T S

 •  Lipid metabolism is altered in many patients with diabetes mellitus, and these 
alterations are frequently pro-atherogenic.

 •  Cardiovascular morbidity and mortality is significantly higher in patients with diabetes, 
but multifocal interventions have improved outcomes.

 •  HMG CoA reductase inhibitors (statins) are the mainstay of lipid treatment in most 
diabetics, even in those whose LDL-c levels are only moderately elevated.

 •  Triglyceride elevations are very common in type II diabetics, and their optimal 
management usually requires improved glycemic control and lifestyle changes.
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of cholesterol among the different lipoprotein fractions 
that is critical to any sophisticated understanding of ath-
erosclerosis risk. Lipoproteins are structured to solve the 
problem of transporting highly hydrophobic lipids, such 
as cholesterol ester and triglyceride, in the aqueous envi-
ronment of the blood. Since the bulk of lipoproteins are 
synthesized in the liver or gut, they must be moved via 
the bloodstream from these sites of synthesis to tissues 
where lipids will be taken up and utilized. By complexing 
neutral lipids with both proteins and more polar lipids 
such as unesterified cholesterol and phospholipids, the 
lipoprotein structure accomplishes this task. The more 
hydrophobic lipids are sequestered on the inside of the 
spherical lipoprotein, whereas more polar lipids and pro-
teins decorate the outer surface (Fig. 41-1). In addition to 
solving the biophysical transport problem, the lipopro-
tein structure also enables particles to utilize a class of 
proteins known as apoproteins (Table 41-1), which serve 
as targeting molecules that interact with lipid-modifying  
enzymes (Table 41-2) or receptors and transporters 
(Table 41-3) critical for the normal functioning of the dis-
parate lipoprotein classes. Mutations in the genes encod-
ing apoproteins or the enzymes and receptors with which 
apoproteins interact (see Tables 41-1 to 41-3) are rare, 
but they can have a profound influence on the circulating 
levels of lipoproteins in individuals with and without dia-
betes. As lipids play fundamental roles in a host of other 
cellular processes, mutations in lipid enzymes, receptors, 
transporters, and apoproteins can have profound effects 
on human biology beyond the serum lipoproteins, some 
of which are cited in Tables 41-1 to 41-3.

The nomenclature for most lipoprotein particles 
derives from the method by which they were originally 
identified and separated, that is, density gradient ultra-
centrifugation. For a brief period after the introduction 

of gel electrophoresis, lipoproteins were also classified 
by their migration properties on these gels, giving rise 
to alternative names such as alpha and beta lipopro-
teins. This period coincided with the identification of 
many of the clinical syndromes caused by abnormalities 
of lipid metabolism, so the names for some of these dis-
orders still carry the signature of the electrophoresis era 
(e.g., hypoalphalipoproteinemia indicates low levels of 
the alpha-migrating or high-density lipoprotein [HDL]). 
Gel electrophoresis is rarely used in clinical laboratories 
today for standard lipoprotein measurements, though 
it may be used in specialty lipid laboratories to further 
subdivide classes of lipoproteins. As a consequence, the 
current medical literature has largely returned to the use 
of the density nomenclature to describe and characterize 
disorders of lipoprotein metabolism.

Although lipoproteins constitute a continuous spec-
trum of density within the plasma, they are commonly 
divided into five major classes (see Fig. 42-1). These 
are: (1) chylomicrons, (2) very low-density lipoproteins 
(VLDLs), (3) intermediate-density lipoproteins (IDLs), 
(4) low-density lipoproteins (LDLs), and (5) high-density 
lipoproteins (HDLs). Within these classes, further subdi-
vision of lipoproteins can be made. In diabetics, a higher 
proportion of LDL is carried in a denser, smaller-diameter  
subfraction that is called small dense LDL (sdLDL). 
HDLs are commonly divided into HDL2 and HDL3 sub-
classes, but some investigators have adopted a gel separa-
tion method to segregate HDL into a much larger number 
of subtypes.6 It is important for the clinician to under-
stand that the different laboratory methods of identifying 
subpopulations of lipoproteins yield different or overlap-
ping species of particles, causing confusion for those not 
conversant with the separation techniques. In this chap-
ter, the most widely used classifications will be employed 

Figure 41-1 The upper panel of 
the figure lists the density range 
that encompasses each lipoprotein 
class and the major tissue in which 
the lipoprotein is synthesized. The 
bottom panel is a graphic repre-
sentation of a generic lipoprotein, 
emphasizing the spherical shape of 
the particle, the use of amphipathic 
apoproteins and polar lipids on the 
particle surface that interact with 
cells and the blood environment, 
and the sequestration of nonpolar 
lipids in the core of the lipoprotein. 
All lipoproteins share these general 
features, but they differ in size, lipid  
composition, and in the specific 
apoproteins embedded.



71741 LIPOPROTEIN METABOLISM AND THE TREATMENT OF LIPID DISORDERS

TABLE 41-1 Apolipoproteins of the Serum Lipoproteins

ApoproteinRef Major Lipoprotein Functional Role (If Known) Human Disease Association

AI233 HDL LCAT activation Cataracts, low HDL levels, CHD
AII234 HDL Structural protein, ? function No defect identified in a deficient 

subject
AIV235 HDL Fat absorption, LCAT activation ? Altered plasma lipid and glucose 

levels
AV236 HDL, VLDL Triglyceride metabolism Hypertriglyceridemia
B100

237 LDL VLDL and LDL synthesis Hypobetalipoproteinemia (low 
LDL levels), familial defective 
apo B (high LDL levels)

B48
237 Chylomicron, Chylo remnant Intestinal fat absorption Hypobetalipoproteinemia (low 

LDL levels)
CI238 HDL, VLDL, Chylomicron TG-rich lipoprotein uptake Unknown
CII239 Chylomicron, VLDL Lipoprotein lipase activation Chylomicron syndrome, pancre-

atitis
(? LPL inhibition)

CIII240 Chylomicron, VLDL Lipoprotein lipase inhibition Hypertriglyceridemia
D241 HDL ? Activator of LCAT, neuronal function, 

cytoprotection
Unknown

E242 Chylomicron remnant, IDL, HDL LDL receptor and LRP binding Familial dysbetalipoproteinemia 
(type III), isoforms linked to 
Alzheimer’s risk

J (clusterin)243 HDL Complement, chaperone, oxidative stress Unknown
M244 HDL ? Cholesterol transport Unknown

TABLE 41-2 Lipid Transporters, Receptors, and Regulatory Proteins

ProteinRef Function Major Tissue Location Human Disease Association

ABCA141 Transporter of phosphatidylcholine and 
 cholesterol

Ubiquitous (macrophages, liver, 
and gut)

Tangier disease (low or absent 
HDL)

ABCA3245 Transporter of lung surfactant Alveolar type II cells Neonatal respiratory failure
ABCA4246 Transporter of N-retinylidene- 

phosphatidylethanolamine
Retinal pigment epithelial cells Stargardt’s macular degenera-

tion
ABCA12247,248 Transporter of ceramide esters Keratinocyte Harlequin and lamellar ich-

thyosis
ABCG1249 Transporter of cholesterol Macrophages Unknown
ABCG5250 Transporter with G8 of sterols Enterocyte Sitosterolemia
ABCG8250 Transporter with G5 of sterols Enterocyte Sitosterolemia
Apo E-R2/
(LRP8)251

Apo E receptor, reelin receptor Brain, testis Unknown

CD36252 Fatty acid translocase, scavenger receptor Macrophages, skeletal muscle, 
platelets

? Hypertriglyceridemia

CETP253 Cholesterol transfer in plasma Liver, adipose Hyperalphalipoproteinemia 
(high HDL)

HM74/
GPR109A228

Receptor for nicotinic acid Liver Unknown

LDL-R34 Receptor for LDL Ubiquitous (liver, adrenal) Familial hypercholesterolemia 
(high LDL)

LOX-1254 Scavenger receptor for oxidized LDL Endothelium, smooth muscle Unknown
LRP1255 Endocytosis of many ligands, including 

 chylomicron remnants
Liver, brain, placenta Unknown

LRP2/
(megalin)256

Endocytosis receptor, multiple ligands, including 
lipoproteins

Kidney, brain Donnai-Barrow and facio-ocu-
loacoustico-renal syndromes

MTP257 Lipid transfer in assembly of VLDL Liver Abetalipoproteinemia
NPC1258 Cellular cholesterol trafficking Brain, liver Niemann-Pick C disease
NPC1L1259 Cellular cholesterol trafficking Hepatocyte, enterocyte Unknown
PLTP260 Phospholipid transfer protein Ubiquitous, liver Unknown
PCSK9261 LDL-R regulating protein Liver High and low levels of LDL
SR-A262 Scavenger receptor, multiple ligands Macrophages Unknown
SR-B1263 Scavenger receptor, CE transfer Liver, adrenal Unknown
VLDL-R251 Apo E receptor, reelin receptor Brain, heart, adipose, muscle Cerebellar hypoplasia

ABC, ATP-binding cassette; ABCA, A class of ABC transporter; ABCG, G class of ABC transporter; ACAT, acyl cholesterol acyl transferase; Apo 
E-R, apo E receptor; CETP, cholesterol ester transfer protein; LDL-R, LDL receptor; LOX-1, lectin-like oxidized LDL receptors; LRP, LDL-R–
related protein; MTP microsomal triglyceride transfer protein; NPCILI, Niemann-Pick C1–like protein; PLTP phospholipid transfer protein; 
PCSK9, proprotein convertase, subtilisin/kexin type 9; SR-A, scavenger receptor A; SR-BI, scavenger receptor B1; VLDL-R, VLDL receptor.

Modified from Genest J, Libby P, Gotto AMJ: Lipoprotein disorders and cardiovascular disease. In Zipes DP, Libby P, Bonow RO, Braunwald E, 
eds: Braunwald’s heart disease, 7th ed. Elsevier Saunders, Philadelphia, 2005.
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for simplicity, but further research may prove that more 
sophisticated subclassifications have considerable clinical 
relevance. Overall, it is helpful to remember that the least 
dense of the lipoproteins are also the largest in size and 
the most triglyceride-rich. These are the chylomicrons 
and VLDL. IDL contain substantial amounts of both tri-
glyceride and cholesterol, whereas the LDL and HDL are 
predominantly cholesterol-carrying particles with very 
little associated triglyceride. This information permits 
the clinician to identify the most likely lipoprotein abnor-
malities when presented with a patient’s total serum tri-
glyceride and cholesterol values. A brief description of 
each of the five major lipoprotein classes is summarized 
in the following paragraphs. A reader interested in a more 
comprehensive introduction to lipoprotein metabolism 
should consult the lipid sections of The Metabolic Basis 
of Inherited Disease.7

Chylomicrons
Chylomicrons derive from dietary fat and carry tri-
glycerides throughout the body. The major structural 
protein of chylomicrons is apolipoprotein (apo) B48, 
a protein that is produced from apo B100 RNA by a 
unique editing process employed by gut cells that gener-
ates a protein that is 48% of the length of apo B 100.8 
Chylomicrons also contain other apoproteins, includ-
ing members of the apo C and apo A family. These pro-
teins can redistribute to other lipoprotein classes within 
serum as chylomicrons transfer their lipid content to 
cells and interacting lipoproteins. Chylomicrons have 
the lowest density of all lipoproteins and will float to 
the top of a plasma specimen left in a refrigerator over-
night, forming a creamlike layer. Owing to its large 
size, the chylomicron does not readily enter the artery 
wall and is therefore thought not to be atherogenic, but 
the atherosclerotic role of the triglyceride-depleted chy-
lomicron remnant remains controversial. Triglyceride 

makes up most of the chylomicron and is removed by 
the action of an enzyme that is bound to the surface 
of endothelial cells, lipoprotein lipase (LPL). Patients 
deficient in this enzyme or its apoprotein cofactor (apo 
CII) have very high serum triglyceride levels and are 
at increased risk for developing acute pancreatitis. 
Inasmuch as insulin is also a critical cofactor for LPL 
activity, the vast majority of patients presenting with 
hypertriglyceridemic pancreatitis have poorly con-
trolled diabetes as a major contributing cause of their 
delayed chylomicron clearance.

Very Low-Density Lipoproteins
VLDLs are also triglyceride-rich, but their triglyceride 
content is lower and cholesterol content higher than that 
of chylomicrons. The protein composition of VLDL also 
differs from chylomicrons in that the major structural 
protein is full-length apo B (apo B100) as opposed to the 
truncated apo B48 form. Like chylomicrons, VLDLs are 
substrates for lipoprotein lipase-mediated triglyceride 
removal. Their function is to carry triglycerides synthe-
sized in the liver and intestines to capillary beds in adi-
pose tissue and muscle, where they are hydrolyzed to 
provide fatty acids that can be oxidized to produce ade-
nosine triphosphate (ATP) for energy production. Alter-
natively, if not needed for energy production, they can be 
reesterified to glycerol and stored as fat. After removal 
of their triglyceride, VLDL remnants (called IDLs) can 
be further metabolized to LDL. VLDLs serve as accep-
tors of cholesterol transferred from HDL, accounting in 
part for the inverse relation between HDL cholesterol 
and VLDL triglyceride. This transfer process is mediated 
by an enzyme called cholesterol ester transfer protein 
(CETP). The most common lipid abnormality seen in 
type 2 diabetics is an elevated VLDL level, the causes of 
which will be discussed in the section on diabetic lipid 
abnormalities.

TABLE 41-3 Lipid Metabolism Enzymes

ProteinRef Major Function Major Tissue Location
Condition Caused by Altered  
Levels or Activity

ACAT142 Cellular cholesterol esterification Macrophages, steroidogenic 
tissues

Unknown

ACAT242 Cellular cholesterol esterification Liver, intestine Unknown
Acid lysosomal
lipase265

Hydrolysis of CE Macrophage, adrenal, liver CE storage disease, Wolman’s 
syndrome

Cholesterol 7-α hydroxylase266 Synthesis of bile acids Liver Cholestatic liver disease
Cholesterol 27-hydroxylase266 Synthesis of bile acids Liver Cerebrotendinous xanthomatosis
DGAT1267 TG synthesis Intestine, liver, adipose, 

 mammary
Unknown

DGAT2267 TG synthesis Liver, adipose, mammary Unknown
Endothelial lipase268 Hydrolysis of PL and TG Liver, lung, kidney, endothelium ? Metabolic syndrome
Hepatic lipase269 Hydrolysis of TG Liver Elevated lipids, xanthomas, early 

atherosclerosis
HMG CoA reductase270,271 Cholesterol synthesis Ubiquitous, liver Unknown
Hormone-sensitive lipase272 Hydrolysis of intracellular TG Adipose Unknown
LCAT273 Cholesterol esterification (HDL) Plasma, bound to HDL Anemia, low HDL, renal failure, 

Fish eye disease (corneal 
 opacities)

Lipoprotein lipase 274,275 Hydrolysis of TG Muscle, adipose Chylomicronemia syndrome

ACAT, Acyl cholesterol acyl transferase; CE, cholesterol ester; DGAT, diacyl glycerol acyl transferase; ER, endoplasmic reticulum; HMG, 
3-hydroxy-3-methylglutaryl; LCAT, lecitihin cholesterol acyl transferase; PL, phospholipids; TG, triglycerides.
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Low-Density Lipoproteins
LDLs are the major carriers of cholesterol in humans, 
responsible for supplying cholesterol to tissues with the 
highest sterol demands. LDLs are also the lipoproteins 
most clearly implicated in causing atherogenic plaque 
formation.9 Circulating LDL levels can be increased in 
individuals who consume large amounts of saturated 
fat and/or cholesterol.10 LDL levels are also elevated in 
those who have genetic defects that affect LDL receptor 
function (familial hypercholesterolemia, PCSK9 muta-
tions, autosomal recessive hypercholesterolemia) or the 
structure of LDL’s apoprotein, apo B, or who have poly-
genic disorders affecting LDL metabolism.11 Circulating 
LDLs are taken up by the endothelium lining the artery 
wall, traverse it, and are deposited and trapped in the 
arterial intima. There, they may undergo oxidation or 
other biochemical modification, be taken up by macro-
phages, and stimulate atherogenesis. The association of 
total serum cholesterol with CHD is predominantly a 
reflection of the correlation of levels of LDL cholesterol 
with total cholesterol in most humans. Studies in patients 
with diabetes have produced somewhat conflicting data 
on the prevalence of increased LDL levels, as defined 
by general population norms, but the preponderance 
of the evidence indicates that diabetics have LDL lev-
els that are similar to those seen in well-matched, non-
diabetic control populations. Given diabetics’ greater 
risk for developing coronary artery disease (CAD), 
however, the National Cholesterol Education Program 
guidelines defined LDL levels above 100 mg/dL as being 
undesirable in diabetics. When judged by this stringent 
criterion, elevated LDL levels are extremely common 
in patients with diabetes. In addition, the LDL in dia-
betics is frequently smaller, denser, and more readily 
oxidized—properties that are associated with a higher 
degree of atherogenicity.12,13

High-Density Lipoproteins
HDLs are the smallest of the lipoproteins; despite this, 
they carry a variety of apoproteins, including members 
of the apo A and C family. HDLs, unlike the other lipo-
proteins, are believed to function in humans primarily 
to return lipids from peripheral tissues to the liver and 
gut for excretion, rather than moving lipids from the 
gut organs to the periphery.14 This perspective on HDL 
function is an oversimplification, since cell culture exper-
iments indicate that HDL can donate lipids as well as 
pick them up, and other components of blood in addi-
tion to HDL may be involved in the reverse transport 
process.15-17 It has proven to be quite difficult to quan-
titate the net movement of cholesterol carried in HDL 
in and out of peripheral tissues in whole animals. Fur-
ther complicating the issue is the fact that many of the 
standard laboratory animals used in metabolic studies 
carry most of their serum cholesterol in HDL rather 
than LDL, diminishing the relevance of their lipoprotein 
metabolism to that of the LDL-rich human. Neverthe-
less, a considerable body of evidence suggests that HDL 
functions to protect tissues from unwanted accumulation 
of cholesterol. The mechanisms by which HDL may pro-
tect against atherosclerosis include its involvement in the 

reverse cholesterol transport pathway just described, as 
well as through contributions arising from its carriage 
of proteins that appear to have antiinflammatory and 
antioxidant properties.18,19 The unesterified cholesterol 
from tissues that is transferred to HDL is esterified by 
the action of lecithin cholesterol acyltransferase (LCAT) 
and stored in the central core of HDL. This esterified 
cholesterol can be transferred back to lower-density lipo-
proteins by the action of cholesterol ester transfer pro-
tein, or it may be removed at the liver by the action of 
a plasma membrane receptor called scavenger receptor 
B-1 (SRB-1). A particularly effective reverse transport 
system is thought to explain, at least in part, the associa-
tion of elevated HDL cholesterol levels with a reduced 
risk for developing CHD. To date, however, therapies 
directed at raising HDL cholesterol levels have failed to 
improve cardiovascular outcomes, calling into question, 
but by no means disproving, a causal role for HDL in 
impeding atherosclerosis. Apolipoprotein AI (apo AI) 
is the major apoprotein of HDL, and its serum concen-
tration also correlates inversely with the risk for CHD. 
Women have higher levels of HDL cholesterol than men, 
and this may partly explain the lower incidence of CHD 
in premenopausal women. Exercise increases HDL levels; 
obesity, hypertriglyceridemia, and smoking lower them. 
Patients with diabetes, having higher body mass indices 
and hypertriglyceridemia, typically have lower HDL cho-
lesterol levels than do nondiabetics, contributing further 
to the atherogenic lipid profile of the diabetic.

Metabolism of Lipids and Lipoproteins
The synthesis of lipoproteins in the liver and gut is a com-
plex process regulated by hormonal and transcriptional 
networks that are affected by dietary intake of both lipid 
and carbohydrate. The disorders of carbohydrate and 
lipid metabolism caused by diabetes have both direct and 
indirect effects on lipoprotein metabolism. A brief sum-
mary of normal lipoprotein metabolism will be presented 
in this section, followed by a description of the impact of 
diabetes on these processes in the next section.

Following ingestion of a meal containing fat, the tria-
cylglycerols (TAG) are broken down by pancreatic triac-
ylglycerol lipase to yield sn-2-monoacylglycerol and fatty 
acids. Ingested cholesterol is solubilized by bile salts into 
micellar structures, a step that is disrupted by bile acid 
resin binders. The lipids then transverse the enterocyte 
brush border membrane and are reassembled in the intes-
tinal cell into a triglyceride-rich lipoprotein, the chylomi-
cron. The role of transport proteins in the passage across 
the enterocyte membrane remains disputed, with evi-
dence for both a passive diffusion and an active transport 
mechanism.20,21 For cholesterol, a second transport step 
translocates the sterol into intracellular pools that can 
be accessed for lipoprotein packaging.22 Niemann-Pick 
C1-like 1 protein (NPC1L1) appears to be required for 
this second step to occur and is the target of the choles-
terol absorption inhibitor, ezetimibe.23,24 The internalized 
cholesterol is moved to the endoplasmic reticulum, where 
the monoacylglycerol and fatty acids are also carried by 
transport proteins. The latter are recombined into triacyl-
glycerol and bound by microsomal triglyceride transport 
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protein (MTP). A second pathway of triglyceride synthe-
sis uses acylation of glycerol-3-phosphate to phosphatidic 
acid, dephosphorylation to diacylglycerol (DAG), and 
then acylation of DAG to TAG. A high-density, protein-
rich particle synthesized in the enterocyte, containing apo 
B48 and apo AIV, is then packaged with the absorbed 
lipids to generate the chylomicron.25 This is then trans-
ported by vesicles to the basolateral membrane for exo-
cytosis into the mesenteric lymph. The lipoproteins in the 
lymph enter the blood circulation via discharge from the 
thoracic duct.

Two ABCG half transporters, ABCG5 and G8, con-
tribute to net cholesterol absorption in the gut through 
their ability to resecrete sterol that has been absorbed by 
the enterocyte back into the gut lumen, thereby reduc-
ing net sterol uptake.26 The total amount of diet-derived 
TAG that is delivered to the circulation varies and is 
influenced by multiple factors, including the fat content 
of the diet, the amount of phosphatidylcholine in the 
intestinal lumen, and the expression level of apo AIV in 
the enterocyte. Overall, humans have a remarkable abil-
ity to absorb large quantities of both cholesterol and fat; 
35% to 60% of ingested cholesterol is absorbed, with 
the amount inversely correlated with hepatic cholesterol 
synthesis. Up to 600 g of fat is absorbed with 95% effi-
ciency. In individuals with normal lipid metabolism, the 
ingested fat is cleared from the enterocyte in less than 
14 hours, forming the basis for drawing serum lipids 
after a fast of this duration. Circulating chylomicrons 
are subsequently cleared from the plasma by the action 
of endothelial-bound lipoprotein lipase, which cleaves 
the TAG, enabling the liberated glycerol and free fatty 
acids to move into the adjacent adipose or muscle tissue. 
The resulting chylomicron remnant particle can be fur-
ther metabolized by lipases and appears to be retained 
in the hepatic space of Disse, where it can bind to hepa-
ran sulfate proteoglycans and acquire additional apo E. 
The acquisition of the apo E enables the remnant to be 
cleared efficiently by either the LRP1 or LDL receptor, 
but patients with diabetes have accumulation of remnants 
and slower hepatic clearance.27,28

The other major triglyceride-rich lipoprotein, VLDL, 
is synthesized in the liver and contains apo B100 rather 
than apo B48 as its major structural protein.29 Like chy-
lomicrons, VLDLs rely on MTP to combine lipids with 
the apo B protein to produce a nascent, lipid-poor lipo-
protein.30,31 This VLDL can be secreted from the liver or 
further lipidated to produce a mature VLDL. Individu-
als lacking MTP activity develop abetalipoproteinemia, 
a disorder characterized by erythrocyte acanthocytosis, 
anemia, steatorrhea, spinocerebellar degeneration, and 
fat-soluble vitamin deficiency. Acquisition of lipid by the 
mature VLDL appears to depend on triglycerides that are 
stored in the cytosol. Increased fatty acid delivery to the 
liver, from dietary sources or that released by lipase activ-
ity in peripheral tissues, stimulates VLDL production. 
After secretion of the mature VLDL from the liver, its 
triglycerides are initially removed by the action of LPL, 
and the resulting intermediate-density lipoprotein (IDL) 
can be further catabolized by hepatic lipase to produce 
mature, cholesterol-rich LDL.

Low-Density Lipoprotein Metabolism
There is still some dispute about whether mature LDL 
can be secreted from the liver rather than always being 
derived from the progressive removal of triglyceride from 
VLDL/IDL precursors.32 The preponderance of data indi-
cates that little if any LDL is directly secreted from the 
liver. Each LDL particle contains a single apo B molecule, 
which dictates that individuals heterozygous for apo B 
mutants will have two populations of LDL: one that car-
ries a wild-type protein, and one with a mutant protein. 
LDLs are utilized throughout the body as a source of 
exogenous cholesterol and are taken up by LDL receptors 
present at the plasma membrane. While LDL receptors are 
ubiquitous, the majority are expressed by the liver. The 
LDL receptor binds to both apo E- and apo B- containing 
lipoproteins. Because the affinity of the receptor is higher 
for apo E than for apo B, E-containing lipoproteins, such 
as IDL, can compete with LDL for uptake by the LDL 
receptor. However, there are other receptors that can bind 
apo E-containing lipoproteins, permitting their clearance 
but not that of LDL when LDL receptor activity is lost or 
diminished. Thus, mutations in the LDL receptor result 
in elevated LDL levels in the plasma, causing the autoso-
mal codominant disorder, familial hypercholesterolemia, 
which is among the most common of Mendelian genetic 
disorders (see the section entitled “Genetic Basis of Lipid 
Disorders” later in the chapter).33 The elucidation of the 
cholesterol homeostatic mechanisms controlled by the 
LDL receptor constituted one of the major advances in 
our understanding of human physiology and disease.34 
The internalization of LDL by the LDL receptor leads 
to trafficking of the internalized lipoprotein to the endo-
some, where after fusion with lysosomes, the sterol in the 
lipoprotein is released and shuttled to the endoplasmic 
reticulum (ER). A sterol-sensing system in the ER regu-
lates the movement of a membrane-bound transcription 
factor, sterol response element binding protein (SREBP), 
from the ER to the nucleus.35-40 SREBP works in con-
cert with other transcriptional regulators to influence the 
expression of many of the cholesterol synthesis, metabo-
lizing, and transport molecules, particularly in the liver. 
This elegant homeostatic system enables cells to reduce 
their de novo cholesterol synthesis when adequate sterol 
supplies are present and to increase synthesis and LDL 
receptor expression when cellular demands require more 
cholesterol.

High-Density Lipoprotein Metabolism
Although the relationship between elevated levels of HDL 
and lower rates of cardiovascular disease was recognized 
more than 50 years ago, the mechanism by which HDL 
causally protects against CHD remains to be elucidated. 
HDLs are initially produced as lipid-poor phospholipid 
discs containing apolipoprotein AI. Following interaction 
with the phospholipid/cholesterol transporter, apo AI, 
the particle acquires unesterified cholesterol from cellular 
stores.41 For macrophages in particular, this cholesterol 
efflux pathway appears to be critical to their ability to 
unload the excess cholesterol they acquire by phagocyto-
sis of dead cells and by their unregulated uptake of lipo-
proteins by scavenger receptor pathways.14 Cholesterol is 
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stored in an intracellular lipid pool, having been esterified 
at its 3’OH position by the activity of acyl coenzyme A 
(CoA):cholesterol O-acyltransferase (ACAT).42 A neutral 
cholesterol hydrolase cleaves the fatty acid from choles-
terol ester to convert it back to free (unesterified) choles-
terol when cellular signals call for the use or export of the 
sterol.43 This free cholesterol can be shuttled to the plasma 
membrane, where it can be transported by the action of 
ABCA1. The interaction of lipid-poor nascent HDL with 
ABCA1 appears to involve direct binding of apo AI to 
the transporter, but the actual lipid transfer process is 
poorly understood.44-47 Once the unesterified cholesterol 
transfers to the nascent HDL, it can be reesterified by the 
action of lecithin cholesterol acyltransferase (LCAT) and 
centralized in the lipid core of the growing HDL particle. 
This HDL particle can now interact with a second ABC 
transporter, ABCG1, and additional cholesterol can be 
acquired.47 The role of ABCA1 is well established, since 
loss of its activity leads to Tangier disease (see the sec-
tion entitled “Genetic Basis of Lipid Disorders”) and the 
absence or near absence of HDL in the plasma. ABCG1’s 
precise function is still being elucidated. Once the HDL 
has acquired sufficient cholesterol and esterified it, it can 
donate this lipid back to lower-density lipoproteins in the 
plasma, such as VLDL, through the activity of choles-
terol ester transfer protein (CETP). Alternatively, HDL 
can interact with a cellular receptor, SR-BI, to selectively 
transfer the cholesterol ester to cells, including hepato-
cytes, where the sterol could be excreted in the bile as cho-
lesterol or one of its bile acid derivatives.48 The protein 
component of HDL is cleared via the kidney, a process 
that appears to depend on the HDL being lipid-depleted. 
The pathway just described, moving cholesterol from cel-
lular storage pools to HDL and ultimately to the liver, 
is termed the reverse cholesterol transport pathway. The 
activity of this pathway has been postulated to explain at 
least in part the link between HDL levels and lower CHD 
risk. However, HDL also carries antioxidants and a host 
of proteins linked to complement and inflammation path-
ways that suggest it may be playing a more general role as 
a scavenger of molecules that stimulate inflammation. The 
complexity of its function has made targeting increases in 
HDL levels as a therapeutic objective challenging. Both 
animal and human data have clearly established that not 
all methods of increasing HDL or HDL cholesterol levels 
will result in improvements in atherosclerosis.

DISORDERS OF LIPID METABOLISM IN PATIENTS 
WITH DIABETES

Type 1 Diabetes
Data dating back at least 30 years have documented that 
individuals with type 1 diabetes have increased rates of 
CHD.49-51 This risk has been estimated to be tenfold or 
higher over that seen in age-matched controls without 
diabetes. In the Diabetes U.K. cohort of 23,751 subjects 
who were diagnosed with insulin-dependent diabetes 
prior to 30 years of age, for example, those individuals 
20 to 29 years of age had a standardized mortality ratio 
for ischemic heart disease of 11.8 for men and 44.8 for 
women. For those 30 to 39 years of age, the ratios were 

8.0 and 41.6 for men and women, respectively.52 Despite 
the long and consistent reproducibility of this risk asso-
ciation, the pathophysiology underlying that relation-
ship is still poorly understood. Unlike type 2 diabetes, 
where obesity and insulin resistance lead to changes in 
the standard lipid profile that are considered atherogenic, 
the type 1 diabetic who has not developed nephropathy 
and whose glucose is well controlled will typically have a 
normal serum lipid profile.53 In the Diabetes Control and 
Complications Trial/Epidemiology of Diabetes Interven-
tions and Complications Study (DCCT/EDIC), the mean 
LDL-c in the intensively treated group was 111 ± 29 mg/dL  
in women and 119 ± 31 in men; HDL-c levels averaged 
63 ± 16 and 51 ± 14 for women and men, respectively. 
Serum triglyceride levels were also in the normal range, 
with women averaging 76 ± 37 mg/dL, and male values 
running moderately higher at 98 ± 67 mg/dL. These lipid 
values, which would be considered normal in most West-
ern countries, did not differ significantly from those of 
the patients enrolled in the conventional treatment group 
of the study. These findings make clear that the standard 
lipid profile provides few insights into the increased risk 
for CHD in type 1 diabetics.

More sophisticated assessments of serum lipoproteins, 
using nuclear magnetic resonance (NMR), can reveal dif-
ferences in lipoprotein sizes that distinguish diabetic lipids 
from those of nondiabetics. A study of 194 diabetics and 
195 age- and sex-matched nondiabetics from London, 
all diagnosed with type 1 diabetes before 25 years of age 
and not receiving any renal replacement therapies, dem-
onstrated that LDL size and subclass distribution were 
similar between the men in both groups.54 In contrast, 
female diabetics had fewer large and more small LDLs, 
producing an overall reduction in LDL size. However, 
both men and women diabetics had more large and fewer 
small HDLs than did the nondiabetic cohort, yielding an 
increased overall HDL size. Whereas the LDL size change 
in women would be considered pro-atherosclerotic, the 
HDL differences are thought to be anti-atherogenic. 
These findings led the authors to conclude that the patho-
genic significance of the lipoprotein size differences was 
uncertain.54 The results of the London study appear to 
differ from those reported in a similar analysis done in 
the DCCT cohort, although the comparators used in the 
two studies make direct comparison of the two reports 
challenging. In the DCCT analysis, a nondiabetic control 
group was not included, so the authors compared the 
NMR analysis of lipoproteins in men to those in women. 
This approach found higher LDL particle concentra-
tions and more small-sized particles in the men. HDL 
size decreased, and fewer large HDLs were also found 
in the men. Although the authors stated that both gen-
ders had abnormal levels of several of the NMR-classed 
lipoproteins, these judgments were based on National 
Cholesterol Education Program (NCEP) optimal levels 
rather than population normative values, so it is not clear 
that matched, nondiabetic cohorts would have differed 
greatly.53

Surprisingly, epidemiologic risk-factor assessment of 
the correlates of CHD in type 1 diabetes shows a weak 
association to the one metabolic risk that predominates in 
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the type 1 population: hyperglycemia.55,56 It was therefore 
somewhat unexpected when a 17-year follow-up of the 
DCCT cohorts showed that the intensive treatment group 
had a 57% reduction in the risk for nonfatal myocardial 
infarction, stroke, or death from cardiovascular disease 
compared to the conventional treatment group (95% 
CI, 0.21 to 0.88; P = 0.02).57 Unfortunately, the DCCT/
EDIC findings, if generalizable to the care of diabetics in 
the community at large, appear not to have translated yet 
into that community, since the cumulative incidence of 
CHD in type 1 diabetics, at least until very recently, has 
changed little in the past few decades.58 However, some 
new studies offer cause for greater optimism in the type 1  
diabetic population. Miller and colleagues reported a sig-
nificant improvement in overall life expectancy in type 1 
diabetics who were diagnosed between 1965 and 1980 
versus similarly aged type 1 diabetics whose diagnosis was 
made between 1950 and 1964.58a Although the data pre-
sented do not permit delineation of what accounts for this 
improvement, the authors suggest that better care of keto-
acidosis, renal disease, and lipids are all strong contend-
ers for contributors to the longevity improvement. With 
increasing numbers of patients experiencing the onset of 
type 2 diabetes prior to adulthood, it is now possible to 
compare outcomes of type 1 and type 2 diabetics in indi-
viduals whose diabetes was diagnosed early in life. Those 
with early onset type 1 diabetes fare significantly better 
than those with type 2 diabetes, and a clear difference 
in cardiovascular death has been observed.58b Finally, a 
study of diabetes-related complications, not specific as to 
type 1 or type 2 but likely predominantly representing 
type 2 diabetics, did find a substantial reduction in major 
complications of diabetes between 1990 and 2010, with 
a reduction in acute myocardial infarction showing the 
largest improvement.58c Unlike CHD, peripheral arterial 
disease,59 amputation,60 and stroke61 rates have all been 
reported to correlate with levels of hyperglycemia. Pos-
sible explanations for the differences between CHD and 
other forms of CVD in type 1 diabetes are discussed in 
further detail in Chapter 51.

Type 2 Diabetes
There are alterations in multiple lipoprotein metabolism 
pathways in type 2 diabetics that lead to the typical abnor-
mal lipid profile commonly seen. This profile includes 
hypertriglyceridemia secondary to high VLDL levels, as well 
as increased amounts of sdLDL and lower levels of HDL 
cholesterol. LDL cholesterol levels are typically not higher 
in diabetic populations when compared to well-matched 
nondiabetic subjects. In an elderly Finnish population, for 
example, approximately 30% of diabetic subjects had serum 
triglyceride levels >200 mg/dL compared to 13% of non-
diabetic subjects. HDL cholesterol levels were <35 mg/dL  
in about 25% of diabetics compared to 12% of nondiabet-
ics. In this study, elevated LDL levels as defined by an LDL 
>130 mg/dL were actually more prevalent in the nondia-
betic population than in the diabetics.62,63

The causes of classic diabetic dyslipidemia are only 
partly understood. Individuals with insulin resistance 
and type 2 diabetes overproduce mature VLDL in the 
liver. This is accompanied by a slower clearance of 

triglyceride-rich lipoproteins via reduced activity of lipo-
protein lipase. Coupled with decreased receptor uptake 
of the remnant and IDL particles that form after LPL 
partially depletes VLDL of its triglyceride, diabetes pro-
duces substantial elevations in serum triglyceride levels. 
Production of sdLDL appears to be tightly linked to 
the resulting hypertriglyceridemia insofar as cholesterol 
ester transfer protein (CETP) exchanges triglyceride from 
VLDL for cholesterol ester from LDL, producing a tri-
glyceride-enriched LDL.64 This lipoprotein appears to 
be a preferred substrate for hepatic lipase, which hydro-
lyzes the triglyceride to produce an LDL that is smaller, 
lower in cholesterol ester content, and higher in density 
than LDL produced in the absence of excess VLDL. The 
diabetic with increased small, dense LDL levels has a 
higher LDL particle number for an equivalent serum LDL 
cholesterol concentration than does an individual with 
normal- density LDL. This increased particle number, 
whether measured by nuclear magnetic resonance assays 
or serum apo B levels, is associated with an increased risk 
for CAD.13

Thus, the central metabolic change that accounts for 
much of the diabetic dyslipidemia is the overproduction 
of VLDL by the liver. Higher levels of circulating free fatty 
acids, arising from increased adipose deposits and insulin 
deficiency or resistance, contribute to higher storage lev-
els of triglyceride in the liver. Increased fat content of the 
liver is in turn correlated with increased rates of lipida-
tion and secretion of nascent VLDL. This VLDL appears 
to be normal in size, indicating that higher VLDL triglyc-
eride levels derive from higher particle numbers rather 
than larger triglyceride-enriched lipoproteins. Adminis-
tration of insulin reduces the concentration of free fatty 
acids in the circulation and also suppresses VLDL pro-
duction by inhibiting the hepatic generation of the early 
apo B, lipid-poor particle. The molecular mechanisms 
accounting for VLDL production changes are not fully 
elucidated, but there is evidence that insulin activates a 
phosphatidylinositol-3 (PI-3) kinase pathway that inhib-
its apo B secretion while activating a mitogen-activated 
protein kinase (MAPK) that downregulates MTP expres-
sion.65,66 Insulin effects on transcriptional regulators of 
VLDL secretion may also be involved. In vivo metabolic 
studies suggest that the prevalence of hypertriglyceride-
mia and low HDL cholesterol levels is higher in diabetics 
who are insulin resistant as opposed to insulin deficient, 
accounting for the higher prevalence of these disorders in 
type 2 versus type 1 diabetics.

GENETIC BASIS OF LIPID DISORDERS
Although metabolic disorders associated with diabetes, 
hypothyroidism, and nephropathy can exacerbate or 
even cause hyperlipidemia (Table 41-4), many individ-
uals have none of these problems. Individuals with the 
greatest deviation from normal levels of lipoproteins 
often have a single gene defect that is responsible for 
their lipid disorder. The vast majority of hyperlipidemic 
patients, however, do not have a monogenic defect. 
Rather, they are most likely to have a polygenic disor-
der and an additional contribution from environmental 
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factors (e.g., excessive saturated fat intake for high 
LDL levels; obesity or smoking for lower HDL levels). 
The application of the NCEP treatment guidelines does 
not require that a genetic diagnosis be made, because 
treatment is based on phenotype (lipid levels) and not 
genotype. Nevertheless, the identification of the causes 
of monogenic lipid disorders has been critical to our 
understanding of both normal and abnormal lipopro-
tein physiology. The most important lipid disorders 
affecting coronary disease risk are those that increase 
the serum LDL level or reduce the HDL level, and these 
are briefly presented next.

Monogenic Low-Density Lipoprotein Disorders
The molecular basis of several monogenic disorders that 
primarily affect LDL levels have been characterized:  
(1) familial hypercholesterolemia, (2) familial defective 
apo B, (3) autosomal recessive hypercholesterolemia, and 
(4) PCSK9 mutations. These disorders illustrate distinct 
mechanisms leading to elevated LDL levels.

Familial Hypercholesterolemia
Familial hypercholesterolemia (FH) is one of the most 
thoroughly studied and common genetic disorders of 
mankind. Approximately 1 in 500 individuals carry a 
mutation in one allele encoding the LDL receptor. These 
mutations result in defective clearance of LDL from the 
blood and a rise in serum total and LDL cholesterol levels. 
The elucidation of this defect and its associated cell biol-
ogy led to insights into the homeostatic control of cho-
lesterol metabolism that transformed the lipid field.33,34 
Several hundred individual mutations in the LDL recep-
tor have now been identified. The gene, located on 
chromosome 19 and spanning 45 kb, has 18 exons that 
encode a mature protein of 839 amino acids. The inheri-
tance of the disorder is autosomal codominant. Hetero-
zygous patients have LDL cholesterol levels in the 200 to 
500 mg/dL range, and the rare homozygous FH patient 
typically has an LDL cholesterol above 500 mg/dL.  

Heterozygous patients commonly have tendon xantho-
mas and premature CAD, whereas these are universal in 
the untreated homozygous individual. Mutations in the 
LDL receptor have been described that affect multiple 
aspects of receptor biology, ranging from defective LDL 
binding to abnormal trafficking of the receptor to the 
plasma membrane. The effect of all of these mutations 
is to reduce LDL and IDL clearance from the blood. The 
latter effect results in an enhanced conversion of IDL to 
LDL. The net result is markedly elevated LDL cholesterol 
levels in the plasma and a strong predisposition to early 
CHD if the disorder is not treated. FH heterozygotes 
typically respond well to 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG CoA) reductase inhibitors (statins), 
though additional therapies may be needed to reach 
desirable LDL levels. FH homozygotes respond poorly to 
reductase inhibitors and inevitably develop early athero-
sclerotic vascular disease if LDL apheresis or liver trans-
plantation is not performed. Two new therapies for FH 
homozygotes were recently approved by the FDA; one is 
an oral drug targeting microsomal triglyceride transport 
protein (lomitapide), and the other is an antisense ther-
apy directed against apo B (mipomersen).67-70 LDL lev-
els were reduced by 25% to 36% with mipomersen and 
∼50% with lomitapide, both outperforming the effect 
of statins in these rare patients. However, both drugs 
appeared to lead to liver fat accumulation, and this find-
ing combined with their orphan disease pricing, makes 
their use outside of the FH homozygous patient popula-
tion problematic.

Familial Defective Apolipoprotein B
Familial defective apo B (FDB) is an autosomal co- 
dominant disorder caused by mutations near the carboxy 
terminus of apo B.71,72 Apo B is a 4536-amino-acid pro-
tein encoded by a gene on chromosome 2 that is composed 
of 29 exons. The most commonly identified mutations 
in FDB affect an arginine at position 3500 that is either 
mutated to a glutamine or tryptophan. Most individu-
als with FDB are heterozygous for their mutation, and 
there is only one molecule of apo B per LDL particle, so 
the LDL in the serum of these individuals is a mixture 
of normal LDL and FDB LDL. The LDL containing the 
defective apo B does not bind normally to the LDL recep-
tor and is therefore cleared more slowly. The explanation 
for the lower receptor affinity of LDL carrying the FDB 
mutations is not known with certainty. There is evidence, 
however, of a molecular interaction between the arginine 
at position 3500 and tryptophan at 4369 that appears 
to be necessary for the adoption of an apo B conforma-
tion recognized by the LDL receptor. Patients with FDB 
have elevations in their LDL levels that fall within the 
range of those seen in FH heterozygotes, but the mean 
is generally lower than the mean in FH cohorts. There is 
considerable variability in both genetic populations; how-
ever, making generalizations about the diagnostic value 
of this measurement is not very useful. Tendon xantho-
mas are common but not universal, and premature CAD 
is prevalent. Treatment with reductase inhibitors or other 
standard LDL-lowering drugs is typically quite effective 
in FDB patients.

TABLE 41-4 Secondary Causes of Hyperlipidemia 
and Dyslipidemias

Metabolic/hormonal Diabetes
Hypothyroidism
Lipodystrophy
Polycystic ovarian disease

Hepatic Primary biliary cirrhosis
Other forms of cirrhosis

Renal Chronic renal failure
Nephrotic syndrome

Dietary Alcohol
Foods highly enriched in  

cholesterol and saturated fat
Medications Estrogens

Glucocorticoids
Anti-HIV treatments, especially 

protease inhibitors
Oral androgens and anabolic steroids
Thiazide diuretics
Beta blockers
Retinoic acid
Antipsychotics
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In contrast to the elevated levels of LDL present in 
 individuals with point mutations in apo B at position 3500, 
very low levels of LDL are frequently seen in patients who 
have truncation mutations of the protein that result in an 
inability to synthesize lower density lipoproteins.73 Even 
more profound LDL reductions are seen in individuals 
lacking microsomal triglyceride transport protein (MTP) 
activity. These patients have abetalipoproteinemia with 
virtually no LDL present in the serum due to an inabil-
ity to package and secrete apo B–containing lipoproteins. 
Abetalipoproteinemia was the human genetic condition 
upon which the concept of developing inhibitors of MTP 
to treat homozygous familial hypercholesterolemia was 
based.74,75 Another recently identified syndrome of low 
levels of LDL was found to be due to mutations in ANG-
PLT3. ANGPLT3 is hepatic-derived, circulating protein 
that inhibits both lipoprotein (LPL) and endothelial lipase. 
Mutations in this gene were first discovered to confer low 
plasma lipid levels inherited in a recessive manner in ani-
mal models, and resequencing of ANGPLT3, ANGPLT4, 
and ANGPLT5 in the Dallas Heart Study identified multi-
ple rare synonymous variants associated with low plasma 
triglyceride concentrations.76,77 Exome sequencing in 
2010 identified mutations in ANGPLT3 as the cause of 
low LDL, HDL, and triglyceride levels in two siblings.78,79 
Studies to date suggest that mutations in ANGPLT3 may 
cause a significant percentage of hypolipoproteinemia not 
explained by APOB mutations, particularly in the context 
of low total cholesterol and HDL levels.

Autosomal Recessive Hypercholesterolemia
Studies of families in which LDL levels were inherited in 
an autosomal recessive pattern led to a successful genetic 
linkage analysis that mapped the genetic defect in these 
families to the short arm of chromosome 1. Candidate 
gene sequencing led to the identification of mutations 
in a gene now designated autosomal recessive hyper-
cholesterolemia (ARH) and comprising nine exons and 
eight introns. Patients diagnosed with ARH to date have 
been clinically similar to patients who are homozygous 
for LDL receptor mutations in that they have markedly 
elevated LDL cholesterol levels (typically >500 mg/dL), 
tendon xanthomas, and premature coronary atheroscle-
rosis.80 The autosomal recessive mode of inheritance is 
an important differentiating factor between ARH and 
familial hypercholesterolemia, as is greater LDL recep-
tor activity, measured in cultured fibroblasts taken from 
the patients. The defect in ARH patients appears to affect 
liver cholesterol metabolism disproportionately, and 
current data indicate that the ARH gene product likely 
serves as an adaptor protein required for LDL receptor 
internalization via clathrin-coated pits.81,82 ARH patients 
do respond to HMG CoA reductase inhibitors, but this 
treatment is usually inadequate to control their markedly 
elevated LDL cholesterol levels, making them candidates 
for LDL apheresis.

PCSK9 Mutations
Proprotein convertase subtilisin kexin 9 (PCSK9) is 
a 72-kD protease that is highly expressed in the liver 
and regulates the levels of LDL receptors acting at the  

plasma membrane.83,84 Gain-of-function mutations in 
PCSK9 result in lower LDL receptor levels, whereas loss-
of function mutations increase these levels. Serum LDL 
levels are inversely related to liver LDL receptor expres-
sion; the activity of the latter clears the former from the 
circulation. Thus, gain-of-function mutations are associ-
ated with higher serum LDL levels and increased risk for 
CHD, and loss-of-function mutations result in lower LDL 
levels and decreased CHD risk. The role of PCSK9 in lipid 
metabolism was originally recognized when it was discov-
ered that specific heterozygous mutations in the protein 
were associated with autosomal dominant hypercholes-
terolemia. Approximately 1 in 50 African Americans has 
one of two nonsense mutations in PCSK9, causing LDL 
cholesterol levels to fall approximately 30%. Caucasians 
can carry a missense mutation that reduces LDL choles-
terol by approximately 15%. Individuals with complete 
loss of PCSK9 activity have extraordinarily low levels of 
LDL-c, but appear to be otherwise normal. The mecha-
nism by which PCSK9 regulates LDL receptor activity is 
still being elucidated, but it appears that the protease can 
bind to the receptor, targeting it for degradation in the 
lysosome. This action does not depend on the protein’s 
enzymatic activity, and exogenously administered PCSK9 
can reduce LDL receptor expression and increase serum 
LDL-c levels, while approaches that reduce the amount 
of circulating PCSK9 have the opposite effect. The mech-
anism by which PCSK9 works makes it an extremely 
attractive target for pharmaceutical intervention (see the 
section entitled “Dietary and Drug Treatment of Lipid 
Disorders” later in the chapter).

Monogenic High-Density Lipoprotein Disorders
Three distinct monogenic disorders cause markedly 
reduced levels of HDL in the plasma by different mecha-
nisms. They are Tangier disease, LCAT deficiency, and 
apo AI mutations.

Tangier Disease
Tangier disease was first recognized in 1960 in a sibling 
pair living on Tangier Island in the Chesapeake Bay in 
Virginia. Enlarged, yellow-orange tonsils and little or no 
circulating HDL cholesterol are the classic findings in 
the disorder. Subsequently, cases have been identified in 
which the presenting symptom was a peripheral neuropa-
thy. Patients may also have hepatosplenomegaly. Serum 
LDL and total cholesterol levels are usually quite low, 
while serum triglyceride values are moderately elevated. 
Tangier disease is an autosomal recessive disorder. The 
cause of Tangier disease was identified by several groups, 
following mapping of the gene defect to chromosome 9. 
Candidate gene analysis in the appropriate genetic inter-
val identified mutations in an ATP-binding cassette (ABC) 
transporter as the cause. The transporter, now called 
ABCA1 (ATP-binding cassette, subfamily A, member 1), 
is a full-length ABC transporter transmembrane protein 
that is predicted to span the plasma membrane 12 times. 
ABCA1 is a 2261–amino-acid protein encoded by a gene 
spanning 50 exons. Approximately 50 mutations have 
been identified to date in the gene.85 ABCA1 mediates the 
efflux of cholesterol from cholesterol-enriched cells when 
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stimulated by the major apoprotein of HDL, apo AI.86 
This activity is lost in Tangier patients and is reduced 
by approximately one half in carriers of one abnormal 
ABCA1 allele. The mechanism of the movement of cho-
lesterol from inside the cell to outside the cell has not 
been established. Individuals with Tangier disease and 
heterozygous carriers of ABCA1 mutations (a disorder 
called familial hypoalphalipoproteinemia [FHA]) both 
appear to have increased risk for premature coronary dis-
ease. There is no specific therapy for this disorder.

Lecithin Cholesterol Acyltransferase Deficiency
The esterification of free cholesterol in circulating lipo-
proteins is catalyzed by a plasma enzyme called lecithin 
cholesterol acyltransferase. Two clinically separable syn-
dromes result from a deficiency of LCAT. Fish eye disease 
is due to a partial deficiency of LCAT, with patients pre-
senting with dense corneal opacities and very low HDL 
cholesterol levels. Familial LCAT deficiency arises from 
a near-complete absence of LCAT activity and produces 
a more severe syndrome characterized by corneal opaci-
ties, anemia, and proteinuric renal failure.87 The serum 
lipid and lipoprotein profile in the more severe disorder 
is characterized by normal or increased triglyceride levels, 
reduced LDL cholesterol values, and markedly diminished 
HDL levels. The gene encoding LCAT is located on chro-
mosome 16 and is composed of 6 exons. Cleavage of a 
signal peptide of 24 amino acids converts the proenzyme 
from a 440-amino-acid precursor to the final 416-amino-
acid glycoprotein that circulates in the plasma. When 
unesterified cholesterol from tissues is transferred to 
HDL, either by passive diffusion or by ABCA1-mediated 
lipid transport, LCAT’s activity esterifies the transferred 
cholesterol, trapping it in the HDL core. Since cholesterol 
ester is more hydrophobic than unesterified cholesterol, 
it is energetically unfavorable for the cholesterol ester to 
transfer back to the cell of origin. These steps of choles-
terol transfer and esterification are the initial events in 
the reverse cholesterol transport pathway whereby cho-
lesterol is moved from peripheral tissues back to the liver. 
Apo AI is the major activator of LCAT activity, account-
ing for the predominant effect of the enzyme deficiency on 
HDL levels. LCAT does, however, contribute to esterifi-
cation of cholesterol in lower-density lipoproteins as well. 
Despite very low HDL levels, patients with either fish eye 
disease or familial LCAT deficiency do not seem to have 
a predilection for very early coronary atherosclerosis. 
The small number of patients with the disease, some of 
whom have been found to have CHD, make it difficult 
to determine if the risk for coronary atherosclerosis is 
substantially altered by the enzyme deficiency. There is 
no specific treatment for LCAT deficiency. Corneal and 
kidney transplantation are performed in these patients in 
order to ameliorate their major clinical disabilities.

Apolipoprotein AI Mutations
Apo AI is the major structural protein of HDL. The 
gene encoding apo AI is located on chromosome 11 and 
comprises 4 exons. Following cleavage of the signal and 
prohormone sequences, a 243–amino-acid mature pro-
tein is produced. The protein has multiple repeats of an 

amphipathic helical structure that enables it to interact 
with both lipid and aqueous environments. Mutations that 
cause profound alterations in apo AI structure or expres-
sion have been reported, though they are extremely rare.88-

91 The individuals carrying these mutations have virtually 
no circulating HDL and typically develop early CHD. 
There are, however, a number of case reports of apo AI 
mutations that are not associated with early CHD. Cor-
neal opacities and xanthomas have been documented in 
many but not all individuals with major apo AI mutations. 
Most patients harboring these mutations have been found 
to be homozygous for the gene defect, usually as a result 
of consanguinity. Heterozygotes carrying these muta-
tions commonly have half-normal HDL cholesterol levels, 
although cases with greater reductions in HDL levels have 
been reported, suggesting that some mutations may exert 
a dominant-negative effect. HDL typically contains four 
apo A molecules per particle (either four apo AI or two 
apo AI and two apo AII proteins), so a heterozygous indi-
vidual carrying an expressed apo AI mutant would have 
at least one mutant apo AI on most HDL particles. The 
atherosclerosis of individuals with structural mutations in 
apo AI appears to be much more pronounced than that 
seen in patients with either LCAT deficiency or Tangier 
disease. No specific therapy is available for this disorder, 
but aggressive LDL lipid-lowering therapy is justified.

Polygenic Lipid Disorders
Approximately 50% of the total interindividual varia-
tion in serum lipid levels is attributed to heritable fac-
tors.92 Several genomewide association (GWA) studies 
have been conducted to identify genetic variants that con-
tribute to population-wide lipid variability. The largest 
lipid GWA study to date was conducted in approximately 
10,000 individuals and identified a total of 31 genetic loci 
associated with HDL, 22 loci associated with LDL, 16 
loci associated with triglyceride levels, and 39 loci associ-
ated with total cholesterol levels. These results accounted 
for approximately 25% to 30% of the genetic component 
of these lipid traits, suggesting that many lipid-associated 
genetic variants remain to be found.93

A main finding of lipid GWA studies has been that 
genes that confer monogenic lipid disorders also harbor 
commonly occurring genetic variants with more mod-
est effects on lipid levels.94,95 The implications of genetic 
variants discovered in gene regions without known 
effect on lipid biology are less clear. Novel biology has 
been revealed through the functional characterization of 
genetic variants discovered in the SORT1 and TRIB1 
genes, but more work is required to understand the effect 
of many variants discovered through GWA studies.96,97

Findings from GWA studies have also been used to test 
hypotheses within lipid biology. If genetic variants con-
tribute to serum lipid levels and serum lipid levels con-
tribute to cardiovascular risk, then genetic variants for 
lipid levels should influence cardiovascular risk. In 2012, 
Voight and colleagues found no relationship between 
genetic variants associated with HDL levels and myocar-
dial infarction.98 This experiment has contributed to the 
debate as to whether HDL directly contributes to, or is 
only a marker of, cardiovascular risk.
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In the same publication, a clear association between 
genetic variants for LDL levels and myocardial infarction 
was identified, providing further support for the causal 
relationship between LDL levels and cardiovascular risk.

DIAGNOSIS OF LIPID DISORDERS
The diagnosis of a lipid disorder should be based on more 
than one measurement of serum lipids, because combined 
analytic and biological variations in serum lipids range 
from 10% to 20%. The technology for measuring LDL 
levels directly has improved steadily over the years, but in 
most laboratories, it remains a calculated value. To per-
form this calculation, the total and HDL cholesterol levels 
as well as the triglyceride value are measured. The LDL 
cholesterol concentration is then estimated using the fol-
lowing formula devised by Friedewald and colleagues: 98a

LDL cholesterol= total cholesterol− [HDL cholesterol+ triglyceride/5]

The triglyceride/5 factor represents an estimate of 
VLDL cholesterol. The validity of this formula for esti-
mating LDL cholesterol has been confirmed by ultracen-
trifugal measurement of lipoprotein levels and remains 
reasonably accurate as long as the total triglyceride is 
<400 mg/dL. In order to obtain an accurate calculation, 
patients must fast for at least 12 hours to clear their blood 
of any chylomicrons; these lipoproteins distort the tri-
glyceride ratio on which the Friedewald formula relies. 
If the triglyceride level is >400 mg/dL, the LDL choles-
terol must be determined by alternative methods. Apo 
B100, which is present in both LDL and VLDL, can be 
measured directly to get an assessment of lower-density 
lipoprotein particle numbers, but this is not yet routinely 
done in the United States. With increasing evidence for a 
greater atherogenicity of smaller, denser LDL particles, 
more sophisticated assessments of LDL number and com-
position are being introduced into clinical practice, such 
as nuclear magnetic resonance spectroscopy. The place 
of these more sophisticated and expensive assays in the 
routine diagnostic evaluation of most patients remains 
unsettled. It appears that most patients at high risk for 
CHD can still be identified using traditional, lower-cost 
laboratory markers.

Before embarking on a treatment plan in a patient with 
hyperlipidemia, one must exclude other medical condi-
tions that cause lipids to rise as a secondary consequence. 
The most common clinical conditions that cause this to 
occur are obesity, diabetes, and hypothyroidism. The 
latter two are best screened using a serum glucose (or 
hemoglobin [Hb] A1c) measurement and a thyrotropin-
stimulating hormone (TSH) level, respectively. Many 
medications commonly cause a secondary hyperlipid-
emia, with antiretroviral therapy, a variety of psychotro-
pic mediations, estrogens, and glucocorticoids heading 
the list.

Increasingly, the diagnosis of severe hyperlipidemic 
syndromes due to rare mutations in key proteins of the 
lipid metabolism system can be made by genetic testing. 
Using buccal smears or circulating white blood cells pres-
ent in a blood sample, DNA can be extracted and muta-
tions easily detected. At the present time, these assays 

are used to guide family counseling or provide interested 
patients insights into the cause of their disorder, but the 
results rarely affect clinical decision making or therapeu-
tic choices. Most of these assays remain research tools, 
with few being covered by medical insurance. The role of 
genetic diagnostics in medicine is in rapid flux, and new 
discoveries and technologies may change this situation in 
the next few years.

MANAGEMENT AND TREATMENT
Apart from the rare patient at risk for hypertriglyceri-
demic pancreatitis, for most hyperlipidemic patients, the 
primary goal of treatment is to reduce the risk for coro-
nary morbidity and mortality. The approach to the treat-
ment of hyperlipidemia that dominated clinical practice 
in the United States for the past 25 years was initially 
delineated by the National Cholesterol Education Pro-
gram (NCEP), Adult Treatment Panel I (ATP I) in 1988. 
It was revised in 1993 (ATP II) and then again in 2001 
(ATP III), with an update of ATP III made in 2004 that 
utilized new clinical trial data available at that time to 
further refine the guideline recommendations. All of the 
ATP guidelines focused on LDL cholesterol as the major 
lipid risk promoting coronary heart disease, and therapy 
was intended to achieve specific target LDL cholesterol 
levels whose selection were based on an individual’s 
overall cardiovascular risk profile. For a given degree of 
LDL cholesterol elevation, the threshold for initiation of 
therapy decreased and the intensity of therapy increased 
with increasing global CHD risk. Dietary modification, 
complemented by exercise and weight reduction, were to 
be combined with appropriate pharmacologic therapy, 
when needed, to achieve the targets identified in the 
guidelines. In the fall of 2013, a joint American College 
of Cardiology/ American Heart Association expert panel 
issued the successor guidelines to the ATP series.99 The 
new guidelines relied almost exclusively on randomized 
clinical trial (RCT) data as the foundation for their rec-
ommendations, explicitly eschewing data from human 
genetics and physiology studies. In adopting this RCT-
centric approach, the guidelines constituted a major 
departure from their ATP predecessors. The most obvi-
ous consequence of the changed perspective was to shift 
away from recommending specific LDL targets as goals 
of lipid therapy. Instead, citing the fact that statin out-
comes trials have never selected a specific LDL target goal 
and treated to that value, the new guidelines focus on the 
use of statins at either high or moderate intensity dosages 
without a focus on the final achieved LDL value. Rather 
than using LDL cutpoints to primarily direct therapeu-
tic decisions, the new guidelines recommend selecting 
patients similar to those that have been shown to benefit 
in completed statin trials. Four groups of patients were 
identified in whom RCTs of statins had demonstrated 
a clear benefit. These four groups represent individuals 
with one or more of the following risk attributes:
  

 1.  Existing clinical atherosclerotic vascular disease 
(ASCVD)

 2.  LDL-c values ≥190 mg/dL
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 3.  Diabetes, between 40 and 75 years of age, whose 
LDL-c levels are 70 to 189 mg/dL

 4.  LDL-c values in the range of 70 to 189 mg/dL who 
have an estimated 10-year atherosclerotic vascular 
disease risk of ≥7.5%

  
Moderate- to high-intensity statin therapy (defined 

as achieving 30% to 50% or >50% reduction in LDL 
cholesterol level, respectively) is recommended for an 
individual who falls into any one of these four groups, 
with high intensity given to those at the highest risk and 
moderate intensity given to those who either cannot tol-
erate high-intensity therapy or whose risk is lower (e.g., 
a diabetic with a 10-year risk of <7.5%). Individuals 
who qualify for placement in more than one of the four 
groups (e.g., a diabetic with an LDL ≥190 mg/dl) would 
be given high-intensity statin therapy, if tolerated. These 
new guidelines have sparked considerable controversy 
in the lipid field, with many dissenting voices raised 
over the wisdom of moving away from specific LDL 
targets as the goal of therapy. Others have criticized 
the accuracy of the specific risk calculator instrument 
favored by these guidelines to determine if the 10-year 
risk is ≥7.5%, suggesting it leads to overtreatment of 
many individuals whose LDL-c values are <100 mg/
dL.100 Due to the controversy and uncertainty surround-
ing the new guidelines and the authors’ of this chapter 
belief that disregarding biological and genetic data is 
a flawed strategy in making therapeutic decisions, the 
treatment approaches outlined in this chapter will rely 
primarily on the approach adopted by the NCEP-ATP 
panels. Wherever the new guidelines suggest significant 
departures from the older recommendations, an attempt 
will be made to highlight the differences, so that the 
reader can decide which approach he or she finds more 
compelling.

In addition to the recent guideline controversy, sev-
eral academic preventive cardiology groups have advo-
cated lengthening the interval over which the risk for 
cardiovascular disease is considered relevant for treat-
ment decisions.101 The ATP guidelines and the new ACC/
AHA guidelines utilize a 10-year risk interval on which 
to base risk assessments. Risk calculators for 30-year 
cardio vascular outcomes are also available (http://www. 
framinghamheartstudy.org/risk-functions/cardiovascular-
disease/30-year-risk.php), and these reflect the ∼50% life-
time risk for developing atherosclerotic vascular disease 
in individuals in the United States. As using the longer 
interval of assessment leads to significantly higher rates of 
anticipated future cardiovascular disease, a direct conse-
quence is that many more young individuals would qual-
ify for treatment with lipid medications. While it is very 
likely that aggressive preventive strategies would produce 
greater benefits, it remains uncertain as to whether the 
presumed benefits of longer-term preventive therapy can 
be linearly extrapolated from currently available data on 
shorter-term interventions. More insights into the costs 
and benefits of moving to a 30-year risk assessment of 
younger individuals are needed in order to refine and opti-
mize the thresholds for treatment intervention based on 
this longer risk interval.

Assessing the Need to Treat Patients  
with Hyperlipidemia
As the magnitude of the benefit of treating hyperlipidemia 
is positively correlated with the overall degree of CHD 
risk, it is important to assess this risk before initiating 
treatment. Assessment should be comprehensive, extend-
ing beyond lipid levels to include consideration of blood 
pressure, smoking, diabetes, family history of premature 
CHD, age, sex, and presence of established CHD or other 
atherosclerotic disease. Although currently premature, 
it is likely that the growing list of polygenic risk factors 
associated with atherosclerotic vascular disease will be 
incorporated into future risk-stratification schema.94,102 
Treatment recommendations follow directly from the 
degree of estimated CHD risk. Dietary modification is  
the sole mode of therapy for patients at the lower end of 
the CHD risk spectrum, while pharmacologic measures 
are reserved for patients at higher risk or for those who 
fail dietary intervention. The NCEP guidelines promul-
gate target goals for all three of the major lipid param-
eters (LDL cholesterol, HDL cholesterol, and triglyceride) 
but focus most heavily on LDL levels, since reduction in 
these have been associated with the clearest benefit on 
cardiovascular morbidity and mortality.9 The trend over 
the past 20 years has been to push LDL levels ever lower, 
with no evidence to date that a value has been reached 
below which no further benefit is conferred. For the 
highest- risk patients, the current LDL target therapeutic 
value is <70 mg/dL.9 The ACC/AHA 2013 guidelines do 
not focus on the lipid levels as treatment goals but rather 
recommend the use of high-intensity or moderate-inten-
sity statin treatment for those whose risk status qualifies 
them for treatment.99

Use of the NCEP guidelines involves the assembly of 
laboratory and clinical data to establish a patient’s risk 
for future CHD events. The critical information needed 
to employ the guidelines come from a fasting lipid and 
metabolic profile and clinical history and physical exam 
data that establish whether the patient has CHD or its 
equivalents. In addition, the clinician must determine 
if nonlipid CHD risk factors are present or absent. The 
guidelines recognize five conditions to be the equivalent 
of established coronary heart disease: (1) diabetes melli-
tus, (2) symptomatic carotid artery disease, (3) peripheral 
artery disease, (4) abdominal aortic aneurysm, and (5) a 
confluence of multiple risk factors that in aggregate con-
fer a 10-year risk for CHD that is higher than 20%. To 
those five, some experts in the field would add a sixth: 
the presence of impaired renal function (GFR <60 mL/
min).103-105 The concept that diabetes is a risk equivalent 
for CHD derives from the high risk for CHD in middle-
aged and older diabetic populations and was exempli-
fied in the East-West study of Finnish patients.106 In this 
study, patients with prior histories of myocardial infarc-
tion and no diabetes had a 7-year incidence of new CHD 
events of 18.8%, whereas diabetic patients without prior 
myocardial infarctions had an incidence of 20.2%. The 
hazard ratio for death from CHD comparing these two 
groups did not differ. A follow-up report by the same 
investigators, extending to 18 years of observation and 
with more CHD events recorded, reaffirmed this outcome 

http://www.framinghamheartstudy.org/risk-functions/cardiovascular-disease/30-year-risk.php
http://www.framinghamheartstudy.org/risk-functions/cardiovascular-disease/30-year-risk.php
http://www.framinghamheartstudy.org/risk-functions/cardiovascular-disease/30-year-risk.php
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and suggested that female diabetics were at particularly 
high risk.107 A finding of similar degrees of carotid inti-
mal medial thickness in U.S. patients with diabetes and 
no CHD, compared to patients with CHD but not dia-
betes, further strengthened the concept of diabetes as 
a CHD equivalent.108 Several other studies in different 
populations have supported this conclusion.109-113 How-
ever, not all investigations of this topic have yielded simi-
lar conclusions, with some studies indicating lower rates 
of future CHD events in the diabetic population without 
CHD than is found in nondiabetics with CHD. Other 
studies have indicated that gender substantially influences 
this comparative outcome.114-121 What all studies demon-
strate, however, is that diabetes does confer a substantial 
increase in CHD risk, and that the combination of dia-
betes and CHD puts individuals at a very high risk for a 
future coronary event. Treating diabetes as a risk equiva-
lent to prior CHD in middle-aged and older patients does, 
therefore, appears to be clinically quite appropriate.

The other risks that are factored into the NCEP algo-
rithm are age (men >45 years, women >55 years), hyper-
tension, cigarette smoking, low levels of HDL cholesterol, 
and a family history of premature CHD (male first-degree 
relatives with events before 55 years of age, females 
before 65 years of age). High HDL cholesterol levels  
(>60 mg/dL) are counted as a negative risk factor, permit-
ting one to subtract one of the positive risk factors. HDL 
is not completely protective, however, and there are small 
percentages of patients with very high HDL levels who 
still develop CHD.122 Although not considered one of the 
NCEP risk factors, most epidemiologic evidence also sup-
ports the conclusion that a sedentary lifestyle is a signifi-
cant risk for CHD.123-126 Other commonly assessed risk 
factors not included in the NCEP guideline calculations 
of risk include obesity, impaired fasting glucose, markers 
of inflammation (e.g., high sensitivity C-reactive protein), 
homocysteine, endothelial dysfunction, and a thrombosis 
predilection. The role of these other risk factors in improv-
ing prognosis remains controversial, but clinicians may 
want to modulate the standard NCEP risk-factor treat-
ment guideline based on the presence or absence of these 
nontraditional risks. Finally, in individuals with serum 
triglycerides >200 mg/dL, the NCEP guidelines identify 
non-HDL cholesterol (total cholesterol minus HDL cho-
lesterol = non-HDL cholesterol) as a secondary parameter 
that can be used to guide therapy. Several recent studies 
support the notion that non-HDL cholesterol can be sub-
stituted for LDL-c, regardless of the serum triglyceride 
level, with little or no loss in diagnostic utility.127 The non-
HDL cholesterol goals for each risk-factor category are 
equal to the LDL goal plus 30 (i.e., if the LDL goal is <100 
mg/dL, the non-HDL cholesterol goal is <130 mg/dL).128  
Table 41-5 provides the NCEP treatment recommenda-
tions based on the risk factor and CHD equivalent con-
cepts outlined in the previous paragraphs.

The ACC/AHA 2013 guidelines utilize the four patient 
categories outlined earlier to select those individuals who 
qualify for high- or moderate-intensity statin therapy. 
These guidelines also stipulate that there are a few popu-
lations of patients for whom statin therapy has not been 
shown to add value. These populations are those with 

New York Heart Association class II to IV heart failure 
and patients requiring maintenance hemodialysis. The 
new guidelines also question the utility of adding other 
lipid agents to statin regimens, as there have been no ran-
domized controlled trials that demonstrate a clear cardio-
vascular benefit using this approach. The new guidelines 
do leave open the possibility that combined therapy could 
be shown to add value, and several trials of lipid agents 
in concert with statins are due to be published between 
2014 and 2016 that might result in a revision of this 
recommendation.

Dietary and Drug Treatment of Lipid Disorders
Diet/Lifestyle Therapies
With the advent of very potent lipid-lowering therapies, 
the use of dietary approaches to controlling lipid levels 
has become de-emphasized in much of the developed 
world. While drug treatments (especially for elevated 
LDL cholesterol levels) are very effective, the role of diet 
in promoting hyperlipidemia should not be forgotten. 
The dietary approach to the treatment of elevated LDL 
cholesterol levels focuses on reductions in total fat, satu-
rated fat, partially hydrogenated unsaturated fatty acids, 
and dietary cholesterol. Substituting foods that provide 
polyunsaturated and monounsaturated fats in place of 
saturated and trans unsaturated fat is particularly impor-
tant, whereas the value of reducing the total fat intake is 
less clear.129 The 2013 clinical practice guidelines of the 
American Diabetes Association (ADA) recommend that 
saturated fat intake be restricted to less than 7% of calo-
ries, and that cholesterol intake not exceed 200 mg/day 
in patients with diabetes. These dietary recommendations 
mimic those proposed by the NCEP ATP III guidelines 
for individuals without diabetes who have established 
coronary disease. For nondiabetics without coronary 
disease, the NCEP liberalizes saturated fat intake to 
less than 10% of calories and cholesterol to less than  
300 mg/day. In both diets, it is recommended that trans fat 
intake be kept to a minimum. The adoption of a Mediter-
ranean-style diet, with substitution of monounsaturated 
fats for saturated fat, has demonstrated benefits on LDL 

TABLE 41-5 NCEP Treatment Recommendations

LDL Treatment Threshold LDL Treatment Goal

<2 risk factors ≥190 ≤160

>2 risk factors
10-year risk <20%

10-year risk <10% 
≥160

10-year risk = 10%-20% 
≥130

≤130

CHD or equivalent
10-year risk >20%

≥130 ≤100

CHD and very 
high risk 
 (optional)

≥100 ≤70

NCEP definition of CHD equivalent:
 • Diabetes Peripheral arterial disease Abdominal aortic aneurysm
 • Symptomatic carotid disease Multiple risk factors giving 10-
year CHD risk >20%
Framingham Risk Calculator can be found at http://cvdrisk.nhlbi.

nih.gov/calculator.asp.

http://cvdrisk.nhlbi.nih.gov/calculator.asp
http://cvdrisk.nhlbi.nih.gov/calculator.asp
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cholesterol reduction, insulin sensitivity, and endothelial 
reactivity.10,130,131 The magnitude of the LDL reduction 
achieved with dietary interventions is quite variable and 
depends on the pre-intervention diet, as well as metabolic 
and genetic factors that influence diet-dependent lipid 
responses. LDL reductions of 5% to 20% are typical for 
most patients adopting the reduced fat and cholesterol 
diets recommended by the ADA and NCEP, but reduc-
tions of over 50% can occur in selected individuals.132

For patients with VLDL elevations, which include 
a large portion of the diabetic population, carbohy-
drate and alcohol consumption may be more important 
dietary factors to address than the intake of cholesterol 
or saturated fat. The current USDA-recommended daily 
allowance of carbohydrate is 130 g/day, but studies of 
long-term carbohydrate-restricted diets are limited. 
Recently, investigations comparing low-carbohydrate and 
low-fat diets have demonstrated that low-carbohydrate 
diets can produce as good or even modestly better weight 
reduction than can low-fat diets in 6- to 12-month time-
frames.133-135 The lower-carbohydrate, higher-fat diets 
typically produce greater reductions in VLDL (serum tri-
glycerides) and greater increases in HDL cholesterol than 
do the fat-restricted, higher-carbohydrate diets. On the 
low-carbohydrate, higher-fat diets, the LDL cholesterol 
level can vary significantly, and if a substantial amount of 
saturated fat is used in these diets, the rise in LDL could 
be substantial.136 Therefore, the use of low-carbohydrate 
diets should be accompanied by the use of monounsatu-
rated and polyunsaturated fats as the major sources of fat 
in the diet.

Weight loss (if obese), aerobic exercise, and smok-
ing cessation can increase HDL levels and contribute 
to the dietary lowering of lower-density lipoproteins 
and CHD risk. They also reduce CHD risk by decreas-
ing blood pressure. In the Diabetes Prevention Program 
(DPP), subjects in the lifestyle intervention group reduced 
their fat intake to 28% of calories after 1 year (down 
from 34%), and most were able to maintain the goal of  
150 minutes per week of moderate physical activity.137,138 
On this program, in which a body weight loss of 7% was 
targeted, subjects experienced less progression to diabe-
tes and reductions in multiple cardiovascular risk factors, 
including dyslipidemia and hypertension.139,140 Although 
the DPP was conducted in an academic environment with 
substantial investigative resources devoted to ensuring 
compliance with the program, more recent efforts mod-
eled on DPP suggest that the results can be translated to 
community-based outreach programs.141,142

The clinical trials data that demonstrate improve-
ments in CAD outcomes as a result of dietary interven-
tions alone have generally employed diets that restrict fat 
and/or cholesterol intake much more dramatically than 
the ADA and NCEP diets mentioned. In the St. Thomas’ 
Regression Study (STARS), cholesterol intake in men was 
reduced to 100 to 120 mg/day, and excess weight was 
addressed by prescribing a physical activity program. 
After 3 years, the group treated with a low-cholesterol 
diet had a slower rate of progression of coronary disease 
and a higher rate of regression as determined by angi-
ography.143 The Lifestyle Heart Trial employed an even 

more stringent diet, reducing cholesterol intake to less 
than 10 mg/day, combined with an exercise and behav-
ior modification program. This intervention led to regres-
sion of coronary lesions as measured by angiography 
and a reduction in symptoms of ischemia.144 This study 
was conducted in a very small number of highly moti-
vated volunteers; it would be challenging to replicate 
the same interventions in more typical clinical care set-
tings. Nevertheless, a longer-term follow-up of a small 
number of participants in this study demonstrated that 
further regression of coronary atherosclerosis could be 
obtained.145 A study with potentially greater applicabil-
ity than either STARS or the Lifestyle Heart Trial is the 
Lyon Diet Heart Study.146-148 Conducted using a Medi-
terranean diet rich in alpha-linolenic acid, with partici-
pants who had experienced a prior myocardial infarction, 
this trial demonstrated improvements in its primary end-
point (myocardial infarction and death) as well as several 
cardiovascular and secondary endpoints. These results 
have been validated in the Spanish PREDIMED study of 
7447 individuals with either type 2 diabetes mellitus or 
at least three major cardiovascular risk factors who were 
randomized to a Mediterranean or control diet.149 Par-
ticipants in the Mediterranean diet groups experienced a 
30% relative reduction in cardiovascular events, which 
was driven by a decrease in stroke rates. The Lyon Diet 
Heart Study and PREDIMED results, combined with 
other investigations of the impact of similar diets on lip-
ids and lipoproteins, provide substantial support for the 
utility of Mediterranean- style diets in the prevention and 
treatment of CHD.

Outcome Studies of Pharmacologic Therapy of 
Hyperlipidemia
The addition of drug therapy to a diet and exercise pro-
gram can greatly enhance lipid-lowering results and dra-
matically effect CHD outcomes. Numerous investigations 
over the past 20 years have demonstrated that the use of 
one class of drugs, the HMG CoA reductase inhibitors, or 
statins, leads to significant reductions in nonfatal and fatal 
cardiac events (i.e., myocardial infarction, revasculariza-
tion, cardiac death) in appropriately selected populations. 
Reductions in all-cause mortality have also been demon-
strated in lipid-lowering drug trials, particularly in higher-
risk populations. With intensive drug therapy, the rate of 
plaque progression falls, and modest plaque regression 
can be demonstrated in major coronary vessels and sys-
temic arteries. There is also evidence that lipid- lowering 
medication (statins) can reduce the risk for stroke in per-
sons with atherosclerotic carotid disease. These benefits 
have been shown to accrue to men and women, diabetics 
and nondiabetics, and middle-aged and older individuals. 
A summary of the major outcomes studies using statins is 
provided in the following paragraphs, followed by a brief 
review of the data available for outcomes using drugs that 
are not HMG CoA reductase inhibitors.

CHD Outcomes with HMG CoA Reductase Inhibitors (Statins)
The current era of lipid-lowering therapy began in 1984 
with the publication of the Lipid Research Clinics– 
Coronary Prevention Trial. A randomized, double-blind 
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study employing cholestyramine compared to placebo, 
this trial demonstrated that an 8% reduction in total 
cholesterol yielded a 19% reduction in CHD death or 
myocardial infarction.150,151 With the advent of statin 
therapy in 1987, much more effective LDL cholesterol–
lowering agents became available. During the 1990s, 
a series of landmark cardiovascular prevention trials 
were completed using these agents. In 1994, the Scan-
dinavian Simvastatin Survival Study (4S) established for 
the first time that a lipid-lowering agent could prolong 
overall survival in individuals with preexisting CHD.152 
Randomizing 4444 patients with a prior myocardial 
infarction or angina to simvastatin or placebo, the drug 
treatment cohort of 4S had baseline LDL cholesterol lev-
els fall from approximately 190 mg/dL to 120 mg/dL. 
With a trial endpoint of death for 10% of the original 
study enrollees (444 study subjects), it took a little over 
5 years to complete the study. The result was that 8% of 
the simvastatin patients died versus 12% of the placebo-
treated individuals. This 30% reduction in mortality 
established statin therapy as an essential intervention in 
CHD patients with significant LDL elevations. In addi-
tion to the mortality benefit, 4S also produced substantial 
reductions in major coronary events, overall CHD death 
(19% vs. 28%, a relative risk reduction of 42%), and 
cerebrovascular events (2.7% vs. 4.3%). Unlike several of 
the pre-statin era cholesterol-intervention studies, there 
were no increases in other causes of mortality to counter-
balance the benefits on the cardiovascular system. When 
the 4S was examined in greater detail and after longer 
follow-up to determine if the therapy had been confined 
to any subset of patients, these analyses concluded that 
the benefit was widespread.153-155 Individuals at the high-
est risk appeared to benefit the most, particularly those 
with diabetes.156 Though only 202 of the 4444 patients 
in the 4S were diagnosed with diabetes, these individuals 
experienced relative risk reductions in mortality (43%) 
and major CHD events (55%) that exceeded those in the 
nondiabetic population. An equally impressive outcome 
was noted in individuals who in addition to their elevated 
LDL cholesterol levels had lipid phenotypes characteristic 
of the metabolic syndrome (low HDL cholesterol levels 
and high triglycerides). Study subjects with this lipid triad 
had the highest event rates among those receiving placebo 
(35.9%) and the greatest reduction in relative risk with 
treatment (0.48; 95% CI, 0.33 to 0.69).157

Subsequent studies have further refined our under-
standing of the benefits of statins in patients with and 
without preexisting CHD. The West of Scotland Coro-
nary Prevention Study Group (WESCOPS) enrolled 
hyperlipidemic men who had not experienced a prior 
myocardial infarction but who had high levels of other 
CHD risk factors. Pravastatin reduced LDL cholesterols 
from approximately 190 mg/dL to 140 mg/dL and, com-
pared to the placebo-treated group, lowered CHD death 
and myocardial infarction by 30%.158

A similar-magnitude improvement in a younger pop-
ulation of lower-risk patients was observed in the Air 
Force/Texas Coronary Atherosclerosis Prevention Study 
(AFCAPS/TexCAPS) when lovastatin was given to men 
and women with starting LDL-c levels of 150 mg/dL.159 

When compared to the placebo-treated patients, those 
receiving lovastatin reduced their LDL on average to 
115 mg/dL and decreased their incidence of major cor-
onary events by 30% to 40%. In the Cholesterol and 
Recurrent Events Trial (CARE), pravastatin was given 
to patients with myocardial infarctions whose LDL 
cholesterol levels were substantially below (mean of  
139 mg/dL) those of the 4S and WESCOPS patients. 
With a primary endpoint of a fatal coronary event or 
a nonfatal myocardial infarction, the pravastatin-treated 
group had a 24% relative risk reduction compared to 
placebo-treated patients. Stroke was reduced 31%.160 
A post hoc analysis of CARE by the investigators who 
performed it led to the conclusion that reduction of LDL 
cholesterol in the range from 174 mg/dL to 125 mg/dL 
lowered the coronary event rate, but that further reduc-
tions below 125 mg/dL did not appear to confer addi-
tional benefit.161 The value of LDL reductions to levels 
substantially below 125 mg/dL has been a topic of con-
siderable controversy ever since CARE was published, 
but several subsequent studies have indicated that further 
reductions of LDL do confer benefit. For example, the 
Long-Term Intervention with Pravastatin in Ischaemic 
Disease (LIPID) study group enrolled over 9000 patients 
with recent evidence of CHD and demonstrated benefits 
in overall mortality and CHD death using pravastatin.162 
When stratified by starting LDL cholesterol, the magni-
tude of the benefit appeared to be maintained even in 
those with starting levels below 116 mg/dL.163-165 The 
Treating to New Targets (TNT) trial enrolled 10,000 
patients with stable CHD and randomized treatment to 
high-dose (80 mg/day) or low-dose (10 mg/day) atorv-
astatin.166 Pretreatment LDL-c levels were between 130 
and 250 mg/dL, and posttreatment LDL-c values were 
77 and 101, respectively, in the high- and low-dose 
groups. The primary endpoint of the study, which was 
major cardiovascular events, declined 22% more in the 
high-dose group than the low-dose cohort, as did rates of 
myocardial infarction and stroke. However, overall mor-
tality was not lower in the high-dose group, owing to 
an increase in noncardiovascular deaths. Cancer deaths 
accounted for most of these events, a finding not repli-
cated in other studies using the same drug.

The Heart Protection Study (HPS), like several of its 
predecessor trials, attempted to examine the question of 
LDL-c lowering in patients with moderate hyperlipid-
emia. HPS was a much bigger trial, randomizing 20,536 
patients to placebo or simvastatin (up to 40 mg/day). The 
inclusion criteria required evidence of prior cardiovascu-
lar disease and permitted a broad range of LDL-c levels, 
with a third of the patients having values less than 116 
mg/dL. After average follow-up of 5.5 years, all-cause 
mortality was reduced in the statin-treated cohort, as was 
CHD death and major cardiovascular events.167 Notably, 
over 5000 diabetics were included in the study, and they 
also achieved a substantial relative risk reduction in myo-
cardial infarction and stroke.168,169 Particularly striking 
was the finding that the benefits of LDL-c lowering were 
produced in all three of the tertiles into which patients’ 
baseline LDL-c were stratified. Even those with starting 
LDL-c levels approximating the current NCEP target goal 
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of 100 mg/dL (for those with CHD) had a benefit when 
their value was reduced substantially below that number. 
Both men and women and older and younger patients 
derived similar benefits from the statin treatment. As 
with HPS, the Collaborative Atorvastatin Diabetes Study 
(CARDS) demonstrated a significant benefit in diabetic 
patients with lower LDL-c levels (<160 mg/dL) random-
ized to the statin arm of a placebo-controlled trial. 170 
This benefit appeared in those whose starting LDL-c lev-
els were both above and below 120 mg/dL. After 4 years 
of follow-up, the rate of cardiovascular events dropped 
37% (95% CI, –52% to –17%).

The JUPITER study attempted to answer whether 
LDL-lowering with rosuvastatin is beneficial for healthy 
individuals whose LDL levels were considered normal but 
who had elevated CRP levels.171 Over 17,000 men and 
women with LDL less than 130 mg/dL and high sensitiv-
ity CRP values of 2.0 mg/L or higher were randomized to 
rosuvastatin 20 mg daily or placebo and followed for car-
diovascular events. The trial was stopped after 1.9 years; at 
that time, LDL levels were reduced by 50% (to 55 mg/dL),  
hs-CRP levels by 37%, and cardiovascular events by 
44% in the rosuvastatin group. This study supports the 
hypothesis that LDL lowering can be beneficial for a sub-
set of apparently healthy individuals who have evidence 
of athero-inflammation as indicated by the hs-CRP assay. 
In addition to studies of their effects on major clinical 
outcomes, many of the statins have been used in trials 
assessing their effects on atherosclerosis progression or 
regression in the coronary arteries or the carotids. The 
Familial Atherosclerosis Treatment Study (FATS) com-
pared three regimens that all contained a bile acid resin 
binder, colestipol, plus either placebo, niacin, or lovas-
tatin. The lovastatin-treated cohort lowered its LDL by 
46% and had more regression and less progression of their 
CAD, as assessed by angiography, than did the placebo-
treated group. The niacin group’s response was equiva-
lent to that seen with the lovastatin treatment.172 The 
Regression Growth Evaluation Statin Study (REGRESS) 
utilized pravastatin in over 800 men with total choles-
terol levels between 155 and 310 mg/dL to demonstrate 
delayed progression in CHD as well as a lower rate of 
progression of femoral and carotid atherosclerosis.173,174 
The REVERSAL trial compared atorvastatin (80 mg/
day) to pravastatin (40 mg/day) in patients with CHD 
by assessing plaque volume using intravascular ultra-
sound measurements (IVUS). Atheroma volume declined 
slightly in the atorvastatin-treated group while increasing 
in the pravastatin cohort, the difference between the two 
being statistically significant.175 ASTEROID employed 
an open-label treatment with rosuvastatin (40 mg/day) in 
507 patients with CHD to lower LDL-c by 53% (from a 
mean of 130 to 61 mg/dL). With this intervention, ath-
eroma volume, as measured by IVUS, was reduced. No 
control group was included in ASTEROID, making it 
difficult to assess what is otherwise an impressive reduc-
tion in coronary atherosclerosis.176 Taken together, these 
statin studies provide impressive evidence that aggressive 
lipid lowering can reduce the rate of CAD progression in 
patients with established disease and may, with the most 
intensive therapy, even cause plaque regression.

In addition to their use in studies of patients with 
longstanding stable CHD, statins have been employed 
in the setting of acute or recent coronary syndromes to 
determine if more aggressive lipid-lowering might pro-
vide additional benefit in these settings. The Prove-It 
study, for example, compared individuals with starting 
LDL-c levels of approximately 110 mg/dL who were 
randomized to receive pravastatin (40 mg/day) or ator-
vastatin (80 mg/day) after an acute coronary event.177 
The high-dose atorvastatin group lowered LDL-c levels 
to 62 mg/dL, whereas the mid-dose pravastatin cohort 
only reduced their LDL-c values to 95 mg/dL. A 16% 
reduction in coronary events was achieved on the more 
aggressive therapy. It seems probable that this study 
established that an LDL-c of 62 mg/dL is better than one 
of 95 mg/dL in patients experiencing an acute coronary 
event, but the more rigorous conclusion is that 80 mg 
of atorvastatin works better for CHD outcomes in this 
population than does 40 mg of pravastatin. Similarly, 
the Incremental Decrease in End Points through Aggres-
sive Lipid-lowering study used an open-label/blinded-
endpoint study design to randomize nearly 9000 patients 
with a past history of myocardial infarction to receive 
either atorvastatin (80 mg/day) or simvastatin (20 mg/
day).178 After 24 weeks, the dose of simvastatin could be 
raised to 40 mg/day if the LDL-c remained greater than 
190 mg/dL. The atorvastatin-treated cohort after nearly 
5 years had a mean LDL-c that was lower than the 
simvastatin-treated cohort (81 vs. 104 mg/dL), but no 
significant reduction in the primary endpoint of major 
coronary events was demonstrated. While there were 
reductions in some secondary endpoints on atorvastatin, 
no benefit on overall mortality was seen. Because sev-
eral of the above studies employed different drugs and 
achieved different LDL endpoints using those agents, it 
is not always easy to interpret the outcomes. Overall, 
the data do support aggressive lipid-lowering therapy 
in the acute coronary setting, but it is much less clear 
whether one drug is superior to another when nearly 
comparable LDL-c lowering is achieved.

In summary, the outcomes studies presented in this 
section demonstrate that LDL cholesterol reduction with 
multiple members of the statin class of drugs results in 
improvements in CHD events and in overall total mortal-
ity in patients with established coronary disease. These 
benefits are present or even magnified in individuals with 
diabetes or the metabolic syndrome. Lower rates of CHD 
events are also produced in patients without established 
CHD but who have substantial CHD risk factors. In 
lower-risk populations, statins clearly reduce coronary 
events, but data are less convincing for benefits on CHD 
death or overall mortality. These conclusions have been 
confirmed by several meta-analyses of clinical trials that 
employed a variety of statins.179-181 Although the precise 
goal of LDL-c reduction remains controversial, the NCEP 
guideline targets of progressively lower target LDLs for 
progressively higher levels of risk (i.e., <130, <100, and 
<70 mg/dL) are both reasonable and consistent with the 
findings of outcomes studies published to date.

Concerns about cholesterol lowering producing 
increased risks for cancer and violent deaths, which 
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emerged in some of the early, pre-statin lipid-lowering tri-
als, have largely been put to rest in the major prospective 
statin studies. In studies of over 25 randomized control 
trials, including five of the largest such trials conducted 
to date (using several different members of the statin class 
of drugs and collectively involving ∼90,000 to 175,000 
patients), no increase in the rates of cancer or noncar-
diac deaths have been reproducibly observed.182,183 How-
ever, each class of cholesterol-lowering drug therapies 
has important adverse effects that need to be taken into 
account when considering pharmacologic intervention. 
With the trend toward more aggressive lowering of LDL 
cholesterol, achieved through higher doses of statins and 
more complex multi-drug regimens, comes an increase in 
the risk for drug side effects.

Another concern that has emerged recently pertains to 
the effect of statins on diabetes incidence. In addition to 
demonstrating clear evidence for cardiovascular benefit 
from LDL reduction, the JUPITER trial showed a 25% 
increase in new physician-diagnosed diabetes during 
statin treatment.171 Following the publication of the Jupi-
ter trial, two meta-analyses of large, placebo-controlled 
trials were rapidly performed.184,185 Both of these stud-
ies reported a small but consistent increase in diabetes 
incidence (9% to 13%) during statin treatment. These 
findings suggest that treating 255 patients with statins 
for 4 years would result in 1 additional case of diabetes. 
Although not directly comparable, a prior meta-analysis 
had concluded that 5 myocardial infarctions could be 
prevented for every case of diabetes occurred.186 Thus, 
based on the present data, the benefits of statin therapy 
appear to clearly outweigh the small risk for increased 
diabetes incidence.

Whether statin therapy should be initiated in young 
individuals is a topic of debate with little data available to 
inform the discussion. Young men (younger than 35 years 
of age) and premenopausal women with no CHD risk fac-
tors other than hypercholesterolemia are typically at very 
low 10-year risks for developing CHD. An argument can 
be made to wait until the risk level escalates before initiat-
ing cholesterol-lowering therapies, inasmuch as the ben-
efits of statin therapy are typically evident in less than 2 to 
3 years. An alternative view cites the evidence that indi-
viduals with genetically driven low LDL cholesterols have 
extremely low rates of CHD and that one should try to 
mimic this lifelong low-cholesterol state with earlier and 
more aggressive drug therapy.83 Both perspectives have 
merit. For now, this decision will likely balance the mag-
nitude of the individual risk with preferences for more or 
less aggressive therapy on the part of both physician and 
patient. Physicians prescribing statins for young women, 
however, must not forget the potential teratogenicity of 
this class of drugs, which remain contraindicated in preg-
nancy. Nonpharmacologic therapy, primarily focusing 
on improved diets and physical activity programs, should 
be adopted regardless of age. As widespread clinic use 
of statins moves into its third decade and the initially 
approved agents have become available in generic forms, 
the safety and cost issues associated with their use may 
recede in importance, and a greater consensus on earlier 
use of these remarkable drugs becomes possible. For now, 

the exercise of good clinical judgment is essential in these 
circumstances.

Lipid-Lowering Outcomes Trials with Agents Other Than Statins
As cited in the previous section, the current era of lipid 
lowering was successfully initiated with a bile acid resin 
binder, cholestyramine.150,151 Though achieving an 
LDL-c reduction of only 8%, CHD events were reduced 
19%. Thus, it is the belief of most experts in the lipid field 
that LDL cholesterol lowering achieved by any means 
will result in reduced CHD events, provided the therapeu-
tic approach does not have off-target consequences that 
would countervail the benefit of the LDL lowering. This 
view is supported by a wealth of data on the pathogen-
esis of atherosclerosis, as well as clinical trials of multiple 
modalities that lower LDL cholesterol, including nonphar-
macologic approaches.1,2,145,187,188 At the current time, 
statin use supersedes that of all other LDL-c–lowering  
agents as first-line monotherapy because of the superior 
efficacy and the wealth of outcomes data establishing 
its benefit. Many patients, however, either cannot meet 
the LDL targets set by the NCEP guidelines or cannot 
achieve the levels obtained in the major outcomes trials 
using statins alone. Some patients have inadequate thera-
peutic responses to the drugs, while others cannot toler-
ate their adverse side effects. When that occurs, the use of 
other lipid-lowering agents becomes relevant. Moreover, 
some patients, particularly those with diabetes, may have 
very low HDL-c levels or dramatic elevations in lipopro-
teins other than LDL, for which statin therapy offers little 
or no direct benefit. The following section addresses the 
current data on outcomes when these other, non-statin 
therapies are employed.

Fibrates and CHD Outcomes
Unlike statin therapy, none of the other lipid-lowering 
medications have produced an overall mortality benefit 
in a randomized, prospective, double-blind trial. For the 
most part, this is because studies employing the agents 
were not powered for a primary outcome focused on 
mortality but instead targeted reductions in CHD events. 
With this endpoint, bile acid resins, gemfibrozil, and 
niacin have all been demonstrated in long-term prospec-
tive studies to reduce CHD and/or major cardiovascular 
events.150,151,189-193 Although not available in the United 
States, bezafibrate also showed promising results in a sec-
ondary prevention study.194 Since fibrates (gemfibrozil, 
fenofibrate, bezafibrate, clofibrate, and ciprofibrate) are 
more effective than statins at lowering serum triglycer-
ide/VLDL levels, they would appear to be particularly 
attractive agents for the treatment of the dyslipidemia 
associated with diabetes and the metabolic syndrome. 
Subgroup analyses of many studies employing fibrates 
support this hypothesis, with greater benefit shown in 
those with high triglycerides or low HDL.195 Insofar as 
neither bezafibrate nor ciprofibrate are available in the 
United States, and clofibrate is no longer used because of 
a significantly higher mortality rate produced by the drug, 
these agents will not be discussed in this section. The clo-
fibrate findings, however, have cast a long shadow over 
other fibrates because of the fear that similar biliary and 
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gastrointestinal diseases might accompany their use.196 
To date, this fear seems not to have been realized, though 
the lack of a mortality benefit with fibrates continues to 
raise suspicions about their overall value.

Of the fibrates, then, only fenofibrate and gemfibro-
zil are prescribed in the United States. Gemfibrozil was 
used in two major trials, the Helsinki Heart Study (HHS) 
and the Veterans Affairs High-Density Lipoprotein Inter-
vention Trial (VA-HIT), with both reporting substantial 
benefit from the drug. The HHS was a double-blind, 
 placebo-controlled 5-year trial that targeted HDL-c raising 
and non-HDL cholesterol lowering.189 A group of 4081 
asymptomatic men with non-HDL-c levels >200 mg/dL  
were studied over a 5-year period, with approximately 
half receiving 600 mg twice daily of the fibrate and half 
on placebo. HDL-c, non-HDL-c, LDL-c, and triglyc-
erides all improved in the drug-treated cohort, which 
experienced a 34% reduction in CHD. On drug treat-
ment, HDL-c rose 11%, LDL-c fell 10%, and triglycer-
ides dropped 35%. Subsequent subgroup analysis of this 
study showed that the greatest benefits were achieved 
in those with BMIs above 26 kg/m2 or in individuals 
that had higher triglyceride levels or lower HDL-c val-
ues.197 In the VA-HIT study, 2531 men with established 
CHD, LDL-c levels ≤140 mg/dL, and HDL-c levels <40 
mg/dL were treated with gemfibrozil (1200 mg/day) or 
placebo.190 Those who received the fibrate experienced 
a 22% reduction in the primary outcome of nonfatal 
myocardial infarction or CHD death. These benefits 
were associated with a 6% higher HDL-c level, a 31% 
lower serum triglyceride value, and no significant change 
in LDL-c. Subgroup analysis in this study again revealed 
that those benefiting the most from the drug were indi-
viduals whose HDL-c rose. Somewhat surprisingly, the 
improvement in triglyceride was not associated with an 
improved CHD outcome.198 The serious adverse events 
seen with clofibrate were not reproduced in the gemfi-
brozil studies, though overall mortality benefits were also 
not demonstrated in either study.

The results of the HHS and VA-HIT studies convinced 
many lipid experts that fibrate treatment was beneficial, 
and these agents have been widely prescribed in the past 
decade to treat hypertriglyceridemia and low HDL-c lev-
els. As gemfibrozil was found to affect the metabolism 
of multiple statins, many lipid experts switched to using 
fenofibrate whenever a statin/fibrate combination therapy 
was deemed appropriate in order to reduce the likelihood 
of a serious myopathy.199 Thus, the publication of the 
Fenofibrate Intervention and Event Lowering in Diabetes 
Study (FIELD) in 2005 was a much-anticipated event in 
defining lipid therapeutics.200 This trial randomized 9795 
middle-aged and older patients with type 2 diabetes to 
placebo or micronized fenofibrate (200 mg/day). Patients 
qualified by having total cholesterol levels between 116 
and 252 mg/dL and total/HDL-c ratios >4.0 or plasma 
triglycerides between 88 and 435 mg/dL. An unusual fea-
ture of the FIELD trial was that patients were permit-
ted to be treated with other lipid-lowering agents at their 
own physician’s discretion, so many received simultane-
ous statin therapy. The primary outcome of the study was 
CHD events. Triglycerides were reduced by the fibrate by 

29%, but HDL-c rose only 2%. While CHD events were 
reduced in the drug-treated group by 11%, this overall 
outcome was not statistically significant. More worri-
some was the fact that the overall event rate represented 
the average of a positive and negative outcome, nonfa-
tal myocardial infarction falling 24%, but CHD mortal-
ity rising by 19%. When total mortality was examined, 
it was nonsignificantly higher in the fenofibrate cohort. 
Overall, the FIELD study was widely perceived to have 
failed to deliver the expected benefits suggested by the 
earlier gemfibrozil studies. This outcome has led to vig-
orous and protracted debates about the utility of fibrate 
therapy in general, and fenofibrate in particular.

The Action to Control Cardiovascular Risk in Diabe-
tes (ACCORD) trial was designed to investigate fenofi-
brate’s value in a diabetic population, randomizing 5518 
patients with type 2 diabetes to placebo or fenofibrate.201 
All patients were also receiving simvastatin as back-
ground therapy. In patients receiving fenofibrate, triglyc-
erides were reduced by 14% and HDL increased by 2%. 
However, LDL levels were unaffected by fibrate therapy 
and total mortality and the primary endpoint of cardio-
vascular events was similar in the placebo and fenofi-
brate groups. Despite the epidemiologic evidence linking 
high serum triglycerides to CHD events, the data from 
fibrate intervention studies have not consistently shown 
that reductions in triglycerides result in CHD benefit. As 
pointed out earlier in VA-HIT, the effect on HDL-c levels, 
though modest, correlated with the desirable CHD out-
comes, while the marked triglyceride reduction of 31% 
did not. Thus, the triglyceride effect of fibrates may be 
most clinically valuable when treating severely hypertri-
glyceridemic patients (serum triglycerides >500 mg/dL)  
in whom the goal is to prevent triglyceride-induced pan-
creatitis. Ongoing studies with fibrates may clarify their 
place in the prevention of CHD, but at present, the cur-
rently available agents do not appear to have a great 
enough therapeutic benefit in most CHD patients to war-
rant widespread use.

Three other classes of drugs are commonly used to 
treat patients with hyperlipidemia: (1) nicotinic acid or 
niacin, (2) cholesterol absorption inhibitors (bile acid res-
ins and ezetimibe), and (3) omega-3 fatty acids or fish 
oils. The decrease in CHD produced with niacin in the 
Coronary Drug Project, combined with long-term follow-
up of those originally assigned the drug, provide substan-
tial confidence in the therapeutic value of using this B 
vitamin.192,202 While there is evidence for benefit when 
niacin is combined with a statin,203,204 the recently com-
pleted AIM-HIGH study has raised new questions about 
which patients are likely to obtain a benefit from nia-
cin.205 In AIM-HIGH, 3414 patients with cardiovascular 
disease who were already on statin therapy were random-
ized to niacin or placebo. The niacin arm failed to show 
a benefit of the drug on cardiovascular event rates despite 
raising HDL-c and lowering triglycerides and LDL-c lev-
els substantially better than the placebo treatment. It is 
important to remember, however, that niacin was being 
added to a regimen that had already reduced LDL-c levels 
to ∼70 mg/dL, so that the lack of efficacy in this group 
may not be relevant to populations whose pretreatment 
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LDL values are substantially higher. Niacin can lower tri-
glycerides, raise HDL cholesterol, and reduce LDL cho-
lesterol, so it can provide a very useful adjunct to statin 
therapy in treating patients with combined lipid disor-
ders. Its side-effect profile and its potential for increasing 
insulin resistance are the major drawbacks to employing 
niacin more widely.

Bile acid resins were the mainstays of lipid therapy 
prior to the advent of statins; multiple CHD outcomes 
and atherosclerosis progression studies were performed 
with various members of the class. Overall, despite 
only modest LDL-c–lowering performance, these drugs 
yielded benefits on CHD and coronary atherosclero-
sis when given as monotherapy or in combination with 
niacin or statins.143,150,151,172,206 Because bile acid resins 
can interfere with the absorption of other drugs, cause 
substantial gastrointestinal bloating and constipation, 
and often substantially increase serum triglycerides, 
the development of much more selective cholesterol 
absorption inhibitors was highly desirable. Ezetimibe, 
which inhibits cholesterol absorption from the gut via 
blockage of enterocyte cholesterol trafficking pathways, 
rapidly replaced bile acid resins in the lipid therapeu-
tic armamentarium because of its ease of use. Unfortu-
nately, ezetimibe has yet to demonstrate any meaningful 
cardiovascular outcome beyond its nearly 20% LDL-c 
lowering. In its first major outcome study, the addition 
of ezetimibe to simvastatin provided no additional ben-
efit beyond simvastatin alone on carotid intimal medial 
thickness assessed by carotid sonography.207 This con-
troversial study demonstrated substantial additional 
LDL-c reduction with ezetimibe (16.5% greater than the 
simvastatin alone), indicating that the drug was effective 
in its primary action in the cohort that received it. The 
short duration of treatment, the mild degree of carotid 
disease at the outset of the study, and the use of patients 
previously treated with statins for many years may have 
all combined to make it extremely challenging for this 
study to have shown a benefit. Given the effectiveness 
of bile acid resins at reducing CHD events, it would be 
extremely surprising for the similarly potent ezetimibe 
not to confer the same benefit, unless there is some unex-
pected consequence of inhibiting the gut cholesterol traf-
ficking pathway, or the drug has an as-yet-unidentified 
off-target effect. These caveats notwithstanding, the fact 
remains that ezetimibe has no major outcomes data to 
support its use at present, but it is slated to present its 
long-awaited cardiovascular outcomes data in 2014. 
These results will likely dictate the value of the drug in 
patients who are already receiving statin therapy. At 
present, ezetimibe should be considered as an adjunct to 
statin therapy only when the latter has failed to achieve 
the NCEP-target LDL goal at the maximum tolerated 
statin dose or is not tolerated at the recommended inten-
sity as dictated by the current ACC/AHA 2013 guide-
lines. In patients who cannot tolerate a statin, ezetimibe 
could also be considered, but niacin would be the first 
preferred alternative therapy if not contraindicated due 
to one of its common side effects.

The most promising agents for patients who are 
either unable to achieve target LDL goals on statins or 

who are unable to tolerate them are the new monoclo-
nal antibodies therapies directed against PCSK9. Phase 
I and phase II studies have been completed for several 
different drugs in this class.208-216 The medications are 
delivered by subcutaneous injection every 2 to 4 weeks 
and can reduce LDL levels up to 70%. PCSK9 antibod-
ies have been tested in healthy volunteers, individuals 
with familial and nonfamilial hypercholesterolemia, and 
in individuals treated with statin therapy. They appear 
to be well tolerated, but long-term data through phase 
III clinical trials is still needed to evaluate safety and effi-
cacy of these agents.

Another major category of hypolipidemic agents, 
omega-3 fatty acids, are moderately effective agents in 
lowering elevated serum triglycerides. At doses of 2 to 
4 g/day, omega-3 fatty acids inhibit VLDL production 
while having little or no effect on HDL-c. In hypertri-
glyceridemia subjects, there is typically a small rise in 
LDL-c when omega-3 preparations are used that con-
tain both EPA (eicospentanoic acid) and DHA (doco-
sahexaenoic acid). While there are many epidemiologic 
studies of fish consumption that suggest that fish oils 
produce a cardiovascular benefit, demonstrating that 
benefit in prospective trials has been difficult. Three 
large cardiovascular outcome studies were recently per-
formed testing the efficacy of fish oils217-219 These stud-
ies used differing amounts of the omega-3 fatty acids 
in different subsets of patients with varying degrees of 
cardiovascular risk, including patients with a history of 
prior myocardial infarction or diabetes. In all three stud-
ies, triglycerides were reduced, but none of the popula-
tions obtained a cardiovascular benefit from the tested 
preparations. The best available evidence suggests that 
omega-3 fatty acids may reduce cardiac arrhythmic 
events but have a modest effect, if any, on coronary 
atherosclerosis.220-222 Additional studies with newer, 
EPA-only fish oil formulations that appear to have a 
more favorable impact on LDL-c levels than prepara-
tions containing DHA, could alter the calculus on their 
cardiovascular value.223 For now, however, these oils 
seem best suited to lower elevated triglyceride levels in 
those at higher risk for pancreatitis.

CETP Inhibitors
In many patients with coronary disease, especially those 
with diabetes, the HDL-c level is markedly reduced. 
Drugs that specifically target HDL-c raising as their 
mechanism of action have therefore been a focus of phar-
macologic interest. One of the most powerful ways to 
raise HDL-c is to inhibit cholesterol ester transfer pro-
tein (CETP). Several clinical trials have now explored 
the effect of pharmacologically raising HDL levels using 
CETP inhibitors. The ILLUMINATE trial randomized 
15,067 patients at high cardiovascular risk to the CETP 
inhibitor torcetrapib, in combination with atorvastatin, 
and compared that to individuals receiving atorvastatin 
alone.224 At 12 months, the patients receiving torcetrapib 
had a 72.1% increase in HDL-c and a 24.9% decrease in 
LDL-c, as compared with their baseline values. However, 
the patients whose regimen included the CETP inhibitor 
also had a 5.4-mm Hg increase in systolic blood pressure, 
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a 25% increased risk for cardiovascular events, and a 
58% increase in mortality. These negative outcomes 
were attributed to potential off-target effects of torce-
trapib on aldosterone metabolism, though this may not 
fully account for the adverse cardiovascular outcomes. In 
the Dal-OUTCOMES study, 15,871 patients with recent 
acute myocardial infarction were randomized to receive 
dalcetrapib or placebo in addition to standard of care 
therapy.225 On dalcetrapib, HDL increased 31% to 40% 
in the CETP inhibitor group, but this effect did not result 
in a benefit on cardiovascular events. These studies dem-
onstrate that CETP inhibitors can increase HDL levels 
substantially, but the absence of cardiovascular benefit 
to date has precluded their approval. Other CETP inhibi-
tors are in phase 3 testing, and it remains a possibility 
that one or more will demonstrate an outcomes benefit 
that enables market authorization for a drug in this class. 
Nevertheless, these outcome studies have clearly under-
mined the simplistic concept that HDL-c–raising thera-
pies can be relied on to confer cardiovascular benefit.

Prescription Lipid-Lowering Drugs
HMG-CoA Reductase Inhibitors (Statins)
These agents are the first-line drug therapy for treatment 
of elevated LDL levels because of their effectiveness, 
patient acceptability, clinical outcomes data, and favor-
able safety record. They block the rate-limiting enzyme in 
cholesterol synthesis, HMG-CoA reductase. Serum LDL 
levels fall by 20% to 60%, depending on dose and spe-
cific agent. HDL levels generally stay the same or increase 
slightly on statins. Statins also influence thrombotic and 
inflammatory mechanisms, effects whose importance 
remains to be elucidated. Myalgias, with or without cre-
atine kinase elevations, are the most common side effect 
of the class. Asymptomatic hepatocellular dysfunction, 
manifested by an increase in serum levels of transami-
nases, occurs in approximately 1% of patients taking 
the medications. Statins that are currently available in 
the United States and Canada are lovastatin, simvastatin, 
pravastatin, fluvastatin, atorvastatin, rosuvastatin, and 
pitavastatin. The older statins—lovastatin, simvastatin, 
pravastatin, fluvastatin, and atorvastatin—are available 
in generic forms and are typically the approved agents 
on cost-sensitive formularies. Atorvastatin, rosuvas-
tatin, and pitavastatin are the most potent statins, with 
LDL-c reductions of more than 50% routinely achieved 

in patients given the highest dosages of these agents. 
Pitavastatin is the most recently approved statin, but it 
has yet to establish any clear advantage over the older 
high-potency generic drugs. Table 41-6 summarizes some 
key information about the available statins.

Niacin
Niacin is a B vitamin that must be used in megadoses 
to lower lipids. The precise mechanism of action remains 
uncertain, although recent data indicate that it could 
block VLDL synthesis by inhibiting the activity of hepatic 
DGAT-2.226 The discovery of receptors for niacin and 
the elucidation of the prostaglandin-mediated mechanism 
by which it evokes flushing have contributed to renewed 
interest in a drug that has been used to treat lipids for 
over 50 years.227,228 Niacin, at doses of 1000 mg and 
higher, typically lowers LDL and VLDL levels and raises 
HDL-c levels. It is the most effective HDL cholesterol–
raising drug currently approved. However, niacin’s effect 
on HDL-c has not been demonstrated to confer a cardio-
vascular benefit (see AIM-HIGH trial discussion earlier). 
The clinical trial results presented in the outcomes section 
of this chapter provide considerable data to conclude that 
niacin is an effective anti-atherosclerotic agent, though 
there are no long-term, randomized prospective clinical 
trials establishing an overall mortality benefit with its 
use. Niacin’s principal disadvantages include a litany of 
side effects reflecting the large doses required to achieve 
effective lipid lowering. Niacin can exacerbate gout and 
diabetes, elevate liver enzymes, and produce rashes, 
nausea, and vomiting. The impact on diabetes with the 
long- acting, single daily dosing formulation of niacin 
(Niaspan) appears to be modest (less than 0.3 unit rise 
in glycated hemoglobin), so many lipid experts have rec-
ommended its use in diabetics to treat their hypertriglyc-
eridemia, low HDL-c levels, or as adjunctive therapy to 
statins for LDL-c lowering.229,230 The failure to produce 
a clear benefit in patients with low HDL-c levels who are 
already taking a statin and have well-controlled LDL-c 
levels on that treatment has resulted in a significant con-
striction of the patient population for whom niacin might 
be considered beneficial.205 The acute vasodilation associ-
ated with flushing can occasionally lead to postural light-
headedness, a reaction that aspirin can often mitigate. 
Niacin is available in both prescription and nonprescrip-
tion formulations, but physicians should be cautious in 

TABLE 41-6 HMG CoA Reductase Inhibitors (Statins): Key Properties of Clinical Interest

Statin Atorvastatin Fluvastatin Lovastatin Pitavastatin Pravastatin Rosuvastatin Simvastatin

Dose (typical range for 
agent)

10-80 mg 20-80 mg 20-80 mg 1-4 mg 20-80 mg 5-40 mg 10-80 mg*

LDL-c reduction 38%-54% 17%-33% 29%-48% 31%-41% 19%-36% 42%-63% 28%-48%
Cytochrome P450  

metabolism
3A4 2C9 3A4 2C9, 2C8 None Some 2C9 3A4, 3A5

Renal excretion of absorbed 
dose

2% <6% 10% 15% 20% 10% 13%

Mortality or CHD event 
benefit shown

Yes No Yes No Yes Yes Yes

Generic available Yes Yes Yes No Yes No Yes

*Though approved at 80 mg, the FDA has issued a warning about the use of this dosage due to higher levels of myopathy.
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recommending no-flush versions of the drug; these often 
lack any therapeutic efficacy.231 Many patients can toler-
ate niacin if pretreated with aspirin and then given slowly 
escalating doses, building weekly in 500-mg increments. 
Typical effective dosing for significant LDL-c lowering 
and/or triglyceride reductions requires 1500 mg to 3000 
mg/day, with side effects increasing as the dose escalates.

Cholesterol Absorption Inhibitors (Cholestyramine, Colestipol, 
Colesevelam, Ezetimibe)
These agents block intestinal cholesterol absorption. The 
bulk agents (cholestyramine, colestipol, and colesevelam) 
do this by interfering with micellar solubilization of choles-
terol, whereas ezetimibe interacts with the Niemann-Pick 
C1-like 1 (NPC1L1) protein to block enterocyte cholesterol 
trafficking. LDL reduction is typically 15% to 20% with 
these agents. Gastrointestinal side effects such as constipa-
tion, bloating, heartburn, and nausea are the major draw-
backs to the use of the bulk agents. They are commonly 
used as an adjunct to statin therapy to achieve greater LDL 
reductions or when statins are not tolerated. In addition 
to interfering with the absorption of multiple drugs, the 
bulk agents can also cause hypertriglyceridemia. Effective 
dosing of the bulk agents requires 10 to 30 g/day, while 
ezetimibe is available only as a single 10 mg/day tablet. An 
advantage of using colesevelam in patients with diabetes is 
that it has been shown to reduce Hgb A1c values.232

Fibrates (Gemfibrozil and Fenofibrate)
These agents work by activating the peroxisome pro-
liferator–activated receptor alpha (PPAR-α) nuclear tran-
scription factor. The result is a decrease in VLDL synthesis 
and enhanced VLDL clearance, so these drugs are primar-
ily effective in the treatment of elevated triglyceride lev-
els. The drugs can be used in combination with statins to 
treat patients with combined VLDL and LDL disorders, 
but this therapy is associated with an increased likelihood 
of serious muscle breakdown leading to rhabdomyolytic 
renal failure. The available literature suggests that fenofi-
brate is less likely to produce the metabolic changes that 
precipitate statin-induced myopathy, but as outlined in 
the section of fibrate treatment outcomes, the data sup-
porting outcomes benefits favor gemfibrozil. Gemfibrozil 
is typically given as 600-mg tablets twice daily, whereas 
fenofibrate is available in several different formulations 
(145 to 200 mg, depending on formulation) that are usu-
ally administered as a single pill per day. Side effects are 
rare but include abdominal discomfort.
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Glucose metabolism is regulated by the interplay of the 
action of pancreatic islet cell hormones with liver, muscle, 
and adipose tissue. An alteration in the function of any 
component of this complex glucose homeostatic system 
brings about compensatory responses in the other com-
ponents to drive the system back to its homeostatic set 

points. The key players in regulating this system are the 
islet hormones insulin and glucagon, both of which are 
regulated by nutrient levels and are modulated by the 
gastrointestinal incretin hormones.1 Insulin promotes 
hepatic glucose uptake and glycogenesis, stimulates mus-
cle and adipose tissue glucose uptake and metabolism, 

K E Y  P O I N T S

 •  Hyperglycemia is commonly associated with a variety of nondiabetic conditions such as 
pancreatic disorders, hormonal abnormalities, infectious diseases, and drug side effects.

 •  Nondiabetic hyperglycemia can result from disorders that have a primary effect in 
either destroying β cells such as pentamidine or blocking insulin release such as ATP-
dependent potassium channel openers.

 •  Nondiabetic hyperglycemia can result from disorders or drugs that interfere in the 
normal compensation between insulin resistance and insulin secretion that maintains 
normal glucose metabolism in individuals with prediabetes.

 •  Treatment or prevention of nondiabetic hyperglycemia is important in reducing 
complications.
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and inhibits adipose tissue lipolysis and muscle proteoly-
sis.2 Glucagon stimulates hepatic gluconeogenic precursor 
uptake and increases hepatic glycogenolysis, gluconeo-
genesis, and ketogenesis.3

Maintenance of fasting and postprandial plasma 
glucose levels within the normal range requires insu-
lin secretion by the β cell and glucagon secretion from 
α cell to be integrated with insulin action in liver and 
peripheral tissues. Insulin action results from a complex 
cascade of intracellular substrate phosphorylations and 
dephosphorylations that lead to regulation of processes 
as diverse as intermediary metabolism and mitogenesis. 
Insulin action is altered easily by a variety of intracel-
lular and extracellular factors. When insulin action that 
affects glucose metabolism is altered, insulin secretion 
must change accordingly if normal glucose homeostasis 
is to remain intact.4 Any genetic abnormality, environ-
mental factor, or drug that disturbs this relationship will 
lead to hyperglycemia or hypoglycemia.

Type 2 diabetes is a heterogeneous disorder in which 
gene polymorphisms provide the predispositions and envi-
ronmental factors that serve as the precipitating causes of 
hyperglycemia. Many individuals with the genetic predis-
position do not manifest impaired glucose tolerance (IGT) 
or type 2 diabetes throughout their lifetime. If a pathologic 
condition develops in such individuals, however, or if they 
take a medication that disturbs their compensated state, 
hyperglycemia will develop. Thus hyperglycemic states 
resulting from nondiabetic conditions or therapies can be 
subdivided into those that can cause hyperglycemia in any 
individual because they radically interfere with a major 
regulatory pathway (Table 42-1) and those that precipi-
tate diabetes only in genetically predisposed individuals 
because they alter the compensated state (Table 42-2). 

Because of the high prevalence of a genetic predisposition 
to type 2 diabetes in various populations, it is not always 
possible to make the distinction with certainty.

DISORDERS OF THE PANCREAS

Pancreatectomy
Diabetes mellitus that develops after surgical removal of 
the pancreas is truly an insulin-dependent diabetes melli-
tus. Metabolically, it is characterized by insulin and gluca-
gon deficiency.5 The magnitude of the hyperglycemia and 
of its characteristics depends on the quantity of pancreas 
removed (Table 42-3). Total or near-total pancreatec-
tomy results in severe hyperglycemia, decreased plasma 
insulin, virtually absent plasma glucagon, and elevated 
plasma levels of gluconeogenic precursors (alanine, lac-
tate, glycerol).5-11 When exocrine function is significantly 
reduced, the ensuing malabsorption results in diminished 
meal-mediated incretin release, which contributes further 
to the diminished insulin secretion.

The effect of removal of 50% of the pancreas was 
studied in 28 normal transplant donors 1 year after sur-
gery.12 The donors lost a mean of 3.4 kg of body weight, 
and their mean fasting plasma glucose level had risen by 
9 mg/dL (88 ± 7 to 97 ± 16 mg/dL). Similarly, their mean 
serum glucose concentration 2 hours after an oral glu-
cose load was higher (117 ± 18 to 156 ± 53 mg/dL), and 
the area under the 5-hour plasma glucose curve after the 
oral glucose was 19.5% higher. Both the mean fasting 

TABLE 42-1 Conditions That Can Cause 
Hyperglycemia in the Absence of Genetic 
Predisposition

Disease of the Pancreas

Pancreatectomy
Trauma
Pancreatitis
Autoimmune pancreatitis
Fibrocalculous pancreatopathy
Pancreatic carcinoma
Infiltrative disorder
Hemochromatosis
Amyloidosis
Cystic fibrosis

Overproduction of Other Islet Hormones

Glucagonoma
Somatostatinoma

Drugs and Toxins

Pyriminil (Vacor)
Pentamidine
Interferon-α
KATP channel openers
Diazoxide
Phenytoin (Dilantin)

KATP, ATP-dependent potassium channel.

TABLE 42-2 Conditions That Precipitate 
Hyperglycemia in Individuals with a Genetic 
Predisposition to Type 2 Diabetes

Endocrinopathies

Acromegaly
Cushing’s syndrome
Pheochromocytoma
Hyperthyroidism

Drugs

Interfere with insulin secretion
β-blockers
Diuretics

Impair Insulin Action

Glucocorticoids
Oral contraceptives
Nicotinic acid

TABLE 42-3 Estimated Frequency of Diabetes 
Reported in Pancreatic Disease

95% Pancreatectomy 100%
50% Pancreatectomy 0%
Pancreatitis
 Acute <5%
 Chronic calcifying 40%-70%
 Chronic noncalcifying 15%-30%
Cystic fibrosis 17%
Carcinoma of the pancreas 23%
Hemochromatosis 50%-60%
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plasma insulin concentration and the area under the 
5-hour plasma insulin curve were significantly lower than 
preoperatively (–14% and –31%, respectively). None 
of the donors had any evidence of deficient pancreatic 
exocrine function. On further analysis, the investigators 
noted that 21 of the donors had no significant postopera-
tive change in plasma glucose or insulin, whereas seven 
showed a marked increase in the entire 5-hour plasma 
glucose curve (either IGT or diabetes) with no concomi-
tant increase in 5-hour plasma insulin curves. The seven 
donors in whom some degree of hypoinsulinemia and 
hyperglycemia had developed did not have fasting hyper-
glycemia 1 year postoperatively. Two of the seven were 
studied from 2 to 7 years after surgery and had not had 
a further increase in fasting plasma glucose. A recent 
report of eight donor/recipient pairs evaluated 9 to 18 
years after the original surgery indicated that the residual 
pancreatic mass is a significant determinant of long-term 
glucose homeostasis.13 However, other variables were 
implicated in the discordancy for the development of dia-
betes. In particular, obesity seemed to be a major factor 
in that all of the individuals (four donors and two recipi-
ents) who had developed diabetes were among the eight 
patients who were obese.13 The investigators interpreted 
their data as “suggesting that obesity should be a contra-
indication to donation of pancreatic segments and that 
donors should assiduously avoid becoming obese.”13

In a more recent follow-up of 15 normal individuals of 
21 who had donated 50% of their pancreas between 1997 
and 2003, two donors were taking oral diabetic medica-
tions, two had impaired fasting plasma glucose (IFG), one 
had impaired glucose tolerance (IGT), three had both IFG 
and IGT, and one met the criteria for the diagnosis of 
diabetes.14 Six of the 21 patients were lost to follow-up. 
Only 6 of 15 patients had normal glucose values. Despite 
the use of stringent criteria to exclude those at risk for 
developing abnormalities in glucose metabolism, 43% of 
the total population of healthy humans who underwent 
a 50% pancreatectomy developed some abnormality of 
glucose metabolism within 3 to 10 years.

Studies in patients with a 50% partial pancreatectomy 
in conditions such as chronic pancreatitis (14), pancreatic 
carcinoma (10), or extrapancreatic tumors impinging on 
the pancreas (13) showed short-term improvement in glu-
cose tolerance compared to the preoperative abnormalities. 
The improvement in glucose tolerance, which was greatest 
in those with chronic pancreatitis, occurred even though 
there was marked suppression of insulin and C-peptide 
secretion in all groups following the surgery.15 Resection 
of the head of the pancreas was associated with improved 
glucose tolerance, while resection of the tail of the pan-
creas was associated with worsening of glucose tolerance. 
Insulin and C-peptide secretion were decreased equally by 
both surgical procedures. Repeat studies 3 years after sur-
gery in both the chronic pancreatitis and extrapancreatic 
tumor patients showed normalization of glucose tolerance 
and partial restoration of insulin and C-peptide secretion 
to normal.16 These data suggest that some regeneration 
that can occur in the adult pancreatic islets.

Sun and colleagues studied the metabolic effects of 
removing 20% to 88% of the pancreas in dogs and found 

that no significant metabolic changes occurred until 
approximately 50% had been removed.17

From the data available, it seems reasonable to con-
clude that metabolic abnormalities that arise after pan-
createctomy are likely to be clinically relevant at removal 
of 50% or more, and that a progressively greater number 
of metabolic abnormalities occur as the extent of pancre-
atectomy increases. The concomitant presence of insulin 
resistance further increases the likelihood of metabolic 
abnormalities.

Major characteristics of the development of diabe-
tes mellitus after extensive pancreatectomy include an 
absence of glucagon secretion and marked impairment 
in insulin secretion. Absence of glucagon slows, but 
does not interfere with, the development of hypergly-
cemia and ketonemia after insulin withdrawal.5,7 This 
observation indicates that glucagon is not necessary for 
development of the metabolic abnormalities of insulin-
dependent diabetes mellitus. However, the absence of 
glucagon secretion does leave a pancreatectomized indi-
vidual with diabetes at high risk for severe hypoglycemia 
during insulin treatment.18-21 This situation is exagger-
ated by the associated nutritional deficiencies and weight 
loss that ordinarily accompany exocrine pancreatic 
insufficiency. A concomitant deficiency of pancreatic 
polypeptide may contribute to persistent hyperglycemia 
caused by impaired hepatic insulin action.22 Treatment 
of an individual with pancreatectomy-induced diabetes 
requires insulin, is associated with marked lability in 
glucose regulation, and is linked with an increased rate 
of both ketoacidosis and death from hypoglycemia. The 
development of autonomic neuropathy in such a patient 
greatly adds to the risk for severe hypoglycemia with 
insulin treatment.23

Jethwa and associates have reported that patients 
with total pancreatectomy can maintain reasonably 
good glycemic control with few serious hypoglycemic 
or ketoacidotic events provided they use self–blood 
glucose monitoring and are followed closely by their 
physicians.24,25 Among their 33 patients available for a 
median follow-up of 50 months, the median hemoglobin 
A1c (HbA1c) was 8.2%, which was comparable with 
that in type 1 diabetic patients followed by their insti-
tution. Patients resected for cancer maintained better 
glycemic control than those treated for chronic pancre-
atitis. The median insulin dose for the entire group was 
46 units per day.

A feasible method for minimizing the development 
or severity of diabetes mellitus following major or total 
resection of the pancreas is isolation and autotransplanta-
tion of the individual’s islets. Among 20 of 37 nondiabetic 
patients who had undergone islet autotransplantation 
after a 50% to 60% distal partial pancreatectomy for 
benign pancreatic tumors, the 7-year diabetes-free sur-
vival rate was 51%.26 The response was a function of the 
islet yield per gram of pancreas weight and was greatest 
when there was more than 5154 islet equivalents per gram 
(IEQ/g). The proportion of patients with impaired glucose 
tolerance 2 years after distal pancreatectomy was 12/16 in 
the control group, 6/7 in patients with IEQ/g <5154, and 
3/11 in those with IEQ/g >5154.26
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Chronic Pancreatitis
Chronic pancreatitis has been thought to account for a 
little less than 1% of cases of diabetes mellitus in Western 
countries and Japan.22,23,27-30 This has been questioned 
by several recent publications that report a prevalence of 
7.2% to 8%.31,32 The presumed causes of failure to rec-
ognize the higher prevalence of pancreatic diabetes (type 
3c diabetes) have been misdiagnosis and lack of clear 
diagnostic criteria. In tropical countries fibrocalculous 
pancreatic diabetes occurs, with a prevalence reported to 
be 0.36% of self-reported diabetes in South India.33 The 
incidence may be somewhat higher, but comprehensive 
data are not available. Diabetes due to chronic pancreati-
tis can be differentiated from type 1 and type 2 diabetes 
by an absent pancreatic polypeptide response to a mixed 
meal, insulin-induced hypoglycemia, or secretin infu-
sion.34,35 Although long-term ingestion of alcohol was 
thought to be the most common cause of chronic pancre-
atitis (particularly in Western cultures), other conditions 
such as genetic mutations, pancreatic duct obstruction, 
hypertriglyceridemia, hypercalcemia, autoimmunity, cal-
cific tropical pancreatitis, and idiopathic pancreatitis are 
not uncommon.36 The development of diabetes mellitus 
in patients with chronic pancreatitis is most frequent 
in those with calcific disease (55% to 70%) and occurs 
less often in those with noncalcific disease (30%).37 The 
prevalence of diabetes in patients with chronic pancreati-
tis increases with increasing duration of pancreatitis and 
with increasing exocrine deficiency.29,38-42

The inflammatory response causes loss of exocrine 
tissue, extensive fibrosis, and distorted and blocked 
ducts. The islets of Langerhans are relatively resistant 
and undergo pathologic changes only late in the disease. 
Chronic pancreatitis is associated with loss of functioning 
β cells and a somewhat lesser loss of α cells.19,43-49 Hor-
monal alterations include a decrease in insulin secretion 
in response to nutrients, followed later by a decrease in 
fasting C peptide levels. Plasma C peptide levels rather 
than insulin levels may be a better means of assessment 
of insulin secretion because associated liver disease may 
change hepatic extraction rates of insulin. With pro-
gressive chronic pancreatitis, insulin secretion falls even 
lower. Glucagon secretion is impaired in moderate to 
severe chronic pancreatitis. Insulin resistance frequently 
develops in such individuals.

Diabetes mellitus is seen after several years of chronic 
pancreatitis. In an unselected series of patients with 
chronic pancreatitis, 35% resembled type 1 diabetes, 31% 
resembled type 2 diabetes or IGT, and 34% had normal 
glucose tolerance.50 The nature of the diabetes reflects 
the severity of the chronic pancreatitis. Mild pancreatitis 
may be associated only with IGT, whereas severe pan-
creatitis is associated primarily with insulin dependency. 
Patients with chronic pancreatitis and diabetes mellitus 
fail to secrete glucagon in response to hypoglycemia. 
Incretin secretion is frequently impaired. If patients have 
concomitant autonomic neuropathy, they are extremely 
susceptible to severe and prolonged hypoglycemia.

Treatment of diabetes mellitus in patients with 
chronic pancreatitis should entail the use of small doses 
of short-acting or rapid-acting insulins to manage the 

hyperglycemia, replacement enzymes for the malnutrition 
and malabsorption, and elimination of the use of alco-
holic beverages.37,47,51,52 Surgery with subtotal resection 
or near-total resection may be necessary to relieve severe 
pain.45,46 Following pancreatic surgery for pain or other 
complications, a significant incidence of diabetes mellitus 
occurs; however, whether diabetes develops is dependent 
on the type of surgical intervention used. Whipple pro-
cedures usually are associated with an incidence of 25% 
to 40%, a Frey or Berne procedure 8% to 22%, and a 
distal pancreatectomy approximately 60%.53-55 In such 
patients, successful islet allotransplants and autotrans-
plants in the liver have been able to maintain near nor-
moglycemia.56 The hepatic islet cell transplants were able 
to secrete insulin in response to nutrients but were unable 
to secrete glucagon in response to hypoglycemia.20,21 A 
recent report of the results of pancreas allotransplants in 
patients who had undergone total pancreatectomy in the 
past showed a 70% survival rate and successful correc-
tion of both exocrine and endocrine deficiencies.57

Sutherland and coworkers have summarized their expe-
rience with 409 patients with chronic pancreatitis and 
severe unrelenting pain who underwent a total pancreatec-
tomy with islet autotransplantation.58 The etiology of the 
chronic pancreatitis in most of the patients was idiopathic, 
familial, or pancreas divisum. The 5-year survival was 
90%. The status of glucose control following the surgery 
was directly proportional to the islet equivalents (IEQ) per 
kilogram transplanted. The IEQ/kg were classified into 
<2500, 2500 to 5000, and >5000. Glucose control was 
defined as insulin independent, partial function, and insu-
lin dependent. At 3 years after surgery, those patients who 
received >5000 IEQ/kg were insulin independent 72%, 
partial function 24%, and insulin dependent 4%. In con-
trast, those receiving <2500 IEQ/kg were insulin indepen-
dent 12%, partial function 33%, and insulin dependent 
55%. Those receiving 2500 to 5000 IEQ/kg had insulin 
independence in 22% and insulin dependence in 16%. The 
percentage of patients with mean HbA1c <7% at 3 years 
were 71 for IEQ/kg <2500, 86 for IEQ/kg 2500 to 5000, 
and 94 for IEQ/kg >5000. Pancreatic exocrine function 
has been reported to be reduced in some type 1 and type 2 
diabetic patients. This has been explained as a complica-
tion of the diabetes. A retrospective analysis of pancrea-
tograms of patients with known diabetes has suggested 
that chronic pancreatitis may be much more common as 
a cause of diabetes than was previously thought.59 A total 
of 38 type 1 and 118 type 2 diabetic patients underwent 
endoscopic retrograde cholangiopancreatography (ERCP) 
studies for varying reasons. Pancreatic ducts were classi-
fied as normal in 23.3% and as exhibiting chronic pancre-
atitis degree I, II, and III in 22.7%, 32.7%, and 21.3%, 
respectively.59 The investigators suggested that a substan-
tial number of patients with primary diabetes mellitus may 
have a concomitant chronic pancreatitis, or perhaps that 
many cases of primary diabetes mellitus may be related to 
chronic pancreatitis.

Pancreatic Cancer
Diabetes mellitus is known to occur more frequently 
in patients with pancreatic cancer than in the general 
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population.60-62 Published data indicate that as many as 
70% of patients with pancreatic carcinoma have impaired 
glucose tolerance or frank diabetes mellitus, and that 
60% demonstrate improved glucose metabolism after 
surgery.63 Wakasugi and colleagues reported that 53.1% 
of patients with invasive ductal pancreatic carcinoma 
had diabetes mellitus, and in 45.9% it was thought to be 
secondary to the carcinoma.64 The reasons for this asso-
ciation have been the subject of much speculation. Some 
studies show that diabetes mellitus is associated with 
increased risk for susceptibility to pancreatic cancer (2.15 
to 4.9 in men).65,66 Other studies have indicated that in 
most patients with pancreatic carcinoma, the diabetes 
is secondary to some effect of the cancer, which causes 
insulin resistance and impairs the function of normal β 
cells.67-69 A multicenter case-control study of 720 patients 
with pancreatic cancer addressed this issue.60 The preva-
lence of diabetes in the patients with pancreatic cancer 
was 22.8%, whereas that in the matched control popula-
tion was 8.3%. The patients with pancreatic cancer were 
characterized as having type 2 diabetes. A recent diagno-
sis of diabetes had been made in 40.2% of the patients 
with pancreatic cancer with diabetes, as contrasted with 
only 3.3% of the control population with diabetes (Table 
42-4). A higher percentage of the control population with 
diabetes than of the pancreatic cancer population with 
diabetes had had their diabetes for longer than 15 years 
(see Table 42-4). These data support the idea that diabe-
tes mellitus predisposes to the development of pancreatic 
cancer in a small number of patients, but that pancreatic 
cancer causes the development of diabetes mellitus in the 
majority of patients.

Possible mechanisms by which pancreatic cancer could 
contribute to the development of type 2 diabetes include 
(1) destruction of islets, (2) impairment of the insulin 
secretory mechanism, (3) development of insulin resis-
tance, and (4) tumor-related pancreatitis. Insulin and 
C-peptide measurements during oral glucose tolerance 
testing in patients with pancreatic cancer have shown 
abnormal β cell function with reduced plasma C-pep-
tide responses in 50% of patients and increased plasma 
proinsulin-to-C-peptide ratios70,71 Insulin resistance has 
been demonstrated in most patients with pancreatic car-
cinoma.72-74 Morphometric studies of tumor-free regions 
of the pancreas have shown reduced β cell populations.75 
An inverse correlation was noted between the number 
of β cells and the fasting plasma glucose concentration. 
These data can be interpreted as indicating that pancre-
atic cancers produce substances or responses that destroy 
normal β cells.73-76 The presence of diabetes in patients 

with pancreatic cancer predicts that the tumor is less 
likely to be resectable,62 and the patient has a poorer 
prognosis for disease-free and overall survival than if dia-
betes is not present.62,77 Patients with pancreatic cancer 
typically have type 2 diabetes; most have been treated 
with oral antihyperglycemic agents.61,62 Reasons for the 
poorer survival of patients with diabetes may relate to 
the mitogenic activity of the higher insulin levels as well 
as increases in insulin and IGF-1 receptors in the tumors.

Several very intriguing observations that were reported 
recently make this relationship between pancreatic cancer 
and diabetes mellitus even more complex and confusing. 
Li and associates reported that metformin treatment of 
diabetic patients was associated with a decreased risk for 
developing pancreatic carcinoma, while insulin or insulin 
secretagogue treatment was associated with an increased 
risk.78 In a large multicenter clinical trial that compared 
the treatment of type 2 diabetic patients with rosigli-
tazone-based therapy versus metformin plus sulfonylurea 
therapy, the development of pancreatic cancer during the 
study was statistically less frequent in the rosiglitazone 
arm than in the active comparator arm (2 cases vs. 13 
cases; P <.007).79

Islet autotransplantation in pancreatic resection for 
pancreatic carcinoma has not been a generally accepted 
procedure because of the concern of introducing tumor 
cells carried along with the islets during the purification 
process. Balzano and coworkers recently reported the 
results of islet autotransplant in 14 patients with pan-
creatic or periampullary adenocarcinoma.80 Eleven were 
disease free at a median follow-up of 725 days, and none 
had tumor recurrence in the transplantation site. Further 
studies and better methods of islet purification will be 
necessary for this procedure to become more acceptable.

Autoimmune Pancreatitis
Autoimmune pancreatitis is a steroid-responsive pan-
creatic fibroinflammatory disease that has been recog-
nized with increasing frequency since 1995.81 Patients 
with autoimmune pancreatitis often present with pain-
less obstructive jaundice (more common with type 1) or 
symptoms of pancreatitis (more common with type 2). 
The disease is associated with infiltration of immune cells 
into pancreatic tissue, and the disease responds dramati-
cally to corticosteroids.82 Two subtypes have been iden-
tified. Type 1 is a multiorgan disease characterized by 
elevated serum IgG-4 levels and IgG-4–producing plasma 
cells infiltrating the pancreas. Type 2 is a pancreatic spe-
cific disorder not associated with IgG-4. Patients with 
type 1 autoimmune pancreatitis may have a variety of 
circulating autoantibodies. Late stages of type 1 autoim-
mune pancreatitis lead to exocrine and endocrine failure 
resulting in steatorrhea and diabetes mellitus.

In one series from Japan, 30 of 69 patients (46%) with 
AIP were diagnosed as having diabetes mellitus.83 In 17, 
the diagnosis of diabetes mellitus and AIP were made 
simultaneously, and in 13 the diabetes was preexisting. 
Twenty-four of the patients were treated with prednisone 
0.6 mg/kg body weight/day and gradually tapered over 3 
months to a maintenance dose of 5 mg/day, which was 
maintained for 1 to 3 years. All of them responded well 

TABLE 42-4 Interval Between Diagnosis of 
Diabetes and Diagnosis of Pancreatic Cancer or 
Date of Examination of Control Population

Pancreatic Cancer 
Duration (Years) Patients Control Patients P Value

0 66 (40.2%) 2 (3.3%) <.001
1-14 81 (49.4%) 35 (58.3%) NS
≥15 17 (10.4%) 23 (38.3%) <.001
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with improvement in radiologic and serologic parameters. 
After 3 months of steroid therapy, 6/11 with simultane-
ous onset improved and 7/13 with pre-existing diabetes 
improved. Improvement was defined as a decrease in A1C 
greater than 0.5%. The improvement continued through 
3 years of therapy in 66% and 60% of the new-onset 
and preexisting cases of diabetes, respectively. In another 
study in Japan, 47 patients with AIP were treated with 
steroids.84 Of those, 33 patients (70%) had diabetes mel-
litus. Six patients had improved glucose tolerance, 9 had 
worsening, and 32 were unchanged during a mean fol-
low-up of 60 months. Seventeen patients had C- peptide 
response to 1 mg intravenous bolus of glucagon at 6 min-
utes measured before and 1 month after starting steroid 
therapy. The C-peptide response was improved by the 
steroid treatment. A poor C-peptide response at baseline 
predicted the need for insulin even during steroid therapy. 
A good C-peptide response predicted successful diabetes 
treatment without the need for insulin.

Steroid therapy in AIP is effective in treating the diabe-
tes as well as the other components of the disease.

Hemochromatosis
Hemochromatosis is an autosomal recessive genetic dis-
order that results in excessive deposition of iron in paren-
chymal cells of the liver, pancreas, muscle, heart, anterior 
pituitary gland, and other organs.85,86 The clinical diag-
nosis in the past was made by the findings of diabetes 
mellitus, hepatomegaly, and skin pigmentation. More 
recently, it has been recognized through biochemical and 
genetic testing.87 The first phenotypic expression of the 
disease is an elevation in serum transferrin saturation. 
This abnormality is followed by iron accumulation in the 
tissues and an elevation in the serum ferritin concentra-
tion. Early clinical findings are related to hepatic dysfunc-
tion and joint symptoms. Clinical diabetes mellitus and 
skin pigmentation occur relatively late in the course of 
the disease.86 A candidate gene for human leukocyte anti-
gen (HLA)-linked hemochromatosis has been cloned and 
a mutation (C282Y) of the HFE gene identified that may 
account for 60% or more of cases of hereditary hemo-
chromatosis. Another mutation (H63D) has been identi-
fied more recently.88

Diabetes mellitus has been reported in 50% to 60% 
of patients with hemochromatosis.86,89 Another 20% 
to 30% had glucose intolerance. These figures represent 
data from older series in which the diagnosis was made 
late in the course of the disease. Diabetes mellitus is more 
frequent in patients who have a family history of diabetes 
mellitus.

Follow-up of 237 patients who were given a diagnosis 
of hemochromatosis and treated at a single center from 
1983 through 2005 has provided insights into the natu-
ral history of the cirrhosis and diabetes mellitus associ-
ated with the disease.88 Before 1996, hemochromatosis 
was diagnosed by the classic clinical and laboratory fea-
tures of the disease. Since 1996, genetic testing, which 
is now available commercially, made it possible to diag-
nose hemochromatosis in asymptomatic patients. Of 45 
patients diagnosed before 1996, 30.2% had cirrhosis of 
the liver and 35.6% had diabetes mellitus. After 1996, 

192 patients were given the diagnosis of hemochroma-
tosis (34% by family screening and 40% by clinical sus-
picion), and only 7.5% had cirrhosis of the liver and 
17.7% had diabetes mellitus at the time of diagnosis. It is 
obvious that early diagnosis through genetic testing and 
effective treatment can significantly reduce development 
of the complications of hemochromatosis. Of note was 
the observation that performing phlebotomy and reduc-
ing tissue iron in well-established clinical disease did 
not improve diabetes or lessen its management require-
ments. Thus early diagnosis and treatment is primarily 
preventative.88

The metabolic studies that have been done show that 
patients with hemochromatosis have marked insulin 
resistance. Histologic study of the pancreas shows iron 
deposits that are greatest in the acinar cells but do involve 
islet cells. Insulin secretion in response to glucose or argi-
nine is decreased; however, glucagon secretory responses 
to arginine are increased and unaffected by glucose.90,91 
The data are compatible with a marked reduction in β cell 
function and no disturbance in α cell function. The hyper-
glycemia is a result of insulin resistance and decreased β 
cell function. The prevalence of diabetes mellitus prob-
ably could be reduced by early diagnosis of hemochroma-
tosis and initiation of phlebotomy therapy.

Therapy for patients with hemochromatosis and clini-
cal diabetes frequently requires insulin (40% to 50% of 
patients), although no systematic studies of therapy have 
been done.87 Reduction of tissue iron stores, although 
most beneficial in the early stages of disease, nonethe-
less can help improve glycemic control in 35% to 45% 
of patients.85,86

Hemosiderosis
Excessive iron deposition occurs in a variety of conditions 
other than primary hemochromatosis. In thalassemia 
major, frequent blood transfusions are necessary and may 
lead to massive iron overload. The reported prevalence 
of diabetes mellitus in treated thalassemia major is about 
16%. This figure is highly correlated with the number of 
blood transfusions given and the duration of the disease. 
The incidence of IGT is reported to be 60%.92

Further evidence that deposits of excess tissue iron 
themselves are responsible for many of the metabolic 
abnormalities seen in hemochromatosis and thalassemia 
major comes from studies in rural male Bantus.93 Many 
Bantus drink alcoholic beverages that are brewed in iron 
containers and ingest in excess of 100 mg of iron per day. 
In those individuals, the prevalence of diabetes mellitus is 
tenfold higher than in nonalcoholic beverage–consuming 
males.

Mechanistic studies in patients with thalassemia major 
with normal, impaired, and diabetic glucose tolerance 
tests show that increased iron stores are associated with 
the development of insulin resistance and a delay in early 
insulin secretion.94 A correlation between increased iron 
stores in normal women and the development of type 2 
diabetes was demonstrated recently in the Nurses Health 
Study.95

Several large epidemiologic studies have shown that 
high body iron stores are associated with an increased risk 
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for developing type 2 diabetes. In a prospective cohort of 
1613 males in the Kuopio Ischemic Heart Disease Risk 
Factor study, type 2 diabetes developed in 331 cases dur-
ing a 16.8-year follow-up.96 Baseline serum ferritin was 
191 μg/L in those who developed type 2 diabetes com-
pared to 151 μg/L in those who remained nondiabetic. 
This calculated to a 14% increase in diabetes for each 
100 μg/L increase in serum ferritin. Similar findings were 
found in 27,548 individuals in the European Prospective 
Investigation into Cancer and Nutrition (EPIC)-Potsdam 
study,97 where after adjustment for all known risk fac-
tors, those in the highest quintile of serum ferritin con-
centrations had a relative risk for type 2 diabetes of 1.73 
compared to those in the lowest quintile. No significant 
association was found for the soluble transferrin receptor.

Cystic Fibrosis
Cystic fibrosis (CF) is a monogenetic disorder with abnor-
mal cyclic adenosine monophosphate-regulated chloride 
channel activity. It is an autosomal recessive genetic dis-
ease with an incidence of 1 in 2500 live births in Cauca-
sian populations. More than 1000 mutations have been 
identified in the CF gene.98 Organs as diverse as the lung, 
exocrine pancreas, large and small intestine, hepatobiliary 
system, and sweat glands are involved. Failure to secrete 
Na+, HCO3

–, and water leads to retention of enzymes in 
the pancreas and ultimately to destruction of pancreatic 
tissue.99-101 Histologic examination of the pancreas in 
patients with CF shows fatty infiltration, necrosis, and 
fibrosis of the exocrine pancreas. Islet cell architecture is 
disrupted, and the absolute number of pancreatic islets 
is diminished. Islets that are present show significant 
decreases in β cells, α cells, and pancreatic polypeptide-
producing cells and increases in δ (somatostatin-produc-
ing) cells. Islet amyloid deposits have been found in 69% 
of diabetic CF cases examined.

Diabetes mellitus requiring medical therapy (usually 
insulin) has been reported in 4.9% of patients of all ages 
with CF in a large European study of 1348 patients85 
and in 5.1% of 18,627 patients of all ages monitored at 
CF centers in the United States and Canada.99 Diabetes 
occurs more often in individuals who are homozygous for 
the most common CF mutation, ΔF508.99,102-104 Diabetes 
also occurs with greater frequency with increasing age; it 
has been reported in 32% of Danish patients who were 
older than 25 years of age.101 Routine oral glucose tol-
erance testing suggests that of the total CF population 
5 years of age or older, 35% have normal glucose tol-
erance, 37% have IGT, 17% have CF-related diabetes 
(CFRD) without fasting hyperglycemia, and 11% have 
CFRD with fasting hyperglycemia.

Several features of CFRD are noteworthy. Autoantibod-
ies to pancreatic heat shock protein 60 have been found 
to precede the development of glucose intolerance (IGT 
and diabetes) and to decline subsequently with the onset 
of glucose intolerance.105 There is a strong association 
between the TCF7L2 genotype and the risk for CFRD.106 
The development of diabetes in patients with CF is char-
acterized initially by abnormal oral glucose tolerance and 
a delay in oral glucose-stimulated insulin secretion, fol-
lowed later by a decrease in total insulin, glucagon, and 

pancreatic polypeptide secretion.106,107 Active but not 
total GLP-1 plasma levels are decreased in CF patients 
and tend to be even lower in patients with CFRD.108 Pan-
creatic enzyme replacement improves GLP-1 secretion. 
First-phase insulin secretion after intravenous glucose is 
reduced markedly in patients with CF compared with 
matched controls. Patients with CF with IGT have normal 
plasma free fatty acid levels as compared with matched 
controls.109 Their plasma tumor necrosis factor-α levels 
are elevated, and they have insulin resistance as measured 
by the hyperinsulinemic euglycemic clamp.109 Decreased 
translocation of Glut-4 glucose transporters in muscle 
was observed during the peak insulin effect. Patients with 
CF have an increase in hepatic glucose production and 
are resistant to suppression of hepatic glucose produc-
tion by insulin even in the nondiabetic state.110 Peripheral 
insulin sensitivity is increased in healthy nondiabetic indi-
viduals with CF, but insulin resistance occurs later as IGT 
and diabetes develop, and patients experience additional 
complications related to their CF.111 The development of 
diabetes worsens pulmonary function and other clinical 
manifestations of CF and may increase mortality by up to 
sixfold.112 Insulin treatment appears to reduce the extent 
of this deterioration. Hyperglycemia in patients with CF 
can be intermittent or permanent. Intermittent hypergly-
cemia occurs with glucocorticoid therapy, infection, or 
stress and must be treated with insulin until it resolves. 
Permanent hyperglycemia is always treated with insu-
lin.99,101 It is likely that patients with CF progress from 
intermittent hyperglycemia to permanent hyperglycemia 
as pancreatic destruction continues to occur.

A small short-term study (12 weeks) suggests that 
treatment of CFRD with glargine insulin may provide 
some advantages over treatment with NPH insulin.113

Microvascular complications have been observed in 
patients with CFRD with fasting hyperglycemia for lon-
ger than 10 years. Fourteen percent had microalbumin-
uria, and 16% had retinopathy.114 Macrovascular disease 
appears to be uncommon.

HYPERGLYCEMIA ASSOCIATED WITH 
ENDOCRINOPATHIES
In the complex regulation of fuel homeostasis, many 
hormones other than insulin play a complementary 
role. Growth hormone (GH) by itself and through its 
synthesis of insulin-like growth factor-1 (IGF-1) con-
trols many aspects of amino acid transport, protein 
synthesis, and lipid metabolism. Glucagon and cat-
echolamines are counterregulatory hormones that pro-
tect against hypoglycemia and provide extra glucose 
when needed during stress states. Glucocorticoids exert 
both a permissive role in the normal physiologic regu-
lation of gluconeogenesis and a pharmacologic role in 
providing increased glucose availability during stress. 
Somatostatin is a paracrine hormone that appears to act 
locally to help regulate the normal secretory patterns 
of GH, insulin, glucagon, and several gastrointestinal 
hormones.

The mechanisms responsible for the action of these var-
ious hormones are described in detail in other chapters. 
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This section will address the unique characteristics of 
hyperglycemia as it relates to each endocrinopathy and 
its treatment.

Acromegaly
Acromegaly is characterized by excessive and autonomous 
secretion of growth hormone and IGF-1.115,116 The dis-
ease has usually been present for a mean of 7 years at the 
time of diagnosis. The prevalence of overt diabetes mel-
litus reported in different series of acromegalic patients 
ranges from 16% to 56%.115,117-119 IGT may be present 
in as many as 36% of acromegalic patients.115,117,118 The 
prevalence of diabetes mellitus in acromegalic patients 
is a function of increasing age, higher body mass index, 
longer duration of untreated acromegaly, and the genetic 
predisposition of the corresponding nonacromegalic 
population to develop diabetes mellitus.116-119 Successful 
treatment of the acromegaly results in a remission of the 
diabetes in as many as 40% of the patients.117,118 The 
longer the acromegaly is untreated, the less likely it is that 
remission will occur with treatment of the acromegaly.

Elevated GH and IGF-1 levels cause excessive hepatic 
glucose production and impaired insulin-mediated mus-
cle glucose uptake.120-122 Insulin resistance is correlated 
with circulating IGF-1 levels and has been demonstrated 
by the euglycemic hyperinsulinemic clamp and the mini-
mal model techniques.

Reduction in circulating GH and IGF-1 levels by suc-
cessful surgical removal of the tumor producing growth 
hormone or GH-releasing factor results in significant 
improvement in glycemic control in acromegalic patients 
with diabetes mellitus.117,118,121,123 Recent data suggest 
that circulating GH must be lowered to <1 or, in some 
series, <2.5 ng/L and IGF-1 lowered to the normal range 
to be considered curative.116-118,124,125 Since growth hor-
mone measurements are invalid in patients receiving 
growth hormone receptor antagonists, the normalization 
of IGF-1 levels has become the standard. Transsphenoi-
dal surgery is the primary therapy (85% to 90%) in the 
majority of patients with acromegaly and achieves nor-
malization of IGF-1 in 75% to 95% of microadenomas 
(<10 mm in diameter) and in 40% to 69% of macroade-
nomas.116-118,124 Adjunctive therapy with pharmacologic 
therapy or radiotherapy are necessary in those patients 
not cured by surgery.

Use of medical therapies (somatostatin analogues, 
growth hormone receptor antagonists, dopamine ago-
nists) as primary therapy or to supplement prior inad-
equate surgical treatment has allowed attainment of 
greater and more consistent normalization in circulating 
GH and IGF-1 levels (77%). Normalization of IFG-1 in 
acromegalic patients with diabetes mellitus results in a 
30% remission of the diabetes and easier management of 
the remainder.124-126 Treatment of acromegalic patients 
with somatostatin analogues presents several issues with 
respect to glucose metabolism.124-127 Reductions in circu-
lating GH and IGF-1 levels will decrease insulin resistance 
and should lead to improvement in glycemic control in 
subjects with diabetes mellitus or IGT. However, phar-
macologic doses of a somatostatin analogue also reduce 
insulin secretion (decreased insulinogenic index), and 

such a reduction should cause a deterioration in glucose 
tolerance. Thus in any particular patient, somatosta-
tin analogue therapy will modify glucose metabolism in 
accordance with these competing effects. Approximately 
two thirds of acromegalic patients with diabetes mellitus 
are treated with insulin and one third with oral hypogly-
cemic agents. Somatostatin analogue treatment in patients 
with diabetes mellitus and acromegaly frequently leads to 
improvement in glycemic control as measured by a reduc-
tion in the insulin dose, conversion from insulin therapy 
to oral hypoglycemic agent therapy, or conversion from 
oral hypoglycemic agent therapy to dietary manage-
ment.117,118,124,127 Some patients (those with more severe 
insulin deficiency), however, will have significant deterio-
ration in glycemic control.125,127 When higher doses of 
somatostatin analogues are given, IGT and even frank 
diabetes mellitus (as high as 20% and 29%, respectively) 
may develop in acromegalic patients with normal glucose 
tolerance before somatostatin analogue treatment.127 An 
alternative to treatment with somatostatin analogues is 
treatment with the GH receptor blocker Pegvisomant. 
This agent will decrease IGF-1 levels and can improve gly-
cemic control.128,129 However, it does cause an increase in 
visceral fat and occasionally is associated with increased 
liver enzymes.130

Appropriate treatment for acromegaly is necessary to 
reduce the increased mortality that has been seen in the 
past.117,118,131 This increased mortality is due to cardio-
vascular, cerebrovascular, and neoplastic diseases. The 
best determinants of outcome in acromegalic patients are 
age at diagnosis, interval between symptoms and diag-
nosis, and mean long-term circulating GH and IGF-1 
levels. Because insulin resistance and diabetes mellitus 
contribute significantly to cardiovascular risk, aggressive 
diagnosis and management of the diabetes mellitus asso-
ciated with acromegaly are essential.

Growth Hormone Treatment
The availability of recombinant DNA technology to 
make human GH has provided an opportunity to treat 
many GH-deficient individuals using this hormone. One 
consideration in treatment with recombinant human GH 
is the question of whether long-term treatment can lead 
to the development of diabetes mellitus.132 A recent study 
of glucose metabolism in 23,333 children and adolescents 
treated with human GH found a sixfold greater frequency 
of type 2 diabetes mellitus than predicted (34.4 cases per 
100,000 years of GH treatment).133 In contrast, the fre-
quency of type 1 diabetes was the same as expected. The 
data suggest that GH treatment accelerates the develop-
ment of type 2 diabetes in individuals who have a genetic 
predisposition.

Cushing’s Syndrome
Glucocorticoids are insulin antagonistic hormones.134 
When administered in pharmacologic doses, they increase 
hepatic gluconeogenesis, decrease muscle glucose uptake 
and glycogen synthesis, increase muscle proteolysis, and 
increase adipose tissue lipolysis.7,135-138 Compensatory 
insulin secretion that should increase as a consequence 
of hepatic and peripheral insulin resistance is blunted by 
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glucocorticoid modulation of gene expression in β cells, 
which causes a decrease in cytoplasmic Ca2+ stimulation 
of insulin secretory granule exocytosis. Additionally, 
short-term exposure to glucocorticoids reduce the insuli-
notropic effects of GLP-1.

Pharmacologic concentrations of glucocorticoids occur 
in disease states associated with autonomous secretion of 
adrenal cortical hormones (Cushing’s syndrome) or as the 
result of administration of such agents for the treatment 
of nonendocrine diseases. When sustained pharmaco-
logic concentrations of glucocorticoids occur in normal 
individuals, increased insulin secretion maintains fasting 
plasma glucose within the normal range, but the post-
prandial plasma glucose concentration is elevated above 
normal in 25% to 90% of such individuals, depending 
on the magnitude of plasma glucocorticoid elevation.139 
Individuals with limited β cell insulin secretory reserve 
are more subject to fasting hyperglycemia and type 2 
diabetes mellitus. Ten percent to 20% of patients with 
Cushing’s syndrome have overt type 2 diabetes mel-
litus.140-144 In patients treated with glucocorticoids, the 
odds ratio for development of new-onset diabetes mel-
litus has been reported to be 1.36 to 2.31.145 Among 
renal transplant recipients receiving long-term corticoste-
roid therapy, steroid-induced diabetes mellitus has been 
reported to develop in as few as 5.5% and as many as 
46% of patients.146,147 Factors that influence the develop-
ment of diabetes mellitus during corticosteroid therapy 
include a family history of diabetes mellitus, increasing 
age, obesity, and both average daily and total cumulative 
corticosteroid dose.148,149 In individuals with a previous 
onset of diabetes mellitus, administration of glucocorti-
coids significantly worsens glycemic control and requires 
modification of diabetes management.

Recent studies have documented that steroid-induced 
diabetes mellitus occurs in adrenal disorders other than 
those associated with frank Cushing’s syndrome. Mea-
surement of oral glucose tolerance in 64 consecutive 
patients with “nonfunctioning” adrenal adenomas identi-
fied normal glucose tolerance in 25, glucose intolerance in 
17, and diabetes mellitus in 22, including 6 patients with 
previously diagnosed diabetes mellitus.150 Autonomous 
cortisol secretion without the clinical stigmata of Cush-
ing’s syndrome has been recognized recently as preclini-
cal Cushing’s syndrome. A retrospective study of 63 such 
individuals found that 17.5% had diabetes mellitus.151 
A cross-sectional study of 90 obese, poorly controlled 
type 2 diabetic patients found that 3 had the preclinical 
Cushing’s syndrome abnormality. Screening 813 patients 
without clinical characteristics of hypercortisolism being 
followed for type 2 diabetes found 6 patients who failed 
to suppress cortisol secretion during a 2-day standard 2 
mg/day dexamethasone suppression test.152 Excess IGT 
and diabetes mellitus have been reported in hypopituitary 
adults receiving conventional replacement therapy and 
may be related to the intermittently higher plasma levels 
that occur after dosing than would occur under normal 
hypothalamic-pituitary-adrenal axis function.153

Some insight into the mechanisms by which glucocor-
ticoids cause diabetes mellitus was obtained by investi-
gating the effects of administration of dexamethasone 

on oral glucose tolerance, on glucose turnover under 
basal conditions and during glucose infusion, and on the 
insulin response during hyperglycemic clamp studies in 
normal individuals who had been characterized previ-
ously as low insulin responders or high insulin respond-
ers.154 Dexamethasone caused a higher fasting plasma 
glucose concentration, a greater rise in plasma glucose, 
and a lesser rise in plasma insulin during the oral glucose 
tolerance test in the low insulin responders than in the 
higher insulin responders. A diabetic oral glucose toler-
ance test result was obtained in three of the six low and 
none of the six high insulin responders. Dexamethasone 
increased hepatic glucose production only in the low 
insulin responders and increased insulin secretion during 
the hyperglycemic clamp study only in the high insulin 
responders. The conclusion drawn from these studies is 
that type 2 diabetes develops when plasma glucocorti-
coids are elevated in individuals with limited β cell secre-
tory function.

Steroid-induced diabetes may be permanent or transient. 
In general, insulin is required for treatment if the fasting 
plasma glucose concentration exceeds 180 mg/dL.155 At 
lesser levels of fasting hyperglycemia, many physicians treat 
the hyperglycemia with oral antihyperglycemic agents. Very 
few studies have evaluated the efficacy of pharmacologic 
treatment of steroid-induced diabetes mellitus. Because 
insulin resistance is a major abnormality, perhaps the com-
bination of insulin sensitizers and insulin would be most 
effective. A recent 14-day study in men with metabolic syn-
drome assessed the benefit of coadministration of a DPP-4 
inhibitor (sitagliptin) with prednisone in preventing the 
diabetogenic effects of glucocorticoid administration.156 
The concomitant administration of the DPP-4 inhibitor 
improved various aspects of pancreatic islet-cell function 
but did not prevent the prednisone-induced increment in 
postprandial glucose concentrations. A reduction in corti-
costeroid dose or secretion improves glycemic control and 
in some individuals may even reverse the diabetes. The more 
severely elevated the fasting plasma glucose concentration, 
the less likely it is that reducing corticosteroid levels will 
reverse the diabetes. Ketoacidosis is very uncommon with 
steroid-induced diabetes or Cushing’s syndrome. Hyperos-
molar nonketotic coma, however, is not uncommon.157

Treatment of the Cushing’s syndrome results in 
remission of diabetes in some patients and improvement 
in the remainder. Surgical management of the Cushing’s 
syndrome is the treatment of choice.158 Where this is 
not possible or has only been partially effective, phar-
macologic agents have been used off label to control the 
hypercortisolism or the diabetes, or both. Somatostatin 
analogues, dopamine agonists, and adrenal steroido-
genesis inhibitors (ketoconazole, metyrapone, mito-
tane, and etomidate) are among the agents used with 
varying degrees of effectiveness and significant safety 
concerns.158 Carbergoline decreased the prevalence of 
diabetes and glucose intolerance by 60% and 46%, 
respectively, in patients with Cushing’s syndrome.158 
The long-acting somatostatin analogues octreotide 
LAR and lanreotide autogel are not effective in normal-
izing hypercortisolism in patients with Cushing’s syn-
drome and have the potential to worsen diabetes by 
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inhibiting insulin secretion. Pasireotide, a multireceptor 
somatostatin analogue, may be effective in treating the 
endogenous hypercortisolism, but it has been shown to 
cause hyperglycemia and worsen diabetes in phase 2 and 
3 clinical trials.159 Mifepristone, a glucocorticoid recep-
tor antagonist, produces clinical benefits in patients with 
Cushing’s syndrome and improves fasting plasma glu-
cose (149 to 105 mg/dL) and HbA1c (7.43% to 6.29%) 
in those with diabetes.160

Glucagonoma Syndrome
Glucagon plays a primary role in facilitating the uptake 
of amino acids by the liver and their conversion into 
glucose by gluconeogenesis. Excess and unregulated 
glucagon secretion alone or in conjunction with other 
islet hormones occurs in some islet cell tumors. A classic 
syndrome has been described in individuals who have 
tumors secreting high quantities of glucagon. This syn-
drome was initially recognized in 1974 and is referred 
to as glucagonoma syndrome.161 Features of this syn-
drome include necrolytic migratory erythema, mild 
non–insulin-requiring type 2 diabetes mellitus, glos-
sitis, angular cheilitis, weight loss, and anemia.162,163 
Laboratory studies show markedly elevated plasma 
glucagon levels and severe hypoaminoacidemia (<25% 
normal).

Glucagonomas are rare, with a reported incidence 
of 1 case per 20 to 200 million population. Several 
reviews of the literature indicate that most tumors occur 
in the tail of the pancreas (reported in 54% to 68%); 
they have an average tumor diameter of 3.6 cm (but as 
many as one third are less than 2 cm), are malignant 
in about two thirds of cases, and have metastases in 
other organs in 51% to 54% of patients at the time of 
diagnosis.164-166 The diabetes mellitus is characterized 
by mild hyperglycemia and is nonketotic. The tumors 
are relatively slow growing, and the 10-year survival 
rate is 52% in those with metastases and 64% in those 
without metastases.

The hyperglycemia is due to excess glucose produc-
tion by the liver. The hypoaminoacidemia results from an 
increase in amino acid clearance.167 Necrolytic migratory 
erythema, glossitis, weight loss, and anemia are in large 
part a consequence of the protein malnutrition.163 Deep 
venous thrombosis that is not associated with coagula-
tion disorders is common.

All components of the syndrome are improved if 
the hyperglucagonemia can be reduced. Treatment 
consists of surgical removal of the tumor, followed by 
hepatic artery embolization if necessary for liver metas-
tases.163,168 Octreotide treatment has been very effective 
in reducing residual plasma glucagon levels.163,168 Cyto-
toxic agents such as streptozotocin and fluorouracil may 
be valuable as additional modes of therapy. Zinc and 
amino acid supplementation has been used to treat the 
rash but is relatively ineffective if plasma glucagon levels 
remain very high. Antiplatelet therapy should be used to 
prevent venous thrombosis. The hyperglycemia, although 
mild, generally requires treatment with an antihypergly-
cemic agent. Insulin would appear to be the most appro-
priate agent, although few or no clinical outcome data 

are available to support this hypothesis. Treatment of the 
hyperglucagonemia will ameliorate the hyperglycemia in 
most cases.168

Somatostatinoma
Case reports of patients with hyperglycemia and a pan-
creatic tumor containing large quantities of somatostatin 
first appeared in 1977.169,170 One of those patients became 
euglycemic after complete resection of the tumor was per-
formed. Since that time, it has been recognized that large 
somatostatin-producing pancreatic tumors may be asso-
ciated with a clinical syndrome consisting of hyperglyce-
mia, cholelithiasis, steatorrhea, and hypochlorhydria.171

Somatostatin-producing tumors arising from the gas-
trointestinal tract and the pancreatic islets have been 
reported.172 Duodenal somatostatinomas with and with-
out von Recklinghausen’s disease are seldom associated 
with recognizable somatostatinoma syndrome, often 
contain psammoma bodies, and may be associated with 
demonstrable metastases at the time of surgery.172 The 
clinical features of pancreatic somatostatin-producing 
tumors are variable, and this variation is related to dif-
ferences in the quantity and qualitative features of soma-
tostatin variants that are synthesized and secreted by 
these tumors.173-175 Marked differences in the degree to 
which insulin, glucagon, and growth hormone secretion 
are affected in various patients with pancreatic soma-
tostatin-producing tumors probably account for some 
of the variation in the clinical syndrome. Hyperglycemia 
in patients with pancreatic somatostatinomas can vary 
from mild to modest hyperglycemia to severe diabetic 
ketoacidosis.172,176,177

Somatostatin infusions in humans are associated with 
a pronounced decrease in bile flow and bile acid secretion 
and an increase in bile cholesterol saturation.178 In vitro, 
somatostatin has a direct inhibitory effect on cholecys-
tokinin stimulation of gallbladder contraction.179 These 
observations provide a basis for understanding the cho-
lelithiasis and steatorrhea commonly seen with pan-
creatic somatostatinomas. Additionally, they explain 
the development of gallstones in 23.5% of acromegalic 
patients treated with octreotide during the first year of 
treatment.124

The hyperglycemia seen as part of somatostatinoma 
syndrome most likely is related to suppression of insulin 
secretion. In some patients, a relative insulin deficiency 
leads to reduced peripheral glucose utilization without 
impairing suppression of hepatic glucose production.180 
In more severe suppression of insulin secretion, both fea-
tures of insulin action are reduced.

Somatostatin-producing tumors are rare, usually 
asymptomatic, or only mildly symptomatic and frequently 
remain undiagnosed for many years. The diagnosis fre-
quently is made late and the prognosis is poor because 
of extensive metastases. The use of somatostatin recep-
tor scintigraphy with indium 111-labeled pentetreotide 
promises to improve the ability to detect somatostatino-
mas earlier.181 Early diagnosis and surgical removal can 
lead to cure, but medical treatment has produced ques-
tionable results. A recent study suggests that somatostati-
nomas possess functioning somatostatin receptors and 
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that octreotide therapy (0.5 mg/day subcutaneously) 
can effectively decrease somatostatin production by the 
tumor and improve diabetes and diarrhea.181

Pheochromocytoma
Glucose intolerance occurs in about 30% of patients 
with pheochromocytoma, but overt diabetes mellitus is 
uncommon.182 Mechanisms responsible for glucose intol-
erance include suppression of insulin by α-adrenergic 
receptor stimulation of β cells; an increase in insulin resis-
tance, probably related to elevated plasma free fatty acid 
levels; and increased hepatic glucose output as a result 
of β-adrenergic stimulation of hepatocytes. α-Adrenergic 
receptor blockade improves glucose tolerance and insu-
lin secretion.183,184 Removal of the pheochromocytoma 
restores glucose tolerance to normal in most cases. Treat-
ment of glucose intolerance with antihyperglycemic 
agents is rarely required.182,183

DRUGS THAT CAN CAUSE HYPERGLYCEMIA
Blood glucose is regulated by the balance between insu-
lin secretion and insulin action. A drug that destroys β 
cells or blocks their insulin secretory function will cause 
hyperglycemia in any individual (Table 42-5). A drug 
that directly or indirectly increases insulin resistance can 
cause hyperglycemia only in individuals with β cells that 
have limited insulin secretory reserve (individuals with a 
predisposition to type 2 diabetes). Several older reviews 
on drug-induced disorders of glucose metabolism are 
available.185-187

Drugs That Affect β Cell Function
Pentamidine and pyriminil (Vacor) are substances that 
resemble streptozotocin and alloxan chemically. Pentami-
dine is an antiprotozoal agent that is used extensively to 
treat Pneumocystis carinii infection. Pyriminyl is a nitro-
sourea-derived rodenticide that has been accidentally or 
intentionally ingested by humans. These agents cause 
necrosis of β cells, leading initially to hyperinsulinemia 
and hypoglycemia, followed by permanent hyperglycemia 

and an insulin-dependent diabetes mellitus.188-192 In a 
series of 128 patients with AIDS who were treated with 
pentamidine for P carinii pneumonia, severe glucose 
homeostasis disorders developed in 48 patients (37.5%), 
hypoglycemia in 7, hypoglycemia and then diabetes in 18, 
and diabetes alone in 23.190 Of the 41 patients in whom 
diabetes developed, 26 required insulin therapy. Risk fac-
tors for the development of dysglycemia include higher 
pentamidine doses, higher plasma creatinine, and more 
severe anoxia. Whereas most of the dysglycemic patients 
received parenteral pentamidine, six were treated exclu-
sively with pentamidine aerosols.

Pyriminyl ingestion has been followed by severe insu-
linopenic diabetes mellitus in numerous instances.192 
Pyriminyl specifically inhibits the NADH-ubiquinone 
reductase activity of complex 1 in mammalian mito-
chondria.193 This inhibition of mitochondrial respiration 
of NAD-linked substrates appears to be the mechanism 
by which pyrminyl destroys β cells and causes a form of 
insulin-dependent diabetes mellitus.

Several fluoroquinolones have been reported to cause 
hypoglycemia or hyperglycemia. In a review of patients 
who were being admitted to hospitals in Ontario, Can-
ada, for dysglycemia, gatifloxacin had an adjusted odds 
ratio for causing hypoglycemia of 4.3 and for causing 
hyperglycemia of 16.7 compared with macrolides or 
other non-fluoroquinolone antibiotics.194 A retrospective 
analysis of a cohort of patients treated from October 1, 
2000, through September 30, 2005, examined the crude 
incidence rates (cases per 1000 patients) for severe hypo-
glycemia and hyperglycemia in those treated with gati-
floxacin (0.35 and 0.45), levofloxacin (0.19 and 0.18), 
ciprofloxacin (0.10 and 0.12), or azithromycin (0.07 and 
0.10).195 The odds ratios for hypoglycemia in diabetic 
patients compared to azithromycin were gatifloxacin 4.3, 
levofloxacin 2.1, and ciprofloxacin 1.1. The odds ratios 
for hyperglycemia were gatifloxicin 4.5, levofloxacin 1.8, 
and ciprofloxacin 1.0. Dysglycemia (serum glucose above 
200 mg/dL or below 50 mg/dL) was assessed within 
72 hours of receiving fluroquinolones or ceftriaxone in 
17,108 patients.196 Dysglycemia rates were 1.01% for 
gatifloxacin, 0.93% for levofloxacin, 0.18% for ceftriax-
one, and 0% for ciprofloxacin. Of the 101 patients with 
dysglycemia, hyperglycemia occurred in 92 and hypogly-
cemia in 9. The dysglycemic effect varies greatly among 
individual fluoroquinolones. Acutely gatifloxacin stimu-
lates insulin release by blocking the Kir 6.2 subunit of the 
β cell adenosine triphosphate (ATP)-dependent potassium 
channel.197 Chronic treatment with gatifloxicin inhibits 
insulin biosynthesis in isolated islets.198

Drugs That Inhibit Increases in β Cell Cytosolic Ca2+

An increase in the β cell cytosolic Ca2+ concentration is the 
major mechanism responsible for insulin secretion. Calcium 
ion entry into the β cell is controlled by several calcium ion 
channels. A voltage-dependent L-type calcium channel has 
its activity linked to an ATP-dependent potassium chan-
nel (KATP channel). The KATP channel is closed by increases 
in plasma glucose. Drugs that keep the KATP channel open 
such as diazoxide (a KATP channel opener) block glucose-
mediated insulin secretion and lead to hyperglycemia.199,200

TABLE 42-5 Drugs That Interfere with Insulin 
Secretion

Destroy β Cells

Pentamidine
Pyriminil (Vacor)

Decrease Ca2+ Entry

Diazoxide—KATP channel opener
Phenytoin (Dilantin)—?

Decrease K+

Thiazides
Loop diuretics

Mechanism Unknown

β-Adrenergic antagonists
Cyclosporine
Opiates
Asparaginase
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Phenytoin (Dilantin) and other phenylhydantoins can 
interfere with Na+, K+, and Ca2+ ion transport. Dilantin 
administration has been reported to increase plasma glu-
cose and decrease plasma insulin.200-203 Several studies 
indicate that it interferes with Ca2+ ion entry into the β 
cell, but by a process different from the KATP channel–
related mechanism. Dilantin has been reported to cause 
hyperosmolar nonketotic hyperglycemia or diabetes mel-
litus. This complication occurs infrequently and probably 
in individuals with some preceding genetic susceptibility.

Currently used calcium channel blockers do not affect 
glucose metabolism. The most recent confirmatory data 
come from a reanalysis of the data from the NAVIGA-
TOR study in which calcium channel blockers were 
started in 1171 patients with impaired glucose tolerance 
who were treated for a median of 5 years and no increase 
in new-onset diabetes was noted (hazard ratio 0.95).204

Drugs That Cause K+ Depletion
The effect of diuretics on glucose tolerance has been 
debated for close to two decades. Numerous older stud-
ies have shown that diuretics can cause a deterioration in 
glucose tolerance in nondiabetic individuals and worsen-
ing of glycemic control in patients with type 2 diabetes 
mellitus.205-208 The effect appears to be dose related and is 
either absent or markedly reduced with low-dose diuretic 
therapy.209-211 The Atherosclerosis Risk in Communities 
(ARIC) study compared 458 hypertensive patients treated 
with a thiazide diuretic for 6 years versus a control hyper-
tensive cohort on no medications and found that the rates 
of development of new diabetes were no different.212 In 
contrast, the Antihypertensive and Lipid-Lowering Treat-
ment to Prevent Heart Attack Trial (ALLHAT), which 
randomized 15,255 hypertensive patients to 12.5 to  
25 mg/day of a diuretic, found that 11.6% of patients 
developed new-onset diabetes over 4 years of treat-
ment.213 In contrast, the rate for patients randomized to 
a calcium channel blocker was 9.8% and to an angioten-
sin-converting enzyme (ACE) inhibitor 8.1%. In humans, 
diuretics appear to worsen glycemia primarily by inhibit-
ing insulin secretion, although they also have a modest 
effect in increasing insulin resistance. Several studies have 
shown that the decreased insulin secretory response is due 
to intracellular K+ depletion and can be restored toward 
normal with potassium repletion.214-216 In the ALLHAT 
study, 8.5% of the cohort randomized to the diuretic had 
a serum potassium <3.5 mEq/L at 4 years of treatment, 
but only 1.9% of the cohort randomized to the calcium 
channel blocker had this degree of hypokalemia.213 Dia-
betogenic effects are seen with most diuretics. Therefore, 
if diuretics are used in diabetic or prediabetic patients to 
control blood pressure, doses should be restricted to that 
equivalent to 12.5 to 25.0 mg hydrochlorothiazide and 
potassium supplements should be prescribed as needed.

Mechanisms Unknown
β-Adrenergic antagonists have been shown to worsen gly-
cemic control in type 2 diabetic patients and to impair 
glucose tolerance or even precipitate type 2 diabetes 
in nondiabetic patients.205,217 A 6-year follow-up of 
hypertensive patients treated with β-adrenergic receptor 

antagonists in the ARIC study showed a 28% higher risk 
for development of diabetes than that in hypertensive 
patients not taking drug therapy.212 The deleterious effect 
of β-adrenergic blockade on glucose tolerance is worse 
with nonspecific β-adrenergic receptor blockade than 
with specific β2-adrenergic antagonists.217,218 Combina-
tion therapy with β-adrenergic antagonists and diuretics 
has an additive effect of worsening glucose tolerance. 
β-Adrenergic antagonists impair glucose tolerance and 
worsen hyperglycemia by blocking nutrient-mediated 
insulin secretion. β2-Adrenergic receptor activation stim-
ulates and β2-adrenergic receptor blockade inhibits insu-
lin secretion.219,220 Drugs with both α- and β-adrenergic 
receptor antagonist activity have no effect or may slightly 
improve glucose metabolism.

Cyclosporine and tacrolimus treatment for immunosup-
pression in renal transplant recipients is associated with 
an increased incidence of diabetes mellitus.221,222 Direct 
inhibitory effects of cyclosporine on β cells in vitro have 
been associated with decreased insulin secretion. Although 
it is likely that cyclosporine has direct effects in caus-
ing deterioration in glucose tolerance in renal transplant 
patients, it is not possible to exclude a contributory role of 
the associated corticosteroid therapy. The onset of diabe-
tes mellitus in cyclosporine-treated patients occurs within 
the first several months of treatment and often requires 
insulin treatment. The reported incidence of diabetes mel-
litus and glucose intolerance in cyclosporine-treated trans-
plant patients ranges from 13% to 47%.187,221

Other agents that have been reported to cause hyper-
glycemia by inhibiting insulin secretion are asparaginase 
and some opiates.185-187 Many of the newer cancer che-
motherapeutic agents such as temsirolimus cause hyper-
glycemia as a significant but manageable side effect.223

Drugs That Cause Insulin Resistance
Drugs that increase insulin resistance will not affect glu-
cose metabolism in individuals with normal β cell function. 
However, when administered to individuals with limited β 
cell reserve, they will cause glucose intolerance or overt dia-
betes mellitus. Agents that cause an increase in body weight 
and particularly those associated with an increase in central 
obesity will cause insulin resistance. Drugs or hormones 
that elevate plasma free fatty acid levels will lead to insulin 
resistance. Counterregulatory hormones or drugs that raise 
circulating levels of counterregulatory hormones will cause 
impairment of insulin action. The most commonly used 
agents that can increase insulin resistance are glucocorti-
coids, estrogens, progestogens, and nicotinic acid. Hyper-
glycemia associated with glucocorticoid therapy has been 
discussed in the section on Cushing’s syndrome.

Oral Contraceptives and Sex Hormones
Older studies investigating the effects of oral contracep-
tives, estrogens, and progestogens showed that deterio-
ration of glucose tolerance and development of type 2 
diabetes were occasional complications of long-term 
therapy.224 Most studies attributed the diabetogenic 
effects of these steroids to an increase in insulin resis-
tance. Recent studies with lower-dose natural estrogens 
(ethinyl- estradiol lower than 35 mcg) combined with 
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progestogens indicate that these regimens produce little 
or no increase in glucose intolerance even though they 
may cause a small increase in insulin resistance.225-228 
Progesterone-only contraceptives have weak effects on 
glucose and lipid metabolism, which vary depending on 
the specific molecules employed.228,229

Nicotinic Acid
Nicotinic acid is used extensively to treat mixed hyper-
lipidemias and has been shown to decrease morbidity 
and mortality from cardiovascular disease. Short-term 
administration of nicotinic acid reduced plasma free fatty 
acid levels by 30% to 40%, but as the drug effect wears 
off, the plasma free fatty acids rebound to 50% to 100% 
above baseline concentrations. Long-term administra-
tion of nicotinic acid, 1 to 4.5 g/day, causes severe insulin 
resistance, presumably as the result of elevated plasma 
free fatty acid levels. Normal individuals have a com-
pensatory rise in insulin secretion, and glucose tolerance 
remains normal. In individuals with diminished insulin 
secretory reserve, nicotinic acid causes glucose intoler-
ance and type 2 diabetes.230 In type 2 diabetic patients, 
nicotinic acid administration results in marked deterio-
ration in glycemic control.231,232 Newer extended-release 
niacin preparations at doses of 1000 and 1500 mg/day 
have been shown to be very effective in raising plasma 
high-density lipoprotein (HDL) cholesterol and lower-
ing plasma triglyceride levels with markedly reduced 
flushing and hepatotoxicity. The Assessment of Diabetes 
Control and Evaluation of the Efficacy of Niaspan Trial 
(ADVENT), which evaluated the effect of extended-
release niacin in type 2 diabetic patients, showed no effect 
on glycemic control at 1000 mg/day and only a minor 
increase in HbA1c (+0.29%) over 16 weeks of therapy.233 
These data indicate that the advantages of extended-
release niacin in improving diabetic dyslipidemia far out-
weigh any detrimental effects on glycemic control.

Two large clinical trials have studied the effects of 
adding extended-release niacin to statin therapy in order 
to increase cardiovascular benefits in high-risk individu-
als. The AIM-HIGH study failed to show an incremental 
cardiovascular benefit when extended-release niacin was 
added to patients with atherosclerotic heart disease and 
LDL cholesterol levels <1.81 mmol/L. Patients who had 
diabetes mellitus had increased severity of their hypergly-
cemia.234 In the ongoing HPS2-Thrive study, the wors-
ening of diabetes mellitus was among the most common 
medical reasons for stopping the arm of the study, which 
included extended-release niacin.235

Statin Therapy
During the last several years, reports have appeared sug-
gesting that statin therapy is associated with an increase 
in the development of type 2 diabetes and a worsening 
of glycemic control in patients who have type 2 diabetes. 
In a collaborative meta-analysis of 13 randomized statin 
trials involving 91,140 participants, 4278 developed dia-
betes during a mean of 4 years.236 Of the patients who 
developed diabetes, 2236 had been assigned to statin 
therapy and 2042 to control treatment. Statin therapy 
was associated with a 9% increase in diabetes. Treatment 

of 255 individuals with statin therapy for 4 years resulted 
in one extra new case of diabetes.

The benefits of statin therapy in lowering cardiovas-
cular events and death have been assessed in patients 
from high risk to low risk for cardiovascular disease. 
Even patients in individuals with a 5-year risk of major 
vascular events lower than 10%, each 1 mmol/L reduc-
tion in LDL cholesterol produces an absolute reduction 
of major vascular events of approximately 11/1000 over 
5 years.237 Overall benefits of statin therapy show that 
for each 1 mmol/L lowering of LDL cholesterol, there is 
a 10% proportional reduction in all-cause mortality, a 
20% reduction in deaths from coronary heart disease, 
and a 22% reduction in major vascular events.

A detailed analysis of the cardiovascular benefits and 
diabetes risks of statin therapy in primary prevention 
was carried out for the 17,603 participants in the JUPI-
TER trial.238 Patients were classified into those with one 
or more major risk factors for diabetes at baseline (meta-
bolic syndrome, impaired fasting glucose, body mass index  
≥30 kg/m², or A1C ≥6%) N = 11,508 and those with no 
major risk factors (N = 6085). In individuals with one 
or more major risk factors for diabetes at baseline, statin 
therapy was associated with a 39% reduction in the car-
diovascular endpoint, a 36% reduction in venous thrombo-
embolism, a 17% reduction in total mortality, and a 28% 
increase in diabetes. In trial participants with no major dia-
betes risk factors, statin treatment was associated with a 
52% reduction in the primary cardiovascular endpoint, a 
53% reduction in venous thromboembolism, a 22% reduc-
tion in all-cause mortality, and no increase in diabetes.

All data indicate that the benefits of statin therapy in 
reducing cardiovascular events far exceed the risk for 
statin-induced acceleration of the onset of type 2 diabetes 
in both primary prevention and secondary treatment.239,240

Antiretroviral Drugs
Antiretroviral drugs include protease inhibitors (PI), nucleo-
side reverse transcriptase inhibitors (NRTI), non-nucleotide 
reverse transcriptase inhibitors (NNRTI), fusion inhibitors 
(FI), CCRS antagonists, and integrase inhibitors.241 PIs, 
NRTIs, and NNRTIs are associated with the development 
of lipodystrophies, dyslipidemia, and glucose intolerance.241

HIV/AIDS infection itself is associated with increased 
plasma triglycerides, and decreased plasma total, LDL, 
and HDL cholesterol levels.242 The protease inhibitors 
indinavir, nelfinavir, ritonavir, and saquinavir were early 
antiretroviral agents, and their use was reported to cause 
an unusual lipodystrophy. The main clinical features of 
this lipodystrophy are peripheral lipoatrophy of the face, 
limbs, and buttocks and central fat accumulation, includ-
ing over the dorsocervical spine.243 Patients with HIV who 
were newly exposed to highly active antiretroviral therapy 
(HAART) were found to have prevalence of HIV lipodys-
trophy between 20% and 35% after 12 to 18 months of 
therapy.243 In addition to lipodystrophy, HAART therapy 
has been associated with the development of new hyper-
glycemia hypercholesterolemia including elevated LD-
cholesterol, VLDL and Apo B, low HDL-cholesterol, and 
hypertriglyceridemia.243-248 The dyslipidemia occurs within 
3 months of initiation of HAART therapy and plateaus 
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within 6 to 9 months.242 The prevalence of new-onset hyper-
glycemia with antiretroviral therapy has been reported to 
vary from 1% to approximately 6%245-248 In the Multi-
center AIDS cohort study, the incidence of type 2 diabetes 
mellitus (14%) was more than four times greater in HIV-
infected men receiving HAART than in HIV-seronegative 
controls.248 Tsiodras and coworkers presented data from 
a 5-year cohort study of 221 HIV-infected patients treated 
with protease inhibitors.249 The cumulative incidences of 
new-onset hyperglycemia, hypercholesterolemia, hyper-
triglyceridemia, and lipodystrophy were 5%, 24%, 19%, 
and 13%, respectively. The prevalence and incidence of 
hyperglycemia in HAART patients with HIV are influenced 
by concomitant hepatitis C virus infection. Retrospective 
analysis of a cohort of 1230 persons on their first HAART 
regimen revealed a prevalence of hyperglycemia in hepatitis 
C–coinfected patients of 5.9% versus 3.3% in uninfected 
patients.250 Hyperglycemia occurred in only one patient, 
who was neither infected with hepatitis C nor treated with 
protease inhibitors. The mechanism responsible for the 
protease-induced hyperglycemia appears to be the devel-
opment of peripheral insulin resistance in skeletal muscle 
and adipose tissue through inhibition of GLUT-4 translo-
cation.251 Pancreatic β cell function is also impaired, so that 
it cannot compensate for the insulin resistance.251,252 The 
thymidine analogue NRTIs induce mitochondrial dysfunc-
tion.241 At the present time, it is unclear how HAART causes 
lipodystrophy and other related metabolic side effects. The 
data indicate that HAART-mediated metabolic side effects 
are not related to virologic suppression, CD4 cell count, 
or changes in weight. Dube and colleagues reported seven 
new cases of diabetes occurring in a population of 1050 
patients treated with protease inhibitors over a 9-month 
period, for a rate of less than 1%.245 Two patients were 
treated successfully with insulin and two with sulfonyl-
ureas. Two patients had resolution of their hyperglycemia 
by stopping indinavir therapy. Kilby and Tabereaux deter-
mined the frequency of severe hyperglycemia in a university 
clinic for HIV-1-infected patients and found a prevalence of 
less than 2%.246 Preexisting diabetes was present in 12 of 
1392 adults, and new cases of hyperglycemia occurred in 
13 of these 1392 adults.247 Most of the incident cases could 
be attributed to megestrol or corticosteroid treatment. The 
multiple factors that influence which HAART patients will 
develop new-onset hyperglycemia require further study 
because all series show a much lower prevalence of hyper-
glycemia than dyslipidemia or lipodystrophy.

The use of HbA1c measurements for the diagnosis or for 
following treatment for type 2 diabetes is confounded. In 
one study, HbA1c underestimated average blood glucose 
by 1.7 mmol/L (equivalent to 1% HbA1c).253 This was 
not confirmed in a study of HIV-infected women.241,253 
Factors associated with this discordance between actual 
and predicted HbA1c include higher mean corpuscular 
volume, NRTI use, and abacivir use. Obviously further 
studies are required to clarify the validity of HbA1c mea-
surements in HIV-AIDS patients on HAART.

The therapy of type 2 diabetes in HIV-AIDS patients 
on HAART must consider drug interactions. Antidiabetic 
agents that are metabolized by the cytochrome P-450 
3A4 such as saxagliptin should be avoided, as their use 

will interfere with the metabolism of some of the antiret-
roviral agents such as ritonavir.241

Atypical Antipsychotic Agents
The atypical antipsychotic drugs represent several chemi-
cal classes of drugs that have been shown to have beneficial 
effects in patients with schizophrenia and manic-depres-
sive disorder. They differ from older agents in that they 
are associated with significantly fewer extrapyramidal 
side effects and they provide superior beneficial effects.254 
They bind to a variety of serotonin (5HT2c), dopamine 
(D2 & D3), and histamine receptors.255 Atypical antipsy-
chotic drugs include clozapine, olanzapine, risperidone, 
quetiapine, ziprasidone, and aripiprazole.

Shortly after their introduction for the treatment of 
schizophrenia, case reports appeared documenting the 
development of new cases of diabetes mellitus during 
therapy with clozapine and olanzapine.256 Because clo-
zapine and olanzapine cause considerable weight gain,257 
the question was posed as to whether the weight gain 
might be responsible for the development of diabetes. It 
also was speculated that schizophrenia itself is associated 
with an increased prevalence of type 2 diabetes. Subse-
quently, numerous reports, large health care databases, 
and reviews have appeared in the literature citing new 
cases of diabetes and hypertriglyceridemia as complica-
tions of therapy with clozapine and olanzapine.255,258,259

Clozapine and olanzapine treatment are associated 
with a mean weight gain of approximately 10 kg over the 
first year of treatment. Risperidone and quetiapine cause 
weight gain of about 2 to 3 kg. In contrast, ziprasidone 
and aripiprazole treatment cause minor amounts of weight 
gain (0.5 to 1.0 kg over 1 year). The amount of weight 
gain caused by olanzapine and clozapine vary consider-
ably among patients. In a U.S. study of 474 adults treated 
for 24 months, 23.2% gained no weight, 47.5% gained 0 
to 10 kg, 20.8% gained >10 to <20 kg, and 8.6% gained 
>20 kg.260 Clozapine and olanzapine treatment have been 
shown in several studies to cause insulin resistance.261 
Ziprasidone and aripiprazole did not appear to cause 
insulin resistance. The data on risperidone and quetiapine 
were not sufficient to confirm, but these agents appeared 
to have little effect. Patients taking clozapine showed a 
5-year cumulative prevalence of diabetes of 35%.262 Pub-
lished reports and Med-Watch data from the FDA have 
been reviewed by Koller,263-265 who found new-onset 
cases of diabetes in 188 patients on olanzapine, 132 on 
risperidone, and 242 on clozapine. Approximately 40% 
of those cases presented as diabetic ketoacidosis. Seventy 
percent of patients developed diabetes within 6 months of 
starting olanzapine. When olanzapine was discontinued, 
76% of patients exhibited improvement or remission of 
their diabetes. Among 10 patients who had had a remis-
sion and were rechallenged with olanzapine, a recurrence 
of diabetes occurred in 80%. Although the development 
of new-onset diabetes was frequently associated with sig-
nificant weight gain, this was not always the case. In a 
9-day treatment of normal individuals, olanzapine was 
shown to increase insulin resistance and increase meal-
mediated secretion of insulin, GLP-1, and glucagon in the 
absence of weight gain. In contrast, aripiprazole increased 
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insulin resistance but had no effect on postprandial hor-
mone secretions.266 Ziprasidone and aripiprazole appear 
to have significantly less metabolic side effects.

In a meta-analysis involving 23,799 patients with 
schizophrenia and related diseases, metabolic syndrome 
was found in 51.9% of patients on clozapine and 28.2% 
of those on olanzapine.267 Nineteen percent of the pooled 
patients had hyperglycemia (plasma glucose >100 mg/dL), 
and 39.3% had hypertriglyceridemia. In an analysis of 
a database of 345,937 patients treated with an antipsy-
chotic drug and 1,426,488 unexposed controls, the risk 
for developing diabetes mellitus was 1.3-fold greater with 
second-generation antipsychotic drugs compared to treat-
ment with first-generation drugs.268

In addition to diabetes, clozapine and olanzapine 
causes hypertriglyceridemia in many patients.

Because no randomized, controlled comparative stud-
ies have investigated the effects of the different atypical 
antipsychotic agents on the development of diabetes, 
current conclusions must be viewed with some reserva-
tions. The FDA has taken the position that all atypical 
antipsychotic agents should be viewed as creating a risk 
for new-onset diabetes. A joint consensus conference 
sponsored by the American Diabetes Association and the 
American Psychiatric Society came to a different conclu-
sion. Their conclusions can be summarized as follows269:

The prevalence of the three adverse conditions (obe-
sity, diabetes, dyslipidemia) differs among the second-
generation antipsychotics:
  

 1.  Clozapine and olanzapine are associated with 
the greatest weight gain and with diabetes and 
dyslipidemia.

 2.  Risperidone and quetiapine appear to have inter-
mediate effects.

 3.  Aripiprazole and ziprasidone are associated with 
little or no significant weight gain, diabetes, or dys-
lipidemia but have less usage exposure.

  
The consensus panel made the following 

re com men dations:
  

 1.  If a patient gains 5% of his or her initial weight 
during therapy, one should consider switching the 
specific antipsychotic agent.

 2.  For patients who develop worsening glycemia or dys-
lipidemia while on antipsychotic therapy, the panel 
recommends considering switching to an agent that 
has not been associated with weight gain or diabetes.

  
Unfortunately, little progress has been made in fur-

ther defining the risks or the mechanisms of the metabolic 
abnormalities associated with the different atypical anti-
psychotics. A large randomized, initially double-blind, con-
trolled clinical trial comparing the effectiveness and safety 
of olanzapine, risperidone, quetiapine (a first-generation 
antipsychotic), perphenazine, and ziprasidone was carried 
out in 1493 patients from January 2001 through December 
2004 under the auspices of the National Institute of Men-
tal Health; it was called the CATIE (Clinical Antipsychotic 
Trial of Intervention Effectiveness).270 The first phase was 

projected to last 18 months; however, 74.5% of patients 
discontinued their medications before the end of the first 
phase. The results suggested that olanzapine was somewhat 
more effective in controlling the symptoms of schizophre-
nia; however, its use was associated with a mean weight 
gain of 9.4 kg, an increase in plasma glucose of 15 mg/
dL, an increase in HbA1c of 0.41%, an increase in plasma 
cholesterol of 9.7 mg/dL, and an increase in plasma triglyc-
eride of 42.9 mg/dL. Quetiapine and risperidone showed 
minimal increases compared with the first-generation 
agent, and ziprasidone caused no weight, glycemic, or lipid 
effects. Because of the high rate of discontinuation of initial 
medications, the validity of the data must be interpreted 
with caution. Scheen and De Hert performed a prospec-
tive open nonrandomized study comparing the metabolic 
effects of six atypical antipsychotics in 238 schizophrenic 
patients who underwent a fasting analysis and an oral glu-
cose tolerance test at baseline and after 3 months of treat-
ment.271 Weight gain, glucose alterations, incidence of new 
diabetes, and development of metabolic syndrome were 
greatest with clozapine, followed by olanzapine then que-
tiapine, risperidone, and amisulpride. Aripiprazole was not 
associated with weight gain and actually improved glucose 
tolerance and reduced the occurrence of metabolic syn-
drome. Thus the newer data, although not ideal, confirm 
the conclusions derived from previous reports.

Another 6-month multicenter randomized, double-blind 
trial in 59 patients attempted to determine the mechanisms 
by which olanzapine and risperidone caused their meta-
bolic effects.272 Patients had baseline anthropomorphic 
measurements and measurement of total body fat by dual-
energy x-ray absorptiometry (DEXA) analysis, visceral fat 
by abdominal computed tomography (CT), and insulin sen-
sitivity and disposition index by frequently sampled intra-
venous glucose tolerance using the Bergman technique. 
Patients were randomized to olanzapine or risperidone, and 
the studies repeated at 6 months. Both drugs induced weight 
gain and increased total body and visceral fat. Insulin sen-
sitivity did not deteriorate, nor was a significant change 
noted in disposition index (a composite measure of changes 
in insulin sensitivity and insulin secretion). A subset analysis 
of African-American and Hispanic subjects suggested that 
they had greater susceptibility to the detrimental effects of 
olanzapine in increasing insulin resistance and decreasing 
pancreatic compensation to insulin resistance.

Thus it seems fair to conclude that weight gain plays 
some role in the development of the metabolic effects of 
atypical antipsychotic agents. However, other unknown 
factors also contribute, and the factors contributing to β 
cell failure are still unknown. Clozapine and olanzapine 
are the worst offenders in causing metabolic side effects, 
quetiapine and risperidone cause significantly fewer met-
abolic alterations, and ziprasidone and aripiprazone seem 
to produce minimal metabolic side effects.
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For the purposes of this review, we will define metabolic 
syndrome as a state of metabolic dysregulation character-
ized by insulin resistance, hyperinsulinemia, and a predis-
position to type 2 diabetes, atherosclerotic cardiovascular 
disease (ASCVD), hypertension, Alzheimer’s disease, cer-
tain cancers, and many other disorders.1-3Affected indi-
viduals are typically (although not always) obese (BMI 
>29 kg/m2) or overweight (BMI >25-29 kg/m2), or they 
manifest more subtle manifestations of excess adiposity, 
such as increases in triglyceride deposition in intraabdom-
inal fat, 4,5 liver, and skeletal muscle (ectopic liquid). In 
addition, they may present with low-grade inflammation, 
oxidative and endoplasmic reticulum (ER) stress, evidence 

of mitochondrial dysfunction, and an impaired ability to 
exercise (deceased VO2 max).3,6-24 From a clinical per-
spective, metabolic syndrome is important for several rea-
sons. First, it can antedate ASCVD, type 2 diabetes, and 
other diseases to which it predisposes by many years.1,2,10 
Second, it may be both a casual factor for these diseases 
and a target for their prevention and therapy. Third, it is 
extremely common (see the following section). A patho-
physiologic depiction of metabolic syndrome and its three 
hypothetical clinical phases, as perceived by the authors, 
is presented in Figure 43-1. The potential importance of 
dysregulation of many of the factors listed in phase 2, 
including AMPK and the sirtuins, will be discussed later.

K E Y  P O I N T S

 •  The metabolic syndrome is a very common and often heritable disorder associated with 
obesity and insulin resistance.

 •  It predisposes to type 2 diabetes, atherosclerostic cardiovascular disease, certain 
cancers, and other diseases.

 •  It is treatable early with diet, exercise, and pharmacologic agents, all of which may 
function by activating AMP-activated protein kinase (AMPK).
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DIAGNOSIS AND PREVALENCE
As evident from the preceding section and Figure 43-1, 
a multitude of factors are associated with metabolic syn-
drome. Furthermore, clinically useful tests for some of 
them are sufficiently complex or vary too much among 
laboratories to prove clinically useful (e.g., plasma insulin 
levels). Likewise, others may vary between and to some 
extent even within racial or ethnic groups (e.g., waist cir-
cumference). Thus, the diagnostic criteria shown in Table 
43-1 (Adult Treatment Panel III [ATP III] guidelines) 
apply to white individuals of European ancestry.

Metabolic syndrome (phases 2 and 3) in adults is cur-
rently diagnosed clinically by the presence of at least three 
of the following: fasting plasma glucose >100 mg/dL; 
blood pressure >130/80 mm Hg; dyslipidemia; plasma tri-
glyceride >150 mg/dL; HDL cholesterol <40 mg/dL (men) 
or <50 mg/dL (women), and increased waist circumfer-
ence, with precise values dependent on sex and ethnic 
group (see Table 43-1).1 Based on ATP III guidelines, in 
2002 in excess of 50 million individuals older than 20 
years of age in the United States have this diagnosis, and 
the number in 2014 is probably at least 50% higher (Fig. 
43-2). In addition, the prevalence of metabolic syndrome 
is increasing rapidly in children and adolescents, in paral-
lel with the pandemic of obesity in these age groups.24 
Based on both its natural history21 and studies of the 

offspring of patients with associated disorders, metabolic 
syndrome is preceded by a preclinical state character-
ized by insulin resistance, hyperinsulinemia, and modest 
increases in plasma triglycerides, blood pressure, and glu-
cose that by themselves might not be considered signifi-
cant even in young normal-weight individuals (phase 1).
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Figure 43-1 Metabolic syndrome: A pathophysiologic overview and its three hypothetical clinical phases. A combination of overnutrition, inactiv-
ity, and genetic and other factors interact to produce a state of metabolic dysregulation that leads to insulin resistance, ectopic lipid deposition ± 
obesity, and, in many instances, inflammation, oxidative and ER (endoplasmic reticulum) stress, and other manifestations of cell dysfunction (phase 
2). In individuals who are genetically predisposed, this in turn leads to one or more of the indicated disorders, many of which are associated with an 
increased risk for type 2 diabetes and atherosclerotic cardiovascular disease (ASCVD). Recent studies suggest that dysregulation of the AMP-activated 
protein kinase (AMPK) fuel-sensing and signaling network and a closely related group of molecules, the sirtuins, may accompany these changes and 
could be both a causal factor and a target for their therapy (Ruderman AJP 2010; JCI 2013). It is likely that one or more of the factors in phase 2 
play a pathogenetic role in phase 1; however, this remains to be determined. Typically, systemic evidence of inflammation is not observed in phase 
1 (Petersen, K. et al, PNAS 2007), although abnormalities in mitochondrial gene expression, insulin resistance, and an altered capacity for exercise 
have been noted in young offspring of patients with type 2 diabetes (Mootha V et al, Nature 2003; Belfroy DE et al, Diabetes 2007). The transition 
from this pre-clinical phase to the clinically diagnosed metabolic syndrome (phase 2) to overt disease (phase 3) may take many years, with the rate 
of progression determined by environmental factors, such as diet and exercise, genetic predisposition, and pharmacotherapy for concurrent diseases. 
Key references since the last edition of this text, and others that address areas not discussed previously are listed below. Finally, the reader is referred 
to this chapter in the two previous editions of this text (2006 and 2010) for a view of how thinking about the metabolic syndrome has evolved over 
the past 10 years.

TABLE 43-1 ATP III Diagnostic Criteria  
for Metabolic Syndrome

Risk Factor Defining Level

Abdominal Obesity (Waist Circumference)

Men >102 cm
Women >88 cm
Triglycerides >150 mg/dL

HDL Cholesterol

Men >40 mg/dL
Women >50 mg/dL
Blood pressure >130/80 mm Hg
Fasting glucose >110 mg/dL*

*American Diabetes Association subsequently lowered fasting glucose 
level to 100 mg/dL.

Data from Grundy SM, Brewer HB, Cleeman JI, et al: Definition of 
metabolic syndrome: report of the National Heart, Lung, and Blood 
Institute/American Heart Association Conference on scientific issues 
related to definition. Circulation 109:433–438, 2004.
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HISTORY

Obesity, Type 2 Diabetes, Insulin Resistance,  
and Cardiovascular Disease
The clustering of the major components of metabolic 
syndrome, such as obesity, type 2 diabetes, hyperten-
sion, and dyslipidemia, has long been recognized;25 
however, its delineation as a distinct entity took place 
only after its linkage to insulin resistance, hyperinsu-
linemia, and cardiovascular disease (CVD) became more 
apparent.21,26,27Insulin resistance has been defined as a 
state (of a cell, tissue, system, or body) in which greater 
than normal amounts of insulin are required to elicit a 
normal biological response.28 In humans, it is currently 
diagnosed on the basis of increased plasma insulin con-
centrations, either fasting or during a glucose tolerance 
test, or by a decreased rate of glucose infusion required 
to maintain euglycemia during a hyperinsulinemic-eug-
lycemic clamp.8 The much greater prevalence of insulin 
resistance in patients with type 2 than type 1 diabetes 
was appreciated 70 years ago by Himsworth and col-
leagues, based on their substantially higher insulin 
requirement29,30 and diminished response to exogenous 
insulin.31 Shortly after the development of the insulin 
immunoassay by Yalow and Berson in 1960,32 this sus-
picion was confirmed,33,34 and other disorders associated 
with insulin resistance and hyperinsulinemia were identi-
fied, including coronary heart disease and several of its 
risk factors, 21,35-40 as well as obesity itself (see Fig. 43-1). 
In general, most adults with insulin resistance and hyper-
insulinemia are obese (BMI >29) or overweight (BMI 
25 to 29). However, a significant percentage are normal 
weight by BMI but show increases in visceral fat (cen-
tral obesity),4,8 increased ectopic lipid deposition in liver 
and skeletal muscle,7,41 and/or enlarged fat cells.5,42 The 
presence of central obesity has been shown to correlate 

strongly with an individual’s predisposition to most of 
the diseases indicated in Figure 43-1, including coronary 
heart disease,43,44 and this is the reason waist circumfer-
ence is one of the principal diagnostic criteria for meta-
bolic syndrome, as discussed later.

Interestingly, hyperinsulinemia and insulin resistance 
are also present in normal-weight offspring of individuals 
with type 2 diabetes, 7,45-47 hypertension, 48 and hyper-
triglyceridemia8,49,50 and in individuals at increased risk 
for coronary heart disease,51-54 suggesting that they are 
early markers or pathogenetic factors for these disorders. 
Studies such as these, plus the presence of a high rate 
of ischemic heart disease in patients with type 2 diabe-
tes at the time of diagnosis (20% to 50%)55-57 and to 
a somewhat lesser extent individuals with impaired glu-
cose tolerance,58 have led to the suggestion that treat-
ment of metabolic syndrome at an early stage may be 
needed for preventing or at least delaying coronary heart 
disease.8,22,39,59,60

The presence of insulin resistance in otherwise normal 
offspring of patients with type 2 diabetes, hypertriglyceri-
demia, and hypertension has led to the notion that it is a 
causal factor for metabolic syndrome or an early pathoge-
netic event.21 According to this widely held view, insulin 
resistance affects a number of organs (e.g., muscle, liver, 
adipose tissue, blood vessels), and hyperinsulinemia due 
to increased insulin secretion by the pancreatic β cell and 
decreased insulin degradation by the liver is a compensa-
tory phenomenon.14,21,35 The observation that therapies 
that increase insulin sensitivity and lower plasma insulin 
levels (e.g., lifestyle modification such as diet and exer-
cise)61-63 or treatment with metformin61 and, to an even 
greater extent, the thiazolidinediones64-65 prevent or delay 
the onset of diabetes in individuals with glucose intoler-
ance is compatible with this notion, as is the efficacy of 
these therapies in some individuals with other disorders 
associated with metabolic syndrome, such as nonalco-
holic fatty liver disease66,67 and polycystic ovarian syn-
drome (PCOS).68-70 Left unexplained by this hypothesis 
is the molecular mechanism by which insulin resistance 
develops initially and how it leads to hyperinsulinemia. 
Also, the possibility that hyperinsulinemia is the more 
primary of the two events or occurs simultaneously with 
the insulin resistance has not been ruled out.70

Hypothetically, metabolic syndrome could be related 
to genetic abnormalities in the insulin signaling cascade. 
In keeping with this possibility, mutations of IRS1 and 
IRS2, the initial targets of the insulin receptor tyrosine 
kinase, have been shown to lead to insulin resistance and 
diabetes in transgenic mice.71,72 Evidence that these or 
other genetic defects in the insulin signaling cascade are 
common in humans with metabolic syndrome or type 2 
diabetes and account for observed signaling defects73 is 
still lacking, however.

The Lipid Theory
Insulin resistance and hyperinsulinemia in humans and 
experimental animals have been linked to obesity and 
dysregulation of cellular lipid metabolism in a wide vari-
ety of circumstances.73-76 Early studies focused on fatty 
acid release from adipose tissue and assumed that insulin 
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Figure 43-2 Prevalence of the metabolic syndrome in the United States 
according to age based on National Health and Nutrition Examina-
tion Survey (NHANES) data and ATP III criteria (see Table 43-1). Since 
these data were obtained, the criteria for abnormal glucose levels in 
patients with metabolic syndrome was diminished from 110 mg to 100 
mg. In addition, the prevalence of obesity and type 2 diabetes has in-
creased in all of these age ranges and the general population (by as much 
as 50%). (Adapted from Ford ES, Giles WH, Dietz WH. Prevalence 
of the metabolic syndrome among US adults: findings from the third 
National Health and Nutrition Examination Survey. JAMA 287[3]: 
356-359, 2002.)
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resistance occurs in skeletal muscle when plasma free fatty 
acid (FFA) levels are increased as a consequence of cen-
tral obesity. More recently, it has become apparent that 
insulin resistance is associated with alterations in lipid 
metabolism in tissues other than skeletal muscle, and that 
a number of newly discovered hormones and intracellu-
lar regulatory mechanisms affect its appearance. In addi-
tion, it has been demonstrated that metabolic syndrome 
occurs in individuals who lack adipose tissue as well as 
in those with excess adiposity, and that in both groups, it 
is associated with triglyceride deposition in ectopic sites 
such as muscle, liver, and visceral fat. In this section, we 
will attempt to review the current status of this increas-
ingly complex but intriguing area. We will discuss several 
distinct but often interrelated mechanisms that have been 
put forth to explain the link between altered lipid metab-
olism and components of metabolic syndrome.

Excess Free Fatty Acids
Over 50 years ago, Philip Randle and colleagues pro-
posed the existence of a glucose–fatty acid cycle.77 More 
specifically, they demonstrated that increased fatty acid 
levels diminish insulin-stimulated glucose utilization in 
a perfused rat heart preparation. They showed that this 
effect occurs within minutes, and that it is associated with 
enhanced mitochondrial fat oxidation that leads to both 
inhibition of glucose oxidation at the pyruvate dehydro-
genase step and an increase in the cytosolic concentration 
of citrate. Randle and associates also demonstrated that 
the increase in citrate inhibited glycolysis at phospho-
fructokinase, and that the secondary increase in glucose 
6-phosphate inhibited hexokinase and secondarily dimin-
ished insulin-stimulated glucose uptake78 (Fig. 43-3). It 
was suggested that a similar mechanism in skeletal mus-
cle might account for the insulin resistance observed in 
humans with obesity or type 2 diabetes, in both of whom 
plasma FFA levels were known to be elevated.79 Over the 
next 25 years, most investigators were unable to repro-
duce these findings in skeletal muscle, however,75,80-82 
except in special circumstances.83 For this reason, the 
acute contribution of elevated plasma FFA levels to the 
insulin resistance observed in most humans with obesity, 
type 2 diabetes, and other metabolic syndrome–associ-
ated disorders remained unclear.

This changed in 1991 when Boden and colleagues84 
definitively demonstrated that raising plasma FFA (by 
infusing a lipid emulsion with heparin to activate lipo-
protein lipase activity) in humans during a euglycemic-
hyperinsulinemic clamp inhibits insulin-stimulated 
peripheral glucose uptake. Importantly, they found that 
this effect required 4 to 6 hours rather than a few min-
utes to become evident, and that it was not accompa-
nied by an increase in citrate. Subsequent investigations 
by Shulman’s laboratory in which 31P magnetic reso-
nance spectroscopy (MRS) was used to noninvasively 
measure intramyocellular glucose-6-phosphate found 
that its concentration was reduced under the same con-
ditions, suggesting that fatty acids principally inhibit 
insulin-stimulated glucose transport or phosphorylation 
activity85 and not the phosphofructokinase reaction, as 
suggested by Randle. Later, studies by the same group, 

in which 13C MRS was used to assess intramyocellular 
glucose concentrations, revealed that insulin-stimulated 
glucose transport and not phosphorylation was the step 
inhibited by high plasma fatty acids and that this defect 
was associated with lipid-induced defects in insulin-stim-
ulated PI 3 kinase activity.86

Other studies have demonstrated that insulin resis-
tance in human muscle, caused by infusing lipids to 
increase plasma FFA, is associated with impaired insulin 
signaling,73 increases in the concentrations of muscle tri-
glyceride, long-chain fatty acyl CoA87 and diacylglycerol, 
and increases in protein kinase C (PKC) activity and the 
translocation of various PKCs from the cytosol to a mem-
brane fraction.76,88-90 Another key finding was a decrease 
in IKBα abundance, suggesting activation of NF-κB and 
proinflammatory events.90 As discussed later, similar 
abnormalities have been found in rodent liver following 
a sustained exposure to fatty acids,91-94 and in rodent 
muscle in a wide variety of states associated with insu-
lin resistance,76,88,89 and in liver and muscle of massively 
obese insulin-resistant humans with type 2 diabetes. 95,96 
Thus the intracellular changes produced by an excess of 
fatty acids are associated with insulin resistance in many 
tissues.

A still unanswered question is whether an increase 
in plasma FFA is an early pathogenetic event in meta-
bolic syndrome. Elevated concentrations of plasma FFA, 
attributable to increased adipose tissue mass, and the 
relative insensitivity of large fat cells and visceral fat to 
insulin35,87 are present in individuals with obesity and 
type 2 diabetes, and they appear to contribute to insulin 
resistance when these disorders are established.74,87,97,98 
On the other hand, even some severely obese individu-
als remain insulin sensitive (see section entitled “Bariatric 
Surgery Patients: Insulin Resistant and Sensitive” later in 
the chapter), suggesting that other factors are involved.99 
It is also unclear whether plasma FFA are elevated in indi-
viduals with metabolic syndrome in its very early stages. 
Only modest increases in plasma FFA, if any, have been 
observed in normal-weight insulin-resistant individuals 
who are at risk for developing diabetes because of family 
history.45,100
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Figure 43-3 Inhibition of glucose uptake and oxidation by fatty acids 
as described in heart muscle by Randle, Garland, Hales, and Newsholme 
(1964, 1965). (See text for details.) (Adapted from Shulman GI: Cellular 
mechanisms of insulin resistance. J Clin Invest 106:171-176, 2000.)
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Altered Fatty Acid Metabolism: Malonyl Coenzyme A, 
Mitochondrial Dysfunction, and Adenosine  
Monophosphate–Activated Protein Kinase
A second abnormality in lipid metabolism that could lead 
to insulin resistance is a disturbance in fatty acid metabo-
lism in which the oxidation of cytosolic long-chain fatty 
acyl CoA (FACoA) by mitochondria is impaired and its 
esterification and metabolism by other non-mitochondrial 
processes is enhanced.76,101 This could occur if either the 
intrinsic ability of mitochondria to oxidize fatty acid is 
decreased or the activity of carnitine palmitoyltransferase 
1, the enzyme that regulates the transfer of cytosolic long-
chain fatty acyl CoA into mitochondria, is diminished.

Malonyl CoA
Altered fatty acid partitioning between the mitochondria 
and cytoplasm as a cause of insulin resistance was sug-
gested by studies from the Ruderman laboratory in dener-
vated rat muscle, in which enhanced diacylglycerol (DAG) 
synthesis and PKC activation were observed,102 and later 
by similar findings in muscle of obese, insulin-resistant 
KKAy mice.103 In these and other instances, insulin resis-
tance in rodent muscle correlated with an increase in the 
concentration of malonyl CoA,76 an allosteric inhibitor of 
carnitine palmitoyltransferase. As shown in Figure 43-4, 
an increase in malonyl CoA by decreasing the oxidation 
of cytosolic FACoA would increase its availability for the 
formation of DAG, triglycerides, ceramide, and possibly 
other factors linked to insulin resistance. In keeping with 
such a mechanism, McGarry concurrently demonstrated 
that treatment with etomoxir, a pharmacologic CPT1 
inhibitor, both increases triglyceride accumulation and 
causes insulin resistance in rat skeletal muscle.101,104 A 
number of other findings also support this notion: (1) 
mice lacking functional acetyl CoA carboxylase 2 (ACC2, 
the principal isoform that generates the malonyl CoA that 
regulates CPT1 in skeletal muscle) are more insulin-sensi-
tive than control rats;105,106 (2) the administration of an 
ACC inhibitor diminishes obesity and insulin resistance in 
fat-fed rats;107 (3) antisense oligonucleotides directed at 
hepatic ACC1 and ACC2 diminish both hepatic steatosis 
and insulin resistance in mice fed a high-fat diet;108 and 
(4) low rates of fatty acid oxidation have been reported 
in pre-obese humans,109,110 Zucker diabetic rats,111 and 
interleukin-6 (IL-6) knockout mice112 prior to the onset 
of diabetes and obesity. Malonyl CoA was not assayed 
in muscle in any of these studies; however, in two of 
the rodent models113,114 and in adipose tissue of obese 
insulin resistant humans,115,116 decrease in the activity of 
AMP-activated protein kinase (AMPK) was found, sug-
gesting that its concentration was elevated (see the sec-
tion entitled “AMP-Activated Protein Kinase” later in the 
chapter).

Mitochondrial Dysfunction
Altered fatty acid partitioning in muscle and other tissues 
could also occur if fatty acid oxidation is depressed as 
a consequence of mitochondrial dysfunction. Decreases 
in mitochondrial function, and in some instances num-
ber and size, have been found in muscle of individuals 
with type 2 diabetes associated with obesity,117 in lean 

insulin-resistant older adults,118 and in lean insulin-
resistant offspring of diabetic parents.7 In the latter, the 
reduction in mitochondrial function was associated with 
a similar decrease in mitochondrial content.119 Likewise, 
decreases in the mRNA for PGC1α, a transcriptional 
coactivator that enhances genes for mitochondrial bio-
genesis and function, have been observed in some120 but 
not all119 studies of nondiabetic first-degree relatives of 
patients with type 2 diabetes, as well as in individuals 
with type 2 diabetes and impaired glucose tolerance.121 
Whether these mitochondrial changes are hereditary or 
secondary to metabolic events (e.g., lipotoxic changes 
due to abnormalities in intracellular lipid metabolism) 
or abnormalities in AMPK regulation (see the following 
section) remains to be determined. However, given the 

Figure 43-4 AMPK concurrently activates (+) or inhibits (–) multiple 
aspects of fatty acid and glucose metabolism. By phosphorylating and 
inhibiting ACC and activating MCD, AMPK diminishes the concentra-
tion of malonyl CoA. This relieves the inhibition of CPT1 by malonyl 
CoA and results in both increased fatty acid oxidation and a decrease in 
the availability of cytosolic FACoA for TG, DAG, and ceramide synthe-
sis, and possibly lipid peroxidation and protein acylation. Conversely, 
AMPK activation independently decreases the expression of glycero-
phosphate acyltransferase GPAT, fatty acid synthase (not shown), and 
SPT, decreasing the synthesis of glycerolipids, fatty acids (de novo), and 
ceramide (de novo), respectively. A decrease in AMPK produces the op-
posite effects. The basis for the ability of AMPK to inhibit oxidant stress 
(ROS generation) inflammation, and ER stress (not shown) in some set-
tings is not completely understood. Whether AMPK activation enhances 
or inhibits a process or an enzyme in this scheme is denoted by plus 
signs and minus signs, respectively. Not shown in the diagram is that 
AMPK achieves these changes in some instances by phosphorylating the 
indicated enzyme and/or in other instances by regulating its expression 
at the level of the gene. For instance, AMPK can enhance mitochondrial 
biogenesis and function by enhancing the expression of the transcrip-
tional coactivator PGC1α. ACC, Acetyl CoA carboxylase; CPT1, car-
nitine palmitoyltransferase 1; DAG, diacylglycerol; FA CoA, cytosolic 
long-chain fatty acyl CoA; GPAT, glycerophosphate acyltransferase; 
MCD, malonyl CoA decarboxylase; ROS, reactive O2 species; SPT, 
serine palmitoyl transferase. (Adapted from Ruderman N, Prentki M: 
AMP kinase and malonyl-CoA: targets for therapy of the metabolic syn-
drome. Nat Rev Drug Discov 3:340-351, 2004.)
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likely role for increased intracellular fatty acid metabo-
lites in mediating insulin resistance, impaired mitochon-
drial function leading to decreased fatty acid oxidation 
will almost certainly exacerbate the problem. Also to be 
determined is whether the changes observed in the off-
spring of diabetic parents reflect a difference in muscle 
fiber type, since the ratio of mitochondrial-rich type 1 
fibers to glycolytic type 2 fibers may be decreased in these 
individuals.7,122

AMP-Activated Protein Kinase
AMPK (Box 43-1) is a fuel-sensing enzyme that appears 
to play a key role in regulating both cellular metabolism 
and mitochondrial function. In addition, an increasing 
body of evidence has suggested that its dysregulation 
could be a cause of metabolic syndrome (animal studies) 
as well as a target for its prevention and therapy (human 
and animals studies).3,75 Furthermore, it has been shown 
definitively in rodents that exercise in vivo (treadmill run-
ning) activates AMPK not only in muscle but also in liver, 
adipose tissue,123 and aortic endothelium.124

As shown in Figure 43-4, when AMPK is activated 
(e.g., during exercise or in some tissues by caloric 
deprivation), it phosphorylates and inhibits acetyl CoA 
carboxylase (ACC), the enzyme that catalyzes the syn-
thesis of malonyl CoA and (by a still undetermined 
mechanism) activates malonyl CoA decarboxylase, the 
enzyme that catalyzes malonyl CoA degradation.123 In 
addition, in many tissues and cells, activation of AMPK 
concurrently inhibits the use of cytosolic FACoA for the 
synthesis of various factors that could lead to insulin 
resistance, including diacylglycerol and ceramides, and 
it diminishes the generation of lipid peroxides, ER stress, 
and activation of NF-κB caused by elevated concentra-
tions of specific fatty acids and other factors.75,125,126,213 
Furthermore, it can do so in multiple tissues and by cells 
such as macrophages, which could contribute to inflam-
mation in various tissues.127 Thus AMPK could protect 
cells and tissues against lipotoxicity by multiple mecha-
nisms. For instance, in addition to modulating the above 
events acutely by phosphorylating specific proteins, 
AMPK chronically regulates the effects of transcrip-
tional regulators (e.g., SREBP1C) that govern the syn-
thesis of acetyl CoA carboxylase and other key enzymes 
that regulate fatty acid oxidation (see Fig. 43-4). Of 
specific relevance to this chapter is that decreases in 
AMPK activity are associated with insulin resistance in 
muscle (Table 43-2) and liver in many situations, and 
failure to activate AMPK in the fat cell during lipoly-
sis is associated with increases in oxidative stress and 
inflammation.126 In addition, hormones and other fac-
tors that decrease AMPK in peripheral tissues, such as 
glucocorticoids128 and resistin,129 cause insulin resis-
tance, whereas hormones (e.g., adiponectin and leptin) 
and pharmacologic agents (e.g., metformin, thiazolidin-
ediones, α-lipoic acid, salsalate, AICAR) that activate 
AMPK diminish it in experimental animals, as does 
exercise75 (Table 43-3). Finally, as already noted, closely 
linked to mitochondrial theories of insulin resistance is 
PGC1α (PPARγ-coactivator 1α), a transcriptional coact-
ivator of mitochondrial biogenesis whose expression is 
increased when AMPK is activated (e.g., by exercise or 
AICAR).130-133

BOX 43-1 AMP-Activated Protein Kinase (AMPK)

AMPK is a heterotrimer containing α, β, and γ subunits, each of which 
has at least two isoforms. The α subunit contains the catalytic site; the 
β subunit contains a glycogen-binding domain; and the γ subunit con-
tains two AMP-binding sites. All three subunits are necessary for full 
activity.302,303 In general, AMPK is found in the cytosol of a cell; how-
ever, the A2 isoform of the enzyme is also present in the nucleus.303 
Decreases in the energy state of a cell that lead to increased binding 
of AMP and ADP in place of ATP on the γ subunit activate AMPK by a 
number of mechanisms, including allosteric activation and especially 
covalent modification due to phosphorylation of its catalytic subunit on 
Thr-172 as a result of the actions of the AMPK kinase LKB1. In  
addition, factors that increase cellular Ca2+ and CaMKKb also activate 
AMPK.304,305 When activated, AMPK enhances a number of processes 
that increase ATP generation including fatty acid oxidation and glucose 
transport (in skeletal muscle), and it decreases others that consume 
ATP, but are not acutely necessary for survival, including to varying 
extents fatty acid triglyceride and protein synthesis. In addition, AMPK 
can alter the expression of a wide variety of genes including several 
that alter mitochondrial function (e.g., PGC1a, UCP3) and lipid synthe-
sis (SREBPIC).

TABLE 43-2 Abnormalities Associated with Insulin Resistance in Tissues of Humans and Experimental Animals

Model TG DAG Malonyl CoA PKC Activity Activated IKK-NF-kB AMPK Activity

fa/fa Rat (+) (+) (+) (+) ND (–)
Glucose-infused rat (+) (+) (+) (+) ND (–)
Fat-fed rat (+) (+) (+/–) (+) (+) ND
Fat-infused humans (+) (+) ND (+) (+) ND
Obese insulin-resistant humans (+) ND (+/–) (+) ND (+/–)

AMPK, AMP kinase; DAG, diacylglycerol; IKK, inhibitor of NF-κB kinase; NF-kB, nuclear factor kappa B; PKC, protein kinase C; TG, triglycer-
ide; (+), increased; (–), decreased; ND, not determined.

Data are for skeletal muscle. They are taken from Ruderman N, Prentki M: AMP kinase and malonyl-CoA: targets for therapy of the metabolic 
syndrome. Nat Rev Drug Discov 3:340–351, 2004 and are from the laboratories of the authors and those of Turinsky, Kraegen, Caro, Boden, 
and Shoelson. Many of these changes have also been demonstrated in liver in insulin-resistant obese humans, fat-fed and glucose-infused rats, 
and fa/fa rats. Whether AMPK activity is depressed and the concentration of malonyl CoA elevated in skeletal muscle of obese insulin-resistant 
humans is controversial (see Bandyopadhy & Olefsky: Diabetes 2006; DeFillipis & Mandarino, Am J Physiol (Endo) 2008); however, it has 
been clearly observed in adipose tissue (see the section entitled “AMPK and the Metabolic Syndrome in Humans”). Studies, primarily in vitro, 
suggest that similar events occur in the liver, pancreatic β cell, and cultured vascular endothelium.
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Inflammation and Oxidative and ER Stress
In recent years, considerable attention has been given to 
the theories in which the combination of oxidative and 
ER stress and NF-κB activation play a central role in the 
pathogenesis of metabolic syndrome. As noted by numer-
ous investigators, all of these factors have been linked to 
insulin resistance in humans and experimental animals 
with a wide variety of disorders.9,10,134-139 Because of this, 
it has been suggested that an abnormality of the innate 
immune system could be a proximal event in the patho-
genesis of metabolic syndrome.10 Although this possi-
bility cannot be disproven, and it is unquestioned that 
proinflammatory events and oxidative and ER stress are 
often an integral component of metabolic syndrome, a 
number of observations including the following suggest 
that dysregulation of lipid metabolism that can lead to 
oxidative and ER stress and inflammation is likely to be 
a more primary factor: (1) the close correlation of meta-
bolic syndrome in its early stages with weight gain, cen-
tral obesity, ectopic lipid deposition, and elevated plasma 
FFA levels; (2) the presence of metabolic syndrome and 
ectopic lipid deposition in humans and experimental ani-
mals deficient in peripheral adipose tissue (lipodystro-
phy) and the reversal of these abnormalities in rodents 
by the implantation of fat140-142 and in humans and/or 
rodents by the administration of leptin,143,144 adiponec-
tin,145 and in some instances thiazolidinediones, all of 
which activate AMPK;75 (3) the observation that elevat-
ing plasma FFA levels in humans and rodents by itself 
acutely (hours) leads to insulin resistance and proinflam-
matory changes;87,90,146 and (4) the very early occurrence 
of alterations in cellular lipid metabolism and mitochon-
drial function in normal-weight normoglycemic, young 
offspring of diabetic parents.7 To our knowledge, evi-
dence of a proinflammatory state has not been reported 
in the latter group. These considerations aside, the possi-
bility that proinflammatory changes leading to alterations 

in lipid metabolism are the cause of metabolic syndrome 
has not been ruled out; indeed, studies in rodents suggest 
that TNF-α–induced inflammation can lead to a decrease 
in AMPK activity in skeletal muscle.147 In addition, it 
has recently been demonstrated that treatment with the 
antiinflammatory drug salsalate improves glycemic sta-
tus modestly (less than 0.24% reductions in hemoglobin 
A1c) and reduces systemic inflammation in obese adults at 
risk for developing type 2 diabetes.148 This agent has also 
been shown to activate AMPK, however.149 Since thera-
pies that target lipid metabolism, oxidative stress, and in 
some instances inflammatory events have all been shown 
to diminish insulin resistance in specific situations, 94, 135-

137 what is clear is that these factors are almost certainly 
interrelated.

Specific Tissues
Adipose Tissue
A number of lines of investigation have linked abnor-
malities in adipose tissue to the pathogenesis of meta-
bolic syndrome. They also indicate that this likely reflects 
abnormalities both in adipocytes and in macrophages and 
other inflammatory cells in the stroma.127,150 Thus, as 
already noted, elevated plasma FFA levels, attributable to 
an increase in their release from adipocytes in grossly or 
centrally obese individuals, correlates with the presence 
of insulin resistance in most patients.87,151 In addition, 
when the function of the adipocyte as a store for lipid 
is impaired,140,141 as it is in many insulin-resistant obese 
individuals,99 it has been proposed that the excess fatty 
acid release could be a key event leading to the generation 
of the inflammatory cytokines IL-1, IL-8, TNFα, and oth-
ers by stromal macrophages (Fig. 43-5). As shown in Fig-
ure 43-6, an increase in the release of these cytokines as 
well as ROS and of FFA (from the adipocyte) are thought 
to be largely responsible for the cellular dysfunction and 
decreased AMPK observed in liver and other tissues of 

TABLE 43-3 Effect of Therapies That Activate AMPK in Humans (H) and/or Rodents on Various Manifestations 
of the Metabolic Syndrome

Factor
Insulin  
Resistance

Pancreatic β  
Cell Dysfunction

Endothelial Cell  
Dysfunction

Coronary Heart  
Disease Risk NAFLD/NASH

Exercise (H) (–) ND (–) (–) (–)
Calorie/weight reduction (H) (–) (–) (–) (–) (–)
Adiponectin (–) (–) (–) (–) (–)
AICAR (–) (–) (–) ND ND
Leptin (–) (–) (–) ND (–)
Metformin (H) (–) (–) (–) (–) (–)
TZDs (–) (–) (–) (–) (–)
Polyphenols (–) ND (–) (–) (–)

AICAR, 5-Aminoimidazole-4-carboxamide riboside; AMPK, AMP-activated protein kinase; NAFLD/NASH, nonalcoholic fatty liver disease/nonal-
coholic steatotic hepatitis; TZDs, thiazolidinediones; (–), decreased; ND, not determined.

Where studied, these factors also alter ectopic lipid deposition in keeping with their effects on AMPK and malonyl CoA. Inactivity, caloric excess 
(glucose), and deficiencies of leptin or adiponectin, where studied, have been shown to have opposite effects. Studies with AICAR and experi-
mental polyphenols (resveratrol, SI-17834) have only been carried out in rodents and are from Zang M, Xu S, Maitland-Toolan KA, et al. 
Polyphenols stimulate AMP-activated protein kinase, lower lipids, and inhibit accelerated atherosclerosis in diabetic LDL receptor-deficient mice. 
Diabetes 55(8):2180–2191, 2006; and Baur JA, Pearson KJ, Price NL, et al: Resveratrol improves health and survival of mice on a high-calorie 
diet. Nature 444(7117):337-342, 2006.

Cited by Ruderman N, Prentki M: AMP kinase and malonyl-CoA: targets for therapy of the metabolic syndrome. Nat Rev Drug Discov 3: 
340-351, 2004; Ruderman, N, Carling D, Prentki M, Cacicedo J: AMPK, insulin resistance, and the metabolic syndrome. J Clin Invest 
123(7):2764-2772, 2013.
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obese individuals with metabolic syndrome. As reviewed 
recently by Steinberg and Schertzer,127 an overwhelming 
body of evidence indicates that AMPK is at the crossroad 
of metabolically driven macrophage inflammation, pre-
sumably by controlling its mitochondrial metabolism. 
In keeping with this conclusion, they point to multiple 
studies showing that decreasing AMPK activity by vari-
ous means increases inflammation in the macrophage, 
whereas AMPK activation decreases it.127

Adiponectin
A deficiency of the adipokine, adiponectin, also referred 
to as ACRP30, has been most closely linked to insulin 
resistance in humans. It is produced exclusively or at 
least predominantly in adipose tissue and is present in the 
circulation in trimeric, hexameric, and high–molecular-
weight (HMW) forms. The biological relevance of the 

three oligomers152,153 and still other forms of adiponectin 
is not completely understood. These considerations aside, 
there is abundant evidence that low immunoassayable 
adiponectin levels in plasma (accounted for mainly by the 
HMW form) are present in obese insulin-resistant indi-
viduals and in individuals at risk for type 2 diabetes145,154 
and coronary heart disease,155 even in the absence of overt 
obesity. In addition, polymorphisms of the adiponectin 
gene have been associated with metabolic syndrome in 
some populations and a predisposition to type 2 diabetes 
in others.145

Adiponectin, like exercise, activates AMPK and 
stimulates AMPK-mediated events such as glucose 
transport and fatty acid oxidation in muscle156,157 and 
inhibition of glucose production in liver (in rodents).158 
In addition, adiponectin has antiinflammatory actions.159 
Whether the insulin-sensitizing effect of adiponectin is 
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Figure 43-5 Hypothetical mechanisms for the activation of inflammasomes in adipose tissue of obese insulin resistant subjects. A, It is proposed 
that increased FFA release from lipid droplets in the adipocyte lead to changes in adjacent macrophages (ceramide, caspase 1 activation) that activate 
the inflammasome which generates IL-1B and other inflammatory cytokines. B, Effects of AMPK on events in the macrophage. The identity of the 
factor(s) that decrease AMPK activity in cells in which inflammasomes are found is uncertain, although oxidative stress and inflammatory cytokines 
such as IL-1B and TNFα could be factors. Not shown here is that activation of caspase 1 in the inflammasome complex cleaves and presumably 
inactivates SIRT1. ULK1, a regulator of the autophage lysosome is phosphorylated and activated by AMPK. (Adapted from Choi AM, Nakahira K. 
Dampening insulin signaling by an NLRP3 “meta-flammasome.” Nat Immunol 12:379-380, 2011).
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cytokines, and decreased amounts of adiponectin, all of which could contribute to insulin resistance and dysfunction in other tissues. AMPK activity 
is decreased in adipose tissue of such individuals and in liver, the aorta, and in some studies, muscle; however, it is uncertain whether it causes or is 
a result of the above changes.
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AMPK-mediated has not been proven definitively; how-
ever, treatment with thiazolidinediones increases plasma 
adiponectin, and the insulin-sensitizing effect of these 
agents and their ability to activate AMPK are both mark-
edly attenuated in adiponectin knockout mice.160,161 Fur-
thermore, decreased levels of adiponectin are one of the 
hallmarks of bariatric surgery patients who are insulin 
resistant,162 as is decreased AMPK activity in their adi-
pose tissue.115,116

Leptin
Since its discovery by Friedman and colleagues,164 inter-
est in leptin has for the most part focused on its role as 
an appetite suppressant. However, it has also been rec-
ognized for some time that leptin increases oxidative 
metabolism and fatty acid oxidation in peripheral tissues, 
owing both to a direct action165 and to an effect on the 
hypothalamus that appears to be mediated by the sympa-
thetic nervous system.166 As first reported by Minokoshi 
and Kahn and their coworkers, both the direct and cen-
trally-mediated effects of leptin on peripheral tissues are 
associated with AMPK activation,167 whereas its action 
on hypothalamic nuclei is associated with a decrease in 
AMPK activity.168

When leptin is lacking or its receptor is not functioning 
in peripheral tissues, lipid accumulates and cellular dam-
age may result. Unger and associates169,170 have reported 
that in the Zucker diabetic fatty (ZDF) rat, which lacks 
the leptin receptor, such ectopic lipid accumulation 
occurs in liver, muscle, and the pancreatic β cell, and that 
it antedates the presence of diabetes and pancreatic β-cell 
apoptosis. Furthermore, it has been found that AMPK is 
deficient in tissues of these rats114 and that treatment with 
AICAR114,171 and exercise, which also activates AMPK in 
these animals,171 prevents the ectopic lipid accumulation, 
pancreatic β-cell damage, and the development of dia-
betes. More recent studies have found that antidiabetic 
effects of leptin may be attributed to its inhibition of the 
hypothalamic-pituitary-adrenal axis, leading to reduction 
in lipolysis and hepatic gluconeogenesis.172

Vascular Endothelial Cells and Atherogenesis
An impressive case has been made that atherogenesis is 
essentially an inflammatory response to a variety of risk 
factors, and that the consequences of this response include 
acute coronary artery and cerebrovascular syndromes.173 
An early site at which this inflammatory response appears 
to occur is the endothelial cell;174 indeed, increases in 
NF-κB expression have been observed in endothelium at 
sites predisposed to atherosclerotic plaque formation175 
and in vitro in endothelial cells exposed to elevated 
concentrations of glucose176 and fatty acids.177 Like-
wise, impaired endothelium-dependent relaxation and 
increases in circulating adhesion molecules (VCAM1, 
ICAM, selectins), markers of cellular dysfunction and 
incipient ASCVD, have been observed in humans with 
type 2 diabetes and metabolic syndrome178,134 and in nor-
mal individuals in whom plasma FFA levels are increased 
by a lipid infusion.179 Conversely, endothelial cell dys-
function is diminished in humans by factors that diminish 
the proinflammatory state, including exercise and caloric 

restriction180,181 and by treatment with thiazolidinedio-
nes.178,182 As already noted, all of these interventions have 
been reported to activate AMPK in rodents. Studies with 
endothelial cells in culture also support such a protective 
role for AMPK. Thus, increases in oxidative stress and 
NF-κB–mediated gene expression observed in cultured 
human umbilical vein endothelial cells (HUVECs) incu-
bated with palmitate are inhibited by AICAR and other 
AMPK activators.125,183,184 Also, AICAR and (where 
studied) expression of a constitutively active AMPK have 
been shown to inhibit apoptosis, mitochondrial dysfunc-
tion, DAG synthesis, and the development of insulin 
resistance (diminished Akt activation) in HUVEC incu-
bated in a high-glucose medium.185 Finally, it has been 
demonstrated that the administration of atorvastatin, a 
cholesterol-lowering agent, by gavage activates AMPK 
and eNOS in the rat aorta,186 and it has a similar effect 
when incubated with HUVECs. Whether this accounts 
for the anti-atherogenic effect of statins attributed to its 
antiinflammatory action is an intriguing possibility.187 
Finally, it has long been appreciated that increases in 
macrophages are a hallmark of arteries undergoing ath-
erosclerotic changes. As recently reviewed, an increasing 
body of evidence strongly suggests that treatments that 
activate AMPK combat atherosclerosis by diminishing 
proinflammatory events in macrophages, as they do in 
adipose tissue and presumably other sites.127

Liver
Changes similar to those in muscle and the endothelial 
cell occur in the liver in insulin-resistant states. Thus, as 
in muscle, an association between hepatic lipid deposi-
tion and insulin resistance has been clearly demonstrated 
in humans.188,189 Also, in rats infused with a lipid emul-
sion to increase plasma FFA levels during a euglycemic-
hyperinsulinemic clamp91,146 or with short-term fat 
feeding,93 the development of hepatic insulin resistance 
is associated with increases in DAG content, PKC activa-
tion, and a decrease in IKBα abundance—changes almost 
identical to those observed in human muscle.90 Similar 
alterations in PKC have been noted in the livers of mas-
sively obese, insulin-resistant humans95,190 and of fat-fed 
rats with hepatic steatosis.93 Also, knockdown of PKC 
epsilon expression by antisense oligonucleotides protects 
rats from fat-induced hepatic insulin resistance.191 As dis-
cussed later, bariatric surgery in such rodents is followed 
by increases in the activity of AMPK, SIRT1, and LKB1 
in liver as well as an increase in insulin sensitivity.192

Pancreatic β Cell
Insulin resistance in muscle and liver does not initially 
result in hyperglycemia because it is accompanied by 
hyperinsulinemia. As noted previously, it is unclear 
whether the hyperinsulinemia is compensatory or results 
from the same factors that cause insulin resistance, in 
which event it might occur at the same time or even pre-
cede it.70,193 In this context, it is noteworthy that increases 
in plasma FFA have been shown acutely to increase 
insulin secretion in certain settings, whereas chronic 
increases in the concentration of saturated fatty acids 
and glucose cause dysfunction and damage to the β cell 
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and ultimately result in apoptosis.75,101,194 Work from a 
number of laboratories169,170,195,196 has both delineated 
the events that lead to these phenomena in the β cell and 
revealed their similarity to the changes observed in endo-
thelium and other cells when exposed to high concentra-
tions of FFA or glucose. As already noted, in the ZDF 
rat, the leptin-receptor–deficient rodent characterized 
by Unger,169 the activity of AMPK in multiple tissues is 
depressed, and treatment with troglitazone, AICAR, or 
caloric deprivation prevent or at least markedly attenuate 
the development of β cell damage and dysfunction and 
hyperglycemia.114,197 Likewise, it has been demonstrated 
that AMPK activation prevents the apoptosis and mito-
chondrial dysfunction observed in pancreatic β cells when 
incubated with saturated fatty acids at a high glucose 
concentration.194 Finally, although theories linking tri-
glyceride accumulation to β cell dysfunction are attractive 

and have led to interesting hypotheses,22,182,198,199 to our 
knowledge there have been no definitive studies showing 
that triglyceride accumulates in human islets in patients 
with type 2 diabetes.

Molecular Mechanisms of Insulin Resistance and Cellular 
Dysfunction According to the Lipid Theory (Muscle and Liver)
Based on studies reviewed in the preceding sections, a 
model can be proposed in which insulin resistance and 
cellular dysfunction in liver and muscle are due to an 
increase in intracellular fatty acid–derived molecules and 
metabolites such as fatty acyl CoA diacylglycerol89,91,200 
and ceramides, possibly secondary to dysregulation 
of AMPK (Fig. 43-7; see Table 43-2). According to 
this scheme, such changes activate a serine-threonine 
kinase cascade that includes conventional and/or novel 
 protein kinase C isoforms,89,91,201,202 IKKB,203,204 and 

Figure 43-7 Proposed mechanisms for fatty acid 
induced insulin resistance in skeletal muscle (A) 
and liver (B). A, Muscle. Increases is intramyocel-
lular LCCoA and DAG, due to increased fatty acid 
delivery and/or decreased mitochondrial fatty acid 
oxidation, trigger a serine/threonine kinase (Ser/
Thr) cascade initiated by nPKCs and possibly in-
volving IKKB and/or JNK-1. This ultimately in-
duces serine/threonine phosphorylation of critical 
IRS-1 sites in muscle, which inhibit IRS-1 tyrosine 
phosphorylation and activation of PI 3-kinase. 
This in turn results in reduced insulin-stimulated 
glucose transport and glycogen synthesis. B, Liver. 
Increases in intracellular DAG, due to enhanced 
lipogenesis and/or decreased mitochondrial fatty 
acid oxidation, activate PKCs (ε and/or possibly 
δ), which bind to and inactivate the insulin recep-
tor kinase. This results in reduced insulin-stimu-
lated IRS-1 and IRS-2 tyrosine phosphorylation, 
and decreased insulin activation of PI 3-kinase and 
AKT2. This in turn leads to diminished GSK3 and 
FOXO phosphorylation, which decrease insulin-
stimulated liver glycogen synthesis and hepatic 
gluconeogenesis, respectively. DAG, Diacylglyc-
erol; FOXO, forkhead box protein O; GLUT, 
glucose transporter; G6P, glucose-6-phosphate; 
GSK3, glycogen synthase kinase 3; IRS, insulin 
receptor substrate; IKKB, IκB kinase β; JNK-1, 
Jun-activated kinase 1; LCCoA, long-chain ac-
ylcoenzyme A; PEPCK, phosphoenolpyruvate 
carboxykinase; PI 3-kinase, phosphatidylinositol-
3-kinase; PTB, phosphotyrosine-binding domain; 
PH, pleckstrin homology domain; SH2, src ho-
mology domain. (Adapted from Savage DB, Pe-
tersen KF, Shulman GI: Disordered lipid metabo-
lism and the pathogenesis of insulin resistance. 
Physiol Rev 87:507-520, 2007.)
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Jun-activated kinase (JNK-1), one or more of which 
phosphorylate serine residues on IRS-1 in muscle and 
likely other tissues.87 Similar changes in IRS1 in response 
to hyperglycemia may also result from activation of the 
mTOR/p70s6k signaling mechanism.205 Serine phosphor-
ylation of IRS-1 in turn impairs its ability to associate 
with P13-kinase, leading to a diminished activation by 
insulin of Akt and PKC zeta, glucose transport, glycogen 
synthesis, and other downstream events. Studies demon-
strating that transgenic mice with a muscle-specific alter-
ation in IRS-1 Ser→Ala are protected from fat-induced 
insulin resistance in skeletal muscle strongly support this 
hypothesis.206 Similar changes appear to occur in liver, 
except that the inhibitory actions of insulin on gluconeo-
genesis and glycogenolysis are impaired,87,93,191 and IRS1 
and IRS2 may be differentially affected.207 Also possibly 
involved in this chain of events are increases in oxidative 
and ER stress, ceramide synthesis, NF-κB activation, and 
NF-κB–mediated gene expression that could explain, at 
least in part, the proinflammatory state associated with 
metabolic syndrome.73,75,135 Interestingly, the hallmark 
of this insulin-resistant state is an increase in intracellu-
lar triglyceride in liver and muscle that can be quantified 
noninvasively with magnetic resonance imaging.208,209 
Triglyceride accumulation in muscle and liver is generally 
regarded as a marker of lipid-induced insulin resistance 
and cellular dysfunction rather than a cause.210 On the 
other hand, by providing an additional source of intracel-
lular FFAs, it could play a more pathogenetic role.

The Hypothalamus, Food Intake, and Insulin Resistance
Leptin, which activates AMPK in peripheral tissues by 
a direct action, diminishes AMPK activity in the hypo-
thalamus. This in turn leads to decreased food intake and 
activation of the sympathetic nervous system and second-
ary to this, further activation of AMPK in peripheral tis-
sues.205 Conversely, glucocorticoids increase AMPK in 
the hypothalamus, leading to an increase in food intake, 
and they decrease AMPK and cause insulin resistance in 
peripheral tissues (see discussion of Cushing’s syndrome 
in the section entitled “AMPK and Metabolic Syndrome 
in Humans” later in the chapter and in Christ-Crain and 
associates128). Various antipsychotic drugs have also 
been found to activate AMPK in the hypothalamus, and 
like glucocorticoids, they increase food intake and cause 
insulin resistance.211 Why some agents that decrease or 
increase AMPK activity in the hypothalamus have oppo-
site effects on peripheral tissues is not known. On the 
other hand, the possibility that a drug that activates or 
inhibits AMPK activity in peripheral tissues has the oppo-
site effect in the hypothalamus or elsewhere in the central 
nervous system needs to be considered in evaluating its 
clinical efficacy and side effects.

AMPK and SIRT1
Sirtuins are a group of histone 1 protein deacetylases 
that are regulated by changes in the cellular redox state 
(NAD+/NADH+ ratio) and increases in nicotinamide 
phosphoribosyltransferase (NAMPT), the rate-limiting 
enzyme for NAD synthesis. The seven sirtuins, and in 
particular SIRT1, the most studied member of the family, 

were evaluated initially because of their role in combat-
ting aging.212 As reviewed elsewhere,213 SIRT1 responds 
to overfeeding, starvation, changes in energy expenditure, 
and exercise, as well as to adiponectin, much as does 
AMPK, although with somewhat different timing.13,54,213 
Interestingly, it has been shown that SIRT1 can activate 
AMPK by deacetylating its activator LKB1, which pro-
motes its translocation from the nucleus to the cytosol, 
where LKB1 is activated and it in turn phosphorylates 
and activates AMPK (which is already substantially 
located in the cytosol).214-216 Conversely, AMPK can 
activate SIRT1 by increasing the NAD+/NADH ratio or 
the expression/activity of NAMPT.217 These findings sug-
gest the existence of an AMPK/SIRT1 cycle that links 
the cell’s energy and redox states.218 In keeping with this 
notion, AMPK and SIRT1 (and probably other sirtuins) 
act on common transcriptional activators and coactiva-
tors including members of the FOXO family and PGC1. 
In addition, both AMPK and SIRT1 activators have been 
shown to decrease atherosclerosis and prevent diabetes in 
experimental animals.75,218,219 The latter could be related, 
at least in part to the fact that changes in both AMPK 
and SIRT1 appear to exert effects on inflammation and 
fuel metabolism in M1 macrophages and T helper cells, 
both of which are more numerous in inflamed adipose 
tissue.147 How AMPK and SIRT1 might interact with 
each other and with NF-κB and oxidative and ER stress 
in these cells to combat metabolic syndrome is illustrated 
in Figure 43-8.

AMPK and Metabolic Syndrome in Humans
Although existing data in rodents with decreased AMPK 
activity and the beneficial effects of exercise and various 
pharmacologic agents that activate AMPK have linked 
it to metabolic syndrome in humans,221 until recently, 
direct AMPK measurements in muscle of insulin-resistant 
humans were not strongly supportive or yielded mixed 

Inflammation
(NF-κB)

Oxidative
stress
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stress

AMPK

SIRT 1,3

Figure 43-8 Proposed interrelations of AMPK and sirtuins 1 and 3 
(SIRTs) with oxidative and ER stress and inflammation. AMPK and 
SIRT1 both activate each other and diminish oxidative and ER stress 
and low-grade inflammation in various settings. Conversely, oxidative 
and ER stress and inflammation, which activate each other, appear to 
diminish AMPK and SIRT1. In principle, any of these factors could be 
targeted to combat IR and the development of metabolic syndrome–
associated disorders; however, to date, the most success has been ob-
served with therapies that target AMPK. (Adapted from Ruderman NB, 
Carling D, Prentki M, Cacicedo JM: AMPK, insulin resistance and the 
metabolic syndrome. J Clin Invest 123[7]:2764-2772, 2013.)
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results.213 Since then, decreased AMPK activity has been 
clearly demonstrated in adipose tissue of two distinct 
groups of insulin-resistant individuals.

Cushing’s Syndrome
Korbonits and co-workers222 observed decreased AMPK 
activity in visceral fat of patients with Cushing’s syndrome, 
most of whom had elevated plasma cortisol levels due to 
a functioning adrenal adenoma. Such individuals are clas-
sically characterized by insulin resistance, visceral adipos-
ity, hypertension, type 2 diabetes, and a predisposition 
to ASCVD and other diseases. Similar abnormalities also 
have been observed in patients treated with high doses of 
glucocorticoids for extended periods, although whether 
the incidence of ASCVD is increased is somewhat con-
troversial.223 Also of note, in contrast to most individuals 
with metabolic syndrome, patients with Cushing’s syn-
drome show little, if any, evidence of inflammation, and 
to our knowledge ER stress in adipose tissue has not been 
studied. In what respects the lack of these abnormalities 
in patients with Cushing’s syndrome distinguishes them 
from most other individuals with metabolic syndrome in 
whom they are present has yet to be determined.

Bariatric Surgery Patients: Insulin Resistant and Sensitive
Perhaps even more compelling evidence of a link between 
decreased AMPK in adipose tissue and metabolic syn-
drome–associated disorders have been studies in severely 
obese patients undergoing bariatric surgery. Gauthier 
and colleagues116 and Xu and associates115 observed that 
AMPK activity is significantly diminished (30% to 50%) 
and that chronic oxidative stress (protein carbonylation) 
increased in adipose tissue of the 75% of such individu-
als who were insulin resistant compared to equally obese 
subjects who were insulin sensitive (homeostasis model 
assessment [HOMA] IR 6.7 vs. 2.3). They also observed 
that AMPK activity and mitochondrial gene expression 
were lower in visceral fat than in subcutaneous fat in 
both groups and that the expression of inflammatory 
genes was lower in both fat depots in the patients with 
insulin resistance.115 In another study of bariatric surgery 
patients in which AMPK was not measured, infiltration 
of adipose tissue with macrophages and decreases in 
plasma adiponectin (an AMPK activator) were the stron-
gest correlates of insulin resistance.162 These studies in 
adipose tissue have interesting implications since bariat-
ric surgery reverses type 2 diabetes and other disorders 
associated with metabolic syndrome including dyslipid-
emia, hypertension, and PCOS.24,150 It also diminishes 
long-term mortality from coronary heart disease (30% to 
50% at 20 years,226 and the prevalence of solid tumors 
(by 70% 5 years postsurgery).150 Interestingly, the ben-
eficial effect of the surgery on coronary heart disease was 
most prominent in patients in the two highest quintiles of 
plasma insulin concentration preoperatively.226 As noted 
earlier, such individuals have been found to be insulin 
resistant with decreased AMPK activity and increased 
oxidative stress, inflammation, and presumably ER stress 
and decreased mitochondrial function in their adipose 
tissue.213 Whether the decreases in AMPK and, when it 
occurs, SIRT1 in adipose tissue of these patients increases 

rapidly post–bariatric surgery is not known. Interestingly, 
in rats made obese by fat-feeding, substantial increases 
in AMPK and SIRT1 and LKB1 activity were observed 
in liver 9 weeks after bariatric surgery.192 Possibly other 
factors contribute to differences between severely obese 
individuals who are insulin sensitive and insulin resis-
tant, including differences in their microbiome, collagen 
VI deposition, and lipid droplet proteins,213 all of which 
have yet to be intensively examined. With respect to the 
microbiome, it has been shown that germ-free mice are 
characterized by a substantial increase in AMPK activ-
ity,227 suggesting that bacteria and possibly the inflamma-
tion they cause diminishes AMPK activity in mammalian 
organisms.

DIAGNOSIS
No single definitive diagnostic test for metabolic syn-
drome is yet available. As discussed earlier, historically 
it has been diagnosed based on the presence of general 
or abdominal obesity, dyslipidemia, hypertension, and 
impaired fasting glucose or glucose intolerance in various 
combinations. In addition, the presence of premature cor-
onary heart disease, type 2 diabetes in its early stages, and 
other disorders associated with insulin resistance have 
sometimes been considered diagnostic criteria. Several 
organizations have published standards for diagnosis, 
including the National Cholesterol Education Program, 
Adult Treatment Panel (ATP III), and the World Health 
Organization (WHO).228 They differ principally in that 
the WHO criteria place more emphasis on measures of 
insulin resistance, the presence of microalbuminuria, and 
the use of the glucose tolerance test, whereas the ATP III 
emphasizes abdominal obesity and risk factors for CVD 
such as dyslipidemia and hypertension. A more recent set 
of criteria proposed by the International Diabetes Federa-
tion is similar to that of the ATP III but with somewhat 
lower cutoff points for blood pressure and fasting glu-
cose.17 In part because of its relative simplicity, for clini-
cal purposes the ATP guidelines (see Table 43-1) appear 
to be in widest use. On the other hand, they probably 
underestimate the prevalence of insulin resistance in the 
general population.229 Also of note is that modified crite-
ria have been developed for different ethnic groups, since 
metabolic syndrome is not as closely associated with obe-
sity (based on BMI) in some groups (e.g., South Asians) 
as it is in Caucasians.17,230

CORONARY HEART DISEASE AND TYPE 2 DIABETES
The notion that metabolic syndrome, or its surrogate 
markers hyperinsulinemia and insulin resistance, ante-
date and contribute to the pathogenesis of coronary heart 
disease, diabetes, and at least some cases of hypertension 
was proposed many years ago.21,35 Coronary heart dis-
ease in the setting of metabolic syndrome can to a great 
extent be attributed to dyslipidemia (increased dense LDL 
cholesterol, diminished HDL cholesterol, and hypertri-
glyceridemia)231 as well as to elevations in blood pressure 
and blood glucose and the presence of a procoagulant, 
proinflammatory state.22,228 In addition, some studies 
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suggest that hyperinsulinemia and insulin resistance, as 
well as hyperglycemia, may be independent risk factors.51 
Whether elevated FFA levels or a dysregulation of intra-
cellular fatty acid metabolism contribute to atherosclero-
sis by directly altering the function of endothelium (see 
the section entitled “Vascular Endothelial Cells and Ath-
erogenesis”) or other cells in the vascular wall remains 
to be determined. Relevant to this discussion, low lev-
els of adiponectin are associated with an increased risk 
for coronary heart disease in humans,155 whereas, as 
noted earlier, overexpression of adiponectin or its globu-
lar subunit diminishes the severity of atherosclerosis in 
ApoE–/– mice.232,233

More definitive evidence that metabolic syndrome 
per se predisposes to coronary heart disease and cere-
brovascular disease has been reported. Thus a twofold 
to fourfold increase in subsequent cardiovascular events 
has been described in men and women with metabolic 
syndrome (modified WHO criteria) even in the absence 
of type 2 diabetes or impaired glucose tolerance.234-236 
Qualitatively, similar results have been obtained when 
metabolic syndrome was defined by ATP III criteria237,238 
(Fig. 43-9). In a compilation of multiple studies, the pres-
ence of metabolic syndrome had a greater impact on 
the risk for developing diabetes (fivefold) than ASCVD 
(twofold).22,182,199 In addition, where studied, the rate of 
cardiovascular events was higher in patients who had dia-
betes and metabolic syndrome than in individuals with 
only metabolic syndrome.22,239

LINKAGE OF METABOLIC SYNDROME  
TO OTHER DISORDERS
From a practical point of view, the ATP III and WHO 
guidelines focus on the relationship of metabolic syn-
drome to obesity and the risk for developing type 2 

diabetes and ASCVD. However, insulin resistance and 
hyperinsulinemia are also associated with other disorders 
in individuals who, for genetic or other reasons (e.g., drug 
therapy), are more susceptible to them. A few of these 
disorders will be briefly discussed.

Nonalcoholic Fatty Liver Disease  
and Nonalcoholic Steatohepatitis
It was estimated over 10 years ago that nearly 20 million 
individuals in the United States have the diagnosis of non-
alcoholic fatty liver disease (NAFLD), and approximately 
10% of these individuals develop nonalcoholic steatohep-
atitis (NASH), a disorder characterized by mitochondrial 
dysfunction, increases in oxidative stress and cell cyto-
kines, and a predisposition to cirrhosis (approximately 
20% of patients with NASH), and less commonly hepa-
tocellular carcinoma.67,240,241-243 NAFLD is also seen 
with increasing frequency in children and adolescents in 
parallel with the increasing prevalence of obesity in these 
populations.244 Presumably, mildly abnormal liver func-
tion tests in the presence of obesity or type 2 diabetes 
or other manifestations of insulin resistance would help 
to identify individuals with NAFLD at an early point in 
time. Recent studies in young, lean, insulin-resistant indi-
viduals have demonstrated that insulin resistance in skel-
etal muscle, as reflected by decreased glycogen synthesis, 
can promote atherogenic dyslipidemia by changing the 
fate of ingested carbohydrate away from skeletal mus-
cle glycogen synthesis into hepatic de novo lipogenesis, 
resulting in an increase in plasma triglyceride concentra-
tions and a reduction in plasma high-density lipoprotein 
concentrations (Fig. 43-10). Furthermore, insulin resis-
tance in these subjects was independent of changes in the 
plasma concentrations of TNF-α, IL-6, high–molecular-
weight adiponectin, resistin, retinol-binding protein 4, or 
intraabdominal obesity, suggesting that these factors do 
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Figure 43-10 Schematic of whole-body energy distribution after high-
carbohydrate mixed meals in young insulin-sensitive and insulin- resistant 
individuals. (Adapted from Petersen KF, Dufour S, Savage DB et al: The 
role of skeletal muscle insulin resistance in the pathogenesis of the meta-
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not play a primary role in causing insulin resistance in 
the early stages of metabolic syndrome.245 Further evi-
dence in support of this hypothesis comes from a recent 
study that found that a single bout of exercise was suffi-
cient to promote increased muscle glycogen synthesis and 
decreased de novo lipogenesis and hepatic triglyceride 
synthesis following carbohydrate ingestion in young, lean 
individuals with muscle insulin resistance.246

Polycystic Ovarian Syndrome
Another common disorder that becomes more preva-
lent in the presence of metabolic syndrome is PCOS.68,69 
PCOS is characterized by genetically determined increases 
in ovarian androgen production and disordered gonado-
tropin secretion that may be exaggerated by hyperin-
sulinemia or insulin resistance. Perhaps because of its 
association with metabolic syndrome and often although 
not always with obesity, PCOS is a leading risk factor 
for glucose intolerance and type 2 diabetes in adolescent 
and premenopausal women.247 It may also increase their 
risk for premature CVD.248 PCOS is associated with 
increases in such inflammatory factors as plasminogen 
activator inhibitor (PAI), C-reactive protein (CRP), and 
TNF-α.68 Like NAFLD/NASH, type 2 diabetes, and other 
disorders associated with metabolic syndrome, PCOS 
often responds to treatments that activate AMPK and/or 
lower the concentration of malonyl CoA, such as diet and 
exercise, metformin, and thiazolidinediones68 (see section 
entitled “Treatment of Metabolic Syndrome” later in the 
chapter).

Certain Cancers
The reason for the link between metabolic syndrome, 
obesity, type 2 diabetes, and cancers of the colon, breast, 
liver, and other sites is less clear. It has generally been held 
that insulin-like growth factor 1 (IGF-1) could be one fac-
tor, since insulin both stimulates the synthesis of IGF-1 
by liver and inhibits the synthesis of its binding protein 
IGFBP-1.249 Another possibility relates to the fact that 
an upstream kinase that activates AMPK is LKB1,250,251 
a tumor suppressor that is deficient in individuals with 
Peutz-Jeghers syndrome and places them at increased risk 
for developing carcinomas of the colon, stomach, and 
pancreas and adenocarcinomas of the lung. The possi-
bility that LKB1 and AMPK link metabolic syndrome to 
these cancers and are targets for their prevention or ther-
apy warrants consideration.252-254 Of note, agents that 
activate AMPK, such as metformin, have been shown to 
diminish the growth of cancer cells.255

Alzheimer’s Disease
Alzheimer’s disease and other disorders associated with 
dementia are more common in individuals with metabolic 
syndrome and type 2 diabetes. As reviewed elsewhere,256 
Alzheimer’s disease appears to be associated with insu-
lin resistance as well as inflammation and mitochondrial 
dysfunction in the brain. Also of note, physical activ-
ity, which has been shown to activate AMPK in many 
tissues in rodents123 has demonstrated efficacy for pre-
venting and treating Alzheimer’s disease in both humans 
and experimental animals.3,256 Likewise, benefits from 

treatment with thiazolidinediones and metformin have 
been reported in some studies.257

Cushing’s Syndrome and Related Disorders
As already noted, patients with primary Cushing’s syn-
drome or Cushing’s syndrome due to therapy with glu-
cocorticoids typically demonstrate central obesity, insulin 
resistance, hyperinsulinemia, and a predisposition to dia-
betes and hypertension.258 In addition, like other patients 
with this clustering of events, they may be at increased 
risk for ASCVD.259,260 The value of treatments aimed at 
AMPK and malonyl CoA in individuals with Cushing’s 
syndrome, when its primary cause cannot be corrected, 
has to our knowledge not been evaluated. It is notewor-
thy, however, that glucocorticoids diminish AMPK in 
peripheral tissues in rodents and, as discussed earlier, 
AMPK activity is decreased in visceral fat of patients with 
Cushing’s syndrome.128 The possibility that an increase 
in cellular 11-β-dehydrogenase activity resulting in local 
increases in cortisol could be a cause of metabolic syn-
drome has been discussed elsewhere.261

Lipodystrophy
Patients with primary lipodystrophy and lipodystrophy 
secondary to drug therapy (e.g., protease inhibitors in 
HIV patients) appear to be subject to the same lipotox-
icity observed in individuals with metabolic syndrome 
for other reasons. Two factors appear to contribute to 
an insulin-resistant state in these patients: (1) decreased 
peripheral fat cells cause more plasma FFA and lipopro-
tein triglyceride to be shunted to ectopic sites, and (2) 
plasma leptin and adiponectin levels are very low. The 
importance of the latter is suggested by successes in treat-
ing some patients with leptin143,144 or with thiazolidin-
ediones.262 Interestingly, in the latter study, the beneficial 
effect of rosiglitazone was accompanied by an increase in 
adiponectin but not of subcutaneous fat mass.

Hyperalimentation
As suggested by Unger,263 hyperalimentation can cause 
lipotoxic damage and by inference, metabolic syndrome 
in some individuals. He hypothesized that at one extreme 
are normal individuals who eat an excess number of calo-
ries for an extended period and become hyperinsulinemic 
and insulin resistant when the ability of their adipose tis-
sue to deposit the excess lipid in their diet is exceeded.264 
At the other extreme are hyperalimented patients with 
an extensive loss of subcutaneous adipose tissue due to 
third-degree burns. Such burn patients are historically 
very insulin resistant, which can be attributed at least in 
part to increased plasma concentrations of inflammatory 
cytokines, such as TNFα and IL-6. It remains to be deter-
mined if the burns contribute to their insulin resistance 
and whether the latter responds to pharmacologic agents 
that enhance insulin sensitivity.

Additional Disorders
Metabolic syndrome has also been associated with an 
increased prevalence of such disorders as gout, sleep 
apnea, gallstones, and chronic kidney disease.199 Like 
other metabolic syndrome–related disorders, they are 
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associated with obesity, type 2 diabetes, and a predisposi-
tion to ASCVD.

TREATMENT OF METABOLIC SYNDROME
The demonstration that metabolic syndrome increases 
the risk for developing other disorders in both otherwise 
normal individuals with type 2 diabetes strongly suggests 
that it warrants treatment (Table 43-4). Less clear are 
which therapies should be used in a given circumstance 
and when they should be started.

Lifestyle Modification  
(Weight Loss and Physical Activity)
The treatment of metabolic syndrome with the aim of 
preventing CVD has been reviewed by a clinical confer-
ence jointly sponsored by the American Heart Associa-
tion; National Heart, Lung and Blood Institute; and the 
American Diabetes Association (AHA/NHLBI/ADA). 
The consensus was that lifestyle modifications consisting 
of diet for the treatment of obesity and overweight and 
physical activity were the first line of therapy.228,265,266 
The efficacy of this approach for preventing disease has 
not been assessed specifically in patients with metabolic 
syndrome diagnosed by ATP III or WHO criteria; how-
ever, exercise has been shown to reverse the defects in 
insulin-stimulated glucose transport and muscle glycogen 
synthesis in young, lean, insulin-resistant offspring of 
parents with type 2 diabetes,46 and in several prospec-
tive studies,61-63 the combination of diet and exercise has 
proven quite effective in delaying or preventing the onset 
of diabetes in patients with impaired glucose tolerance 
(most of whom probably had metabolic syndrome). Also, 
numerous epidemiologic studies have shown a 30% to 
50% decrease in the risk for developing coronary heart 
disease, as well as type 2 diabetes, with the maintenance 
of a physically active compared to a sedentary lifestyle.266 
It must be emphasized, however, that the incidence of 
diabetes in the treated patients with impaired glucose tol-
erance in these studies was still higher than in the general 
population,61,63 suggesting that to be maximally effective, 

lifestyle changes may have to be introduced even earlier. 
Whether lifestyle changes have a similar effect on coro-
nary heart disease is less certain. However, in follow-up 
studies of patients in the U.S. and Finnish diabetes preven-
tion program who were insulin resistant, diet and exercise 
diminished nontraditional risk factors for coronary heart 
disease, such as C-reactive protein and fibrinogen, as well 
as some of the more classic risk factors associated with 
metabolic syndrome.267,268

Drug Therapy
When recommended therapeutic goals are not achieved 
with diet and exercise, pharmacologic therapy is neces-
sary. The recommendations of the AHA/NHLBI/ADA at 
different stages of metabolic syndrome, based on Fram-
ingham risk scores for developing ASCVD, have been 
presented elsewhere.22,239 Suffice it to say, they vary with 
an individual’s risk for developing coronary heart disease 
and cerebrovascular disease over given time intervals. 
Thus in an individual already at risk for these disorders 
because of diabetes, the use of statins and other agents to 
diminish plasma cholesterol has a lower goal (LDL-C < 
100 mg/dL) than in an individual with isolated hypercho-
lesterolemia. Likewise, certain antihypertensive agents 
such as angiotensin-converting enzyme (ACE) inhibi-
tors269 and fibric-acid derivatives270 may be of special 
benefit in patients with type 2 diabetes or at high risk for 
developing it.

In patients with diabetes, metformin and thiazoli-
dinediones (TZDs) have been routinely used because 
of their blood glucose-lowering actions and in the 
case of the thiazolidinediones, their insulin-sensitizing 
effect (see Table 43-4). In regard to metformin’s mech-
anism of action, it is well established that metformin 
decreases fasting plasma glucose and insulin concentra-
tions through inhibition of hepatic gluconeogenesis.271 
Early studies suggested this might be related to its abil-
ity to activate AMPK in the liver,272 however, recently 
this effect was attributed to inhibition by metformin of 
mitochondrial glycerophosphate dehydrogenase activ-
ity resulting in an increase in the cytosolic redox state 
and decreased conversion of lactate and glycerol to glu-
cose.273 To what extent metformin and other oral agents 
should be used as second-line therapy for metabolic syn-
drome in the absence of diabetes or impaired glucose 
tolerance is still a matter for debate. In 2004, an AHA/
NHLBI/ADA conference on metabolic syndrome265 con-
cluded that “there is insufficient evidence to recommend 
these drugs for anything other than their glucose-lower-
ing action at this time.” On the other hand, as already 
noted, both metformin and TZDs have shown some effi-
cacy in treating NAFLD and PCOS, and in the United 
Kingdom prospective diabetes study,274 chronic met-
formin therapy was associated with a decrease in new 
cardiovascular events in obese individuals with type 2 
diabetes that was still evident 10 years after this initial 
finding.275 Likewise, effects of metformin on diminish-
ing the growth of cancers276 and slowing the progres-
sion of Alzheimer’s disease have been described, as have 
activation of AMPK by metformin in endothelial cells277 
and human adipose tissue.278, 279

TABLE 43-4 Recommended Treatments  
for Metabolic Syndrome in Adults, Children,  
and Adolescents

Treatment Adults Children and Adolescents

Nondiabetic IGT Diabetic Nondiabetic
Diet and 

exercise
+ + + +

Metformin ND + + ND
TZDs ND +* +* ND

+, Currently recommended treatment; ND, as yet no definitive evidence 
for or against use.

For diabetic children and adolescents, diet and exercise are the recom-
mended therapy. Where possible, however, metformin and insulin 
are often used.

*See text for discussion of controversy concerning TZD use.
Data from Alberti G, Zimmet P, Shaw J, et al: Type 2 diabetes in the 

young: the evolving epidemic: the International Diabetes Federation 
Consensus Workshop. Diabetes Care 27:1798–1811, 2004.
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The picture with respect to the TZDs is less clear. TZDs 
have shown efficacy equal to that of lifestyle change and 
better than that of metformin in diminishing progression 
from impaired glucose tolerance to overt diabetes,61,65 
and they have shown utility in treating NAFLD.243 How-
ever, a controversial meta-analysis280 concluded that the 
TZD rosiglitazone increases the incidence of myocardial 
infarction in patients with established type 2 diabetes. In 
contrast, in a second meta-analysis by the same group281 
and in a large prospective study,282 a different TZD, 
pioglitazone, was found to cause a modest decrease in 
cardiovascular events and/or death due to myocardial 
infarction. Pioglitazone has also been demonstrated to 
decrease the progression of atherosclerosis and diminish 
plaque size in patients with type 2 diabetes.283 In part 
based on these findings, a special panel of the Joint Amer-
ican and European Diabetes Associations recommended 
that rosiglitazone not be used for the therapy of type 2 
diabetes.284 Whether pioglitazone should be used for this 
purpose is also uncertain because it appears to predispose 
patients to osteoporosis285 and in a small percentage of 
individuals, cancer of the bladder. As recently reviewed, 
these findings have led to a concentrated effort to develop 
new thiazolidinediones that do not have these effects.286

The role of statin therapy in patients with metabolic 
syndrome is somewhat clearer. A subgroup analysis of 
statin trials revealed that this class of agents reduces the 
risk for cardiovascular events in individuals with meta-
bolic syndrome.286 To what extent this is because of their 
apolipoprotein B-containing lipoproteins and/or their 
antiinflammatory action187,287 is uncertain. Recently 
it has been demonstrated that treatment with rosuvas-
tatin (for 1.9 years) reduces the incidence of major car-
diovascular events by 50% in apparently healthy 60- to 
70-year-old individuals, and that it does so independently 
of hyperlipidemia and other indices of metabolic syn-
drome and of plasma cholesterol.187 Presumably, statins 
would have the same or an even greater effect in individu-
als with metabolic syndrome and evidence of inflamma-
tion; however, this remains to be proven. On the other 
hand, the finding that statins increase the incidence of 
type 2 diabetes in a small subgroup of patients has raised 
some questions about its use.288 The NHLBI/AHA/ADA 
panel265 recommended that cigarette smoking be discour-
aged in all individuals with metabolic syndrome. It also 
suggested that low-dose aspirin for primary prevention 
of coronary heart disease in patients with metabolic syn-
drome is promising286 as might be therapy with salsalate, 
an aspirin derivative, which as noted earlier also activates 
AMPK.149 The subject of treatment of metabolic syn-
drome, based on the risk for coronary heart disease by 
Framingham criteria, has recently been reviewed.22,289

Special Considerations
The diagnosis and treatment of metabolic syndrome 
presents some special obstacles. With upwards of 50 mil-
lion individuals with this diagnosis in the United States, 
it is a massive public health problem. In some individu-
als, diabetes, coronary heart disease, liver disease, and 
hypertension are already present, and in others, the 
central problem is how to prevent these disorders from 

occurring. Finally, there are many therapeutic options at 
our disposal; however, some such as diet and exercise are 
often difficult to utilize and maintain successfully, and 
others such as drug therapy are expensive and in some 
populations (e.g., children and adolescents), they are 
untested and/or available data are conflicting. Also, as 
already noted, the potential side effects of some of these 
agents need to be considered.

The magnitude of the problem is such that the preven-
tion of diseases associated with metabolic syndrome will 
almost certainly require governmental, societal, and indi-
vidual change. In such an effort, a primary target will be 
the prevention of obesity and central adiposity through 
increasing physical activity and promoting healthy eat-
ing.18 It has recently been suggested that for children at 
risk for developing type 2 diabetes, school-based pro-
grams and governmental actions that focus on lifestyle 
will be required.18 It is highly likely that similar programs 
will be required for adults.

With respect to drug therapy, we already have an array 
of agents that are at least partially successful in treating 
insulin resistance and other components of metabolic 
syndrome (e.g., the proinflammatory state) and diminish-
ing diseases that can emanate from it, including type 2 
diabetes and coronary heart disease. As we gain a bet-
ter understanding of the pathogenesis of metabolic syn-
drome, it is likely that newer agents will be developed and 
that we will discover how to use currently available drugs 
(e.g., metformin, TZDs, and statins) or drugs derived 
from them more effectively.

CHILDREN AND ADOLESCENTS
Recent studies indicate that the prevalence of metabolic 
syndrome is increasing dramatically in children and ado-
lescents in parallel with the increase in obesity and type 
2 diabetes. In adolescents 12 to 19 years of age in the 
NHANES study (1988 to 1994), metabolic syndrome, 
diagnosed by ATP III criteria, was present in 4% of the 
total population, 6.8% of those classified as overweight 
(BMI = 85th to 95th percentile), and 28% of those cate-
gorized as obese (BMI >95th percentile).290 Furthermore, 
since the incidence of obesity until recently has been 
increasing in the years since these data were obtained, 
these are likely underestimates of its prevalence at the 
present time.

Where studied, metabolic syndrome in children and 
adolescents has been associated with insulin resistance, 
central adiposity, dyslipidemia, elevations in blood pres-
sure, and increases in intramyocellular and intrahepatic 
lipids, much as in adults, although with different absolute 
measurements.19,20 In addition, as in adults, the preva-
lence of NAFLD244 and PCOS68 are increased, as are 
plasma levels of the proinflammatory markers C-reactive 
protein and IL-6, and immunoassayable adiponectin in 
plasma is diminished.20 Also, the prevalence of CVD in 
these individuals later in life may be increased.291-293 Cur-
rent Treatment recommendations for children with type 
2 diabetes, most of whom have metabolic syndrome, have 
been discussed critically by an International Diabetes 
Federation Consensus Workshop.18
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LOW-BIRTH-WEIGHT INFANTS  
(EPIGENETIC CHANGES)
It has been known for some time that a low birth weight, 
independent of gestational age, predicts the development 
of type 2 diabetes, coronary heart disease, central obesity, 
and other aspects of metabolic syndrome in middle age 
in some individuals.294,295 Recent reports suggest that the 
greatest risk is in infants with low birth weight who gain 
weight rapidly in childhood.296 It has been suggested that 
an altered intrauterine environment (e.g., poor nutrition) 
could be responsible for the low birth weight in these chil-
dren; however, the precise nature of these alterations is 
not known. Because of the long period between the mal-
nutrition and the development of disorders, many years 
later it was suggested that epigenetic changes might be 
involved. This question was subsequently investigated in 
individuals prenatally exposed to food deprivation during 
the Dutch famine at the end of World War II (1944 to 
1945). Six decades later, it was found that those individu-
als who were malnourished during the first trimester of 
pregnancy showed less DNA methylation of the mater-
nally imprinted insulin-like growth factor 2 (IGF2) gene 
compared with their unexposed same-sex sibilings.297 
Interestingly, in middle age, these individuals were predis-
posed to obesity, altered lipid profiles, CVD, and acceler-
ated cognitive aging.298

THE THRIFTY GENOTYPE AND THE INCREASING 
INCIDENCE OF METABOLIC SYNDROME
The recent increase in the prevalence of metabolic syn-
drome and type 2 diabetes has been attributed to the 
epidemic of obesity that began in the second half of the 
twentieth century and continues unabated. As reviewed 
elsewhere,299 this is almost certainly a reflection of envi-
ronmental factors, most notably the increased availability 
of food (and possibly the higher carbohydrate content of 
our diet over the past 50 years) (NY Times, 2014) and 
the decrease in physical activity that occurred in many 
industrialized societies during this time period.

In 1962, Neel300 raised the question of why diabetes 
(type 2), which has adverse effects on health, persisted 
in humans during the course of evolution. He suggested 
that it could be related to the existence of a “thrifty gene” 
that predisposes individuals to obesity, and secondarily 
diabetes, but had survival value for our hunter-gatherer 
ancestors. More specifically, he proposed that in the feast-
famine environment of early humans “individuals excep-
tionally efficient in the uptake and utilization of food and 
its storage as fat” would have had a selective advantage. 
Neel further suggested that in our modern environment 
of calorie surplus, such a gene (or genes) that protected us 
from death when food sources were scarce might make us 
prone to obesity and diabetes (and metabolic syndrome).

Over the years, many candidate thrifty genes have been 
proposed, including UCP2, UCP3, and B3-adrenergic 
receptors. Genes governing the AMPK/malonyl CoA fuel-
sensing network, which has been linked to the regulation of 
both food intake105,168,301 and energy expenditure,105,110 
have also been suggested. This is an attractive notion, 

since a decreased ability to oxidize fatty acids appears to 
be characteristic of pre-obese humans.76,109 For the same 
reason, genes that regulate mitochondrial biogenesis also 
need to be considered.7 Decreased mitochondrial content/
activity, be it acquired or inherited, might promote obe-
sity by two mechanisms. First, by decreasing daily energy 
expenditure, even by a small amount, it could lead to 
progressive weight gain. For instance, a 50-calorie/day 
reduction in energy expenditure in a typical adult, if not 
accompanied by a comparable decrease in food intake, 
would lead to a weight gain of approximately 5 lb/year. 
Second, a decrease in mitochondrial activity in skeletal 
muscle, by predisposing an individual to altered cellular 
lipid metabolism (as reflected by an increase in intramyo-
cellular triglyceride), like alterations in the AMPK/mal-
onyl CoA network,75 can lead to insulin resistance and 
hyperinsulinemia.118 The latter, in turn, could promote 
obesity by increasing lipogenesis in liver and adipose tis-
sue and by inhibiting lipolysis until a new more obese, 
steady state is achieved.

CONCLUDING REMARKS
The existence of a metabolic syndrome characterized by 
insulin resistance and hyperinsulinemia and a predisposi-
tion to type 2 diabetes, dyslipidemia, hypertension, and 
coronary heart disease has long been recognized. Major 
findings in recent years reviewed in this chapter include 
the following:
  

 1.  Metabolic syndrome is becoming increasingly com-
mon. As of 15 years ago, upward of 50 million 
individuals older than 20 years of age are affected 
in the United States, and the diagnosis is becoming 
increasingly common in children and adolescents.

 2.  In both adolescents and adults, metabolic syn-
drome substantially increases the risk for type 2 
diabetes, coronary heart disease, and other associ-
ated disorders.

 3.  The prevalence of metabolic syndrome is mark-
edly increased in individuals who lack adipose 
tissue, as well as in individuals who are obese. In 
both populations, a common occurrence is ecto-
pic lipid deposition in muscle, liver, and often vis-
ceral fat.

 4.  An increasing body of evidence suggests that a 
likely pathogenetic mechanism in most patients is 
an abnormality of cellular lipid metabolism that 
causes lipotoxic changes including: insulin resis-
tance, oxidant and ER stress, inflammation, and 
mitochondrial dysfunction in one or more tissues. 
Proposed causes of these abnormalities in cell lipid 
metabolism are elevated plasma FFA levels, dys-
regulation of AMPK, SIRT1, or malonyl CoA, and 
primary mitochondrial defects.

 5.  Genetic, metabolic, and functional changes attrib-
utable to metabolic syndrome are present in lean 
offspring of diabetic parents. Because of this and 
the fact that it antedates most of the diseases with 
which it is associated, metabolic syndrome appears 
to be an excellent target for disease prevention.
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 6.  Lifestyle modifications, consisting of diet to induce 
weight loss and exercise, have been shown to 
diminish many of the abnormalities of metabolic 
syndrome and to prevent or delay progression from 
impaired glucose tolerance to type 2 diabetes in 
prospective studies. Because of this and their safety 
and low cost, diet and exercise are the first line of 
therapy for children and adolescents with metabolic 
syndrome and for adults without associated dis-
eases. The role of metformin, “insulin-sensitizing” 
agents such as thiazolidinediones, and antiinflam-
matory agents such as salsalate in individuals who 
are not hyperglycemic remains to be determined.

 7.  By virtue of the number of individuals affected and its 
many potential consequences, metabolic syndrome is 
a major public health problem. As such, its preven-
tion and, to some extent, its treatment will require 
governmental, societal, and individual interventions 
in children, adolescents, and probably adults.

 8.  Finally, although this revised chapter has focused on 
metabolic syndrome in the United States, its preva-
lence is increasing worldwide, in many instances at 
an even higher rate.  
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The discovery of insulin in the summer of 1921 by Fred-
erick Banting, Charles Best, James Collip, and J. J. R. 
Macleod at the University of Toronto and its first thera-
peutic use on January 11, 1922, at the Toronto General 
Hospital, stands as one of the greatest achievements of 
contemporary medicine.1 By providing life-sustaining 
therapy for a previously fatal wasting condition, the 
discovery of insulin dramatically shifted the progno-
sis of type 1 diabetes to that of a chronic disease char-
acterized by devastating long-term microvascular and 
macrovascular complications. Accordingly, the focus 
of treatment has changed significantly since 1922, with 
emphasis now directed toward the avoidance of compli-
cations and the optimization of patient quality of life. 
Given the incontrovertible evidence from the Diabetes 

Control and Complications Trial (DCCT) and other stud-
ies that optimization of glycemic control can significantly 
reduce the risk for vascular complications,2-5 the follow-
ing overriding objective of modern diabetes management 
has emerged: the achievement of sustained euglycemia, 
with avoidance of hypoglycemia, in patients with type 1 
diabetes, through the physiologic replacement of insulin. 
Remarkably, however, despite significant advances in 
the past 90 years, this goal remains an elusive target.6 
Modern management of type 1 diabetes involves a multi-
faceted, patient-centered approach, in which an interdis-
ciplinary health care team works closely with the patient 
toward the goal of achieving sustained euglycemia. In this 
chapter, we review the essential elements of this approach 
to comprehensive care of patients with type 1 diabetes.

K E Y  P O I N T S

 •  The goal of modern management of type 1 diabetes is the achievement of sustained 
euglycemia, with avoidance of hypoglycemia, through the physiologic replacement of 
insulin.

 •  Intensive insulin therapy, either by insulin pump or multiple daily insulin injections, is 
recommended for patients with type 1 diabetes.

 •  Intensive insulin therapy can reduce the risk for microvascular and macrovascular 
complications in type 1 diabetes.
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GOALS OF MANAGEMENT
The overriding goal in the management of type 1 diabetes 
is the optimization of the patient’s quality of life through 
the prevention and amelioration of the acute and chronic 
complications that are associated with this disease. In 
the modern era, a substantial body of epidemiologic and 
experimental evidence has established the relationship 
between diabetic complications and hyperglycemia (see 
Chapter 51). In particular, the findings of the DCCT have 
had an enormous impact on the management of type 1 
diabetes and warrant review before discussion of specific 
therapeutic goals.

The DCCT was a multicenter, National Institutes of 
Health–funded randomized controlled clinical trial initi-
ated in 1982 that was designed to assess whether inten-
sive treatment with the goal of maintaining near-normal 
blood glucose concentrations could reduce the frequency 
and severity of diabetic complications.2 A total of 1441 
patients with type 1 diabetes from the United States 
and Canada participated in the study and made up two 
cohorts: a primary prevention cohort of 726 subjects 
with no retinopathy at baseline and a duration of diabe-
tes of 1 to 5 years, and a secondary intervention cohort 
of 715 individuals with mild retinopathy and duration of 
diabetes of up to 15 years. Participants were randomly 
assigned to receive either the conventional therapy of the 
day (one or two injections of insulin per day) or intensive 
therapy (either three or more insulin injections or con-
tinuous subcutaneous insulin infusion by external pump, 
with frequent blood glucose monitoring). After a mean 
6.5 years of follow-up, mean glycosylated hemoglobin 
(A1c) was 7.2% in the intensive therapy arm and 9.0% 
in the conventional treatment arm. The intensive therapy 
group showed a relative risk reduction of 76% (95% 
confidence interval [CI]: 62% to 85%) for the develop-
ment of retinopathy and a 54% relative risk reduction 
(95% CI: 39% to 66%) for progression of retinopathy 
Similarly, intensive therapy was associated with relative 
risk reductions of 39% (95% CI: 21% to 52%) for the 
development of microalbuminuria (defined as urinary 
albumin excretion >40 mg per 24 hours) and 54% (95% 
CI: 19% to 74%) for progression to albuminuria (uri-
nary albumin excretion >300 mg per 24 hours). The inci-
dence of clinical neuropathy was also decreased in the 
intensive group, with a relative risk reduction of 60% 
(95% CI: 38% to 74%). Thus, the DCCT provided con-
clusive evidence that improved glycemic control with 
intensive therapy can reduce the incidence of microvas-
cular complications (primary prevention) and can slow 
the progression of established microvascular disease (sec-
ondary intervention).

The benefits of near-normal glycemic control were 
found to persist for many years after the DCCT, accord-
ing to data from the follow-up study, the Epidemiology 
of Diabetes Interventions and Complications (EDIC).7 
In the ongoing EDIC observational study, a large cohort 
consisting of more than 95% of the DCCT participants 
(N = 1375) has been followed since the completion of the 
original trial and has been studied by using an intention-
to-treat approach based on the original randomization in 

the DCCT. The mean A1c levels of the former intensive 
treatment cohort and the former conventional therapy 
group have converged (A1c ≈ 8%) over the course of the 
EDIC study and were no longer significantly different 
at 5 years post-DCCT. Remarkably, however, despite 
similar glycemic control, the former intensive therapy 
group continued to display reduced risk for both new 
retinopathy and new nephropathy at 4 years and 7 to 8 
years post-DCCT, respectively, compared with the group 
of patients who were randomized originally to conven-
tional therapy (Fig. 44-1).7,8 With continued follow-up in 
the EDIC study, the former intensive therapy group has 
exhibited further benefits, including risk reduction for the 
development of impaired glomerular filtration and hyper-
tension.9,10 These persistent beneficial effects of previous 
near-normal glycemic control have extended the results 
of the DCCT and demonstrate that intensive treatment 
should be initiated as early as is safely possible in the 
management of type 1 diabetes.

Although the DCCT conclusively documented that 
intensive therapy can reduce the risk for microvascular 
complications, the effect on macrovascular disease was 
initially less clear. By the end of the DCCT, the intensive 
therapy arm displayed a relative risk reduction of 34% 
(95% CI: 7% to 54%) for the development of elevated 
low-density lipoprotein (LDL) cholesterol levels. Never-
theless, even though intensive therapy was associated with 
a 41% relative risk reduction (95% CI: –10% to 68%) 
for macrovascular complications, this difference was not 
statistically significant.2 It is important to note, however, 
that the macrovascular benefits derived from near-normal 
glycemic control in the former intensive treatment arm 
of the DCCT have emerged over time in the EDIC study. 
Indeed, after mean follow-up of 17 years, it was observed 
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Figure 44-1 Cumulative incidence of further progression of retinopa-
thy during the Epidemiology of Diabetes Interventions and Complica-
tions (EDIC) study in the former conventional therapy and intensive 
therapy cohorts from the Diabetes Control and Complications Trial 
(DCCT). Data are based on regression analysis adjusted for the level of 
retinopathy at the end of the DCCT, whether patients received therapy 
as primary prevention or as secondary intervention, and for the dura-
tion of diabetes and the A1c value on enrollment in the DCCT. (From 
Diabetes Control and Complications Trial/Epidemiology of Diabetes 
Interventions and Complications Research Group. Retinopathy and 
nephropathy in patients with type 1 diabetes four years after a trial of 
intensive therapy. N Engl J Med 2000;342[5]:387.)
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that intensive therapy during the DCCT had reduced the 
subsequent risk for any cardiovascular disease (CVD) 
event by 42% (95% CI: 9% to 63%; P = .02) and the 
risk for nonfatal myocardial infarction (MI), stroke, or 
cardiovascular death by 57% (95% CI: 12% to 79%; 
P = .02) (Fig. 44-2).11 This remarkable risk reduction was 
largely explained by differences in the updated mean A1c 
during the DCCT. Furthermore, the reduction in CVD 
events was consistent with earlier observations that inten-
sive therapy had reduced the progression of atherosclero-
sis (as measured by carotid artery intima media thickness 
[IMT]) and the prevalence of coronary artery calcification 
(CAC) during the DCCT/EDIC study, with both effects 
associated with the reduction in mean A1c achieved with 

intensive therapy.12,13 Thus, intensive therapy (with asso-
ciated reduced glycemic exposure) during the mean 6.5 
years of the DCCT first significantly reduced surrogate 
measures of atherosclerotic disease (carotid IMT, CAC) 
and later reduced clinical CVD events over the course of 
the EDIC study (Fig. 44-3). These data demonstrate that 
the long-term risk associated with past glycemic expo-
sure extends to both microvascular and macrovascular 
disease.14 Indeed, it has been hypothesized that glyce-
mic exposure early in the course of the disease may have 
an effect of metabolic imprinting (referred to as “meta-
bolic memory”) that contributes to future risk for vas-
cular complications.11 Taken together, these data further 
underscore the importance of initiating intensive therapy 
as early as safely possible in the management of type 1 
diabetes.

Overall, the DCCT helped to clarify the relationship 
between A1c and diabetic complications. For every 10% 
reduction in A1c, the risk for developing retinopathy was 
reduced by approximately 45%.15 Moreover, a continu-
ous curvilinear relationship was observed between A1c 
and the incidence of retinopathy, the risk for progressive 
retinopathy being decreased substantially at A1c levels 
below 7%. Although the risk for progressive retinopathy 
was further reduced at A1c concentrations below 7% (i.e., 
no threshold effect), this benefit was achieved at the cost 
of a significantly increased risk for hypoglycemia, given 
an observed continuous and inverse relationship between 
hypoglycemic risk and A1c (Fig. 44-4). Weight gain was an 
additional undesired impact of intensive therapy in a sub-
set of individuals.16 Thus, the DCCT firmly established 
the importance of glycemic control in the management of 
type 1 diabetes, demonstrated the feasibility of intensive 
therapy in improving glycemic control, and identified the 
limitations imposed on such control by hypoglycemia and 
weight gain. In doing so, this study has provided a frame-
work for current treatment goals.

Glycemic Goals
On the basis of the findings of the DCCT/EDIC and 
other studies, the ultimate objective in the treatment 
of type 1 diabetes is metabolic normalization, that is, 
the achievement of sustained glycemic control as close 
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Figure 44-3 Pathophysiologic model of cardiovascu-
lar disease (CVD) in type 1 diabetes based on obser-
vations from the Diabetes Control and Complications 
Trial (DCCT)/Epidemiology of Diabetes Interventions 
and Complications study (EDIC). (From Retnakaran 
R, Zinman B. Type 1 diabetes, hyperglycaemia and the 
heart. Lancet 2008;371:1790–1799.)DCCT
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to normal as possible and the avoidance of hypogly-
cemia. In this context, the 2014 American Diabetes 
Association (ADA) treatment guidelines suggest the fol-
lowing therapeutic targets for nonpregnant adults with 
type 1 or type 2 diabetes: (1) A1c <7.0% (referenced 
to nondiabetic range 4.0% to 6.0%); (2) preprandial 
plasma glucose 70 to 130 mg/dL; and (3) peak post-
prandial plasma glucose <180 mg/dL (Table 44-1).17 
The evidence-based 2013 Canadian Diabetes Associa-
tion Clinical Practice Guidelines recommend similar 
targets of A1c ≤7.0%, preprandial plasma glucose 4.0 
to 70 mmol/L (72 to 126 mg/dL), and 2-hour postpran-
dial plasma glucose 5.0 to 10.0 mmol/L (90 to 180 mg/
dL).18 The American Association of Clinical Endocrino-
logists recommends slightly more stringent goals of A1c 
≤6.5%, fasting glucose <110 mg/dL, and postprandial 
glucose <140 mg/dL.19

Glycemic targets might have to be individualized in 
individuals for whom the potential harm from hypoglyce-
mia may outweigh the benefits of better glycemic control. 
These cases include patients with irreversible end-stage 
complications, developing children, and individuals who 
are unable to sense hypoglycemic symptoms. In such 
cases, clinicians generally set higher glycemic targets to 
reduce the risk for hypoglycemia.

Acute Complications
The major acute complications of type 1 diabetes are 
ketoacidosis and hypoglycemia. These topics are dis-
cussed in detail in Chapters 46 and 47, respectively. 
The risk for these acute complications can be reduced 
through the judicious use of insulin therapy. Specifi-
cally, the risk for ketoacidosis can be reduced through 
appreciation of the concept that patients with type 1 
diabetes require insulin therapy at all times. Appropriate 
management of special situations, such as intercurrent 
illness, requires adherence to this principle (see the sec-
tion entitled “Adjustment of Insulin Therapy in Special 
Situations”).

As was observed in the DCCT (see Fig. 44-4, B), tight 
glycemic control typically is associated with an increased 
risk for hypoglycemia. Patients therefore must be edu-
cated about the recognition of hypoglycemic symptoms 
and the use of appropriate treatment measures when 
such symptoms arise. Patients are advised to keep rap-
idly absorbable sources of carbohydrate, such as glucose 
tablets, close at hand at all times. In general, 15 g of car-
bohydrate is needed to increase blood glucose levels by 
approximately 38 mg/dL within 20 minutes.20,21 Besides 
glucose tablets, other treatments that provide a similar 
amount of glucose include (1) 15 mL (1 tablespoon) or 
three packets of table sugar dissolved in water, (2) 175 mL 
(¾ cup) of juice, and (3) 15 mL (1 tablespoon) of honey. 
In addition, patients with type 1 diabetes should have an 
emergency glucagon injection kit. Both the patient and 
his or her family members should be trained in the use 
and intramuscular or subcutaneous injection of glucagon  
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Figure 44-4 Risk for sustained progression of retinopathy (A) and rate of severe hypoglycemia (B) in patients receiving intensive therapy, in relation 
to mean A1c value during the Diabetes Control and Complications Trial (DCCT). (From the Diabetes Control and Complications Trial Research 
Group. The effect of intensive treatment of diabetes on the development and progression of long-term complications in insulin-dependent diabetes 
mellitus. N Engl J Med 1993;329[14]:984.)

TABLE 44-1 American Diabetes Association 
Recommendations for Treatment Targets in 
Nonpregnant Adults with Diabetes

Target

Glycemic Control
A1c <7.0%
Preprandial plasma glucose 70–130 mg/dL
Postprandial plasma glucose <180 mg/dL
Blood Pressure <140/80 mm Hg
Lipids
LDL <100 mg/dL
HDL >40 mg/dL*
Triglycerides <150 mg/dL

Goals might have to be individualized for the given patient.
HDL, High-density lipoprotein; LDL, low-density lipoprotein.
*For women, it has been suggested that the HDL goal should be 

increased by 10 mg/dL.
Adapted from American Diabetes Association. Standards of medical 

care in diabetes. Diabetes Care 2014;37(Suppl 1):S14–S80.
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(0.5 to 1 mg) as a means of rapidly increasing blood glu-
cose concentration when the patient is severely hypogly-
cemic and unable to safely consume oral carbohydrate. 
Finally, the avoidance of hypoglycemia is particularly 
important for patients who are unable to sense hypogly-
cemic symptoms (discussed in the section entitled “Com-
plications of Insulin Therapy”).

Chronic Complications
The chronic microvascular complications of type 1 dia-
betes include retinopathy, neuropathy, and nephropathy 
(discussed in Chapters 52, 53, and 54, respectively). To 
reduce the impact of these complications, management 
strategies include regular surveillance for early detection 
of complications and intensive diabetes management for 
both primary prevention and secondary intervention, as 
demonstrated in the DCCT.

Macrovascular disease, as manifested by cerebrovascu-
lar, peripheral vascular, and coronary artery disease, is a 
major chronic complication of type 1 diabetes (discussed 
in Chapter 51). Regular surveillance for vascular disease 
and management of cardiovascular risk factors is essen-
tial. In particular, modification of reversible cardiovascu-
lar risk factors, such as hypertension, dyslipidemia, and 
cigarette smoking, is an important management goal. The 
2014 ADA treatment guidelines suggest a target blood 
pressure of less than 140/80 mm Hg in patients with 
diabetes. In addition, the following treatment targets for 
lipids are recommended: LDL less than 100 mg/dL, tri-
glycerides less than 150 mg/dL, and HDL greater than 40 
mg/dL in men and HDL greater than 50 mg/dL in women 
(see Table 44-1).17

Quality of Life
Type 1 diabetes is a chronic condition that requires a 
complex health care strategy that demands significant 
patient effort through frequent insulin injections or 
insulin pump therapy, regular self-monitoring of blood 
glucose levels or continuous glucose monitoring, and 
constant attention to nutrition and physical activity. As 
such, effective management requires that the patient take 
responsibility for his or her care. In this context, it should 
be noted that quality of life is an important feature that 
can affect a patient’s willingness to pursue a demand-
ing treatment plan. Recognition of this concept at all 
times by the health care team will facilitate the success 
of treatment initiatives. Moreover, in recognition of the 
importance of quality of life, many research studies now 
utilize validated instruments such as the Diabetes Quality 
of Life Questionnaire to measure patient well-being as a 
therapeutic outcome.22

TEAM APPROACH TO MANAGEMENT
Given the complexity of modern treatment regimens, 
comprehensive care for patients with type 1 diabetes is 
best accomplished through a team approach. The core 
members of the diabetes health care team include the 
patient, the primary physician, a diabetes nurse educator, 
and a registered dietitian. Other individuals participating 
in the patient’s care may include a pharmacist, a medical 

social worker, a mental health specialist, a foot care spe-
cialist, an ophthalmologist, and other medical specialists 
such as cardiologists, nephrologists, and neurologists. At 
all times, the central role of the patient as a member of 
the health care team must be recognized. Accordingly, 
the efforts of the health care team should always be pur-
sued from a patient-centered perspective. Inherent in this 
approach is the central importance of patient education, 
as the patient’s active participation in his or her care 
demands an understanding of the issues associated with 
the treatment plan. As will be discussed in later sections 
of this chapter, the patient needs to be equipped with the 
knowledge and skills required for activities such as self-
monitoring of blood glucose control, glycemic pattern 
management, estimation of the carbohydrate content of 
meals, insulin dose adjustment, and appropriate insulin 
administration.

MONITORING
Type 1 diabetes is a chronic condition involving complex 
treatment regimens and multiple management goals. As 
such, regular monitoring of patient status is an essential 
component of comprehensive care. Patient monitoring in 
type 1 diabetes addresses two fundamental issues. First of 
all, frequent acute assessment of metabolic status guides 
adjustment of the treatment regimen, which, by nature, 
must be dynamic and able to accommodate day-to-day 
physiologic variability. Second, regular surveillance of 
both important clinical outcomes and associated surro-
gate markers allows for the detection and treatment of 
chronic complications and attendant comorbidities.

Glycemic Control
Regular monitoring of glycemic status by both patients and 
health care providers is fundamental to diabetes care. Gly-
cemic monitoring involves frequent, acute measurement of 
blood glucose levels by the patient and periodic evaluation 
of chronic glycemic control through laboratory measure-
ment of markers of glucose concentration such as A1c.

Acute Measurement of Glycemic Control
Self-monitoring of blood glucose (SMBG) by patients is an 
invaluable tool that has empowered patient-driven man-
agement of type 1 diabetes. This technique involves using 
a small lancet to draw a drop of capillary blood from the 
fingertip. The patient applies a small drop of blood (usu-
ally 3 to 5 μL) to a testing strip, from which a portable 
glucose meter can determine the glucose concentration of 
the blood by enzymatic means within 5 to 30 seconds. In 
this way, patients can immediately determine their capil-
lary blood glucose concentration at any time.

Patients with type 1 diabetes should monitor blood 
glucose frequently. In the DCCT, insulin doses for 
patients in the intensive treatment arm were adjusted 
according to the results of SMBG performed at least four 
times a day.23 Blood glucose typically is measured before 
administration of insulin prior to a meal and at bedtime. 
Meaningful data can be derived from measurements at 
other times as well. For instance, nocturnal hypoglycemia 
resulting from excessive bedtime insulin can be detected 
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by blood glucose measurement in the early hours of the 
morning. Similarly, postprandial monitoring 2 hours 
after a meal can assess the adequacy of the preprandial 
insulin dose. Patients should check their blood glucose 
level before driving a motor vehicle, particularly if they 
have difficulty sensing hypoglycemic symptoms, as hypo-
glycemia (and hence neurologic impairment) while driv-
ing can be very dangerous for the patient and others. 
Patients should also consider SMBG at times when blood 
glucose might be changing rapidly, such as during the 
postexercise period or when experiencing symptoms of 
hypoglycemia.

SMBG is of value only to the extent that the infor-
mation it provides is used to guide treatment. With each 
measurement, patients are encouraged to use a logbook 
to record the blood glucose value, the time of day, and 
the temporal relationship to food intake. Data obtained 
from SMBG should be used in two ways: variable insu-
lin dose scales and pattern management. Variable insulin 
dose scales refer to algorithms that guide the patient as 
to the appropriate dose adjustment of preprandial insu-
lin based on the current degree of glycemia (discussed in 
the section entitled “Implementation of Intensive Insulin 
Therapy”). Pattern management describes the two-step 
process of using the glucose profile recorded over several 
days to identify glycemic patterns and then adjusting the 
daily insulin regimen for the coming days in a proactive 
fashion on the basis of these patterns. Therefore, both 
variable insulin dose scales and pattern management are 
essential components of patient education.

Given the value of blood glucose data, it is important 
to consider potential problems that are inherent in the 
process of self-monitoring. To ensure proper meter func-
tion, glucose meters should be calibrated by a laboratory 

reference standard. The patient’s use of the meter and self-
monitoring technique should be reviewed periodically in 
the clinic. Inappropriate handling of the testing strips can 
lead to defective function and inaccurate glucose results. 
Finally, some patients find lancing of the fingertip to be 
painful and hence are unwilling to measure blood glucose 
as frequently as recommended.

In response to patient concerns regarding pain associ-
ated with lancing of the fingertip, alternative site glucose 
meters have recently been introduced. By sampling from 
alternative sites such as the forearm, these devices can 
provide accurate blood glucose measurements while caus-
ing less pain than fingertip testing.24 However, it should 
be noted that alternative site testing might not provide 
accurate results at times of rapid change in blood glu-
cose concentration (e.g., immediately after a meal or after 
exercise).25,26 Therefore traditional fingertip testing is rec-
ommended at these times.

Because blood glucose concentrations are dynamic and 
fluctuate constantly, it is readily apparent that the lim-
ited data provided by even frequent SMBG might not be 
truly representative of an individual’s glucose excursions. 
In this context, continuous glucose monitoring (CGM) 
devices represent an important recent development. This 
technology utilizes the fact that glucose in interstitial fluid 
can reflect blood glucose levels.27 CGM systems typically 
consist of a pager-sized monitor worn by the patient that 
receives an electrical signal from a subcutaneous sensor 
that continuously measures the glucose concentration in 
interstitial fluid.28 Using this input, the monitor deter-
mines a blood glucose concentration every 5 minutes that 
can be downloaded to a computer to provide a graphic 
display of the patient’s glycemic profile over the period 
of time monitored (Fig. 44-5).29 During the period of 

Figure 44-5 Sample of graphic 
output from continuous glucose 
monitoring system. (From Cheyne E, 
Kerr D. Making “sense” of diabetes: 
Using a continuous glucose sensor in 
clinical practice. Diabetes Metab Res 
Rev 2002;18[Suppl 1]:S45.)
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monitoring (usually 3 days), the patient maintains a diary 
of meals, insulin doses, physical activity, and hypoglyce-
mic symptoms to facilitate meaningful interpretation of 
the recorded data. Whereas older CGM systems yielded 
only retrospective glucose data, current models have the 
capability to provide patients with real-time access to 
their absolute blood glucose values and to relative trends 
in their glucose levels. Furthermore, these devices have 
alarms that can alert patients to either hypoglycemia or 
hyperglycemia, thereby precipitating appropriate correc-
tive action. In addition, the technology exists wherein 
CGM systems have been combined with insulin pumps, 
although it should be noted that these systems currently 
require the input of the patient (since the insulin pump 
is not controlled by the CGM device).30 In this regard, 
it should be recognized (1) that CGM systems require 
calibration with SMBG readings, (2) that the accuracy of 
glucose measurements by these devices have been drawn 
into question in the past,31 and (3) that SMBG values 
remain the recommended data for guiding treatment deci-
sions.17,32 Thus, the American Diabetes Association cur-
rently recommends that CGM be used as a supplemental 
tool to SMBG in selected patients with type 1 diabetes, 
particularly those with hypoglycemia unawareness.17 
The latter consideration is a reflection of the fact that 
initial experience with CGM demonstrated higher rates 
of unrecognized nocturnal hypoglycemia than were pre-
viously suspected.33,34 Furthermore, several studies have 
since shown that CGM systems (particularly real-time 
devices) are associated with reductions in the total amount 
of time spent in hypoglycemia.32,35-37 In addition, sensor-
augmented insulin pumps have been developed with a 
threshold-suspend feature that is designed to reduce the 
risk for hypoglycemia by interrupting insulin delivery at a 
set glycemic threshold, and this therapy has been shown 
to reduce the risk for nocturnal hypoglycemia and moder-
ate/severe hypoglycemia.38,39 Although some but not all 
studies have shown improvement in A1c with CGM,32,40-

42 a recent systematic review and meta-analysis found 
that real-time CGM yielded an A1c benefit over SMBG 
alone and that sensor-augmented insulin pump therapy 
offered better glycemic control than multiple daily insulin 
injection therapy with SMBG.43 While some challenges 
remain for this rapidly developing technology (including 
the acquisition of a broader evidence base from further 
clinical research), the role of CGM as a valuable tool in 
the management of type 1 diabetes is likely to grow in the 
near future.

Measurement of Chronic Glycemic Control
Glucose can attach to proteins in the blood through an irre-
versible, nonenzymatic process, resulting in the formation 
of glycated proteins.44 Because this process is irreversible, 
glucose remains attached to the protein until the latter is 
metabolized. The degree of glycation is a function of inte-
grated blood glucose concentration over time. Thus, mea-
surement of glycated proteins provides a means of estimating 
chronic blood glucose concentration over a time period pro-
portional to the half-life of the protein in question.

Erythrocytes are freely permeable to glucose. In the 
circulation, glucose attaches irreversibly to hemoglobin 

in red blood cells, leading to the formation of glycated 
hemoglobins called hemoglobin A1a, A1b, and A1c. Mea-
surement of hemoglobin A1c (also known as A1c, glyco-
hemoglobin, or glycosylated hemoglobin) has emerged 
as the most widely used test of chronic glycemic control. 
Specifically, the proportion of glycosylated hemoglobin 
to the total number of hemoglobin molecules reflects 
overall blood glucose concentration over the preceding 
2 to 3 months.45 Therefore, regular measurement of A1c 
every 3 months is recommended as a method of determin-
ing overall glycemic control and evaluating the adequacy 
of the treatment regimen. For instance, a significantly ele-
vated A1c value, consistent with suboptimal glycemic con-
trol, would suggest the need for a change in the treatment 
regimen. Analysis of daily glycemic patterns from the 
patient’s SMBG records can indicate the specific changes 
to be made.

Many different types of assays can be used for mea-
surement of glycated hemoglobins.46 Some assays report 
A1c as a percentage of total hemoglobin, while other 
methods measure total glycated hemoglobin. Thus, non-
standardization of assays can complicate comparison of 
A1c measurements between laboratories. The National 
Glycohemoglobin Standardization Program, initiated in 
1996, is an initiative that is designed to standardize labo-
ratory A1c assays to the DCCT reference method.47 More 
recently, the International Federation of Clinical Chem-
istry has developed reference methods for A1c analysis, 
with A1c reported in units of mmol/mol.48,49

The DCCT provided insight into the correlation 
between A1c level and mean plasma glucose concentra-
tion (Fig. 44-6).50 This relationship has since been studied 
with the use of CGM data.51 In practice, in some situa-
tions the measured A1c value may be discordant with the 
level that would be expected on the basis of the patient’s 
capillary blood glucose records. Such discrepancy might 
be due to glycemic excursions at unmonitored times of 
the day that are not reflected in SMBG records. Alter-
natively, the problem might be falsification of SMBG 
records by the patient.

Another possibility in certain clinical settings is that the 
measurement of A1c might not be accurate. For instance, 
rapid red blood cell turnover leads to a disproportionate 
representation of younger erythrocytes, whose collective 
exposure to ambient blood glucose levels has been shorter 
than that of other red blood cells. Accordingly, A1c levels 
tend to be reduced under such conditions.52 Pregnancy 
and hemolytic anemias are examples of settings charac-
terized by rapid red blood turnover and hence lowered 
A1c levels. Similarly, A1c concentration may be lowered 
in hemoglobinopathies, such as thalassemia and sickle 
cell disease, because of a diminished propensity for glyca-
tion of the abnormal hemoglobin molecule. Conversely, 
depending on the assay used, A1c values may be falsely 
elevated in the presence of hemoglobin F, the carba-
mylated hemoglobin formed in uremia, or acetaldehyde-
bound hemoglobin (seen in alcohol abuse).53

In situations in which measurement of A1c might 
be unreliable, an alternative approach to the estima-
tion of glycemic control is the measurement of glycated 
serum proteins or albumin. The term fructosamine 
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has been applied to the glycated proteins measured by 
such assays.54 Given the 14- to 21-day half-life of albu-
min, a serum fructosamine measurement reflects mean 
blood glucose concentration over the preceding 1 to 2 
weeks. Generally, serum fructosamine values correlate 
well with A1c measurements.55 However, certain cave-
ats should be noted in measuring fructosamine. First of 
all, fructosamine values can be affected by conditions 
that alter the synthesis or clearance of serum proteins. 
Indeed, the question of whether or not to correct fruc-
tosamine assays for serum protein or albumin concentra-
tion remains controversial. Second, serum fructosamine 
levels show greater intrasubject variability than do A1c 
measurements.56 Third, unlike A1c, fructosamine has not 
yet been shown to correlate with the risk for diabetic 
complications.

Ketone Testing
The presence of detectable levels of ketones in urine or 
blood may indicate impending or established ketoacido-
sis in patients with type 1 diabetes. Accordingly, patients 
should test for ketones in the following situations: 1) 
when blood glucose concentrations are persistently ele-
vated, 2) during periods of acute illness or stress, or 3) 
when the patient is experiencing symptoms compatible 
with ketoacidosis such as nausea, vomiting, and abdomi-
nal pain.57 Traditionally, patients have used urine dip-
sticks to test for ketonuria. In recent years, however, 
home monitors have been developed that can measure the 
capillary blood concentration of β-hydroxybutyrate, the 
most prevalent intermediate molecule in ketone forma-
tion.58 Blood ketone testing avoids some of the limitations 
of traditional urinary ketone testing, such as false-pos-
itive readings, the inability to detect β-hydroxybutyrate 

(urinary dipsticks measure different ketone bodies), and 
patient reluctance to perform urinary testing. In studies to 
date, home capillary blood ketone measurement appears 
to be more sensitive than urinary testing in the detection 
of ketosis.59,60 The use of blood ketone monitoring by 
patients is expected to increase in the future. In the clini-
cal setting, serum ketone measurement is recommended 
over urinary testing.

Complication Surveillance
An essential component of ongoing care for patients 
with type 1 diabetes is surveillance for complications and 
comorbidities, as follows:
  

 1.  Retinopathy: Initial dilated and comprehensive eye 
examination should be performed within 5 years 
after diagnosis of type 1 diabetes and at least annu-
ally thereafter.17

 2.  Nephropathy: Patients with type 1 diabetes of 
5 or more years’ duration should undergo an 
annual screening test for the presence of microal-
buminuria.17 The preferred screening test is a mea-
surement of the albumin-to-creatinine ratio in a 
random, spot urine sample.61

 3.  Neuropathy and foot care: A comprehensive foot 
examination should be performed annually.17 This 
examination includes evaluation of sensation by 
10-g Semmes-Weinstein monofilament, testing of 
vibration sense by tuning fork, assessment of super-
ficial pain sensation, palpation, and visual inspec-
tion. In screening for neuropathy, superficial pain 
sensation testing, monofilament examination, and 
vibration testing all show similar operating charac-
teristics and may be used interchangeably.62

Figure 44-6 The relationship between mean 
plasma glucose and mean A1c in the Diabetes 
Control and Complications Trial (DCCT) (n = 
1429; r = 0.82). (From Rohlfing CL, Wiedmeyer 
HM, Little RR, et al. Defining the relationship 
between plasma glucose and HbA1c: Analysis 
of glucose profiles and HbA1c in the Diabetes 
Control and Complication Trial. Diabetes Care 
2002;25[2]:276.)

4.0 6.0 8.0 10.0 12.0 14.0
0

5

10

15

20

25

30

Mean HbA1c (%)

M
P

G
 (

m
m

ol
/L

)



778 PART 5 DIABETES MELLITUS

 4.  Cardiovascular disease: Regular evaluation of car-
diovascular risk factors is recommended. Blood 
pressure should be measured at every diabetic clinic 
appointment. Lipid profile should be tested annu-
ally. Screening exercise stress testing may be con-
sidered in patients with typical or atypical cardiac 
symptoms; abnormal resting electrocardiogram; a 
history of peripheral or cerebrovascular disease; or 
sedentary lifestyle, age over 35 years, and plans to 
start a vigorous exercise program.

 5.  Other: Other potential associated problems that 
warrant periodic screening include erectile dysfunc-
tion, depression, and thyroid disease.

  

INSULIN THERAPY

Principles of Insulin Replacement
Insulin replacement strategies in type 1 diabetes ideally 
aim to mimic the normal physiologic secretion of insulin 
by the pancreas.6 Therefore to appreciate the rationale 
underlying the design of current insulin replacement regi-
mens, an understanding of the basic structure and bio-
chemistry of endogenous insulin is necessary (Fig. 44-7). 
This topic, discussed in detail in Chapters 31 and 32, is 
reviewed briefly here.

The pancreatic β cells secrete endogenous insulin 
into the portal venous system in response to physiologic 
demand for glucose homeostasis as determined by nutri-
ent intake and energy expenditure. Despite broad fluctua-
tions in these determinants, healthy individuals are able 
to maintain plasma glucose concentration within a nar-
row range of 3.5 to 7.0 mmol/L throughout the day (Fig. 
44-8).63 This normal glucose homeostasis requires tightly 
regulated insulin secretion that consists of two com-
ponents: a basal secretion rate and surges of markedly 
increased secretion following ingestion of a mixed meal. 
Accounting for approximately 40% of total 24-hour pan-
creatic insulin output, the basal secretion of ≈1 μ/hour 
serves to limit hepatic glucose production and adipocyte 
lipolysis in the postabsorptive (fasting) state, such as 
between meals and overnight.64 Conversely, with inges-
tion of a mixed meal, dietary secretagogues (e.g., glu-
cose, amino acids) and gastrointestinal hormones (e.g., 

glucagon-like peptide 1) stimulate robust pulses of insulin 
secretion up to five times the basal rate. These pulses reg-
ulate postprandial glycemia by inhibiting hepatic glucose 
production and increasing peripheral glucose uptake. 
Insulin secretion is also affected by energy expenditure. 
For instance, with moderate exercise, insulin secretion 
rapidly decreases to prevent hypoglycemia.65 Conversely, 
with strenuous exercise, catecholamine-mediated hyper-
glycemia may occur, leading to increased insulin secre-
tion in the postexercise period.66 Thus, the tight coupling 
of insulin secretion to plasma glucose concentration in 
healthy individuals (see Fig. 44-8) requires the complex 
integration of multiple signals of nutrient availability and 
energy expenditure.

In providing insulin replacement for patients with type 
1 diabetes, the task at hand is to re-create this complex 
physiology. Insulin replacement strategies in type 1 dia-
betes aim to faithfully imitate both basal secretion and 
the appropriately integrated prandial surges that are seen 
in nondiabetic individuals. Generally, one component of 
the treatment regimen serves as basal insulin (i.e., sim-
ulates basal insulin secretion by the pancreas between 
meals, overnight, and in the fasting state), while a second 
component is considered meal insulin (i.e., simulates the 
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Figure 44-7 The amino acid sequence and structure of human insulin. The A and B chains are linked by two disulfide bonds. A third disulfide bridge 
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Figure 44-8 Twenty-four–hour plasma glucose and insulin profiles in 
healthy individuals (N = 12) (shown as mean values with 95% confi-
dence interval). (From Owens DR, Zinman B, Bolli GB. Insulins today 
and beyond. Lancet 2001;358:739.)
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normal prandial insulin surge). In this context, important 
factors to consider in the design of the treatment regimen 
include the types of insulin to be used for basal and meal 
coverage and the method of delivery.

Insulin Preparations
For the first 60 years after the introduction of insulin 
therapy in 1922, the only commercially available prepara-
tions were animal insulins derived from bovine or porcine 
pancreatic extracts. Porcine and bovine insulin prepara-
tions differ from human insulin by one and three amino 
acids, respectively. The use of animal insulins, however, 
was inherently complicated by several issues, including 
potential supply limitations, incomplete purification, and 
a propensity to induce the formation of anti-insulin anti-
bodies (which might affect the activity and absorption of 
the exogenous animal insulin and lead to unpredictable 
pharmacodynamics, although this relationship is con-
troversial). These issues were reconciled with the intro-
duction of recombinant human insulin in the 1980s.67 
The past three decades have seen further advances with 
the introduction of insulin analogues bearing molecular 
modifications that confer advantageous pharmacokinet-
ics. Recombinant human insulin and the newer analogues 
are now the main preparations used in the treatment of 
type 1 diabetes.

In selecting types of insulin for use in a treatment regi-
men, the most important parameters to consider are the 
onset, peak, and duration of action of the given insulin 
preparation (Table 44-2). Commercially available human 
insulins and analogues include rapid-, short-, intermedi-
ate-, and long-acting preparations. Its pharmacokinetic 
properties will determine whether a preparation should 
be used as either meal insulin or basal insulin. Specifically, 
rapid- and short-acting preparations are used as meal (or 
bolus) insulins, and intermediate- and long-acting prepa-
rations provide basal insulins.

Human Insulins
Human insulin was the first medication to be commercially 
manufactured using recombinant DNA technology.68 

Currently available human insulins include short-, inter-
mediate-, and long-acting preparations. Each preparation 
has advantages and disadvantages, which will be consid-
ered in turn.

Short-Acting Human Insulin: Regular
Regular recombinant human insulin is identical to the 
endogenous insulin polypeptide. In solution, however, 
regular insulin tends to self-associate, first forming dimers 
and subsequently hexamers. After subcutaneous injec-
tion, the absorption of hexameric insulin molecules is 
delayed, pending dissociation into monomers and dimers, 
which can diffuse rapidly from subcutaneous tissue into 
the systemic circulation.69 This slowed absorption has 
important pharmacokinetic implications, leading to 1) a 
modestly delayed onset of biologic action in vivo (30 to 
60 minutes after injection), 2) a relatively late peak effect 
(2 to 4 hours after injection), and 3) a prolonged duration 
of action (6 to 8 hours) (see Table 44-2).70 Clearly, this 
pharmacokinetic profile is quite different from the rapid 
and short-lived endogenous insulin response to a mixed 
meal that is seen in individuals without diabetes. There-
fore although regular insulin was widely used in the past, 
its role as meal insulin has declined since the introduction 
of rapid-acting analogues.

Intermediate-Acting Human Insulin: NPH and Lente
The development of intermediate-acting human insu-
lins reflected the need for an exogenous insulin prepara-
tion that could mimic the basal insulin secretion that is 
observed in individuals who do not have diabetes. The 
principle underlying the development of these insulins is 
that the rate of absorption of exogenous insulin from sub-
cutaneous tissue can be significantly reduced by manipu-
lating its suspension. First introduced in 1946, Neutral 
Protamine Hagedorn (NPH) insulin is a suspension of 
insulin complexed with protamine and zinc.71 NPH is 
poorly absorbed from subcutaneous tissue, leading to 
delayed onset of action (2.5 to 3 hours), late peak effect 
(5 to 7 hours), and prolonged duration of action (13 to 16 
hours) (see Table 44-2).70 A second intermediate-acting 
insulin preparation is lente, a crystalline suspension of 
insulin with zinc and acetate. It exhibits a pharmacoki-
netic profile similar to that of NPH, but with a slightly 
later peak and longer duration of action.

The intermediate-acting insulins show substantial vari-
ation in subcutaneous absorption both within an indi-
vidual patient and between patients, resulting in variable 
glycemic excursions.72 Indeed, variability in the absorp-
tion of intermediate-acting insulin may account for as 
much as 80% of day-to-day variation in blood glucose 
concentrations.73 Other factors that contribute to the 
unpredictability of NPH and lente are dose-dependent 
changes in pharmacokinetics and the practical variability 
associated with re-suspension of these insulin prepara-
tions by the patient before subcutaneous injection.

Given their underlying pharmacokinetic profiles (dura-
tion of action of 13 to 18 hours) and clinical variability in 
action, the intermediate-acting insulins generally do not 
provide adequate basal insulin coverage. To increase their 
utility as basal insulins, these preparations are given twice 

TABLE 44-2 Approximate Pharmacokinetic 
Properties of Human Insulin and Insulin Analogues 
Following Subcutaneous Injection

Insulin  
Preparation Onset of Action Peak of Action Duration of Action

Meal Insulin

Lispro 10-15 minutes 1-1.5 hours 3-5 hours
Aspart 10-15 minutes 1-2 hours 3-5 hours
Glulisine 10-15 minutes 1-2 hours 3-5 hours
Regular 30-60 minutes 2-4 hours 6-8 hours

Basal Insulin

NPH 2.5-3 hours 5-7 hours 13-16 hours
Lente 2.5-3 hours 7-12 hours Up to 18 hours
Ultralente 3-4 hours 8-10 hours Up to 20 hours
Detemir 2-3 hours 6-8 hours ≈24 hours
Glargine 2-3 hours No peak ≈24 hours
Degludec — No peak >42 hours
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daily in at least 20% of patients with type 1 diabetes.74 
Moreover, their peak effect is an undesirable quality in a 
basal insulin, insofar as it is clearly dissimilar to the rela-
tively peakless profile of basal insulin secretion seen in an 
individual without diabetes.

Long-Acting Human Insulin: Ultralente
Ultralente, also a zinc insulin suspension, represents 
another attempt at providing appropriate basal insulin 
coverage. Its onset of action is 3 to 4 hours after injec-
tion with a peak effect at 8 to 10 hours and a duration of 
action of up to 20 hours.70 Clinically, its effects are simi-
lar to those of intermediate-acting insulin, but with possi-
bly greater variability in absorption. Therefore, given the 
availability of intermediate-acting preparations and new 
long-acting analogues, its clinical utility is limited.

Insulin Analogues
The pharmacokinetic shortcomings of human insulin 
preparations have provided a strong impetus for the devel-
opment of insulin analogues. Through specific modifica-
tions of the insulin molecule (see Fig. 44-7), researchers 
have designed analogues with tailored pharmacokinetic 
profiles that allow for better meal or basal coverage. Cur-
rently available analogues include rapid-acting and long-
acting preparations.

Rapid-Acting Analogues: Lispro, Aspart, and Glulisine. 
Because the tendency to self-associate and resultant de-
layed absorption of regular insulin compromise its effec-
tiveness in mimicking the normal prandial insulin surge, it 
follows that an analogue with enhanced absorption may 
provide a superior meal insulin. In this context, it was pre-
viously noted with interest that human insulin-like growth 
factor-1 (IGF-1), despite significant homology to insulin, 
exhibited a reduced tendency to form multimers. Identifi-
cation of the salient structural differences between IGF-1 
and insulin led to the development of lispro insulin, the 
first commercially available analogue.75 Lispro is identical 
to human insulin except for a reversal of the 28th and 29th 
amino acid residues (proline and lispro, respectively) of the 
normal insulin B chain (see Fig. 44-7). The resultant con-
formational change in the carboxyterminal of the B chain 
introduces steric hindrance at interfaces involved in dimer-
ization. Thus, dimer formation with lispro is reduced by a 
factor of 300 compared with regular human insulin.76 It 
is important to note that, apart from reduced self-aggre-
gation, lispro displays biologic activity similar to that of 
regular insulin, with both comparable affinity for the insu-
lin receptor and equivalent hypoglycemic potency.75 Thus, 
clinically, lispro acts similarly to monomeric human insu-
lin. It is rapidly absorbed in 10 to 15 minutes, reaches peak 
activity in 60 to 90 minutes, and has a duration of action of 
3 to 5 hours (see Table 44-2).77 With this pharmacokinetic 
profile, lispro mimics the normal prandial insulin surge in 
response to carbohydrate ingestion better than any of the 
exogenous meal insulins that preceded it do.

A second rapid-acting analogue is insulin aspart, engi-
neered through replacement of the proline residue at posi-
tion 28 of the B chain with aspartic acid. The negative 
charge of the aspartic acid residue causes repulsion from 

other negatively charged amino acids and thus leads to 
decreased self-association of insulin aspart monomers.78 
Accordingly, insulin aspart has a similar pharmacokinetic 
profile to that of lispro and also is well suited for use as 
meal insulin.79 Finally, a third recently introduced rapid-
acting analogue is insulin glulisine, in which the aspar-
agine residue at position B3 of human insulin has been 
replaced by lysine and the lysine at position B29 has been 
replaced by glutamic acid.80

Given their pharmacokinetics, the rapid-acting insu-
lin analogues have clear advantages over regular human 
insulin. Because patients can inject these analogues 
immediately before meals (rather than 30 minutes before 
meals, as is typically recommended with regular insu-
lin), their use is associated with greater mealtime flex-
ibility, easier application of carbohydrate estimation 
techniques (see the section entitled “Nutrition), and  
improved quality of life.81 Both lispro and aspart provide 
improved postprandial glycemic control with less post-
prandial and nocturnal hypoglycemia than occurs with 
regular insulin.82-84 Despite these advantages, however, 
use of these rapid-acting analogues in intensive insulin 
regimens has not been uniformly associated with substan-
tial improvement in A1c compared with regular insulin.81 
This apparent discrepancy likely reflects the suboptimal 
postabsorptive coverage provided by the basal insulins 
that were used in the studies in question. Specifically, the 
shorter duration of action of the rapid-acting analogues is 
more liable to expose inadequate basal coverage between 
meals that might otherwise be masked by the longer dura-
tion of action of regular insulin when the latter is used 
for meal coverage. Nevertheless, even in the absence of 
a consistent A1c benefit, the combination of improved 
postprandial glycemia with less hypoglycemia suggests an 
overall reduction in glycemic excursion and hence better 
glycemic control with rapid-acting analogues. Meal insu-
lin preparations with even more rapid absorption charac-
teristics are currently in development.

Long-Acting Analogues: Glargine, Detemir, and Degludec. 
An ideal basal insulin would have a peakless, 24-hour 
time-action profile. Attempts to develop long-acting ana-
logues have focused on methods of achieving slow, pro-
longed absorption following subcutaneous injection. In-
sulin glargine, the first commercially available long-acting 
analogue, was introduced to the U.S. market in 2001. It 
has two modifications compared with human insulin: two 
arginines have been added to the carboxyterminal of the B 
chain, and a glycine residue replaces an acid-sensitive as-
paragine at position A21.85 These changes have shifted the 
isoelectric point of glargine toward neutrality such that 
this analogue is completely soluble in its acidic injection 
solution at pH 4.0 but is much less soluble at the neutral 
physiologic pH of subcutaneous tissue. After injection into 
subcutaneous tissue, the acidic injection solution is neu-
tralized, causing glargine to micro-precipitate.86 Glargine 
subsequently is slowly absorbed into the systemic circula-
tion from the subcutaneous microprecipitates, resulting in 
a smooth and gradual rise in serum concentration. There-
fore, the pharmacokinetic profile of glargine shows an on-
set of action 2 to 3 hours after injection with a relatively 
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peakless, 24-hour duration of action (see Table 44-2).87 
Moreover, glargine is associated with less variability in 
absorption than is either NPH or lente.88,89 Furthermore, 
its in vivo hypoglycemic potency is equivalent to that of 
human insulin. The promise associated with these proper-
ties has been further supported by clinical trial evidence 
demonstrating lower fasting plasma glucose levels and less 
hypoglycemia (including nocturnal hypoglycemia) with 
the use of glargine, compared with NPH, as basal insulin 
in intensive therapy.90-92 Improved A1c with glargine com-
pared with NPH has also been demonstrated.93

Certain caveats associated with the acidic injection 
solution of glargine must be noted. First, glargine cannot 
be mixed in the same syringe with other insulin prepara-
tions and must be administered by separate injection. Sec-
ond, patients have reported occasional injection site pain 
with glargine that might be related to its acidic vehicle.

The design of insulin detemir, a second long-acting ana-
logue, reflects a different approach to achieve long-acting 
basal coverage. With detemir, the B30 amino acid has been 
removed, and a 14-carbon aliphatic fatty acid has been 
acylated to the B29 amino acid.94 This modification allows 
for reversible binding between albumin and the added fatty 
acid. After injection, an equilibrium develops between 
free and bound detemir, in which 98% of the analogue is 
bound to albumin. Because only the free analogue binds 
to the insulin receptor, the duration of action of detemir is 
prolonged owing to sustained release of the analogue that 
has been bound to circulating albumin.95 The time-action 
profile of insulin detemir is characterized by peak activity 
at 6 to 8 hours after injection and a prolonged 24-hour 
duration of action (see Table 44-2).95 Clinically, significant 
reductions in hypoglycemic risk have been demonstrated 
with detemir as basal insulin in intensive regimens com-
pared with NPH.72 In addition, detemir has been associ-
ated with more predictable glycemic control than NPH, 
with significantly less within-subject variation in blood 
glucose levels.96,97 Moreover, its pharmacokinetic profile, 
unlike that of NPH, has been shown to be consistent in 
adults, adolescents, and children.98 It is interesting to note 
that this insulin formulation appears to be associated with 
less weight gain, which is a modest but consistent observa-
tion, the mechanism of which is uncertain.99

Insulin degludec is a new-generation ultra–long-acting 
basal insulin that has been designed to provide a smooth, 
peakless pharmacokinetic profile and a prolonged dura-
tion of action of more than 40 hours.100,101 Its structure 
maintains the amino acid sequence of human insulin, but 
with the deletion of threonine in position B30 and the 
addition of a fatty acid side chain attached to lysine in 
position B29 of the insulin B-chain through a glutamic 
acid linker. In solution, degludec exists in a dihexameric 
state. Following subcutaneous injection, additives in the 
formulation disperse (primarily phenol) and degludec 
dihexamers self-associate to form large multihexamers. 
The resultant depot provides a slow, continuous release 
of degludec monomers that are absorbed into the circula-
tion, yielding an ultra-long duration of action. In clinical 
studies, degludec has provided effective glucose-lower-
ing, with low rates of hypoglycemia, particularly over-
night.100-102 In patients with type 1 diabetes on intensive 

insulin regimens, degludec has shown similar glycemic 
control as glargine but with reduced risk for nocturnal 
hypoglycemia.103,104 Degludec has recently become com-
mercially available in selected locations in the world (e.g., 
Europe and Japan).

Intensive Insulin Therapy Regimens
The DCCT clearly established that the use of intensive 
insulin therapy can achieve lower A1c concentrations and 
can reduce the risk for microvascular complications in 
patients with type 1 diabetes. Therefore intensive insu-
lin therapy currently is recommended in all patients with 
type 1 diabetes. Two main regimens can be utilized to 
provide intensive insulin therapy: multiple daily injections 
of insulin and continuous subcutaneous insulin infusion. 
Both regimens attempt to mimic physiologic insulin secre-
tion through appropriate meal and basal insulin replace-
ment. Ultimately, the choice of insulin regimen generally 
is determined by patient-driven factors, including lifestyle 
issues, finances, and personal preference.

Multiple Daily Injection Regimen
A multiple daily injection (MDI) regimen involves at least 
four injections of insulin per day, consisting of boluses of 
meal insulin before each meal and at least one injection 
of basal insulin, usually at bedtime. If needed, a second 
injection of basal insulin may be added at breakfast or 
before lunch. The meal insulin of choice is a rapid-acting 
analogue (lispro, aspart, glulisine). Use of rapid-acting 
analogues in MDI therapy has been associated with bet-
ter postprandial glycemic control, a reduced incidence of 
hypoglycemia, and improvements in quality of life, com-
pared with regular insulin.81 On the other hand, although 
some studies have shown a significant decrease in A1c 
with the use of rapid-acting analogues as compared with 
regular insulin in MDI therapy, other studies have not 
shown a significant difference in overall glycemic con-
trol.81 As noted earlier, however, this phenomenon likely 
reflects suboptimal basal insulin replacement in the stud-
ies in question. Moreover, with similar A1c, the combina-
tion of reduced postprandial glycemic excursion with less 
hypoglycemia suggests reduced overall glycemic variabil-
ity (and hence better control) with the use of rapid-acting 
analogues compared with regular insulin in MDI therapy.

In the past, basal insulin replacement in MDI usually 
has consisted of bedtime injection of NPH, lente, or ultra-
lente. In clinical studies of MDI regimens using rapid-
acting analogues as meal insulin, all three of these basal 
preparations have shown similar efficacy with regard to 
glycemic control and incidence of hypoglycemia.74,105 
Given their pharmacokinetic advantages, however, the 
long-acting analogues have become the basal insulins of 
choice in MDI therapy. In studies comparing glargine 
and NPH as basal insulins in MDI regimens, glargine has 
been associated with improved fasting glucose levels and 
reduced rates of hypoglycemia.82-90 A meta-analysis has 
shown that, when compared to NPH, long-acting basal 
insulin analogues (glargine and detemir) have a small 
but significant effect on A1c, coupled with reduced risk 
for nocturnal and severe hypoglycemia in patients with 
type 1 diabetes.106 In addition, a second, pre-breakfast 
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injection of basal insulin is far less likely to be required 
with glargine than with NPH, lente, or ultralente. Indeed, 
in studies using lispro as meal insulin in MDI regimens, 
glycemic control was similar with a single injection of 
glargine at breakfast, dinner, or bedtime.107 Fewer studies 
have compared glargine and NPH in MDI regimens using 
only rapid-acting analogues for meal insulin, although 
one such study demonstrated reduced A1c levels with a 
single dose of glargine compared with four daily injec-
tions of NPH.108 Detemir also has been shown to reduce 
A1c, compared with NPH, in patients on MDI using 
insulin aspart for meal coverage.109 Although large-scale 
studies evaluating the efficacy of MDI regimens that use 
rapid-acting analogues for meal insulin and long-acting 
analogues for basal coverage are pending, it is expected 
that this combination will provide the most physiologic 
insulin replacement to date among MDI regimens.

Continuous Subcutaneous Insulin Infusion
The external insulin infusion pump was first developed in 
the late 1970s, providing the basis for modern continu-
ous subcutaneous insulin infusion (CSII) therapy.110 With 
CSII, an external infusion pump delivers a continuous 
infusion of rapid- or short-acting insulin through a cath-
eter inserted into the subcutaneous tissue of the abdomi-
nal wall. The pump is preprogrammed by the patient 
to deliver insulin continuously at a specified rate that is 
designed to meet the individual’s basal insulin demands. 
For meal coverage, patients use the pump to deliver a 
specified bolus of insulin before eating. The rapid-acting 
insulin analogues are the insulins of choice in CSII, as both 
lispro and aspart have been shown to reduce postprandial 
glycemia, A1c concentration, and the incidence of hypogly-
cemia compared with regular insulin in this setting.111-113

CSII offers advantages over MDI therapy in terms 
of convenience and flexibility. Because the continuous 
infusion provides basal insulin at all times, the timing 
of meals with CSII, unlike with MDI, is completely flex-
ible. At any given time, the rate of basal infusion can be 
adjusted immediately—an option that is not available 
with MDI. Moreover, current insulin pumps have multi-
phasic basal settings, allowing the user to set varying rates 
of basal insulin replacement at different times of the day 
depending on requirements. For instance, the pump can 
be preprogrammed to increase the basal rate of insulin 
infusion in the early morning hours in patients in whom 
the physiologic early morning secretion of growth hor-
mone otherwise would lead to hyperglycemia (the “dawn 
phenomenon”). In addition, many insulin pumps have 
programming capabilities that facilitate dose selection for 
carbohydrate counting and insulin-correction boluses.

The major limitation with CSII is the significant cost 
associated with the pump and necessary supplies, such as 
the tubing, which must be changed every 48 to 72 hours. 
Another disadvantage is the risk for infection at the inser-
tion site of the catheter. Catheter site infections occur at 
an estimated rate of 7.3 to 11.3 events per 100 years of 
patient follow-up.23,114 These infections usually are read-
ily treatable with antibiotics and a change of insertion 
site. In rare cases, a subcutaneous abscess requiring surgi-
cal drainage can develop. Finally, interruption of basal 

insulin delivery due to pump malfunction or catheter 
disruption can rapidly lead to hyperglycemia or even 
ketoacidosis, as patients will quickly become markedly 
insulinopenic owing to the use of only rapid- or short-
acting insulin in CSII.115

Clinical Efficacy of CSII versus MDI
In clinical trials comparing optimized MDI therapy with 
CSII, glycemic control has been found to be similar with 
both regimens. An earlier meta-analysis of trials compar-
ing CSII and MDI regimens reported a difference in A1c of 
0.51% favoring CSII, although all but 1 of the 12 studies 
included in this analysis were older studies using subopti-
mal, non-analogue meal insulins.116 A more recent meta-
analysis similarly showed a small A1c benefit of CSII over 
MDI in type 1 diabetes, but this outcome was largely driven 
by a single study with NPH-based MDI.43 Furthermore, 
given improvements in pump technology and greater clini-
cal experience with intensified regimens, the current appli-
cability of these studies is unclear. To date, the few adult 
studies comparing CSII and optimized MDI therapy with 
both regimens using rapid-acting analogues have shown 
slightly improved glycemic control with insulin pump 
therapy, with no significant difference in hypoglycemia, 
although all but two studies used NPH as the basal insulin 
for MDI therapy.117-122 A pooled analysis of three of these 
NPH-based MDI studies revealed that the glycemic advan-
tage of CSII over MDI may be related to baseline A1c, such 
that patients with the poorest initial glycemic control enjoy 
the greatest benefit with insulin pump therapy.123,124 An 
adult study comparing CSII with MDI using analogues for 
both meal and basal insulin (aspart and glargine, respec-
tively) in a 10-week crossover design demonstrated that 
insulin pump therapy was associated with lower glycemic 
exposure, as measured by fructosamine and area under the 
glucose curve.121 However, a 24-week study comparing 
CSII with MDI consisting of lispro and glargine found no 
significant differences between these treatments in any gly-
cemic measures.122 At present, additional studies compar-
ing CSII versus optimized MDI regimens using long-acting 
analogues for basal insulin and rapid-acting analogues for 
prandial coverage are eagerly awaited.

Implementation of Intensive Insulin Therapy
Implementation of an intensive insulin regimen using 
MDI or CSII can be accomplished in many ways. In gen-
eral, starting doses are estimated by using an algorithm 
such as the method shown in Figure 44-9. The initial total 
daily insulin (TDI) requirement is estimated at 0.5 unit/kg 
of body weight, although most patients with type 1 dia-
betes ultimately require 0.6 to 0.7 unit/kg. Alternatively, 
for patients who are already on an insulin regimen, TDI 
is simply the sum of all current insulin doses. When CSII 
is implemented in such a patient, this TDI dose must be 
reduced by 20% to determine the total daily amount of 
insulin to be delivered by the pump.

Basal insulin makes up approximately 40% of the 
total daily dose. With MDI, this basal insulin initially is 
provided with a single bedtime injection, although posta-
bsorptive daytime hyperglycemia may subsequently dic-
tate the need for a second dose of basal insulin before 
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breakfast. With CSII, the total daily basal insulin is pro-
vided as a continuous infusion over 24 hours, with hourly 
basal rates typically ranging from 0.6 to 1.2 units/hour. 
The remaining 60% of the TDI is provided in the form of 
meal or bolus insulin, with lunch generally requiring less 
insulin than breakfast and dinner.

As an example, consider the following case of a patient 
who is currently on a non-intensified regimen of 12 units 
of NPH at both breakfast and bedtime and 6 units of 
regular insulin at breakfast and dinner. To convert this 
patient’s insulin therapy to an intensified MDI regimen, 
the algorithm in Figure 44-9 would be applied as follows:
  
 •  The TDI would be 12 + 12 + 6 + 6 = 36 units of 

insulin per day.
 •  The basal requirement would be estimated at 40% × 

36 units = 14 units per day.

 •  The daily meal insulin requirement would be esti-
mated at 60% × 36 units = 22 units per day. This 
meal insulin could be divided such that the patient 
receives 35% × 22 units = 8 units at breakfast, 30% 
× 22 units = 6 units at lunch, and 35% × 22 units 
= 8 units at dinner. These meal insulin doses ideally 
would be provided in the form of preprandial subcu-
taneous injections of a rapid-acting analogue.

  
In practice, the insulin doses calculated in Figure 44-9 

are adjusted continually by the patient on the basis of the 
following three considerations: 1) preprandial capillary 
blood glucose concentration, 2) anticipated carbohydrate 
intake, and 3) upcoming physical activity. By determin-
ing the preprandial blood glucose level using capillary 
monitoring, the patient can adjust prandial insulin dos-
age using a variable insulin dose scale (Table 44-3). Using 
this approach, the patient is directed to take a higher 
dose of prandial bolus insulin when the blood glucose 
concentration is above a specified range. The second 
consideration in dose adjustment is anticipated carbohy-
drate intake. By estimating the amount of carbohydrate 
to be ingested in the upcoming meal (a practice that is 
referred to as carbohydrate counting), the patient can 
adjust the prandial insulin dose accordingly. Although 
most patients require an additional 1 unit of insulin per 
10 to 15 grams of carbohydrate ingested at a meal, the 
actual ratio must be determined individually for each 
meal in any given patient. Finally, patients must consider 
the effects of upcoming physical activity when adjusting 
insulin dosage. For instance, with MDI therapy, prandial 
insulin administered at the meal before moderate exercise 
might have to be reduced, depending on the individual’s 
glycemic response to exercise.125 Patients using CSII have 
the additional flexibility of being able to adjust their basal 
insulin rate to accommodate for exercise.

Insulin Delivery
Subcutaneous Insulin Delivery
With both MDI and CSII therapy, insulin is deliv-
ered into subcutaneous fat tissue. In CSII, insulin is 
delivered through a needle or a Silastic infuser placed 

Step 1

Determine total daily insulin (TDI) dose

(a) If starting insulin: TDI = 0.5 units/kg x weight (kg)

or

(b) If intensifying current insulin regimen:                  
TDI = sum of all current doses in a day
(if starting CSII, decrease TDI by 20%)

Step 2

Determine daily basal insulin requirement
= 40% of TDI from Step 1

MDI:
give as single subcutaneous

dose at bedtime

CSII:
give as continuous

infusion over 24 hours

Step 3

Determine daily meal insulin requirement
= 60% of TDI from Step 1

Apportioned as 35% before breakfast,
30% before lunch and 35% before dinner

MDI:
give as subcutaneous

injection before each meal

CSII:
give as infusion

bolus before each meal

Figure 44-9 One algorithm for the determination of initial insulin dos-
es when intensive insulin therapy using multiple daily injection (MDI) 
or continuous subcutaneous insulin infusion (CSII) is implemented. 
(Adapted from Shah BR, Zinman B. Insulin regimens for type 1 diabe-
tes. In Sperling MA [ed.]: Contemporary endocrinology: type 1 diabetes: 
etiology and treatment. Totowa, NJ: Humana Press; 2003, p. 205.)

TABLE 44-3 Variable Insulin Dose Scale

Blood Glucose  
(BG) (mg/dL)

Units of Meal Insulin

Breakfast Lunch Dinner

<90 –2 –2 –2
Goal BG 90-130 x y z
131-180 +2 +2 +2
181-230 +4 +4 +4
231-280 +6 +6 +6
281-330 +8 +8 +8
>330 +10 +10 +10

Sample variable insulin dose scale to guide adjustment of meal insulin 
based on preprandial glucose levels. Baseline doses of x, y, and z 
units of meal insulin at breakfast, lunch, and dinner, respectively, 
are adjusted by the indicated amounts based on the preprandial 
glucose level. (Example for illustrative purposes only.)

Adapted from Leadership Sinai Centre for Diabetes, Mount Sinai 
Hospital, Toronto, Ontario, Canada.
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subcutaneously. The needle and its injection site are 
changed every 48 to 72 hours to reduce the risk for infec-
tion. In MDI, the preferred method of insulin administra-
tion is with either an insulin pen with refillable cartridges 
or a disposable pen. The use of insulin syringes is rapidly 
becoming obsolete.

Many aspects of subcutaneous insulin administration 
can affect the absorption of the medication and hence its 
clinical efficacy. One key factor is the site of insulin injec-
tion. Insulin absorption varies inversely with the thickness 
of subcutaneous fat at the site of injection.126 Thus, insu-
lin absorption is fastest from the subcutaneous fat of the 
abdominal wall, the preferred site of injection, and slower 
from other sites that have more subcutaneous fat such as 
the upper arm, anterior thigh, and buttocks.127 Another 
factor is depth of injection, as shallow insertion of the 
needle can lead to poorly absorbed intradermal delivery 
of insulin. Conversely, if one is injecting into a lean site 
with little subcutaneous fat, intramuscular injection may 
occur, which can be painful and can lead to rapid systemic 
absorption. After injection, alterations in subcutaneous 
blood flow may affect insulin absorption. For instance, 
after insulin injection into an extremity, physical exercise 
involving the affected limb can increase local blood flow 
and enhance insulin absorption.128 Other factors that can 
increase absorption include increased skin temperature 
and local massage.129,130

Alternative Routes of Insulin Delivery
Despite best efforts, the faithful imitation of normal 
physiologic insulin secretion generally cannot be achieved 
with the subcutaneous delivery of current insulin prepa-
rations. Factors that limit the success of current treatment 
approaches include the pharmacokinetics of exogenous 
insulin preparations following subcutaneous injection, 
the systemic absorption of this injected insulin via the 
peripheral venous system (as opposed to normal pancre-
atic secretion into the portal venous system), and patient 
dissatisfaction with the demands and inconvenience 
of complex treatment regimens. Therefore alternative  
routes for delivery of insulin have long been of interest. 
Options considered include nasal, pulmonary, oral, trans-
dermal, and peritoneal delivery of insulin,131 although 
these attempts generally have met with limited success to 
date.

Intraperitoneal insulin delivery offers an approach 
that could simulate normal pancreatic secretion of insu-
lin into the portal venous system. Indeed, intraperitoneal 
insulin infusion has been shown to reproduce a positive 
portosystemic insulin gradient and has been associated 
with a more rapid onset of action and reduced dura-
tion of activity compared with subcutaneous insulin.132 
These findings have led to the development of implant-
able insulin pumps, that is, disk-shaped infusion systems 
that are implanted surgically in the abdominal subcutane-
ous tissue.133 The pump reservoir holds a 2- to 3-month 
supply of insulin and is connected to a free-moving peri-
toneal catheter. Rates of insulin delivery are adjusted by 
the patient, based on SMBG results. The patient uses an 
external programmer that sends radio wave signals to the 
electronic command unit of the pump to control the rate 

of insulin infusion. Studies to date suggest that implant-
able insulin pumps are associated with comparable A1c 
levels and a reduced incidence of severe hypoglycemia 
compared with subcutaneous insulin delivery.133,134 The 
main problem with implantable pumps is the potential 
for underdelivery of insulin due to catheter occlusion, an 
event that has been estimated to occur at a rate of 15 per 
100 patient-years.135 Nevertheless, intraperitoneal deliv-
ery may be an option for insulin administration in the 
future.

Attempts to utilize other routes for insulin adminis-
tration have been largely unsuccessful. Although inhaled 
insulin has attracted considerable interest in the past, 
concerns regarding delivery systems and long-term safety 
recently have led several manufacturers to withdraw 
from the development of this product. Oral insulin has 
not proved to be a viable option owing to enzymatic 
degradation of the insulin polypeptide in the gastrointes-
tinal tract and poor absorption (<1% of oral dose).136 
Strategies to overcome these problems have included the 
coadministration of enzyme inhibitors and attempts to 
improve the chemical stability of oral insulin through the 
use of liposomes and polymer-based systems.131 Simi-
larly, intranasal insulin delivery has been hampered by 
low and unpredictable bioavailability that can fluctu-
ate significantly with even minor changes in the nasal 
mucosa.137 Finally, transdermal insulin delivery has been 
unsuccessful owing to the relative impermeability of the 
skin to large, hydrophilic polypeptides such as insulin.131 
Strategies that are being studied for improving transder-
mal drug delivery include iontophoresis, low-frequency 
ultrasound, and the use of drug carrier agents.

Complications of Insulin Therapy
Insulin therapy is lifesaving in patients with type 1 diabe-
tes. Nevertheless, complications of insulin treatment can 
pose obstacles to the implementation of intensive therapy.

The most feared and serious complication of intensive 
insulin therapy is hypoglycemia (see Chapter 47). In the 
DCCT, the risk for hypoglycemia was approximately 
threefold higher in the intensive treatment group than 
in the conventional therapy arm.138 Because insulin ana-
logues were not available at the time of the DCCT, it is 
not clear whether this finding reflects current practice. 
It is surprising that, despite the high rates of hypogly-
cemia with intensive therapy in the DCCT, no evidence 
of detectable long-term decline in cognitive function 
was noted in study participants after a mean 18 years of 
follow-up in the EDIC study.139 Nevertheless, hypogly-
cemia is an important factor that might limit the ability 
to achieve optimal glycemic control. Hypoglycemia gen-
erally reflects an imbalance among carbohydrate intake, 
physical activity, and the dose of exogenous insulin. In 
addition, patients with type 1 diabetes have a deficient 
counterregulatory response to hypoglycemia.140 Previ-
ous episodes of severe hypoglycemia and physiologic 
inability to detect the attendant symptoms (hypoglycemia 
unawareness) are other factors that are associated with 
increased hypoglycemic risk. Thus, a patient’s propensity 
for hypoglycemia must be considered in establishing ther-
apeutic goals, as excessive hypoglycemia is best managed 
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by raising glycemic targets. Similarly, in patients with 
hypoglycemia unawareness, raising glycemic targets is 
utilized as a means of restoring physiologic awareness of 
hypoglycemic symptoms.141 Specifically, with increased 
overall glycemia, the careful avoidance of further hypo-
glycemia can help to restore awareness and improve 
defective counterregulation.

Weight gain is another adverse effect that is associated 
with insulin therapy. In the DCCT, patients receiving 
intensive therapy gained 4.75 kg more than participants 
in the conventional treatment arm over the course of 
the study.142 This effect reflects both insulin’s anabolic 
properties and the decrease in glycosuria observed with 
improved glycemic control. Specifically, for patients 
with poor glycemic control, the elimination of glycosuria 
with insulin therapy will lead to a positive caloric balance 
and weight gain. In addition, intermittent hypoglycemia 
associated with intensive insulin therapy can lead to 
hunger and increased caloric intake. Concerns regarding 
weight gain may cause some patients to be reluctant to 
initiate intensive therapy and should be addressed by the 
health care team.

Rapid improvement in glycemic control following the 
initiation of intensive insulin therapy can cause transient 
exacerbation of underlying retinopathy.143 Patients with 
proliferative retinopathy and baseline A1c greater than 
10% are at highest risk for this complication.144 Base-
line ophthalmologic evaluation with frequent surveillance 
should be considered for such patients when intensive 
therapy is started.143 In addition, more gradual reduction 
in A1c may be prudent in such cases.

Allergic reactions to insulin are rare, particularly 
because human insulin is much less immunogenic than 
were earlier animal insulins.105 Most allergic reactions to 
insulin reflect local hypersensitivity at the site of injection. 
Generalized allergic reactions can occur rarely. Protocols 
for desensitization have been developed for both local 
and systemic hypersensitivity to insulin.105

Lipohypertrophy refers to localized swelling at a site 
of repeated insulin injection. This complication is related 
to the lipogenic effects of insulin. Continued injection of 
insulin into sites of lipohypertrophy is discouraged, as 
absorption of the insulin can be erratic, which may lead 
to unpredictable glycemic effects. Lipoatrophy reflects a 
different pathophysiology, in which an immune-mediated 
response to exogenous insulin leads to atrophy of sub-
cutaneous tissue at the site of injection.145 With the cur-
rent use of recombinant human insulin preparations and 
analogues, the problem of insulin-induced lipoatrophy is 
infrequent.

Adjustment of Insulin Therapy in Special Situations
The absence of endogenous insulin secretion in patients 
with type 1 diabetes dictates an absolute reliance at all 
times on exogenous insulin for both prandial and basal 
metabolic needs. Thus, even when not eating, patients 
with type 1 diabetes continue to require insulin therapy to 
meet basal requirements and to avoid diabetic ketoacido-
sis. Recognition of this principle underlies the appropriate 
management of their insulin therapy in special situations 
such as at times of intercurrent illness and during surgery.

Intercurrent Illness
The physiologic stress associated with illness stimulates 
the release of counterregulatory hormones that antago-
nize insulin action. Thus, during times of illness, patients 
are at risk for both hyperglycemia and diabetic ketoaci-
dosis. During such times, regular monitoring of blood 
glucose concentrations every 4 hours is recommended. 
If hyperglycemia is detected, then supplemental insulin 
is indicated. Conversely, if blood glucose levels are low, 
then the amount of insulin taken at that time should be 
reduced significantly. As noted earlier, patients must not 
withhold insulin therapy completely. Instead, under such 
circumstances, patients are advised to drink sugar-rich 
fluids such as fruit juices to maintain adequate carbohy-
drate and fluid intake. If patients are unable to tolerate 
even this limited intake, however, then presentation to 
the hospital is necessary for administration of intrave-
nous fluids.

Even with continued insulin therapy, patients with 
type 1 diabetes are at risk for developing ketoacidosis 
during times of illness owing to the effects of counter-
regulatory hormones in antagonizing insulin action and 
promoting ketogenesis. Frequent testing of blood ketone 
levels using a home capillary blood ketone monitor is 
recommended at such times. Alternatively, if such testing 
is unavailable at home, then traditional urinary ketone 
monitoring should be performed (see the section entitled 
“Ketone Testing” earlier in the chapter).

Surgery
The goals of perioperative management of patients with 
type 1 diabetes are avoidance of marked hyperglycemia 
and avoidance of hypoglycemia. As with periods of ill-
ness, surgery is associated with both physiologic stress 
that promotes hyperglycemia and reduced caloric intake 
that may predispose to hypoglycemia (because most sur-
gical procedures are performed on fasting patients). As 
before, the principles of management include the need for 
continued insulin therapy and close metabolic monitor-
ing. Typically, major surgical procedures are managed 
with intravenous insulin therapy and frequent blood glu-
cose monitoring.

NUTRITION
The nutritional recommendations associated with healthy 
eating habits for the general public are also applicable to 
patients with type 1 diabetes.17 The important difference 
in patients with type 1 diabetes is that dietary intake must 
be coordinated appropriately with insulin therapy and 
physical activity to achieve regulation of blood glucose 
levels. In particular, attention must be paid to the sources 
and amount of carbohydrate in the diet. Carbohydrate 
is the main dietary constituent that affects postprandial 
glycemic excursion and hence prandial insulin require-
ments.146 This concept has led to the practice of “carbo-
hydrate counting.”

Carbohydrate counting is a meal-planning approach in 
which patients are taught to estimate the carbohydrate 
content of a meal preprandially and to adjust their dose 
of meal insulin accordingly.147 Most patients require 1 
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extra unit of insulin for each 10 to 15 g of carbohydrate 
ingested, although this ratio must be determined indi-
vidually on the basis of personal food preferences and 
individual physiologic response. As such, carbohydrate 
counting is an integral component of patient education, 
and it is a skill that patients generally develop with the 
assistance of a clinical dietitian. Although the concept of 
carbohydrate counting was described shortly after the 
discovery of insulin,148 its recent resurgence is linked in 
part to its inclusion as one of the dietary interventions in 
the intensive treatment arm of the DCCT. In the DCCT, 
the practice of adjusting food and/or insulin dosage in 
response to hyperglycemia emerged as a dietary behavior 
associated with improved glycemic control.149 Moreover, 
carbohydrate counting allows for significant flexibility in 
food choices. Alternatively, for patients on fixed insulin 
doses who are unwilling to adjust prandial insulin dosage 
on the basis of dietary content, consistency of carbohy-
drate intake is advised.

Although carbohydrate content is the key modifier of 
prandial insulin dosage, total energy intake from protein 
and fat cannot be neglected. Total energy intake must be 
regulated to avoid unnecessary weight gain, particularly 
since intensive insulin therapy is frequently associated 
with weight gain as well.

Another important consideration that affects food 
choices is hypoglycemia. For instance, patients must rec-
ognize that ingested alcohol may reduce hepatic glucose 
production and mask the symptoms of hypoglycemia. 
Indeed, moderate alcohol consumption (one to two stan-
dard drinks) 2 to 3 hours after the evening meal can lead 
to delayed hypoglycemia the next morning after break-
fast.150 Conversely, patients are advised to avoid the 
overtreatment of hypoglycemia by excessive food intake, 
as this practice may lead to weight gain and significant 
glycemic excursion.20

OTHER THERAPIES FOR TYPE 1 DIABETES
The two most important alternative therapies currently 
available for type 1 diabetes are islet cell and pancreatic 
transplantation. These treatment modalities are discussed 
in detail in Chapter 50. A recent adjunctive therapy to 
be used in conjunction with insulin treatment is pre-meal 
subcutaneous injection of pramlintide, an analogue of the 
pancreatic β cell hormone amylin that is otherwise defi-
cient in patients with type 1 diabetes. Amylin affects glu-
cose homeostasis through multiple mechanisms, including 
slowing of gastric emptying, regulation of postprandial 
glucagon, and reduction in food intake.151 Pramlintide 
can be used in the treatment of type 1 diabetes in con-
junction with insulin therapy (although it should be noted 
that pramlintide and insulin cannot be mixed in the same 
syringe). Overall, its effect on glycemic control is modest, 
but pramlintide may help to limit weight gain and reduce 
meal insulin requirements.152

There is growing interest in the potential use of gluca-
gon-like peptide-1 (GLP-1) agonists and dipeptidyl pep-
tidase-4 (DPP-4) inhibitors in type 1 diabetes. Although 
these medications are currently not approved for use 
in patients with type 1 diabetes, there is interest in the 

potential benefit that they may offer as adjunctive therapy 
in combination with intensive insulin regimens. Indeed, in 
light of the abnormalities of postprandial glucagon biol-
ogy in type 1 diabetes,153 the glucagonastatic effects of 
GLP-1 agonists and DPP-4 inhibitors may be particularly 
beneficial, and these medications thus are being studied 
in this setting.

Enhanced understanding of the natural history and 
immunogenetics of type 1 diabetes has led to the ability 
to identify individuals who are at high risk for developing 
this condition and recognition of the existence of a long, 
asymptomatic prediabetic period that might be amenable 
to intervention (see Chapter 39).154 Therefore significant 
recent research interest has focused on the concept of 
prevention of type 1 diabetes in high-risk subjects who 
have been identified on the basis of genetic and antibody 
markers. Although several strategies have been studied, it 
is important to recognize that no intervention to date has 
proved to be consistently successful in preventing type 
1 diabetes. Nevertheless, research efforts aimed at the 
prevention of type 1 diabetes are expected to increase in 
the coming years and are likely to ultimately yield novel 
therapeutic approaches.

Preventive strategies that have been considered thus far 
have aimed to prevent β cell loss in high-risk individuals 
either by modifying the immune response (immunomodu-
lation) or by suppressing it (immunosuppression). Immu-
noregulatory strategies have included the administration 
of nicotinamide, insulin injections, oral insulin, glutamic 
acid decarboxylase, and interleukin-1 antagonists to 
high-risk individuals.30,155-158 To date, however, large tri-
als with these agents have not demonstrated efficacy. Sup-
port for an immunosuppressive approach was provided 
initially by the observation that drugs such as azathio-
prine and cyclosporine can temporarily decrease insulin 
requirements in patients with recently diagnosed type 1 
diabetes.159,160 Unfortunately, the remission that these 
medications induce appears to be only temporary.161,162 
More recently, studies using anti-CD3 monoclonal anti-
bodies at the onset of type 1 diabetes have shown sig-
nificant preservation of C-peptide secretion for at least 1 
year.163,164 Nevertheless, the duration of this effect and 
the long-term safety of this therapy are important ques-
tions that remain to be addressed.

FUTURE PERSPECTIVES
Despite remarkable advances in the more than 90 years 
since the discovery of insulin, the goal of sustained eug-
lycemia in patients with type 1 diabetes remains largely 
unrealized. Nevertheless, the future looks promising. 
Investigative efforts on several fronts offer hope for novel 
therapeutic approaches in glucose sensing, insulin deliv-
ery, and closing the loop in the years to come. A particu-
larly promising approach is further development of CGM 
systems that already provide real-time glucose informa-
tion, which can be coupled to devices that infuse either 
insulin alone or insulin and glucagon.

The over 90 years since the discovery of insulin have 
seen remarkable advances in the treatment of type 1 
diabetes. These changes have provided the capacity 
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for improved glycemic control and a reduction in the 
burden of long-term microvascular and macrovascular 
complications. Although the ability of current thera-
pies to achieve persistent euglycemia is limited, a vast 
array of research initiatives holds promise for future 
therapies that might ultimately render this goal fully 
attainable.
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Pregnancy is a diabetogenic physiologic event. Particu-
larly in late gestation, insulin requirements of women 
with diabetes increase, and overt diabetes may develop 
in women with previously undiagnosed glucose intoler-
ance. In others, a transitory asymptomatic impairment 
in glucoregulation may be unmasked. These diabeto-
genic aspects of pregnancy are associated with maternal 
and fetal complications and may have long-term conse-
quences as well. The fetal complications do not occur 
when the father is the only diabetic parent, and thus 
they appear to be distinct from the genetic aspects of 
diabetes. They are linked instead to alterations in the 

maternal environment to which the developing con-
ceptus is exposed. The implications for pregnancies in 
which diabetes mellitus (DM) antedates pregnancy (pre-
existing DM) or is first recognized during the present 
pregnancy (gestational DM [GDM]) are discussed in 
subsequent sections.

HISTORY
Before the discovery of insulin, pregnancy in a woman 
with DM was little more than a medical curiosity. The 
few women with DM who survived adolescence were 

K E Y  P O I N T S

 •  The frequencies of preexisting diabetes in pregnancy and gestational diabetes have 
increased in the 21st century.

 •  Severe adverse pregnancy outcomes, including fetal loss, major congenital 
malformations, and intrauterine fetal death, are found significantly more frequently in 
those with type 1 or type 2 diabetes than in the general obstetric population.

 •  The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study has demonstrated 
strong continuous associations between maternal oral glucose tolerance test glucose 
concentrations (below levels diagnostic of diabetes) and frequencies of birth weight 
>90th percentile (large for gestational age [LGA]), cord serum C-Peptide (fetal 
hyperinsulinemia) >90th percentile, and newborn percent body fat >90th percentile.

 •  Two large randomized clinical trials on the treatment of “mild” gestational diabetes 
have demonstrated that treatment, primarily through lifestyle intervention, can 
substantially reduce birth weight and fetal adiposity and the frequencies of LGA births 
and preeclampsia/gestational hypertension.
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often infertile. Those who conceived frequently under-
went therapeutic abortion in view of the alarmingly high 
rates of both maternal (25%) and perinatal (40% to 50%) 
mortality present at the time. After therapy with insulin 
became available, women with diabetes generally reached 
adulthood with little impairment in fertility. Maternal 
mortality declined to a rate similar to that of women with-
out DM. A comparable reduction in fetal wastage did not 
occur until much later. In the 1950s and 1960s, pioneer-
ing efforts based on the premise that fetal survival is linked 
to control of maternal diabetes reduced the rates of fetal 
loss to 10% to 15%. Further improvements followed the 
development of technologies for (1) monitoring the integ-
rity of the fetoplacental unit, (2) documenting maternal 
metabolic control more accurately (i.e., self-monitoring of 
capillary blood sugar), and (3) sophisticated management 
of neonatal morbidity. In centers that regularly provide 
specialized team care to substantial numbers of patients, 
rates of perinatal loss in diabetic pregnancies (except for 
those related to major congenital malformations) now 
approach those of the general obstetric population. Thus 
attention has increasingly focused on neonatal morbid-
ity and the potential effects of maternal diabetes on the 
offspring in later life. For a historical perspective, see the 
comprehensive Technical Review published recently by 
the American Diabetes Association (ADA).1

In recent years, increasing numbers of women with 
long duration of type 1 DM are having pregnancies 
sometimes in the presence of vascular and/or neuropathic 
complications. In the past 2 decades, the prevalence of 
preexisting type 2 DM complicating pregnancy has 
increased throughout the world. Rates of congenital mal-
formations and adverse pregnancy outcome tend to be as 
high as those in pregnancies complicated by type 1 DM.2

Criteria for the diagnosis of GDM were initially estab-
lished nearly 50 years ago.3 These criteria were chosen 
to identify women at high risk for development of dia-
betes following pregnancy, not to identify pregnancies 
at increased risk for adverse perinatal outcomes. Others 
have used criteria for GDM that are the same as those 
used to classify glucose tolerance in nonpregnant individ-
uals.4 Consequently, for more than 3 decades, controversy 
has existed regarding the medical/obstetrical significance 
of GDM and the cost-effectiveness of its detection and 
treatment. The Hyperglycemia and Adverse Pregnancy 
Outcome (HAPO) Study5 has reported strong continu-
ous associations of maternal glucose levels below those 
diagnostic of diabetes with increased birth weight and 
increased cord-blood serum C-peptide levels (fetal hyper-
insulinemia). Significant associations were also found 
with the two other primary outcomes (primary cesarean 
section delivery and clinically defined neonatal hypoglyce-
mia) and with several secondary outcomes (pre-term birth 
[<37 weeks’ gestation], preeclampsia, shoulder dystocia or 
birth injury, need for intensive neonatal care, or hyperbili-
rubinemia), but these tended to be weaker. Since there was 
no apparent glucose threshold for perinatal risks, deriva-
tion of outcome-based criteria for the diagnosis of GDM 
has been approached by consensus of experts. The Inter-
national Association of Diabetes and Pregnancy Study 
Groups (IADPSG) sponsored a workshop-conference on 

gestational diabetes diagnosis and classification attended 
by conferees from 40 countries. A consensus panel of 
more than 50 individuals representing the member orga-
nizations of IADPSG and other groups carried out further 
review and analysis of HAPO study results and published 
recommendations for the diagnosis and classification of 
hyperglycemia in pregnancy.6

EPIDEMIOLOGY
Over the past 2 to 3 decades, the age-adjusted preva-
lence of DM has increased in the general population of 
women of reproductive age.7 In 1995, based on data from 
the 1988 National Maternal and Infant Health Survey 
(NMIHS), Engelau and colleagues8 reported a 4% preva-
lence of diabetes complicating pregnancy in the United 
States. They estimated that GDM accounted for 88% 
and preexisting DM accounted for 12% of cases. Type 2 
DM (NIDDM) accounted for two-thirds and type 1 DM 
(IDDM) accounted for one-third of preexisting DM. Stud-
ies reported later provided evidence that the prevalence 
of both GDM and pregnancy in women with preexisting 
DM has increased since the NMIHS data were collected.8 
For example, the age- and race/ethnicity–adjusted preva-
lence of preexisting diabetes in pregnancy increased from 
0.81% in 1999 to 1.82% in 2005 in the population par-
ticipating in the Kaiser Permanente Southern California 
Medical Care Program. Preexisting diabetes represented 
10% of deliveries with any form of diabetes complicat-
ing pregnancy in 1999. By 2005, it represented 21%. 
Furthermore, the greatest proportional increase in preex-
isting DM was found in the youngest cohort, 13 to 19 
years of age. Information was not sufficient to distinguish 
between preexisting type 1 and type 2 DM; however, 
ethnic/racial distribution and other demographic charac-
teristics suggest that the increase in preexisting DM in 
pregnancy is primarily in type 2 DM.9 In contrast, the 
prevalence of GDM, which had been increasing (see later) 
did not change during this 6-year interval.

Using a database from the Kaiser Permanente North-
ern California Medical Care Program that employed the 
same screening and diagnostic criteria throughout the 
study period, Ferrara and colleagues10 found an increase 
in the incidence of GDM from 1991 to 1997 (from 5.1% 
to 7.4%) and a leveling of the rate from 1997 to 2000. 
An increase was found in all racial/ethnic groups of this 
heterogeneous population. In Colorado, Dabelea and 
associates11 found that the prevalence of GDM doubled 
between 1994 and 2002 in the population served by Kai-
ser Permanente, but the absolute prevalences were lower 
than reported from Northern California. Here also, the 
same screening and diagnostic criteria were followed 
throughout the period of observation, but they required 
higher levels of glucose for the diagnosis of GDM than 
those used by Ferrara and coworkers.10,12,13 This alone 
would lead to differences in observed frequency of 
GDM. In a publication based on the National Hospital 
Discharge Survey (NHDS) of births in the United States 
between 1989 and 2004, Getahun and colleagues14 also 
reported an increase in the prevalence of GDM among 
all racial and ethnic groups. However, in this report, 
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the largest relative increase was found among blacks. 
There is also a general impression that GDM preva-
lence has increased globally15; however, aside from the 
two reports mentioned earlier, these impressions are not 
based on standardized procedures and universal testing 
of populations.

PATHOGENESIS

Metabolic Effects of Pregnancy
The metabolic alterations that develop during pregnancy 
are profound, but they do not occur with equal intensity 
throughout gestation. Rather, a temporal progression is 
seen in which increasing insulin resistance and other met-
abolic changes parallel the growth of the conceptus. In 
the immediate postpartum period, the profound insulin 
resistance dissipates rapidly. These metabolic perturba-
tions and their temporal associations suggest that they 
derive from the conceptus.16 Serial estimates of insulin 
sensitivity both before and during pregnancy in a rela-
tively small number of women with normal carbohy-
drate metabolism indicate a slight reduction in insulin 
sensitivity by 12 to 14 weeks and a further decline by 
the end of the second trimester.17 During the third tri-
mester, insulin sensitivity is 40% to 60% lower than in 
nongravid women.17-20 Catalano and colleagues17 found 
modest improvement in insulin sensitivity at 12 to 14 
weeks in women with GDM when compared with their 
state of insulin resistance before pregnancy. This mod-
est improvement was followed by progression to severe 
insulin resistance in late gestation that was equal to or 
greater than that in subjects with normal glucose toler-
ance. Women with type 1 DM who are in optimal meta-
bolic control before conception do not have an increase 
in insulin requirement during the first trimester and may 
even require some reduction in dosage because of hypo-
glycemia at the end of the first and beginning of the sec-
ond trimester (Fig. 45-1).21

In early nondiabetic pregnancies, there is little if any 
increase in insulin secretion in response to glucose. Con-
versely, insulin secretion in response to oral or intravenous 
glucose in the last trimester of pregnancy is approximately 
1.5 to 2.5 times greater than that seen in nongravid con-
ditions16 and is accompanied by islet cell hyperplasia. The 
product of β-cell secretion is primarily insulin and not a 
disproportionate amount of proinsulin or intermediates, 
which have substantially less activity than insulin. Insulin 
does not cross the placenta. Although the human placenta 
is small in proportion to total maternal mass, it actively 
degrades insulin and moderately increases insulin clear-
ance in normal pregnancy and GDM.20,22

These changes occur temporally in parallel with 
increasing size of the placenta and growth of the fetus. 
However, the specific mediators of increased insulin 
secretion and insulin resistance are not entirely clear. 
Table 45-1 lists a number of the many factors potentially 
implicated in these changes. Numerous studies suggest 
that progesterone, acting either separately or in concert 
with estrogens, has direct β-cell cytotropic actions. Estro-
gens and their receptors have fundamental actions in the 
hypothalamus, adipose tissue and skeletal muscle, liver, 
and pancreatic beta cells that influence carbohydrate 
metabolism.23 When the two sex steroids are admin-
istered to nonpregnant animals in appropriate molar 
concentration ratios, effects on plasma insulin and fuel 
storage in liver and adipose tissue similar to those seen 
in normal pregnancy are observed without significantly 
affecting skeletal muscle sensitivity to insulin.24 Higher 
circulating concentrations of maternal leptin, potentially 
of placental origin,25 may reflect the change in insulin sen-
sitivity rather than directly contributing to it. During the 
latter half of pregnancy, circulating levels of human cho-
rionic somatomammotropin (hCS) or placental lactogen, 
estrogen, and progesterone reach maximal plasma con-
centrations with increasing placental mass.16 The concen-
tration of pituitary growth hormone decreases,26 but the 
increasing level of the growth hormone variant (hGH-V)  
of placental origin may offset the decline.26 Prolactin also 
increases throughout gestation and may contribute to the 
insulin resistance. Free cortisol levels increase, but the 
diurnal variations are maintained27 despite the presence 
of placental corticotropin and corticotropin-releasing 
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Figure 45-1 Schematic representation of changing insulin require-
ments over the course of pregnancy and after delivery in pregestational 
diabetes mellitus. (Data from Phelps RL, Metzger BE, Freinkel N: Med-
ical management of diabetes in pregnancy. In Sciarra J (ed.): Gynecol-
ogy and obstetrics, vol 3. Philadelphia: Harper & Row; 1988: 1-16.)

TABLE 45-1 Factors of Placental Origin that may 
Influence Maternal Insulin Sensitivity

Estrogens and progesterone
Human chorionic somatomammotropin (hCS) or placental 

lactogen (HPL)
Prolactin
Placental growth hormone variant (hGH-V)
Corticotropin-releasing factor (CRF) and corticotropin
Leptin
Tumor necrosis factor α (TNF-α)
Adiponectin*
Resistin
Ghrelin
Interleukin 6 (IL-6)

*There is controversy about whether the placenta is or is not a source 
of adiponectin.
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factor. In recent years, several other factors derived from 
the placenta and/or adipose tissue have been identified as 
potentially important contributors to insulin resistance in 
normal pregnancy and GDM. These include increases in 
tumor necrosis factor α (TNF-α)28 and decreases in adi-
ponectin.29 Several other factors that potentially contrib-
ute to insulin resistance in type 2 DM have not been fully 
evaluated in normal pregnancy or GDM.30

Friedman and colleagues concluded that at the molec-
ular level, the insulin resistance of normal pregnancy is 
multifactorial, involving reduced ability of insulin to 
phosphorylate the insulin receptor, decreased expression 
of insulin receptor substrate 1 (IRS-1), and increased levels 
of a specific kinase.31 Further changes occur in GDM that 
inhibit signaling and lead to substantially reduced GLUT4 
translocation. The net effect of these combined hormonal 
and metabolic changes is to oppose insulin action at 
peripheral (muscle and adipose tissue) and hepatic sites.

Utilization of Maternal Fuels by the Conceptus
The placenta is the conduit through which the concep-
tus continuously draws maternal fuel for its metabolic 
and biosynthetic needs, and glucose is the major source 
of its metabolic energy. In addition, glucose or three-
carbon intermediates derived from glucose (lactate) are 
precursors for glycogen, glycoproteins, and the glyceride-
glycerol in triglycerides and phospholipids of the concep-
tus. Glucose utilization rates as high as 6 mg/kg/minute 
have been estimated in the human fetus at term,32 in con-
trast to glucose turnover of 2 to 3 mg/kg/minute in nor-
mal adults. Glucose delivery across the placenta occurs 
by facilitated diffusion, and maternal glucose usually 
exceeds fetal glucose concentration by 10 to 20 mg/dL 
(0.6 to 1.1 mmol/L).

In the third trimester, growth of the human fetus 
requires the net placental transfer of approximately 
54 mmol of nitrogen per day.33 Furthermore, amino 
acids may be used in the conceptus for oxidative 
energy. Although quantitative measurements of nitro-
gen requirement for fetal growth in humans are not 
available, it is clear that the fetus exerts an unremitting 
drain on maternal nitrogen reserves.

Maternal lipid stores, placental fatty acid metabolism 
and transport, and de novo lipogenesis are all sources of 
fetal lipids.34,35 Net transfer of free fatty acids (FFAs) to 
the fetus is difficult to quantify. Glycerol can cross the 
placenta readily, but its contribution in nonruminant 
mammalian species is probably small. Ketones read-
ily cross the placenta, are present in the fetal circula-
tion in concentrations approaching those in maternal 
blood,36 and the enzymes necessary for ketone oxida-
tion are present in the human fetus. When fetal tissues, 
including the brain, are incubated in vitro with con-
centrations of ketones similar to those present during 
fasting, substantial oxidation of ketones is seen, even in 
the presence of alternative fuels (i.e., fasting concentra-
tions of glucose, lactate, and amino acids).36 Oxidation 
of ketones lessens that of the other fuels and may spare 
them for biosynthetic disposition or other pathways in 
the fetus.37 However, such diversion to the metabolism 
of ketones may have adverse consequences. Ketones 

inhibit pyrimidine and purine synthesis in developing 
brain cells in the rat fetus37 and at high concentrations 
disrupt organogenesis in rodent embryos in culture. 
Rizzo and coworkers38 reported an inverse association 
between increased plasma FFAs and β-hydroxybutyrate 
concentrations in the second and third trimesters of 
pregnancy and intellectual development of offspring at 
age 2 to 5 years. Recently, Clausen and associates did 
not find altered cognitive function in adult offspring of 
women with Type 1 diabetes39 or diet-treated GDM40 
to be associated independently with maternal glycemic 
control during pregnancy.

Circulating Concentrations of Nutrient Fuels
In Normal Pregnancy. Normal women have a decrease in 
the concentration of fasting plasma glucose (FPG) dur-
ing pregnancy. The greatest decline in FPG (10- to 12-
hour fast) occurs early in gestation,41 well before the rate 
of glucose utilization by the fetus is sufficient to increase 
total maternal glucose turnover. It has been reported 
that obese women do not show a decline of FPG during 
pregnancy.41 A lower FPG persists during late gestation  
despite relatively higher postmeal glucose levels. However,  
reports of diurnal glucose profiles of ambulatory preg-
nant women obtained by capillary blood glucose moni-
toring or continuous monitoring of subcutaneous fluid 
confirm that glycemic excursions vary within a narrow 
range in normal subjects, even during late gestation.42,43 
Basal concentrations of plasma glycerol and FFAs do not 
change until late gestation, at which time significant el-
evations occur, and transition to the metabolic profile 
characteristic of the fasting state is accelerated in asso-
ciation with mounting lipolysis and insulin resistance.44 
Progressive increases occur in all major lipid fractions, 
including triglycerides, cholesterol, and phospholipids.24 
Total plasma amino acid concentrations also decline in 
early pregnancy and persist throughout gestation.45 In 
late pregnancy, increased fetal removal, as opposed to im-
paired maternal muscle release of amino acids, may play a 
primary role in sustaining maternal hypoaminoacidemia.

In Gestational Diabetes Mellitus. Basal and postpran-
dial levels of glucose, FFAs, triglycerides, and amino 
acids tend to exceed those of normal pregnant control 
subjects,46 and the changes tend to persist during dietary 
intervention, with the extent of the abnormalities paral-
leling the severity of the GDM.46 Branched-chain amino 
acids are sensitive to insulin, are often altered in obesity 
and other insulin-resistant states, and are the most consis-
tently disturbed.46 These trends have recently been con-
firmed in metabolomic assays that also provide insight 
into the metabolic pathways that are involved.47 The 
propensity to “accelerated starvation” (e.g., a more rapid 
decline in circulating glucose concentration in association 
with a greater increase in FFAs and ketones) in women 
with GDM is similar to that found in women with normal 
glucose homeostasis.48 Diurnal glucose profiles of ambu-
latory women with diet-treated GDM obtained by con-
tinuous monitoring of subcutaneous fluid show greater 
glycemic excursions and delay in reaching postprandial 
peak values than seen in normal subjects.467
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In Women with Preexisting Diabetes Mellitus. In preg-
nant women in whom type 1 DM is well controlled, few 
disturbances in plasma lipids (FFAs, cholesterol, and tri-
glycerides) have been found, and individual lipoprotein 
fractions have little change in their lipid content.49 The 
greatest departures from the norm during pregnancy oc-
cur in plasma glucose profiles; plasma amino acid concen-
trations also may be markedly disturbed. Changes in ami-
no acids and indices of glycemic control (blood glucose 
self-monitoring records and hemoglobin A1c levels) are 
poorly correlated, especially in late pregnancy.50 Lipids 
tend to be altered more extensively in pregnant women 
with type 2 DM, with higher total plasma triglycerides 
and an increased triglyceride content of very low-density 
lipoproteins.49 The cholesterol content of high-density li-
poproteins may be decreased when compared with levels 
in normal pregnancy or in pregnant women with type 1 
DM.49 The relative roles of obesity and diabetes in the 
development of these lipid aberrations remain to be de-
fined. Studies of amino acid metabolism in type 2 DM in 
pregnancy have not been reported.

Maternal Metabolism and Pregnancy Outcome
The pioneering hypothesis advanced by Pedersen51 stated 
that maternal hyperglycemia leads to fetal hyperinsulin-
ism, which is responsible for macrosomia and neonatal 
morbidity. Extensive experimental and clinical evidence 
indicates that metabolic disturbances in the mother con-
tribute to virtually all the adverse effects of DM on the 
offspring.16,52 The importance of alterations in other 
metabolic fuels, in addition to glucose, was recognized 
later.46 Results of the HAPO Study5 indicate that the 
associations between maternal glycemia, fetal insulin, 
and parameters of fetal growth extend through the full 
range from “normal” to those that reflect overt diabe-
tes. Freinkel16 emphasized the temporal relations between 
a metabolic insult and the adverse outcome expected 

(“fuel-mediated teratogenesis”) and postulated that the 
altered intrauterine environment of diabetes can have 
lifelong as well as perinatal consequences.16,52 The key 
features of the hypotheses of Pedersen and Freinkel are 
schematically integrated in Fig. 45-2.

Congenital Malformations and Early Fetal Loss
Increased risk for congenital malformations and sponta-
neous abortions in diabetic pregnancies are linked to met-
abolic control at conception.16,49 Good metabolic control 
during the period of organogenesis may reduce the preva-
lence of these adverse outcomes.49 Risk for spontaneous 
abortion increases in direct proportion to hemoglobin A1c 
concentration measured shortly before or after concep-
tion.53,54 The specific relation between metabolic control 
and risk for congenital malformations has been more dif-
ficult to define. Greene and associates54 found a preva-
lence of congenital malformation of about 5% until initial 
hemoglobin A1c concentrations were in excess of 10 to 12 
SD of the mean control value. If put in the context of 
current analytical methods and reference range for preg-
nancy,55 this would represent hemoglobin A1c in the range 
of 9.5% to 10%. Beyond that, the risk for malformations 
increased steeply. Several groups reported that improv-
ing control of DM before conception56 reduces rates of 
major congenital malformations to those expected in the 
general obstetric population. In populations in which 
most pregnancies in women with diabetes are planned, 
congenital malformations have declined to rates similar 
to those of the general population.57 However, data from 
general population-based sources indicate that the overall 
risk for birth defects remains nearly 10% in pregnancies 
in women with preexisting diabetes.58,59

In vivo and in vitro animal models suggest that dia-
betic embryopathy is multifactorial.60 Oxidative stress, 
increased generation of free radicals, disruption of signal-
ing pathways, including the expression and action of the 
Pax3 gene, or a combination of these have been impli-
cated.58,59,61 When tight metabolic control is restored, 
levels of circulating serum factors that may mediate 
embryopathy decline more slowly than hyperglycemia 
and hyperketonemia.60 Hypoglycemia also is poten-
tially teratogenic,62 so measurements of blood glucose or 
hemoglobin A1c may not fully reflect the “toxicity” of the 
maternal environment for the fetus. This lack of specific-
ity is reflected in the fact that 60% to 70% of offspring of 
mothers with first-trimester hemoglobin A1c levels indica-
tive of poor metabolic control are normally developed at 
birth.54 Consequently, neither the precise degree of glyce-
mic control nor the interval over which good control must 
be maintained to achieve optimal outcome is known.

Disturbances of Fetal Growth
Development of macrosomia (traditionally defined as 
birth weight >4000 g or above the 90th percentile for ges-
tational age) is the quintessential fulfillment of the Peder-
sen hypothesis and a frequent complication of pregnancies 
complicated by DM and GDM. Increased adiposity is the 
primary component of the macrosomia. Infants of dia-
betic mothers may have up to twice the body-fat content 
of infants of normal mothers. Increased fat content was 

PEDERSEN/FREINKEL HYPOTHESES
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Figure 45-2 Effect of maternal fuels on fetal development. The classic 
hyperglycemia-hyperinsulinemia hypothesis of Pedersen51 has been mod-
ified to show the contribution of other insulin-responsive maternal fuels 
besides glucose. All of these fuels can influence the growth of the fetus 
and the maturation of its insulin secretion. As indicated here, altered fetal 
nutrients and enhanced insulin secretion are associated with consequenc-
es that extend well beyond the neonatal period. (Data from Silverman 
BL, Purdy LP, Metzger BE. The intrauterine environment: Implications 
for the offspring of diabetic mothers. Diabetes Rev. 1996;4:21–35.)
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reported in infants of mothers with GDM, even with total 
body weight identical to that of controls,63 and data from 
the HAPO Study5 showed that the risk for high infant 
percent body fat increased in association with higher 
maternal glucose concentration across the entire range of 
subdiabetic glucose levels. Adiposity tends to be promi-
nent in the shoulder region, enhancing risks for cesarean 
delivery, shoulder dystocia, and birth trauma.64 Skin-fold 
measurements may be used to document adiposity at 
birth and reflect maternal metabolic regulation.65 How-
ever, skin-fold measurements are difficult to standardize 
and are seldom used in routine clinical assessment.65

Asymmetric growth is one hallmark of diabetic fetopa-
thy. In addition to hypertrophy of subcutaneous fat, other 
organs responsive to insulin (e.g., the heart and liver) may 
be larger, whereas insulin-insensitive tissues such as the 
brain are of normal size. Some investigators use ultra-
sound-measured abdominal circumference of the fetus 
that is greater than the 75th percentile to identify preg-
nancies in women with GDM at higher risk for macroso-
mia and target them for intensive therapy with insulin.66

Fetal hyperinsulinemia may develop early in gesta-
tion, well before adipose tissue develops.67 We observed 
a stronger association between fetal islet function near 
term or at birth and metabolic control in the second tri-
mester (hemoglobin A1c concentration) than in the third 
trimester.68 Once initiated, β-cell overactivity may pro-
mote development of macrosomia, even without sus-
tained elevations in nutrient fuels. Visceromegaly and fat 
accumulation also resulted from insulin administration 
to normal fetal monkeys (via implanted insulin pumps), 
without concurrent infusion of additional nutrients.69 
The results of the HAPO Study indicate that the risk for 
fetal hyperinsulinemia increases in a linear fashion across 
the range of maternal glucose concentrations below those 
characteristic of overt diabetes.5 Alterations of multiple 
nutrient fuels68 may contribute to premature activation 
of fetal islet function and increases in insulin-like growth 
factors (IGFs).70

Historically, intrauterine growth restriction (IUGR) 
was a common finding in offspring of type 1 diabetic 
mothers. This was thought to be secondary to mater-
nal vascular disease, resulting in uteroplacental insuf-
ficiency.51 However, in early pregnancy very poor 
metabolic control (in the absence of vasculopathy) may 
retard growth irreparably, even without associated birth 
defects.1 At the present time, growth restriction is rarely 
seen with diabetes except in pregnancies complicated by 
hypertension or nephropathy.

Anthropometric and Metabolic Development in Childhood
Pettitt and colleagues71 found a correlation in Pima Indian 
mothers between the 2-hour response to oral glucose dur-
ing pregnancy and the occurrence of obesity in their off-
spring. Moreover, the risk for obesity was not limited to 
those whose birth weight was increased.72,73 Greater rela-
tive weight for height was reported at 4 years of age in the 
offspring of diabetic mothers whose control was “poor” 
rather than “good” during the index pregnancy.72 In a 
prospective long-term follow-up study of offspring of 
diabetic mothers, our group at Northwestern University 

found that macrosomia of offspring disappeared by 1 year 
of age. However, by 8 years of age, obesity was highly 
prevalent; nearly half had a weight greater than the 90th 
percentile.72,74 Hillier and colleagues reported weight of 
children (5 to 7 years of age) from a large multiethnic 
group cohort whose mothers had glucose challenge tests 
and/or glucose tolerance tests during pregnancy.75 Risk 
for obesity in the children increased progressively across 
the range of subdiabetic maternal glucose values.

In Pima Indians, by 20 to 24 years of age, type 2 DM 
is present in 45.5% of offspring of “diabetic” mothers, 
8.6% of offspring of “prediabetic” mothers, and 1.4% 
of offspring of “nondiabetic” mothers.76 The differences 
remain after adjustment for diabetes in the father, age at 
onset of diabetes in either parent, and obesity in the off-
spring (Fig. 45-3). The authors concluded, “The findings 
suggest that the intrauterine environment is an important 
determinant of the development of diabetes and that its 
effect is in addition to effects of genetic factors.”76 Data 
from the Search for Diabetes in Youth multicenter study 
support this conclusion.77 The offspring of diabetic moth-
ers enrolled in the Northwestern University long-term 
follow-up had a high prevalence of impaired glucose tol-
erance (IGT),78 particularly during puberty. IGT devel-
oped at similar rates in the offspring of mothers with 
GDM and preexisting DM. Excessive insulin secretion in 
utero was a strong predictor of both IGT and obesity in 
childhood, independent of degree of obesity.78

DIAGNOSIS AND CLASSIFICATION

Classification
The ADA classification of diabetes includes four mutually 
exclusive categories (see Chapter 38). Three are forms 
of preexisting diabetes (type 1 diabetes, type 2 diabe-
tes, other), and the fourth is gestational diabetes.79 With 
modification for pregnancy,80 this classification scheme is 
shown in Table 45-2.
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Figure 45-3 Age-specific prevalence of non–insulin-dependent diabe-
tes mellitus (plasma glucose >200 mg/dL 2 hours after oral glucose) in 
offspring of Pima Indian women without diabetes mellitus (blue bars), 
those developing diabetes only subsequent to pregnancy (red bars), or 
those with diabetes during pregnancy (green bars). (Data from Pettitt DJ,  
Aleck KA, Baird HR, et al. Congenital susceptibility to NIDDM: Role 
of intrauterine environment. Diabetes. 1988;37:622-628.)
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It is recognized that classifying all pregnancies with 
first recognition or diagnosis of hyperglycemia during 
pregnancy as GDM6 includes some women with preex-
isting diabetes. As indicated in the section entitled Epi-
demiology, recent increases in obesity and diabetes at 
earlier ages have increased the frequency of such mis-
classification. Since the treatment during pregnancy and 
postpartum and perinatal and long-term risks for Type 2 
DM and GDM differ, the IADPSG Consensus Panel that 
made recommendations for new criteria for GDM also 
provided guidelines for detection and diagnosis of preex-
isting diabetes.6

Preexisting Diabetes
Historically, the White classification of diabetes in preg-
nancy81 was devised to predict pregnancy risk in type 1 
DM based on age at onset and duration of diabetes, in 
combination with microvascular or macrovascular com-
plications. In the present era, fetal loss is less common, 
and the degree of metabolic control throughout preg-
nancy and the presence or absence of vascular complica-
tions, independent of maternal age or duration of DM, 
are more specific predictors of maternal or fetal morbid-
ity. Instead, as shown in Table 45-2, we indicate that 
preexisting diabetes is or is not associated with neuropa-
thy or vascular complications.80 Severe hypoglycemia 
and hypoglycemia unawareness are potentially hazard-
ous for both mother and fetus.82 We therefore list these 
as complications when these events are noted during 
pregnancy.

Physicians would like to provide pregnant women 
who have complications of diabetes prospective answers 
to two questions: Will pregnancy accelerate or worsen 
preexisting complications? Does the diabetic complica-
tion per se contribute to the risk for adverse pregnancy 
outcomes? In many cases, evidence is not sufficient to 
offer specific advice. These complicated issues have been 
reviewed in detail in a technical report from the Ameri-
can Diabetes Association.49 Those situations for which 
the greatest amount of specific information is available 
are commented on in the sections that follow.

Retinopathy. Diabetic retinopathy may worsen during 
gestation. The risk is present primarily in women with 
active proliferative changes or severe preproliferative 
retinopathy. Patients with mild background retinopa-
thy or inactive laser-treated proliferative disease rarely 
experience progression of consequence. An association 
has been found between worsening retinopathy during 
pregnancy and the severity of hyperglycemia at enroll-
ment83,84 and the magnitude of improved glycemic con-
trol achieved in the first half of gestation.83 This worsen-
ing during pregnancy may be analogous to the transient 
deterioration observed in nonpregnant subjects after the 
initiation of “tight” control of diabetes.85 Data from the 
Diabetes Control and Complications Trial85 indicate that 
pregnancy per se adds independently to the risk for tran-
sient progression of retinopathy, and the increased risk 
for progression may continue during the first postpartum 
year. Hypertension in pregnancy also is associated with 
progression of diabetic retinopathy.86 Regardless of the 
mechanisms involved, women with preexisting retinopa-
thy should be advised of the potential for deterioration 
and the need for close ophthalmologic follow-up before 
conception, during pregnancy, and in the postpartum 
period. Although photocoagulation therapy can be used 
effectively during gestation, those with active prolifera-
tive disease should be advised to postpone pregnancy un-
til photocoagulation treatment has stabilized the retinal 
condition.

Nephropathy. Diabetic nephropathy (24-hour urine pro-
tein ≥0.5 g or reduced creatinine clearance) increases 
risks for both the mother and offspring.49,87 Worsening 
proteinuria (twofold to threefold increase), hypertension, 
premature labor, and a need for early induction are com-
mon outcomes. The risks for these complications increase 
with stage of nephropathy (Table 45-3). Most women  
experience little permanent effect on renal function, de-

TABLE 45-2 Classification of Diabetes  
in Pregnancy

Type 1 Diabetes. Diabetes resulting from beta cell destruction, 
usually leading to absolute insulin deficiency

 •  Without vascular or neuropathic complications
 •  With complications (specify which)
Type 2 Diabetes. Diabetes resulting from progressively decreased 

insulin secretion in the face of increased insulin resistance
 •  Without vascular or neuropathic complications
 •  With complications (specify which)
Other Types of Diabetes: Monogenic diabetes, diabetes  

associated with pancreatic disease, drug or chemically  
induced diabetes, and so forth.

Gestational Diabetes: Diabetes diagnosed during pregnancy that 
is not clearly overt diabetes

Modified from American Diabetes Association Standards of medical 
care in diabetes—2014. Diabetes Care. 2014;37(Suppl 1):S14–S20; 
and Buchanan TA, Denno KM, Sipes GF, et al. Diabetic teratogene-
sis: in vitro evidence for a multifactorial etiology with little contribu-
tion from glucose per se. Diabetes. 1994;43:656–660.

TABLE 45-3 Stages of the Evolution of Diabetic 
Nephropathy and Common Effects on Pregnancy

Stage
GFR  
(mL/min)

Albuminuria  
(mg/day) Pregnancy Effect

Hyperfiltration ≥150 <30 Unknown
Microalbuminuria ≥90 30-299 Increased  

preeclampsia
Macroalbuminuria ≥90 ≥300 Increased  

preeclampsia
Early nephropathy 60-89 ≥500 Fetal growth 

restriction
Moderate CKD 30-59 Massive  

proteinuria
Poor perinatal 

outcome
Severe CKD 15-29 Less  

proteinuria
Delay pregnancy 

until  
posttransplant

Renal failure <15 Dialysis

Data from Technical Reviews and Consensus Recommendations for 
Care. Part 2: Management of diabetic/medical complications in 
pregnancy: Diabetic nephropathy and pregnancy. In: Kitzmiller JL, 
Jovanovic L, Bown F, et al. eds. Managing preexisting diabetes and 
pregnancy: technical reviews and consensus recommendations for 
care. Alexan dria, VA: American Diabetes Association; 2008, p 375.

CKD, Chronic kidney disease; GFR, glomerular filtration rate.
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spite transient but substantial increases in proteinuria.87,88  
Occasionally, patients experience deterioration in re-
nal function that continues in the postpartum period.49 
Whether this decline is related to pregnancy or reflects the 
natural progression of renal impairment is uncertain. The 
number of subjects with severe diabetic nephropathy is too 
small to gain definitive information at any single center.

Neuropathy. Diabetic neuropathy is commonly found 
in patients with long-standing diabetes. Little is known 
about the effect of pregnancy on progression of diabetic 
neuropathy. However, autonomic neuropathy may con-
tribute to maternal morbidity and adverse pregnancy 
outcomes.49,89,90 Gastroparesis may result in marked 
glucose lability, inadequate nutrition, and maternal pul-
monary aspiration. Bladder dysfunction may increase 
the risk for urinary tract infection and worsening renal 
function.

Cardiovascular Disease. Both systolic and diastolic blood 
pressure may increase in pregnancy in type 1 diabetic 
women.91 In dated studies, myocardial infarction was as-
sociated with a 50% mortality.92,93 An increased risk for 
myocardial infarction and congestive heart failure is also 
found in the postpartum period. The number of subjects 
with either long-standing type 1 or type 2 DM who expe-
rience coronary artery disease during pregnancy is small. 
At this time, an efficient, cost-effective strategy for detec-
tion and treatment of cardiovascular disease before and 
during pregnancy is not available.49

Diagnosis of Gestational Diabetes Mellitus
Criteria for the diagnosis of GDM were initially pro-
posed 50 years ago.3 The National Diabetes Data Group 
(NDDG)94 and the World Health Organization (WHO)4 
made recommendations for the diagnosis of GDM about 
35 years ago. Both the American Diabetes Association95 
and the American College of Obstetricians and Gynecolo-
gists96 recommended strategies for GDM detection and 
diagnosis nearly 30 years ago. However, throughout the 
last half century, there has been controversy about the 
value of this effort. One point of contention has been lack 
of conclusive evidence that in GDM the “diabetic fetopa-
thy–like” outcomes are independently linked to mater-
nal glycemia rather than phenotypic characteristics (e.g., 
obesity, higher maternal age, chronic hypertension). The 
second issue has been lack of evidence from randomized 
controlled trials that the treatment of mild GDM is effec-
tive. As recently as 2008, The United States Preventive 
Services Task Force (USPSTF) concluded that “current 
evidence is insufficient to assess the balance of benefits 
and harms of screening for gestational diabetes mellitus, 
either before or after 24 weeks’ gestation.”97

Diagnosis
The O’Sullivan and Mahan criteria for the diagnosis of 
GDM,3 initially established 50 years ago, with minor 
modifications remain in widespread use today, particu-
larly in North America. These criteria were chosen to 
identify women at high risk for development of diabe-
tes following pregnancy, not to identify pregnancies at 

increased risk for adverse perinatal outcomes. The World 
Health Organization (WHO) recommended criteria for 
GDM that are the same as those used to classify glucose 
tolerance in nonpregnant persons.4 When the National 
Diabetes Data Group (NDDG) developed the classifica-
tion and diagnosis of DM in 1979,94 the AutoAnalyzer 
colorimetric (ferricyanide-based) analytic method for glu-
cose was the “gold standard.” Currently, glucose assays 
are primarily enzymatic (glucose oxidase or hexokinase). 
Carpenter and Coustan98 derived values for interpreta-
tion of a 100-g OGTT that more accurately extrapolates 
the O’Sullivan results to glucose oxidase-based methods. 
This results in lower plasma glucose values for the diag-
nosis of GDM than those recommended by the NDDG 
and about a 50% increase in the number of women with 
a diagnosis of GDM.10

A number of investigators have also provided evidence 
that adverse pregnancy outcomes are common in women 
with plasma glucose levels during the OGTT that are 
lower than those currently used in the United States for 
the diagnosis of GDM. The HAPO Study results showed 
continuous associations between several perinatal out-
comes and maternal glycemia across the full subdiabetic 
range.5 There were no obvious thresholds for fasting 
1-hour or 2-hour OGTT glucose values at which risks 
increased. Since there was no apparent glucose threshold 
for perinatal risks, derivation of outcome-based criteria 
must be based on consensus.

The International Association of Diabetes and Preg-
nancy Study Groups (IADPSG) sponsored a Work-
shop-Conference on the diagnosis and classification of 
Gestational Diabetes that was attended by more than 225 
conferees from 40 countries. Published and unpublished 
HAPO Study results and other work on associations of 
maternal glycemia with perinatal and long-term out-
comes in offspring were reviewed. A Consensus Panel of 
more than 50 individuals representing the member orga-
nizations of IADPSG carried out further review and anal-
ysis of HAPO results, held a second face-to-face meeting 
of panel members, then published recommendations for 
the diagnosis and classification of hyperglycemia in preg-
nancy.6 In 2010, the WHO convened a guideline devel-
opment group (GDG) that included external experts and 
WHO staff. The objective was to update the 1999 WHO 
recommendations for diagnosing and classifying hyper-
glycemia in pregnancy. Systematic reviews were con-
ducted for key questions.99 The 2013 WHO guidelines 
on diagnostic criteria and classification of hyperglycemia 
first detected in pregnancy100 endorsed the IADPGS crite-
ria for GDM and the strategy recommended for the detec-
tion of preexisting diabetes.6

Professional organizations in a number of countries 
have also endorsed the IADPSG recommendations.101 
On the other hand, application of the IAPDSG recom-
mendations in North America has been inconsistent. 
Influential organizations such as the American College 
of Obstetricians and Gynecologists (ACOG)102 and 
the ad hoc National Institutes of Health (NIH) consen-
sus panel103 have favored continuation of the diagnos-
tic strategies for GDM that have been used for more 30 
years. The Endocrine Society has endorsed the IADPSG 
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recommendations.104 The ADA fully endorsed the 
IADPSG diagnostic thresholds for GDM in 2011,105 but 
equivocated it in 201479 by suggesting that either the 
IAPDSG- or ACOG-endorsed approach is acceptable. 
The Canadian Diabetes Association guidelines106 have 
included the IADPSG approach as an alternative, but not 
their preferred strategy. In view of this continuing contro-
versy, Table 45-4 indicates the diagnostic thresholds for 
both approaches.

Detection
As summarized in the section entitled Epidemiology, the 
epidemics of obesity and type 2 diabetes that emerged 
late in the twentieth century are associated with a marked 
increase in diagnosed and undiagnosed metabolic dis-
orders at younger ages including women of reproduc-
tive age7 and in preexisting diabetes in pregnancy.9 To 
encourage early detection and treatment of previously 
undiagnosed overt diabetes, the IADPSG Consensus 
Panel proposed glucose testing of women at “high risk” 
for diabetes at the first prenatal visit.6 That strategy is 
outlined in Table 45-5.

The diagnostic criteria for GDM that were proposed 
by O’Sullivan and Mahan in 19643 were selected to 
identify pregnant women at risk for subsequent risk for 
diabetes mellitus outside of pregnancy. The thresholds 
(see Table 45-5) that were selected (mean +2 SD) for 
each value in the OGTT meant that the frequency of 
GDM in that cohort would be low and similar to that 
of diabetes mellitus in nonpregnant adults. The low fre-
quency of GDM prompted the search for cost-effective 
methods to screen the population of pregnant women 
to select those that would receive a diagnostic OGTT. 
Wilkerson and O’Sullivan compared the use of “risk  
factor” and blood glucose testing with the 50-gram, 
1-hour glucose challenge test (GCT).107 Glucose testing 
proved to be more sensitive and specific and later lead to 
identification of a GCT threshold that identified 79% of 
those with GDM.108

The optimal cost-effective strategy for the detection 
and diagnosis of GDM has been the subject of much con-
troversy for decades. In the United States and a number of 
other countries, the standard procedure has been to do a 
screening 50-gm GCT at 24 to 28 weeks of gestation fol-
lowed by a 3-hour OGTT in those with a positive GCT.12 
In some other countries, an OGTT is performed as the 
only blood glucose test in women with a history of GDM 
risk factors. However, in a recent systematic review, van 
Leeuwen and associates109 found that although the GCT 
leads to the identification of only 75% to 80% of GDM 
in a cohort, it remains an acceptable screening test and 
superior to risk-factor–based screening. This approach to 
the detection of GDM is likely to remain in use by those 
that continue to follow ACOG recommendations.102 
The lower diagnostic thresholds recommended by the 
IADPSG6 and the diagnosis of GDM with one or more 
values equal to or exceeding a diagnostic threshold yields 
a substantially higher frequency of GDM.110 A two-step 
diagnostic strategy is not more cost-effective than a one-
step approach when the frequency of GDM is high.111 
Furthermore, use of the GCT to detect GDM based on 
the IADPSG recommendations6 has not been reported, 
and its use does not take into consideration the strong 
association of fasting glucose and perinatal outcomes that 
was found in the HAPO Study.5

It is important that glucose measurements on serum 
or plasma be made with certified laboratory techniques. 
Although measurement of capillary blood glucose with 

TABLE 45-4 Strategy for Detection and Diagnosis 
of Hyperglycemic Disorders in Pregnancy

First Prenatal Visit6

Measure FPG, A1c, or random plasma glucose for “high-risk” 
women.

 •  Results indicate overt diabetes—treatment as for preexisting 
diabetes

 •  Results not diagnostic of overt diabetes
 •  If FPG equal or greater than that diagnostic of GDM  

(see Table 45-5), treat as GDM.
 •  Results not diagnostic of overt diabetes or GDM: test for 

GDM at 24 to 28 weeks

24 to 28 Weeks’ Gestation: Diagnosis of GDM

IADPSG recommendations6

 •  75-gm OGTT (FPG, 1- and 2-hour samples) on all not  
previously overt DM or GDM

 •  Interpret results as per Table 45-5.
ACOG recommendationsbroekerc102

 •  Glucose challenge test (positive threshold 104 mg/dL  
(7.8 mmol/L)

 •  100-gm OGTT (FPG, 1-, 2-, 3 -hour samples)
 •  Interpret results as per Table 45-5.

TABLE 45-5 Diagnosis of Gestational Diabetes Mellitus*

100-g Oral Glucose Load 75-g Oral Glucose Load

O’Sullivan-Mahan3 Whole Blood  
Somogyi-Nelson (mg/dL)† NDDG94 Plasma AutoAnalyzer (mg/dL)†

Carpenter-Coustan98 Plasma  
Glucose Oxidase (mg/dL)†

IADPSG6

Enzymatic (mg/dl)#

Fasting 90 105 95 92
1 hour 165 190 180 180
2 hours 145 165 155 153
3 hours 125 145 140 —

*The test should be performed in the morning after an overnight fast of at least 8 hours but not more than 14 hours and after at least 3 days of unre-
stricted diet (≥150 gm carbohydrate per day) and physical activity. The subject should remain seated and should not smoke throughout the test.

†Two or more of the values for glucose concentration must be met or exceeded for a positive diagnosis.
#One or more of the values for glucose concentration must be met or exceeded for a positive diagnosis.
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portable meters and reagent strips is convenient and 
rapid, a within-test variability of 10% to 15% mark-
edly reduces both the sensitivity and specificity of this 
approach.12 Measurements of random blood glucose,112 
hemoglobin A1c,113,114 or fructosamine115 also are not 
sufficiently sensitive for screening purposes.12

TREATMENT OF DIABETES MELLITUS DIAGNOSED 
BEFORE PREGNANCY
The ultimate goal for pregnancies complicated by diabe-
tes is the delivery of a healthy baby at term. Complica-
tions for the mother or baby may arise from medical, 
obstetric, or neonatal factors. We continue to advocate 
management by an experienced team that can address 
all of these issues. The team may include an internist 
or diabetologist, obstetrician or perinatologist, pedia-
trician or neonatologist, nurse-educator, dietitian, and, 
where needed, a social worker. Smooth functioning of 
the team requires that it be composed of a limited num-
ber of individuals who care for a substantial number of 
patients. Women whose diabetes is not in good control 
undergo intensive management from these outpatient 
teams. From the time of initial presentation onward, this 
entails 1) control of diabetes established as rapidly as 
possible; 2) ophthalmologic examination, tests of renal 
function, and cardiovascular evaluation (when appro-
priate); 3) educational reinforcement (e.g., diet, blood 
glucose monitoring, administration of insulin); and  
4) addressing medical, psychosocial, financial, and other 
implications of diabetes in pregnancy. Women with 
GDM who require insulin are managed like those with 
preexisting DM.

Preconception Planning
Education about the special issues related to pregnancy 
(i.e., impact of diabetic complications, metabolic control 
and adverse pregnancy outcome, family planning, con-
traception) should begin when young women with dia-
betes achieve fertility. Consultation with the diabetes and 
pregnancy team should be sought 3 to 6 months before 
intended conception to reassess diabetes status and review 
the medical and obstetric management both before and 
during gestation. At the preconception visit, assessment 
includes determination of vascular complications, mea-
surement of hemoglobin A1c and thyroid-stimulating hor-
mone (TSH), and determination of renal function (often 
requiring 24-hour creatinine clearance and quantitative 
urinary protein). Before gestation, prescribed medications 
that may have adverse fetal effects—such as angiotensin-
converting enzyme (ACE) inhibitors, angiotensin-receptor 
blockers (ARBs), thiazolidinediones, and 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase 
inhibitors—should be discontinued, substituting other 
appropriate medications (e.g., antihypertensive agents) 
where needed. Supplemental intake of folic acid, 0.4 to 
0.8 mg daily, is recommended to reduce risks for neural 
tube defects in the offspring of women with and without 
diabetes.116 Lifestyle factors needing modification such 
as smoking and alcohol/drug use should be addressed. 
Pregnancy should not be discouraged on genetic grounds. 

Long-term follow-up of the offspring of individuals with 
type 1 DM indicated a prevalence of type 1 DM of 1.3% 
in the offspring of diabetic mothers and 6.1% in the off-
spring of diabetic fathers.117 Short- and long-term conse-
quences of inadequately controlled maternal diabetes for 
the offspring should be reviewed. The potential impact 
of pregnancy on maternal diabetes complications and the 
time commitment needed to attain optimal control before 
conception and throughout gestation should be discussed.

As indicated in the Congenital Malformations and 
Early Fetal Loss discussion, clinical and experimental 
evidence indicates that the risks for these events in dia-
betic pregnancies are linked to disturbances in maternal 
metabolism around the time of conception.16,49 Further-
more, control of maternal diabetes during the period of 
organogenesis may reduce the prevalence of these adverse 
outcomes.49 This possibility makes a compelling case for 
establishing tight control of diabetes before conception.

The preceding considerations have led us to advise 
prospective mothers to attain stable, near-normal glyce-
mic control before pregnancy and during the period of 
organogenesis. Striving for complete normalization may 
lead to frequent hypoglycemia in some women, which we 
attempt to minimize. The relentless pursuit of completely 
normal blood glucose levels, particularly in women with 
hypoglycemia unawareness, may have adverse conse-
quences, as indicated by reports of very high prevalence 
of severe episodes of hypoglycemia in the 3 months prior 
to pregnancy and during the first trimester of gestation.82 
For patients with more than minimal retinopathy who are 
in poor control, we recommend slow but steady correc-
tion of hyperglycemia over a period of several months 
before conception, in the hope of preventing deterioration 
in retinal status. Patients are reassured that with careful 
adherence to medical and obstetric treatment plans, the 
chances of a favorable outcome are excellent for both the 
mother and baby. Unfortunately, in the United States49,56 
and in other countries118,119, most women with known 
preexisting DM still fail to begin intensive management 
of diabetes before their pregnancy, despite extensive pro-
fessional and patient educational efforts for more than 2 
decades.

Diet
Diabetes does not alter the general dietary recommenda-
tions for pregnancy, except that complex carbohydrates 
should be substituted for “free” sugars. Because of the 
heightened propensity to accelerated starvation, carbo-
hydrate is not restricted to less than 180 to 200 g/day  
(unless systematic monitoring for ketonuria is per-
formed), and intake should be distributed during the day 
to avoid periods of fasting in excess of 5 to 6 hours. The 
proportion of the daily diet given at specific times can be 
individualized (within the preceding constraints) accord-
ing to patient preference and also may be manipulated 
to stabilize metabolic control. Day-to-day consistency 
in the times and carbohydrate content of meals and in 
doing exercise is generally very helpful. Women who have 
experience with insulin-pump therapy often achieve or 
maintain more flexibility by using carbohydrate count-
ing. However, many experience difficulty maintaining 
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optimal glycemic control during the time of escalating 
insulin requirements if they are also having major day-to-
day variation in meals.

Dietary prescriptions are individualized and modified 
if necessary over the course of gestation. Although they 
were developed for the general population, we apply the 
updated Institute of Medicine of the National Academies 
of Science guidelines concerning optimal weight gain dur-
ing gestation to patients with DM.120 It is recommended 
that weight gain be proportional to the degree of adipos-
ity (based on body mass index [BMI; weight/height2]) in 
the mother before conception. This may range from a 
gain of as little as 11 lb (5 kg) in the obese to as much 
as 40 lb (18 kg) in underweight women. Estimates of the 
caloric cost of singleton pregnancy have varied widely, 
for example, from an additional 100 to 150 kcal/day to 
300 to 450 kcal/day in the second and third trimesters.121 
This underscores the need to individualize dietary pre-
scriptions and make alterations over time as necessary.

It has long been recognized that the increase in blood 
glucose following ingestion of different foods containing 
the same amount of carbohydrate is variable. This led to 
rating the hyperglycemic properties or “glycemic index” 
of various foods.122 Applying this insight effectively for 
routine patient care poses difficulties. At least two fac-
tors contribute: first, foods with different glycemic indices 
are often combined in the same meal, with unpredictable 
effects on blood glucose; and second, the apparent gly-
cemic effects of the same food tend to vary from meal 
to meal. However, alert patients often discover particu-
lar foods or combinations of foods that for them seem 
to result in an exaggerated glycemic response, and which 
they then avoid.

If weight has been stable, the calorie content of the 
prepregnancy diet is continued in early gestation or a 
diet of 30 to 32 kcal/kg of ideal body weight (IBW) is 
prescribed. This amount is advanced to 35 to 38 kcal/kg 
IBW after the first trimester, depending on appetite and 
the early pattern of weight gain. Variations of up to 25% 
to 30% in total calories may be necessary to attain opti-
mal weight gain.120 Advice concerning the macronutrient 
content varies considerably. In our Diabetes in Pregnancy 
Program, we recommend daily intake constituted as 45% 
carbohydrate, 18% protein, and 37% fat. Some advo-
cate large amounts of protein (1.5 to 2.0 g/kg IBW) and 
carbohydrate (50% to 55%), with fat amounting to less 
than 30% of the total calories. Other centers restrict total 
carbohydrate intake to facilitate control of postprandial 
glycemia. In such cases, a reciprocal increase in fat intake 
takes place. Whether or not this increase in fat intake is 
associated with adverse effects in offspring is not known. 
There is clearly a need for research on the perinatal and 
long-term consequences of alterations in dietary composi-
tion in pregnancy in normal weight and in obese human 
subjects, as well as in pregnancy complicated by DM.

Insulin
Individualization is necessary. Patients with type 1 DM 
are usually treated with a basal/bolus regimen consist-
ing of a long-acting insulin given 1 to 3 times per day 
and short-acting insulin prior to meals. Individualized 

algorithms are designed based on capillary blood glucose 
values obtained before and after food intake, as well as 
the carbohydrate content of meals. The regimen is varied 
as frequently as needed to maintain glycemic control as 
insulin requirements change over the course of pregnancy.

These basic principles also apply for patients using 
infusion pumps (continuous subcutaneous insulin infu-
sion [CSII]). CSII offers more flexibility in the delivery 
of basal insulin over the course of the 24-hour day. An 
increasing proportion of nonpregnant and pregnant 
women with type 1 diabetes now use CSII routinely. 
Because the majority of patients with type 2 DM retain 
considerable endogenous insulin secretion, they generally 
have more stable glycemia and can often be managed suc-
cessfully with less complex regimens.

Short-Acting Insulins. There are four commercially avail-
able short-acting insulins that can be used: regular (intact 
human insulin) and three human insulin analogues that 
have amino acid sequence substitutions or alterations 
that lead to more rapid entry into the circulation from 
subcutaneous injection sites. Regular insulin has been 
used in pregnancy for several decades, without evidence 
of harmful effects for mother or offspring. After subcuta-
neous injection, onset of action begins in 30 to 60 min-
utes, peak levels are reached in 2 to 3 hours, with dura-
tion of 5 to 8 hours. The three modified insulins (lispro, 
aspart, and glulisine insulin) have almost identical insulin 
action profiles that more closely approximate secreted 
insulin profiles following a meal in normal individuals. 
Onset of action is 5 to 15 minutes after injection, with 
peak effects at 30 to 90 minutes and duration of 4 to 5 
hours. In studies, this “more physiologic” profile has re-
sulted in a reduction in postprandial hyperglycemia and 
a lesser incidence of hypoglycemia in both pregnant123 
and nonpregnant subjects.124 Concern about the safety of 
insulin analogues centers on the cross-reactivity of insulin 
and IGF-1 for insulin and IGF-1 receptors. There is evi-
dence that IGF-1 plays a role in embryo implantation and 
in placental nutrient flow in later gestation. Potentially, 
altered IGF-1 receptor stimulation by insulin or an insulin 
analogue could adversely affect these processes. Human 
insulin has low affinity for the IGF-1 receptor compared 
to IGF-1 itself, and in vitro studies with lispro, aspart, 
and glulisine insulin indicate IGF-1 receptor affinity of 
156%, 81%, and 100%, respectively, compared to native 
human insulin. Moreover, in vitro estimates of mitogenic 
potency of the analogues are less than for native insulin 
(see reference 125 for review).

Numerous clinical reports of lispro and aspart insulin 
in pregnancy have been published. They include a large 
retrospective study (500 pregnancies) of insulin lispro126 
and a prospective comparison of aspart insulin and regu-
lar insulin in a randomized controlled trial.123 In a recent 
review, it was concluded that insulin lispro and insulin 
aspart are safe in pregnancy.”127 By comparison, no clini-
cal information was available concerning glulisine use in 
pregnancy, and its use was not recommended.127

Long-Acting Insulins. Three insulin preparations that 
can be classified as long-acting are currently available 
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 commercially.125 NPH insulin, like regular insulin, has 
been used in pregnancy for several decades and is consid-
ered to have an established safety profile. Its onset of action  
begins after 1 to 4 hours, with peak effects at 6 to 10 
hours and a duration of 11 to 17 hours. Two modified in-
sulins, glargine and detemir, provide more uniform blood 
levels over approximately 24 hours than NPH and have 
been referred to as “peakless insulins.” Their use in non-
pregnant patients with type 1 DM has been associated 
with less hypoglycemia, especially overnight, and they al-
low more flexibility in mealtimes. Glargine has onset of 
action 1.2 to 1.8 hours after injection, with a duration of 
effect of 18 to 26 hours. Detemir is similar, except for a 
somewhat shorter duration of effect. In vitro studies sug-
gest that compared to human insulin, glargine has sub-
stantially increased IGF-1 activity and mitogenic potency 
in certain cell lines. The meaning of these observations 
in normal cells or intact animals or humans is unknown, 
but such findings highlight the desirability of randomized 
controlled trials. Nonetheless, many women who have 
been using glargine insulin successfully before concep-
tion are reluctant to revert to using NPH or to beginning  
insulin-pump therapy. Pollex and associates128 performed 
a systematic review and metaanalysis of studies compar-
ing fetal outcomes in pregnancies in which insulin glargine 
or NPH was used. No increase in the incidence of ad-
verse fetal outcomes was found to be associated with the 
use of insulin glargine. In a randomized controlled trial, 
perinatal and clinical outcomes were compared in preg-
nant women treated with an insulin regimen using insulin 
aspart (bolus) and insulin detemir or NPH (basal).129,130 
Episodes of hypoglycemia and perinatal outcomes were 
similar in the two groups, whereas fasting plasma glucose 
was lower in the insulin detemir–treated group.

Thus, the various insulin analogues are considered 
safe for use in pregnancy and when skillfully used, have 
been helpful to patients with diabetes, providing “more 
physiologic” insulin profiles, both blunting postprandial 
hyperglycemia and reducing the incidence of hypoglyce-
mia. However, the commitment of the patient and his 
or her caregivers to achieving optimal glycemic control 
is of more importance than the specific insulin regimen 
used. For most patients, consistency in meal timing and 
content, careful record keeping, and their repeated review 
and modification of the regimen are the keys to success.

Our goal is a premeal capillary blood glucose level of 
65 to 85 mg/dL (3.6 to 5.3 mmol/L) and 1- and 2-hour 
postprandial levels lower than 140 mg/dL (7.8 mmol/L) 
or 120 mg/dL (6.7 mmol/L), respectively, throughout 
gestation. Measurements of finger-stick capillary blood 
sugar42 and interstitial fluid glucose using continuous 
sampling technologies43 in normal pregnant women have 
shown that average levels are in fact lower than these tar-
gets. Women who are able to consistently achieve levels 
lower than these targets are encouraged to do so. How-
ever, for most women with type 1 DM, this is extremely 
difficult and results in more frequent hypoglycemia. In 
contrast to findings of adverse effects of hypoglycemia on 
the embryo in experimental animals and in vitro mod-
els,62 episodes of maternal hypoglycemia during the latter 
two-thirds of pregnancy do not appear to be harmful to 

the fetus.131 Late in the first trimester (approximately 10 
to 14 weeks’ gestation), sensitivity to insulin may increase 
temporarily. This may be compounded by “morning sick-
ness” and lead to more pronounced blood sugar fluctua-
tions and increased risk for severe hypoglycemia. When 
attempting to normalize blood glucose concentrations 
in the first trimester, a high degree of caution is needed. 
After the first trimester, a two- to threefold increase in 
insulin requirement occurs, reaching a peak in the middle 
of the third trimester. The greatest rate of change typi-
cally occurs between 20 and 30 weeks of gestation (see 
Fig. 45-1). Dosing requirements are relatively stable in 
weeks 32 to 38, with only modest changes required from 
week to week. Some decline in nocturnal insulin dosing is 
commonly noted in the 1 to 2 weeks before delivery. The 
challenge of therapy is to modify the insulin dosage in a 
timely fashion in parallel with these fluctuations in insulin 
sensitivity while maintaining optimal glycemic control.

Exercise
Patients who engage in moderate regular physical exer-
cise are encouraged to continue doing so during preg-
nancy, provided they have no obstetric contraindications. 
Periods of exercise, however, must be integrated into the 
diabetes treatment regimen to minimize disruptions in 
blood sugar control, particularly hypoglycemia.

Monitoring Control of Diabetes
Blood Glucose
Self-monitoring of capillary blood glucose is universally 
employed by women treated with insulin during preg-
nancy. For those not familiar with this technique (usually 
those with GDM and often with type 2 DM), a certified 
diabetes educator gives initial instruction, with follow-
up at each clinic visit where venous plasma glucose is 
obtained with simultaneous patient-measured capillary 
values. This provides verification of proper functioning of 
the monitoring equipment. Patients are asked to measure 
blood from a finger stick rather than from an alternate 
site (e.g., palm or forearm), because this more accurately 
reflects simultaneous venous plasma glucose. Blood sugar 
is measured before each meal, at bedtime, and often at 
either 1 or 2 hours after meals. Measuring after meals 
is helpful for determining the appropriate dose of short-
acting insulin and may more accurately reflect fuel deliv-
ery to the fetus than measuring only premeal values.132 
The level of blood glucose before a meal is also of utility 
in selecting doses of short- or intermediate-acting insulin 
for the next interval, as well as revealing hypoglycemia in 
those with hypoglycemia unawareness. When postpran-
dial hyperglycemia persists despite normalization of pre-
meal blood glucose, adjustments in analogue insulin, meal 
size, frequency of feedings, or a combination of these may 
be of benefit. Monitoring urine glucose is unnecessary.

The technology for continuously monitoring intersti-
tial fluid43 has advanced from retrospective examination 
of trends to the generation of “real time” information that 
can be used in individual patients to reduce frequency of 
severe hypoglycemia and improve overall glycemic con-
trol in patients with type 1 diabetes.133 Because of risks 
for severe hypoglcemia82 and the goal of “optimal” 
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glycemic control, the use of CGM in pregnancy is appeal-
ing.134 To date, the limited number of randomized con-
trolled trials that compared glycemic control, episodes of 
severe hypoglycemia, and frequency of severe hypoglyce-
mia in women using conventional intensive treatment and 
those supplemented with CGM data have not provided 
consistent evidence of better outcomes with CGM.133-136 
Furthermore, long-term use of CGM is expensive, time-
intensive for both patients and caregivers,133,134,137 and 
commonly associated with suboptimal compliance.133

Ketones
Measurement of blood (β-hydroxybutyrate) or urine (ace-
tone) ketones is useful to detect inadequate dietary intake, 
particularly of carbohydrates, and to provide warning 
of impending metabolic decompensation. Accordingly, 
patients are asked to monitor blood or urine ketones in the 
first morning specimen each day, during periods of acute ill-
ness, and when premeal capillary blood sugar values exceed 
200 to 250 mg/dL (11.1 to 13.9 mmol/L). Urine ketone 
values that are “moderate” or “large” or blood concentra-
tions greater than 0.4 to 0.5 mmol/L must be addressed by 
a call to a caregiver, unless the finding is transient.

Hemoglobin A1c

Measurements of hemoglobin A1c are obtained at enroll-
ment and at 4- to 8-week intervals until term. Values 
in the first or early second trimester provide a general 
indication of the risk for fetal loss and major congenital 
malformations1 and help guide decisions about manage-
ment. Serial assessments provide affirmation for patients 
that their efforts to achieve better control of diabetes are 
effective. A disparity between hemoglobin A1c concentra-
tions and blood glucose measurements may signal errors 
in glucose-monitoring technique or, rarely, falsification 
of results. Other factors (hemolysis, hemoglobinopathies, 
variations in analytic technique) can alter the values of 
hemoglobin A1c appreciably and render such measure-
ments of limited value. In such cases, serial measurements 
of fructosamine or glycosylated albumin may provide 
analogous information.

Obstetric Surveillance
The goals of obstetric management are to permit preg-
nancy to be carried to term and to accomplish vaginal 
delivery if possible. As pregnancy proceeds, the major 
areas of attention involve: 1) documenting viability 
and confirming gestational age in early pregnancy (6 to  
12 weeks); 2) detecting malformations (first and second 
trimesters); 3) monitoring fetal growth and amniotic fluid 
volume (second and third trimesters); 4) monitoring to 
detect nonreassuring fetal status presaging stillbirth (third 
trimester); and 5) serial evaluations to detect other preg-
nancy complications such as preeclampsia, impending 
preterm labor, worsening diabetic nephropathy, and sim-
ilar situations that could compromise maternal or fetal 
health.

Measurement of crown-rump length by ultrasonogra-
phy in the first trimester provides the most accurate deter-
mination of gestational age when dating by menstrual 
history is in doubt. Viability is assessed by detection of 

fetal heartbeat, which can be seen in embryos as early 
as 5 weeks’ gestation.138 Screening to detect aneu-
ploidy, such as Down’s syndrome, and certain single 
organ defects, such as neural tube defect, is offered to 
all women. Although different screening protocols are in 
use, a combination of nuchal translucency thickness at 11 
to 13 weeks’ gestation by ultrasound,139,140 with multiple 
serum markers performed at the same time as the ultra-
sound and again at 15 to 18 weeks, is very sensitive for 
detecting an increased risk for these defects. If screening is 
abnormal, diagnostic testing by chorionic villus sampling 
or amniocentesis is offered to rule out aneuploidy, or by 
amniocentesis to rule out open neural tube defect. Even 
in the absence of abnormal screening results, a detailed 
ultrasound examination is offered at 18 to 22 weeks to 
detect cardiac and other anomalies. Fetal echocardiogra-
phy, more sensitive than ultrasound in detecting cardiac 
defects, may be indicated in certain patients.141 Those 
with normal serum screening but an abnormal nuchal 
translucency have an increased risk for cardiac defects,139 
as do those with poor periconceptional metabolic con-
trol. If serious deformities are detected by 22 to 24 weeks, 
pregnancy termination may be a consideration. If termi-
nation of pregnancy is not feasible or desired, detailed 
advanced information about a birth deformity is of value 
for planning delivery and for preparing the parents.

In the third trimester, serial ultrasound measurements 
may be used to assess evolving macrosomia, intrauterine 
growth retardation, polyhydramnios, and fetal cardiac 
hypertrophy. Although ultrasound is the best tool avail-
able for evaluation of fetal size, predicting macrosomia 
and planning operative delivery from such estimates is 
controversial.116,142

Reassurance of fetal well-being by noninvasive tech-
niques used to detect the risk for stillbirth permits most 
pregnancies to be carried to term, although there may be 
indications for early delivery in women with advanced 
vasculopathy, despite reassuring fetal testing. The bio-
physical test most commonly used is the nonstress test 
(NST).143 Two or more accelerations of fetal heart rate 
in response to spontaneous fetal activity in 20 minutes 
of continuous fetal heart monitoring is predictive of fetal 
well-being. If the NST is nonreactive, further evaluation 
is undertaken with a biophysical profile. Some use the 
biophysical profile as the primary mode of fetal surveil-
lance. Modeled after the Apgar score, the biophysical pro-
file assesses five parameters (NST plus fetal activity, fetal 
breathing activity, fetal tone, and the volume of amniotic 
fluid) determined by fetal ultrasound. Serial fetal testing 
may be initiated as soon as the fetus is viable in a highly 
complicated pregnancy but no later than 32 weeks, even 
in a pregnancy that is progressing normally.144 Assess-
ments are made once or more each week as dictated by 
clinical circumstances.

Surveillance for pregnancy complications occurs 
at each prenatal visit beginning weekly from week 
32 onward. The risk for preeclampsia, with an abrupt 
increase in blood pressure and proteinuria greater than 
300 mg in 24 hours, is increased in women with diabetes, 
particularly if they have hypertension or evidence of vas-
culopathy. The diagnosis is more difficult to make if they 
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have nephropathy. Hospitalization may be required for 
close supervision and in anticipation of the possible need 
for immediate and early delivery. The timing of delivery 
in the setting of preeclampsia is dictated by maternal and 
fetal status and may necessitate preterm delivery. For 
other complications in which delivery prior to term may 
be desirable but not mandatory, amniocentesis is war-
ranted to ensure fetal lung maturity.

Delivery and Puerperium
During spontaneous or induced labor, the objectives of 
medical management are to maintain plasma glucose in the 
physiologic range (70 to 120 mg/dL [3.9 to 6.7 mmol/L]) 
and to prevent ketosis. Several protocols to achieve these 
goals have been published.1 Our practice is to administer 
intravenous glucose as D10W at 5 to 6 g/hour by a con-
stant-infusion pump. Other intravenous fluids are devoid 
of glucose. Capillary blood sugar is measured every 1 to 
4 hours. The glucose infusion may be delayed by 1 to  
2 hours when hyperglycemia is present at entry, and insulin 
administration may be withheld temporarily if the blood 
glucose level is less than 70 mg/dL (3.9 mmol/L). Patients 
with type 1 DM receive intravenous infusion of regular 
insulin or CSII. The best determinant of insulin need may 
be the 24-hour insulin requirement of the patient before 
delivery. Patients that are receiving insulin glargine have 
“ongoing” basal insulin that will not be dissipated for 
approximately 24 hours from the time of the last dose and 
often need no insulin for many hours during labor. Those 
with type 2 DM often do not require insulin during labor 
if the rate of glucose infusion does not exceed 5 to 6 g/
hour. The relative importance of maternal hyperglycemia 
during labor and delivery versus that in the weeks before 
delivery in promoting neonatal hypoglycemia remains 
controversial. Nonetheless, we feel that it is prudent to 
maintain normoglycemia throughout the delivery process.

Elective cesarean deliveries performed for standard 
obstetric indications are scheduled early in the morning 
when possible. If so, neither insulin nor glucose is admin-
istered if the blood sugar level before the procedure is 
between 70 and 140 mg/dL (3.9 to 7.8 mmol/L). Glucose, 
insulin, or both are given when blood sugar levels are out-
side this range or the procedure is delayed substantially.

Insulin requirements usually decline dramatically 
immediately after delivery (often by 50% to 90%) (see 
Fig. 45-1). After several days, insulin requirements usually 
return to levels similar to those present before pregnancy. 
Women who wish to breast feed are maintained at or 
above their antepartum caloric intake. Limited data indi-
cate that neither glyburide nor glipizide are transported 
into breast milk or are responsible for hypoglycemia in 
nursing infants. Moreover, extremely small (considered 
not clinically significant) amounts of metformin have 
been detected in breast milk of lactating women using 
metformin. These agents therefore may be safe for use 
postpartum in patients with type 2 DM who are nursing 
infants, but until there is more experience, they should 
be used with caution. Those who do not breast feed are 
returned to a diet appropriate for nongravid women  
(30 to 32 kcal/kg IBW [125 to 135 kJ/kg]). All patients 
are encouraged to use the diabetes management skills 
they acquired during gestation.

TREATMENT OF GESTATIONAL DIABETES MELLITUS

Rationale
For 3 decades, the ADA and ACOG have endorsed strate-
gies for the diagnosis and treatment of GDM.95,96 Many 
endocrinologists and obstetricians have been convinced 
that risks for perinatal loss and neonatal morbidity are 
increased when GDM is undetected or treated casu-
ally,145 and, in many centers, women with GDM receive 
dietary advice, some form of blood sugar monitoring, and 
treatment with insulin or oral medication if hyperglyce-
mia persists.12,13,79 Moreover, pregnancies complicated 
by GDM are designated “high risk,” which leads to more 
intensive obstetric supervision, itself a form of interven-
tion.12 With such approaches, little if any increase in peri-
natal loss occurs in GDM, and the frequency of neonatal 
morbidity (such as hypoglycemia, hypocalcemia, polycy-
themia, and hyperbilirubinemia) may decrease toward 
levels found in the general population.146 However, there 
has been long-standing controversy about the value of 
detecting and treating GDM.97,147,148 Two issues have 
been the focus of concern. The first is whether the adverse 
outcomes that occur in pregnancies complicated by GDM 
are independently linked to maternal hyperglycemia or to 
confounding factors such as obesity and/or higher mater-
nal age. The second is whether treatment of hyperglyce-
mia in GDM reduces adverse outcomes.

Since 2005, much evidence has been published to address 
both of these issues. The Hyperglycemia and Adverse Preg-
nancy Outcome (HAPO) Study5 was conducted to address 
the first question. HAPO demonstrated an independent 
association between maternal glucose form OGTTs per-
formed at 24 to 32 (mean 27.8) weeks of gestation and sev-
eral adverse perinatal outcomes.5 The second issue has been 
the focus of two large randomized controlled trials on the 
treatment of “mild GDM.”149,150 Both showed substantial 
reductions in some perinatal outcomes in association with 
identification and treatment of GDM. Several systematic 
reviews have reached a similar conclusion.151,152,153

Congenital Malformations
The risk for congenital anomalies is not increased in most 
pregnancies with GDM.154 However, in GDM with fast-
ing hyperglycemia that is diagnostic of DM, there is an 
increased risk for birth defects that is proportional to the 
severity of the hyperglycemia. This has been found in the 
Latino population of Los Angeles, where the prevalence of 
both GDM and type 2 DM is high.155 In reality, many of 
the women with diagnostically elevated FPG probably have 
had previously undiagnosed DM before pregnancy, which 
is being identified for the first time as GDM. Thus, identi-
fying pregnancies at risk and achieving better care before 
conception remain major challenges, an issue that has been 
addressed by the recommendations of the IADPSG.6

Fetal Hyperinsulinism
Offspring of mothers with GDM or with elevated plasma 
glucose levels in the nondiabetic range5 are at risk for 
fetal hyperinsulinemia, increased fetal adiposity, and 
excess fetal size (macrosomia), which increases the likeli-
hood of birth trauma and operative delivery.12,146 In addi-
tion, many studies indicate that the maternal metabolic 



802 PART 5 DIABETES MELLITUS

abnormalities seen in gestational and preexisting diabetes 
have long-term consequences on weight, pancreatic func-
tion, and neurologic development of the offspring (see the 
section entitled “Anthropometric and Metabolic Devel-
opment in Childhood”).

Metabolic Surveillance
All patients with GDM are asked to monitor blood or 
urinary ketones before breakfast and dinner to detect 
possible deficiencies in dietary carbohydrate. Fasting and 
1-hour postprandial plasma glucose measurements are 
obtained at outpatient visits to monitor for deteriorat-
ing glucose tolerance requiring more intensified treatment 
and to assess the accuracy of glucose self-monitoring. All 
insulin-treated patients monitor fasting and premeal cap-
illary blood glucose levels to guide adjustment of insulin 
doses and include measurements of 1- or 2-hour postpran-
dial glucose concentrations at least twice weekly. Debate 
exists regarding the use of postmeal versus premeal glu-
cose levels to determine insulin doses.156 Participants in 
the Fourth12 International Workshop Conference on Ges-
tational Diabetes Mellitus concluded that glucose self-
monitoring appears to be superior to glucose monitoring 
performed only at clinic visits for the detection of glu-
cose concentrations that may warrant intensification of 
therapy beyond standard dietary management, but they 
stopped short of recommending its use by all women with 
GDM. We recommend its use in those diet-treated sub-
jects who wish to use the results as an incentive to achieve 
better adherence to diet and lifestyle recommendations 
and in patients who require more intensive therapy.

Metabolic Management
Goals
The rationale for treatment of GDM has been summa-
rized earlier and supported by randomized controlled 
trial results.149,150 Since the risk for perinatal loss is not 
appreciably increased in the majority with GDM (given 
the excellent obstetric care presently available), efforts 
now focus on preventing perinatal morbidity and poten-
tial adverse long-term sequelae. Restoration of fasting and 
postmeal glucose values to within normal ranges is the 
primary goal of treating GDM, with the initial step being 
lifestyle modification. Although controlled trials have not 
been performed to identify ideal glycemic targets for the 
prevention of fetal risk, evidence presented at the Fourth 
International Workshop Conference on Gestational 
Diabetes Mellitus suggests that reducing maternal capil-
lary blood glucose concentrations to 140 mg/dL or less  
(7.8 mmol/L) at 1 hour, or 120 mg/dL or less (6.7 mmol/L)  
2 hours after meals, or both, may reduce the risk for exces-
sive fetal growth.11 The target for fasting and premeal val-
ues is commonly less than 95 mg/dL (5.3 mmol/L). Recent 
studies in normal pregnant women have found blood 
glucose levels lower than previously expected, with mean 
glucose concentration 78.3 mg/dL at 38 weeks and mean 
postprandial glucose values not exceeding 105.2 mg/dL 
at 1 or 2 hours.42,43 Even in these nondiabetic women, 
maternal postprandial capillary glucose measurements 
correlated with fetal size (abdominal circumference).42

Some investigators have provided evidence that it is 
more cost-effective to assess fetal abdominal circumference 

(AC) by ultrasound in all women with GDM to identify 
those at low risk for having a large baby (AC <75th per-
centile) and concentrate therapeutic efforts on those with 
much higher risk for delivery of a large baby (AC ≥75th 
percentile).66

Lifestyle Modification
Nutritional Therapy. Medical nutrition therapy (MNT) 
is referred to as the “cornerstone” of medical or meta-
bolic management of GDM. The objectives of MNT and 
the approaches used for GDM are the same as already 
discussed for normal pregnancy and preexisting DM. 
Adjustments are made to the initial prescription (35 to 
38 kcal/kg IBW [145 to 160 kJ/kg]) as needed to main-
tain weight gain within the range appropriate for the 
subject’s prepregnancy weight.120 Several “isocaloric” 
modifications of the standard diet have been investigated. 
Reduction in carbohydrate content to 30% to 40% can 
reduce postprandial hyperglycemia157 but is associated 
with an increased fat or protein content, or both. The  
effects on maternal amino acid, ketone, and lipid lev-
els and on long-term outcomes for the offspring are not 
known. When the daily dietary intake is ingested as mul-
tiple small meals (six or seven), postprandial glycemic 
peaks are reduced.158 However, fasting levels may not be 
achieved before the next meal, and mean 24-hour glucose 
may not differ from the standard approach (three meals 
plus bedtime snack). Safety, efficacy, and long-term out-
comes need further study. Foods with a low glycemic in-
dex and fiber-enriched diets have been evaluated for both 
prevention and treatment of GDM.159,160 Convincing  
evidence of effectiveness is lacking.

Hypocaloric Diet. Because caloric restriction in obese 
nonpregnant subjects with type 2 DM can reduce insulin 
resistance and correct hyperglycemia, use of a hypocalo-
ric diet in obese women with GDM is appealing. Mod-
erate caloric restriction (25% to 35% below standard 
diets) results in some correction of hyperglycemia.161-163 
Some163 but not all162 groups have noted a reduction in 
fetal weight in these subjects; however, larger numbers 
in controlled trials are needed to evaluate immediate and 
long-term safety and efficacy of this approach. Knopp 
and associates161 also examined metabolic responses to 
a more severe (50%) reduction in caloric intake in obese 
women with GDM. Mean 24-hour glucose, fasting in-
sulin, and triglyceride levels declined substantially, but 
plasma β-hydroxybutyrate concentrations increased more 
than twofold, and ketonuria increased significantly. Until 
more data are available on the effects of such treatment 
on perinatal and long-term outcomes, caloric restriction 
of this magnitude should be considered experimental. 
Monitoring plasma β-hydroxybutyrate or urine ketones 
would be critical to determine fetal safety of this therapy.

Exercise. Although concern has been expressed about in-
creasing uterine contractility, IUGR, prematurity, fetal 
bradycardia, and ketonuria in association with exercise, 
physically active, well-conditioned women have routinely 
engaged in exercise during pregnancy without apparent ad-
versity. Moreover, cardiovascular fitness training outside of 
pregnancy is known to increase insulin sensitivity and glu-
cose disposal by recruitment of glucose transporter proteins, 
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thus making exercise an attractive therapeutic possibility in 
GDM.164 Studies using arm ergometry165 or a recumbent 
bicycle166 found moderate exercise to be safe and effective 
in reducing fasting and postprandial blood glucose levels 
in women with GDM. Others failed to see better glycemic 
control with the use of moderate exercise.167 Encouraging 
results were reported (fewer babies with macrosomia) in a 
prospective (but not randomized) trial that was designed to 
limit maternal weight gain of obese women with GDM by 
a combination of diet and exercise.168 In a comprehensive 
review, Gavard and Artal concluded that exercise in preg-
nancy “can reduce adverse maternal and fetal morbidities 
and provide long-term benefit.”169

Intensified Metabolic Management
When goals for maternal glycemia are not achieved or 
sustained with the lifestyle modifications outlined earlier, 
or when signs of excessive fetal growth are demonstrated, 
it is generally acknowledged that there is need for more 
intensive metabolic therapy. Operationally, we advise 
changes in the treatment regimen if more than 20% to 
25% of glucose monitoring values are above fasting/
premeal or postprandial targets (individually or in com-
bination). Historically, treatment with insulin has been 
used in such instances, since the use of oral medications 
was specifically “not recommended.”170 However, on the 
basis of results from randomized controlled trials, use of 
the oral medication glyburide (glybenclamide outside of 
the United States) is now recognized as being a commonly 
used alternative to therapy with insulin.79,171 Results of a 
clinical trial of GDM treatment with metformin have also 
been published recently.172 Accordingly, the potential use 
of oral medications will also be considered later.

Insulin. The precise place for insulin therapy in GDM 
remains difficult to define. It is generally agreed that a 
woman with overt hyperglycemia diagnostic of DM (FPG 
≥ 126 mg/dL [7.0 mmol/L]) should start insulin immedi-
ately because the perinatal risks are like those for patients 
with preexisting diabetes. Approximately 0.5 to 1.4 units 
of insulin per kilogram of body weight per day is required 
to maintain fasting/premeal and 1- or 2-hour postprandial 
values within the target ranges defined earlier. A “mixed/
split” insulin regimen (rapid-acting [human regular insu-
lin or analogue]/intermediate-acting [NPH) has typically 
been used for many years, although multiple daily injec-
tions may provide greater flexibility in management.173 As 
noted, during pregnancy, as well as outside of pregnancy, 
the rapid-acting insulin analogues have an established 
place in management of preexisting diabetes and are now 
commonly used in GDM as well. We do not currently 
use or recommend the use of long-acting analogues in the 
treatment of GDM.

Oral Antihyperglycemia Agents
Glyburide. On the basis of evidence that transplacen-

tal passage of glyburide is very low at term,174 Langer 
and colleagues conducted a clinical trial comparing gly-
buride and insulin in patients needing intensified treat-
ment of GDM.175 The primary outcome was glycemic 
control, which was comparable in the insulin and gly-

buride treatment groups; only 4% of those assigned to 
glyburide required transfer to insulin treatment. The in-
vestigators concluded that “in women with gestational 
diabetes, glyburide is a clinically effective alternative to 
insulin therapy.”175 The results have been extensively 
critiqued, and numerous other reports have followed.171 
Subsequent studies have not been randomized trials, have 
not involved numbers of patients that approached the 
sample size of the initial report, and have not provided 
convincing evidence of adverse effects. As a result, the use 
of glyburide for treatment of GDM has increased, in part 
because it represents a less-expensive, less labor-intensive 
option. In the summary and recommendations of the 
Fifth International Workshop Conference on Gestational 
Diabetes Mellitus, emphasis was placed on the need to 
maintain adequate metabolic and obstetric surveillance 
of all patients to assure that therapeutic objectives are 
met whether receiving MNT, treatment with insulin, or 
therapy with oral medications.176

Metformin. Although metformin freely crosses the pla-
centa, use of metformin in childbearing women has in-
creased substantially in recent years. It is frequently used 
to enhance fertility in patients with polycystic ovarian 
syndrome (PCOS). However, there is no compelling evi-
dence that metformin reduces pregnancy loss,177 and it is 
currently recommended that metformin be discontinued 
as soon as pregnancy is confirmed.178

There is also renewed interest in the use of metformin 
for the treatment of some patients with type 2 DM or 
GDM. Results of a randomized trial of the use of met-
formin or insulin for treatment of GDM (MIG Trial) in 
Australia and New Zealand have been published.172 No 
evidence of adverse effects of metformin was found on 
perinatal outcomes172 or in a follow-up examination at 
2 years of age.179 However, nearly half of those assigned 
to the metformin arm required the addition of insulin to 
achieve glycemic treatment targets. Furthermore, since 
metformin freely crosses the placenta, conclusive assess-
ment of the safety and benefits of metformin use in preg-
nancy requires long-term follow-up of the offspring. 
Thus, we continue to consider metformin use in preg-
nancy as investigational.

Other Antihyperglycemic Agents. Safety of thiazolidin-
edione, α-glucosidase, or dipeptidyl protease-4 (DP4)  
inhibitor therapy in pregnancy has not been examined.

Other Criteria for Initiating Intensified Therapy. Various 
criteria or algorithms (apart from or in addition to sever-
ity of maternal hyperglycemia) have been used to identify 
pregnancies at highest risk for fetal hyperinsulinemia or 
increased size, or both, and to serve as criteria for insu-
lin treatment. Weiss and coworkers180 used elevated am-
niotic fluid insulin levels (which reflect fetal hyperinsu-
linemia) to determine the need for insulin therapy and 
reported good fetal outcomes in uncontrolled trials. Fetal 
ultrasound to measure abdominal circumference66 has 
been used to stratify the risk for macrosomia. Those with 
abdominal circumference less than the 75th percentile 
were not at increased risk. Those with abdominal circum-
ference at the 75th percentile or higher were considered at 
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risk, and intensive insulin therapy in these patients elimi-
nated that risk. The long-term outcomes associated with 
the application of these methods must be evaluated fur-
ther because the risk for obesity and glucose intolerance 
in the offspring is not dependent on the presence of mac-
rosomia at birth.73,74 The hypothesis that a relatively low 
hemoglobin A1c concentration can identify a subgroup of 
patients who may be treated by diet therapy alone with 
no excess risk for fetal complications also warrants fur-
ther investigation.181

Delivery and Puerperium
Therapeutic goals for the management of gestational 
diabetes during labor and delivery are the same as 
those outlined previously for women with preexist-
ing DM. Insulin therapy is rarely required to maintain 
intrapartum normoglycemia in women with GDM. The 
vast majority of patients requiring antepartum insulin 
therapy can discontinue it at delivery. However, mea-
surement of FPG or untimed (random) plasma glucose 
should be performed prior to hospital discharge to detect 
the unusual patients with overt diabetes who should be 
treated12,173 (Table 45-6).

Postpartum Follow-Up
At the time of diagnosis of GDM, one cannot reliably dis-
tinguish between evolving type 1 or type 2 DM and glucose 
intolerance that will subside in the postpartum period. 
Thus, reclassification and long-term follow-up after preg-
nancy are essential. Early reports of O’Sullivan3 and sub-
sequent studies182 established that GDM identifies women 
at high risk for the later development of DM. Postpartum 
studies demonstrated that women with previous GDM 
continue to have insulin resistance and impaired insulin 
secretion.183 In some of these subjects, abnormalities of 

glucose tolerance antedate the index pregnancy, but they 
cannot be identified retrospectively.184

Certain features that can be identified during the index 
pregnancy or at early postpartum testing can detect 
those at high risk to progress to DM after pregnancy.182 
These include the severity of glucose intolerance at diag-
nosis, early gestational age at diagnosis, obesity, relative 
insulinopenia, family history of maternal diabetes, and 
racial/ethnic origin. Obesity, further weight gain, and 
impaired insulin secretion are independent predictors of 
progression to DM in the 5 years following the diagnosis 
of GDM.

The high incidence of abnormal postpartum glucose 
tolerance in women with GDM makes a compelling case 
for early and continuing follow-up.116,176 The algorithm 
for postpartum surveillance that was recommended by 
the Fifth International Workshop Conference on Ges-
tational Diabetes Mellitus176 is outlined in Table 45-6. 
Patient education concerning the risk for development 
of DM and its complications is paramount. Those with 
persistent glucose intolerance or DM should receive 
appropriate counseling and therapy. Those whose initial 
evaluation is “normal” should be followed as outlined 
in Table 45-6, because the long-term risk for developing 
diabetes is also high in this subgroup.

Excellent intervention trials from Finland185 and the 
United States186,187 were successful in preventing or delay-
ing the onset of DM in high-risk subjects, including women 
with previous GDM,186-188 using lifestyle intervention or 
medication (metformin or troglitazone). Features of meta-
bolic syndrome—hypertension, elevated triglycerides, and 
low high-density lipoprotein cholesterol (HDL-C)—are 
frequently found in women with a history of GDM.182 
In light of these risks and the potential benefits that may 
accrue, it is prudent to advise patients to attain and main-
tain optimal body weight and to exercise regularly. Further 
studies in this population will be important in defining the 
pathogenesis of type 2 DM and implementation of strate-
gies to prevent or delay its development in the population 
at large.

Contraception
The importance of good preconception care should be 
reinforced in the postpartum period.176 Contraception 
choices include intrauterine devices, low-dose combina-
tion oral contraceptive or transdermal delivery systems, 
and progestin-only depot preparations. Barrier methods 
have a failure rate of 5% per year. If possible, patients 
should avoid the use of high-dose synthetic estrogen/
progestin oral contraceptives and progestin-only oral 
contraceptives, because they may exacerbate insulin 
resistance.
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TABLE 45-6 Metabolic Assessments After 
Gestational Diabetes Mellitus*

Time Test Purpose

Postdelivery  
(1-3 days)

Fasting or random 
plasma glucose

Detect persistent, 
overt diabetes

Early postpartum 
(around time of 
the “postpartum 
visit”)

75-g 2-hour OGTT Postpartum  
classification of 
glucose metabolism

1 year postpartum 75-g 2-hour OGTT Assess glucose 
metabolism

Annually Fasting plasma 
glucose

Assess glucose 
metabolism

Triannually 75-g 2-hour OGTT Assess glucose 
metabolism

Prepregnancy 75-g 2-hour OGTT Classify glucose 
metabolism

OGTT, Oral glucose tolerance test.
*Glucose metabolism classified by criteria recommended by the  

American Diabetes Association12.
Data from Metzger BE, Buchanan TA, Coustan DR, et al. Summary and 

rec ommendations of the Fifth International Workshop Conference on 
Gestational Diabetes Mellitus. Diabetes Care. 2007;30(Suppl 2),  
p. S258.
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K E Y  P O I N T S

 •  DKA is the most common and serious acute complications of diabetes, occurring in 
patients with both type 1 and type 2 diabetes.

 •  DKA results from a combination of absolute or relative insulin secretion and increased 
concentration of counterregulatory hormones

 •  Poor compliance with insulin therapy is the primary precipitating cause of DKA in 
young adults. Other common precipitating causes are infections, cardiovascular events, 
pancreatitis, surgery, and trauma.

 •  DKA is characterized by hyperglycemia (glucose >250 mg/dl), metabolic acidosis (pH 
<7.30, bicarbonate <18 mEq/L), high anion gap (>14 mEq/L) and increased ketones 
(beta-hydroxybutyrate >3mosm/L or positive acetoacetate)

 •  Management goals for DKA include correction of fluid deficit and electrolyte 
imbalance; administration of intravenous insulin until resolution of hyperglycemia and 
acid-based disorder; and search and treatment of the precipitating cause.

 •  HHS is the most common acute hyperglycemic emergency in elderly patients.
 •  HHS results from a combination of relative insulin secretion, impaired insulin action 

due to increased concentration of counterregulatory hormones, and dehydration.
 •  Precipitating factors for HHS are similar to those for DKA.
 •  Diagnostic criteria for HHS are a plasma glucose concentration >600 mg/dL, a serum 

osmolality >320 mOsm/kg, and the absence of ketoacidosis.
 •  Management goals for HHS include aggressive fluid replacement, intravenous insulin 

administration until resolution of hyperglycemia, and search and treatment of the 
precipitating cause.
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Diabetic ketoacidosis (DKA) and hyperglycemic hyper-
osmolar state (HHS) are the most serious hyperglycemic 
emergencies in patients with type 1 and type 2 diabetes. 
Although DKA and HHS are discussed as separate enti-
ties, they represent points along a spectrum of hyper-
glycemic emergencies due to poorly controlled diabetes. 
Both are characterized by insulinopenia and severe hyper-
glycemia, and they differ clinically only by the degree of 
dehydration and the severity of metabolic acidosis.1-3 The 
overall mortality in children and adult subjects with DKA 
is less than 1%, but a mortality rate higher than 5% is 
reported in older adults and in patients with concomi-
tant life-threatening illnesses.1 Mortality in patients with 
HHS is higher than in those with DKA and is reported 
in up to 20% in recent observational studies.4 Successful 
treatment of both conditions requires frequent monitor-
ing, replacement of fluid and electrolyte deficits to restore 
circulatory volume and tissue perfusion, correction of 
hyperglycemia, and a careful search for the precipitating 
cause. This chapter reviews recent advances in the patho-
physiology, epidemiology, diagnosis, clinical manifesta-
tions, management recommendations, and prevention of 
DKA and HHS.

DIABETIC KETOACIDOSIS

Epidemiology
Diabetic ketoacidosis (DKA) is the most common and 
serious acute complication of diabetes. DKA is respon-
sible for more than 140,000 hospital admissions per year 
and 500,000 hospital days per year in the United States at 
a substantial cost related to direct medical expenses and 
indirect costs.1,5 Recent epidemiologic studies indicate 
that hospitalizations for DKA are increasing, with most 
cases occurring as recurrent cases in the same subjects.6-8 
Treatment of DKA utilizes many resources, accounting 
for an estimated annual total cost of $2.4 billion.1

Observational studies have reported that DKA 
accounts for 4% to 9% of hospital discharges among 
patients admitted with a primary diagnosis of diabetes.6,9 
In a Danish study, the incidence was 8.5 per 100,000 total 
population in the years 1975 to 1979.10 A higher figure 
was reported by the EURODIAB study in which 8.6% of 
3250 subjects with type 1 diabetes throughout Europe, 
between 1989 and 1991, had an admission with DKA in 
the previous 12 months.11 Worldwide incidence rates are 
higher in populations with limited access to medical care 
for social or economic reasons. In the United States, the 
SEARCH for Diabetes in Youth Study found that 29.4% 
of participants younger than 20 years of age with type 1 
diabetes presented with DKA as compared to 9.7% of 
youth with type 2 diabetes.12 Recent epidemiologic stud-
ies indicate that hospitalizations for DKA during the past 
2 decades are increasing, with most cases occurring as 
recurrent cases in the same subjects.6-8 In community-
based studies, more than 40% of adult patients with 
DKA are older than 40 years of age and more than 20% 
are older than 55 years of age.13 Patients with type 2 dia-
betes may develop DKA under stressful conditions such 
as trauma, surgery, or infections13; however, an increas-
ing number of unprovoked ketoacidosis cases without 

precipitating cause have been reported in children and 
adult subjects with type 2 diabetes.12 Unprovoked DKA 
cases are more commonly reported in African Americans 
and Hispanics,9,14-16 but have been reported in all eth-
nic groups.17-20 A helpful classification divides patients 
with DKA into four categories, utilizing the presence or 
absence of biomarkers of autoimmunity (A+ or –) and the 
presence or absence of residual insulin secretory capacity 
as evidenced by C-peptide release (β+ or –).21 Classic type 
1 disease would be A+β–, whereas classic type 2 would 
be A–β+.21,22

In children and adult subjects with DKA, the overall 
mortality is less than 1%, but a mortality rate higher than 
5% is reported in older adults and in patients with con-
comitant life-threatening illnesses.1 In adult patients with 
diabetes, mortality increases substantially with aging, 
with mortality rates for those between 65 and 75 years of 
age reaching 10% to 20%.13 In the older age groups, the 
major cause of death relates to the underlying medical ill-
ness (i.e., trauma, infection) that precipitated the ketoaci-
dosis, but in the younger patient, mortality is more likely 
to be caused by metabolic disarray.

Pathophysiology
The mechanisms that trigger DKA are multifactorial and 
include a combination of the reduced secretion and action 
of insulin and the raised levels of counterregulatory hor-
mones (glucagon, catecholamines, cortisol, and growth 
hormone).3,23 The insulin deficiency of DKA can be abso-
lute, as in type 1 diabetes or relative as in type 2 diabetes 
in the presence of the increased release in counterregula-
tory hormones that causes a worsening of insulin resis-
tance and further impairment of insulin secretion.23,24

Ketogenesis and Ketoacidosis
The combination of insulin deficiency and glucagon 
excess (elevated glucagon/insulin ratio) is critical for 
the development of hyperglycemia and ketoacidosis.25 
The increase in counterregulatory hormones leads 
to the release of free fatty acids into the circulation 
from adipose tissue (lipolysis) and to the unrestrained 
hepatic fatty acid oxidation in the liver to ketone bodies  
(Fig. 46-1).26,27 Insulin deficiency causes the activation of 
hormone-sensitive lipase in adipose tissue. The increased 
activity of tissue lipase causes the breakdown of triglyc-
eride into glycerol and free fatty acids. While glycerol 
becomes an important substrate for gluconeogenesis in 
the liver, the massive release of free fatty acids assumes 
pathophysiologic predominance, as they are the hepatic 
precursors of the ketoacids. In the liver, free fatty acids 
are oxidized to ketone bodies, a process predominantly 
stimulated by glucagon-induced generation of cAMP. 
Increased concentration of glucagon lowers the hepatic 
levels of malonyl coenzyme A (CoA) by blocking the con-
version of pyruvate to acetyl CoA through inhibition of 
acetyl CoA carboxylase, the first rate-limiting enzyme in 
the novo fatty acid synthesis. Malonyl CoA inhibits car-
nitine palmitoyl-transferase 1 (CPT 1), the rate-limiting 
enzyme for transesterification of fatty acyl CoA to fatty 
acyl carnitine,28 allowing the oxidation of fatty acids to 
ketone bodies. CPT 1 is required for the movement of 
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free fatty acid into the mitochondria, where fatty acid 
oxidation takes place.28 The increased fatty acyl CoA 
and CPT-1 activity in DKA lead to increased ketogenesis 
in DKA. Increased production of ketone bodies (aceto-
acetate and β- hydroxybutyrate) leads to ketonemia and 
metabolic acidosis.

Hyperglycemia
In normal subjects during the fasting state, plasma glu-
cose is maintained between 3.9 and 5.6 mmol/L (70 to 
100 mg/dL) by a finely regulated balance between hepatic 
glucose production and glucose utilization in peripheral 
tissues (see Chapter 35). Insulin controls hepatic glucose 
production by suppressing hepatic gluconeogenesis and 
glycogenolysis. In insulin-sensitive tissues such as mus-
cle, insulin promotes protein anabolism, glucose uptake, 
and glycogen synthesis, and it inhibits glycogenolysis 
and protein breakdown. In addition, insulin is a power-
ful inhibitor of lipolysis, free fatty acid oxidation, and 
ketogenesis. The counterregulatory hormones (glucagon, 
catecholamines, cortisol, and growth hormone) promote 
metabolic pathways opposite to those of insulin action, 
both in the liver and in peripheral tissues.14

Hyperglycemia in patients with DKA develops as 
a result of three processes: increased gluconeogenesis, 
accelerated glycogenolysis, and impaired glucose uti-
lization by peripheral tissues (see Fig. 46-1).23 From 
the quantitative standpoint, increased hepatic glucose 

production represents the major pathogenic disturbance 
in DKA.29 Increased hepatic glucose production results 
from the high availability of gluconeogenic precursors, 
such as amino acids (alanine and glutamine; as a result of 
accelerated proteolysis and decreased protein synthesis), 
lactate (as a result of increased muscle glycogenolysis), 
and glycerol (as a result of increased lipolysis), and from 
the increased activity of gluconeogenic enzymes (phos-
phoenol pyruvate carboxykinase [PEPCK], fructose-
1,6-bisphosphatase, and pyruvate carboxylase).30,31 The 
activation of gluconeogenic enzymes appears to be pre-
dominantly stimulated by an increased synthesis of per-
oxisome proliferator-activated receptor-γ coactivator-1α 
(PGC-1α) mediated by glucagon-induced production of 
cAMP.32,33 Elevation of cAMP also causes a fall in fruc-
tose 2,6-bisphosphate (F-2,6-P2) leading to inhibition of 
phosphofructokinase (PFK), a key regulatory enzyme in 
the glycolytic pathway.34

In addition to insulin deficiency, an increase in coun-
terregulatory hormones plays an important role in glu-
cose overproduction in DKA. Elevated glucagon and 
catecholamine levels lead to increased gluconeogenesis 
and glycogenolysis.35-37 Epinephrine stimulates gluca-
gon secretion and inhibits insulin release by pancreatic 
β-cell secretion.23,24 High cortisol levels stimulate protein 
catabolism and increased circulating amino acid concen-
tration, providing precursors for gluconeogenesis.38,39 
In addition, increased glucose levels cause osmotic 

PATHOGENESIS OF DKA AND HHS

Hyperosmolarity

HHS

DKA

↓ Glucose utilization ↑ Gluconeogenesis ↑ Glycogenolysis

Absolute insulin
deficiency

Absent or minimal
ketogenesis

Relative insulin
deficiency

Hyperglycemia

Glycosuria (osmotic diuresis)

Dehydration

↑ Lipolysis

↑ FFA to liver

↑ Ketogenesis
(BOHB and AcAc)

↑ Glycerol

Counterregulatory
hormones

↑ Gluconeogenic substrates
(amino acids and lactate)

↑ Proteolysis

↑ Hormone
sensitive

lipase

Ketoacidosis

Figure 46-1 Pathogenesis of diabetic ketoacidosis (DKA). Hyperglycemia and ketogenesis result from a relative or absolute insulin deficiency com-
bined with excess levels of counterregulatory hormones including glucagon, cortisol, catecholamines, and growth hormone. Hyperglycemia develops 
as a result of increased gluconeogenesis, generation of gluconeogenic precursors (alanine, amino acids, and glycerol), accelerated glycogenolysis, 
and impaired glucose utilization by peripheral tissues. The accumulation of ketone bodies is caused by increased lipolysis and circulating free fatty 
acids (FFAs). In the liver, FFAs are oxidized to ketone bodies, a process predominantly stimulated by glucagon. The two major ketone bodies are 
β-hydroxybutyrate and acetoacetic acid. The accumulation of ketone bodies leads to a decrease in serum bicarbonate concentration and metabolic 
acidosis. The ketosis and acidosis in DKA contribute to electrolyte disturbances, vomiting, and dehydration.
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diuresis, which contributes to dehydration, hypovolemia, 
and decreased glomerular filtration rate, which further 
increase the severity of the hyperglycemia.

The development of hyperglycemia and ketoacido-
sis results in an inflammatory state characterized by an 
elevation of proinflammatory cytokines and increased 
oxidative stress markers.40,41 Circulating levels of tumor 
necrosis factor-α; interleukin [IL]-6, IL1-β, and IL-8; and 
C-reactive protein are significantly increased twofold to 
fourfold on admission in patients with hyperglycemic cri-
ses compared with control subjects, and levels returned to 
normal after insulin treatment and resolution of hypergly-
cemic crises.40 TNF-α probably contributes to the insulin 
resistance of DKA through the altered regulation of the 
insulin-signaling pathway and by interaction at the level 
of the insulin receptor itself.42-44 TNF-α causes a moder-
ate decrease in the insulin-stimulated autophosphoryla-
tion of the insulin receptor and a significant reduction in 
tyrosine phosphorylation of insulin receptor substrate-1 
(IRS-1). Activation of c-Jun NH2-terminal kinase (JNK) 
by TNF-α mediates serine phosphorylation of IRS-1, pre-
venting insulin-mediated activation of phosphatidylinosi-
tol 3-kinase (PI 3-kinase), a key regulator of tissue glucose 
uptake. Similarly, elevated fatty acids during DKA could 
stimulate phosphorylation of IRS-1 on its serine resi-
dues,45 leading to a worsening of insulin resistance.

Increased oxidative stress and generation of reactive 
oxygen species (ROS) during acute illness can lead to cel-
lular damage of lipids, membranes, proteins, and DNA. 
Oxidative stress decreases the expression and activity of 
key transcription factors that regulate genes involved in 
β-cell function.46 The increased inflammatory state in 
DKA can lead to capillary perturbation through the acti-
vation of vasoactive peptides, like endothelin 1, vascular 
endothelial growth factor (VEGF), and ICAM-1 expres-
sion influenced by ketones bodies.47,48 This may explain 
why hyperglycemia is associated with poor vascular out-
comes in hyperglycemic patients.41

Precipitating Events
DKA is the initial manifestation of diabetes in 20% of 
adult patients and in 30% to 40% of children with type 
1 diabetes. In known diabetic patients, precipitating fac-
tors for DKA include infections, intercurrent illnesses, 
psychological stress, and poor compliance with therapy. 
Infection is the most common precipitating factor for 
DKA, occurring in 30% to 50% of cases (Table 46-1). 
Urinary tract infection and pneumonia account for most 
infections. Other acute conditions that may precipitate 
DKA include cerebrovascular accident, alcohol abuse, 
pancreatitis, pulmonary embolism, myocardial infarc-
tion, and trauma. Drugs that affect carbohydrate metabo-
lism such as corticosteroid, thiazides, sympathomimetic 
agents, and pentamidine may also precipitate the devel-
opment of DKA, as well as the use of atypical antipsy-
chotic agents.8 Pregnant women with diabetes are also 
at higher risk compared to nonpregnant diabetic women. 
Risk factors that can predispose pregnant women include 
accelerated starvation, dehydration, nausea or hypereme-
sis gravidarum, decreased buffering capacity as a result 
of increased pulmonary ventilation and compensatory 

decrease in bicarbonate, stress, and increased production 
of human placental lactogen, prolactin, and cortisol.49,50

The importance of noncompliance and psychological 
factors in the incidence of DKA has been particularly 
apparent in younger patients. In adult patients with 
type 1 diabetes, poor adherence to the diabetes treat-
ment program is also the major precipitating cause of 
DKA.8,51 In a recent prospective study, discontinuation 
of insulin therapy accounted for more than two-thirds 
of DKA admissions. Several behavioral, socioeco-
nomic, and psychosocial factors contributed to poor 
treatment adherence. Psychiatric disorders, such as 
depression, anxiety, and eating disorders are common 
among patients with type 1 diabetes; and the history of 
a psychiatric disorder can double the risk for having a 
DKA episode.52 Studies have reported eating disorders 
in up to 20% of recurrent episodes of ketoacidosis in 
young women.

Diagnosis
Symptoms and Signs
The clinical manifestations are polyuria, polydipsia, signs 
of dehydration, and progressive deterioration of mental 
status leading to a coma. Abdominal pain, sometimes 
mimicking an acute abdomen, is reported in 40% to 
75% of cases of DKA.53 Nausea, vomiting, and abdomi-
nal pain are commonly seen in DKA and are likely to be 
caused largely by the combined effects of dehydration, 
ketonemia, and delayed gastric emptying. The presence of 
abdominal pain is associated with more severe metabolic 
acidosis, but not with the severity of hyperglycemia.53 
Urine output occurs until extreme volume depletion leads 
to a critical decrease in renal blood flow and glomerular 
filtration.

Physical examination reveals signs of dehydration, 
including loss of skin turgor, dry mucous membranes, 
tachycardia, and hypotension. Acetone on the breath and 

TABLE 46-1 Diagnostic Criteria for Diabetic 
Ketoacidosis (DKA) and Hyperglycemic 
Hyperosmolar State (HHS)

DIAGNOSTIC CRITERIA AND CLASSIFICATION
DKA

Mild Moderate Severe HHS

Plasma glucose 
(mg/dL)

>250 >250 >250 >600

Arterial pH 7.25-
7.30

7.00-
<7.24

<7.00 >7.30

Serum bi-
carbonate 
(mEq/L)

15-18 10-<15 <10 >15

Urine ketone Positive Positive Positive Small
Serum ketone Positive Positive Positive Small
Effective serum 

osmolality
Variable Variable Variable 

mOsm/
kg

>320

Anion gap >10 >12 >12 <12
Alteration in 

sensorium
or mental ob-

tundation

Alert Alert/
Drowsy

Stupor/
Coma

Stupor/
Coma
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labored Kussmaul respiration characterized by rapid, deep 
respirations in response to metabolic acidosis is frequently 
found in children and in adults with severe metabolic aci-
dosis. Mental status can vary from full alertness to pro-
found lethargy; however, fewer than 20% of patients are 
hospitalized with loss of consciousness.7,23 Hypothermia, 
potentially caused by a failure of heat production as a result 
of impaired oxygen consumption, is not uncommon, and 
can potentially aggravate ketoacidosis.54,55 Hypothermia 
has been associated with a decrease in insulin secretion55a 
and glucose utilization,55b and with an increase in counter-
regulatory hormones.55c,55d The presence of a fever is 
highly suggestive of a concomitant infection.

Laboratory Findings
The syndrome of DKA consists of the triad of hypergly-
cemia, ketonemia, and metabolic acidosis.1 DKA can 
be classified as mild, moderate, or severe, depending on 
the extent of metabolic acidosis and the level of senso-
rium (see Table 46-1). The severity of metabolic acidosis 
bears small relationship to the degree of hyperglycemia, 
and cases of ketoacidosis with normal or only modestly 
elevated glucose levels (<13.8 mmol/L, 250 mg/dL) have 
been reported.56 This phenomenon has been reported 
during pregnancy, in patients with prolonged starvation, 
and in those who present after receiving insulin. Simi-
larly, relatively low glucose concentrations may occur in 

the presence of impaired hepatic glucose output, such as 
in patients with alcohol abuse or liver failure.57,58

The key diagnostic feature is the elevation of circulat-
ing total blood ketone concentration. Assessment of keto-
nemia is usually performed by the nitroprusside reaction, 
which provides a semiquantitative estimation of acetoac-
etate and acetone levels. Although the nitroprusside test 
(urine and serum) is highly sensitive, it can underestimate 
the severity of ketoacidosis because this assay does not 
recognize the presence of β-hydroxybutyrate, the main 
metabolic product in ketoacidosis.31,59 If available, mea-
surement of serum beta-hydroxybutyrate may be useful 
for diagnosis.60 Recently, it was reported that home capil-
lary blood β-hydroxybutyrate testing is more effective than 
urine acetoacetate testing in reducing emergency visits, 
hospitalization, and the time to recovery from DKA.61,62

The accumulation of ketoacids results in an increased 
anion gap metabolic acidosis. The anion gap is calculated by 
subtracting the sum of the chloride and bicarbonate concen-
tration from the sodium concentration [Na+ – (Cl− + HCO3

−)]  
(Fig. 46-2). A normal anion gap is between 7 and 9 mEq/L, 
and an anion gap greater than 12 mEq/L indicates the pres-
ence of increased anion gap metabolic acidosis.23 Although 
most subjects with DKA present with a high anion gap aci-
dosis, it is important to keep in mind that patients may pres-
ent with mixed acid-base disorders. It has been reported that 
11% of patients admitted with DKA had hyperchloremic 

PROTOCOL FOR MANAGEMENT OF ADULT PATIENTS WITH DIABETIC KETOACIDOSIS (DKA)

IV fluids Potassium

Evaluate corrected serum Na+

Serum Na+

high
Serum Na+

normal
Serum Na+

low

0.45% NaCl at 250–500
mL/hr depending on state

of hydration  

0.9% NaCl at 250–500 
mL/hr depending on state

of hydration

Check Chem 7 and venous pH every 2–4 hrs until resolution of DKA.
Initiate SC insulin when the patient is alert and can eat. Identify and
treat precipitating cause. 

When serum glucose reaches 200 mg/dl

*Resolution of ketoacidosis = blood glucose < 250 mg/dl, bicarbonate > 18 mEq/L, and pH > 7.30.

Administer 0.9% NaCl
(500–1000 ml/hr)

during the first 1–2 hrs

If serum K+ is <3.3 mEq/L,
hold insulin and give 10–20
mEq per hour of  KCl until

serum K+ ≥ 3.3 mEq/L

If serum K+ between 3.3
and 5.0 mEq/L, give 20–30
mEq of KCl in each liter of

IV fluid to keep serum K+ at
4–5 mEq/L

Change to 5% dextrose with 0.45% NaCl and
decrease insulin to 0.05–0.1 U/kg/hr to maintain

serum glucose between 150–200 mg/dl
until resolution of ketoacidosis*

If serum K+ > 5.0 mEq/L,
do not give K+ but check

serum K+ q 2 hr

Insulin

Regular, 0.1 U/kg as IV bolus

0.1 U/kg/hour IV insulin infusion

Check serum glucose every 1–2 hours.
When serum glucose reaches 200 mg/dl 

Figure 46-2 Protocol for management of patients with diabetic ketoacidosis (DKA).
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metabolic acidosis (normal anion gap along with decreased 
bicarbonate and elevated chloride levels), 43% had mixed 
anion gap acidosis and hyperchloremic metabolic acidosis, 
and 46% had predominant anion gap acidosis.63 More 
important, during the treatment and resolution of DKA, 
most patients develop a transient hyperchloremic non–
anion gap metabolic acidosis.58,64

Patients with DKA have an extracellular fluid vol-
ume deficit usually in the range 4% to 10%.65-68 Clinical 
estimates of the volume deficit are subjective and inac-
curate,67,69,70 and the magnitude of dehydration cannot 
be assessed accurately by either clinical or biochemical 
parameters. Calculation of effective osmolality [sodium 
ion (mEq/L) × 2 + glucose (mg/dL)/18] is the best marker 
of volume depletion, and levels greater than 320 mmol/L 
are frequently associated with impaired mental status 
(Table 46-2).

The admission serum sodium is usually low because 
of the osmotic flux of water from the intracellular to 
the extracellular space in the presence of hyperglyce-
mia. To assess the severity of sodium and water deficit, 
serum sodium may be corrected by adding 1.6 mg/dL to 
the measured serum sodium for each 100 mg/dL of glu-
cose above 100 mg/dL (see Table 46-2).23 An increase in 
serum sodium concentration in the presence of hypergly-
cemia indicates a profound degree of water loss.

The admission serum potassium concentration is usu-
ally elevated in patients with DKA.23 These high levels 
occur because of a shift of potassium from the intracel-
lular to the extracellular space caused by acidemia, insu-
lin deficiency, and hypertonicity. Similarly, the admission 
serum phosphate level may be normal or elevated because 
of metabolic acidosis.

Patients with DKA frequently present with leukocy-
tosis in the absence an infection. However, a leukocyte 
count greater than 25,000 mm3 or the presence of greater 
than 10% neutrophil bands is seldom seen in the absence 
of a bacterial infection.1,23 Because most patients with 

DKA present with abdominal pain, nausea, or vomiting, 
the differential diagnosis of acute pancreatitis should be 
considered. Increased amylase levels are reported in 21% 
to 79% of patients with DKA. There is little correlation 
between the presence, degree, or isoenzyme type of hyper-
amylasemia and the presence of symptoms or pancreatic 
imaging studies; therefore, an increased serum amylase is 
not definitive for the diagnosis of pancreatitis in DKA.53 
Nonspecific serum lipase elevation has also been reported 
in one-third of patients with DKA in the absence of clini-
cal and radiologic evidence of acute pancreatitis.53

Not all patients who present with anion gap acidosis 
or ketoacidosis have DKA.2 Patients with chronic ethanol 
abuse with a recent binge culminating in nausea, vom-
iting, and acute starvation may present with alcoholic 
ketoacidosis. The key diagnostic feature that differen-
tiates diabetic and alcohol-induced ketoacidosis is the 
concentration of blood glucose.58 Whereas DKA is char-
acterized by severe hyperglycemia, the presence of keto-
acidosis without hyperglycemia in an alcoholic patient is 
virtually diagnostic of alcoholic ketoacidosis. In addition, 
some patients with decreased food intake (lower than 500 
calories/day) for several days may present with starva-
tion ketosis. However, a healthy subject is able to adapt 
to prolonged fasting by increasing ketone clearance by 
peripheral tissue (brain and muscle) and by enhancing the 
kidney’s ability to excrete ammonia to compensate for 
the increased acid production. Therefore, a patient with 
starvation ketosis rarely presents with a serum bicarbon-
ate concentration less than 18 mEq/L.

Treatment
Figure 46-2 shows the American Diabetes Association 
algorithm for the treatment of DKA.1 The goals of DKA 
therapy are as follows: 1) to improve circulatory volume 
and ultimately tissue perfusion, 2) to correct hyperglyce-
mia by gradually decreasing serum glucose and plasma 
osmolarity, 3) to correct electrolyte imbalance and 
increased serum ketone bodies, and 4) to identify and 
treat precipitating events. Frequent monitoring of vital 
signs, volume, and rate of fluid administration, insulin 
dosage, urine output, and assessing the response to medi-
cal treatment are essential for the successful management 
of DKA. Serial laboratory measurements include glucose, 
electrolytes, venous pH, bicarbonate, and anion gap val-
ues until the resolution of ketoacidosis.

There are no guidelines for determining the safety 
and cost-effectiveness of treating adult patients with 
DKA in ICU or non-ICU settings. Several observational 
and prospective studies have indicated no clear benefits 
in treating DKA patients in the ICU compared to step-
down units or general medicine wards.71-73 The mor-
tality rate, length of hospital stay, or time to resolve 
ketoacidosis is similar in patients treated in ICU and 
non-ICU settings. In addition, ICU admission has been 
shown to be associated with more testing and a sig-
nificantly higher hospitalization cost in patients with 
DKA.71,74 Thus, patients with mild to moderate DKA 
can be safely managed in emergency departments or 
step-down units, and only patients with severe DKA 
or those with a critical illness as a precipitating cause 

TABLE 46-2 Useful Formulas for the Evaluation 
of Diabetic Ketoacidosis and Hyperglycemic 
Hyperosmolar State

 1.  Calculation of anion gap (AG):

AG =
[
Na+ ]

− [Cl− + HCO3
− ]

 2.  Total and effective serum osmolality:

Total =
2
[
Na+ ]

+ glucose (mg/dL)

18
+
BUN (mg/dL)

2.8

Effective = 2
[
Na+ ]

+
glucose (mg/dL)

18

 3.  Corrected serum sodium:

Corrected
[
Na+ ]

= 1.6 × glucose (mg/dL) − 100
100

+
[
measured Na+

]

 4.  Total Body Water (TBW) deficit:

TBW deficit = [weight (kg) × 0.6] −

[
corrected Na+ − 1

140

]
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(i.e., myocardial infarction, gastrointestinal bleeding, 
sepsis)1,75 can be treated in the ICU.

Fluid Therapy
Patients with DKA are volume depleted with an estimated 
water deficit of ∼100 mL/kg of body weight.23 Aggressive 
fluid therapy expands intravascular volume, restores renal 
perfusion, and improves insulin sensitivity by reducing 
circulating counterregulatory hormones. Isotonic saline 
(0.9% NaCl) at a rate of 500 to 1000 mL/hour during 
the first 1 to 2 hours is usually sufficient to restore blood 
pressure and renal perfusion. The subsequent choice and 
rate of fluid replacement depends on hemodynamics, the 
state of hydration, serum electrolyte levels, and urinary 
output. In general, 0.45% NaCl infused at 250 to 500 
mL/hour is appropriate if the corrected serum sodium is 
normal or elevated; 0.9% NaCl at a similar rate is appro-
priate if the corrected serum sodium is low.23 (see Fig. 
46-2). Once the plasma glucose is ∼250 mg/dL, 5% to 
10% dextrose should be added to replacement fluids to 
allow continued insulin administration until ketonemia 
is controlled, while at the same time avoiding hypogly-
cemia.1 The water deficit can be estimated, based on cor-
rected serum sodium concentration, using the following 
equation:

water deficit = (0.6) (body weight in kilograms)
× (1 − [corrected sodium/140]).23

The goal is to replace half the estimated water def-
icit over a period of 24 hours. The administration of 
large amounts of isotonic saline, which contains a high 
content of chloride, can lead to hyperchloremic meta-
bolic acidosis caused by the acidifying effect of saline by 
the excessive administration of Cl− ions.76 Preliminary 
studies with the use of lactated Ringer’s solution have 
reported a reduction of hyperchloremic acidosis,76,77 but 
such a reduction has not been shown to improve out-
come or to reduce hospital length of stay compared to 
saline administration.

Insulin Therapy
Insulin administration is the cornerstone of DKA ther-
apy. Insulin increases peripheral glucose utilization and 
decreases hepatic glucose production, as well as inhibits 
the release of FFA from adipose tissue and decreases keto-
genesis. Randomized controlled studies in patients with 
DKA have shown that lower doses of insulin therapy, 
compared to very high doses used decades ago, are effec-
tive regardless of the route of administration.78,79 A com-
mon and effective practice includes an initial IV bolus of 
regular insulin of 0.1 unit/kg of body weight, followed 
by a continuous infusion of regular insulin at a dose of 
0.1 unit/kg/hour.1 A recent study reported that the initial 
bolus is not necessary if the hourly insulin infusion rate is 
started at 0.14 units/kg body weight.80 When the serum 
glucose has declined to about 250 mg/dL, the insulin infu-
sion rate should be reduced to 0.05 units/kg/hour. There-
after, the rate of insulin administration may need to be 
adjusted to maintain glucose levels at approximately 200 
mg/dL and continued until ketoacidosis is resolved.

A patient with uncomplicated DKA can be treated with 
subcutaneous (SC) rapid-acting insulin lispro or insulin 
aspart.73 These studies indicate that after an initial SC dose 
of 0.2 to 0.3 units/kg, the administration of 0.1 or 0.2 units/
kg every 1 or 2 hours, respectively, is as effective as the 
continuous infusion of regular insulin. This is done in the 
emergency department or in non-ICU wards if adequate per-
sonnel are available for frequent glucose monitoring.

Potassium
Patients with DKA have an estimated total potassium def-
icit of ∼3 to 5 mEq/kg of body weight. Despite this deficit, 
most patients with DKA have a serum potassium level at 
or above the upper limits of normal.1 These high levels 
occur because of a shift of potassium from the intracellu-
lar to the extracellular space caused by acidemia, insulin 
deficiency, and hypertonicity. Both insulin therapy and 
the correction of acidosis decrease potassium levels by 
stimulating cellular potassium uptake in peripheral tis-
sues and by increasing urinary excretion.81 Intravenous 
potassium should be initiated when serum concentration 
is below 5.0 mEq/L. The treatment goal is to maintain 
serum potassium levels within the normal range of 4 to 
5 mEq/L.1 Generally, 20 to 30 mEq of potassium chlo-
ride in each liter of infusion fluid is sufficient to main-
tain a potassium concentration within the normal range. 
To prevent severe hypokalemia and the risk for cardiac 
arrhythmias, patients with a serum potassium lower than 
3.3 mEq/L should receive potassium replacement at a 
rate of 10 to 20 mEq/hour, and insulin infusion should be 
delayed until potassium is >3 mEq/L.

Bicarbonate
Several studies have evaluated the effect of alkalinization 
in patients with DKA and have reported no advantage of 
bicarbonate therapy in improving cardiac and neurologic 
functions or improving the rate of recovery of hyperglyce-
mia and ketoacidosis.82-90 Moreover, bicarbonate therapy 
can lead to higher a risk for hypokalemia, decreased tissue 
oxygen uptake, and cerebral edema.1 However, because 
severe acidosis may result in impaired myocardial con-
tractility, cerebral vasodilatation, and coma, recent treat-
ment guidelines recommend that in patients with severe 
metabolic acidosis (pH <6.9), 50 to 100 mmol of sodium 
bicarbonate should be given as an isotonic solution (in 
200 mL of water) every 2 hours until the pH rises to ∼6.9 
to 7.0. In patients with arterial pH >7.0, no bicarbonate 
therapy is necessary.

Phosphate and Magnesium
Severe hypophosphatemia may lead to rhabdomyolysis, 
hemolytic uremia, and muscle weakness; however, sev-
eral studies have failed to show any beneficial effect of 
phosphate replacement on clinical outcome. Furthermore, 
aggressive phosphate therapy is potentially hazardous, as 
indicated in case reports of children with DKA who devel-
oped hypocalcemia and seizures secondary to intravenous 
phosphate administration. Phosphate replacement should 
be reserved for patients with cardiac dysfunction, anemia, 
respiratory depression, and a serum concentration lower 
than 1.0 to 1.5 mg/dL.1
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Patients with DKA frequently have large magnesium 
deficits, but there are no data to determine whether 
replacement of magnesium is beneficial in improving 
clinical outcome. Replacement of magnesium should be 
considered in the occasional patient with severe hypo-
magnesemia and hypocalcemia. The recommended dose 
is 25 to 50 mg/kg for 2 to 4 doses given every 4 to 6 hours 
with a maximum infusion rate of 2 g/hour.

Transition to Subcutaneous Insulin
Intravenous insulin therapy should continue until the 
hyperglycemic crisis has resolved. Criteria for the reso-
lution of DKA include a blood glucose lower than 200 
mg/dL, a serum bicarbonate equal to or greater than 18 
mEq/L, and a venous pH greater than 7.3. When this 
occurs, SC insulin therapy can be started.

It is important to recognize that the half-life of intrave-
nous insulin is ∼5 to 7 minutes; therefore, if insulin infu-
sion is interrupted suddenly, the insulin concentration in 
blood could reach undetectable levels, with relapse of the 
hyperglycemia and ketoacidosis. Therefore, insulin infu-
sion should be continued for 2 to 4 hours after SC insulin 
is started. A recent study reported that basal insulin given 
a few hours after starting insulin infusion facilitates treat-
ment and prevents the rebound of hyperglycemia after 
discontinuation of IV insulin therapy.91

The best time to transition to SC insulin is when the 
patient is alert and able to take food by mouth. Patients 
previously treated with insulin can resume their previous 
regimen. Insulin-naïve adult patients can be started on 
0.5 to 0.7 units/kg/day, in divided doses, to achieve ade-
quate glucose control.1 The basal prandial approach with 
insulin basal (lantus or detemir) and rapid-insulin (lispro, 
aspart, glulisine) analogues is the preferred treatment regi-
men after the resolution of DKA. An alternative is the use 
of a split-mixed insulin regimen with neutral protamine 
Hagedorn (NPH) and regular insulin twice daily or of a 
multi-dose regimen of short- or rapid-acting and interme-
diate- or long-acting insulins.1 A recent randomized study 
compared the safety and efficacy of insulin analogues and 
human insulin during the transition from intravenous to SC 
insulin in patients with DKA. There were no differences in 
mean daily glucose levels, but 41% of patients treated with 
NPH and regular insulin experienced one or more hypo-
glycemic events compared to 15% of patients treated with 
insulin analogues. Thus, a basal bolus regimen with insulin 
analogues is safer and should be preferred over NPH and 
regular insulin following the resolution of DKA.92

Complications
The two most common complications associated with 
the treatment of DKA in adult subjects are hypoglycemia 
and hypokalemia. Hypoglycemia is reported in 10% to 
25% of patients during insulin therapy. Hypoglycemia 
is reported in 10% to 30% of patients with DKA, with 
the majority of hypoglycemic events occurring after sev-
eral hours of insulin infusion (between 8 and 16 hours) 
or during the transition phase. The failure to reduce the 
insulin infusion rate and the failure to use dextrose-con-
taining solutions when glucose levels reach 250 mg/dL 
are the two most common causes of hypoglycemia during 

insulin therapy. Frequent blood glucose monitoring dur-
ing insulin infusion (every 1 to 2 hours) is mandatory 
to recognize hypoglycemia because many patients with 
DKA do not experience the adrenergic manifestations of 
sweating, nervousness, hunger, or tachycardia.

The relapse of DKA may occur after the sudden inter-
ruption of IV insulin therapy or in patients without con-
comitant use of SC insulin administration or the lack 
of frequent monitoring. To prevent recurrence of keto-
acidosis during the transition period to SC insulin, it is 
important to allow an overlap of 2 to 4 hours between 
discontinuation of IV insulin and the administration 
of SC regular insulin. Other complications of diabetes 
include hyperchloremic acidosis with an excessive use of 
NaCl or KCl, resulting in a non–anion gap metabolic aci-
dosis. This acidosis has no adverse clinical effects and is 
gradually corrected over the subsequent 24 to 48 hours 
by enhanced renal acid excretion. The development of 
hyperchloremia can be prevented with the reduction of the 
chloride load by judicious use of hydration solutions.23

Cerebral injury is the most serious complication in chil-
dren and occurs in approximately 1% of children with 
DKA93,94 (see Chapter 49); however, this is seldom reported 
in adult patients with DKA.95 Symptoms and signs of cere-
bral edema are variable and include the onset of headache, 
gradual deterioration in level of consciousness, seizures, 
sphincter incontinence, pupillary changes, papilledema, 
bradycardia, elevation in blood pressure, and respiratory 
arrest. Cerebral edema typically occurs 4 to 12 hours after 
treatment is activated, but it can be present before treat-
ment has begun or may develop any time during treatment 
for DKA.94 Although no single factor has been identified 
that can be used to predict the development of cerebral 
edema, mechanisms have been proposed, including the role 
of cerebral ischemia and hypoxia, the generation of vari-
ous inflammatory mediators, an increased cerebral blood 
flow, the disruption of cell membrane ion transport, and 
a rapid shift in extracellular and intracellular fluids that 
results in changes in osmolality.

Rhabdomyolysis may occur in patients with DKA 
and more commonly with HHS resulting in acute kidney 
failure, severe hyperkalemia, hypocalcemia, and muscle 
swelling causing compartment syndrome. The classic 
symptom triad of rhabdomyolysis includes myalgia, 
weakness, and dark urine. Monitoring creatine kinase 
concentrations every 2 to 3 hours is recommended for 
early detection. In pediatric patients, rhabdomyolysis has 
been associated with a not well-understood malignant 
hyperthermia–like syndrome.96

Prevention
The most common precipitating causes of DKA include 
infection, intercurrent illness, psychological stress, and 
noncompliance with therapy. With improved outpatient 
treatment programs and better adherence to self-care, 
∼50% to 75% of DKA admissions may be preventable. 
Outpatient management is more cost-effective and can 
minimize missed days of school and work for patients 
with diabetes and their family members. The frequency of 
hospitalizations for DKA has been reduced following dia-
betes education programs, improved follow-up care, and 
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access to medical advice. Many patients with recurrent 
DKA are unaware of sick-day management or the conse-
quences of skipping or discontinuing insulin therapy.97 It 
has been shown that quarterly visits to the endocrine clinic 
will reduce the number of emergency department admis-
sions for DKA. An important feature of patient education 
is how to deal with illness. This includes 1) communicat-
ing the importance of insulin therapy during illness and 
emphasizing that insulin should never be discontinued, 
2) initiating early contact with health care providers, 3) 
initiating early management of fevers and infections, and 
4) ensuring adequate fluid intake.23 Diabetes education 
and sick-day management should be reviewed periodi-
cally in patients with type 1 diabetes and should include 
specific information on when to contact the health care 
provider, the use of supplemental short- or rapid-acting 
insulin during illness, and, most imperative, the impor-
tance of never discontinuing insulin. Patients with type 1 
diabetes should be instructed on the use of home blood 
ketone monitoring (if available) during illness and per-
sistent hyperglycemia, which may allow for early recog-
nition of impending ketoacidosis. Beta-hydroxybutyrate 
testing (capillary blood test) seems to be more effective 
than urine acetoacetate testing in reducing emergency 
department visits and hospitalizations.61

HYPERGLYCEMIC HYPEROSMOLAR STATE

Epidemiology
The hyperglycemic hyperosmolar state (HHS) or hyper-
glycemic hyperosmolar nonketotic coma (HHNK) is a 
serious and potentially lethal acute complication of dia-
betes.98 Cases of diabetic coma without the clinical fea-
tures of ketoacidosis were initially described in the late 
1800s; however, the importance of hyperosmolality as an 
essential component of the syndrome was not recognized 
until the late 1950s.99,100 Mortality in patients with HHS 
has decreased in recent decades, but remains higher than 
in patients with DKA.4,7,101-110 A recent observational 
study reported a weighted average mortality of 17.4% in 
1284 adult cases of HHS.4 More pediatric cases are being 
diagnosed, with a mortality as high as 37%.111,112

Pathophysiology
The pathophysiology of HHS is similar to that reported 
in DKA. Insulin deficiency and increased counterregu-
latory hormones lead to increase gluconeogenesis and 
decreased glucose uptake in peripheral tissues. The long 
duration and severity of hyperglycemia in HHS results in 
severe dehydration, hyperosmolality and impaired renal 
function, which lead to decreased excretion of glucose. It 
is speculated that higher levels of circulating insulin and 
lower levels of counterregulatory hormones in patients 
with HHS can explain the absent or minimal ketosis, 
which is the key difference from DKA. In general, three 
major mechanisms have been proposed for the lack of 
ketoacidosis in HHS3,23,81,103,113-115 and include: 1) higher 
levels of endogenous insulin in HHS (i.e., adequate insu-
lin concentration to prevent lipolysis but inadequate to 
inhibit hepatic glucose production and/or stimulate glu-
cose use); 2) lower levels of counterregulatory hormones 

and free fatty acids; and 3) inhibition of lipolysis by the 
hyperosmolar state, thereby decreasing ketogenesis.

Precipitating Events
HHS occurs most commonly in older subjects with type 2 
diabetes, but may be seen in younger and in type 1 patients 
as well. Up to 20% of patients admitted with HHS do not 
have a previous diagnosis of diabetes.7 The most com-
mon precipitating causes are pneumonia and urinary 
tract infection, accounting for 30% to 50% of cases.116-

118 Other acute medical illnesses as precipitating causes 
include acute coronary syndromes, trauma, surgery, and 
cerebrovascular accident, which provoke the release of 
counterregulatory hormones and/or compromise access 
to water. Certain medications that cause DKA may also 
precipitate the development of HHS, including glucocor-
ticoids, thiazide diuretics, Dilantin, and β-blockers.119,120 
During the last few years, several case reports and retro-
spective studies suggest an increased risk for developing 
diabetes mellitus in patients treated with atypical anti-
psychotics compared to schizophrenic patients treated 
with conventional antipsychotics or those without treat-
ment.121-123 Most cases of hyperglycemic crises associated 
with the use of antipsychotics have been reported during 
treatment with clozapine and olanzapine.124-126

Diagnosis
Symptoms and Signs
The typical patient with HHS has undiagnosed diabetes, 
is between 55 and 70 years of age, and frequently is a 
nursing home resident. Most patients who develop HHS 
do so over days to weeks during which they experience 
polyuria, dehydration, and a progressive decline in level 
of consciousness. Physical examination reveals signs of 
volume depletion. Fever caused by underlying infection 
is common, and signs of acidosis (Kussmaul respirations, 
acetone breath) are usually absent. Gastrointestinal mani-
festations (abdominal pain, vomiting) frequently reported 
in patients with DKA are not part of HHS; thus the pres-
ence of abdominal pain in patients without significant met-
abolic acidosis needs to be investigated.53 In some patients, 
focal neurologic signs (hemiparesis, hemianopsia) and sei-
zures (partial motor seizures more common than general-
ized) may be the dominant clinical features, resulting in a 
common misdiagnosis of stroke. Despite the focal nature 
of neurologic findings, the neurologic manifestations often 
reverse completely after correction of the metabolic dis-
order. Neurologic symptoms of encephalopathy are com-
monly seen when serum sodium levels exceed 160 mEq/L 
or when the calculated total and effective osmolalities are 
higher than 340 and 320 mOsm/kg H2O, respectively.

Laboratory Findings
The initial diagnostic criteria were reported by Gerich103 
and Arieff and Carroll127 and included a blood glucose 
concentration greater than 600 mg/dL, a serum osmo-
lality greater than 350 milliosmols/liter, and a serum 
acetone reaction no greater than 2+. In the original 
case series by Gerich103 and Arieff and Carroll,127 the 
mean plasma osmolarity in comatose patients was ∼380 
mosm/L compared to ∼320 to 330 mosm/L in conscious 
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subjects.103,127,128 The importance of increased serum 
osmolality in the clinical presentation and prognosis of 
patients with HHS is well established. Altered sensorium 
(lethargy, stupor, coma) correlates better with hyperos-
molality than with the patient’s age or the severity of 
acid-base disturbance. The original formula to calculate 
serum osmolarity was Sosm = 2 [Na (mEq/L)] + glucose 
(mg/dL)/18 + BUN (mg/dL)/2.8). In recent years, the total 
serum osmolality formula has been replaced by “effec-
tive” serum osmolality (see Table 46-2).23

The American Diabetes Association Position Statement 
diagnostic criteria for HHS are a plasma glucose concen-
tration >600 mg/dL, a serum osmolality >320 mOsm/
kg, and the absence of ketoacidosis,1 (see Table 46-1). 
Although by definition, patients with HHS have a serum 
pH greater than 7.3, a serum bicarbonate greater than 18 
mEq/L, and negative ketone bodies in urine and plasma, 
mild ketonemia may still be present. Approximately 50% 
of patients with HHS have an increased anion gap meta-
bolic acidosis as the result of concomitant ketoacidosis 
and/or an increase in serum lactate levels.

Treatment
Therapeutic measures for HHS are similar to those recom-
mended for patients with DKA (Fig. 46-3). In general, the 
treatment of HHS should be directed at replacing volume 

deficit, correcting hyperosmolality and electrolyte dis-
turbances, and managing the underlying illness that may  
have precipitated metabolic decompensation.129 Patients 
with HHS may be severely dehydrated, with an average 
fluid deficit of 8 to10 liters. Aggressive fluid replacement 
with normal saline at a rate of 1000 mL/hour for the 
first 2 to 3 hours is the usual recommendation, followed 
by 0.45% saline at a rate of 200 to 500 mL/hour. Insulin 
treatment does not need to be aggressive if fluid replace-
ment is vigorously pursued. Insulin is administered by 
an initial bolus of 0.1 unit/kg followed by a continu-
ous intravenous infusion calculated to deliver 0.1 unit/
kg/hour, and continued at this rate until blood glucose 
has decreased to approximately 250 to 300 mg/dL. At 
this time, intravenous fluids should be changed to dex-
trose-containing solutions (D5%) and the insulin dose 
should be decreased by 50% (0.05 units/kg/hour) or to 2 
to 3 units/hour. Thereafter, the rate of insulin adminis-
tration is adjusted to maintain a blood glucose level of 
∼200 mg/dL. Using this protocol, we have reported that 
the mean duration of treatment in HHS for serum glu-
cose levels to decrease to the target range is ∼11 hours.7

Intravenous insulin infusion is usually continued until 
the patient is hemodynamically stable, the level of con-
sciousness is improved, and the patient is able to toler-
ate food intake. Although most patients require insulin 

PROTOCOL FOR MANAGEMENT OF ADULT PATIENTS WITH HYPERGLYCEMIC HYPEROSMOLAR STATE (HHS)

IV fluids Potassium

Evaluate corrected serum Na+

Serum Na+

high
Serum Na+

normal
Serum Na+

low

0.45% NaCl at 250–500
mL/hr depending on state

of hydration  

0.9% NaCl at 250–500 
mL/hr depending on state

of hydration

Check Chem 7 every 2–4 hrs until resolution of HHS. Initiate SC
insulin when the patient is alert and can eat. Identify and treat

precipitating cause. 

When serum glucose reaches 200 mg/dl

*Resolution of HHS = serum glucose < 250 mg/dl and effective plasma osmolality < 310 mOsm/kg

Administer 0.9% NaCl
(500–1000 ml/hr)

during the first 1–2 hrs

If serum K+ is <3.3 mEq/L,
hold insulin and give 10–20
mEq per hour of  KCl until

serum K+ ≥3.3 mEq/L

If serum K+ between  3.3
and 5.0 mEq/L, give 20-30
mEq of KCl in each liter of

IV fluid to keep serum K+ at
4–5 mEq/L

Change to 5% dextrose with 0.45% NaCl and
decrease insulin to 0.05–0.1 U/kg/hr to maintain

serum glucose ~200 mg/dl until effective osmolality
≤310 mOsm/Lkg and patient is mentally alert.

If serum K+ >5.0 mEq/L,
do not give K+ but check

serum K+ q 2 hr

Insulin

Regular, 0.1 U/kg as IV bolus

0.1 U/kg/hour IV insulin infusion

Check serum glucose every 1–2 hours.
When serum glucose reaches 200 mg/dl 

Figure 46-3 Protocol for management of patients with hyperglycemic hyperosmolar state (HHS).
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therapy after recovery from HHS, some patients could be 
managed with diet alone and/or diet plus an oral hypogly-
cemic agent during the initial admission or shortly after 
presentation.3,130

Increased serum potassium is commonly found in 
patients with HHS despite severe total body potassium 
depletion. Hyperglycemia and hyperosmolality cause a 
shift of potassium from the intracellular compartment 
into plasma3,130 and may contribute to a false estimate 
of total body potassium. The serum potassium deficit in 
patients with HHS is estimated ∼3 to 5 mEq/L of body 
weight.3,130 The principles of potassium replacement in 
HHS are the same as those in DKA. We recommend that 
potassium replacement be initiated after serum levels 
fall below 5.5 mEq/L, with the goal to maintain a serum 
potassium concentration within the normal range of 4 to 
5 mEq/L.

Complications
Venous Thromboembolic Events (VTE)
Arterial and venous thrombosis have been described in 
patients with HHS.131 Patients with type 2 diabetes are 
hypercoagulable compared to normal subjects;132 how-
ever, uncomplicated diabetes is not an independent risk 
factor for incident VTE.133 The risk for thromboembolic 
events is higher in patients with HHS.4,127,131,134-136 In a 
retrospective review of 426, 831 cases of VTE, the over-
all incidence of thromboembolism among patients with 
hyperosmolarity was 1.7%.134 Severe dehydration, along 
with hyperviscosity and hypotension, may predispose 
to intravascular clotting, and heparinization during the 

initial phase of treatment has been considered by some 
authors98,131,137; however, this has not been evaluated 
prospectively.

Rhabdomyolysis
Hyperosmolality alone could be a risk factor for rhab-
domyolysis.138,139 Rumpf and colleagues described in 
1981 the association of acute rhabdomyolysis with myo-
globinuric renal failure in a patient with HHS.140 Since 
then, several cases have been reported in adult and pedi-
atric patients. Subclinical rhabdomyolysis appears to be a 
common finding in HHS, and there seems to be a linear 
relationship between serum osmolarity, serum sodium, 
and the level of creatine kinase increase.141 Rhabdo-
myolysis is a potentially life-threatening complication 
associated with acute kidney failure, hyperkalemia, hypo-
calcemia, hyperphosphatemia, compartment syndrome, 
disseminated intravascular coagulation, and multi-organ 
failure.96,142,143

Prevention
The most common precipitating causes of HHS are infec-
tion and intercurrent illness. Improved outpatient treat-
ment programs, glucose monitoring, and better adherence 
to self-care should result in reduced admission of patients 
with hyperglycemic crises.
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HYPOGLYCEMIA
Hypoglycemia, a condition of low plasma glucose, has 
many varied causes, which are discussed in the following 
section. The definition of hypoglycemia is often debated, 
but in this chapter, the glucose values adopted by the 
hypoglycemia working panel of the American Diabetes 
Association1 will be used. Hypoglycemia will be defined as 
any plasma glucose value below 70 mg/dL (3.9 mmol/L). 
Severe hypoglycemia is reserved for occasions when the 

plasma glucose is very low (usually <50 mg/dL, or 2.9 
mmol/L) and is accompanied by significant neurologic 
deficits.

Hypoglycemia is associated with significant morbid-
ity and can be fatal.2-4 Almost immediately after the dis-
covery of insulin in the early 1920s, hypoglycemia was 
recognized as an unpleasant and dangerous side effect of 
therapy. More than 90% of all patients with type 1 diabe-
tes mellitus (DM) have suffered an episode of hypoglyce-
mia. Typically, a patient with type 1 DM will experience 2 
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to 10 episodes of glucose below 70 mg/dL (3.9 mmol/L) per 
week. Nocturnal hypoglycemia (≤60 mg/dL; ≤3.3 mmol/L) 
is both frequent and prolonged. Continuous  glucose moni-
toring revealed that hypoglycemia occurred during sleep 
on a median of 2 nights per month, with nearly 50% of 
episodes lasting longer than 60 minutes.5 Episodes of 
major hypoglycemia requiring resuscitative measures from 
an additional person or hypoglycemic events resulting in 
seizures or coma have been reported to occur about once 
every other year to up to three times per year.6 Intensive 
glycemic control, especially, is a major contributing fac-
tor to the risk for hypoglycemia in type 1 DM, with rates 
of severe hypoglycemia three times higher in intensively 
versus conventionally controlled patients.7 In fact, glyco-
sylated hemoglobin (HbA1c) is inversely associated with 
risk for episodes of severe hypoglycemia (Fig. 47-1, A).7 
The duration of type 1 DM also plays an important role 
in increasing the frequency of severe hypoglycemia. Recent 
data from the UK Hypoglycaemia Study Group8 demon-
strate that the frequency of severe hypoglycemia increases 
from 110 per 100 patient-years after less than 5 years of 
insulin therapy to 320 episodes per hundred patient-years 
after insulin therapy for longer than 15 years.

The risk and frequency of hypoglycemia are considered 
to be much lower in type 2 DM as compared with type 
1 DM. This is undoubtedly true in patients with type 2 
DM treated with a non-insulin secretagogue or combina-
tion therapy of metformin, a thiazolidineodione, a DPP-4 
inhibitor, SGLT-2 inhibitor, alpha glucosidase inhibitor, 
and/or a glucagon-like peptide-1 (GLP-1) agonist. How-
ever, the incidence of hypoglycemia increases sharply in 
longer duration (insulin-requiring) type 2 DM. Recent 
clinical trials investigating insulin replacement strategies 
in type 2 DM report hypoglycemia in more than 70% of 
participants.9 Furthermore, the UK Hypoglycaemia Study 
Group reported that patients with type 2 DM receiving 
insulin for longer than 5 years had rates of severe hypo-
glycemia of about 70 episodes per 100 patient-years.8 
This rate is certainly comparable to that in patients with 
type 1 DM in the intensive group of the Diabetes Control 
and Complications Trial (DCCT).6 Other studies examin-
ing the frequency of severe hypoglycemia in type 2 DM 
have also reported rates similar to those occurring in 
type 1 DM. Furthermore, recent large multicenter studies 
investigating the effects of glucose control on complica-
tions of diabetes in type 2 DM over 60 years of age and 
receiving insulin have also reported a significant incidence 
and prevalence of hypoglycemia.10,11 Unlike observations 
in type 1 DM, individuals with type 2 DM appear to 
be at an increased risk for hypoglycemia at both near- 
normal (<6%) and poorly controlled (≥9%) HbA1c values  
(Fig. 47-1, B).12 Furthermore, the type 2 DM patients 
who had higher HbA1c values in the standard or con-
trol arms of the Veterans Affairs Diabetes Trial (VADT)13 
and Action to Control Cardiovascular Risk in Diabetes 
(ACCORD)14 trial had an even greater risk for adverse 
events due to severe hypoglycemia than the respective 
intensive control groups.

Death from hypoglycemia can be considered on the 
one hand to be rare when one considers the very large 
number of episodes of hypoglycemia that occur in clini-
cal practice. However, mortality does occur during severe 
hypoglycemia in both type 1 and type 2 DM. Studies 
investigating the cause of death in patients with type 
1 DM have reported that 2% to 10% may have died 
because of hypoglycemia.2,3 Similar death rates from 
hypoglycemia have been reported in patients with type 2 
DM. The specific mechanism responsible for hypoglyce-
mia-induced death is not currently understood. Possible 
suggested causes include cardiac arrhythmias, thrombotic 
events, and brain death. However, it should be noted 
that in primates, several hours of profoundly low glucose 
<18 mg/dL (<1 mmol/L) is required to induce irreversible 
brain damage and death.15

In nondiabetic individuals, hypoglycemia is rare, 
with blood glucose levels of ≤60 mg/dL (≤3.3 mmol/L) 
and ≤45 mg/dL (≤2.5 mmol/L) reported in as few as 
50/10,000 and 11/10,000 hospital admissions, respec-
tively.16 Establishment of Whipple’s triad (low glucose, 
typical symptoms, and resolution of symptoms with 
carbohydrate) is integral to confirming a hypoglycemic 
episode in this population.17 Underlying causes of hypo-
glycemia are diverse in people without diabetes, and 
diagnosis, discussed later, can be complex and requires 
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careful consideration of patient history and potentially 
further workup.

Accurate Measurement of Blood or Plasma Glucose
Hypoglycemia occurring in a nondiabetic individual 
always warrants attention and should be investigated 
(Table 47-1). Before one embarks on a comprehensive 
workup for possible hypoglycemia, certain pitfalls need 
to be considered. Whole blood glucose values are 10% to 
15% lower than plasma glucose levels. Thus, the lower 
limit of normal for a whole blood glucose value would 
be about 60 mg/dL (3.3 mmol/L). Keeping this in mind, 
it is important to determine whether the glucose value is 
blood or plasma. This will also apply to glucose meters 
that can provide blood or plasma glucose values. Another 
important consideration is that mixed venous blood sam-
ples can be dramatically lower than arterial glucose val-
ues. This will vary depending upon the insulin sensitivity 
of the individual and the prevailing insulinemia. Thus, 
mixed venous glucose levels could be 25 to 30 mg/dL 
(≈1.5 mmol/L) lower than arterial levels in lean healthy 
individuals during conditions of physiologic hyperinsu-
linemia. Therefore, hypoglycemic values obtained from 
mixed venous blood during a 2- to 3-hour oral glucose 
tolerance test (OGTT) should be interpreted with cau-
tion. Similarly, mixed venous glucose measurements 
obtained during periods of non–steady state (e.g., after 
a meal, after exercise) can significantly underestimate 
arterial glucose values as stimulated skeletal muscle glu-
cose uptake results in a dramatic decrease in plasma glu-
cose across the capillary bed.18 In fact, very low venous 
glucose levels of between 30 and 50 mg/dL (1.7 to 2.8 
mmol/L) have been measured in healthy adults after pro-
longed exercise.19

Artifactual hypoglycemia can also occur if a blood glu-
cose sample is not collected in a tube containing fluoride 
and/or oxalate to inhibit glycolysis. Without appropriate 
sample collection, glucose values can decrease by 10 to 
20 mg/dL (0.5 to 1.0 mmol/L) per hour at room tempera-
ture.20 In addition, even if glucose samples are collected 
in tubes containing glycolytic inhibitors, artifactually low 
readings can be obtained if the sample contains large 
quantities of blood cells,21 if the sample remains unmea-
sured for many hours, or if the sample is heavily lipemic 
with triglycerides.22

PHYSIOLOGY OF HYPOGLYCEMIA

Brain Fuel Metabolism
During typical physiologic conditions, the brain requires a 
constant and adequate supply of glucose (see Chapter 34). 
Under normal postabsorptive conditions (e.g., an over-
night fast), the brain accounts for ≈65% of whole body 
glucose uptake. Following feeding, the amount of glucose 
taken up by the brain can increase, but insulin does not 
influence brain glucose kinetics as it does in other organs 
such as liver or muscle. Although the brain was classically 
considered an insulin-insensitive organ, recent work has 
challenged this concept.23 Several studies have elegantly 
demonstrated that insulin can regulate appetite and feed-
ing mechanisms in rodent models.23 Additionally, insulin 
administration into areas of the hypothalamus has been 
demonstrated to regulate hepatic glucose output.24 Fur-
thermore, studies in dogs25 and mice26 have demonstrated 
direct CNS effects of insulin to amplify autonomic nervous 
system (ANS) counterregulatory responses to hypogly-
cemia. Thus, accumulating data indicate that insulin can 
modulate several components of energy homeostasis via 
direct neuronal signaling in certain areas of the brain.

Although typically dependent upon glucose as a fuel, 
the brain can adapt and utilize other substrates. Thus 
during periods of fasting, ketone bodies, lactate, and 
alanine can be used as alternative brain fuels.27 Several 
studies have demonstrated, experimentally, that high 
levels of alternative substrates (β-hydroxybutyrate and 
lactate) can be infused during acute hypoglycemia with 
a concomitant reduction in neuroendocrine and ANS 
responses. This indicates that the brain has the capac-
ity to switch from glucose to alternative substrates in a 
matter of hours. However, it should be noted that the 
concentrations of substrates infused experimentally are 
far higher than levels observed during most physiologic 
conditions (the exception is levels of ketone bodies that 
occur during prolonged fasting).

During hypoglycemia, brain glucose uptake falls. The 
exact glycemic value for the start of decreased blood-to-
brain glucose transport is debated but is thought to be 
around 65 to 70 (3.6 to 3.9 mmol/L) in humans. As hypo-
glycemia deepens (≈54 mg/dL; 3 mmol/L), blood-to-brain 
glucose transport becomes rate limiting for brain glucose 
metabolism. Glycolytic derived lactate and a small amount 
of stored astrocytic glycogen can provide a short duration 
of fuel supply. Recent work has estimated that stored gly-
cogen could provide the brain oxidative fuel for about 20 
minutes28; based on an estimate that blood-to-brain glucose 
transport could provide up to 90% of the brain’s oxida-
tive requirements during moderate hypoglycemia,29 it can 
be seen that the remaining 10% of energy requirements 
obtained from lactate and glycogen would last only ≈200 
minutes, thus emphasizing the need for a continuous and 
adequate supply of glucose to the brain from the circulation.

Neurohumoral Regulation During Hypoglycemia
As plasma glucose falls, a well-orchestrated response of 
multiple physiologic mechanisms is activated. The initial 
defense is a reduction in endogenous insulin secretion. 
This occurs as plasma glucose levels fall to < 80 mg/dL  

TABLE 47-1 Causes of Hypoglycemia in Adults

Drugs (accidental, factitious; see Table 47-2)
Especially insulin, sulfonylureas, meglitinides, alcohol

Critical illness
Renal, hepatic, and heart disease; sepsis; malnutrition

Endocrine deficiency
Adrenal >> Pituitary > Thyroid

Overproduction of insulin or insulin-like material
Insulin-producing islet tumor, non-β-cell tumors

Other
Pregnancy, strenuous exercise, autoimmune syndromes, 

reactive hypoglycemia, inborn errors of metabolism, and 
inherited enzyme defects

Iatrogenic
Dialysis, total parenteral nutrition
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(4.4 mmol/L). The reduction in endogenous insulin in 
response to falling plasma glucose is often overlooked 
in the hierarchy of defenses against hypoglycemia. Data 
from the DCCT demonstrate that the presence of even 
small amounts of C-peptide (i.e., endogenous insulin) 
are protective against severe hypoglycemia.6 Similarly, 
experience from recent islet cell transplantations clearly 
demonstrates that the ability to modulate endogenous 
insulin levels is also protective against episodes of hypo-
glycemia.30 As glucose levels continue to fall at or around 
70 mg/dL (3.9 mmol/L), a coordinated release of anti-
insulin (counterregulatory hormones) occurs. Epineph-
rine (from the adrenal medulla), glucagon (pancreatic α 
cells), norepinephrine (sympathetic nerve endings and 
adrenal medulla), growth hormone (anterior pituitary 
gland), and cortisol (adrenal cortex) all have been demon-
strated to have protective metabolic effects during acute 
or prolonged hypoglycemia. It should be noted that the 
release of neuroendocrine counterregulatory hormones 
and the inhibition of endogenous insulin secretion occur 
before a healthy adult can feel any symptoms of hypo-
glycemia. If plasma glucose continues to fall, at ≈60 mg/
dL (3.3 mmol/L), a series of autonomic (sometimes called 
neurogenic) signs and symptoms is activated. Autonomic 
warning responses to hypoglycemia include adrenergic 
and cholinergic symptoms. Adrenergic symptoms include 
palpitations, tremor, dry mouth, warmth, and anxiety.31 
Cholinergic symptoms include sweating, hunger, and 
paresthesias.32-34 Signs of adrenergic activation include 
sweating and pallor. If the glucose level continues to fall, 
neuroglycopenic symptoms are activated at ≈50 to 55 
mg/dL (2.8 to 3.1 mmol/L). These include blurred vision, 
drowsiness, slurred speech, confusion, and difficulty con-
centrating. Defects in cognitive function are also apparent 
at this level of glycemia. If plasma glucose continues to 
fall, individuals can become drowsy, enter into a coma, 
and suffer seizures. Alternatively, individuals can become 
aggressive, which can be difficult to control and can be 
distinct from their usual personality. If severe hypoglyce-
mia is prolonged, life-threatening events such as arrhyth-
mias, myocardial infarction, and stroke, can occur.35,36 
Long-term cognitive damage and even death can occur if 
very severe hypoglycemia continues for longer than a few 
hours.37 Although the above represents typical responses 
to falling glucose levels, it should be appreciated that 
many patients have idiosyncratic neurologic and symp-
tomatic responses to hypoglycemia that fall outside the 
classical description. Thus, it is worthwhile to measure 
the glucose level in anyone who presents with neurologic 
deficits and/or strange and uncharacteristic behavior.

The typical physiologic responses to hypoglycemia can 
be modified by a number of factors, including antecedent 
hypoglycemia, long-duration diabetes, age, gender, preg-
nancy, autonomic neuropathy, and use of certain drugs 
(Table 47-2). These altered physiologic and pathophysi-
ologic responses are discussed in detail in the following 
sections.

Insulin
Insulin is the principal physiologic factor that lowers 
plasma glucose. Insulin is secreted primarily in response 

to glucose, but amino acids, nonesterified fatty acids 
(NEFAs), β2-adrenergic stimulation, and acetylcholine 
can also activate secretion of the hormone. Insulin secre-
tion can be inhibited by hypoglycemia, insulin itself, 
somatostatin, and α2-adrenergic activity.38

Insulin is released into the portal vein following secre-
tion from pancreatic β cells. As the result of hepatic 
extraction, portal vein levels of insulin are approximately 
twofold higher than peripheral levels. Insulin lowers 
plasma glucose through several different mechanisms. 
Endogenous glucose production is inhibited directly 
first by suppressing hepatic glycogenolysis and then by 
restraining hepatic and renal gluconeogenesis. Simultane-
ously, insulin increases glucose uptake into insulin-sensi-
tive tissues (primarily muscle but also liver and adipose 
tissue). As soon as the rate of exit of glucose exceeds the 
rate of entry of the substrate into the circulation, then the 
plasma glucose level starts to fall. Additionally, insulin 
can suppress glucose production indirectly by restraining 
lipolysis. (This restricts the flow of glycerol, an important 

TABLE 47-2 Drug-Induced Hypoglycemia

Drugs capable of causing hypoglycemia by themselves
Antidiabetic drugs
Insulin
Sulfonylureas
Benzoic acid derivatives (meglitinide)

Other
Alcohol
Salicylates
Propranolol
Pentamidine
Sulfonamides
Vacor rodenticide
Quinine/quinidine
Propoxyphene
Para-aminobenzoic acid
Perhexiline

Drugs that probably cause hypoglycemia only in combination 
with insulin/sulfonylurea/benzoic acid derivatives or under 
special circumstances (e.g., malnutrition, infection, renal  
insufficiency)
Biguanides
Angiotensin-converting enzyme
Phenylbutazone
Lidocaine
Warfarin (Coumadin)
Ranitidine, cimetidine
Doxepin
Danazol
Azopropazone
Oxytetracycline
Clofibrate, benzofibrate
Colchicine
Ketoconazole
Chloramphenicol
Haloperidol
Monoamine oxidase inhibitors
Thalidomide
Orphenadrine
Selegiline
Abenzolene
Flecainide
Fluoxetine
Clomipramine
Indomethacin
Chloroquine
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gluconeogenic precursor, and NEFAs, which provide 
energy for gluconeogenesis.) Insulin also restricts prote-
olysis, which suppresses the flow of amino acids as gluco-
neogenic precursors.

Insulin secretion wanes as blood glucose returns to 
postabsorptive levels, removing inhibition of hepatic 
glucose production that will sustain fasting glucose lev-
els until the next meal. After a typical overnight fast, the 
liver produces at least 85% of the glucose that enters the 
circulation. At this point, about 50% to 66% of glucose 
production is driven by glycogenolysis, and the rest is 
gluconeogenesis. If the fast were to continue, then most 
glucose production would be driven by gluconeogenesis, 
and glycogen stores would be depleted. After 48 hours of 
fasting, gluconeogenesis is responsible for 80% of glucose 
output. By 72 hours, gluconeogenesis becomes the only 
source of glucose production in the body.

Glucagon
Glucagon is released from the α cells in the islet of Lang-
erhans (see Chapter 34). Similar to insulin, a number of 
physiologic factors can regulate secretion. These include 
hypoglycemia, amino acids, catecholamines (epinephrine 
and norepinephrine via β2-adrenergic mechanisms), and 
free fatty acids.39 Inhibitors of glucagon release include 
insulin and somatostatin. The regulation of glucagon 
release during hypoglycemia in humans is still undecided. 
Hypoglycemia, per se, can stimulate glucagon release 
in humans with cervical transection, individuals with a 
transplanted pancreas, and in vitro pancreas prepara-
tions.40 These data would point to the fact that direct α 
cell sensing of hypoglycemia would be the mechanism 
responsible for glucagon release. However, convincing 
data demonstrate that autonomic input (both sympathetic 
and parasympathetic) into the pancreas can also result in 
glucagon secretion.40 More recently, a third hypothesis 
has been proposed, which argues that a reduction in islet 
cell insulin levels is the mechanistic trigger for glucagon 
release during hypoglycemia.41

Glucagon’s physiologic actions are restricted almost 
exclusively to the liver, stimulating a rapid increase in 
hepatic glucose production over a period of 10 to 15 min-
utes. The initial rise in glucose output is provided by an 
increase in hepatic glycogenolysis. If hypoglycemia con-
tinues, glucagon can stimulate hepatic gluconeogenesis, 
but only if three carbon precursors such as glycerol, lac-
tate, and amino acids are present.

Epinephrine and Norepinephrine
Epinephrine (adrenaline) is released from the adrenal 
medulla. Similar to glucagon, the hormone can act rapidly 
to increase hepatic glucose output by stimulating hepatic 
glycogenolysis. If hypoglycemia continues and three-
carbon precursors are present, epinephrine will stimu-
late gluconeogenesis in the liver and kidneys.42 Unlike 
glucagon, epinephrine has important effects on periph-
eral tissues. Epinephrine can restrict insulin-stimulated 
glucose uptake in skeletal muscle, which, when quanti-
fied in terms of maintaining glucose in the circulation, 
is greater than the contribution made by any increase in 
endogenous glucose production. This latter property of 

epinephrine is especially important in the defense against 
hypoglycemia that typically is encountered in clinical 
practice. Unlike the model of rapid hypoglycemia pro-
duced during an insulin tolerance test, the usual clini-
cal course involves a slower decline into hypoglycemia 
and a more protracted duration of low glycemia, which, 
during the night, can last up to several hours. With the 
acute induction of hypoglycemia caused by a large bolus 
of rapid-acting insulin, it is the activation of endogenous 
glucose production that is the primary physiologic defense 
against hypoglycemia, but in a model of more prolonged 
hypoglycemia, the restriction to insulin-mediated glucose 
uptake is paramount.43 Epinephrine’s important meta-
bolic effects, which are mediated via β2-adrenoreceptors, 
also include stimulation of lipolysis to provide substrate 
(glycerol) and energy (NEFA) for gluconeogenesis. Addi-
tional effects on muscle provide lactate, pyruvate, and 
amino acids for gluconeogenic precursors.

Norepinephrine has similar metabolic actions to those 
of epinephrine. However, because 90% of norepineph-
rine is taken up at the level of sympathetic clefts and a 
further 90% of the remaining catecholamine is taken up 
by the gut and then the liver, the increase in circulating 
norepinephrine during hypoglycemia is relatively mod-
est (≈50% as compared with the 30-fold elevations that 
can occur with epinephrine). Therefore, quantifying the 
effects of norepinephrine at a tissue level in humans is 
problematic. However, recent work in conscious dogs 
has demonstrated that a 2.5-fold greater infusion of nor-
epinephrine as compared with epinephrine is needed to 
produce similar increases in hepatic glucose production.44

Cortisol and Growth Hormone
The acute metabolic effects of these hormones are similar. 
Both can increase glucose production through increases 
in gluconeogenesis. Both hormones also can inhibit insu-
lin-stimulated peripheral glucose uptake and can increase 
lipolysis and proteolysis. However, prolonged hypoglyce-
mia (3 to 5 hours) is needed before the metabolic effects 
of growth hormone or cortisol are measurable, and even 
at that time represents only ≈20% to 25% the action 
of epinephrine.45 Thus although chronic deficiencies of 
 cortisol and/or growth hormone can cause hypoglycemia, 
these hormones serve no demonstrable function in the 
defense against acute hypoglycemia.

DISORDERED COUNTERREGULATORY RESPONSES 
DURING HYPOGLYCEMIA

Hypoglycemia-Associated Neuroendocrine  
and Autonomic Failure
As discussed earlier, the four primary physiologic defenses 
against falling plasma glucose include inhibition of 
endogenous insulin secretion, release of glucagon and epi-
nephrine, and symptomatic cues to ingest carbohydrate 
(Fig. 47-2). Unfortunately in patients with diabetes, all 
of these physiologic defenses can become defective and/or 
deficient. In type 1 DM and in long duration type 2 DM, 
the individual becomes critically insulin deficient, and 
thus the first physiologic line of defense (modulation of 
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endogenous insulin) becomes lost. After varying periods 
of duration of disease (≈5 years), the ability of individuals 
with type 1 DM to release glucagon in response to hypo-
glycemia is lost (Fig. 47-3). This defect also occurs to a 
similar extent in long duration type 2 DM (Fig. 47-4).46 
The mechanism for this finding is currently under intense 
investigation in humans. Hypotheses include lack of β cell 
turnoff, a possible specific ANS dysfunction, and another 
as yet unidentified local signaling defect at the level of 
the α cell. The defect involved in releasing glucagon in 
type 1 DM is specific for hypoglycemia as the α cells in 
these individuals are present in normal number and size. 
In fact underscoring this point, glucagon responses to 

other metabolic stressors in type 1 DM such as exercise 
or amino acid infusions are preserved.47 The fact that glu-
cagon responses are preserved during exercise in type 1 
DM is interesting in that exercise is also typically asso-
ciated with a physiologic “β cell switch off.” Whatever 
the mechanism, unfortunately after a few years’ duration, 
individuals with type 1 DM lose two of the four primary 
defenses against falling blood glucose. This leaves a func-
tioning ANS (sympathoadrenal and sympathetic nervous 
systems) to serve as the primary defense against hypogly-
cemia in type 1 DM. In some individuals with type 1 DM, 
the ability to secrete epinephrine in response to hypogly-
cemia is preserved and can compensate for the lack of 

Figure 47-2 Normal or healthy 
counterregulatory responses to 
hypoglycemia. As plasma glucose 
declines, powerful hormone regu-
lation at the level of the pancreas, 
liver, and adrenal glands are ac-
tivated. The liver, adipose tissue, 
and peripheral tissues respond to 
ultimately defend against a falling 
glucose level.
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Figure 47-3 Counterregulatory 
responses to hypoglycemia in type 
1 diabetes mellitus. As plasma glu-
cose declines, impaired insulin and 
glucagon counterregulatory re-
sponses leave only the epinephrine 
response to defend against a fall-
ing glucose. In some cases, the epi-
nephrine response is also impaired. 
This can result in an increased 
frequency of moderate and severe 
hypoglycemia.
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glucagon release.48 However, it is now clear that epineph-
rine responses to hypoglycemia are significantly reduced 
in patients with type 1 DM with intensive metabolic con-
trol.49 This epinephrine deficiency has been determined 
to be due to previous episodes of hypoglycemia50 and is 
separate from the syndrome of classic diabetic autonomic 
neuropathy that can occur after many years of subop-
timal glycemic control. Models of repeated antecedent 
hypoglycemia have been demonstrated to produce acute 
reductions (30% to 50%) in epinephrine, pancreatic 
polypeptide (a marker of parasympathetic nervous system 
activity), and muscle sympathetic nerve activity (a direct 
marker of sympathetic nervous system activation) in indi-
viduals with type 1 DM, in those with type 2 DM, and in 
nondiabetic individuals.51 Additionally, recent (within 24 
hours) antecedent hypoglycemia has been found to blunt 
a wide spectrum of neuroendocrine responses such as glu-
cagon, growth hormone, adrenocorticotropic hormone 
(ACTH), and cortisol during subsequent hypoglycemia52 
in healthy and diabetic men. Confirming the role of ante-
cedent hypoglycemia in causing blunted counterregulatory 
responses are a number of studies that prospectively inves-
tigated the effects of avoiding hypoglycemia in type 1 DM 
and following successful removal of an insulinoma.53-56 
In all cases, there were initial blunted neuroendocrine, 
ANS, and symptomatic responses to hypoglycemia. How-
ever, when patients with type 1 DM were restudied sev-
eral months later, all showed improved counterregulatory 
responses to hypoglycemia, and patients with previous 
insulinomas had counterregulatory defenses restored to 
normal. Symptomatic responses, the fourth critical physi-
ologic counterregulatory response, were significantly 
improved in all studies following a period of hypogly-
cemia avoidance.45-48 The blunting effects of antecedent 
hypoglycemia on subsequent counterregulatory responses 
have been termed by Cryer as “hypoglycemia-associated 
autonomic failure” (HAAF; Table 47-3).

Following identification of this syndrome, a great deal 
of work has been performed in both animal and human 
models to further elucidate the mechanisms responsible 
for and the characteristics of hypoglycemia-associated 
counterregulatory failure. However, it should be appreci-
ated that HAAF does not occur only in type 1 DM. Work 
from two independent laboratories has determined that 
this syndrome also occurs in type 2 DM.57,58 Segel and 
colleagues clearly demonstrated that moderate anteced-
ent hypoglycemia of 50 mg/dL (2.8 mmol/L) can blunt 
ANS responses to subsequent hypoglycemia in moder-
ately controlled (HbA1c 8.4%) individuals with type 2 
DM.57 More recently, Davis and co-workers have dem-
onstrated that even milder antecedent hypoglycemia of 
only 60 mg/dL (3.3 mmol/L) can blunt ANS responses 
to subsequent hypoglycemia in patients with type 2 DM 
with suboptimal (HbA1c ≈10.0%) or intensive glycemic 
control (HbA1c ≈6.7%).58

Figure 47-4  Counterregulatory 
responses to hypoglycemia in 
long-duration type 2 diabetes 
 mellitus. As plasma glucose de-
clines, impaired insulin, glucagon, 
and epinephrine counterregulatory 
responses occur, which impair de-
fense against a falling glucose. This 
ultimately can lead to symptomatic 
hypoglycemia.
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TABLE 47-3 Physiologic Stimuli for and 
Mechanisms of Blunted Hormonal Responses  
to Hypoglycemia

Stimuli

 •  Antecedent hypoglycemia—daytime or nocturnal
 •  Sleep
 •  Antecedent exercise
 •  Gender—estrogen effects
 •  Alcohol
 •  Opioids

Potential Mechanisms

 •  Altered brain metabolism—fuel selection and/or uptake
 •  Altered neurotransmitter and/or receptor levels
 •  Activation of hypothalamic-pituitary-adrenal axis
 •  Changes in hypothalamic fuel sensors—increased glucokinase/

increased AMP kinase
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The great challenge in determining the mechanisms 
responsible for HAAF is explaining the simultaneous 
reduction in ANS-neuroendocrine responses and the 
change in glycemic thresholds that activate the physio-
logic defenses against falling plasma glucose. As described 
earlier, the usual physiologic thresholds for activation 
of ANS-neuroendocrine and symptom responses during 
hypoglycemia occur in the plasma glucose range between 
50 and 80 mg/dL (2.8 and 4.4 mmol/L). In individuals 
with chronic hyperglycemia, symptoms of hypoglycemia 
can occur at plasma glucose levels between 90 and 140 
mg/dL (5.0 and 7.8 mmol/L), depending upon the sever-
ity of the prevailing hyperglycemia. Simultaneous mea-
surements of ANS-neuroendocrine hormones are in fact 
elevated during these symptoms, thus the individuals are 
experiencing the condition of “relative hypoglycemia.” 
This syndrome occurs because the thresholds for activa-
tion of ANS-neuroendocrine responses have been pushed 
to a higher plasma glucose level by the chronic hyper-
glycemia. On the other hand, individuals with intensive 
glucose control and multiple episodes of hypoglycemia 
often find that the activation of physiologic responses to 
hypoglycemia is pushed to a lower plasma glucose level. 
This dangerous condition, called hypoglycemic unaware-
ness, results in inability of patients to recognize a falling 
plasma glucose until the value is <50 mg/dL (2.8 mmol/L). 
In some individuals, a falling plasma glucose level is not 
recognized at plasma glucose levels of 30 mg/dL (1.7 
mmol/L). This reduces the interval between first recogni-
tion of hypoglycemia and the onset of serious sequelae 
(such as coma or seizure). Thus, thresholds for the acti-
vation of physiologic defenses against hypoglycemia are 
labile and can change rapidly. The duration and depth 
of antecedent hypoglycemia required to induce HAAF 
have been characterized. Repeated episodes or relatively 
mild (70 mg/dL; 3.9 mmol/L) and only brief durations 
(15 to 20 minutes) of hypoglycemia can independently 
blunt counterregulatory responses to subsequent hypo-
glycemia.59 However, one prolonged episode (2 hours) of 
moderate hypoglycemia (50 mg/dL; 2.8 mmol/L) is suf-
ficient to induce HAAF within a few hours on the same 
day.60

Numerous mechanisms responsible for the syndrome 
of HAAF have been proposed over recent years, with 
data both supporting and at times contrary to any given 
hypothesis. Boyle et al. proposed that repeated hypogly-
cemia increased cerebral glucose uptake in both healthy 
individuals and patients with type 1 DM, thereby reduc-
ing the stimulus for neuroendocrine counterregulatory 
responses during subsequent hypoglycemia.61 This find-
ing was later challenged by work reporting no increase 
in blood-to-brain glucose transport following antecedent 
hypoglycemia.62 Other mechanisms that have been pro-
posed include activation of the hypothalamic-pituitary-
adrenal axis,52,63 increases in neurotransmitters such as 
GABA, and changes in hypothalamic fuel sensors such 
as glucokinase or AMP kinase (increases and decreases, 
respectively).64 Additionally, experimental evidence 
demonstrates that alcohol and opioids can downregu-
late subsequent ANS and neuroendocrine responses to 
hypoglycemia.65

Other physiologic mechanisms have been found to 
cause forms of HAAF, including sleep and exercise. Com-
pared to hypoglycemia during waking periods, hypoglyce-
mia during sleep (nocturnal hypoglycemia) elicits reduced 
counterregulatory responses. Research has revealed a 
60% to 70% reduction in epinephrine responses during 
nocturnal hypoglycemia in adolescents and adults with 
type 1 DM (Fig. 47-5).66,67 In conjunction, Bararer and 
Cryer67 reported that subjects with type 1 DM remained 
asleep for ≈75% of the time when blood glucose was low-
ered to 45 mg/dL (2.5 mmol/L), while healthy controls 
remained asleep for only 25% of the time under identical 
conditions. In a separate study, when blood glucose was 
decreased to a nadir of ≈40 mg/dL (2.2 mmol/L), only 1 
out of 16 subjects with type 1 DM awakened, as opposed 
to 10 out of 16 healthy subjects.68 The duration of noc-
turnal hypoglycemia is also prolonged, with episodes last-
ing 2 or more hours in 23% of cases.5 While epinephrine 
responses have been shown to precede periods of awak-
ening from hypoglycemia by ≈7.5 minutes, Schultes et al. 
reported that awakening did not always occur in the pres-
ence of intact epinephrine responses, suggesting that as 
yet unidentified neural mechanisms are also involved in 
the awakening response.68

The association between exercise and hypoglycemia 
in type 1 DM has been both problematic and perplexing. 
Hypoglycemia can occur during, 1 to 2 hours after, or 
up to 21 hours after exercise. Traditionally, the expla-
nation for this phenomenon was either a relative or 
absolute excess of subcutaneously injected insulin (due 
to an increase in insulin sensitivity following exercise) 
and/or incomplete glycogen repletion following exer-
cise. Although these factors are important contribu-
tors to exercise-associated hypoglycemia, they cannot 
explain some of the profound episodes of hypoglyce-
mia that occur during or after exercise. Studies from 
our own laboratory and others have demonstrated that 
exercise and hypoglycemia could reciprocally blunt sub-
sequent ANS responses to either stress (Fig. 47-6).69,70  
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Figure 47-5 Epinephrine responses to hypoglycemia. Plasma epineph-
rine concentration responses during hypoglycemia at different periods 
of awake and asleep in subjects with T1DM and healthy subjects at 60 
minutes. (Data from Jones TW, Porter P, Sherwin RS, et al: Decreased 
epinephrine responses to hypoglycemia during sleep, N Engl J Med. 
1998;338:1657-1662.)
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Thus, exercise blunts ANS responses (by 30% to 50%) 
to subsequent hypoglycemia, and vice versa. This feed-
forward vicious cycle of blunted ANS responses between 
exercise and hypoglycemia can occur after only a few 
hours and persists for at least 24 hours following either 
stress (Fig. 47-7).47 Appreciation that deficient counter-
regulatory responses are also involved in the pathogenesis 
of exercise-related hypoglycemia explains why this phe-
nomenon can occur many hours after exercise. Gender 
can also play a large role in modulating ANS and neuro-
endocrine responses during hypoglycemia.71 In premeno-
pausal, nondiabetic, and type 1 DM women, moderate 
hypoglycemia of ≈50 mg/dL (2.8 mmol/L) produces 30% 
to 50% reduced ANS responses compared with that seen 
in age- and body mass index (BMI)-matched men.71 
However, when postmenopausal women, not on estro-
gen replacement, were compared with postmenopausal 
women receiving estrogen and age- and BMI-matched 
men, it was found that the large sexual dimorphism in 
ANS (epinephrine, muscle sympathetic nerve activity) and 
neuroendocrine (glucagon, growth hormone) responses 
was no longer present in estrogen-deficient women. It 
therefore would appear that in healthy humans, estrogen 
is a major mechanism responsible for sexual dimorphic 

counterregulatory responses during hypoglycemia.72 It 
should also be mentioned that women appear to be more 
resistant than men to the blunting effects of prior hypo-
glycemia. Thus, antecedent hypoglycemia can have up to 
a twofold greater suppressive effect on subsequent coun-
terregulatory responses in men than in women.73 The 
mechanism for this intriguing finding is as yet unknown.

Many studies have focused on the blunting effects of 
antecedent hypoglycemia on neuroendocrine and symp-
tom responses during subsequent hypoglycemia. How-
ever, an additional component in the spectrum of deficient 
counterregulatory responses deserves mention. Several 
laboratories have identified that adrenergic receptors 
and particularly epinephrine action are downregulated 
by intensive glucose control and prior hypoglycemia.74,75 
The resultant reductions in metabolic (lipolytic, endog-
enous glucose production, glycogenolysis) and cardiovas-
cular responses contribute to defective counterregulatory 
defenses against a falling plasma glucose in patients with 
diabetes. Thus, it should be noted that strategies aimed 
at increasing epinephrine levels during hypoglycemia 
will be only partially successful if tissue resistance or 
adrenoreceptor downregulation to the action of the hor-
mone is present. What is clear from the above wealth of 
data is that multiple mechanisms can downregulate ANS 
responses to hypoglycemia, and that this complex model 
presents numerous targets for therapeutic interventions 
to stimulate and restore counterregulatory responses dur-
ing hypoglycemia in patients with diabetes.

Strategies to Improve Counterregulatory Responses 
During Hypoglycemia
Parallel with studies investigating the mechanisms 
responsible for HAAF, a number of laboratories have 
been exploring strategies for improving ANS and neu-
roendocrine responses during hypoglycemia. These have 
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EFFECTS OF ANTECEDENT (DAY 1) EUGLYCEMIA, EXERCISE,
AND HYPOGLYCEMIA ON COUNTERREGULATORY RESPONSES

DURING SUBSEQUENT (DAY 2) HYPOGLYCEMIA
(FINAL 30 MINUTES)

Day 1 Euglycemia
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Figure 47-6 Antecedent hypoglycemia and exercise compared to an-
tecedent euglycemia. Similar effects of antecedent hypoglycemia and 
exercise on subsequent neuroendocrine, autonomic nervous system, and 
metabolic (endogenous glucose production) responses to hypoglycemia. 
(Data from Galassetti P, Mann S, Tate D, et al: Effects of antecedent 
prolonged exercise on subsequent counterregulatory responses to hypo-
glycemia, Am J Physiol Endocrinol Metab 2001;280:E908-E917; Davis 
SN, Shavers C, Mosqueda-Garcia R, et al: Effects of differing anteced-
ent  hypoglycemia on subsequent counterregulation in normal man,  
Diabetes 1997;46:1328-1335.)

Figure 47-7 Vicious cycle of exercise and hypoglycemia. Exercise- 
associated hypoglycemia can lead to blunted counterregulatory response 
to subsequent exercise. Ultimately, individuals with exercise-induced 
hypoglycemia will avoid exercise to avoid hypoglycemia, foregoing an 
essential part of a diabetic treatment regimen.
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included preclinical approaches in rodents through to 
interventions in humans with type 1 DM. As mentioned 
earlier, hypothalamic kinases can act as important fuel 
sensors. Recent work in rats has shown that methods 
to reduce AMP-activated protein kinase (AMPK) in the 
ventral medial nucleus of the hypothalamus reduce epi-
nephrine and glucagon responses during hypoglycemia, 
whereas increases in AMPK action can increase responses 
of these key neuroendocrine hormones during hypogly-
cemia.76 Other research approaches to increase neuro-
endocrine responses during hypoglycemia in humans 
have included amino acid infusions (glucagon) and use 
of caffeine (epinephrine and symptom responses). Ter-
butaline before bed has been demonstrated to increase 
plasma glucose levels during the night and to prevent 
nocturnal hypoglycemia.77 Peroxisome-proliferator–acti-
vated receptor-γ (PPAR-γ) agonists, which are known to 
activate AMPK and fructose, which under certain condi-
tions can inhibit glucokinase,78 have been demonstrated 
to increase counterregulatory responses in both healthy 
men and those with type 1 DM. Although at first glance 
these latter studies may seem unrelated, both may have 
mechanisms working through hypothalamic fuel sensing. 
Recently, opioid receptor blockade, via treatment with 
naloxone, during hypoglycemia was shown to prevent 
blunting of responses (epinephrine and endogenous glu-
cose production) to next-day hypoglycemia in individu-
als with type 1 DM.79 Additionally, studies in conscious 
rats and healthy and type 1 DM humans have highlighted 
the possible role of serotonergic transmission in modu-
lating counterregulatory responses during hypoglycemia. 
Prolonged (i.e., weeks) use of two different selective sero-
tonin reuptake inhibitors (sertraline and fluoxetine) has 
led to dramatic (30% to 60%) increases in ANS (epineph-
rine) responses during hypoglycemia.80

ETIOLOGIES OF HYPOGLYCEMIA

Drug-Induced Hypoglycemia
Insulin and Insulin Secretagogues
By far the most common cause of drug-induced hypogly-
cemia is insulin followed by sulfonylurea, meglitinides, 
and benzoic acid derivatives (i.e., oral insulin-producing 
agents). Inappropriate dosing or timing of insulin admin-
istration to food intake is a common cause of hypogly-
cemia in an individual with diabetes. Hypoglycemia 
induced by oral insulin secretagogues is much less fre-
quent than that caused by insulin but in certain instances 
can still be common. For example, hypoglycemia can 
occur in up to ≈35% of patients receiving glyburide or 
repaglinide, which are glucose independent. Hypoglyce-
mia rates are less in agents with glucose-dependent insu-
lin secretion (i.e., stimulation of insulin release is reduced 
during periods of hypoglycemia). Thus, the percentage 
of patients who experience hypoglycemia when receiving 
glimepiride, glipizide XL, or nateglinide is lower and is 
in the range of 5% to 10%. However, combination of 
even glucose-dependent insulin secretagogues with agents 
such as insulin or GLP-1 agonists can result in a much 
higher frequency of hypoglycemia (>35%). Generally, 
newer sulfonylureas produce less hypoglycemia than do 

older first-generation sulfonylureas such as chlorprop-
amide. Severe hypoglycemia remains relatively uncom-
mon with oral insulin secretagogues at a rate of ≈1.5 per 
100 patient-years.8

Alcohol
Alcohol might be a more common cause of severe hypo-
glycemia in the United States than sulfonylureas.81 Alco-
hol can cause hypoglycemia in overnight fasted normal 
volunteers,82,83 with plasma glucose values as low as 5 
mg/dL (0.3 mmol/L)84 and mortality rates ranging from 
10% in adults to 25% in children.85 In a series of deaths 
caused by hypoglycemia, alcohol was the most common 
causative agent.86 The most common situation is a glyco-
gen-depleted state, such as occurs in an individual who 
drinks after a considerable fast, or who drinks and then 
fasts. In the latter situation, blood alcohol levels can be 
low but cellular metabolic effects at the liver persist.

Alcohol induces hypoglycemia by inhibiting gluco-
neogenesis84; as little as 50 g might be sufficient.87,88 Its 
mechanism of action is complex, with evidence of impaired 
counterregulatory hormone responses83 and impaired 
uptake of gluconeogenic precursors,89 but the predomi-
nantly accepted mechanism is its inhibition of the gluco-
neogenic process stemming from an increased reduced 
nicotinamide adenine dinucleotide NADH/NAD ratio as a 
result of the oxidation of alcohol to acetaldehyde and ace-
tate, thus reducing the ability of the liver and kidney to oxi-
dize lactate and glutamate to pyruvate and α-ketoglutarate, 
respectively.90-92 Although plasma insulin levels are appro-
priately suppressed in this condition, because of this inhibi-
tion of gluconeogenesis, glucagon and catecholamines are 
ineffective in increasing glucose release and raising plasma 
glucose levels.93 Thus, in a patient with suspected alcohol-
induced hypoglycemia, oral or intravenous glucose is the 
treatment of choice. If there is a clinical concern for mal-
nutrition, thiamine supplementation should be provided to 
avoid Wernicke’s encephalopathy.

Other Drugs
Only about 10% of reported cases of drug-induced hypo-
glycemia have occurred without concomitant insulin, 
sulfonylurea, or alcohol.94 Of these, propranolol,95 sul-
fonamides,96 and salicylates97 have been reported most 
frequently. Propranolol and other nonselective β blockers 
decrease the ability of the liver and kidney to increase 
their release of glucose,98,99 enhance peripheral insulin 
sensitivity,100 and mask symptoms of impending hypo-
glycemia. The adverse metabolic effects of β-adrenergic 
blockers in humans are mediated through β2-receptors. 
Recent studies indicate that β1-selective blockers do not 
present an increased risk for severe hypoglycemia and 
therefore should not be considered as being contraindi-
cated in diabetic patients.100,101

Salicylates can act by inhibiting hepatic glucose pro-
duction and increasing insulin secretion, although their 
exact mechanism remains to be determined. Sulfonamides 
probably act by stimulating insulin release in a manner 
similar to that of sulfonylureas. Angiotensin-converting 
enzyme inhibitors102 and pentamidine103 are associated 
more frequently with hypoglycemia, as their use increases 
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in diabetic patients and those with AIDS, respectively. 
Angiotensin-converting enzyme inhibitors can increase 
tissue insulin sensitivity104 and can decrease the degra-
dation of bradykinin, which has certain insulin-mimetic 
actions.105 Pentamidine is cytotoxic to pancreatic β cells, 
and hypoglycemia occurs with the release of insulin from 
degenerating cells, often with subsequent permanent 
diabetes mellitus.106 Many of the drugs listed in Table 
47-2 have been reported to cause hypoglycemia only in 
association with the use of antidiabetic medications or 
have been the subject of isolated case reports, and their 
etiologic significance remains to be established. However, 
their use in a patient with otherwise unexplained hypo-
glycemia should be discontinued whenever possible.

Reactive Hypoglycemia
Reactive hypoglycemia refers to hypoglycemia that occurs 
after meals. Any condition that causes fasting hypogly-
cemia, for example, insulinoma,107 hypopituitarism,108 
alcoholism,83,109 sulfonylurea ingestion, hypothyroid-
ism,110 growth hormone deficiency,111 and cortisol defi-
ciency, can also cause postprandial hypoglycemia.110,112 
Nevertheless, some conditions are associated with hypo-
glycemia only after meal ingestion. These conditions fall 
into four categories: alimentary, prediabetes, idiopathic, 
and functional hypoglycemia.112

Alimentary
Hypoglycemia can occur 2 to 4 hours after meal ingestion 
in patients who have undergone gastrectomy,113,114 vagot-
omy and pyloroplasty,115,116 or esophageal resection,117 
and in patients with altered gastric motility,118 peptic ulcer 
disease,119,120 or renal glycosuria.121 Repeated episodes 
can lead to hypoglycemia unawareness, such as occurs in 
insulinoma and diabetic patients, thus making interpreta-
tion of counterregulatory hormone responses difficult.122

The pathogenesis in most of these conditions involves 
rapid gastric emptying and absorption of glucose, both 
of which cause hyperglycemia and stimulation of the 
release of gut insulin secretagogues, resulting in excessive 
secretion of insulin; the biological actions of insulin to 
suppress endogenous glucose production and to stimu-
late tissue glucose uptake persist after the carbohydrate 
in the meal has been absorbed. This disequilibrium leads 
to postprandial hypoglycemia.123 Studies have implicated 
GLP-1 as the gut insulin secretagogue that is most likely 
responsible for the excessive insulin secretion observed in 
most of these conditions.112,117,123,124

Treatment involves prevention of rapid absorption 
of large amounts of carbohydrate, frequent small meals, 
avoidance of large amounts of simple sugars, addition of 
fiber to the diet, and use of β-adrenergic antagonists, anti-
cholinergics, and intestinal α-glucosidase inhibitors.112,121

Prediabetes
Individuals with impaired glucose tolerance125,126 char-
acteristically have a delay in early insulin release that 
impairs suppression of endogenous glucose production 
and reduces the early efficiency of glucose uptake, which 
leads to hyperglycemia and late hyperinsulinemia. Because 
absorption of glucose is not affected,125 a disequilibrium 

such as that observed in patients with alimentary hypogly-
cemia can occur and may lead to late (3 to 5 hours) and 
often asymptomatic hypoglycemia during oral OGTTs.127-

130 How often this disequilibrium leads to symptomatic 
hypoglycemia after meals is not known, but the hypogly-
cemia is mild, and treatment is directed at improvement in 
glucose tolerance, that is, weight loss in an obese patient 
and/or pharmacologic intervention with sulfonylureas, 
metformin, and α-glucosidase inhibitors, as in patients 
with alimentary hypoglycemia. Use of high-fiber diets, 
anticholinergics, doxepin, cornstarch, and chromium has 
been proposed but with little scientific support.131

Idiopathic
Idiopathic/functional reactive hypoglycemia is an 
extremely rare condition,112,118,132,133 in contrast to the 
number of patients evaluated who think that they have 
the condition. For this diagnosis to be made, patients 
must demonstrate arterial/capillary (not venous) hypogly-
cemia (<50 mg/dL; 2.8 mmol/L) after everyday meals (not 
OGTTs), which is associated with symptoms of hypogly-
cemia that are relieved by carbohydrate ingestion and do 
not have any other known cause (e.g., prior gastrointes-
tinal surgery, peptic ulcer disease, glucose intolerance, 
endocrine deficiency).134 Various causes such as impaired 
glucagon counterregulatory responses,112,135-137 excessive 
GLP-1 secretion,138 abnormal neuroendocrine regulation 
of insulin release,139 increased insulin sensitivity,140 and 
increased β-adrenergic sensitivity have been proposed.112 
The disorder is not life threatening and is treated in the 
same manner as alimentary hypoglycemia.

However, it has recently become evident that some of 
these patients might have an adult form of nesidioblasto-
sis141,142 (not related to mutation of the Kir6.2 and SUR1 
genes143); this rare disorder, which has also been referred 
to as noninsulinoma pancreatogenous hypoglycemia, has 
a 4:1 male predominance and is characterized by symp-
tomatic hypoglycemia occurring only postprandially 
in association with hyperinsulinemia, increased plasma 
C-peptide levels, and negative sulfonylurea screens.144 In 
this variant of adult nesidioblastosis, the 72-hour fast is 
usually negative, as are conventional localization tests. 
The condition is a diagnostic problem in that plasma 
insulin and C-peptide levels often are elevated only mar-
ginally during postprandial hypoglycemia. In contrast, 
the calcium stimulation test is positive, and there is a gra-
dient among different sites of venous drainage from the 
pancreas, indicating diffuse oversecretion of insulin.145 
Treatment entails partial pancreatectomy.131

Functional (Nonhypoglycemic)
It is common practice for physicians to refer patients who 
have symptoms suggesting hypoglycemia that occur 1 
to 4 hours after meal ingestion. These symptoms gener-
ally include chronic fatigue, lightheadedness, shakiness, 
sweating, weakness, blurred vision, blackouts, headaches, 
depression, anxiety, confusion, and poor concentration 
and memory.146 When such patients are administered 
a meal similar to meals that elicited the symptoms, the 
symptoms can be reproduced, but hypoglycemia is rarely 
if ever observed.147,148



82747 HYPOGLYCEMIA AND HYPOGLYCEMIC SYNDROMES

Normally, blood glucose levels do not decrease <50 
mg/dL (2.8 mmol/L) during everyday life134,149; however, 
during OGTTs, normal volunteers can have decreases in 
their plasma glucose level <30 mg/dL (1.7 mmol/L).150 In 
fact, blood glucose levels <50 mg/dL (2.8 mmol/L) will 
develop in about 10%, and as many as 25% will have 
values <60 mg/dL (3.3 mmol/L).112,150,151

Therefore, it is not surprising that “hypoglycemia” 
can develop during OGTTs in individuals complaining 
of hypoglycemic symptoms in everyday life, and this 
test for diabetes mellitus should never be used to assess 
the presence of reactive hypoglycemia. The first step in 
the workup of such patients is to establish Whipple’s 
triad during everyday life; this can be done with self-
glucose monitoring that is readily available for dia-
betic patients. If established, the next step would be 
to reproduce hypoglycemia with a standardized mixed 
meal. If the diagnosis is confirmed, one should exclude 
impaired glucose tolerance or mild diabetes, renal gly-
cosuria, peptic ulcer disease, and other gastrointestinal 
disorders. In the absence of these conditions, and if the 
diagnosis is not confirmed, treatment might include 
psychological consultation and the use of β-adrenergic 
antagonists, as well as restriction of large carbohy-
drate-containing meals.121

Gastric Bypass Surgery
Accompanying the rapid increase in obesity is an 
increase in the number of bariatric surgical procedures 
performed. Recently, accumulating reports are demon-
strating an increase in severe postprandial hypoglycemia 
following gastric bypass surgery.152-154 Although the 
disorder was initially thought to represent a version of 
the adult nesidioblastosis syndrome, subsequent analy-
sis of the pancreata have revealed potentially alterna-
tive pathologic causes.155 It is interesting that there is 
a strong female preponderance, and this condition can 
develop months or even years after bypass surgery is 
performed.

Treatment for hypoglycemia has proved to be prob-
lematic. Neither acarbose given to try to alleviate dump-
ing syndrome symptoms by slowing glucose absorption 
nor somatostatin given to inhibit endogenous insulin 
secretion has been successful.156 Consequently, pancre-
atic resection was needed to reduce the occurrence of 
hypoglycemia in the six patients originally reported with 
this syndrome.152 Subsequent reports have highlighted 
that patients with this syndrome have exaggerated 
GLP-1 and insulin responses to a mixed meal.157 In late 
2007, Vella and Service provided an update on the Mayo 
Clinic’s experience regarding hypoglycemia following 
gastric bypass surgery.156 They reported that 43 patients 
required an ≈60% gradient-guided pancreatic surgical 
resection to alleviate hypoglycemia. Pathologic inspec-
tion revealed that most of the pancreata had islet hyper-
trophy with nesidioblastosis, although some also had 
one or more insulinomas. It appears that this syndrome 
of hypoglycemia is specifically associated with bypass 
surgery, as a recent report of gastric banding to induce 
weight loss did not report any significant hypoglycemia 
over a 2-year postprocedure follow-up period.158

Exercise
Hypoglycemia can develop after prolonged strenuous 
exercise and has been reported in marathon runners,159 
in normal volunteers after exercise on a bicycle ergom-
eter for 3 hours at 56% of maximal capacity,160 and in 
a healthy male subject taking a β blocker after skiing 15 
km in 2 hours.161 Although coma developed in the latter 
instance, most instances of exercise-associated hypoglyce-
mia are asymptomatic, self-limited, and readily reversed 
by carbohydrates.162

The increased fuel demands of the working muscle 
necessitate compensatory metabolic processes in the liver 
and kidney.163 Changes in hepatic glycogenolysis and glu-
coneogenesis have been found to be closely coupled to the 
increase in glucose uptake produced by the working mus-
cle because of the actions of the pancreatic hormones.163 
The exercise-induced increase in glucagon secretion and 
the concomitant decrease in insulin secretion interact to 
stimulate hepatic glycogenolysis, whereas the increase in 
hepatic gluconeogenesis is determined primarily by glu-
cagon’s action to increase hepatic gluconeogenic precur-
sor fractional extraction and the efficiency of intrahepatic 
conversion to glucose. On the other hand, no evidence 
has shown that hepatic innervation is essential for the rise 
in hepatic glucose production. Epinephrine and norepi-
nephrine become important in increasing glucose produc-
tion during prolonged or heavy exercise, when levels are 
particularly high. Catecholamines can produce this effect 
by directly stimulating both hepatic and renal glucose 
production, by increasing the availability of gluconeo-
genic precursors (i.e., lactate, alanine, or glycerol) and 
by increasing lipolysis. Catecholamine-induced metabolic 
effects at the muscle and adipose tissue are rapid, increas-
ing gluconeogenic precursor uptake at the liver within 
minutes.

Individuals with type 1 DM or long-standing type 
2 DM who exercise are at increased risk for hypogly-
cemia during and many hours after exercise as a result 
of imperfect insulin replacement and impaired coun-
terregulatory responses. In general, if an individual  
is experiencing exercise-related hypoglycemia, it is 
appropriate to consider reducing both basal and 
mealtime insulin doses. Additionally, slightly rais-
ing glycemic targets and ensuring adequate carbo-
hydrate repletion of glycogen stores are also useful 
recommendations.

Sepsis, Trauma, and Burns
Initially, the response to the stress of infection is an 
increase in glucose turnover, with glucose production 
often exceeding glucose utilization and resulting in mild 
hyperglycemia. This response involves increases in both 
glycogenolysis and gluconeogenesis and is largely medi-
ated by glucagon164 (with suppression of insulin playing 
a relatively smaller role) because adrenergic blockade has 
no effect on glucose turnover.165 As the infection wors-
ens, increased release of endotoxin and its derivatives, 
complement activation, endoperoxide activation, and 
release of endogenous inflammatory mediators (tumor 
necrosis factor-α, interleukins, and other monokines) 
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compromise cardiovascular integrity and cause central 
venous pooling, inadequate tissue perfusion, and micro-
vascular protein transudation.166 At this stage, a decrease 
in splanchnic and renal blood flow occurs. Despite con-
comitantly reduced peripheral tissue perfusion, glucose 
utilization is increased.167 Decreased tissue oxygenation 
causes increased anaerobic glycolysis, which perpetuates 
the increased glucose utilization.

The inability of glucose production to keep pace 
with increased tissue demands results in hypoglycemia. 
Hepatic glycogen stores are rapidly exhausted; conse-
quently, glucose production becomes solely dependent on 
gluconeogenesis. However, gluconeogenesis fails because 
of a reduction in ANS and neuroendocrine effects.168-170 
Factors such as acidosis (which inhibits hepatic glu-
coneogenesis), increased intracellular calcium (which 
impairs mitochondrial function and inhibits gluconeo-
genic enzymes), and siphoning of available energy from 
gluconeogenesis to support ion transport might be the 
mechanisms responsible for diminished ANS and neuro-
endocrine responsiveness.

Appropriate management entails (1) treatment of the 
underlying infection, (2) restoration of normal periph-
eral perfusion, and (3) glucose infusion to satisfy tissue 
demands.

Cardiac Failure
Spontaneous hypoglycemia can occur with severe heart 
failure171-173; it is rare in adults but not uncommon in 
infants and children,174 in whom reduced hepatic gly-
cogen levels (but normal phosphorylase and glucose-
6-phosphatase activity) have been found in liver biopsy 
specimens. The condition has been attributed to a variety 
of mechanisms, including reduced gluconeogenesis, poor 
dietary intake, and gastrointestinal malabsorption, which 
are present in cardiac failure.

Mellinkoff and Tumulty first described the hypogly-
cemia of cardiac failure and attributed it to associated 
hepatic disease.175 However, chronic lung disease with 
right and left heart failure is seen in most patients.173 
Thus, hypoxemia and low cardiac output may pro-
duce hepatic ischemia. Marks and Rose postulated that 
decreased availability of oxygen would suppress gluco-
neogenesis by increasing hepatic anaerobic glycolysis 
(Pasteur effect) and lactate production, thereby result-
ing in an increased NADH/NAD ratio.176 This increased 
ratio could compromise gluconeogenesis because NAD 
is an essential cofactor for several of the enzymatic steps 
of gluconeogenesis. This attractive hypothesis could 
explain the association between hypoglycemia and the 
lactic acidosis of cardiac177 and liver178 disease, as well as 
the hypoglycemia accompanying other conditions asso-
ciated with tissue anoxia, such as sepsis and shock.179 
Low cardiac output would be expected to limit substrate 
delivery to the kidneys. In addition to a reduced capacity 
to produce glucose, increased glucose utilization from 
increased anaerobic glycolysis and increased energy 
demands from labored breathing and malnutrition 
(anorexia) are probably additional important factors. At 
the present time, no evidence indicates that abnormal 
counterregulatory hormone responses play a role in the 

pathogenesis of the hypoglycemia associated with these 
conditions.

Renal and Hepatic Disease
The liver and kidneys are the only organs that are capa-
ble of releasing glucose into the circulation, inasmuch 
as other tissues generally lack or have minimal amounts 
of the enzyme glucose-6-phosphatase. Consequently, 
it would not be surprising that patients with hepatic or 
renal disease should be prone to hypoglycemia. Neverthe-
less, it is uncommon for hypoglycemia to occur simply 
as a result of loss of mass or function of these organs, 
and when it does occur, the cause is usually multifacto-
rial.84,180 The large capacities of these organs to release 
glucose into the circulation and their ability to compen-
sate for each other’s shortcomings appear to provide an 
explanation for this phenomenon.

Normally, the liver accounts for 80% to 85% of all 
glucose production; it can increase its output (initially 
mainly by glycogenolysis, later by gluconeogenesis) over 
a sustained period by two- to threefold (at least for sev-
eral days, as exemplified by burn patients168). Thus, hypo-
glycemia with an appropriate compensatory increase in 
hepatic glucose production would be unlikely to develop 
in anephric individuals because the kidney normally con-
tributes only 15% to 20% of all glucose that is released 
into the circulation. On the other hand, the kidney can 
also increase its output over a prolonged period by two- 
to threefold, as exemplified in humans who have fasted 
for several weeks.181 Animal and human studies indicate 
that the kidney can acutely increase its output to com-
pensate for decreased hepatic glucose production and vice 
versa,182-184 a phenomenon that is referred to as hepa-
torenal reciprocity.185 For example, during the anhepatic 
phase of human liver transplantation, the kidney can 
maintain normoglycemia without the need for exogenous 
glucose.186 Thus, hypoglycemia would be unlikely to 
develop in patients with hepatic disease until the liver’s 
capacity to produce glucose was reduced beyond the 
ability of the kidney to compensate. In fact, animal stud-
ies indicate that >80% of the liver must be removed for 
hypoglycemia to occur.187

Liver Disease
Although hypoglycemia has been associated with a wide 
range of liver diseases (hepatocellular carcinoma, cirrho-
sis, fatty metamorphosis, toxic and infectious hepatitis, 
cholangitis, and biliary obstruction), its occurrence is 
actually uncommon in the absence of other complicat-
ing factors (i.e., infection).84,176 For example, Zimmer-
man and co-workers found fasting hypoglycemia levels of 
60 mg/dL (3.3 mmol/L) or less in only 6 of 269 patients 
with a variety of liver diseases.188 In humans, the insult 
to hepatic function must be acute, or the loss of paren-
chyma must be widespread. Felig and co-workers found 
that about 25% (4 of 15) of patients with acute viral 
hepatitis had a fasting blood glucose level <50 mg/dL 
(2.8 mmol/L).189 In chronic liver disease associated with 
hypoglycemia, additional factors, such as malnutrition 
and infection, usually are involved. A 50% incidence of 
hypoglycemia was found in patients with liver disease 
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associated with sepsis and circulatory collapse.190,191 In 
such situations, liver function tests might not parallel 
the severity of hypoglycemia. Infiltrative diseases such as 
metastatic disease, amyloidosis, sarcoidosis, and hema-
chromatosis rarely replace sufficient parenchyma to cause 
hypoglycemia.192

Hyperinsulinemia often accompanies hepatic disease 
as a consequence of decreased insulin degradation by 
the liver,193 but the hypoglycemia of hepatic disease is 
almost always accompanied by appropriate suppres-
sion of plasma insulin concentrations.189 Only case 
reports have implicated overproduction of insulin-like 
growth factors (IGFs) by the liver in primary hepatocel-
lular carcinoma, the hepatic neoplasm most frequently 
associated with hypoglycemia. Gorden and colleagues 
reported one patient with hemangiopericytoma of the 
liver in their series of 52 patients with extrapancreatic 
tumors, hypoglycemia, and high IGFs.194

Renal Disease
Except in infants, hypoglycemia rarely occurs with 
acute renal failure. However, with chronic renal failure, 
hypoglycemia is not uncommon in adult patients. It can 
occur as an isolated event or can be repetitive. In gen-
eral, neuroglycopenia rather than autonomic symptoms 
predominates.180

Although it has long been recognized that uremia 
reduced the insulin requirement in diabetic humans,195 it 
was not until 1970 that Block and Rubinstein reported 
three diabetic patients with renal failure who had suffered 
severe hypoglycemia after insulin and sulfonylurea ther-
apy had been stopped.196 Shortly afterward, spontaneous 
hypoglycemia associated with renal failure was described 
in nondiabetic patients,197-200 with an incidence of 1% to 
3% in two large studies.200,201

The origin of renal hypoglycemia is complex.180,202 
Many factors, including altered drug metabolism, delayed 
gastric emptying, malnutrition, infection, dialysis, altered 
insulin sensitivity, associated hepatic and cardiac dis-
ease, and impaired renal and hepatic glucose production, 
predispose uremic patients to hypoglycemia. Drugs are 
probably the most common immediate cause. Any drug 
that can cause hypoglycemia is more likely to do so in 
a uremic patient because of a prolonged half-life (e.g., 
insulin, certain sulfonylureas, especially chlorpropamide) 
or decreased protein binding secondary to hypoalbumin-
uria.203 Although hypoglycemia occurs in nondiabetic as 
well as diabetic patients with renal failure, it is more likely 
to occur in the latter because of the use of hypoglycemic 
agents, and because patients with long-standing diabetes 
have autonomic neuropathy and defects in glucose coun-
terregulation. Most patients have been malnourished, 
although the condition has been reported in well-nourished 
patients.198 Malnutrition secondary to anorexia or vom-
iting, which can reduce hepatic glycogen stores and the 
availability of gluconeogenic precursors, is a common 
feature that increases the risk for hypoglycemia.204

Fatal hypoglycemia can occur with peritoneal dialysis 
or hemodialysis when high glucose-containing dialysate 
is used, because of exaggerated insulin release in conjunc-
tion with impaired renal insulin degradation.205 Other 

factors such as the use of glucose-deficient solutions in 
diabetic patients and loss of alanine during hemodialysis 
may contribute to the development of hypoglycemia.97,206

Several reports suggest that renal failure per se predis-
poses to the development of hypoglycemia.196,199,200 Most 
evidence points to diminished glucose production rather 
than increased glucose utilization as a cause of the hypo-
glycemia.198,200Accompanying malnutrition and acidosis 
would also contribute to diminished hepatic glycogenolytic 
and gluconeogenic potential.172,207 The expected compen-
satory increase in renal gluconeogenesis in response to 
acidosis would be compromised by loss of renal mass and 
exacerbated by inappropriately high plasma insulin levels 
caused by reduced renal insulin degradation.

Glucagon Deficiency
Pancreatectomized individuals, patients with long-stand-
ing type 1 diabetes, and those in whom insulin-requiring 
diabetes develops as a result of chronic pancreatitis or cys-
tic fibrosis are glucagon deficient207 and prone to severe 
hypoglycemia during treatment for their diabetes.208 An 
imbalance between insulin and glucagon secretion (rela-
tive glucagon deficiency) has been reported in reactive 
postprandial hypoglycemia.112 Because of glucagon’s 
importance, it might have been expected to be a common 
counterregulatory hormone deficiency. However, the 
condition is extremely rare, with only two poorly sub-
stantiated cases of neonatal hypoglycemia209,210 and two 
reported cases in adults.211,212

Catecholamine Deficiency
Patients with long-standing type 1 DM, adrenalectomized 
individuals, and those with autonomic neuropathy have 
impaired catecholamine responses during insulin-induced 
hypoglycemia,213-215 but their increased risk for hypogly-
cemia can be compensated for by increases in the secretion 
of other counterregulatory hormones, in particular, gluca-
gon.216 Subtle defects in recovery from hypoglycemia have 
been demonstrated when such compensatory increases 
have been prevented experimentally.217 However, if glu-
cagon responses to hypoglycemia are impaired simultane-
ously (e.g., in the patient with type 1 DM), the risk for 
hypoglycemia markedly increases (up to 25-fold).208

Several cases of neonatal ketotic hypoglycemia and one 
case in a 5-year-old boy have been attributed to epineph-
rine deficiency on the basis of low urinary epinephrine 
excretion.218,219 No cases of hypoglycemia secondary to 
isolated catecholamine deficiency have been reported in 
an adult. The hypoglycemia that occurs with proprano-
lol may relate to the drug’s inhibition of lipolysis, which 
would reduce gluconeogenesis, an important counter-
regulatory process, and its promotion of increased glu-
cose clearance by peripheral tissues.98 It is important to 
note that acute hypoglycemia can occur during surgical 
removal of a pheochromocytoma, presumably because of 
disinhibition of insulin release and abrupt withdrawal of 
the anti-insulin actions of catecholamines.220

Cortisol and Growth Hormone Deficiency
Although cortisol and growth hormone have been 
demonstrated to contribute independently to glucose 
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counterregulation via their actions to promote glucose 
production and limit glucose uptake,221-224 hypoglyce-
mia does not develop in most adults who lack these hor-
mones. However, serious hypoglycemia often develops 
in infants and children who lack these hormones, espe-
cially after a period of fasting or during an intercurrent 
illness.224-228 In a review of 76 adults with isolated ACTH 
deficiency,229 24 (≈33%) had hypoglycemia. During pro-
longed fasting (6 days), adult growth hormone–deficient 
dwarfs become hypoglycemic,230 as can hypopituitary 
pregnant women.231 On the other hand, overnight fasting 
plasma glucose levels have been reported to be normal in 
glucocorticoid-withdrawn patients with primary adrenal 
insufficiency232 or panhypopituitarism.233 Acute adre-
nal insufficiency such as in Sheehan’s syndrome can be 
manifested as severe hypoglycemia,234 and autoimmune 
Addison’s disease may be the cause of severe recurrent 
hypoglycemia in a patient with type 1 DM.235

It is important to be aware that malabsorption of 
glucocorticoids can occur in patients with bowel dis-
ease and in patients treated with drugs such as bile acid 
sequestrants.236

Autoimmune Hypoglycemia
Of the two types of autoimmune hypoglycemia, one is 
due to autoantibodies against the insulin receptor, and 
the other is due to autoantibodies against insulin itself in 
individuals who have never received exogenous insulin. 
Both are rare and can produce fasting, as well as postpran-
dial reactive hypoglycemia—primarily the former.237-239

Anti-Insulin Receptor Antibodies
Fewer than 30 patients in whom hypoglycemia devel-
oped as a result of antibodies directed against the insulin 
receptor have been reported. These antibodies act as ago-
nists and produce hypoglycemia similar to insulin. Most 
patients have had evidence of other conditions associ-
ated with altered autoimmunity (systemic lupus erythe-
matosus, scleroderma, primary biliary cirrhosis, immune 
thrombocytopenic purpura, celiac disease, Hashimoto’s 
thyroiditis, and Hodgkin’s lymphoma).238 Some patients 
have developed severe insulin resistance as a result of the 
antibodies blocking the insulin receptor before the anti-
bodies became agonists. Patients with this condition have 
low circulating insulin and C-peptide levels, normal IGF-
1, and appropriate counterregulatory hormone responses.

Although experience is limited, antibody titers gener-
ally decrease over time, and remission eventually occurs 
in most patients. However, because of the severity of the 
hypoglycemia, aggressive treatment is indicated. High-
dose glucocorticoids,240,241 plasmapheresis,242 and alkyl-
ating agents243 all have been tried with variable success.

Anti-Insulin Antibody Hypoglycemia
Since 1970, approximately 200 cases of anti-insulin 
antibody hypoglycemia have been reported, nearly 90% 
occurring in Japanese patients.237 Associated autoimmune 
disorders and plasma cell dyscrasias (Graves’ disease, 
rheumatoid arthritis, polymyositis, and systemic lupus 
erythematosus) are common. The use of certain drugs 
(hydralazine, procainamide, penicillamine, interferon-α, 

and methimazole) has been implicated in initiating the 
syndrome.238

Postprandial hypoglycemia is more common with this 
syndrome than is fasting hypoglycemia. Circulating insu-
lin levels are increased and C-peptide levels might not be 
suppressed, as they are in patients who are taking insu-
lin surreptitiously. Hypoglycemia occurs because disso-
ciation of insulin from the antibodies causes prolonged 
hyperinsulinemia. Unlike the other syndrome of autoim-
mune hypoglycemia, the course of this condition is benign 
and self-limited, with remission usually occurring within 
1 year. Simple interventions such as frequent small meals 
with a low content of simple sugars often suffice.

Factitious Hypoglycemia
Factitious hypoglycemia refers to a situation in which an 
individual intentionally attempts to create the impression 
of the presence of a hypoglycemic disorder.244-246 This 
includes diabetic individuals who falsify their self-glucose 
monitoring, or who overdose or underdose themselves to 
intentionally create the impression of better than actual 
glycemic control or brittle diabetes,247,248 and in cases 
of child abuse.25 Generally excluded are inadvertent sul-
fonylurea ingestion (see drug-induced hypoglycemia), 
homicides,249,250 suicide attempts,251,252 and substance 
abuse in which the additional use of insulin or sulfonyl-
ureas is intended to “obtain a high,” rather than to create 
the impression of a hypoglycemic disorder.253-255 These 
situations nevertheless can present diagnostic challenges.

Since 1947, more than 80 cases of insulin-induced or 
sulfonylurea-induced factitious hypoglycemia have been 
described in the literature,245,256-259 but the condition is 
probably more common than this figure would indicate 
because most cases go unreported. Indeed, in a survey 
from the United Kingdom, it was estimated that 12% of 
cases of spontaneous hypoglycemia referred for investi-
gation were in fact probably factitious.260 In nearly all 
instances, the individuals had diabetes; had been a rela-
tive, spouse, or friend of a diabetic patient; or were in 
the medical or paramedical profession. Thus, factitious 
hypoglycemia should be suspected in individuals or 
their relatives who have unexplained hypoglycemia and 
knowledge of and/or access to insulin, sulfonylureas, or 
meglitinides.261 Such patients have generally been healthy 
women younger than 50 years of age who have an under-
lying psychological disorder.

Previously, autoimmune hypoglycemia was a pos-
sibility because of the presence of insulin antibodies in 
patients who are taking animal or impure insulin. Cur-
rently, the use of human insulin only results in minimal 
(but measureable) antibody production, so autoimmune 
hypoglycemia is no longer a major consideration. Because 
the main differential is insulinoma, most patients with 
this condition should undergo a 72-hour fast. Those in 
whom hypoglycemia develops as a result of surreptitious 
insulin injection will have inappropriate plasma insulin 
levels and a suppressed plasma C-peptide level (because 
of inhibition of endogenous insulin secretion). This 
finding is diagnostic. Patients taking sulfonylureas or a 
meglitinide will have inappropriate plasma insulin and 
C-peptide levels because of stimulation of endogenous 
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insulin secretion, and this pattern will mimic that seen 
in patients with insulinoma. However, these conditions 
can be distinguished by a positive urine or plasma assay 
for sulfonylureas and meglitinides. It is important that 
samples be collected during hypoglycemia or as close as 
possible to the event, and that they be analyzed by a labo-
ratory with a sufficiently sensitive assay.250

Many patients who are documented biochemically 
to have self-induced hypoglycemia will adamantly deny 
doing so when confronted with the evidence. Neverthe-
less, psychological counseling with other physicians is 
warranted to prevent subsequent episodes or substitution 
of other potentially self-destructive behaviors.246

Neonatal Hypoglycemia: Inborn Errors of Metabolism
Plasma glucose levels <70 mg/dL (3.9 mmol/L) commonly 
occur in newborn infants. It has been estimated that up 
to 50% of neonates can have plasma glucose levels <50 
mg/dL (2.8 mmol/L) following short-term fasting (up to 8 
hours) after birth.262 Over the first 72 hours of life, gluco-
neogenic pathways mature, and the risk for hypoglycemia 
in normal infants is removed. However, in addition to 
the above physiologic causes of neonatal hypoglycemia, 
numerous pathologic conditions can cause hypoglycemia 
(Table 47-4). It should be noted that while inborn errors 
of metabolism and hormonal deficiencies can be responsi-
ble for hypoglycemia in neonates, adolescents and adults 
may present with hypoglycemia arising from such defects 
without prior diagnosis. However, these cases are less fre-
quent and severe than in neonates.

The most common causes of persistent neonatal hypo-
glycemia are the congenital hyperinsulinism syndromes. 
These syndromes have been estimated to occur at a rate 
of about 1:30,000 births worldwide. However, in cer-
tain areas (e.g., Finland, the Arabian Peninsula), these 
conditions have been reported to occur at much higher 
rates (≈1:2,100).263,264 Over the past 50 years, congeni-
tal hyperinsulinism syndromes have been given a num-
ber of titles (e.g., nesidioblastosis, islet dysregulation 
syndrome, persistent hyperinsulinemic hypoglycemia of 
infancy). Recently, it has been discovered that nesidio-
blastosis can be a normal feature of the pancreas in the 
neonatal period and is histologically different from the 
pathologic processes that cause congenital hyperinsulin-
ism. The pathophysiology and the molecular and genetic 
bases for congenital hyperinsulinism have been reviewed 
by De Leon and Stanley.262 Of these, the most frequently 
occurring involve loss-of-function mutations in the pan-
creatic β-cell K-ATP channel, Kir6.2, and Sur-1 receptors.

The clinical presentation of infants with congenital 
hyperinsulinism may be varied but typically involves pro-
longed and severe hypoglycemia with lethargy, seizures, 
and apnea, and babies are often large for gestational age. 
Typically, hypoglycemia occurs in the fasting or post-
prandial state, and these infants require large rates of 
glucose infusion >10 mg/kg/min to prevent severe hypo-
glycemia. In the glutamate dehydrogenase version of con-
genital hyperinsulinism, hypoglycemia can occur during 
both the fasting and the postprandial state. Hypoglyce-
mia in this condition can be precipitated by a protein 
meal and is characteristically accompanied by elevated 

ammonia levels. Diagnosis of glutamate dehydrogenase 
hyperinsulinism typically occurs when the child is several 
months of age.265

Diagnostic Investigation of an Infant with Persistent 
Hypoglycemia
Because of the wide range of conditions that can cause 
hypoglycemia in an infant, a variety of blood and urine 
tests can be helpful in identifying metabolic and endo-
crine causes of the disorder (Table 47-5).

It is surprising that plasma insulin levels often are 
not strikingly elevated in the congenital hyperinsulin-
ism syndromes. Similar to insulinomas, plasma insulin 
levels often are modestly increased but are inappro-
priately raised in relation to the prevailing hypogly-
cemia. However, measurement of free fatty acids and 
β-hydroxybutyrate levels reveals dramatic suppression 
and evidence of significant insulin action. An increase in 
plasma glucose >30 mg/dL (1.7 mmol/L) following a glu-
cagon challenge test is also supportive of the diagnosis 
of relative hyperinsulinism. Infants with the GDH-M1 
form of congenital hyperinsulinism exhibit increased 
responses to leucine265 and thus can be distinguished 
from those with the KATP channel forms of hyperinsu-
linism. Additionally, genetic testing is now widely avail-
able for identification of four of the five genes associated 
with congenital hyperinsulinism. Initially, treatment 
consists of diazoxide, which is a KATP channel  agonist 
and has a suppressive effect on insulin secretion. If 
diazoxide does not produce a clinical response, octreo-
tide has been used to suppress insulin release. However, 
in children who are unresponsive to medical therapy, 

TABLE 47-4 Causes of Neonatal Hypoglycemia 
and Inborn Errors of Metabolism

Acquired hyperinsulinism
 •  Maternal diabetes
 •  IV glucose during labor and delivery
 •  Maternal oral hypoglycemic agents, propranolol, labetalol
 •  Low birth weight, prematurity, preeclampsia
 •  Neonatal sepsis, perinatal asphyxia
Counterregulatory hormone deficiency
 •  Hypopituitarism
 •  Growth hormone deficiency
 •  Adrenal insufficiency
Congenital hyperinsulinism
 •  Beckwith-Wiedemann syndrome
 •  ATP-sensitive channel hyperinsulinism
 •  SUR-1 encoded by ABCC8
 •  Kir6.2 encoded by KCNJ11
 •  Glucokinase encoded by GCK
 •  Glutamate dehydrogenase encoded by GLUD-1
 •  Mitochondrial enzyme short-chain-3-hydroxyacety1-Cort 

dehydrogenase
 •  Encoded by HAD1-1S
 •  Disorders of glycosylation
Mitochondrial fatty acid oxidation disorders
Gluconeogenic disorders—fructose-1-6-biphosphate deficiency
Glycogen storage disorders
 •  Glucose-6-phosphate deficiency
 •  Glycogen synthase deficiency
Galactosemia
Maple syrup urine disease
Propionic acidemia
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the next treatment is surgery. This can comprise a local 
resection or a near total (98%) pancreatectomy, depend-
ing upon the presence of focal or diffuse disease.262-265 
The application of 18F-DOPA positron emission tomog-
raphy (PET) scans to differentiate focal from diffuse 
pancreatic involvement in the congenital hyperinsulin-
ism syndromes has provided a clinical breakthrough in 
the management of these children.85

Mitochondrial Fatty Acid Oxidation Disorders
Eleven different mitochondrial fatty acid oxidation 
disorders266 can present with fasting (hypoketotic) or 
postprandial hypoglycemia. Hepatic oxidation of fatty 
acids produces energy and acetyl-CoA, both of which 
are essential for gluconeogenesis. Additionally, fatty 
acid oxidation is required for hepatic ketone produc-
tion. However, because of specific defects in mitochon-
drial fatty acid oxidation, gluconeogenesis is reduced, 
and this results in hypoglycemia and a lack of ketone 
bodies. The combination creates a scenario whereby the 
brain becomes starved of glucose and its primary alter-
native substrate (ketones), which creates conditions for 
severe neurologic consequences. Plasma membrane car-
nitine transporter deficiency is an autosomal recessive 
disorder that occurs in ≈1:40,000 infants. Low plasma 
carnitine and acyl carnitine are indicative of this dis-
order, and treatment with dietary carnitine prevents 
hypoglycemia. Carnitine palmitoyl transferase I and II 
(CPT I and CPT II) deficiencies can present as severe, 
life-threatening events that require frequent feeding 
and supplementation with dietary medium-chain tri-
glycerides and L-carnitine (CPT II deficiency). Unfor-
tunately, the most severe form of CPT II deficiency 
can present soon after birth and can be fatal. Medium-
chain acetyl-CoA dehydrogenase (MCAD) deficiency 
is the most common fatty acid oxidation defect and 
is inherited as an autosomal recessive trait. Hypogly-
cemia usually occurs during fasting and conditions of 
stress such as viral illness.267,268 The presentation can 
be serious with vomiting, apnea, coma, and encepha-
lopathy. It has been estimated that if left undiagnosed, 
up to 25% of children may die during the presenting 

event. Blood tests demonstrate elevated medium-chain 
acylcarnitine. As with other mitochondrial fatty acid 
oxidation disorders, the enzyme deficiency can be 
demonstrated diagnostically in fibroblasts. Treatment 
consists of avoidance of fasting and precipitation of 
attacks that could lead to neurologic defects and even 
death. Thus, frequent meals, bedtime snacks, uncooked 
cornstarch (to avoid nocturnal hypoglycemia), and car-
nitine supplementation have been used successfully in 
these children.

Very long chain (VLCAD) and short-chain acyl-CoA 
dehydrogenase (SCAD) deficiencies can present with 
serious, sometimes fatal, episodes of hypoglycemia and 
metabolic acidosis. These defects are also associated with 
cardiomyopathy (VLCAD), hepatomegaly, and neuro-
logic defects (SCAD). Treatment involves avoidance of 
fasting and maintenance of glucose levels during stress, 
with frequent meals enriched with carbohydrate and 
medium-chain triglycerides. Carnitine supplementation 
in these conditions is not recommended (VLCAD) or has 
limited applicability (SCAD).

Long-chain 3-hydroxyacyl-CoA dehydrogenase 
(LCHAD) and mitochondrial trifunctional protein 
(MTP) deficiency are also autosomal recessive disorders. 
Both conditions can present with severe hypoglycemia, 
encephalopathy, neurologic complications, and death. 
Both conditions can result in peripheral neuropathy, and 
LCHAD deficiency can result in pigmentary retinopathy 
and blindness. Treatment is similar to that provided for 
the above fatty acid oxidation defects. Long-chain keto-
thilase (LCKAT) and 2-4-dienoyl-CoA reductase defi-
ciency are very rare conditions that have been described 
recently.266

Glycogen Storage Diseases
Glycogen synthase and glucose-6-phosphatase deficien-
cies often present in the neonatal period with hypogly-
cemia. Additionally, glycogen-phosphorylase deficiency 
can present later in childhood. Of the three disorders, 
glucose-6-phosphate deficiency presents with the most 
severe hypoglycemic phenotype. Treatment to prevent 
hypoglycemia is similar in all of the glycogen storage 
disorders.269 Avoidance of hypoglycemia during stress, 
exercise, and the night involves frequent carbohydrate-
containing meals and bedtime snacks. In times of severe 
stress, intravenous glucose may be required to maintain 
plasma glucose levels above 70 mg/dL (3.9 mmol/L).

Pregnancy
Despite a decrease in insulin sensitivity and an increase 
in glucose turnover to accommodate the needs of the 
fetus, fasting plasma glucose levels are normally 10% to 
15% lower during the third trimester of pregnancy.270,271 
Nevertheless, a great number of metabolic changes occur 
during pregnancy to make a woman more vulnerable to 
hypoglycemia.272 Any condition that can cause hypo-
glycemia in a nonpregnant woman can do so in a preg-
nant woman. In addition to insulinoma,273,274 non–islet 
cell tumors,275 severe infection,276 poor nutrition,277 
drug-induced sources (e.g., insulin in diabetic patients), 
and a condition called HELLP syndrome (characterized 

TABLE 47-5 Blood and Urine Tests for Metabolic 
and Endocrine Causes of Neonatal Hypoglycemia 
and Inborn Errors of Metabolism

Blood Glucose

 •  Lactate, pyruvate, free fatty acids, glycerol, ketones
 •  Amino acids
 •  Carnitine
 •  Acyl carnitine
 •  Insulin, C-peptide, proinsulin : insulin ratio, growth hormone, 

cortisol, thyroid hormones, thyroid-stimulating hormone (TSH)
 •  Growth hormone, cortisol, thyroid hormones, TSH
 •  Galactosemia screen

Urine

 •  Ketones
 •  Organic acids (3-hydroxybutyrate)
 •  Carnitine
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by hemolysis, elevated liver enzymes, and a low platelet 
count) can cause hypoglycemia as a result of fulminating 
hepatic dysfunction.278-280

Non–Islet Cell Tumors
The development of hypoglycemia in a patient with a 
non–islet cell tumor was first reported in 1930—a medi-
astinal fibrosarcoma.281 Since that time, it has become 
apparent that a large variety of non–islet cell tumors are 
associated with hypoglycemia.194,275,282-293

Tumors of mesenchymal origin are the most commonly 
reported in Western countries.282 Such tumors generally 
are large and slow growing, but often malignant. About 
one third are retroperitoneal, one third are intraabdomi-
nal, and one third are intrathoracic. In South Africa and 
Asia, hepatomas are the most common non–islet cell 
tumors associated with hypoglycemia.286

With one possible exception (a small-cell carcinoma 
of the cervix),294 ectopic production of insulin has never 
been demonstrated convincingly in patients with this con-
dition.290,295 Characteristically, circulating plasma insu-
lin and C-peptide levels are suppressed. In some cases, 
hypoglycemia results mainly from increased glucose uti-
lization by the tumor, and debulking by surgery or by 
radiation treatment can alleviate or ameliorate the hypo-
glycemia.282,283,289,291 In patients with rapidly growing 
hepatomas, hypoglycemia can occur as a terminal or near-
terminal event, mainly because of inanition. However, in 
the great majority of cases, hypoglycemia is explained by 
tumor production of IGF-like molecules,284 in particular, 
IGF-2 and its isoforms.293 Excessive release of IGF-like 
molecules by the tumor can increase glucose utilization in 
tissues such as muscle,285,287,292 can suppress endogenous 
glucose production,288,292 and can reduce or overcome 
the secretion of counterregulatory hormones.275

In most cases, diagnosis is not difficult, and patients 
generally are middle-aged to elderly; the tumor is usu-
ally large, and its presence is known before the onset of 
hypoglycemia or can be readily noted on physical exami-
nation and by ultrasonographic, computed tomographic, 
and nuclear magnetic resonance (NMR) studies. Bio-
chemically, the hypoglycemia is associated with appro-
priately suppressed plasma insulin and C-peptide levels 
and increased IGF-2 levels, as well as an increased IGF-2/
IGF-1 ratio, because of suppression of growth hormone 
secretion and hence suppressed IGF-1 release by IGF-2.

NESIDIOBLASTOSIS AND INSULIN-PRODUCING  
ISLET CELL TUMORS

Historical Perspective
Nesidioblastosis, or diffuse hyperplasia of the islets, as a 
cause of hypoglycemia was first described by Laidlaw in 
1937.145,296 In contrast to multiple adenomas that accom-
pany multiple endocrine neoplasia type I (MEN-I) syn-
drome, the condition is characterized by diffuse, although 
not necessarily uniform, hypertrophy and hyperplasia of 
islet cells (insulin- as well as glucagon- and somatostatin-
producing cells), usually associated with differentiation of 
ductal cells into insulin-producing cells.297 This condition 

can cause hypoglycemia in infants as a result of mutations 
in the sulfonylurea receptor or in the anatomically linked 
potassium channel.143 However, it has become appar-
ent that the condition can occur in adults independent of 
these genetic mutations.142,144,145,298-302

Preoperative differentiation from an insulinoma can 
be difficult but is suggested by negative imaging studies 
(including intragastric ultrasonography) and 18 F-DOPA 
PET scan associated with percutaneous transhepatic por-
tal venous sampling, which demonstrates nonselective 
increases in venous insulin concentrations following cal-
cium injection.

Treatment generally consists of 60% to 90% distal 
pancreatectomy. Fifty percent of patients undergoing this 
procedure are cured of hypoglycemia and are normogly-
cemic. Ten percent develop insulin-requiring diabetes, 
and the remaining 40% require medication for treatment 
of hyperglycemia (insulin secretagogue) or persistent 
hypoglycemia (calcium channel blockers).142,145

Incidence
Insulinoma is a very rare disorder, and nesidioblastosis 
is even rarer.142,301,302 On the basis of a 60-year experi-
ence at the Mayo Clinic, it was estimated that the inci-
dence in Olmsted County, Minnesota, was about eight 
cases per million patient-years; however, half these 
cases were found incidentally at autopsy.303 Other esti-
mates from Seattle, Washington,304 and Auckland, New 
Zealand,305 which emphasize clinically apparent cases, 
yield an incidence of about one to two cases per million 
patient-years. The incidence of adult-onset nesidioblasto-
sis would be expected to be only about 0.3 case per mil-
lion patient-years.142,306.307

Demographics
Insulinoma occurs somewhat more frequently in women 
than in men, with an average/median onset at about 45 
years of age; most cases occur between 30 and 70 years 
of age. Younger patients generally have had a greater 
occurrence in association with MEN-I,308 whereas carci-
noma has been more frequent in older patients. However, 
insulinoma is uncommon in those older than 80 years of 
age. Although extraordinarily rare in patients with type 1 
DM, insulinomas have occurred in several patients with 
type 2 diabetes.309-311

Pathophysiology
Hypoglycemia in patients with insulinoma is the result of 
dysregulated insulin release. Normally, increased plasma 
insulin levels and hypoglycemia per se312 suppress insu-
lin release. In patients with insulinoma, suppression of 
insulin release by insulin and hypoglycemia is abnormal, 
and insulin release can be described as chaotic, often not 
appropriately increased by hyperglycemia; some patients 
occasionally have impaired glucose tolerance. Further 
evidence of abnormal function of the tumorous islets con-
sists of the increased proinsulin-to-insulin ratios and the 
decreased insulin concentration relative to normal islet 
tissue.313-315

In most patients with insulinoma, hypoglycemia 
occurs as the result of suppression of glucose production 
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rather than increased glucose utilization, inasmuch as 
plasma insulin concentrations are usually only 50% to 
threefold above normal levels (but of course inappropri-
ate for the plasma glucose concentration).316 The fre-
quently observed finding that large infusions of glucose 
are necessary to maintain normoglycemia in patients with 
insulinoma is probably a result of the creation of a slight 
hyperglycemia that can stimulate insulin release by some 
insulinomas. Suppression of normal β cells in islets by 
insulin released by the tumor, or by repetitive hypoglyce-
mia, can result in glucose intolerance or transient diabetes 
after removal of the tumor.

Symptoms and Signs
Except in late-diagnosed malignant insulinoma cases in 
which an abdominal mass and signs of metastasis may 
be present, the physical examination is usually normal. 
Symptoms are the result of hypoglycemia. Patients with 
MEN-I also can exhibit symptoms as a result of hypercal-
cemia and accompanying hyperparathyroidism or other 
excessive hormone secretions (islet production of ACTH, 
gastrin, and vasoactive intestinal peptide).317 Common 
initial symptoms of patients with insulinoma are confu-
sion, weight gain, weakness, fatigue, headaches, faint-
ness, altered mental state, and altered behavior. Because 
of their nonspecific and insidious nature, the time between 
onset of symptoms and diagnosis is about 3 to 5 years, 
with the world record being 26 years.318 Initially, auto-
nomic symptoms predominate; these are followed later 
by neuroglycopenic symptoms. Frequency and/or severity 
increases over time. Patients with insulinoma, similar to 
those with diabetes mellitus, can acquire the syndrome 
of hypoglycemia unawareness,319 which is character-
ized by diminished symptoms, counterregulatory hor-
mone responses, and β-adrenergic sensitivity,320 which 
are reversed after successful surgical cure.319,321 Thus, 
it is not uncommon for a patient with insulinoma with 
a plasma glucose concentration <36 mg/dL (2 mmol/L) 
to be completely asymptomatic. The development of this 
condition can make it difficult to exclude hypopituitarism 
as an initial cause of the hypoglycemia.

Although insulinoma has long been classified as one 
of the so-called fasting hypoglycemias, it is important to 
remember that such patients can experience hypoglyce-
mia at any time of day, even 2 to 4 hours after a meal 
(Table 47-6). Only about a quarter of patients have hypo-
glycemia episodes solely after an overnight fast, and post-
prandial hypoglycemia has been reported to be the sole 
initial feature.107 In contrast, an appreciable proportion 
of patients with nesidioblastosis may have symptoms only 
after meal ingestion.144 Seizures tend to be more common 
in children, but permanent neurologic sequelae have been 
observed in <7% of adults.322 Patients often learn that 
eating frequently reduces episodes; therefore, weight gain 
has been observed in about 50% of patients.322

Pathology
About 80% of insulinomas are due to benign single 
adenomas, which average <2 cm in diameter; 10% are 
due to multiple benign adenomas. Diffuse hyperplasia 
and/or nesidioblastosis is uncommon in adults (i.e., one 

to two cases per 100 million patient-years) and usually 
accounts for only 1% to 2% of cases.232,324 Carcinomas 
account for about 8%. Five percent of insulinomas are 
associated with MEN-I, in which case the tumor is more 
likely to be multiple and malignant and to secrete addi-
tional hormones ectopically, such as gastrin or ACTH.

Diagnosis
The diagnosis of insulinoma is readily established by the 
demonstration of fasting hypoglycemia (<50 mg/dL; <2.8 
mmol/L), inappropriate plasma insulin (>5 μU/mL; >30 
pmol/L) and C-peptide (>0.75 pg/mL; >0.25 nmol/L), and 
a negative sulfonylurea/meglitinide blood/urine screen. A 
plasma proinsulin concentration >5 pmol/L can be use-
ful if plasma insulin and C-peptide values are borderline; 
additionally, measurement of a high proinsulin-to-insulin 
ratio can be diagnostic.325,326 Various tests have been 
proposed over the years to rule in or rule out the presence 
of an insulinoma: the intravenous tolbutamide tolerance 
test, the glucagon test, the leucine test, and the C-peptide 
suppression test.306,327-330 All suffer from frequent false 
positives and false negatives and are not recommended. 
Additionally, a 3- to 5-hour prolonged OGTT can often 
produce misleading results. In an insulin-sensitive indi-
vidual, an oral glucose load will evoke an insulin response 
that will stimulate glucose uptake into peripheral muscles. 
This will create an arteriovenous difference, with lower 
glucose levels in mixed venous blood. Thus, sampling 
venous blood from a peripheral vein after an OGGT can 
produce glucose values in the hypoglycemic range that 
are in fact 10 to 30 mg/dL (0.6 to 1.7 mmol/L) lower than 
simultaneous arterial glucose values. The “gold stan-
dard” remains the classic 72-hour fast. Hypoglycemia 
will develop in essentially all patients with insulinoma 

TABLE 47-6 Diagnostic Approach to an Adult 
with Documented Fasting Hypoglycemia

1. Consider the most likely disorders (drugs, critical illness, 
endocrine deficiency, non–β cell tumor, and insulinoma) while 
supporting the plasma glucose concentration if necessary.

2. Examine the history, physical examination, and available labo-
ratory data for clinical clues to include or exclude the above 
categories.

Cause Response

Insulin- or sulfonylurea-treated 
diabetes

Adjust the therapeutic 
regimen.

Use of other drugs known or sus-
pected to cause hypoglycemia

Discontinue use of the 
drug.

Hepatic, renal, or cardiac failure; 
sepsis; or inanition

Treat the underlying 
disorder.

Anorexia, weight loss, change in 
skin pigmentation, known pitu-
itary or adrenocortical disease, 
hypotension, hyponatremia, 
hyperkalemia

Evaluate for adrenocortical/
pituitary insufficiency.

Known non–β-cell tumor, mass on 
examination or imaging studies

Check for high IGF-2–to–
IGF-1 ratio.

3. In the absence of clinical clues, consider medication error, 
endogenous hyperinsulinism (see Tables 47-6 and 47-7), and 
surreptitious or malicious insulin secretagogue or insulin 
administration.

IGF, Insulin-like growth factor.
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during this test; in fact, 75% will become hypoglycemic 
within 24 hours and up to 90% over 72 hours.331 The 
test should be conducted in a hospital under standardized 
and supervised conditions. It is worth emphasizing that 
many patients with nesidioblastosis will have a normal 
72-hour fast, and their only biochemical abnormality will 
be postprandial hypoglycemia associated with abnormal 
plasma insulin and C-peptide levels, which is why it is 
preferable to begin the 72-hour fast with a standard meal.

The 72-Hour Fast
Successful completion of a 72-hour fast without the 
development of hypoglycemia effectively excludes a 
serious hypoglycemic disorder except for nesidioblasto-
sis (Table 47-7).332 It is recommended that the patient 
be hospitalized and supervised to prevent inadvertent 
caloric consumption or surreptitious drug administra-
tion. Admission is preferred before a standard evening 
meal so that the response to a meal can be assessed, as 
well as the response to a fast. The patient should be 
encouraged to be active to simulate real-life situations 
and prevent sedentary decreases in glucose utilization. 
Baseline samples for counterregulatory hormones are 

drawn to assess the adequacy of a response if hypo-
glycemia should occur subsequently. Blood for a 
β-hydroxybutyrate level is drawn at the end of the fast 
to exclude the consumption of calories. Should hypo-
glycemia occur, anti-insulin antibodies, anti-insulin 
receptor antibodies, and IGF-2 levels may be useful in 
assessing the presence of an autoimmune cause or an 
occult IGF-2-secreting non-islet cell tumor. Interpreta-
tion of the results of these determinations is given in 
Table 47-8.

The above plan represents the ideal approach. Given 
the practicalities of third-party reimbursement for pro-
cedures, an alternative would be to have the patient 
fast overnight and come to the office or clinic in the 
morning at around 8:00 am, after a 12- to 14-hour 
overnight fast, to begin serial testing during the day. 
If, at the end of the day (i.e., 4:00 pm, after fasting 
approximately 20 to 22 hours), hypoglycemia has not 
occurred, then the patient should be admitted for 2 
days of serial testing.

Localization
Only after the diagnosis of hypoglycemia associated 
with inappropriate hyperinsulinemia has been estab-
lished biochemically should localization studies be 
performed. Ninety-nine percent of insulinomas occur 
within the pancreas. Of the rare insulinomas that are 
not found in the pancreas, most are found in the wall 
of the duodenum or gastrosplenic omentum.333 Pancre-
atic insulinomas average about 2 cm in diameter and 
appear with equal frequency in the head, body, and 
tail.322,334 Although about 75% to 90% can be identi-
fied correctly by palpation at surgery,335,336 preopera-
tive localization generally is recommended to minimize 
manipulation of the pancreas, shorten operative time, 
avoid blind partial pancreatectomy when the tumor is 
not palpable, and assist in reoperations when scarring 
and fibrosis from prior surgery make palpation diffi-
cult.306 Computed tomography and NMR imaging can 
detect large tumors and stage malignant ones but yield 
false positives and false negatives; these techniques 
correctly localize tumors only 50% to 70% of the 
time.306,335-337 Celiac arteriography and transsplenic 

TABLE 47-7 Protocol for a 72-Hour Fast

Admit before the evening meal. Discontinue all nonessential 
medications. Insert an intravenous line for blood sampling.

Begin blood sampling (plasma glucose, insulin, C-peptide) just 
before the meal, and continue every 30 minutes for 6 hours and 
thereafter every 2 to 3 hours.

Baseline samples should also include growth hormone, 
 cortisol, glucagon, catecholamines, IGF-1, and sulfonylureas/ 
meglitinides.

Patient may consume calorie- and caffeine-lacking liquids and 
should ambulate.

The fast is ended at 72 hours or earlier if the patient has a plasma 
glucose level <40 mg/dL (2.2 mmol/L) associated with symp-
toms. Do not end the fast for symptoms if hypoglycemia is not 
documented.

At the end of the fast, draw samples for all the above mea-
surements plus an oral hypoglycemic agent screen and α-
hydroxybutyrate level and an extra tube for insulin antibodies, 
anti-insulin receptor antibodies, and IGF-1.

IGF-1, Insulin-like growth factor-1.

TABLE 47-8 Interpretation of the Results of a 72-Hour Fast

Diagnosis
Symptoms  
or Signs

Plasma  
Glucose (mg/dL)

Plasma Insulin  
(µU/mL)

Plasma C  
Peptide (nmol/L)

Anti-Insulin  
Antireceptor 
Antibodies IGF-1 β-Hydroxybutyrate

Oral Agent  
Screen

Normal No >40 <6 <0.2 – N >2.7 –
Insulinoma Yes <40 >6 >0.2 – N <2.7 –
Factitious insulin Yes <40 >6 <0.2 – N <2.7 –
Factitious oral agent Yes <40 >6 >0.2 – N <2.7 +
Inadvertent  

feeding
No >40 <6 <0.2 – N >2.7 –

Non-islet cell tumor Yes <40 <6 <0.2 – ↑ <2.7 –
Abnormal count-

erregulation
Yes <40 <6 <0.2 – N <2.7 –

Nonhypoglycemic 
disorder

Yes >40 <6 <0.2 – N <2.7 –

Autoimmune disorder Yes <40 <6 <0.2 + N <2.7 –

IGF-1, Insulin-like growth factor-1.
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portal venous sampling have had variable results and 
are invasive and probably not needed.306,336,337 Cur-
rently, preoperative transabdominal ultrasonography 
followed by intraoperative ultrasonography is con-
sidered the most sensitive and specific approach and 
has been recommended for routine use; this approach 
along with palpation can be used to detect >95% of 
tumors.335,337-339 Recently, dual-phase spiral computed 
tomography has been reported to detect six of seven 
tumors ranging in size from 6 to 18 mm.340 In patients 
who are suspected of having nesidioblastosis, the tests 
of choice are 18 F-DOPA PET scans and/or the selec-
tive calcium infusion procedure,301,337 because these 
tests will confirm the diagnosis of pancreatic hyper-
insulinism as the probable cause of the hypoglycemia 
when reliable localization procedures are negative.142

Treatment
Surgery is the treatment of choice for insulinoma and 
nesidioblastosis.142,322,335 For patients with solitary ade-
nomas, enucleation is curative; in cases that are thought 
to be due to a single adenoma, recurrence or lack of 
cure could be due to the presence of multiple adenomas. 
In 5% to 10% of patients, the adenoma is not found; 
nevertheless, in such cases, partial pancreatectomy can 
result in cure. Reoperation still might result in cure, but 
recurrence has been noted up to 18 years after the initial 
surgery.303 Recurrences are more common in patients 
with MEN-I (up to 20%).303 Multiple adenomas, hyper-
plasia, and malignancy require more extensive surgery. 
Debulking of a malignant tumor is worthwhile in help-
ing to control hypoglycemia. The major complications 
of surgery, which include acute pancreatitis (13%), 
wound infection (11%), fistulas (9%), and pseudocysts 
(4%), are related to the extent of surgery. Reopera-
tions in patients with insulinoma have greater compli-
cation rates (≈55% to 60% vs. 43%).335 Commonly, 
transient hyperglycemia occurs and lasts up to 2 to 3 
weeks because of suppression of normal islet function. 
Permanent diabetes mellitus can occur after partial pan-
createctomy and reoperation. In patients with nesidio-
blastosis, gradient-directed resection can result in cure 
of hypoglycemia.

Medical therapy is reserved for operated patients 
with recurrence who refuse another exploration and 
for those with inoperable malignant tumors. Diazox-
ide, which inhibits insulin secretion, has been used 
most widely.341 Approximately 60% (mainly those with 
benign disease) can be maintained nearly free of symp-
toms with only occasional hypoglycemia. The main side 
effects are fluid retention (≈15%) and hirsutism (≈5%); 
thiazide diuretics can be used to combat fluid retention 
and enhance hyperglycemic effects. The somatostatin 
analogue octreotide has been found to be effective in 
some patients but must be injected.342,343 Continuous 
subcutaneous glucagon infusion has also been used.344 
Glucocorticoids (to induce insulin resistance) along with 
verapamil (the calcium channel blocker) and phenyt-
oin (the anticonvulsant), both of which inhibit insulin 
release at high doses, have been used when other mea-
sures were ineffective.306

Malignant insulinomas respond poorly to chemo-
therapy.345 Streptozocin has been reported to reduce 
tumor size in about 50% of patients, with fewer than 
20% achieving complete remission; although its use pro-
longs life, streptozocin has considerable renal, hepatic, 
and hematopoietic toxicity. The addition of fluorouracil 
has been reported to have advantages over streptozocin 
alone.346 Mithramycin,347 doxorubicin (Adriamycin),348 
and hepatic embolization349 have been tried with some 
success in refractory cases.

GENERAL APPROACH TO THE PATIENT

Diagnosis
The causes, clinical features, consequences, and need for 
immediate treatment of hypoglycemia will vary, depending 
on whether the patient to be evaluated is seen at the clinic, 
emergency room, or hospital ward. In two series,350,351 dia-
betes, alcohol, sepsis, and combinations thereof accounted 
for about 90% of emergency room cases. Virtually all 
patients had stupor, coma, confusion, bizarre behavior, 
or were postictal. About 10% were hypothermic. Death 
occurred in 10%, and 3% had permanent neurologic 
sequelae. Among diabetic patients, about 80% were tak-
ing insulin. Strenuous exercise (7%), accidental (6%) or 
deliberate insulin overdose (13%), skipped meals (28%), 
and alcohol ingestion (19%) were identified as precipitat-
ing factors. In 27% of cases, no immediate cause was iden-
tified. Some patients were also taking other agents with 
hypoglycemic potential or had chronic renal failure, psy-
chiatric disorders, and previous emergency room visits for 
hypoglycemia. In the emergency room, prompt treatment 
(usually with intravenous glucose) should supersede explo-
ration of etiology until the patient is stabilized.

In hospitalized patients, the incidence of hypogly-
cemia ranges from 0.5% in older adult nondiabetic 
patients22 to 28% in diabetic patients352; about 1.5% 
were found in studies that included diabetic and nondia-
betic patients.20,21 Mortality in hospitalized patients who 
are experiencing severe hypoglycemia (excluding those 
with obvious insulin reactions) has ranged from 22% to 
48%.4,20-22 Renal insufficiency, diabetes mellitus, mal-
nutrition, liver disease, infection, and malignancy were 
the most common risk factors or contributing conditions. 
Most patients had multiple risk factors. Episodes were 
frequently repetitive, and a great majority were asymp-
tomatic because they occurred in patients with reduced 
sensorium. Among diabetic patients, decreased caloric 
intake (missed meals, vomiting, withheld enteral feedings, 
meals withheld for procedures) and inappropriate insulin 
doses accounted for nearly 90% of occurrences.

When a patient is to be evaluated for hypoglycemia, 
the first step is to determine whether the patient in fact 
has had a hypoglycemic episode and if possible to estab-
lish Whipple’s triad. It is important to determine what the 
patient’s symptoms were. When did they occur in relation 
to the patient’s last meal, and what was the patient doing 
when the episode occurred? Was it an isolated event, or 
had it occurred before? How frequently do they occur? Is 
there any pattern to the occurrences? How long have these 
events been occurring? Did weight gain or weight loss occur 
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during this period? Is the patient taking any medications? 
If so, they should be checked to make sure that no mistake 
has been made. Did the patient lose consciousness? If so, 
were premonitory signs present? Was hypoglycemia docu-
mented? Did the patient recover spontaneously? What did 
the patient do to prevent recurrences or relieve symptoms? 
What is the patient’s occupation? Does the patient or any 
immediate relative have diabetes? If so, how is it being 
treated? Does the patient have any medical conditions? Do 
family members have any endocrine disorders? For exam-
ple, a family history of autoimmune disorders should raise 
the suspicion of Addison’s disease (see Table 45-5).

Most outpatients who have a disorder that is causing 
hypoglycemia should describe discrete episodes. Classi-
cally, premonitory symptoms such as a feeling of anxiety, 
hunger, blurred vision, difficulty thinking, weakness and 
sweating, and palpitations will be noted. Loss of conscious-
ness can occur. With repetitive episodes, patients learn 
that they can abort these symptoms by eating; therefore, 
patients often have a history of weight gain. Spells similar 
to those caused by hypoglycemia can represent a vasovagal 
reflex, cardiac arrhythmia, a convulsive disorder, ortho-
static hypotension, or a transient ischemic attack. In mild 
cases of insulinoma, spells might occur only after vigor-
ous exercise or prolonged fasting. On the other hand, skip-
ping lunch and having several cocktails before dinner can 
precipitate an isolated hypoglycemic episode in an other-
wise healthy person. The history (e.g., prior pituitary sur-
gery, symptoms of galactorrhea, amenorrhea, impotence, 
or endocrine insufficiency, as with thyroid replacement 
therapy) can provide clues to the possibility of hypopitu-
itarism. The patient’s occupation or family diseases can be 
important with regard to access to hypoglycemia-produc-
ing drugs (e.g., insulin, sulfonylureas) or MEN.

The physical examination can be useful in excluding 
carotid disease, orthostatic hypotension, severe cardiac 
and hepatic disease, hypothyroidism, cachexia, and cancer, 
which should be obvious at the stage at which they would 
cause hypoglycemia. Routine laboratory testing can exclude 
renal insufficiency or can raise the possibility of adrenal 
insufficiency (hyponatremia). If all of the above are negative 
and prior hypoglycemia has not been documented unequiv-
ocally, this must be done before one proceeds with other 
diagnostic tests. Table 47-8 gives a suggested approach.218

Acute Treatment of Hypoglycemia
Treatment is aimed at restoring euglycemia, preventing 
recurrences, and, if possible, alleviating the underlying 
cause. In an insulin-taking diabetic patient with mild 
hypoglycemia because of a skipped meal, treatment 
can simply entail 15 g of oral carbohydrate every 15 
minutes until the blood glucose level is >80 mg/dL (4.4 
mmol/L).353,354 With more severe hypoglycemia prevent-
ing oral administration of carbohydrate, 1 mg of gluca-
gon given subcutaneously or intramuscularly should be 
sufficient to raise the blood glucose concentration and 
revive the patient so that oral carbohydrate can be given. 
Comatose patients should receive intravenous glucose (a 
25 g bolus, followed by an infusion to maintain glucose 
at around 80 to 100 mg/dL [4.4 to 5.6 mmol/L]). A sul-
fonylurea or meglitinide overdose can result in prolonged 

hypoglycemia as long as several days, requiring sustained 
intravenous glucose infusion, aimed at keeping the blood 
glucose level at approximately 80 to 100 mg/dL (4.4 to 5.6 
mmol/L) to avoid hyperglycemia, causing further stimula-
tion of insulin secretion and setting in motion a vicious 
cycle. Blood glucose levels should be monitored initially 
every 30 minutes and subsequently at 1- to 2-hour inter-
vals. Occasionally, diazoxide or a somatostatin analogue 
might be needed to inhibit insulin secretion.355 When 
other drugs are involved, their use should be discontinued 
if possible. In other conditions, the underlying disorder 
(e.g., sepsis, heart failure, endocrine deficiency) should be 
treated, and the blood glucose level should be supported.

Strategies to Reduce Hypoglycemia in Diabetes
Insulin Regimens
Over the last generation, interest has increased in replac-
ing insulin in the most physiologic manner for patients 
with diabetes. In the 1980s, the introduction of recombi-
nant human insulin reduced the formation of antibodies 
and provided more predictable pharmacokinetic profiles. 
The next decade produced analogue insulins that initially 
were designed to provide a quicker onset and a shorter 
duration of action. These insulins (lispro, aspart, gluli-
sine) were designed to reproduce more closely the typical 
physiologic prandial spikes of insulin observed following 
meals. The second wave produced long-acting basal types 
of insulin (glargine, detemir, degludec) designed to mimic 
background constitutive insulin release. Studies in type 1 
DM have demonstrated that hypoglycemia (particularly 
nocturnal) can be reduced when short-acting analogues 
rather than regular (soluble) insulin are used.356,357 Simi-
larly, long-acting analogues have been demonstrated to 
reduce hypoglycemia by 20% to 33% in patients with 
type 2 DM when compared with NPH-based regimens.9 
Thus, current recommendations are to use analogue-
based insulin replacement regimens whenever possible.

Insulin pump development began in the 1970s and 
over the past 20 years has become a major method of 
insulin replacement in the United States. Although widely 
acknowledged for its usefulness, the cost of treatment 
(pump and supplies) has restricted a more widespread 
acceptance of this technology. Nevertheless, studies in 
children356 and pregnant women have demonstrated a 
reduction in hypoglycemia when compared with multiple 
daily insulin injection regimens.

Most recently, continuous, real-time glucose monitor-
ing has been introduced into clinical practice. A variety of 
devices can be worn in combination with an insulin pump 
or independently. In a multicenter, randomized, controlled 
trial, the use of a continuous glucose monitor has been 
shown to reduce both HbA1c and, as a secondary end 
point, the incidence of severe hypoglycemia in type 1 DM 
adults and children but not adolescents358 when compared 
with conventional self-blood glucose monitoring. Cur-
rently, another large randomized study is under way that 
will test the hypothesis that a continuous glucose sensor–
driven insulin pump replacement approach will provide 
better HbA1c and less hypoglycemia than multiple daily 
injections of insulin and traditional self–blood glucose 
monitoring in both children and adults with type 1 DM.
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Pancreas and Islet Cell Transplantation
Pancreas transplantation has been performed in patients 
with type 1 DM for >25 years (see Chapter 50). Typically, 
patients have experienced episodes of severe hypoglycemia, 
and this is one of the major criteria for consideration of 
pancreas transplantation. Generally, rates of hypoglycemia 
improve dramatically in the first year after transplantation. 
However, ≈30% of patients report episodes of minor hypo-
glycemia. Most (but not all) studies also demonstrate that 
counterregulatory defenses are improved after pancreatic 
transplantation.359-361 Most notably, glucagon responses 
to hypoglycemia increase, accompanied at an early stage 
by some improvement in epinephrine and symptomatic 
responses. Improvements in glucagon responses appear 
to be persistent and have been documented in long-stand-
ing pancreas transplantation recipients of up to 19 years 
posttransplant.362 Although the improvement in gluca-
gon responses to hypoglycemia appears to be durable 
after long-term pancreatic transplantation, it is clear that 
improvements in epinephrine and symptomatic responses 
to hypoglycemia are not sustained.362 Along similar lines, 
it has been reported that physiologic insulin and glucagon 
responses during exercise are maintained for the most part 
following pancreas transplantation.363 Robertson and col-
leagues have investigated whether living donors of pan-
creas segments have normal counterregulatory responses 
to hypoglycemia.364 This has particular relevance, as 25% 
of donors can develop diabetes within 1 year after the pro-
cedure. It is interesting to note that despite deficient insulin 
and glucagon responses to glucose or arginine infusion, it 
was found that glucagon responses during hypoglycemia 
were preserved among donors.

A history of recurrent severe hypoglycemic events is also 
a major indication for islet cell transplantation. Although 
the number of transplanted individuals who are insulin 
independent is low (10%) up to 5 years after transplan-
tation,365 it generally is reported that major episodes of 
hypoglycemia are significantly improved following islet 
cell transplantation.366 This finding appears to be due 
to the fact that there is some restoration of the ability to 
modulate insulin levels during hypoglycemia, as no reports 
have described significant increases in glucagon during 
hypoglycemia following islet cell transplantation.367 These 
findings underscore the importance of modulating insulin 
in the defense against hypoglycemia, but they also pose the 
intriguing question as to why there is an absent glucagon 
response. One plausible explanation is that the intrahe-
patic site for the islet transplant is the cause of the deficient 
glucagon response to hypoglycemia.368 In a recent series 

of elegant experiments in rats, Zhou and colleagues368 
demonstrated that in the normal postprandial state, glu-
cagon responses to hypoglycemia were absent in intrahe-
patically transplanted islets. However, when the animals 
were fasted for 48 hours and thus intrahepatic glucose flux 
was reduced, normal glucagon responses to hypoglycemia 
were obtained in the islet-transplanted animals. Support-
ing the theory that placing islets in the liver may be cause 
for the absent glucagon response during hypoglycemia are 
data indicating that alternate sites for islet cell transplanta-
tion away from the liver may produce improved glucagon 
responses to hypoglycemia.369

Goals of Therapy
Glycemic targets and therapies in diabetic patients should 
be individualized.370 Based on results from the Normo-
glycemia in Intensive Care Evaluation—Survival Using 
Glucose Algorithm Regulation (NICE-SUGAR) trial,371 
hospitalized patients should be stratified by severity of 
illness whereby those that are critically ill should have 
relaxed glycemic goals (i.e., 140 to 180 mg/dL; 7.8 to 10 
mmol/L) with strict avoidance of hypoglycemia, and non–
critically ill patients should have more moderate goals 
of glycemic control (i.e., <140 mg/dL; <7.8 mmol/L).370 
Select individuals may be appropriate for more strict 
control. Glycemic targets in the nonhospitalized diabetic 
should be structured around patient age, duration of dia-
betes, comorbidities, life expectancy, and history or risk 
for hypoglycemia.

For those of Islamic faith who have diabetes and 
observe the month-long Ramadan fast, patient education, 
continuous glucose monitoring, and diet modification, in 
conjunction with adjustment of insulin timing and dosing, 
should be considered to prevent hypoglycemia.372 Specific 
situations including driving and recreational exercise or 
sports may require relaxed glucose control to avoid hypo-
glycemia. Frequency of testing should be increased and a 
glucose source should be readily available.

All diabetic individuals who experience hypoglycemia 
should have routine review of their medication lists, dia-
betic education, and reinforcement of appropriate glu-
cose monitoring and treatment of hypoglycemia.
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Over the past 2 decades, a fundamental transforma-
tion of the principles of management of type 2 diabetes 
has occurred. Driven by a large number of multicenter 
randomized, controlled trials documenting improved 
outcomes associated with glucose, blood pressure, and 
lipid management, guidelines have been established for 
diabetes treatment.1 In parallel, there has been a change 
in the level of concern about diabetes as a public health 
issue. This has been driven by the recognition that we 
are in the midst of an epidemic of diabetes, well estab-
lished in the United States2 and in much of the develop-
ing world.3 Fortunately, the spectrum of pharmacologic 
agents and glucose-monitoring technology available for 

the treatment of diabetes has dramatically expanded, and 
both private and government health insurers have greatly 
improved the extent to which diabetes education, nutri-
tional counseling, and diabetes equipment and supplies 
are covered. These trends have increased the likelihood 
of achieving the recommended targets for glucose, blood 
pressure, and lipid therapy, although less than half of 
patients achieve all three targets.4 The bulk of this chap-
ter will deal with those approaches as well as emerging 
treatments and clinical trials that will inform clinical 
decision making over the next decade. A comprehensive 
review of all the subtleties of diabetes management is 
beyond the scope of any chapter. An excellent source of 

K E Y  P O I N T S

 •  In managing type 2 diabetes, individualize treatment goals based on patient 
characteristics and perceived risks and benefits.

 •  Shared decision making and a patient-centered approach is essential to achieve routine 
success in diabetes care.

 •  The large number of available diabetes therapies provides opportunities to tailor the 
regimen to patients’ specific needs and preferences.

 •  Most diabetes drug safety concerns can be monitored and mitigated, an essential part of 
ongoing diabetes care.
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information on these issues, which is updated annually, 
is the American Diabetes Association’s (ADA) Clinical 
Practice Recommendations.1

GLUCOSE TARGETS
Guidelines are optimally driven by the results of multi-
center randomized, controlled trials. Prospective random-
ized, controlled trials have documented improved rates 
of microvascular complications in patients with diabetes 
treated to lower glycemic targets. In the U.K. Prospec-
tive Diabetes Study (UKPDS),5 patients with new-onset 
diabetes were randomly assigned to one of two treatment 
policies. In the standard intervention, subjects received 
lifestyle intervention, and pharmacologic therapy was 
initiated only if the fasting plasma glucose reached 270 
mg/dL (15 mM) or the patient became symptomatic. In 
the more intensive treatment program, all patients were 
randomly assigned to treatment with either sulfonylurea, 
metformin, or insulin as initial therapy, and doses were 
increased in an effort to achieve a fasting plasma glucose 
<108 mg/dL. The average A1c in the standard treatment 
group was approximately 1% higher throughout the 
study. The risk for severe hypoglycemia was small—on 
the order of 1% to 5% per year in the insulin-treated 
group—and weight gain was modest; both were higher in 
patients randomly assigned to insulin and lower in those 
receiving metformin.6 Associated with this improvement 
in glycemic control, there was a reduction in the risk for 
microvascular complications (retinopathy, nephropathy, 
and neuropathy) in the intensive group. Although there 
was a trend toward reduced rates of macrovascular events 
in the more intensively treated group, it did not reach sta-
tistical significance.

In the Kumamoto study, Japanese patients of normal 
weight with type 2 diabetes treated with insulin were 
randomly assigned to standard treatment or an intensive 
program of insulin therapy designed to achieve normo-
glycemia. The control group maintained A1c values at 
~9%, whereas A1c in the intensive group was reduced to 
~7%, and that separation was maintained for 6 years. 
Again, there was a modest increased risk for hypoglyce-
mia and weight gain, a reduction in microvascular com-
plications, and a statistically nonsignificant trend toward 
reduced rates of vascular end points in the more inten-
sively treated patients.7

In 2008, three studies examining the effects of two 
levels of glycemic control on cardiovascular end points 
in type 2 diabetes were reported. Action to Control Car-
diovascular Risk in Diabetes (ACCORD),8 Action in 
Diabetes and Vascular Disease: Preterax and Diamicron 
Modified Release Controlled Evaluation (ADVANCE),9 
and the Veterans Affairs Diabetes Trial (VADT)10 each 
randomized middle-aged and older individuals at high 
risk for cardiovascular events. The ACCORD and 
VADT studies aimed for an A1c target of <6%, using 
complex combinations of oral agents and insulin. The 
ADVANCE study aimed for an A1c target of ≤6.5%, 
using a somewhat less intensive approach based on the 
addition of the sulfonylurea gliclazide. None of the tri-
als demonstrated a statistically significant benefit on 

combined vascular end points. The ACCORD study 
demonstrated a 22% increase in total mortality, while 
the VADT study had numerically more deaths in the 
intensive group (hazard ratio 1.07). All three studies 
showed modest reductions in microvascular outcomes. 
In these studies, there were suggestions that people 
without clinical cardiovascular disease (CVD) and 
those with shorter-duration disease and lower baseline 
A1c had greater cardiovascular benefits from the more 
intensive glucose-lowering strategies. Furthermore, a 
10-year follow-up of the UKPDS cohort showed that 
the relative benefit of more intensive management of 
glucose at the end of the randomized portion of the trial 
was maintained, resulting in the emergence of statisti-
cally significant benefits on CVD end points and total 
mortality.11

In Table 48-1, guidelines from the ADA1 and the 
American Association of Clinical Endocrinologists12 
(AACE) are presented. The ADA, along with the Ameri-
can Heart Association and the American College of Car-
diology Foundation, examined the results of the major 
cardiovascular outcomes studies.13 They reaffirmed the 
general A1c goal of <7% to reduce the incidence and pro-
gression of microvascular disease. However, they high-
lighted the need for individualization, suggesting lower 
A1c goals than the general goal of <7% for patients with 
short duration of disease, long life expectancy, and no 
significant CVD, if they could be achieved without signifi-
cant hypoglycemia or other adverse effects of treatment. 
Furthermore, they suggested that less stringent goals may 
be appropriate for those with a history of severe hypogly-
cemia, limited life expectancy, advanced complications, 
extensive comorbid conditions, or those who have dif-
ficulties achieving the general A1c target of <7% despite 
concerted effort. The AACE guidelines generally recom-
mend an A1c <6.5%, but recognize the need for individu-
alization as well.12

TABLE 48-1 Guidelines for Targets in Glycemia 
Management from the American Diabetes 
Association (ADA), the American College 
of Endocrinology (ACE), and the American 
Association of Clinical Endocrinologists (AACE)

Parameter Normal ADA* ACE

Premeal plasma 
glucose (mg/dL)

<100 (mean –90) 70–130 <110

Postprandial 
plasma glucose†

<140 <180 <140

AIC 4%-6% <7% <6.5%

*The ADA further recommends the following: (1) Goals should be 
individualized; (2) less intensive goals may be indicated in patients 
with severe or frequent hypoglycemia or significant comorbidities; 
(3) more stringent glycemic goals (i.e., a normal A1c, <6%) may fur-
ther reduce complications at the cost of increased risk for hypogly-
cemia; and (4) postprandial glucose may be targeted if A1c goals are 
not met despite reaching preprandial glucose goals.

†1 to 2 hours after the beginning of the meal.
Adapted from American Diabetes Association1; and American College 

of Endocrinologists: American College of Endocrinology medical 
guidelines for clinical practice for the management of diabetes mel-
litus. Endocr Pract. 2007;13(Suppl 1):16–34.
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With respect to fasting, premeal, or postprandial tar-
gets, there is little support for any particular level of glyce-
mic control in the management of type 2 diabetes insofar 
as no large-scale outcome study has targeted particular 
levels of glucose with home glucose monitoring. There 
are even more limited studies in which safety, much less a 
clinical outcome, is documented for targeting a particular 
level of postprandial glucose. The ADA target of fasting 
and premeal plasma glucose levels of 70 to 130 mg/dL 
(3.9 to 7.2 mM) and 2-hour peak postprandial glucose 
levels of <180 mg/dL (10 mM) were estimates of safe lev-
els of glucose control that generally would be associated 
with A1c levels of 6% to 7%.1 More recent studies suggest 
that for patients with type 1 and type 2 diabetes and A1c 
between 6.5% and 6.99%, the mean fasting and premeal 
glucose level is ∼140 mg/dL (∼8 mM), the mean postmeal 
glucose is ∼160 mg/dL (∼9mM), and the mean bedtime 
glucose is in between.14

LIFESTYLE INTERVENTION
The components of lifestyle intervention include compre-
hensive diabetes education aimed at enabling patients to 
self-manage their diabetes, medical nutrition counseling, 
and exercise recommendations. The appropriate para-
digm of care in diabetes is patient focused, since patients 
are responsible for almost every diabetes-related decision 
and behavior.

Education of Patients
Significant clinical trial evidence shows that each com-
ponent of lifestyle intervention, when appropriately 
administered, can be cost-effective and contribute to 
improved outcomes.1,15-17 As defined by the ADA,17 dia-
betes self-management education is “the ongoing process 
of facilitating the knowledge, skill, and ability necessary 
for prediabetes and diabetes self-care.” Through this pro-
cess, the patient must become a knowledgeable and active 
participant in the management of his or her disease. As 
a result, comprehensive diabetes education should be 
individualized and an ongoing long-term joint effort of 
patients and their providers.

A team of providers is generally required to optimally 
implement the process of diabetes self-management edu-
cation, because the amount of information that needs to 
be exchanged is large and the range of expertise required is 
broad. Potential providers in a team care approach could 
include nurses, dietitians, exercise specialists, behavioral 
therapists, pharmacists, primary care providers, and 
medical specialists including diabetologists or endocri-
nologists, eye care professionals, podiatrists, dentists, and 
others. In the diabetes self-care process, the potential role 
of the community where the patient lives and works is 
enormous. The primary role of the providers in this pro-
cess is to provide guidance in goal setting to manage the 
risk for complications, suggest strategies to achieve goals 
and techniques to overcome barriers, provide training in 
skills, and screen for complications. For this process to 
be a success, the patient must commit to the principles 
of self-care and participate fully in the development of a 
treatment plan.

Fortunately, barriers to providing team care are 
becoming less daunting, in large measure because of 
the rapidly expanding number of diabetes education 
programs and improved insurance coverage for ser-
vices. The American Association of Diabetes Educators 
(800-TEAM-UP4; www.diabeteseducator.org) and the 
ADA  (800-DIABETES; www.diabetes.org) can provide 
information regarding diabetes educators and educa-
tion programs nationwide. Non–health care profession-
als, such as lay or peer supporters, can provide benefit to 
patients in developing effective diabetes self-care behav-
iors.18 Perhaps some of the most overlooked contributors 
to ineffective care in the setting of type 2 diabetes are the 
relatively common barriers created by psychiatric, neuro-
cognitive function, and adjustment disorders, which are 
responsive to psychosocial therapies.19

Nutrition
The ADA has published technical reviews, position state-
ments, and guidance that exhaustively document the lit-
erature regarding the effect of medical nutrition therapy 
and specific advice on diabetes-related outcomes such as 
A1c and weight, as well as a position statement.1,20 An 
individually negotiated nutrition program in which each 
patient’s circumstances, preferences, cultural background, 
and the overall treatment program are considered is most 
likely to result in optimal outcomes.

Individualized dietary advice can be developed by a phy-
sician from a brief diet history obtained by asking: “What 
do you eat for breakfast? . . . lunch? . . . dinner? Do you 
have snacks? What do you drink during the day?” Ideally, 
this information should be obtained at each visit, with spe-
cific suggestions for change that both patient and provider 
agree are important in the context of the overall treatment 
plan as well as both achievable and sustainable. Easy issues 
to address include caloric beverages and juice, which tend 
to elevate glucose levels dramatically and can generally be 
replaced relatively easily with water or artificially sweet-
ened alternatives. Portion control and recipe modification 
are excellent dietary techniques, particularly for meats and 
fried foods. Substituting low-fat products for higher-fat 
foods is often useful but needs to be done with the rec-
ognition that they are generally higher in carbohydrates. 
It is important that patients recognize that “fat-free” and 
“sugar-free” foods are not “free” and that attention to 
both total carbohydrate and calorie content are critical.

Eating approximately every 4 hours while awake is the 
most practical dietary plan for most overweight people. 
Frequent small meals have been shown to be of benefit 
when used in a controlled inpatient setting, but in gen-
eral when overweight patients are encouraged to eat more 
frequently they often overeat more frequently. At a mini-
mum, avoiding high-calorie snacks is reasonable advice 
for most people with diabetes.

In general, the critical nutrient for glycemic control is 
carbohydrate. A dietary technique called carbohydrate 
counting can be used in patients with type 2 diabetes 
to facilitate consistent carbohydrate intake or to allow 
insulin dose adjustment in response to changes in carbo-
hydrates consumed; although this technique requires less 
insulin than fixed meal dosing and may help curb weight 

http://www.diabeteseducator.org
http://www.diabetes.org
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gain, it has not been shown to improve glycemic control 
or reduce the rate of hypoglycemia in patients with type 
2 diabetes.21 Including some protein and fat in each meal 
and snack may be useful.

Dietary fat is the nutrient most closely associated in 
epidemiologic studies with the risk for developing type 2 
diabetes. Although dietary fat clearly has a major impact 
on total caloric intake, as well as on circulating lipids, it 
has a minimal acute impact on glycemia. Though previous 
recommendations have focused on fat restriction, current 
recommendations suggest that total fat intake should be 
individualized and that fat quality may be more impor-
tant than quality. Dietary protein similarly has a minimal 
impact on glucose levels, although amino acids do promote 
insulin secretion. At least 0.8 g of high-quality protein per 
kilogram is generally recommended. Protein restriction in 
the setting of kidney disease has been recommended and is 
more fully discussed in Chapter 54. There is no evidence 
that protein intake materially affects the risk for develop-
ing kidney disease in patients with diabetes.

The role of vitamins, trace minerals, and nutritional 
supplements in the treatment of diabetes is poorly under-
stood.20,22 Though clinical trial data to support their 
safety and efficacy are inconclusive, it is often counter-
productive to engage in scholarly discussion with patients 
of the nature of the evidence base in clinical care. At a 
minimum, discussion should include the documented effi-
cacy of lifestyle and pharmacologic interventions.

Although there are proponents of a wide range of dietary 
composition, there are few data to support these recommen-
dations from long-term outcome studies of prescribed diets. 
Recently a comparison of a “low-fat” diet to a Mediterra-
nean diet supplemented with extra-virgin olive oil or mixed 
nuts demonstrated a 30% reduction in myocardial infarc-
tion, stroke, or cardiovascular death as well as a reduced 
risk for developing diabetes or depression in diabetes.23-25 
In the Look AHEAD (Action for Health in Diabetes) study, 
>5000 overweight patients with type 2 diabetes from 16 
centers were randomized to an intensive weight-loss pro-
gram (calorie restriction and physical activity) or to diabetes 
support and education.26 The study was stopped after 9.5 
years of follow-up. The intensive group experienced greater 
weight loss, lower A1c, and better cardiovascular risk factors 
despite less medication, but no reduction in cardiovascular 
events. However, the benefits of intensive lifestyle interven-
tions were broad including: less urinary incontinence and 
sexual dysfunction in women and improvements in sleep 
apnea, depression, quality of life, fatty liver disease, and 
physical function and mobility.27

Since weight loss will occur only in the setting of caloric 
restriction, arguably the most appropriate approach is to 
limit intake of both fat and highly processed, easily digest-
ible carbohydrates. The treatment of obesity is discussed 
in Chapter 26; the principles discussed are appropriate 
when type 2 diabetes is complicated by obesity.

Exercise
There is a substantial body of literature supporting exer-
cise as a modality of treatment in type 2 diabetes.1,28,29 
Exercise is associated with improved glycemic control, 
insulin sensitivity, cardiovascular fitness, and cardiac 

remodeling. Aerobic exercise and resistance (strength) 
training both have a dose-dependent positive impact on 
glucose control, on the order of a 0.7% reduction in A1c 
with moderate-intensity (8 weeks or longer) programs. 
High-quality randomized trials support the recommenda-
tion that adults with diabetes, in the absence of contra-
indications, should be advised to engage in 150 minutes 
per week of moderate-intensity aerobic physical activity 
spread over at least 3 days per week plus at least two pro-
gressive resistance training sessions per week that incor-
porate five or more different exercises involving large 
muscle groups. To maintain effects on glycemia, there 
should be no more than 2 days of rest between sessions.

Goals, methods, intensity, and frequency have to be 
negotiated with patients, with great sensitivity to recog-
nizing barriers and helping patients discover solutions.1 
Vigorous exercise should be avoided in the setting of 
proliferative or severe nonproliferative diabetic retinop-
athy; waiting 3 or more months after successful laser 
photocoagulation is probably prudent. In the absence of 
ulcers, patients with peripheral neuropathy may perform 
moderate-intensity weight-bearing activities in the setting 
of comprehensive foot care, including appropriate foot-
wear. In the setting of known ischemic heart disease, an 
initial period of exercise under monitoring as provided 
in cardiac rehabilitation programs is appropriate. These 
issues can all be addressed creatively and should never 
provide an insurmountable barrier to increasing physical 
activity.

Routine stress testing before initiating an exercise 
program in previously sedentary people without known 
vascular disease is not generally recommended.1,30 
Higher-risk patients should start with short periods of 
low-intensity exercise and increase activity slowly based 
on response and symptoms. It should be noted that in 
an older asymptomatic population with normal electro-
cardiograms, adenosine technetium-99m sestamibi sin-
gle-photon emission-computed tomography myocardial 
perfusion imaging revealed that >20% of patients stud-
ied had silent ischemia. However, in a 5-year follow-up, 
there was a spontaneous remission of abnormalities in 
many, generally very low event rates, and no difference 
in outcomes based on whether or not stress imaging was 
performed.31

Self-Monitoring of Blood Glucose
Self-monitoring of blood glucose (SMBG) has not been dem-
onstrated in clinical trials to substantially change outcomes in 
non–insulin-treated type 2 diabetes when evaluated in isola-
tion and may be associated with decreased quality of life.32-34  
However, many diabetes self-management programs have 
been associated with improved glycemic control. In all of 
these, SMBG was integral to the overall process, suggest-
ing that SMBG is at least a component of effective therapy. 
SMBG can theoretically improve the safety of treatment 
with insulin or sulfonylureas, since it allows the identifica-
tion of minimal or asymptomatic episodes of hypoglycemia. 
Although severe hypoglycemia is relatively rare in type 2 dia-
betes, it is more common in older adults and can have dev-
astating consequences, such as physical injury as a result of 
trauma. In general, it is optimal to have patients use glucose 
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monitoring to assess the nature of any hypoglycemic symp-
toms they experience. Counseling patients to carry com-
mercially available glucose tablets and glucose monitoring 
equipment at all times and to take a 15-g dose of carbohy-
drate for documented mild to moderate hypoglycemia helps 
patients to avoid excessive calorie intake and recreational 
consumption of sweets for treatment of hypoglycemia.

Optimal timing of SMBG will vary depending on 
individual characteristics and treatment. It is important 
to advise patients to vary the time of the day at which 
blood glucose levels are checked. For some patients, the 
highest blood glucose of the day is the morning glucose, 
whereas for others the highest is before bed. When glu-
cose control is poor, having patients concentrate on pre-
meal glucose levels is perhaps most productive. Once the 
premeal glucose levels reach the low 100s, many advo-
cate that patients switch to checking 1- to 2-hour post-
prandial glucose levels, because it amplifies the observed 
effect of diet on glycemic control and enables patients 
to see that moderate changes in meal plan, activity, and 
medications have a significant impact on glucose levels. 
Particularly in early diabetes, gestational diabetes, and 
well-controlled diabetes, postprandial glucose levels 
often are the only glycemic abnormality present.

The frequency of glucose monitoring needs to be 
matched to individual patient needs and treatment. Many 
clinicians ask patients to monitor at least once a day, 
varying among breakfast, lunch, dinner, bedtime, and 
mid-sleep, as well as with symptoms. Others ask patients 
to monitor with intensity similar to that described for 
patients with type 1 diabetes (four times per day before 
meals and at bedtime, with occasional postprandial and 
mid-sleep checks). The important characteristic of the 
timing of SMBG is that it be frequent enough to optimally 
inform the treatment plan and that both patient and pro-
vider have a good understanding of both the adequacy 
and the stability of glycemic control.

It is useful for patients to keep a daily diary of their SMBG 
results so they can assess their results periodically and share 
them with the health care team. Unless SMBG results are 
within the agreed-to targets, they should be communicated 
and reviewed regularly with a member of the health care 
team by telephone, fax, mail, or e-mail or at an interim visit 
to trigger changes in therapy as the need arises.

Finally, one of the most difficult areas for health care 
providers to remain current is in the area of available 
equipment and supplies, particularly for glucose moni-
toring. Diabetes educators often have demonstration 
models and a robust understanding of patient character-
istics that match well or poorly with particular devices. 
A useful resource in this regard is the annual Consumer 
Guide, which comes out as the January issue of Diabe-
tes Forecast, a magazine for laypeople with diabetes and 
their families. It is available online at http://www.diabetes 
forecast.org/past-issues-archive.html.

PHARMACOTHERAPY OF TYPE 2 DIABETES
Multiple new classes of drugs independently address 
different pathophysiologic mechanisms that contribute 
to the development of diabetes. The relative benefits 

of lifestyle intervention and the classes of drugs avail-
able for the management of type 2 diabetes are found 
in Table 48-2. This area has been the subject of exten-
sive reviews and recent guidelines from professional 
groups.1,12,35 Because of space limitations, basic prin-
ciples are summarized with recent reviews, along with 
limited additional references derived from randomized, 
controlled trials.

Insulin Sensitizers with Predominant  
Action in the Liver: Biguanides
Metformin is the only biguanide available in the United 
States. Metformin’s mechanism of action remains elusive 
but seems to involve intracellular effects as well as effects 
to enhance the secretion of gastrointestinal (GI) hor-
mones.36,37 Metformin reduces hepatic insulin resistance, 
gluconeogenesis, and glucose release. Metformin is gener-
ally administered at least twice daily, although sustained-
release formulations are now available. Since metformin 
does not increase insulin levels, it is not associated with 
a significant risk for hypoglycemia. The most common 
adverse events are GI events: nausea, diarrhea, crampy 
abdominal pain, and dysgeusia. These adverse effects can 
be minimized by starting with a low dose (500 mg) once 
daily with a meal and titrating upward slowly to more 
effective doses (500 to 1000 mg twice daily). Sustained-
release metformin is associated with less frequent and less 
severe upper GI symptoms but can increase the frequency 
of diarrhea. At least 90% of patients tolerate metformin 
adequately with long-term use. Metformin is considered 
to be weight-neutral.

The issue of greatest concern regarding metformin 
therapy is lactic acidosis, which is quite rare.37 Because 
the drug is cleared renally, it is contraindicated in males 
with a serum creatinine ≥1.5 mg/dL or in females at 1.4 
mg/dL. There have been recent suggestions that met-
formin dosing should be based on estimated glomeru-
lar filtration rate (eGFR), with contraindication to use 
in stage 4 to 5 chronic kidney disease (eGFR <30 mL/
min/1.73 m2) and dose reduction with eGFR <45 mL/
min/1.73 m2. There are specific recommendations to 
measure creatinine clearance with a timed urine col-
lection prior to initiating therapy in patients >80 years 
of age. Metformin is contraindicated in patients with 
decompensated congestive heart failure but may be 
used in patients who have stable compensated heart 
failure without other contraindications. Patients at 
increased risk for developing lactic acidosis due to base-
line medical conditions should avoid taking metformin. 
Thus, metformin is also contraindicated in patients 
with hepatic insufficiency, acidosis, and hypoxia, and 
in those with a history of binge drinking or heavy alco-
hol use. Patients with acute illness, poorly controlled 
chronic illness, or simultaneous treatment with neph-
rotoxic drugs (e.g., iodinated contrast dye) should have 
metformin withheld.

Metformin has the strongest record of achievement of 
antihyperglycemic agents in outcome studies in patients 
with type 2 diabetes, and it is generally recommended as 
first-line therapy for hyperglycemia, alone or in combina-
tion with other agents.1,12,35

http://www.diabetesforecast.org/past-issues-archive.html
http://www.diabetesforecast.org/past-issues-archive.html
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TABLE 48-2 Comparisons of Therapies for Type 2 Diabetes

Examples, Generic 
(Trade) Target Tissue

% A1c  
Reduction*

Insulin  
Secretagogue

Insulin 
Sensitizer

Severe  
Hypoglycemia†

Weight 
Gain Other Problems Rare Problems Contraindications‡

MTF Metformin  
(Glucophage)

Liver 1.0-2.0 No Yes No No GI Lactic acidosis Cr >1.5 (m),  
>1.4 (w),

alcohol abuse, liver,
unstable CHF

TZD Pioglitazone 
(Actos) 
Rosiglitazone 
(Avandia)

Muscle, fat 0.5-1.4 No Yes No Yes Fluid retention,  
possible 
AMI@

Liver failure, 
fracture, 
CHF

NYHA Class 3-4 
ALT >2.5 × ULN

SFU Multiple, see 
Table 48-3

β-Cell 1.0-2.0 Yes No Yes Yes Sulfa allergy Severe renal/liver

Glinide Repaglinide 
(Prandin) 
Nateglinide 
(Starlix)

β-Cell 0.5-1.5 Yes No R = yes Yes Severe renal/liver

AGI Acarbose 
 (Precose) 
 Miglitol 
(Glyset)

Gut 0.5-0.8 No Modest No No GI GI malabsorption

DPP-4 Inhibitor Multiple, see 
Table 48-4

β-Cell, α-cell 0.5-0.8 Yes No No No Allergic skin 
reactions

Reduce dose for renal
disease

GLP-1 RA Multiple, see 
Table 48-4

β-Cell, α-cell, 
stomach, 
brain

0.5-1.0 Yes No No No N/V ?Pancreatitis Gastroparesis, 
pancreatitis, severe 
renal, MTC#

Amylin Mimetic Pramlintide 
(Symlin)

α-Cell, stom-
ach, brain

0.5-1.0 No No No No N/V ?Pancreatitis Gastroparesis

Insulin Multiple, see 
Table 48-5

β-Cell 
 supplement

1.5-3.5 No No Yes Yes Skin reactions —

Bromocriptine QR Bromocriptine 
QR (Cycloset)

Brain 0.4 No Yes No No Dizziness, N/V, 
fatigue

Psychosis, 
fibrotic 
disorders

Syncopal migraines,
lactation, orthostasis,
psychotic disorders

BAS Colesevelam 
(Welchol)

Gut? 0.3 No No No No Constipation, 
drug interac-
tions

Hypertriglyceridemia,
bowel obstruction

SGLT2I Canagliflozin 
(Invokana)

Kidney 0.91-1.2 No No No No Polyuria,  
polydipsia,  
genital 
mycotic 
infections

Reduced 
intravascu-
lar volume, 
electrolyte 
disorders

Severe renal/liver

MTF, Metformin; GI, gastrointestinal; TZD, thiazolidinediones, SFU, sulfonylureas; R, repaglinide; AGI, α-glucosidase inhibitors; DPP-4, dipeptidyl peptidase IV inhibitors; GLP-1 RA, 
glucagon-like peptide-1 receptor agonist; MTC, medullary thyroid cancer; QR, quick-release, BAS, Bile acid sequestrants, N/V, nausea/vomiting

@ Rosiglitazone only
*Reduction as monotherapy compared to placebo; the reduction in A1c is proportionate to baseline A1c.43 For GLP-1 RA, data for short-acting exenatide only is presented.
†In the absence of co-treatment with agents that otherwise cause hypoglycemia.
‡Other than allergy.
#Liraglutide and Exenatide QW only.
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Insulin Sensitizers with Predominant Action in 
Peripheral Insulin-Sensitive Tissues: Thiazolidinediones
The thiazolidinediones, often termed TZDs or glitazones, 
are believed to work by binding to and modulating the 
activity of a family of nuclear transcription factors termed 
peroxisome proliferator activated receptors (PPARs), par-
ticularly PPAR-γ.38 They are associated with improvement 
in glycemic control over weeks to months in parallel with 
an improvement in insulin sensitivity and reduction of free 
fatty acid (FFA) levels. These agents provide for more dura-
ble glycemic control than other antihyperglycemic agents.39

However, these agents have been associated with sub-
stantial safety concerns. The first TZD, troglitazone, 
was withdrawn from the U.S. market in the year 2000 
as a result of rare cases of fulminant hepatic necrosis. 
Although there is no substantial evidence that newer 
agents are associated with hepatotoxicity, glitazones 
should not be used in patients with active hepatocellular 
disease or with unexplained serum alanine aminotrans-
ferase levels >2.5 times the upper limit of normal; routine 
monitoring of liver function tests with these glitazones is 
no longer recommended. The two remaining agents in the 
U.S. market, pioglitazone and rosiglitazone, have inde-
pendent and shared issues. Data from large multicenter 
trials examining hard clinical endpoints have revealed 
potential differences in cardiovascular effects between the 
pioglitazone and rosiglitazone. In the PROspective pio-
glitAzone Clinical Trial In macroVascular Events (PRO-
active) study, pioglitazone did not significantly reduce 
the primary composite endpoint of all-cause mortality 
or cardiovascular events over a period of nearly 3 years, 
although there was a favorable effect on secondary car-
diovascular outcomes.40 Meta-analyses and of the results 
of the RECORD (Rosiglitazone Evaluated for Cardiovas-
cular Outcomes and Regulation of Glycemia in Diabetes) 
study, respectively, indicate either harmful or neutral car-
diovascular outcomes from rosiglitazone.41 As a result, 
rosiglitazone is labeled with a warning indicating its pos-
sible role in inducing myocardial ischemia.42 A difference 
between these two glitazones is related to lipid effects; 
pioglitazone leads to greater increases in HDL cholesterol 
and smaller increases in LDL cholesterol than rosigli-
tazone and lowers triglycerides, while rosiglitazone tends 
to raise triglycerides.43

Thiazolidinediones may cause fluid retention, leading to 
peripheral edema, a decrease in hemoglobin concentration, 
and heart failure.44 The patients most likely to experience 
edema are those treated with insulin and those with pre-
existing edema. Women, obese patients, and those with 
known ischemic heart disease, heart failure, diastolic dys-
function, or renal insufficiency also seem to be at increased 
risk. The product labeling of pioglitazone45 and rosigli-
tazone42 cautions against use in patients with any degree of 
heart failure. However, no study has demonstrated worsen-
ing myocardial structure or function with these drugs. The 
glitazones cause weight gain, which is a result of subcutane-
ous and not visceral fat accumulation, the latter of which 
is thought to carry less cardiovascular risk; in fact, there is 
a reduction in visceral, hepatic, and intramyocellular fat. 
Both weight gain and fluid retention are more common and 
severe in patients with the greatest glycemic responses.

Increased fracture rates were reported in clinical tri-
als of both rosiglitazone and pioglitazone, mainly in 
women.38,39,46 Distal sites were primarily affected in these 
studies, but bone loss in the axial skeleton has also been 
reported. Preclinical studies suggest that activation of 
PPAR-γ inhibits bone formation by diverting stem cells 
from the osteogenic to the adipocyte lineage and may 
stimulate the development of osteoclasts. Currently, no 
data are available with respect to the prevention or man-
agement of thiazolidinedione-related bone loss.

Some studies suggest a small (3 in 10,000) but dose- 
and duration-dependent increase in risk for bladder can-
cer in patients taking pioglitazone, but not rosiglitazone, 
and a significant reduction in overall cancers, particularly 
colon, liver, and breast.47,48 As a result, the FDA has rec-
ommended ongoing surveillance and avoidance of piogli-
tazone in patients with a history of bladder cancer.45

Insulin Secretagogues
Currently available insulin secretagogues all bind to the 
sulfonylurea receptor (SUR1), a subunit of the adenosine 
triphosphate (ATP)-sensitive potassium channel (KATP) 
on the plasma membrane of pancreatic β cells. The SUR1 
subunit regulates the activity of the channel, effectively 
functioning as a glucose sensor for glucose metabolism in 
β cells and a trigger for insulin secretion.

Sulfonylureas
The sulfonylureas have a relatively quick onset of action 
and variable duration of action (Table 48-3). While 
first-generation agents are rarely used today, the second- 
generation agents (glipizide, glyburide, and glimepiride) are 
more potent and have fewer adverse effects and drug-drug 
interactions. Extended-release glipizide and glimepiride 
are preferred agents because they can be dosed once daily 
in the vast majority of patients and involve a lower risk 
for hypoglycemia and weight gain than glyburide. Hypo-
glycemia associated with sulfonylureas can be severe and 
can last for days, particularly in older patients or those 
with renal insufficiency. Glyburide has been associated 
with an abrogation of ischemic preconditioning, a pro-
tective autoregulatory mechanism in the heart, mediated 
by interaction with the vascular and cardiac SUR2 recep-
tors.49 There is ongoing concern that sulfonylureas may 
be associated with higher cardiovascular mortality com-
pared to metformin,50 but this was not demonstrated in 
the UKPDS.

There also has been concern regarding the potential for 
these agents to accelerate the progression of β cell failure, 
a key feature in the pathogenesis of type 2 diabetes.39,51 
Human data are difficult to acquire because only indirect 
approximations of β-cell mass are available. Neverthe-
less, the long-term safety and low cost continue to justify 
a solid role for sulfonylureas in the medical management 
of type 2 diabetes.

The maximum marketed dose is generally two to 
four times higher than the maximally effective dose. To 
minimize the risk for hypoglycemia, it is probably most 
appropriate to employ relatively low doses of sulfonyl-
ureas, particularly in older adults or those with renal 
insufficiency.



846 PART 5 DIABETES MELLITUS

Repaglinide
Repaglinide is a member of the meglitinide family of insu-
lin secretagogues,52 distinct from the sulfonylureas. It is 
quickly absorbed and has a short half-life and a distinct 
SUR1-binding site. As a result, repaglinide produces a 
generally faster and briefer stimulus to insulin secretion. 
It is dosed with each meal and provides better postpran-
dial control, as well as less hypoglycemia and weight gain 
than glyburide. As is the case with the sulfonylureas, there 
is a minimal glucose-lowering advantage of high doses 
versus moderate doses of repaglinide.

Nateglinide
Nateglinide is a derivative of phenylalanine, and is struc-
turally distinct from both sulfonylureas and the megli-
tinides.52 Its effect to lower postprandial glucose is quite 
specific, and it only modestly lowers fasting glucose. There-
fore, nateglinide is most appropriately used when fasting 
glucose levels are modestly elevated in the setting of early 
diabetes or in combination with insulin sensitizers or long-
acting evening insulin. Nateglinide is dosed with each meal.

Repaglinide and nateglinide theoretically would be 
advantageous in comparison to sulfonylureas for patients 
with erratic eating patterns, renal dysfunction, or who 
otherwise are at increased risk for hypoglycemia. The 
specificity for postprandial glucose was thought to offer 
cardiovascular benefits, but nateglinide did not reduce 
cardiovascular events in patients with impaired glucose 
intolerance in a recent large multicenter clinical trial.53 
Use in the United States of these newer agents has been 
modest, in part because of the need for multiple daily 
doses, and greater expense than with sulfonylureas.

Carbohydrate Absorption Inhibitors:  
α-Glucosidase Inhibitors
α-Glucosidase inhibitors (AGIs) inhibit the terminal 
step of carbohydrate digestion at the brush border of 
the intestinal epithelium.54 AGIs delay carbohydrate 
absorption, allowing the sluggish insulin secretory 
dynamics characteristic of type 2 diabetes to catch 
up with carbohydrate absorption. There are two cur-
rently marketed agents in the United States: acarbose 
and miglitol. Acarbose is largely not absorbed from the 
intestine, whereas miglitol is. Their use has been limited 

by GI complaints, the need to administer the medication 
at the beginning of each meal, and modest reductions in 
fasting glucose and A1c. These concerns should be bal-
anced against the lack of hypoglycemia or weight gain. 
The major adverse effects are flatulence, abdominal 
distress or distension, and diarrhea. These result from 
excessive blockade of carbohydrate absorption in the 
small bowel, leading to fermentation and gas produc-
tion in the colon. To maximize tolerability, start with a 
low dose once daily, and titrate slowly to half the maxi-
mal doses with each meal. The AGIs are contraindicated 
in patients with chronic intestinal conditions, particu-
larly inflammatory bowel disease. Studies in prediabetic 
patients demonstrate significant reductions in incidence 
of diabetes as well as cardiovascular end points and 
slowed progression of intima media thickness associated 
with acarbose therapy.55,56 A trial specifically designed 
to explore the effect of acarbose on cardiovascular out-
comes is expected in 2016.54

Incretin-Based Therapies
Incretins are peptide hormones released by the gut that 
have a multitude of beneficial effects on glucose metabo-
lism.57 Incretins promote insulin secretion in response 
to an oral carbohydrate load in excess to that observed 
from intravenous carbohydrate exposure, a phenomenon 
called the incretin effect. Glucose-dependent insulinotro-
pic peptide (GIP) and glucagon-like peptide 1 (GLP-1) 
account for the majority of the incretin effect, the lat-
ter being most critical. GLP-1 exhibits glucose-lowering 
effects through stimulation of insulin secretion, inhibi-
tion of glucagon production, slowing gastric emptying, 
and improving satiety. The insulin secretory and gluca-
gon inhibitory effects are glucose-dependent, meaning 
that they are abolished as the glucose level approaches 
hypoglycemia. GLP-1 also confers an important regula-
tory effect on food intake and weight. GLP-1 and GIP 
are cleared renally and more importantly through rapid 
inactivation by the ubiquitous protease dipeptidyl pep-
tidase-4 (DPP-4). Therefore, therapeutic approaches 
involve agents that are resistant to degradation by DPP-4 
(GLP-1 receptor agonist, GLP-1RA) or that potenti-
ate GLP-1 and GIP levels through inhibition of DPP-4 
(DPP-4 inhibitors, DPP-4Is).

TABLE 48-3 Characteristics of Sulfonylureas

Generic Name  
(Tablet Sizes [mg])

Initial Daily  
Dose

Maximum  
Daily Dose

Equivalent 
Doses (mg) Duration of Action Comments

Glipizide (5, 10) 2.5-5 mg 40 mg, two doses 
when >10 mg

5 Intermediate,  
12-24 hours

Metabolized by the liver, excreted 
in urine and, to a lesser extent, 
bile; mild diuretic activityGlipizide ER (5, 10) 2.5-5 mg 20 mg, once daily 5 Long, >24 hours

Glyburide (1.25, 2.5, 5) 1.25-5 mg 20 mg, two doses 
when >10 mg

5 Intermediate,  
16-24 hours

Metabolized by the liver, excreted 
in urine and bile

Micronized glyburide 
(1.5, 3, 6)

1.5-3 mg 6 mg twice daily 3 Somewhat shorter Mild diuretic activity; higher risk 
for hypoglycemia

Glimepiride (1, 2, 4) 1-2 mg 8 mg once daily 2 Long, >24 hours Metabolized to inactive metabolites 
by the liver, excreted in urine 
and bile

ER, Extended release.
Adapted from Facts and Comparisons, Drug Information Monthly Update Service, St Louis, JB Lippincott.
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Though lumping these two classes of medications 
together is understandable and frequent, it is probably 
inappropriate. The DPP-4Is are oral agents that are 
moderately effective, weight-neutral, and exceptionally 
well-tolerated and have modest but broader effects on 
hormone levels including GLP-1 as well as GIP and a host 
of others. The GLP-1RA are injected, more effective, pro-
duce weight loss, are less well-tolerated, and yield much 
higher levels of GLP-1 exposure.

GLP-1 Receptor Agonists (GLP-1RAs)
Currently available GLP-1RAs are injectable agents 
with broad indications for treatment of type 2 diabetes  
(Table 48-4).58 There is growing enthusiasm for their use 
in combination with basal insulin. GLP-1RAs are associ-
ated with weight loss, modest blood pressure reduction, 
and increase in pulse. They have minimal intrinsic risk for 
hypoglycemia, though caution is required when used in 
combination with insulin or sulfonylurea.

The most common side effects of GLP-1 RAs are nau-
sea, vomiting, and diarrhea. These effects can be mini-
mized through slow titration, except for exenatide QW, 
which is not titrated but achieves a slowly increasing 
plasma exposure due to its very long half-life. GI side 
effects generally diminish with continued use. Contrain-
dications include gastroparesis and severe renal disease. 
Exenatide is exclusively cleared renally and is poorly 
tolerated in the setting of advanced kidney disease. 
Liraglutide is metabolized in the bloodstream, and its 
pharmacokinetics is unaltered in the setting of impaired 
renal function. However because of the proclivity of these 
agents to cause vomiting, dehydration can ensue and pro-
duce acute or chronic renal failure. Postmarketing sur-
veillance has raised concern for a possible link between 
these agents and acute pancreatitis. There are theoreti-
cal concerns and animal model evidence that raise the 
possibility of an increased risk for pancreatic and medul-
lary thyroid cancer. However, a causal link has not been 
proven, nor has a mechanism been established.59 Never-
theless, it is recommended that GLP-1RAs not be used 

in patients with a history of pancreatitis or with a family 
history or personal history of medullary thyroid cancer.

Exenatide is the only currently available short-acting 
GLP-1RA. It is a synthetic form of a naturally occurring 
peptide found in the saliva of the Gila monster. Exena-
tide effectively reduces A1c approximately 1.0% and 
weight about 5 kg over 2 to 3 years, at least in those 
who continue therapy. It is available in a prefilled pen 
and dosed twice daily subcutaneously before the main 
meals. It is the least well-tolerated of the GLP-1RAs 
and has little effect on fasting glucose, leaving it some-
what less active for A1c lowering than other GLP-1RAs. 
However, it has unparalleled efficacy in lowering post-
prandial glucose. The long-acting GLP-1RAs (liraglu-
tide once-daily and exenatide once-weekly) have been 
reported to have generally superior efficacy for lower-
ing A1c compared to DPP-4Is, TZDs, basal insulin, and 
sulfonylureas and modestly greater weight-loss effects 
than exenatide in its twice-daily formulation. Liraglutide 
seems to be marginally more effective than exenatide 
once-weekly, but exenatide once-weekly is better toler-
ated, particularly during the first few weeks of therapy. 
Liraglutide is available in a prefilled pen. To mini-
mize GI side effects, it is initiated with the lowest dose  
(0.6 mcg) once daily and is gradually titrated to 1.2 mcg, 
and then 1.8 mcg as needed over several weeks. Exenatide 
QW is administered once weekly in a 2-mg dose and does 
not require titration. However, the injection technique is 
somewhat more cumbersome with a larger-gauge needle. 
Many patients develop nodules at injection sites due to 
the properties of the microspheres used to prolong the 
release of the drug. These may take weeks to resolve.

While these drugs have important advantages over 
other agents, including equal or better A1c reduction with 
typical use without hypoglycemia or weight gain, the 
injectable route, side-effect profile, and expense continue 
to limit their use as first-line agents. There are numerous 
experimental agents in this therapeutic class under devel-
opment, including longer-acting agents, oral agents, and 
coformulations with basal insulin.58

TABLE 48-4 Incretin-Based Therapies

Generic Brand Dose Forms Contraindications Renal Dosing Interactions

DPP-4 Inhibitors

Sitagliptin Januvia 25-, 50-, 100-mg Pancreatitis CrCl <30: 25 mg CrCl  
30-50: 50 mg

Digoxin

Linagliptin Tradjenta 5-mg Pancreatitis None Avoid use with CYP3A4 
or P-gp inducers

Saxagliptin Onglyza 2.5-, 5-mg Pancreatitis CrCl <50: 2.5 mg Use 2.5 mg with strong 
CYP3A4/5 inhibitors

Alogliptin Nesina 6.25-, 12.5-, 25-mg Pancreatitis, elevated LFT CrCl 30-60: 12.5 mg,  
CrCl <30: 6.25 mg

None

GLP-1 Receptor Agonists

Exenatide Byetta 5-, 10-mcg twice 
daily

Pancreatitis, gastroparesis Contraindicated if  
CrCl <30

None

Liraglutide Victoza 0.6-, 1.2-, 1.8-mg 
once daily

Pancreatitis, gastroparesis, 
MEN2, MTC

Use caution None

Exenatide QW Bydureon 2-mg once weekly Pancreatitis, gastroparesis, 
MEN2, MTC

Contraindicated if  
CrCl <30

None

MEN, Multiple endocrine neoplasia, MTC, medullary thyroid cancer.
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Dipeptidyl Peptidase-4 Inhibitors (DPP-4Is)
Currently, alogliptin, linagliptin, saxagliptin, and sita-
gliptin have broad approval for use in type 2 diabetes  
(see Table 48-4).60 The usual dose is the maximum dose, 
which is administered without titration. Owing to phar-
macokinetic considerations, lesser-sized tablets are avail-
able and recommended in patients with estimated GFR 
<50 to 60 mL/min/1.73 m2. However, linagliptin, which 
is cleared hepatically, does not require dose reduction for 
renal insufficiency. This class of drugs is very well tolerated 
and has few contraindications. Side effects are uncommon 
but may include nasopharyngitis and headache. Serious 
hypersensitivity reactions have been reported in aftermar-
ket surveillance. As with GLP-1 agonists, these agents are 
currently under FDA scrutiny for a possible increased risk  
for pancreatitis as well as pancreatic cancer, but causal-
ity has not been established.59 These drugs should not be 
used in patients with a history of pancreatitis. The weight 
neutrality, lack of hypoglycemia, broad applicability, tol-
erability, and ease of use create a unique niche for DPP-4 
inhibitors. However, as with exenatide, the precise role of 
these agents in diabetes management has not been estab-
lished. Cost, modest efficacy, and uncertain long-term 
safety remain barriers to use.

Colesevelam
While several bile acid sequestrants with glucose-lowering 
potential are available, colesevelem is the only one that is 
FDA-approved for both treatment of hyperlipidemia and 
hyperglycemia.61 The mechanism of action for lowering 
glucose is as yet uncertain, though many hypotheses exist. 
Colesevelam is administered once or twice daily in tab-
let or oral suspension form. It has modest efficacy, with 
an expected A1c reduction of ~0.5%. The observed LDL 
cholesterol reduction in clinical trials of type 2 diabetes 
was ∼16% and was additive with statins. Colesevelam 
is weight-neutral and does not cause hypoglycemia. The 
most common side effects are GI effects, mainly constipa-
tion, which occurs in ~10% of patients. The drug is not 
recommended for patients with GI motility disorders or 
history of major GI surgery. Colesevelam is contraindi-
cated in patients with triglyceride levels >500 mg/dL and 
should be used with caution in patients with smaller ele-
vations. Colesevelam may reduce the absorption of many 
drugs, including fat-soluble vitamins, which must be 
administered at least 4 hours after a dose of colesevelam. 
Due to its limited efficacy and tolerability as well as high 
cost, colesevelam is used infrequently for management 
of hyperglycemia. However, it may be considered for 
patients with type 2 diabetes who also have hyperlipid-
emia that is refractory to statin therapy. Furthermore, it is 
not systemically absorbed, so it may be useful for patients 
with hepatic or renal disease for whom other medications 
are contraindicated.

Bromocriptine
Bromocriptine is a dopamine agonist that has been used 
for the treatment of hyperprolactinemia. A quick-release 
formulation (bromocriptine QR) has been approved by 
the FDA for treatment of type 2 diabetes.62 It appears 
to increase insulin sensitivity and lower hepatic glucose 

output through stimulating morning dopaminergic activ-
ity in the brain, which may decrease sympathetic tone. 
However, its true mechanism of action is unclear, and 
the first-generation bile acid sequestrants have not been 
FDA-approved for treatment of diabetes. The avail-
able clinical trials demonstrate a 0.6% to 0.7% reduc-
tion in A1c with bromocriptine QR, but it has not been 
adequately studied for use with TZDs or insulin. In 
order to counteract the early morning dip in dopamine 
in the brain, bromocriptin e QR should be given within  
2 hours of wakening. It should be taken with food. Of note, 
shift workers were excluded from trials. Bromocriptine  
QR is not associated with hypoglycemia or weight gain. 
Side effects include dizziness, fatigue, headache, nausea, 
and vomiting. It is contraindicated in nursing mothers 
and in patients with orthostasis, patients with syncopal 
migraines, patients requiring other dopamine agonists, 
and patients with mental disorders requiring treatment 
with dopamine antagonists. Pleural/retroperitoneal and 
heart valve fibrosis has been reported with prolonged 
use of the older formulation. However, a 52-week safety 
study demonstrated reduced cardiovascular events. There 
are also drug interactions with strong CYP3A4 inhibi-
tors and/or major CYP3A4 substrates with which bro-
mocriptine QR should not be prescribed. The utility of 
bromocriptine QR is unclear due to its expense, limited 
efficacy, and tolerability.

Sodium Glucose Co-Transporter 2 Inhibitors (SGLT-2Is)
The kidney plays a central role in the regulation of plasma 
glucose, filtering and reabsorbing 140 to 180 grams of glu-
cose per day, similar to the amount of glucose ingested.63 
In the setting of diabetes, glucose reabsorption is actually 
increased related to increased expression and activity of 
SGLT-2. Sodium glucose co-transporter-2 (SGLT-2) is a 
high-capacity low-affinity transporter primarily found in 
the proximal convoluted tubule of the kidney and respon-
sible for 90% of renal tubular glucose reabsorption. On 
the other hand, SGLT-1 is a low-capacity high-affinity 
transporter responsible for ∼10% of glucose reabsorption 
in the kidney but critically important for glucose absorp-
tion from the gut. Naturally occurring mutations in the 
SGLT-2 gene are associated with the rare familial renal 
glycosuria syndrome, a minimal phenotype with 1 to 170 
g/day of urine glucose loss, lesser rates of obesity and dia-
betes, and no evidence of long-term renal consequences. 
SGLT-1 mutations are associated with an intestinal glu-
cose-galactose malabsorption syndrome characterized 
by unremitting diarrhea and minimal glycosuria. This 
has suggested that selectivity of inhibitors for SGLT-2 
over SGLT-1 is a critical characteristic to predict toler-
ability. On the other hand, SGLT-1 inhibition may be 
associated with greater clinical benefit. This issue remains 
unresolved.

Two SGLT-2 inhibitors are currently clinically avail-
able, and a number are under development. Canagliflozin 
is a selective SGLT-2 inhibitor with >250-fold selectiv-
ity over SGLT-1 and a half-life of ~12 hours, producing 
about 70 grams of glucose excretion over 24 hours.Dapa-
gliflozin is arguably more selective and perhaps has a longer 
half-life, though it produces similar glucose excretion.  
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They have been studied in type 2 diabetes as monother-
apy, in combination with other oral antihyperglycemic 
agents and with insulin. Head-to-head studies with met-
formin and sulfonylurea suggest that these agents are 
equivalently effective in glucose lowering to the most 
effective oral agents. Furthermore, they are associated 
with modest weight loss—2 to 3 kg over placebo in 
26-week studies. They are also associated with modest 
blood pressure reduction. The most common side effects 
are related to glycosuria and include urinary frequency, 
genital infections, and relatively rare episodes of lower 
urinary tract infections as well as dehydration and its 
consequences. Genital infections are generally related to 
yeast, occur in approximately 33% of women, and recur 
with a second episode in about 10%, with more frequent 
episodes being rare. They are much less common in men. 
Issues that have not been totally resolved include dimin-
ished efficacy in the setting of decreased renal function; 
some have suggested that they not be used in those with 
eGFR <60 mL/min, while others suggest diminished 
but significant efficacy down to 45 mL/min. Theoreti-
cal questions related to bone health as a result of uri-
nary calcium loss have been raised but to date are not 
evident in clinical trials. An imbalance in bladder and 
breast cancers without a change in total cancer or can-
cer mortality was reported in a dapagliflozin phase II to 
III clinical program. Canagliflozin is associated with a 
minimal increase in LDL cholesterol; in their regulatory 
filing, there was no signal for increased cardiovascular 
end points overall, though there was an imbalance with 
respect to stroke. As these agents are the most recent 
addition to our treatment possibilities in managing dia-
betes, there remains substantial uncertainty regarding 
their long-term safety and efficacy in the treatment of 
type 2 diabetes, though there is optimism about their 
potential value.

Pramlintide
Pramlintide is a synthetic soluble form of the naturally 
occurring hormone, amylin, which is co-secreted with 
insulin from the β cell. The pharmacologic effects of amy-
lin are complementary to insulin in that they inhibit the 
inappropriate release of postprandial glucagon and slow 
gastric emptying. The primary consequence is reduction 
in postprandial glucose, with modest reductions in over-
all glycemia (A1c ∼0.33%).64 Pramlintide also induces 
modest weight loss through control of appetite centers 
in the brain. As with GLP-1, the counterregulatory hor-
mone response to hypoglycemia is unaltered, and in the 
absence of other therapies, pramlintide does not cause 
hypoglycemia. That being said, early clinical trials that 
did not make anticipatory reductions in insulin dosage 
demonstrated severe hypoglycemia in some patients with 
type 1 diabetes.

Pramlintide is currently only approved for use in con-
junction with basal-bolus insulin regimens in patients 
with type 1 or type 2 diabetes who are not meeting gly-
cemic targets. Pramlintide is available in a multiuse pen 
with several dose increments that facilitate titration. For 
type 2 diabetes, the starting dose is 60 mcg (10 units) 
subcutaneously before major meals (those exceeding 30 g  

of carbohydrates), increasing to 120 mcg (20 units) as 
tolerated. The major side effect is nausea, which can be 
minimized with slow titration. It is advisable that the 
prandial insulin dose be decreased by 50% at the initia-
tion of pramlintide, although ultimately, most patients 
need a smaller decrement. The timing of the prandial 
insulin dose may also require adjustment, since post-
prandial glucose levels generally peak later and at a 
smaller amplitude following pramlintide administration. 
The drug is contraindicated in patients with gastropa-
resis, history of severe hypoglycemia, or hypoglycemia 
unawareness. Because of the complexity of the regimen—
resulting from multiple injections and the need for active 
concomitant titration of insulin—pramlintide is only 
recommended for highly motivated patients in need of 
modest refinement of glycemic control. Coupled with its 
expense and modest efficacy, there is little current pram-
lintide use.

Insulins
Insulin has been commercially available since the early 
1920s and is arguably still a mainstay of therapy for 
individuals with type 2 diabetes worldwide. Subcu-
taneous injection of insulin in type 2 diabetes can be 
used to supplement endogenous production of insulin, 
both in the fasting state to modulate hepatic glucose 
production and in the postprandial state to facilitate 
glucose clearance into muscle and fat for storage. Cur-
rently, the vast majority of insulin used worldwide is 
of recombinant human origin; animal-source insulin 
has now become difficult to obtain. The available for-
mulations largely differ in their pharmacokinetics, as 
reviewed in Table 48-5.

There are three rapid-acting insulin analogues—lispro, 
aspart, and glulisine—each with onset of action in 5 to 15 
minutes, near-peak activity from approximately 45 minutes  

TABLE 48-5 Characteristics of Human Insulin 
and Analogues

Preparation Onset Peak Duration Variability

Rapid Acting

Regular 30 minutes 2-5 hours 5-8 hours Moderate
Lispro  

(Humalog)
5-15 minutes 45 minutes- 

2 hours
3-4 hours Least

Aspart  
(NovoLog)

Glulisine 
(Apidra)

Intermediate Acting

NPH 1-2 hours 4-8 hours 10-20 hours High

Long-Acting

Glargine 
(Lantus)

∼2 hours Flat ∼24 hours Moderate

Detemir 
(Levemir)

1-2 hours Nearly flat 16-24+ 
hours

Minimal

Mixtures

70/30, 75/25 30 minutes 7-12 hours 16-24+ 
hours

Moderate
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to 2 hours, and a duration of action of ~4 hours, with 
slightly more prolonged activity at higher doses. These 
three molecules have a different structural modification 
that disrupts the “tail structure” of the insulin molecule; 
as a result, they do not exhibit as great a tendency to form 
dimers and hexamers at high concentrations. Marketing 
efforts suggest that there are differences between agents, 
but on the background of endogenous insulin secretion 
in the setting of type 2 diabetes, clinically relevant differ-
ences in glycemic control or adverse effects have not been 
demonstrated. These rapid-acting analogues are associ-
ated with better postprandial glucose control than regular 
human insulin, as well as a reduction in the risk for hypo-
glycemia in some studies. They should be administered 
up to 15 minutes before meals or even immediately after 
meals. Carbohydrate counting may be cumbersome for 
some patients, and a fixed-dose prandial insulin regimen 
that is adjusted weekly may result in similar improvements 
in glycemic control.21 However, insulin requirements are 
lower with carbohydrate counting, and weight gain tends 
to be less.

Regular human insulin is approximately half as fast as 
the rapid-acting analogues, with onset in 10 to 30 min-
utes, peak activity at 2 to 5 hours, and duration of action 
of 5 to 8 hours or more. Regular insulin should ideally be 
administered 30 to 60 minutes before meals, which cer-
tainly has issues with respect to adherence and the poten-
tial to produce hypoglycemia if the meal is subsequently 
missed. Intermediate-acting insulin, neutral protamine 
Hagedorn (NPH), is approximately twice as slow as regu-
lar insulin, with an onset of action in 1 to 2 hours, a fairly 
broad peak of activity from 6 to 12 hours, and a duration 
of action of 16 to 24 hours or more. Human regular and 
NPH insulin have a dramatic dose dependence to their 
profile of activity: the higher the dose, the broader the 
peak and longer the duration of action. The manufactur-
ing of other human insulins, Lente and Ultralente, has 
been discontinued.

Insulin glargine is a long-acting insulin analogue with 
distinctive properties. It is administered as a clear, color-
less, acidic solution and therefore cannot be mixed with 
other forms of insulin. Upon subcutaneous injection, the 
solution is neutralized, and the insulin glargine precipi-
tates nearly instantaneously. It provides a duration of 
action of more than 24 hours in most individuals with 
type 2 diabetes. Injection discomfort is related to the acid-
ity of the solution and may be reduced by warming the 
insulin to room temperature.

Detemir is a more recently developed insulin ana-
logue. It is relatively rapidly absorbed but has a pro-
longed duration of action, attributable in large part 
to its acylation at position B29 with a 14-carbon 
fatty acid (myristic acid). As a result of this struc-
ture, detemir is highly protein bound in interstitial 
fluid and plasma. Its duration of action is shorter than 
glargine’s, but once-daily dosing is generally adequate 
in type 2 diabetes.

Insulin may be indicated in patients with type 2 
diabetes who are not meeting glycemic targets despite 
two oral agents, in patients with contraindications to 
or inability to afford intensification with oral agents, 

in symptomatic patients (weight loss, fatigue), or in 
patients with poor glycemic control (A1c >10%). In the 
latter case, it may be possible to wean insulin over time 
as glucotoxicity resolves. Though sulfonylureas are gen-
erally maintained as insulin is initiated and titrated, they 
generally can be discontinued later, with a modest fur-
ther increase in the insulin dose (10 to 30 units) with-
out a deterioration in glycemic control. Metformin in 
particular may prevent excessive weight gain on insulin 
therapy. Patients receiving concomitant thiazolidinedio-
nes are at increased risk for edema and heart failure, and 
discontinuation or dose reduction should be considered. 
Specifically, the combination of rosiglitazone with insu-
lin is not recommended in the prescribing information 
because of concerns regarding increased risk for myo-
cardial infarction in this setting. Several strategies for 
initiating insulin therapy follow.

Basal Insulin Monotherapy
Patient self-titration algorithms employing once-daily 
basal insulin are highly effective, empower patients, 
and may reduce the amount of time required by the 
provider in managing therapy.65,66 A simple algo-
rithm is to have patients monitor fasting glucose at 
home on a daily basis and increase the nightly dose of 
NPH, glargine, or detemir insulin by 1 unit every day or  
2 units every 2 to 3 days if the morning glucose is above 
100 mg/dL. In patients who achieve control of their 
fasting glucose, many will maintain reasonable control 
through the rest of the day. Once-nightly insulin has 
become the most commonly prescribed form of insulin 
therapy in type 2 diabetes in the United States. It results 
in a similar reduction in A1c and a lower incidence of 
hypoglycemia and weight gain than a strategy of ini-
tiating prandial insulin alone.67,68 Studies consistently 
show a statistically significant, lower incidence of noc-
turnal hypoglycemia with bedtime glargine detemir 
when compared to NPH.

Premixed Insulin
Premixed insulin formulations provide greater con-
venience and accuracy than those mixed by patients. 
Premixed formulations available in the United States 
include 70/30 mixtures of NPH and regular insulin, 
75/25 mixtures of NPH and lispro insulin, and a 70/30 
mixture of insulin aspart with NPH. Premixed insulin 
provides a profile of activity as expected from the addi-
tion of the activities of its components. Mixtures of 
75/25 and 70/30 are traditionally dosed twice daily, 
usually two-thirds of the total daily dose before break-
fast and one-third of the total daily dose before din-
ner. However, adding a comparatively small dose of 
70/30 aspart at lunch may offer incremental glycemic 
benefit in patients failing twice-daily therapy.69 The 
role of premixed insulins in the management of type 
2 diabetes has been widely debated. They have advan-
tages with respect to convenience in administering the 
injection and disadvantages with respect to the incon-
venience of having to be more rigid in the timing and 
composition of meals to achieve excellent control. In 
head-to-head studies, premixed insulins tend to reduce 
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A1C to a greater degree than basal insulin alone, but  
at the expense of more hypoglycemia and possibly 
weight gain.69

Basal-Bolus Insulin
On basal insulin alone, glucose levels may increase 
throughout the day before returning to more normal 
levels overnight. In this setting, a large proportion of 
patients will need to add rapid-acting insulin with one 
or more meals to achieve optimal glycemic control. 
When mealtime insulin is added to previously optimized 
basal insulin, simultaneous reductions in the basal insu-
lin are often required. In such patients, the addition of 
a prandial insulin analogue produces a slightly greater 
reduction in A1c than switching to a premixed insulin 
regimen.70 More importantly, recent studies have ques-
tioned the need for full basal bolus regiments in type 
2 diabetes.71 Though the addition of a single injection 
of rapid-acting insulin analogue to those inadequately 
controlled on basal insulin alone provided modest 
additional A1c reduction, twice-daily and thrice-daily 
rapid-acting analogue addition provided essentially 
no incremental benefit in A1c reduction but increased 
weight and hypoglycemia.

The details of implementing basal-bolus insulin are 
discussed in Chapter 44. The major qualitative differ-
ence in using multiple daily injection techniques in the 
setting of type 2 diabetes is that patients do not necessar-
ily need to take an injection with each meal and snack, 
as is generally the case in type 1 diabetes. Many do very 
well taking rapid-acting insulin with larger or carbohy-
drate-rich meals. Similarly, some patients do reasonably 
well overnight while fasting and merely require meal-
associated insulin to maintain glucose levels during the 
day. It should be noted that in typical insulin-resistant 
overweight patients with type 2 diabetes, it has not been 
clearly demonstrated that there are clinically significant 
benefits to multiple daily injection regimens versus once- 
or twice-daily insulin.

Adverse events associated with insulin are well known 
and include weight gain and hypoglycemia. Compared to 
human insulin formulations, both rapid-acting and long-
acting insulin analogues have been shown to provide a 
modest reduction in risk for hypoglycemia. Insulin aller-
gies are rare, as are chronic skin reactions, lipodystrophy, 
and lipohypertrophy. It should be noted that the abso-
lute risk for severe hypoglycemia in patients with type 
2 diabetes is relatively small, approximately one-third 
to one-tenth as high as in similarly treated patients with 
type 1 diabetes. This risk can be further minimized with 
appropriate patient education and expectant home glu-
cose monitoring at times when unrecognized hypoglyce-
mia is most likely to occur. There are rare examples of 
patients who develop irritation at injection sites (more 
common with insulin glargine but rarely dose limiting). 
Finally, concerns about increased cardiovascular risk or 
cancer risk associated with insulin therapy over the inter-
mediate term has largely been laid to rest by the ORIGIN 
trial, which showed no substantial difference in outcomes 
between an oral agent based–approach versus glargine in 
early type 2 diabetes.72

Newer insulin needles cause less discomfort than those 
previously available; finer gauge, shorter length, sharper 
points, and smoother surfaces are changes for the better. 
Insulin pen technology makes teaching a patient to take 
insulin much easier and provides greater convenience and 
accuracy of dosing. Insulin pump therapy has been used 
in patients with type 2 diabetes but is not widely accepted 
as cost-effective for routine use. Even though the vast 
majority of patients now find insulin therapy much easier 
and more effective than they had anticipated, there is still 
substantial resistance to initiating insulin therapy on the 
part of patients and providers.

PRACTICAL ASPECTS OF INITIATING AND 
PROGRESSIVELY MANAGING TYPE 2 DIABETES
A significant challenge in clinical decision making in 
diabetes is that the increased availability of therapeutic 
options for antihyperglycemic therapy is ahead of ade-
quate prospective outcome studies to determine optimal 
treatment strategies. Each class of drugs (and even each 
agent within each class) has advantages and limitations, 
and individual issues may significantly affect the appro-
priate choice of therapy in particular patients. Table 48-2 
highlights some of the relative advantages and disadvan-
tages of various agents and classes. Of greater impor-
tance overall is appropriate initiation and adjustment 
of therapy than the particular regimen patients receive. 
Most patients in specialty care require two or more drugs 
to achieve recommended glycemic targets. Generally it is 
preferred to add agents if there was an improvement in 
control with the first agent selected and to continue to 
add agents as needed to achieve goals.

Strategies
In the absence of studies that clearly demonstrate improved 
outcomes of one agent over another, it is important that 
both the patient and health care provider agree on how 
to reach the goals of therapy. A patient-centered medicine 
approach may lead to various strategies of management, 
which was recently highlighted in a recent consensus 
statement from the ADA and the European Association 
for the Study of Diabetes (EASD).35

Minimal Cost Strategy
For a large proportion of patients, drug costs are an over-
whelming issue. Failure to recognize this issue in practice 
can lead to systematic nonadherence. The least expensive 
drugs for the treatment of diabetes are the sulfonylureas, 
metformin, pioglitazone, and human insulin. A strategy 
to minimize costs could start with substantial attention 
to lifestyle intervention followed by the addition of met-
formin, and then adding sulfonylurea as needed and then 
either human insulin or pioglitazone.

Minimum Weight-Gain or Weight-Loss Strategy
Weight gain associated with the treatment of diabetes is 
of concern to most clinicians and is occasionally an over-
riding issue with patients. A strategy to minimize weight 
gain or promote weight loss would emphasize diet and 
exercise and would almost certainly employ metformin 
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with the addition of a GLP-1RA or SGLT-2I if necessary. 
Unfortunately, there are no studies examining the efficacy 
and safety of combined GLP-1RA and SGLT-2I. There are 
numerous other alternatives to insulin and glitazones that 
are major offenders with regard to promoting weight gain.

Insulin Avoidance/β-Cell Preservation Strategy
Type 2 diabetes is a progressive disease, and most 
patients will eventually require insulin therapy due to 
progressive β-cell failure. While great strides have been 
made in insulin formulations and delivery devices, avoid-
ance of injections and the added risk for hypoglycemia 
and weight gain is desirable for many patients. Several 
agents have purported β-cell protective effects. This has 
been best demonstrated for thiazolidinediones and, to 
a lesser extent, metformin. Though there is great hope 
for incretin-based therapies and perhaps SGLT-2I in this 
regard, there is very little evidence. Issues with bone 
health and other safety concerns with the glitazones, 
however, limit enthusiasm for early and potentially life-
long therapy.

Minimal Insulin Resistance Strategy
Insulin resistance is a key component of the pathophysi-
ology of type 2 diabetes and may contribute directly to 
atherosclerotic complications. Clinical data suggest that 
exogenous insulin is not associated with adverse side 
effects or long-term complications (in particular cancer 
or CVD) beyond its hypoglycemic effects and the asso-
ciated weight gain.72 The thiazolidinediones have the 
greatest efficacy in reducing insulin resistance, with lesser 
effects demonstrated for metformin. However, a recent 
study demonstrated no benefit with respect to death or 
cardiovascular events between an insulin-providing and 
an insulin-sensitizing strategy.73

Minimal Effort Strategy
Many patients are capable of making only a minimal effort 
with regard to their diabetes self-management. Question-
ing patients about their pill-taking history and their realis-
tic ability to comply with a proposed program of therapy 
is important. Taking a once-a-day tablet (e.g., sulfonyl-
urea, glitazone, DPP-4I, or SGLT-2I) requires the least 
effort by the patient. The availability of certain combina-
tions of these may further enhance adherence. Glitazones 
retain their efficacy even after several days of missed doses. 
Whether once-weekly injected GLP-1RA provides for sub-
stantially better acceptance, adherence, and control versus 
once-daily injected therapy (GLP-1RA or bedtime insulin) 
is uncertain but worth exploring with patients.

Hypoglycemia Avoidance Strategy
This is another important consideration, particularly in 
older adults; patients with renal, liver, or CVD; patients in 
certain professions for whom hypoglycemia could endan-
ger others; and patients who are otherwise unable to com-
municate symptoms of hypoglycemia. In this scenario, 
insulin secretagogues would be added last, their dose mini-
mized, and glyburide avoided. Among the secretagogues, 
nateglinide in particular is associated with an exception-
ally low risk for significant hypoglycemia. In patients who 

require insulin, insulin analogues are associated with a 
lower risk for hypoglycemia than human insulin.

Postprandial Targeting Strategy
Achieving postprandial plasma glucose targets is generally 
associated with better control than just meeting premeal 
targets. Techniques that can improve postprandial con-
trol include lowering the carbohydrate content of meals 
and adding fiber; using exenatide, pramlintide, or AGIs 
with meals; and using rapid-acting insulin analogues. 
Nateglinide and repaglinide provide an advantage in this 
situation compared with other secretagogues. However, 
a recent study comparing basal with prandial insulin in 
patients after acute myocardial infarction resulted in sim-
ilar A1c and no difference in risk for future cardiovascular 
events.74

Guidelines
It is a disappointing reality that despite multiple effective 
agents for treating hyperglycemia, only 52% of patients 
with diabetes reach minimum treatment goals for A1c 
specified by professional organizations.4 The reasons 
for this are multiple, but the ever-increasing range and 
number of agents, as well as the increasing complexity 
of care can contribute to therapeutic inertia among pro-
viders and patients. Recent guidelines suggest individu-
alized treatment goals for patients with type 2 diabetes, 
based upon such factors as age, hypoglycemia risk, and 
comorbidities.12,35

The ADA and the EASD recommend a patient-centered 
approach for managing hyperglycemia.35 It highlights the 
efficacy of lifestyle management and the need to continu-
ally reinforce those efforts in practice. While metformin 
is recommended as the first-line pharmacologic therapy, 
the choice of individual pharmacologic agents should be 
mutually negotiated between the patient and provider 
based upon efficacy in lowering A1c, hypoglycemia risk, 
weight gain, major side effects, cost, and other consider-
ations. If additional agents are required, a first principle is 
that combination regimens should incorporate therapies 
with complementary mechanisms of action. Sulfonylureas, 
thiazolidinediones, DPP-4 inhibitors, GLP-1 receptor 
agonists, or insulin (usually basal) are recommended 
options for add-on therapy in patients who inadequately 
respond to metformin or who have contraindications to 
or intolerance of metformin therapy. Alternatives to these 
preferred drugs are certainly effective glucose-lowering 
therapies, but they are not emphasized in the ADA-EASD 
consensus statement for various reasons, including side 
effects, cost, and modest A1c reduction. It should be noted 
that the SGLT-2I came to the marketplace after publica-
tion of these guidelines. With continued favorable experi-
ences, SGLT-2I will almost certainly join the other five 
recommended second-line therapies.

The guideline advocates the addition of insulin at any 
time, particularly if patients are symptomatic, severely 
hyperglycemic (A1c >10%), or have ketonuria. Interme-
diate- or long-acting basal insulin at bedtime, titrated to 
fasting glucose goals, is the preferred means of initiating 
insulin. If fasting blood glucose is in target range and a 
patient is not reaching A1c goals, the addition of premeal 
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insulin or a trial of premixed intermediate- and short-act-
ing insulin is advised. A1c levels should be obtained every 
3 months during treatment, and if patients are not meet-
ing targets, adjustment in therapy is indicated.

Guidelines from the American Association of Clinical 
Endocrinologists (AACE) also recommend early individ-
ualized, goal-directed therapy.12 In this guideline, initial 
monotherapy is preferred for those patients with an A1c 
<7.5%. If the initial A1c is >7.5%, the guidelines recom-
mend starting combination therapy. Basal insulin therapy 
should be added after a trial of triple noninsulin therapy 
or in patients with severe or symptomatic hyperglycemia. 
The recommended dose is 0.1 to 0.2 unit/kg if the A1c is 
<8% or 0.2 to 0.3 unit/kg if the A1c is >8%. Subsequent 
intensification after basal insulin involves the addition of 
a GLP-1 receptor agonist (if not already prescribed) or 
prandial insulin.

FUTURE DIRECTIONS
Novel pharmaceutical agents, including glucagon recep-
tor antagonists, inhibitors of gluconeogenic and glyco-
genolytic pathways, glucokinase activators, acetyl-CoA 
carboxylase inhibitors, selective PPAR-γ modulators, 
modifiers of lipid metabolism, antiobesity agents, and 
anti-inflammatory agents are areas of early pharmaceuti-
cal development.75,76 Novel combinations of agents and 
refinements of existing classes of drugs are a hot-bed of 
activity. Novel methods of insulin and GLP-1RA delivery 
abrogating the need for injections have generated a great 
deal of enthusiasm in some quarters. Finally, early treat-
ment of diabetes to more aggressive targets and less inten-
sive therapy later is an evolving paradigm to prevent late 
complications of the disease as well as of its treatment. 
Prevention of type 2 diabetes makes intuitive sense, but 
there still is tremendous controversy regarding details, in 
part driven by the truly enormous scope of the problem 
with approximately 25% of the U.S. population meeting 
criteria for prediabetes.

The importance of managing dyslipidemia, hyperten-
sion, and the procoagulant state in the setting of diabe-
tes to reduce cardiovascular events has been much more 
clearly demonstrated than the case for treating hypergly-
cemia.77 CVD is the ultimate cause of death in the over-
whelming majority of patients with diabetes, therefore 
blood pressure, lipid, and antiplatelet therapies are criti-
cal components of care.1 Recommended targets for lipid 
and blood pressure management are presented in Table 
48-6; however, it should be noted that there is great 
enthusiasm for changing these guidances nationally, par-
ticularly from outside the diabetes community emphasiz-
ing stricter adherence to the letter of the evidence base as 
opposed to a more interpretive approach.

Lifestyle measures targeting weight reduction for over-
weight patients may be the safest and most cost-effective 
mode of therapy and should be reinforced at every visit. 
All patients with diabetes should be counseled not to start 
smoking or to quit if they are smoking. Unfortunately, 
most patients do not achieve comprehensive control of 
glycemic, lipid, and blood pressure targets.4 Nevertheless, 
rates of diabetes-related complications have declined sig-
nificantly over the last 2 decades.78 When patients under-
stand the goals of therapy and their rationale, they can be 
a driving force to focus the health care team to provide 
strategies that are acceptable to achieve those goals. The 
epidemic of diabetes and obesity, coupled with the pre-
dicted early death and disability that follow, threatens to 
overwhelm our health care system. Practical, systematic, 
and inexpensive approaches to stem this tide are desper-
ately needed.
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TABLE 48-6 Targets for Cardiovascular Risk 
Reduction in Diabetes

Parameter ADA

LDL-C* <100 mg/dL†

Overt CVD: <70 mg/dL is an option
HDL-C >40 mg/dL (men)

>45 mg/dL (women)
TG <150 mg/dL
Non–HDL-C‡ <130 mg/dL
Apolipoprotein-B <90 mg/dL
Systolic blood pressure <140 mm Hg#

Diastolic blood pressure <80 mm Hg

CVD, Cardiovascular disease; HDL-C, high-density lipoprotein  
cholesterol; LDL-C, low-density lipoprotein cholesterol.

*LDL-C is the primary target of therapy except in the case of severe 
hypertriglyceridemia.

†In those with clinical CVD or older than 40 years of age with other 
CVD risk factors, pharmacologic treatment using a statin should be 
added to lifestyle therapy regardless of baseline lipid levels.

‡Non-HDL cholesterol becomes a secondary target of therapy when 
triglyceride levels exceed 200 mg/dL.

#Lower target may be considered in younger patients with less ad-
vanced disease or comorbidities in whom it can be achieved safely 
and easily.

Data from American Diabetes Association. Standards of medical care 
in diabetes—2014. Diabetes Care. 2014;37(suppl 1):S14–S79.
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K E Y  P O I N T S

Diabetes Presentation
 •  Most children with type 1 diabetes present with classic symptoms of polyuria, 

polydipsia, and weight loss.
 •  Common characteristics of pediatric type 2 diabetes include obesity, a positive family 

history, acanthosis nigricans, and presentation during puberty.
 •  Distinguishing between type 1 and type 2 diabetes is not always possible at diagnosis 

and cannot be based on ketone status, body weight, or insulin requirement.
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Type 1 Diabetes
Most children with newly diagnosed type 1 diabetes 
mellitus (T1D) present with classic symptoms (polyuria, 
polydipsia, weight loss) for a few days to several weeks. 
Other presentations include: recent onset of enuresis in 
a previously toilet-trained child, failure to gain weight 
appropriately in a growing child, perineal candidiasis, 
especially in a prepubertal child, recurrent skin infections, 
irritability, and deteriorating school performance.1

The frequency of diabetic ketoacidosis (DKA) at dia-
betes onset varies widely by geographic location, ranging 
from 12.8% to 80% with the highest frequencies in the 
United Arab Emirates, Saudi Arabia, Romania, and 
Tanzania, and the lowest in Sweden, the Slovak Repub-
lic, and Canada.2 The frequency is inversely associated 
with gross domestic product, latitude, and background 
incidence of T1D. The most recent available U.S. data 
show that 34% of pediatric patients <19 years present in 
DKA.3 DKA at initial presentation is more common and 
frequently more severe in children less than 5 years of 
age (e.g., up to two thirds of toddlers present in DKA), 
which may be related to a delay in diagnosis and more 
aggressive ß-cell destruction, and in children who do not 
have ready access to medical care for social or economic 

reasons.4 Despite an increasing incidence of diabetes in 
children,5,6 major pediatric diabetes centers have shown 
no reduction in the frequency of DKA at presentation 
during the past 10 to 20 years.7 However, prospective 
follow-up of high-risk subjects shows that the diagnosis 
of type 1 diabetes can be made in the majority of asymp-
tomatic individuals when metabolic abnormalities are 
still relatively mild,8,9 and DKA can largely be prevented, 
even in preschool-age children.10 The progression of 
T1D tends to follow a characteristic clinical course 
that includes an abrupt onset of classical symptoms 
that rapidly disappear after starting insulin replacement 
therapy. A temporary remission (“honeymoon phase”) 
often follows with partial recovery of endogenous insu-
lin secretion, demonstrable by plasma C-peptide levels 
and characterized by stable near-to-normal blood glu-
cose levels and decreasing insulin requirements.11 Severe 
DKA and young age at presentation decrease the likeli-
hood of a remission phase.12 Recurrence or persistence 
of the autoimmune attack on ß-cells invariably leads to 
further ß-cell destruction and progressive decline in insu-
lin production, and eventually leads to complete or vir-
tually complete cessation of insulin production in most 
cases of childhood onset T1D.

Overview of Diabetes Management
 •  The choice of initial therapy, irrespective of the type of diabetes, should be based on 

clinical assessment of the metabolic state.
 •  Subsequent therapy is guided by the patient’s response to treatment.
 •  A multidisciplinary diabetes team (physician, diabetes nurse educator, registered 

dietitian, and behavioral specialist) is essential for successful management of pediatric 
diabetes.

Management of Type 1 Diabetes
 •  Successful management of type 1 diabetes requires meticulously balancing insulin 

replacement with diet and exercise.
 •  Technological innovations have made it possible to achieve tighter blood glucose 

control with reduced risk of severe hypoglycemia in children with type 1 diabetes.
 •  Widespread achievement of target hemoglobin A1c levels remains a major challenge.
 •  The diabetes team must set realistic and attainable goals for each patient while 

providing encouragement and support.
Management of Type 2 Diabetes
 •  Pediatric type 2 diabetes has emerged as a major new challenge.
 •  Intensive intervention is required both for glycemic control and management of 

comorbidities such as obesity, dyslipidemia, hypertension, and microalbuminuria.
 •  A family-centered approach to lifestyle modification is essential.
 •  Patients with ketosis, random blood glucose ≥250 mg/dl, or hemoglobin A1c >9% 

should be treated initially with insulin; metformin is added after hydration and 
stabilization of blood glucose.

 •  For asymptomatic or mildly symptomatic patients, lifestyle modification plus metformin 
is recommended.

Diabetes Monitoring
 •  Self-monitoring of blood glucose is the cornerstone of diabetes care.
 •  Blood glucose data are used to adjust the treatment regimen to achieve glycemic targets.
 •  Hemoglobin A1c is used to monitor long-term glycemic control and is a measure of risk 

for the development of diabetes complications.
  

K E Y  P O I N T S — c o n t ’ d



856 PART 5 DIABETES MELLITUS

Presentation of Type 2 Diabetes
Type 2 diabetes (T2D) accounts for an increasing propor-
tion of all newly diagnosed diabetes in the age group 10 
to 20 years, ranging from 6% for non-Hispanic Whites, 
22% for Hispanics, 33% for Blacks, 40% for Asians/
Pacific Islanders, and 76% for Native American youth.13 
Studies that use strict criteria for the diagnosis of T2D 
show several common characteristics, including obesity, 
a strong family history of T2D, acanthosis nigricans, 
female preponderance, and average age of presentation in 
midpuberty. The presentation can range from insidious to 
severe, and ketosis or DKA is not uncommon, which con-
trasts with adult onset T2D in which DKA is rare. In the 
SEARCH for Diabetes in Youth Study conducted in the 
United States, 9.7% of youth with T2D presented with 
DKA.14 Many youth with T2D present with classic symp-
toms, including weight loss. Diagnosis in asymptomatic 
individuals is also common, either as a consequence of 
the incidental finding of glucosuria or hyperglycemia or 
as a result of screening at-risk individuals. It is likely that 
many individuals with youth onset T2D experience a pro-
longed period of mild hyperglycemia with minimal or no 
symptoms.15

Distinguishing between Type 1 and Type 2 Diabetes
The classic criteria (age at onset and weight) for distin-
guishing between these two major types of diabetes have 
increasingly become blurred. Both T1D and T2D now 
often present during puberty, a period of life character-
ized by physiologic insulin resistance,16 and as a result 
of the current high prevalence of overweight and obesity 
in children and adolescents, many youth with T1D are 
either overweight or obese at diagnosis17 or within the 
first few years after diagnosis.18 The increasing incidence 
of T2D in youth has presented clinicians with a diagnos-
tic challenge when evaluating a pediatric patient with 
new-onset diabetes.19

Distinguishing between T1D and T2D cannot be based 
on ketone status, body weight, or insulin requirement. In 
contrast to T2D in adults in which ketonuria is unusual, 
as noted previously, a substantial fraction of adolescents 
with T2D have ketonuria and nearly 10% have DKA at 
presentation.14 Furthermore, insulin requirements typi-
cally decrease after several weeks of treatment, which 
may resemble the remission or “honeymoon” period 
of T1D. Measuring pancreatic islet autoantibodies and 
markers of insulin secretion (fasting C-peptide levels) at 
the time of diagnosis in obese patients helps to distinguish 
between T1D and T2D.20 Obese youth with a clinical 
diagnosis of T2D may have evidence of islet autoimmu-
nity contributing to insulin deficiency, and it is notewor-
thy that of the 1206 overweight and obese (BMI ≥85th 
percentile) subjects screened for the Treatment Options 
for Type 2 Diabetes in Adolescents and Youth (TODAY) 
Study (see later section on Type 2 Diabetes) and consid-
ered clinically to have T2D, 9.8% were pancreatic islet 
autoantibody positive.20 A fasting plasma C-peptide 
level >0.85 ng/mL also suggests T2D21; however, plasma 
C-peptide levels obtained soon after diagnosis may be 
transiently low in T2D owing to glucotoxicity and lipo-
toxicity. Repeating the measurement after several weeks 

or months of therapy will sometimes demonstrate hyper-
insulinemia and insulin resistance, helping to establish a 
diagnosis of T2D. Measuring a fasting insulin-like growth 
factor binding protein-1 (IGFBP-1) level (whose secretion 
is acutely inhibited by insulin and is a marker of insulin 
action) may be another useful biochemical parameter to 
assist the clinician to make the distinction. An IGFBP-1 
value ≤3.6 ng/mL is highly suggestive of T2D.21

In summary, a binary classification is not always pos-
sible at the time of diagnosis. There clearly are patients 
who have clinical and biochemical features of both insu-
lin deficiency and insulin resistance; that is, characteris-
tics of both types of diabetes. Irrespective of the type of 
diabetes, the choice of initial therapy should be based on 
the metabolic state, as determined by clinical assessment. 
Subsequent therapy is then modified if necessary, guided 
by the individual patient’s response to treatment.

INITIAL MANAGEMENT OF NEWLY DIAGNOSED TYPE 
1 DIABETES
Whenever possible, the child with DKA should be cared 
for in a healthcare facility that has nursing staff trained 
in DKA management and a clinical chemistry laboratory 
that can provide timely measurement of serum chemis-
tries. Children with signs of severe DKA (long duration 
of symptoms, compromised circulation, depressed level 
of consciousness) and those at increased risk for cerebral 
edema (<5 years of age, new onset diabetes) should be 
treated in a pediatric intensive care unit or in a children’s 
ward that specializes in diabetes and can provide equiva-
lent resources and supervision of care.22

The goals of initial management of the child with newly 
diagnosed diabetes mellitus depend on the clinical presen-
tation and are: to restore fluid and electrolyte balance, to 
stabilize the metabolic state with insulin, and to provide 
basic diabetes education and self-management training 
for the child (when age and developmentally appropriate) 
and other caregivers (parents, grandparents, guardians, 
older siblings, daycare providers, and babysitters).

The diagnosis of diabetes in a child is a crisis for the 
family, who requires considerable emotional support 
and time for adjustment and healing. Shocked, grieving, 
and overwhelmed parents typically require at least two 
to three days to acquire basic or “survival” skills while 
they are coping with the emotional upheaval that typi-
cally follows the diagnosis of diabetes in a child. Even 
if they are not acutely ill, depending on local resources 
and practices, children with newly diagnosed T1D may 
be admitted to the hospital to initiate insulin treatment 
and for diabetes education and self-management training. 
However, outpatient or home-based management is pre-
ferred at some centers that have the requisite resources.23 
Outpatient or home-based management may have several 
advantages: the stress of a hospital stay can be avoided, 
the outpatient setting or patient’s home is a more natural 
learning environment for the child and family, and ambu-
latory treatment reduces the cost of care. The literature 
comparing initial hospitalization with home-based and/or 
outpatient management of children who are not acutely 
ill with newly diagnosed T1D has recently been critically 
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reviewed. The results are inconclusive because of insuffi-
cient high-quality data; nonetheless, the data suggest that 
where adequate outpatient and/or home initial manage-
ment of T1D at diagnosis can be provided, there is no 
disadvantage in terms of metabolic control nor increase 
in acute complications, hospitalizations, psychosocial or 
behavioral problems, or total costs.23 The decision con-
cerning whether a child with newly diagnosed diabetes 
should be admitted to hospital depends on several fac-
tors. Of these, the most important are the severity of the 
child’s metabolic derangements, the family’s psychosocial 
circumstances, and the resources available at the treatment 
center.

OUTPATIENT DIABETES CARE

The Diabetes Team
Optimal care of children with T1D is complex and time-
consuming. Children with diabetes should be managed 
by a multidisciplinary diabetes team that provides diabe-
tes education and care in collaboration with the child’s 
primary care physician.24 The team should consist of a 
pediatric endocrinologist or pediatrician with training in 
diabetes management, a pediatric diabetes nurse educator 
(DNE), a dietitian trained in pediatric nutrition, and a 
mental health professional, either a clinical psychologist 
or social worker. A team member should always be avail-
able by telephone to provide guidance and support to 
parents and patients and to respond to metabolic crises 
that require immediate intervention.

Initial Diabetes Education
Education is the keystone of diabetes care, and struc-
tured self-management education is vital to a successful 
outcome.24 Diabetes education is the process of provid-
ing the person with the knowledge and skills needed to 
perform diabetes self-care, manage crises, and to make 
lifestyle changes to successfully manage the disease. 
The diabetes education curriculum should be adapted 
to the individual child and family. Parents and children 
with newly diagnosed diabetes are usually anxious and 
are frequently overwhelmed, and they cannot assimilate 
a large amount of abstract information. Therefore, the 
education program should be staged. Initial educational 
goals should be limited to essential “survival” skills so 
that the child can be safely cared for at home and return 
to his or her daily routine. Initial diabetes education and 
self-management training should include: understanding 
the causes of diabetes, how diabetes is treated, how to 
administer insulin, basic meal planning, self-monitoring 
of blood glucose and ketones, recognition and treatment 
of hypoglycemia, and how and when to contact a member 
of the diabetes team for advice.

Continuing Diabetes Education and Long-Term 
Supervision of Diabetes Care
When the child is medically stable and parents (and other 
care providers) have mastered “survival” skills, the child 
is discharged from the hospital or ambulatory treatment 
center. In the first few weeks after diagnosis, frequent 
telephone contact provides emotional support and helps 

parents to interpret the results of blood glucose monitor-
ing, and during this time insulin doses are adjusted if nec-
essary. Within a few weeks of diagnosis, many children 
enter a partial remission, evidenced by normal or near-
normal blood glucose levels on a low dose (<0.25 U/kg/
day) of insulin.11 By this time, most patients and parents 
are less anxious, have mastered basic diabetes manage-
ment skills through repetition and experience, and are 
now more prepared to begin to learn the intricate details 
of intensive diabetes management. At this stage, the dia-
betes team should begin to provide patients and parents 
with the knowledge and skills they need to maintain opti-
mal glycemic control while coping with the challenges 
imposed by exercise, fickle appetite and varying food 
intake, intercurrent illnesses, and the many other varia-
tions that normally occur in a child’s daily life. In addi-
tion to teaching facts and practical skills, the educational 
program should promote desirable health beliefs and atti-
tudes in the young person who has a chronic incurable 
disease. For some children, this may be best accomplished 
in a nontraditional educational setting such as a summer 
camp for children with diabetes. The educational curricu-
lum must be concordant with the child’s level of cognitive 
development and has to be adapted to the learning style, 
literacy, and numeracy skills of the individual child and 
family.25 Parents, grandparents, older siblings, school 
nurses, and other important people in the child’s life are 
encouraged to participate in the diabetes education pro-
gram so they can share in the diabetes care and help the 
child to live a normal life.

In the first month after diagnosis, the patient and care 
providers are seen frequently by the diabetes team to 
review and consolidate the diabetes education and prac-
tical skills learned in the first few days and to extend 
the scope of diabetes self-management training. Thereaf-
ter, follow-up visits with members of the diabetes team 
should occur at least every 3 months. Regular clinic 
visits ensure that the child’s diabetes is appropriately 
managed and that the goals of therapy are being met.  
A focused history should provide information about self-
care behaviors, the child’s daily routines, the frequency, 
severity, and circumstances surrounding hypoglycemic 
events, and insulin doses and blood glucose monitor-
ing data should be reviewed to identify patterns and 
trends. At each visit, height and weight should be mea-
sured and plotted on a growth chart. The weight curve 
is especially helpful in assessing adequacy of therapy. 
Significant weight loss usually indicates that the pre-
scribed dose is insufficient or the patient is not receiving 
all the prescribed doses of insulin.26 A complete physical 
examination should be performed at least once or twice 
each year focusing on blood pressure, stage of puberty, 
evidence of thyroid disease, examination of the injection 
sites for evidence of lipohypertrophy (from overuse of 
the site) or lipoatrophy, and mobility of the joints of the 
hands.27

Regular clinic visits also provide an opportunity to 
review, reinforce, and expand on the diabetes self-care 
training begun at the time of diagnosis. Each visit pro-
vides an opportunity to reinforce the individual patient’s 
blood glucose targets and glycated hemoglobin goal, and 
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to increase the patient’s and family’s understanding of 
diabetes management, the interplay of insulin, food, and 
exercise, and their impact on blood glucose levels. As the 
child’s cognitive development progresses, the child should 
become more involved in diabetes management and 
increasingly assume age-appropriate responsibility for 
daily self-care. Parents should be encouraged to contact 
the diabetes team for advice if the pattern of blood glu-
cose levels changes between routine visits suggesting the 
need to adjust insulin doses or change the regimen. Even-
tually, when parents and patients have sufficient knowl-
edge and experience to interpret blood glucose patterns 
and trends, they should be encouraged to adjust insulin 
dose(s) independently.

Psychosocial Issues
The diagnosis of diabetes in a child or adolescent hurls 
the parent from a known and secure reality into a fright-
ening and foreign world. At diagnosis, they grieve the loss 
of their healthy child and cope with such normal distress 
reactions as shock, disbelief and denial, fear, anxiety, 
anger, and blame or guilt. While grieving, parents are 
expected to acquire an understanding of the disease and 
behavioral skills to manage the illness at home and to 
assist the child to achieve acceptable blood glucose con-
trol. Parents should receive the support required to begin 
coping with their emotional distress and not be over-
whelmed by unrealistic expectations from a well-meaning 
diabetes treatment team.28

Diabetes presents family members with the task 
of being sensitive to the balance between the child’s 
need for a sense of autonomy and mastery of self-care 
activities and the need for ongoing family support and 
involvement. The struggle to balance independence and 
dependence in relationships between the child and fam-
ily members presents a long-term challenge and raises 
different issues for families at different stages of child 
and adolescent development. Focusing on normal devel-
opmental tasks at each stage of the child’s growth and 
development provides the most effective structure with 
which to address this concern (see reference 28 for 
details).

A medical social worker or clinical psychologist should 
perform an initial psychosocial assessment of all newly 
diagnosed patients to identify families at high risk who 
need additional services. Thereafter, patients are referred 
to mental health specialists when emotional, social, envi-
ronmental, or financial concerns are suspected or identi-
fied that interfere with the ability to maintain acceptable 
diabetes control. Some of the more common problems in 
families that have a child with diabetes include parental 
guilt resulting in poor adherence to the treatment regi-
men, difficulty coping with the child’s rebellion against 
treatment, fear of hypoglycemia, anxiety, depression, 
missed appointments, financial hardship, or loss of health 
insurance affecting the ability to attend scheduled clinic 
appointments and/or to purchase supplies. Patients with 
poor glycemic control and a history of frequent emer-
gency department visits should be screened for depressed 
mood.29 Recurrent ketoacidosis is the most extreme indi-
cator of psychosocial stress, and management of such 

patients is incomplete without a comprehensive psycho-
social assessment.

The treatment of pediatric diabetes is complicated 
by multiple factors inherent to childhood. Because 
childhood is characterized by cognitive and emotional 
immaturity, successful treatment of pediatric diabetes 
requires the continuous, active involvement of respon-
sible adults. Diabetes treatment takes place within a 
family dynamic, and treatment-related conflicts are 
common, arising in part because of a natural discord in 
goals between caretakers and/or the child. Each phase 
of childhood has unique characteristics that complicate 
treatment, such as the unpredictable eating of toddlers 
and the unscheduled intense physical play of school-age 
children that can hinge on unpredictable factors such 
as the weather. Adolescence is characterized by mul-
tiple physiologic and psychosocial factors that make 
glycemic control more challenging. Optimal diabetes  
treatment should be tailored to each child, based on age, 
gender, family resources, cognitive ability, the schedule 
and activities of the child and family, and their goals and 
desires.

Current rates of psychological ill health in youth with 
diabetes are high, and longitudinal data indicate that 
mental health issues in childhood are likely to persist 
into early adulthood and possibly beyond. Importantly, 
such mental health issues appear to be prognostic of mal-
adaptive lifestyle practices and long-term problems with 
diabetes control and earlier-than-expected onset of com-
plications. For these reasons, mental health should be 
given equivalence to, and perhaps even precedence over, 
screening undertaken in diabetes clinics for other com-
plications. Routine screening for behavioral disturbance 
should begin in children at the time of diabetes diagno-
sis, with further assessment of parental mental health and 
family functioning for those children identified to be “at 
risk.” Interventions can then be targeted based on the 
specific needs of individual children and families.30

GOALS OF THERAPY
The Diabetes Control and Complications Trial (DCCT)31 
and a similar smaller study in Sweden, the Stockholm 
Diabetes Intervention Study,32 ended a decades-long 
debate about whether the microvascular complications 
of diabetes are caused by hyperglycemia and can be pre-
vented or ameliorated by near-normal glycemia. The 
U.K. Prospective Diabetes Study (UKPDS) in adults with 
type 2 diabetes33 provided additional scientific evidence 
for the importance of glycemic control. These clinical tri-
als and long-term follow-up observations of the DCCT 
cohort unequivocally demonstrate the importance of 
lowering glycated hemoglobin (HbA1c) values to reduce 
the risk of development and progression of retinopathy, 
nephropathy, neuropathy, and macrovascular disease. 
Intensive treatment regimens that reduce average HbA1c 
to ∼7% (about 1% above the upper limit of normal) are 
associated with fewer long-term micro- and macrovascu-
lar complications.31,34,35 Moreover, improved glycemic 
control is associated with a sustained decreased rate of 
development of diabetic complications36,37; however, the 
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main adverse effect of intensive insulin treatment is an 
increase in the risk of severe hypoglycemia.31

In both children and adults, the goal of diabetes 
management is to maintain glycemic control as close 
to normal as possible without causing hypoglycemia. 
In adults, as illustrated by the DCCT, an A1c value of 
<7% balances the prevention of long-term complica-
tions with an acceptable incidence of severe hypogly-
cemia. However, comparable data are not available to 
definitively determine optimal HbA1c targets for chil-
dren in various age ranges. Therefore, there is no inter-
national consensus on appropriate glycemic targets for 
children of different ages.

A summary of age-based recommendations for glyce-
mic control put forth by a sample of national diabetes 
organizations is shown in Table 49-1. Until recently, the 
American Diabetes Association (ADA) has recommended 
age-based A1c targets based on the risk of hypoglycemia; 
however, it should be noted that the recommendations 
have been controversial, and the ADA has decided to 
harmonize the recommended glycemic goals with those 
of the International Society for Pediatric and Adolescent 
Diabetes (ISPAD). ISPAD recommends an optimal tar-
get A1c range of <7.5% for all age groups.39 The ISPAD 
guidelines are accompanied by the statement: “...each 
child should have their targets individually determined 
with the goal of achieving a value as close to normal as 
possible while avoiding severe hypoglycemia as well as 
frequent mild to moderate hypoglycemia.”

Young children (<6 years) with diabetes are at increased 
risk for adverse neurologic outcomes from severe hypo-
glycemia and usually are unable to self-identify hypo-
glycemia. Therefore, special caution is warranted in 
balancing the opposing risks of hypoglycemia and future 
vascular complications in this population (see later sec-
tion on Hypoglycemia). The relative contribution of the 
prepubertal years to the development of microvascular 
complications has been uncertain; however, evidence 
indicates that a longer prepubertal duration of diabetes 
increases the risk of retinopathy and, possibly, microal-
buminuria in adolescence and young adulthood, but at a 
slower rate than the postpubertal duration.40

Adolescents are another population that warrant spe-
cial consideration. The hormonal alterations and insulin 
resistance characteristic of puberty and the psychologi-
cal challenges of adolescence make achieving these tar-
gets especially difficult. For example, in a recent analysis 
of the United States Type 1 Diabetes Exchange Clinic 
Registry, among 7303 adolescents age 13 to 20 years, 
the average HbA1c was 8.8% and only 21% met the 
ADA target (<7.5%); 43% of children 6 to 12 years and 
64% of children <6 years met their age-specific ADA 
targets.41

Biochemical goals should always be individualized to 
take into account both medical and psychosocial consid-
erations. Less stringent treatment goals are appropriate 
for preschool-age children, for children with developmen-
tal handicaps, for those with psychosocial challenges, for 
those lacking appropriate family support, for children 
who have experienced severe hypoglycemia, or for those 
with hypoglycemia unawareness.

INSULIN THERAPY IN TYPE 1 DIABETES

Initial Insulin Therapy
Within days to months of diagnosis, most children with 
T1D are severely insulin deficient and depend on insulin 
replacement for survival. The aim of insulin replacement 
therapy is to simulate as closely as possible patterns of 
plasma insulin levels that occur in nondiabetic individu-
als; however, truly physiologic replacement of insulin 

TABLE 49-1 Recommended Glycemic Targetsa

Blood Glucose Goal Range

(mmol/L) HbA1c

American Diabetes Association

Preprandial Bedtime

Toddlers and  
preschool-age  
children (<6 years)

5.6-10 6.1-11.1 <8.5%

School-age children  
(6-12 years)

5-10 5.6-10 <8%

Adolescents and 
young adults

5-7.2 5-8.3 <7.5%b

Australasian Paediatric Endocrine Group

Preprandial Postprandial

Children and  
adolescentsc

4-8 <10 <7.5%

Canadian Diabetes Association

Preprandial

Age <5 years 6-12 ≤9%d

Age 5-12 years 4-10 ≤8%e

Age 13-18 years 4-7
4-6

≤7%f

≤6%g

Diabetes UK (National Institute for Clinical Excellence)

Preprandial Postprandial

Children and young 
people

4-8 <10 ≤7.5%h

International Society for Pediatric and Adolescent Diabetesi

Preprandial Postprandial

Ideal 3.6-5.6 4.5-7 <6.05%
Optimal 5-8 5-10 <7.5%
Suboptimal (action 

suggested)
>8 10-14 7.5-9%

High risk (action 
required)

>9 >14 >9%

a1 mmol/L = 18 mg/dl.
bA lower goal (<7%) is reasonable if it can be achieved without exces-

sive hypoglycemia.
cIn very young children,… glycaemic targets need to be at the upper 

part of these ranges or a little higher.
dExtreme caution is required to avoid severe hypoglycemia.
eTargets should be graduated to the child’s age.
fAppropriate for most patients.
gConsider for patients in whom these targets can be achieved safely.
hWithout frequent disabling hypoglycemia.
iThese targets are intended as guidelines, and each child should have 

targets individually determined with the goal of achieving a value as 
close to normal as possible while avoiding severe hypoglycemia as 
well as frequent mild to moderate hypoglycemia.39



860 PART 5 DIABETES MELLITUS

remains an elusive goal because of the delivery of insu-
lin into the systemic circulation instead of the portal sys-
tem as well as the inability to mimic the first and second 
phases of normal prandial insulin release.42 Insulin pump 
therapy or multiple daily insulin injections are the two 
methods that can most closely mimic insulin secretion.

The first step in choosing an insulin regimen is to 
establish glycemic goals (see Table 49-1). In addition to 
physiologic goals, practical considerations are vital in the 
selection of insulin regimens in children with T1D. Socio-
economic circumstances, health literacy and numeracy, 
patient age, supervision of care, ability and willingness 
to self-administer insulin several times each day, and dif-
ficulty in maintaining long-term adherence, all conspire 
to make physiologic replacement of insulin challenging. 
Given these factors, there is no universal insulin regimen 
that can be successfully used for all children with T1D. 
The diabetes team must design an insulin regimen that 
meets the needs of the individual patient and is accept-
able to the patient and/or family members(s) responsible 
for administering insulin to the child or supervising its 
administration.

The initial route of insulin administration is deter-
mined by the severity of the child’s condition at presenta-
tion. Insulin is preferably administered intravenously for 
treatment of DKA. Children who are metabolically stable 
without vomiting and without significant ketosis may be 
started with subcutaneous (SC) insulin administration. 
SC insulin treatment in the newly diagnosed child should, 
ideally, be started with at least three injections per day 
or a basal-bolus regimen (Table 49-2). Some clinicians 
have recently started insulin pump therapy at the time of 
diagnosis regardless of the severity of presentation or age 
of the child.

In addition to severity of metabolic decompensation, 
the child’s age, weight, and pubertal status guide the ini-
tial insulin dose selection. When diabetes has been diag-
nosed early, before significant metabolic decompensation, 
0.25 to 0.5 unit/kg/day usually is an adequate starting 
dose. When metabolic decompensation is more severe 
(e.g., ketosis without acidosis or dehydration) the initial 
dose typically is at least 0.5 unit/kg/day. After recovery 
from DKA, prepubertal children usually require at least 
0.75 unit/kg/day, whereas adolescents require at least  
1 unit/kg/day. In the first few days of insulin therapy, while 
the focus of care is on diabetes education and emotional 
support, it is reasonable to aim for premeal blood glucose 
levels in the range of 80 to 200 mg/dl and to supplement, 
if necessary, with 0.05 to 0.1 unit/kg of rapid-acting insu-
lin SC at 3- to 4-hour intervals.

Three major categories of insulin preparations, classi-
fied according to their time course of action, are available 
(Table 49-3). Various insulin replacement regimens con-
sisting of a mixture of short- or rapid-acting insulin and 
an intermediate- or long-acting insulin are used in chil-
dren and adolescents (see Table 49-2), typically adminis-
tered two to four (or more) times daily. Clear superiority 
of any one regimen in children and adolescents, in terms 
of metabolic outcomes, has not been demonstrated.43

All insulin regimens have the same general goal: to 
provide basal insulin throughout the day and night and 

additional (prandial) insulin to cover meals and snacks. 
While clinical trials comparable to the DCCT have not 
been conducted in prepubertal children, it is reason-
able to extrapolate that prepubertal children will also 
benefit from strict control of their diabetes. Therefore, 
intensive treatment regimens (at least 3 insulin injections 
daily or insulin pump) are the preferred form of therapy 
for patients with T1D. Insulin regimens based on 1 or 
2 daily injections cannot achieve optimal glycemic con-
trol in patients with T1D, outside of the remission or 
“honeymoon” period, without incurring a greater risk of 
hypoglycemia. Use of these regimens, including the use of 
premixed combination insulins, should only be used in 
patients in whom social or other barriers preclude the use 
of intensive insulin treatment.

When a two-dose regimen is used, the total daily dose 
is typically divided so that about two thirds is given before 
breakfast and one third is administered in the evening. 
With three or more doses, short- or rapid-acting insulin 
is administered before the evening meal, and the second 
dose of an intermediate- or a long-acting insulin is given 
at bedtime rather than before the evening meal. Regular 
insulin is given at least 30 minutes before eating; rapid-
acting insulin (lispro, aspart, glulisine) is given 5 to 15 
minutes before eating (depending on the premeal blood 
glucose value).

TABLE 49-2 Insulin Regimens Used to Treat 
Children and Adolescents

Number of  
daily doses Breakfast Lunch Dinner Bedtime

Two S/R + N* S/R + N
Three S/R + N

S/R + N
S/R + N

S/R + N

S/R
S/R

S/R
S/R + N
S/R+ Glarg/

Det†

S/R

S/R + N

Glarg/Det
Four S/R

S/R + N
S/R

S/R + Glarg/
Det

S/R + Det
S/R

S/R
S/R
S/R

S/R

S/R
S/R

S/R
S/R
S/R

S/R

S/R
S/R + Glarg/

Det

S/R + N
S/R + N
S/R + Glarg/

Det
S/R

S/R + Det
S/R

CSII‡ S/R S/R S/R S/R

CSII, Continuous subcutaneous insulin infusion (pump); Det, insulin 
detemir; Glarg, insulin glargine; N, neutral protamine Hagedorn 
(isophane); R, rapid-acting insulin (insulin lispro, insulin aspart, 
insulin glulisine); S, short-acting, soluble (regular) insulin.

*Premixed combinations, such as either 70% NPH and 30% regular, 
or 70% protamine-crystallized aspart (PA) and 30% soluble insulin 
aspart, or 75% neutral protamine lispro (NPL) and 25% insulin 
lispro, are usually used in twice daily fixed dose insulin regimens.

†Insulin glargine is usually administered once daily, either with 
breakfast or in the evening with dinner or at bedtime. According to 
the manufacturers, both glargine and detemir should be given as a 
separate injection and cannot be mixed with another insulin in the 
same syringe. Insulin detemir may be used once (typically with dinner 
or at bedtime) or twice daily (with breakfast and a second dose either 
with dinner or at bedtime).

‡Boluses are administered with meals and snacks together with basal 
insulin throughout the day and night.
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The optimal ratio of rapid- or short-acting to inter-
mediate- or long-acting insulin for each patient is deter-
mined empirically guided by the results of frequent blood 
glucose measurements. At least five daily measurements 
are initially required to determine the effects of each com-
ponent of the insulin regimen. The blood glucose con-
centration should be measured before each meal, before 
the bedtime snack, and once between midnight and 4 am. 
Parents are taught to look for patterns of hyperglycemia 
or hypoglycemia that indicate the need for an adjustment 
in the dose. Adjustments are made to individual com-
ponents of the insulin regimen, usually in 5% to 10% 
increments or decrements, in response to patterns of 
consistently elevated (above the target range for several 

consecutive days) or unexplained low blood glucose 
levels, respectively. This is referred to as pattern adjust-
ment. The insulin dose is adjusted until satisfactory blood 
glucose control is achieved with at least 50% of blood 
glucose values in or close to the individual child’s target 
range.

At the time of diagnosis, most children have some 
residual ß-cell function and within several days to a few 
weeks often enter a period of partial remission (“honey-
moon”), during which normal or nearly normal glycemia 
is relatively easily achieved with a low dose of insulin.11 
At this stage, the dose of insulin should be reduced to 
prevent hypoglycemia, but it should not be discontinued. 
As destruction of the remaining ß-cells occurs, the insulin 
dose increases (“intensification phase”) eventually reach-
ing a full replacement dose. The average daily insulin 
dose in prepubertal children with long-standing diabetes 
is approximately 0.6 to 0.8 unit/kg/day and in adolescents 
1 to 1.2 unit/kg/day.

Intensified Insulin Therapy
Split-Mixed Regimens
Beyond the remission period, it is not generally possible to 
achieve near-normal glycemia with two injections per day 
without incurring a greater risk of hypoglycemia, especially 
during the overnight period. An important limitation of a 
two-dose “split-mixed” regimen is that the peak effect of 
the predinner intermediate-acting insulin tends to occur at 
the time of lowest insulin requirement (midnight to 4 am), 
increasing the risk of nocturnal hypoglycemia. Thereaf-
ter, insulin action declines from 4 am to 8 am, when basal 
insulin requirements normally increase. Consequently, the 
tendency for blood glucose levels to rise before breakfast 
(dawn phenomenon) may be aggravated by a waning insu-
lin effect before breakfast and/or by counterregulatory hor-
mones secreted in response to a fall in blood glucose levels 
during sleep, resulting in posthypoglycemic hyperglycemia 
(Somogyi phenomenon).

A three-dose insulin regimen with mixed short- or 
rapid- and intermediate-acting insulins before breakfast, 
only short- or rapid-acting insulin before dinner, and 
intermediate- or long-acting acting insulin at bedtime, 
may significantly ameliorate these problems.44 In this 
regimen (Fig. 49-1, A), the peak action of the morning 
neutral protamine Hagedorn (NPH) may eliminate the 
need for a lunchtime rapid-acting insulin dose. However, 
intensive insulin regimens that use intermediate-acting 
insulin demand consistency in the daily meal schedule, 
amounts of food consumed at each meal, and the timing 
of insulin injections. Furthermore, NPH insulin given at 
bedtime has been associated with increased frequency of 
nocturnal hypoglycemia relative to “peakless” basal insu-
lin analogues.45

Basal-Bolus Regimens and Continuous Subcutaneous  
Insulin Infusion
Flexible insulin regimens can be delivered with multiple daily 
injections (MDI) or with continuous subcutaneous insulin 
infusion (CSII) using an insulin pump. These flexible regi-
mens more closely simulate normal diurnal insulin profiles, 
overcome many of the limitations inherent in split-mixed 

TABLE 49-3 Insulin Preparations Classified 
According to Their Pharmacodynamics Profiles

Onset of  
Action (h)

Peak  
Action (h)

Effective 
Duration of 
Action (h)

Rapid-Acting

 Insulin lispro*
 Insulin aspart*
 Insulin glulisine

0.25-0.5
<0.25
<0.25

0.5-2.5
1-3
1-1.5

≤5
3-5
3-5

Short-Acting

 Regular (soluble) 0.5-1 2-3 5-8

Intermediate-Acting

 NPH (isophane) 1-2 4-10 10-16

Long-Acting

 Insulin glargine*

 Insulin detemir*

2-4

0.8-2

Relatively 
peakless

Relatively 
peakless

20-24

12-24†

Premixed Combinations

 50% NPH, 50% 
regular

 50% NPL, 50% lispro
 70% NPH, 30% 

regular
 70% PA, 30% aspart*
 75% NPL, 25% lispro*

0.5-1

<0.25
0.5-1

<0.25
<0.25

Dual

Dual
Dual

Dual
Dual

10-16

10-16
10-16

15-18
10-16

NPH, Neutral protamine Hagedorn; NPL, neutral protamine lispro 
suspension; PA, protamine-crystallized insulin aspart suspension.

*Insulin analogue developed by modifying the amino acid sequence 
and/or chemical adducts of the human insulin molecule.

†Dose-dependent; 12 h for 0.2 U/kg; 20 to 24 h for ≥0.4 U/kg.
Both PA + soluble aspart and NPL + lispro are stable premixed  

combinations of intermediate- and rapid-acting insulins.
The human insulins and insulin analogues are available in vials, prefilled 

disposable pen injectors, and cartridges for nondisposable pen injectors.
These data are for human insulins and are approximations from studies 

in adult test subjects. Time action profiles are estimates only. The 
kinetics of NPH insulin may be more rapid in children (Danne T, 
Lupke K, Walte K, Von Schuetz W, Gall MA. Insulin detemir is 
characterized by a consistent pharmacokinetic profile across age-
groups in children, adolescents, and adults with type 1 diabetes. 
Diabetes Care. 2003;26:3087-3092).229 The times of onset, peak, 
and effective duration of action vary within and between patients 
and are affected by numerous factors, including size of dose, site and 
depth of injection, dilution, exercise, temperature, regional blood 
flow, and local tissue reactions.
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regimens, and permit greater flexibility with respect to tim-
ing and content of meals. Doses of rapid-acting insulin are 
adjusted meal-to-meal based on preprandial glucose values, 
anticipated meal macronutrient content, and physical activ-
ity. In the “basal-bolus” MDI regimen (see Fig. 49-1, B), a 
peakless long-acting insulin, insulin glargine, or detemir is 
used to provide basal insulin (typically 40% to 50% of the 
total daily dose) and is used together with short- or rapid-
acting insulin injected before each meal. Insulin glargine is 
an insulin analogue, produced by recombinant DNA tech-
nology, whose duration of action may be up to 24 hours. 
It has little peak activity and is usually administered once 
daily, either before breakfast or in the evening with din-
ner or at bedtime. It should be injected at about the same 
time each day; whereas, short- or rapid-acting insulin is 
injected separately before each meal, whenever it is eaten. 
Insulin glargine is safe in children and adolescents46 and, 
because it does not have the peak of activity characteris-
tic of NPH,47 can reduce nocturnal hypoglycemic episodes 
without jeopardizing glycemic control.44,48 Insulin detemir 
is an alternative long-acting, “peakless” basal insulin49 
with pharmacodynamics characteristics similar to those 

of glargine during the first 12 hours after administration; 
thereafter its effect may wane. Accordingly, it usually has 
to be administered twice daily in patients with severe insu-
lin deficiency.50 Compared to NPH in children and ado-
lescents, risk of hypoglycemia is lower, weight Z-score is 
lower, and its effect on HbA1c is noninferior.51

In 1996, fewer than 5% of patients who started CSII 
(pump) therapy were <20 years of age. Over the interven-
ing years, however, there has been a worldwide increase 
in the number of children and adolescents using pump 
therapy52; and it is now estimated that more than 500,000 
people use pumps (www.childrenwithdiabetes.org).

An insulin pump has one unique advantage over insulin 
injections: the ability to program changes in basal dosage 
to meet an anticipated increase or decrease in need (see 
Fig. 49-1, C). This feature can be advantageous in com-
bating the dawn phenomenon (especially in adolescents) 
or in preventing hypoglycemia during or after strenuous 
exercise. In addition to programming various basal rates, 
the use of dual wave and square wave bolus delivery 
significantly lowers 4-hour postprandial blood glucose 
levels.53 Also, the infusion set typically only has to be 
replaced every 2 to 3 days, sparing the child the discom-
fort of repeated injections. A meta-analysis of randomized 
controlled clinical trials concluded that CSII resulted in a 
small (∼0.5%) improvement in HbA1c.54

Although an insulin pump is a complex and sophisti-
cated medical device that requires extensive training in 
its proper use, with appropriate education and training 
and with support from parents and a school nurse, many 
children can manage the added responsibility of using an 
insulin pump and can benefit from its advantages. Only 
short- or rapid-acting insulin is used with CSII; there-
fore, any interruption in the delivery of insulin rapidly 
leads to metabolic decompensation. To reduce this risk, 
meticulous care must be devoted to the infusion system, 
and blood glucose levels must be measured at least four 
times daily. Increased lifestyle flexibility, reduced blood 
glucose variability, improved glycemic control, and 
reduced frequency of severe hypoglycemia are all docu-
mented advantages of CSII. Success requires motivation 
to achieve normal blood glucose levels, frequent blood 
glucose monitoring, record keeping, carbohydrate count-
ing, and frequent contact with the diabetes team. Patients 
must understand that to be successful, CSII therapy 
requires more time, effort, and active involvement in dia-
betes care by patients and parents, and it also requires 
considerable education and support from the diabetes 
team. The individual who is unable to master a multiple 
dose injection regimen is not likely to be successful with 
CSII. Despite concerns that it might have adverse psycho-
social consequences owing to the added burden of treat-
ment, especially in adolescents, the opposite effect has 
been observed.52

Insulin Regimens and Glycemic Control
Technological innovations have provided patients with 
insulin preparations whose pharmacokinetic proper-
ties make it possible to simulate crudely the physiologic 
insulin kinetics. It is now possible for children safely to 
achieve unprecedented levels of glycemic control without 
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Figure 49-1 Insulin regimens. A, Schematic of idealized insulin action 
provided by a regimen consisting of a mixture of rapid-acting insulin 
(lispro, aspart, or glulisine) and intermediate-acting insulin (NPH) be-
fore breakfast, rapid-acting insulin before supper, and NPH insulin at 
bedtime. B, Schematic of idealized insulin action provided by an insulin 
regimen consisting of four daily injections; rapid-acting insulin before 
each meal (B, L, S) and a separate injection of insulin glargine (or de-
temir), either at bedtime (as shown here), or at dinner or breakfast.  
C, Schematic of idealized insulin effect provided by continuous subcu-
taneous insulin infusion via an insulin pump with rapid-acting insulin. 
In this figure, alternative basal rates are illustrated; insulin delivery is 
shown to decrease from midnight to 3 am and to increase before break-
fast. B, Breakfast; L, lunch; S, supper; HS, bedtime. Arrows indicate 
times of insulin injection or boluses before meals.

http://www.childrenwithdiabetes.org
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excessive severe hypoglycemia. Yet in most patients with 
T1D, the goal of near normalization of glycemic control 
is not realized. Despite the increased use of insulin ana-
logues, flexible insulin regimens, and insulin pumps, sev-
eral recent multicenter studies have shown a persistent 
gap between target HbA1c ranges and the actual values 
patients attain.41,43,55 The successful implementation of 
intensive diabetes therapy remains a major challenge, and 
diabetes care providers should frankly discuss treatment 
options with parents and children and should explain the 
advantages and disadvantages of each in attempting to 
meet the overall goals of treatment. The most suitable 
regimen for a given child and family should be deter-
mined by mutual consent and should be the regimen that 
they will most likely be able to adhere to.

Insulin Therapy in Young Children: Special 
Considerations
Caring for young children with diabetes is challenging 
for many reasons, one of which is the need to accurately 
and reproducibly measure and inject tiny doses of insulin 
that is supplied in a concentration of 100 units/mL (U100 
insulin). To administer a dose of 1 unit requires the ability 
to measure accurately 10 μL (1/100 mL) of insulin. When 
the dose is less than 2 U of U100 insulin, neither the par-
ents of diabetic children nor skilled pediatric nurses are 
able to measure the dose accurately.56 Furthermore, a 
dose change of 0.25 U translates into a volume difference 
of 2.5 μL in a 300 μL (3/10 mL or 30 unit) syringe. When 
parents attempt to measure insulin doses in increments of 
0.25 U of insulin (e.g., 3.0, 3.25, 3.5 U) using a standard 
commercial 30 unit (300 μL) syringe, they consistently 
measure more than the prescribed amount.57 For these 
reasons, CSII can be an extremely useful tool to provide 
U100 insulin in small doses to young children with T1D, 
with appropriate caregiver education and diabetes team 
support. However, when injection regimens are used, 
to enhance accuracy and reproducibility of small doses, 
insulin should be diluted to U10 (10 Units/mL) with the 
specific diluent available from the insulin manufacturers. 
Using U10 insulin, each line (“unit”) on a syringe is actually 
0.1 U of insulin.

To avoid intramuscular insulin injections in infants and 
young children with little subcutaneous fat, syringes with 
6 mm needles or insulin pens with 31-32 gauge 4 or 5 mm  
needles should be used. Short needles are also desirable for 
use in older thin children. Finally, in toddlers and young 
children with unpredictable eating habits, rapid-acting insu-
lin often is administered immediately after the meal (dose 
based on estimated actual carbohydrate consumed) to pre-
vent hypoglycemia from incorrect insulin dosing as a result 
of the child not eating the entire meal.

MEDICAL NUTRITION THERAPY (MNT)
MNT is the process by which the nutrition prescription is 
tailored for the individual with diabetes based on medi-
cal, lifestyle, and personal factors, and it is one of the 
cornerstones of management of all types of diabetes. 
MNT emphasizes the important role of nutrition in nor-
mal physical growth and development and in optimizing 

glycemic control, lipid profiles, and blood pressure in 
individuals with diabetes.58 Nutrition education and 
counseling is an essential component of a comprehen-
sive program of diabetes self-management education for 
patients and their families.58 There is no “diabetic diet” 
per se. Nutrition therapy should be individualized with 
consideration given to the patient’s usual eating habits 
and other lifestyle factors. Monitoring clinical and met-
abolic parameters, including height, weight, body mass 
index, blood pressure, blood glucose, HbA1c, and lipids, 
as well as quality of life, is crucial to ensure successful 
outcomes. Combining frequent self-monitoring of blood 
glucose with intensive insulin therapy and mastery of car-
bohydrate counting enables children and adolescents to 
enjoy dietary flexibility while maintaining glycemic control 
in the target range.

The initial focus of MNT differs between the two major 
types of diabetes (Table 49-4). Children with T2D typically 
are overweight or obese at presentation and there is great 
emphasis on weight loss, limiting calorie intake, and distrib-
uting meals evenly throughout the day. In T2D, even mod-
est weight reduction alone increases sensitivity to insulin 
and improves fasting and postprandial plasma glucose lev-
els. Similarly, moderate calorie reduction decreases plasma 
glucose levels. Accordingly, initiation of a lifestyle modifi-
cation program, including nutrition and physical activity 
(and starting metformin), is recommended as first-line ther-
apy for children and adolescents at the time of diagnosis 
(see the Type 2 Diabetes section that follows).59 In contrast, 
in T1D, the primary goal is to match insulin delivery and 
carbohydrate consumption to achieve blood glucose levels 
in the age-specific target range (see Table 49-1).

There is no evidence that the nutritional needs of chil-
dren with diabetes differ from those of children without 
diabetes. Therefore, nutrient recommendations are based 
on the requirements of the general pediatric population. 
Meal plans for children with diabetes should begin with 
the key recommendations outlined in Dietary Guidelines 
for Healthy Americans 2010.60 The total intake of energy 
must be sufficient to balance the daily expenditure of 
energy. Because energy requirements change with age, 
physical activity, and growth, an assessment of height, 
weight, and energy intake is recommended every 3 to 6 
months. Growth is an excellent indicator of the adequacy 
of energy intake, and should be evaluated by regularly 
plotting height and weight on appropriate growth charts. 
If growth is not optimal, the diet should be reviewed and, 
in patients with T1D, one should screen for evidence of 
inadequate insulin delivery, hypo- or hyperthyroidism, 
celiac disease, and adrenal insufficiency. For overweight 
and obese youth with either T1D or T2D, energy con-
sumption must be reduced to arrest weight gain.

Many studies have attempted to determine the opti-
mal macronutrient distribution; however, a consensus 
recommendation does not exist. The Dietary Reference 
Intake (DRI) is cited as a guideline that should be used to 
formulate the initial prescription. This suggests 45% to 
65% of calories from carbohydrate, 20% to 35% from 
fat, and 10% to 35% from protein. After the nutrition 
prescription has been determined, the proportion of mac-
ronutrients can be modified, as necessary, according to 
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blood glucose and plasma lipid goals and requirements 
for growth and development. Table 49-5 shows a general 
approach to meal management for both T1D and T2D.

Carbohydrate
Carbohydrate is the main nutrient in starches, fruits, milk, 
and sugar-containing foods and has the greatest effect on 
blood glucose levels. Sugars, starches, and fibers, rather 
than simple or complex carbohydrates are now the pre-
ferred names for carbohydrate categories, because these 
terms reflect the chemical composition of the carbohy-
drate, and dietary carbohydrate is the major determinant 
of postprandial blood glucose excursions. Based on the 
assumption that simple sugars, especially sucrose, are 
more rapidly digested and absorbed than starches and, 
therefore, would aggravate hyperglycemia, patients with 
diabetes were previously advised to avoid sugars and 
replace them with starches. Dietary dogma has yielded to 
a large body of research on the glycemic index (GI), which 
was initially proposed in 1981 as an alternative system for 
classifying carbohydrate-containing foods. GI measures 
the glycemic response after ingestion of carbohydrate, and 
is defined as the incremental area under the plasma glucose 
response curve after consumption of a standard amount 
of carbohydrate from a test food relative to that of a con-
trol food, either white bread or glucose. The GI provides 
a good summary of postprandial glycemia and predicts 

the peak (or near peak) response and the maximum glu-
cose fluctuation.61 Research has consistently shown that 
sucrose and other sugars, when consumed separately or as 
a part of a meal or snack, do not have a greater impact on 
blood glucose levels as compared to other carbohydrates. 
Fruits and milk cause a lower glycemic response than most 
starches, and sucrose causes a glycemic response similar to 
that of bread, rice, and potatoes. Sucrose-containing foods, 
therefore, can be substituted for other carbohydrates in 
the meal plan or, if added to the meal plan, can be cov-
ered with insulin.58 In general, most refined starchy foods 
have a high GI, whereas nonstarchy vegetables, fruits, and 
legumes tend to have a low GI.

The usefulness of low GI diets in individuals with T1D 
continues to be controversial and data are sparse in chil-
dren; nonetheless, a meta-analysis of randomized controlled 
clinical trials, some of which have included children, shows 
that low GI diets have a modest long-term beneficial effect 
on blood glucose and lipid concentrations.62

The glycemic load, defined as the weighted average of 
the GI of individual foods multiplied by the percentage 
of dietary energy as carbohydrate, has been proposed as 
a method to characterize the impact of foods and dietary 
patterns with different macronutrient composition on gly-
cemic responses. The glycemic load of meals and snacks is 
more important than the source or type of carbohydrate. 
For example, carrots have a high GI but a low glycemic 
load, whereas potatoes have both a high GI and a high 

TABLE 49-4 Goals of Medical Nutrition Therapy 
of Children and Adolescents with Diabetes Mellitus

Goals that apply 
to all persons 
with diabetes

 1.  Attain and maintain optimal metabolic 
outcomes including:

 •  Blood glucose levels in the normal 
range or as close to normal as is safely 
possible

 •  A lipid and lipoprotein profile that 
reduces the risk for vascular disease

 •  Blood pressure levels in the normal 
range or as close to normal as is safely 
possible

 2.  To prevent, or at least slow, the rate of 
development of the chronic complications 
of diabetes by modifying nutrient intake 
and lifestyle

 3.  To address individual nutrition needs, 
taking into account personal and cultural 
preferences and willingness to change

 4.  To maintain the pleasure of eating by 
only limiting food choices when indicated 
by scientific evidence

Goals specific to 
type 1 diabetes

To provide adequate energy to ensure 
normal growth and development and to 
integrate insulin regimens into usual eating 
and physical activity habits

Goals specific to 
type 2 diabetes

To facilitate changes in eating and physical 
activity habits that reduce insulin resistance 
and improve metabolic control

Goals specific to 
patients on in-
sulin or insulin 
secretagogues

To provide self-management education for 
treatment and prevention of hypoglycemia, 
acute illnesses, and exercise-related blood 
glucose problems

Adapted from Bantle JP, Wylie-Rosett J, Albright AL, et al. Nutri-
tion recommendations and interventions for diabetes: A position 
statement of the American Diabetes Association. Diabetes Care 
2008;31(Suppl 1):S61-S78.

TABLE 49-5 General Approaches to Meal 
Management

Type 1 
diabetes

Split-mixed 
insulin  
regimen

 •  3 meals and 2 or 3 snacks daily
 •  Meals and snacks spaced 2-3 h 

apart
 •  Consistent carbohydrate intake
 •  Snack before bed to decrease risk 

of overnight hypoglycemia
 •  Meal times consistent from day to 

day
 •  Continued education and assess-

ment of readiness to change lifestyle 
to achieve Heart Healthy diet

Basal-bolus or
insulin pump 

therapy

 •  Carbohydrate content can vary
 •  Must accurately count carbohy-

drate and match insulin dose to 
predetermined insulin:carbohydrate 
ratio

 •  Should eat at least 3 meals daily
 •  Should not eat less than a prede-

termined amount of carbohydrate 
per day

 •  Continued education and as-
sessment of readiness to change 
lifestyle to achieve Heart Healthy 
diet

Type 2 
diabetes

 •  Meal plan to assist with evenly 
spaced carbohydrate intake and 
increased emphasis on reducing 
calories to promote weight loss

Age related issues: Children’s activities often differ on weekdays 
compared to weekends and holidays, and appropriate allowance 
must be made for these differences. The meal plan must take into 
account the child’s school schedule, early or late lunches, gym 
classes, and after-school physical activities.
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glycemic load. Although the use of low GI foods may 
reduce postprandial glycemic excursions and may have 
a long-term benefit on HbA1c levels, emphasis initially 
should be on the total amount of carbohydrate consumed, 
and its source should be a secondary consideration. After 
patients have mastered the concept of matching insulin 
to carbohydrate intake, additional guidance on how to 
lower the GI of the diet is a reasonable next step.

Fructose
Fructose is present as the free monosaccharide in many 
fruits, vegetables, and honey, and is more than twice as 
sweet as glucose. About one third of dietary fructose is 
derived from fruits, vegetables, and other natural sources 
in the diet, and about two thirds comes from food and 
beverages to which fructose has been added as a monosac-
charide, or linked covalently in sucrose, or as monosac-
charide mixtures in high-fructose corn syrup and honey. 
Fructose is absorbed more slowly from the intestinal tract 
than glucose, sucrose, or maltose, and it is converted to 
glucose and glycogen in the liver. Postprandial plasma 
glucose levels are reduced when an isocaloric amount 
of fructose replaces sucrose or starch in the diets of peo-
ple with diabetes. Fructose has been used in children in 
amounts up to 0.5 g/kg/day; however, its potential benefit 
is tempered by concern that fructose may have adverse 
effects on serum lipids, especially low-density lipopro-
tein (LDL) cholesterol. Consumption of large amounts of 
fructose (15% to 20% of daily energy intake [90th per-
centile of usual intake]) increases fasting total and LDL 
cholesterol in subjects with diabetes and fasting total and 
LDL cholesterol and triglycerides in nondiabetic subjects. 
Because of the potential adverse effect of large amounts 
of fructose on serum lipids, fructose may have no overall 
advantage over other nutritive sweeteners. There is no evi-
dence, however, that fructose in its primary natural form 
(whole fruit) is harmful in amounts usually consumed.

Carbohydrate Counting
Currently, the most widely used method for youth with 
T1D who use rapid-acting prandial insulin is an individu-
alized insulin-to-carbohydrate ratio (e.g., 1 unit per 10 g 
of carbohydrate). Carbohydrate counting allows flex-
ibility in food choices and enables patients to include a 
wide variety of foods in their meal plan. Limitations of 
carbohydrate counting include not addressing carbohy-
drate quality, diet composition, or total caloric intake. An 
alternative method, employed by patients who use a fixed 
dose insulin regimen or for whom carbohydrate counting 
may be too difficult, is a prescribed carbohydrate meal 
plan that attempts to maintain day-to-day consistency in 
the carbohydrate content of meals and snacks.

To count carbohydrates accurately, children and their 
parents are taught how to read the nutrition facts on food 
labels for total carbohydrate (grams) per serving. Mea-
suring and weighing foods periodically are recommended 
to reinforce accurate portion sizes and carbohydrate 
amounts, which is essential for optimal insulin dosing 
and to minimize postprandial glycemia.

Renewed attention has been directed to the impact of 
fat and protein on postprandial glycemic responses in 

youth with T1D, and evidence suggests that additional 
insulin to account for protein and fat in a meal is superior 
to dosing insulin solely based on carbohydrate intake.63

Fiber
Fiber, which refers to the indigestible portion of a plant, 
influences the digestion, absorption, and metabolism of 
many nutrients. Fiber intake recommendations are similar 
for patients with diabetes as for the general public: 14 g/1000 
kcal. Guidelines recommend including foods containing 
fiber, which emphasizes soluble fiber sources because of 
fiber’s beneficial effects on lipids. This can be achieved by 
consuming minimally processed fiber-containing foods, 
such as whole grain products, fiber-rich cereals, legumes, 
fruits, and vegetables. In diabetic adolescents using intensive 
insulin treatment methods, optimal blood glucose control is 
more common in those who have a higher intake of fiber, 
fruits, and vegetables.64

Protein
Protein requirements are not increased when diabetes is 
well controlled; therefore, children with diabetes should 
follow the recommended daily allowance guidelines. The 
physiologic requirement is determined by the amount of 
protein necessary to sustain normal growth, is based on 
ideal weight-for-height, and varies with age, being highest 
in infancy and early childhood. The protein requirement 
(per kg body weight) of infants, children, and adolescents 
is higher than that of adults. Protein intake decreases 
from approximately 2 g/kg body weight/day in early 
infancy to 1 g/kg for a 10-year-old and 0.8 to 0.9 g/kg/
day in later adolescence. Dietary protein can be derived 
from both animal and vegetable sources including meat, 
poultry, fish, eggs, milk, cheese, and soy. To decrease 
the consumption of saturated fat, less protein should be 
derived from red meat, whole milk, and high-fat dairy 
foods than is customary in the United States. With the 
onset of nephropathy (persistent microalbuminuria), 
excessive protein consumption may be detrimental, and it  
is prudent to advise a protein intake of 0.8 g/kg or ≈10% 
of daily energy intake.

Fat
Onset of T1D and T2D in childhood or adolescence is 
associated with a high risk of early subclinical and clinical 
cardiovascular disease (CVD), and the American Heart 
Association (AHA) places children with T1D in the high-
est tier for cardiovascular risk. Saturated and trans fatty 
acids are the principal dietary determinants of plasma 
LDL cholesterol concentrations. Therefore, to reduce 
CVD risk, consumption of saturated fat, trans fatty acids, 
and cholesterol must be limited while increasing intake of 
unsaturated fats and omega-3 fatty acids. Because both 
glycemic control and cardioprotective nutrition improve 
the lipid profile and reduce CVD risk, the Academy of 
Nutrition and Dietetics guidelines recommend that car-
dioprotective nutrition interventions start at the time of 
the initial nutrition therapy encounter.65 Patients should 
consume less red meat and high-fat dairy foods and eat 
more poultry, fish, and vegetable proteins, and drink low-
fat milk. Children and adolescents with normal plasma 
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lipid concentrations should derive less than 10% of their 
energy from saturated fats; the daily intake of cholesterol 
should be <300 mg/day, and consumption of trans fatty 
acids (principally formed by hydrogenation of unsatu-
rated fats and present in margarine, deep-frying fat, and 
some processed foods such as cookies and cakes) should 
be minimal. In the overweight or obese child, total fat 
consumption should be reduced.

Initial therapy for the patient with elevated LDL cho-
lesterol (>2.6 mmol/L [100 mg/dl]) is with a Step 2 AHA 
diet, which restricts saturated fat to <7% of total calories 
and dietary cholesterol to 200 mg/day.66

MNT Education and Formulation of the Meal Plan
Newly diagnosed children with T1D usually present with 
weight loss; therefore, the initial meal plan includes an 
estimation of energy requirements to restore and then 
maintain an appropriate body weight and to allow for 
normal growth and development. Energy requirements 
vary with age, height, weight, stage of puberty, and level 
of physical activity. Because the energy needs of growing 
children continuously change, the meal plan should be 
reevaluated at least every 6 months in young children and 
annually in adolescents.

MNT begins at the time of diagnosis with an assess-
ment by a registered dietitian. The meal plan must take 
account of the child’s school schedule, early or late 
lunches, physical education classes, after-school physical 
activity, and differences in a child’s activities on weekdays 
compared with weekends and holidays. Young children 
typically eat three meals and two or three snacks daily, 
depending on the interval between meals, age of the child, 
and level of physical activity. Although their daily energy 
intake is relatively constant throughout time, young chil-
dren adjust their energy intake at successive meals. The 
highly variable food consumption from meal to meal 
typical of normal young children is especially challenging 
when the child has T1D. Consequently, rapid-acting insu-
lin may have to be administered after the meal, based on 
an estimation of the actual amount of carbohydrate con-
sumed, and this diminishes parental anxiety. The purpose 
of snacks is to prevent hypoglycemia and hunger between 
meals. If the basal insulin component is adjusted appro-
priately, patients who use a basal-bolus insulin regimen 
or pump therapy may not require snacks.

The dietitian’s role is to evaluate the patient’s and 
family’s knowledge and understanding of nutrition and 
to formulate an individualized meal plan. Even intensive 
insulin replacement regimens are not successful without 
careful attention to meal planning.67 Nutrition education 
and counseling, like all aspects of diabetes education, 
should be an ongoing process with periodic review and 
revision of the meal plan and assessment of the child’s 
and parents’ levels of comprehension, ability to analyze 
and solve problems, and adherence to the nutrition goals. 
The patient should return to see the dietitian if glycemic 
control is poor, growth is failing, weight gain is excessive, 
or if other problems arise related to MNT.

The individualized meal plan must be simple, practical, 
easy to modify, and offer foods that are interesting, tasty, 
and affordable. As described previously, dietary strategies 

principally are determined by the patient’s insulin replace-
ment regimen. We advocate formulating a healthful meal 
plan consistent with the preferences and abilities of the 
individual patient (and family) and heeding the ethnic, 
religious, and economic circumstances of the family. The 
focus should be on both carbohydrate counting and overall 
diet quantity and quality.

The effectiveness of MNT has been evaluated in the 
DCCT, in short-term dietary intervention studies, and in 
cross-sectional analyses.68 Dietary adherence is associated 
with improved glycemic control, including lower HbA1c 
values and reduced postprandial glycemic excursions.69

It is important to note, however, that diet quality in 
individuals with T1D is suboptimal; excessive saturated 
fat and lower fiber intake with inadequate fruit and veg-
etable consumption are common.70,71 The epidemic of 
obesity has not spared children with T1D, and a recent 
SEARCH study report showed a higher prevalence of 
overweight in youth with T1D when compared with 
similarly aged youth without diabetes (22% vs. 16%).18 
In addition to secular dietary trends, a singular focus on 
carbohydrate quantity may be partially responsible for 
these dietary trends.72 Therefore, MNT must address 
both dietary quality and health outcomes while remaining 
sensitive to the patient’s lifestyle and quality of life.

Considerations When Formulating a Meal Plan for  
Type 2 Diabetes
Children with T2D are overweight or obese at presenta-
tion and the emphasis is on weight loss, limiting caloric 
intake, and distributing meals evenly throughout the day. 
Even modest weight reduction alone increases sensitivity 
to insulin and improves fasting and postprandial plasma 
glucose levels.

The aims of treatment for T2D are to lose weight, 
normalize fasting and postprandial blood glucose and 
hemoglobin A1c values, identify and treat associated 
comorbidities such as hypertension and hyperlipidemia, 
and to minimize the risk of acute and chronic complica-
tions associated with diabetes.38 The early age of onset of 
T2D in children can be expected to increase their risk of 
microvascular complications, which are directly related 
to the duration of diabetes and the severity of hypergly-
cemia. Indeed, early onset T2D is associated with a high 
incidence of diabetic nephropathy, and vascular disease 
may already be present at diagnosis.73

MNT for patients with T2D emphasizes healthy eating 
to optimize metabolic control while achieving sustained 
weight loss. The individual’s usual dietary and physical 
exercise habits can assist in determining the best approach 
to formulating a meal plan. Patients and their family 
members should receive guidance on behavior modifica-
tion strategies to change their lifestyle, decrease their con-
sumption of high-energy/high-fat foods, and incorporate 
daily aerobic physical activity in their lives. To increase 
children’s physical activity, the amount of time devoted 
to sedentary activities and “screen time” (viewing tele-
vision, playing video games, surfing the internet, etc.) 
must be strictly limited.74 Recommendations outlined by 
the American Heart Association that include simple sug-
gestions such as eliminating sugar-containing sodas and 
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juices, and decreasing consumption of calorie-dense “fast 
foods” and high-fat snacks, can improve blood glucose 
levels and help to achieve weight loss.

There is increasing evidence that a low glycemic index 
(GI) diet may have beneficial effects on metabolic con-
trol.62 A meta-analysis of randomized controlled trials 
comparing low GI with conventional or high-GI diets 
showed a modest reduction in HbA1c in favor of low-GI 
diets. A high-GI diet leads to greater insulin secretion and 
directs partitioning of metabolic fuels toward storage. In 
contrast, a low-GI diet may reduce insulin secretion and 
improve insulin sensitivity, and by reducing insulin secre-
tion, downregulate malonyl-CoA carboxylase activity, 
thereby decreasing formation of fatty acids and triglycer-
ides. The amount of dietary fiber should also be increased 
as it reduces insulin levels, promotes weight loss, improves 
lipid profiles, and lowers cardiovascular risk. A study in 
adults comparing the effect of three different diets: low 
GI, high GI, and low carbohydrate, showed no differ-
ences in HbA1c levels; however, there was a reduction in 
C-reactive protein (CRP) and a decrease in postprandial 
glucose concentrations with the low GI diet.75

Patients who do not have regularly scheduled meals 
and who eat large amounts of food toward the end of 
the day can improve their glycemic control when carbo-
hydrate intake is more evenly distributed throughout the 
day. If weight loss is not achieved by revising eating habits 
and food selections, a more structured approach to define 
appropriate portions and calories is warranted. These diets 
are based on energy requirements calculated from resting 
energy expenditure equations and are modified based on 
weight change. Younger children can achieve weight loss 
and better glycemic control when weight is maintained 
or the rate of weight gain is slowed so that with linear 
growth their weight-for-height gradually returns toward 
normal throughout time. A child with a BMI exceeding 
the 95th percentile, however, should be encouraged to 
lose weight. When the diet is implemented, linear growth 
should be monitored to assure that the decrease in calories 
does not adversely affect growth velocity.

EXERCISE
Physical fitness (measured by peak oxygen consump-
tion [VO2]) is associated with HbA1c in several cross-
sectional studies of youth with T1D; lower peak VO2 
predicts higher HbA1c levels.76 There is also evidence 
that physical inactivity (e.g., more time spent viewing 
television and computer screen time) is associated with 
poor glycemic control.77 Intervention/training studies in 
pediatric patients have not consistently shown a benefi-
cial effect of regular physical activity on HbA1c levels.78 
Nonetheless, children with diabetes are encouraged to 
participate in sports and include regular exercise in their 
lives because physical exercise normalizes the child’s life, 
enhances self-esteem, improves physical fitness, helps to 
control weight, and may improve glycemic control. Regu-
lar exercise increases insulin sensitivity both during and 
immediately after exercise and again 7 to 11 hours later,79 
increases cardiovascular fitness, increases lean body mass, 
improves blood lipid profiles, and lowers blood pressure.

Physical exercise is complicated for the child with T1D, 
especially because of the need to prevent hypoglycemia 
during and after exercise. Compared with a night after 
a sedentary day, children with T1D are twice as likely to 
experience nocturnal hypoglycemia during a night after 
an exercise day.80 Inability to reduce insulin levels spon-
taneously during exercise is the key factor that contrib-
utes to the increased risk of hypoglycemia; however, with 
proper guidance and planning, exercise can be a safe and 
enjoyable experience.78

Sustained aerobic exercise acutely lowers the blood 
glucose concentration by increasing use of glucose to a 
variable degree depending on the intensity and duration 
of physical activity and the concurrent level of insulin in 
the blood. Hypoglycemia can usually be prevented by 
a combination of anticipatory reduction in preexercise 
insulin dose or temporary interruption or reduction of 
basal insulin infusion (with CSII)81 and/or supplemental 
carbohydrate-containing snacks before, during, and after 
activity depending on the intensity and duration of the 
physical activity and its timing. Nearly all forms of activity 
lasting more than 30 minutes require some adjustment to 
food and/or insulin. The optimal strategy depends on the 
insulin regimen and on the timing of exercise in relation 
to the child’s meal plan. Consideration is given to several 
factors when selecting the content and size of the snack, 
including the current blood glucose level, the action of 
insulin most active during and after the period of antici-
pated exercise, the interval since the last meal, and the 
duration and intensity of physical activity. The appropri-
ate amount is learned by trial and error; however, a useful 
initial guide is to provide up to 1 g of carbohydrate per kg 
of body mass per hour of strenuous exercise. Prolonged 
and strenuous exercise in the afternoon or evening should 
be followed by a 10% to 30% reduction in the presupper 
or bedtime dose of intermediate-acting insulin or long-
acting insulin, or an equivalent reduction in overnight 
basal insulin delivery in patients using CSII. In addition, 
to reduce the risk of nocturnal or early-morning hypogly-
cemia caused by the lag effect of exercise79 and reduced 
counterregulatory hormone responses during sleep,82 the 
bedtime snack should be larger than usual and should 
contain carbohydrate, protein, and fat. Frequent blood 
glucose monitoring is essential for the active child with 
diabetes because it allows identification of trends in gly-
cemic responses. Records should include blood glucose 
levels, timing, duration, and intensity of exercise as well 
the strategies used to maintain glucose concentrations in 
the target range (Table 49-6).

Exercising the limb into which insulin has been injected 
accelerates the rate of insulin absorption. If possible, the 
insulin injection preceding exercise should be given in a 
site least likely to be affected by exercise. Because physical 
training increases tissue sensitivity to insulin, when poorly 
conditioned youth commence participation in organized 
sports or dramatically increase their level of physical 
activity (e.g., at the start of summer camp), they should 
reduce the dose of the insulin preparation predominantly 
active during the period of sustained physical activity. 
The precise dose reduction is empirically determined by 
measuring blood glucose levels before and after exercise.
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In T1D, increased levels of epinephrine and glucagon 
in response to acute strenuous anaerobic exercise may 
cause transient hyperglycemia for 30 to 60 minutes. When 
hyperglycemia occurs after exercise, it usually is transient, 
lasting for 1 to 2 hours in recovery. In the child with 
poorly controlled diabetes vigorous exercise can aggravate 
hyperglycemia and ketoacid production; accordingly, a 
child with ketonuria should not exercise until satisfactory 
biochemical control has been restored (see Table 49-6).

SCREENING FOR OTHER AUTOIMMUNE DISEASES  
IN TYPE 1 DIABETES
Autoimmune thyroid disease is the most common autoim-
mune disorder associated with T1D, occurring in 17% 
to 30% of patients.83 At the time of diagnosis of T1D 
approximately one fourth of patients have thyroid auto-
antibodies,84 which are predictive of thyroid dysfunction, 
usually hypothyroidism, and less commonly, hyperthy-
roidism. Subclinical hypothyroidism may be associated 
with an increased risk of symptomatic hypoglycemia 
and with reduced linear growth. Hyperthyroidism causes 
deterioration of metabolic control and increased insu-
lin requirements. Asymptomatic individuals should be 
screened for thyroid dysfunction after metabolic control 
has been established (owing to frequent transient abnor-
malities of thyroid function at the time of diabetes diag-
nosis)85 by measuring thyroid stimulating hormone (TSH) 
and thereafter every 1 to 2 years. Some endocrinologists 
prefer to screen with thyroid peroxidase and thyroglobu-
lin antibodies soon after diagnosis and only measure TSH 
in those with positive autoantibodies. Subclinical hypo-
thyroidism in youth with T1D is associated with mildly 
increased levels of total cholesterol and LDL-cholesterol.86

The frequency of celiac disease is increased in patients 
with T1D (1% to 16% of individuals as compared with 
0.3% to 1% in the general population). Symptoms of 
celiac disease include diarrhea, weight loss or poor weight 
gain, growth failure, abdominal pain, chronic fatigue, 
malnutrition resulting from malabsorption, other gastro-
intestinal symptoms, and unexplained hypoglycemia or 
erratic blood glucose concentrations.

Screening for celiac disease includes measuring serum 
tissue transglutaminase or anti-endomysial antibodies, 
followed by small bowel biopsy in antibody positive 
children. Recent European guidelines (not specific to 
children with T1D) suggest that biopsy may not be nec-
essary in symptomatic children with positive antibodies 
provided that genetic or HLA testing is supportive, but 
asymptomatic children at increased risk should receive a 
biopsy.87

The ADA recommendation is to consider screening 
children with T1D for celiac disease (by measuring tis-
sue transglutaminase or anti-endomysial antibodies and 
documenting normal total serum IgA levels) soon after 
the diagnosis of diabetes. If serologic screening is not 
routinely performed, clinicians should consider the possi-
bility of celiac disease and measure tissue transglutamin-
ase or anti-endomysial antibody in patients with growth 
failure, failure to gain weight or weight loss, diarrhea, 
flatulence, abdominal pain or signs of malabsorption, or 
in children with frequent unexplained hypoglycemia or 
deterioration in glycemic control.

Adrenal (anti-21-hydroxylase) antibodies occur in 
1.6% to 2.3% of individuals with T1D; only 1 in 200 to 
300, however, progress to develop clinical adrenocortical 
insufficiency.88 The risk increases to 1 in 30 in patients 
with two autoimmune processes (i.e., diabetes and thy-
roiditis). The development of adrenocortical insufficiency 
in T1D is characterized by recurrent unexplained hypo-
glycemia and decreasing insulin requirements.

SCREENING FOR LONG-TERM COMPLICATIONS
The vascular complications of diabetes are classified as 
either microvascular (retinopathy, nephropathy, and 
neuropathy) or macrovascular, which includes coronary 
artery, peripheral, and cerebral vascular disease. The 
microvascular complications can develop within 5 years 
of the onset of T1D, but infrequently develop before the 
onset of puberty. Clinically significant macrovascular 
complications are virtually never seen until adulthood.

Intensive glycemic control decreases the risk of micro-
vascular disease, retinopathy, nephropathy and neu-
ropathy, and macrovascular disease.89 In addition to 
hyperglycemia, several other modifiable risk factors con-
tribute to and influence the risk of vascular complications. 
Use of tobacco considerably increases the risk of onset and 
progression of nephropathy and macrovascular disease.90 
Hypertension, likewise, is associated with increased risk 
and rate of progression of retinopathy, nephropathy, and 
macrovascular disease. Dyslipidemia contributes to the 
risk of macrovascular disease, nephropathy, and retinop-
athy. A family history of hypertension or nephropathy 
increases the risk of nephropathy.

TABLE 49-6 Practical Guidelines for Exercise

Consider the timing, mode, duration, and intensity of exercise.
Eat a carbohydrate-containing meal 1-3 h before exercise.
Measure blood glucose level.
 •  If BG <90 mg/dl (5 mmol/L) and levels are decreasing, extra are 

calories needed.
 •  If BG 90-270 mg/dl (5-15 mmol/L), extra calories may not be 

needed, depending on duration of exercise and individual’s 
response to exercise.

 •  If BG >270 mg/dl (>15 mmol/L) and urine or blood ketones 
are increased, delay exercise until levels are restored to normal 
with supplemental insulin.

If the exercise is aerobic, determine whether insulin or additional 
carbohydrate will be needed based on the peak insulin activity

 •  If insulin dose is to be changed for long-duration moderate-high 
intensity activity, reduce premeal insulin dose by 50% 1 h before 
exercise. On subsequent days, adjust dose based on measured 
individual response.

 •  Inject insulin in a site that will not be affected by exercising 
muscles.

 •  If additional carbohydrate is required, start with 1 g/kg/h of 
moderate- to high-intensity exercise performed during peak 
insulin activity; less carbohydrate is required as time elapsed 
since last injection increases.

 •  Alter the amount of carbohydrate on subsequent days based on 
measured individual response.

Adapted from Riddell MC, Iscoe KE. Physical activity, sport, and 
pediatric diabetes. Pediatr Diabetes 2006;7:60-70.230
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Development of diabetic complications is insidious, 
but can usually be detected years before the patient evi-
dences symptoms or organ function is impaired. Systematic 
screening can detect abnormality at an early stage when 
intervention to arrest, reverse, or retard the disease process 
will have the greatest impact. Diabetic retinopathy is rare 
before the onset of puberty or in patients who have had 
T1D for less than 5 years. Therefore, annual dilated retinal 
examinations should begin 3 to 5 years after diagnosis after 
the child is ≥10 years old.38 Temporary rapid progression 
of retinopathy may occur when metabolic control drasti-
cally improves; in these circumstances retinal examinations 
should be performed more frequently.

Renal disease is first detected by persistent albuminuria. 
After 5 years of diabetes and age ≥10 years, an annual 
screening measurement of urine albumin and creatinine 
concentrations should be performed to detect microal-
buminuria. Several methods can be used to screen for 
microalbuminuria. The most convenient and, therefore, 
preferred method is to measure the albumin-to-creatinine 
ratio in a random spot urine specimen. First-void collec-
tions on arising in the morning avoid the confounding 
effect of increased albumin excretion induced by upright 
posture. Timed collections, either 24-hours or timed 
overnight, are more accurate but less convenient than 
spot samples. Albumin excretion is transiently elevated 
by hyperglycemia, exercise, and febrile illness. Because 
of marked day-to-day variability in albumin excretion, 
microalbuminuria should be confirmed in at least two of 
three collections over a 3- to 6-month period to establish 
the diagnosis of diabetic nephropathy before instituting 
treatment.91 In contrast to the recommendations for T1D 
in children, monitoring lipids, urinary albumin excretion, 
and screening eye examinations should begin at diagnosis 
in T2D.15

Although sensitive cardiovascular testing may detect 
subtle autonomic abnormalities in some adolescents with 
diabetes, they tend to be transient and are of unknown 
clinical importance. Neurologic and circulatory compli-
cations of diabetes are seldom clinically significant in the 
pediatric and adolescent population.

TYPE 2 DIABETES IN CHILDREN AND ADOLESCENTS
Until recently, most children with diabetes had T1D; 
however, as early as 1916, a phenotypically distinct form 
of diabetes, now classified as type 2 diabetes mellitus 
(T2D), was recognized in childhood.92 Since the early 
1990s, an alarming increase in the prevalence of pediatric 
T2D has been reported from pediatric diabetes centers in 
North America93 and elsewhere in the world. T2D now 
accounts for up to one third of new cases of diabetes in 
youth younger than 18 years, with a disproportionately 
high representation in ethnic minorities.13,94 At least 90% 
of patients with newly diagnosed T2D are obese93 and 
the increased prevalence of pediatric T2D temporally 
coincides with the worldwide increase in childhood obe-
sity, which has dramatically increased in the past three 
decades. For example, in 2009-2010, the prevalence of 
obesity (defined as BMI ≥95th percentile) in children and 
adolescents was 16.9%.95

As in adults, obesity in childhood is associated with 
insulin resistance, hyperinsulinism, and decreased insu-
lin-stimulated glucose metabolism compared to nonobese 
children.96 The pathophysiology of T2D is discussed in 
Chapter 40 (Box 49-1).

TREATMENT OF TYPE 2 DIABETES
The general goals of treatment of T2D are the same as 
those outlined previously for T1D: to normalize fast-
ing and postprandial blood glucose concentrations. As 
for T1D, a multidisciplinary diabetes team including a 
physician, diabetes nurse educator, registered dietitian, 
and behavioral specialist or social worker is essential. 
However, in addition to blood glucose control, from 
the outset, treatment must often include management of 
comorbidities such as obesity, dyslipidemia, hyperten-
sion, and microalbuminuria. The goals of treatment and 
recommended standards of care for pediatric patients 
with T2D are described in Tables 49-715,59 and 49-8.15

The United Kingdom Prospective Diabetes Study 
(UKPDS) showed that intensive glycemic control of T2D 

TABLE 49-7 Goals of Treatment of Type 2 
Diabetes Mellitus

Achieve and maintain near normoglycemia
 •  Preprandial glucose 90-130 mg/dl
 •  Postprandial glucose <180 mg/dl
 •  HbA1C <7%
Prevent hypoglycemia
Maintain a reasonable weight (BMI <95th percentile) and normal 

growth
Increase exercise capacity
Prevent or treat diabetes-associated comorbidities including  

dyslipidemia, hypertension, and microalbuminuria
 Blood pressure goals*
 •  Systolic <130 mm Hg
 •  Diastolic <80 mm Hg
 Lipid goals
 •  LDL-C <100 mg/dl
 •  HDL-C > 40 mg/dl
 •  TG <150 mg/dl
Achieve overall improvement in physical and emotional well-being

*Blood pressure goals must be adjusted for age, height, and gender.
From Rosenbloom AL, Silverstein JH, Amemiya S, Zeitler P, Klingen-

smith GJ. Type 2 diabetes in children and adolescents. Pediatr Diabetes 
2009;10(Suppl 12):17-32; Copeland KC, Silverstein J, Moore KR, et al. 
Management of newly diagnosed type 2 diabetes mellitus (T2DM) in 
children and adolescents. Pediatrics 2013;131:364-382.

Box 49-1 Risk Factors for Type 2 Diabetes in Youth

 •  Insulin resistance: usually associated with obesity
 •  Family history of type 2 diabetes in first- or second-degree 

relative
 •  Ethnicity: African-American, Hispanic, Pacific Islander, Native 

American, Canadian First Nation
 •  Maternal gestational diabetes
 •  Small size for gestational age (intrauterine growth restriction)
 •  Insulin resistance of puberty
 •  Lack of physical activity
 •  High calorie diet
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in adults decreased the risk of microvascular complica-
tions up to 25% for each 1% reduction in HbA1c.33 A 
multifactorial approach that addresses associated risk 
factors has been shown in adults as essential to prevent 
or reduce complications, including cardiovascular disease 
(CVD).97 In contrast, there is a paucity of data on com-
plications and long-term survival in youth onset T2D; 
evidence suggests that T2D may have a more rapid clini-
cal course.98 A study from Australia examined mortality 

outcomes over 2 decades in 354 patients with T2D diag-
nosed between 15 and 30 years of age as compared to 470 
patients with T1D and similar age of onset.99 The T2D 
cohort had a significant mortality excess, with more car-
diovascular deaths and more deaths after shorter diabetes 
duration. Moreover, despite equivalent glycemic control 
and shorter diabetes duration, the prevalence of microal-
buminuria and cardiovascular risk factors were greater 
in the T2D cohort. These data confirm that youth onset 
T2D is an aggressive and high-risk disease, and intensive 
intervention is required both for glycemic control and 
cardiovascular risk factors.99 An algorithm for managing 
T2D in youth is shown in Figure 49-2.

Nonpharmacologic Therapy
Weight Control and Physical Activity
Nutrition and lifestyle approaches to diabetes prevention 
and treatment should receive at least as much importance 
as drug therapy. A family-centered approach is essen-
tial in pediatric T2D patients. Patients and their families 
must prioritize lifestyle modifications such as eating a bal-
anced diet, maintaining a healthy weight, and exercising 

TABLE 49-8 Recommended Standards of Care for 
Patients with Type 2 Diabetes Mellitus

Weight at each visit
Blood pressure at each visit
Blood glucose monitoring individualized
HgbA1c at 3-mo intervals
At diagnosis and then yearly: Dilated eye examination, lipid 

profile, urine microalbumin

From Rosenbloom AL, Silverstein JH, Amemiya S, Zeitler P, Klingen-
smith GJ. Type 2 diabetes in children and adolescents. Pediatr Diabetes 
2009;10(Suppl 12):17-32.

Figure 49-2 Recommended man-
agement for type 2 diabetes melli-
tus in youth. Proposed schema for 
management of type 2 diabetes in 
children and adolescents. The bio-
chemical goals of therapy include 
premeal blood glucose 90 to 130 
mg/dl and HbA1c <7% (normal is 
4% to 6%).

New diagnosis youth-onset T2D

Asymptomatic or mildly symptomatic

No ketosis

Insulin therapy
+

Lifestyle modification program
+

Metformin therapy

Re-evaluate every 
3 months

Treatment goals 
achieved

Treatment goals 
achieved

Treatment goals 
not achieved

Attempt to wean 
insulin
Re-evaluate every 
3 months

Check compliance
Intensify insulin 
therapy as needed 
to achieve goals
Re-evaluate every 
3 months

Lifestyle modification program
+

Metformin therapy

Treatment goals
not achieved

Check compliance
Begin insulin therapy with
once-daily long-acting
insulin analogue
Re-evaluate every 3 months

Re-evaluate every 3 months

Goals:

Pre-meal BG 90–130 mg/dL

Peak post-prandial BG <180 mg/dL

HbA1c <7%

Symptoms of hyperglycemia

HbA1c >9%

Random blood glucose >250 mg/dL

Ketosis or ketoacidosis

Re-evaluate every 3 months 

Goals:

Pre-meal BG 90–130 mg/dL

Peak post-prandial BG <180 mg/dL

HbA1c <7%
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regularly. Nutrition recommendations should be cultur-
ally appropriate and sensitive to family resources.59 The 
approach to formulating a meal plan for pediatric T2D 
patients is discussed earlier (see Medical Nutrition Ther-
apy” subsection on “Considerations When Formulating a 
Meal Plan for Type 2 Diabetes).

In addition to nutrition therapy, regular physical activ-
ity facilitates weight loss, increases HDL cholesterol 
levels, lowers blood pressure, and improves metabolic 
control. Fasting serum insulin concentrations decrease 
and insulin sensitivity improves in obese children who 
exercise regularly.100,101 Youth with T2D should partici-
pate in regular aerobic exercise with a gradual increase in 
the frequency, intensity, and duration, aiming for at least 
60 minutes daily of moderate/intense physical activity. 
Exercise tolerance is reduced in obese children; therefore, 
advice to increase physical activity should be realistic and 
individualized. To increase children’s physical activity, 
the amount of time devoted to sedentary activities (screen 
time) must be strictly limited to less than 2 hours daily.59

Pharmacologic Therapy
Oral Agents
Presentation with ketosis or ketoacidosis requires a period 
of insulin therapy until fasting and postprandial glycemia 
have been restored to normal or near normal. Similarly, 
when the distinction between T1D and T2D is unclear, 
the patient, initially, should be treated with insulin. In 
addition, as recommended by clinical practice guide-
lines from the American Academy of Pediatrics, insulin 
therapy should be initiated in patients who have random 
blood glucose concentrations ≥250 mg/dl or A1c >9%.59

Metformin
When insulin treatment is not required, current guidelines 
recommend a family-centered lifestyle modification pro-
gram, as outlined previously, plus initiation of metfor-
min as first-line therapy for children and adolescents. The 
evidence base for other oral agents is reviewed later, but 
metformin is currently the only oral hypoglycemic agent 
specifically approved for use in children with T2D. Met-
formin is safe and often efficacious in pediatric patients 
with T2D.102 Metformin suppresses basal hepatic glucose 
production and increases insulin-mediated glucose uptake 
in skeletal muscle, but does not affect insulin secretion or 
cause hypoglycemia. It causes a mild reduction in triglyc-
eride and LDL concentrations and its anorectic effect may 
contribute to modest weight loss.

Its most common side effects are nausea, vomiting, 
abdominal pain, and diarrhea. Lactic acidosis is a rare, 
potentially fatal side effect. Provided that it is not admin-
istered to patients with renal insufficiency (metformin is 
excreted unchanged in the urine) or poor tissue perfusion, 
the risk of lactic acidosis is not greater than that of other 
antihyperglycemic agents. Metformin must be discon-
tinued before radiographic studies with contrast agents, 
surgery under general anesthesia, in patients with renal, 
liver, or heart disease, in patients with dehydration, and 
whenever tissue perfusion is poor. Because the absorption 
of vitamin B12 and/or folic acid may be compromised, 
patients are advised to take a daily multivitamin.

Metformin is available in 500, 850, and 1000 mg tab-
let strengths and as 500-mg and 750-mg extended-release 
tablets. A liquid formulation (500 mg/5 mL) is also 
available. For children 10 to 16 years of age, the recom-
mended starting dose is 500 mg once daily. The dose may 
be increased to 500 mg twice daily, and further increases 
may be made at weekly intervals in 500-mg increments 
to a maximum daily dose of 2000 mg. The acute, revers-
ible gastrointestinal adverse effects of metformin may be 
minimized by administration with or after food, and by 
using lower dosages, increased slowly, as necessary. The 
extended release preparation should be initiated at a dose 
of 500 mg once daily, given with the evening meal. The 
maximum recommended dose of the extended-release 
product is 2000 mg/day.

When metformin is prescribed for overweight females 
with polycystic ovary syndrome, a condition that is often 
associated with T2D, menstrual cycles and fertility may 
be restored to normal. Sexually active females should be 
counseled regarding the need for birth control.

Insulin Secretagogues (Sulfonylureas and Meglitinides)
Although sulfonylureas have been used in adults for more 
than half a century, there is only limited evidence of their 
efficacy in children. A 24-week, randomized, single blind 
comparative study in T2D pediatric patients showed that 
glimepiride was as safe and effective as metformin in terms 
of reduction of A1c and incidence of hypoglycemia. The 
glimepiride-treated group, however, showed greater weight 
gain compared to patients treated with metformin.103

A nonsulfonylurea insulin secretagogue, such as repa-
glinide, enhances insulin release within 10 to 30 minutes 
of its administration and has a shorter duration (2 to 4 
hours) than the sulfonylureas. It is taken before meals to 
improve postprandial blood glucose control.

Thiazolidinediones (TZDs)
TZDs are insulin sensitizers that act on the nuclear recep-
tor peroxisome proliferator-activated receptor gamma 
(PPAR γ) and increase insulin sensitivity in muscle and 
adipose tissue. TZDs have favorable effects on lipid 
metabolism. Side effects include weight gain and fluid 
retention, which contraindicate their use in patients with 
heart failure. Thiazolidinediones are not approved for use 
in children, and their use in adults is restricted because 
of concerns about myocardial infarction risk with rosi-
glitazone, bladder cancer risk with pioglitazone, and 
decreased bone density risk with both.

Alpha-Glucosidase Inhibitors
Alpha-glucosidase inhibitors work in the intestinal lumen 
where they competitively inhibit enzymes that hydrolyze 
polysaccharide into simple sugars. Their main effect is on 
starches, but cleavage of sucrose to glucose and fructose 
is also reduced, resulting in delayed absorption of dietary 
carbohydrates until they have passed to the mid or distal 
small intestine and have decreased postprandial glucose 
concentrations. Alpha-glucosidase inhibitors have had 
limited acceptance because of their gastrointestinal side 
effects, including diarrhea, flatulence, and bloating. These 
agents have not been studied in children.
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Insulin Therapy
Although many insulin regimens have been studied and 
successfully used in adults with T2D, no comparable data 
exist in pediatric T2D. As described earlier, all patients 
with ketosis or ketoacidosis, random blood glucose con-
centration ≥250 mg/dl, or A1c >9% should be treated 
with insulin. Metformin is added after normalization of 
blood glucose and correction of dehydration.

Insulin therapy may be necessary in asymptomatic or 
mildly symptomatic patients who fail to achieve adequate 
glycemic control (A1c <7%) after 3 months of lifestyle 
intervention and treatment with maximum doses of 
metformin. Long-acting insulin analogues (glargine or 
detemir) may be added to metformin. A suitable starting 
dose is 0.2 units/kg/day at dinnertime or bedtime. Twice 
daily premixed insulin regimens (see Table 49-2) have 
been efficacious in adults with T2D, with a 2.8% reduc-
tion in HbA1c after 28 weeks therapy.104 A short trial 
with premixed insulin analogues was also beneficial in 
children.105 Basal-bolus therapy (once a day long-acting-
insulin and short-acting insulin before meals) may be a 
suitable option in the motivated patient who is willing 
to perform carbohydrate counting. Side effects of insulin 
therapy are hypoglycemia, increased appetite, and weight 
gain.

New Therapies for Type 2 Diabetes
The discovery of amylin and glucagon-like peptide  
1 (GLP-1), and the development of synthetic analogues 
of these hormones, has led to the widespread use of these 
agents for the treatment of diabetes in adults. There 
has been minimal published experience of their use in 
children.106

The Treatment Options for Type 2 Diabetes in Adolescents and 
Youth (TODAY) Study
Results from a recent randomized trial, the Treatment 
Options for Type 2 Diabetes in Adolescents and Youth 
(TODAY) study, provide the highest quality information 
available about medical treatment of youth-onset T2D.107 
The TODAY study examined medical treatment options 
in 699 subjects, ages 10 to 17 years, with T2D <2 years 
duration and BMI ≥85th percentile. During an initial run-
in phase, subjects received metformin alone with stan-
dard diabetes education, and all attained an A1c of <8%. 
Subjects were then randomized into 3 groups: metformin 
alone, metformin plus an insulin sensitizer (rosiglitazone), 
or metformin plus an “intensive lifestyle intervention” 
(in-person, family-centered counseling focused on health-
ful eating and exercise). The intervention period extended 
for a mean of 3.8 years (range 2 to 6.5). The primary out-
come was treatment failure, defined by A1c ≥8% for ≥6 
months or sustained metabolic decompensation requiring 
insulin.

Overall, 45.6% of subjects had treatment failure dur-
ing the study period, with median time to failure of 11.5 
months. The metformin plus rosiglitazone group experi-
enced the least treatment failure, at 38.6%. The metformin 
plus lifestyle intervention had 46.6% treatment failure, 
and the metformin alone group had 51.7% treatment 
failure. Treatment with metformin plus rosiglitazone was 

more effective than metformin alone, with no increase in 
adverse events.102 The efficacy of metformin plus lifestyle 
intervention was intermediate, but did not differ signifi-
cantly from metformin alone or metformin plus rosigli-
tazone.107 Metformin alone maintained glycemic control 
in only about half of the subjects, whereas metformin plus 
rosiglitazone was associated with significantly less treat-
ment failure. The use of rosiglitazone, however, cannot 
currently be recommended as a result of safety concerns, 
as described earlier. Nonetheless, the TODAY study 
shows that early combination therapy may be beneficial 
for youth with T2D, but further study of alternatives for 
the second agent is urgently needed.

COMORBITIDIES OF TYPE 2 DIABETES
Comorbidities associated with T2D include: obesity, 
metabolic syndrome, hypertension, microalbuminuria, 
dyslipidemia, and nonalcoholic fatty liver disease. Only 
hypertension and dyslipidemia will be discussed in this 
section.

Hypertension
Strict control of blood pressure in adults results in sig-
nificant reduction in cardiovascular morbidity and mor-
tality.108 Similar effects with reduction in the risk of 
premature CVD would be expected to occur in children. 
Management of hypertension, including weight control, 
regular exercise, a low-fat and low-sodium diet, smoking 
cessation, and abstinence from use of alcohol, are rec-
ommended for all hypertensive patients. In the absence 
of end-organ damage or comorbid conditions, the goal 
is to reduce blood pressure to the <95th percentile for 
age, height, and gender. If lifestyle intervention is unsuc-
cessful, pharmacological treatment should be initiated. 
Angiotensin converting enzyme (ACE) inhibitors (e.g., 
captopril, enalapril, lisinopril, and fosinopril) are the 
drugs of choice in children with diabetes and/or protein-
uria. Delay in the progression of diabetic nephropathy in 
adult patients with diabetes mellitus treated with ACE 
inhibitors is proven. If the highest recommended dose is 
ineffective or if the child experiences side effects, a second 
drug from a different class, such as angiotensin receptor 
blockers (ARBs), calcium channel blockers, cardioselective 
β-blocker, and/or diuretics may be used.109

Hyperlipidemia
Dyslipidemia in childhood tracks into adulthood; there-
fore, it is not unreasonable to assume that untreated 
lipid disorders in children with diabetes increase the risk 
of CVD later in life. In youth with dyslipidemia, initial 
therapy consists of weight control, exercise, optimiza-
tion of glycemic control, discontinuation of tobacco use 
(if applicable), and a reduced fat diet consistent with Step 
1 American Heart Association (AHA) guidelines. Total 
and saturated fat intake should be <30% and <10%, 
respectively, of the total calories consumed.110

Despite compliance with lifestyle recommendations, 
some children with hyperlipidemia will require lipid-
lowering drug therapy. Currently, the AHA recommends 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
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reductase inhibitors (statins) as first-line pharmacologic 
treatment in children with hyperlipidemia.111 Statins are 
approved for use in children as young as 10 years old. 
Randomized clinical trials in the pediatric age group have 
shown safety and efficacy similar to that observed in 
adult studies.112

The addition of lipid-lowering drugs is recommended 
when LDL cholesterol (LDL-C) levels are >190 mg/dl 
and in patients with LDL-C >160 mg/dl and a family 
history of early CVD or other risk factors. Similarly, if 
after 6 to 12 months of medical nutrition therapy and 
lifestyle changes LDL-C levels remain >130 mg/dl, drug 
therapy is indicated. Lipid-lowering medications are not 
recommended in premenarcheal girls and boys younger 
than 8 to 10 years, unless there is a particularly high risk 
for atherosclerosis, in which case aggressive therapy is 
appropriate.66

PREVENTION OF TYPE 2 DIABETES
In youth at increased risk for developing T2D, the child’s 
primary healthcare provider should emphasize primary 
prevention by focusing on preventing obesity. Lifestyle 
modification should be implemented in overweight and 
obese children and in those with prediabetes, including 
impaired glucose tolerance (IGT), impaired fasting glu-
cose (IFG), and/or the metabolic syndrome. Weight 
reduction by means of dietary changes, increased aerobic 
physical activity, general community health promotion, 
and health education are the most important preventive 
strategies. Diabetes prevention trials in adults show that 
nutrition and lifestyle interventions delay the onset of the 
disease.113,114 In middle-aged, overweight Finnish subjects 
with IGT, reducing weight and increasing physical activ-
ity decreased the cumulative incidence of diabetes after 4 
years to 11% in the intervention group compared to 23% 
in the control group. The reduction in the incidence of 
diabetes (58%) was directly associated with changes in 
lifestyle.113 In obese adults with IGT, the Diabetes Pre-
vention Program (DPP) in the United States, an intensive 
program of lifestyle modification with the goals of 7% 
weight loss and 150 minutes of physical activity per week, 
decreased the risk of progression to diabetes by 58%.114 
These studies have demonstrated that T2D can be delayed 
or prevented by changes in lifestyle and/or pharmacologic 
intervention in high-risk adult subjects. Although still 
unproven, a similar approach would be expected to be 
equally efficacious in children and adolescents. In estab-
lished T2D, secondary prevention should focus on the 
prevention of micro- and macrovascular complications.

MONOGENIC DIABETES
Genetic mutations that primarily reduce ß-cell function 
account for 1% to 2% of diabetes cases, and numer-
ous genetic subtypes have been described.115 Patients 
who were previously categorized based on their clinical 
characteristics as having maturity-onset diabetes of the 
young (MODY) can now usually be classified by specific 
genetic subgroup. Definition of the genetic subgroup can 
result in appropriate treatment, genetic counseling, and 

prognosis.115 The term MODY was used to describe chil-
dren and young adults with autosomal dominantly inher-
ited diabetes that, despite having a young age of onset 
(at least one family member diagnosed before 25 years of 
age), was not insulin-dependent as patients had moderate 
but insufficient circulating C-peptide levels 5 years after 
diagnosis.116 “Maturity-onset” implies a resemblance to 
T2D, but all the subtypes are not only different from each 
other but also differ from T2D. A diagnosis of mono-
genic diabetes can guide optimal treatment for the patient 
and may impact the diagnosis and treatment of diabetes 
in other family members. Importantly, many forms of 
monogenic diabetes are sensitive to sulfonylurea drugs.

Given these implications for management, diagnostic 
testing for monogenic diabetes is vital. Molecular genetic 
testing is readily available in the United States and most 
European countries, but some laboratories will test appro-
priate patients from other countries (www.diabetesgenes
.org). Owing to their high cost, genetic testing should be 
reserved for cases with high clinical suspicion.117

Monogenic diabetes should be considered in the fol-
lowing patients: neonatal diabetes and diabetes diagnosed 
within the first 6 months of life (see Neonatal Diabetes sec-
tion that follows); patients with a clinical diagnosis of T1D 
who also have familial diabetes with evidence of nonin-
sulin-dependence or absence of pancreatic autoantibodies 
and detection of C-peptide in the presence of hyperglycemia 
beyond the honeymoon; diabetes associated with extrapan-
creatic features. Genetic testing for HNF1A mutations (the 
most common transcription factor mutation that causes 
monogenic diabetes) is recommended in any young person 
with apparent T1D who is antibody negative and who has 
a parent with diabetes, especially if there is preservation 
of C-peptide in both the child and parent.115 A monogenic 
form of diabetes should also be suspected in cases of young 
onset, apparent T2D when obesity and features of insulin 
resistance are absent.

The most common subtypes of monogenic diabetes are 
shown in Table 49-9. They differ in age of onset, pattern 
of hyperglycemia, response to treatment, and associated 
extrapancreatic manifestations.115

MATERNALLY INHERITED DIABETES AND DEAFNESS 
(MIDD)
Maternally inherited diabetes associated with young-
onset, bilateral sensorineural deafness should raise suspi-
cion for the mitochondrial point mutation, m.3242A>G, 
which accounts for 1.5% of Japanese patients with 
diabetes, but only 0.4% in Europeans and other ethnic 
groups.118 Abnormal mitochondrial metabolism results in 
abnormal ATP generation and defective glucose-induced 
insulin secretion, reduction in ß-cell mass, and insulin 
deficiency. The mutation causes mitochondrial dysfunc-
tion resulting in myopathy, encephalopathy, lactic acido-
sis, and strokelike episodes. The mean age of diagnosis 
is 37 years (range 11 to 68). Diabetes in MIDD usually 
presents insidiously, similar to type 2 diabetes; however, 
approximately 20% of patients have an acute presenta-
tion that resembles that of T1D and a minority of patients 
present with DKA.

http://www.diabetesgenes.org
http://www.diabetesgenes.org
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The majority of patients with MIDD are initially 
treated with dietary modification or oral hypoglycemic 
agents, but insulin is usually required by 2 years after 
diagnosis. Patients with impaired mitochondrial function 
are prone to develop lactic acidosis; therefore, metformin 
should not be used because of the theoretical risk that it 
could exacerbate lactic acidosis.

NEONATAL DIABETES MELLITUS
Diabetes diagnosed before 6 months of age is likely to 
be caused by one of the monogenic forms of neonatal 
diabetes and not autoimmunity. Diabetes resolves in 
about half of all patients (transient neonatal diabetes 
mellitus [TNDM]). The majority of these cases are linked 
to imprinted abnormalities (e.g., paternal uniparental 
disomy) in the chromosome 6q24 region.119

In contrast, permanent neonatal diabetes (PNDM) 
cases are typically related to activating mutations in the 
ß-cell ATP-sensitive potassium (KATP) channel, which 
comprises four Kir6.2 subunits and four sulfonylurea 
(SUR1) subunits. Activating mutations of the genes 
encoding these subunits keep the channel open, prevent-
ing insulin secretion and thereby causing neonatal dia-
betes. The most common cause of PNDM is a mutation 
in the KCNJ11 gene encoding the Kir6.2 subunit of the 
KATP channel120; mutations in ABCC8, which encodes 
the SUR1 subunit of the KATP channel in the beta cell, 
can also cause PNDM. Mutations in both KCNJ11 and 
ABCC8 can also cause TNDM. Whether diabetes will be 

transient or permanent is unknown at the time of diagno-
sis; therefore, testing for 6q24 abnormalities and KCNJ11 
mutations should be performed first, followed by testing 
for ABCC8 mutations if these tests are negative.

Most patients with neonatal diabetes caused by Kir6.2 
mutations have permanent rather than transient diabetes.  
Approximately 20% have neurological features. The most 
severe manifestation of an activating Kir6.2 mutation 
is characterized by developmental delay, epilepsy, and 
neonatal diabetes (DEND). More commonly, however, 
epilepsy does not occur and the developmental delay is 
less severe. Fetal insulin deficiency often causes low birth 
weight (mean 2,500 g). The diabetes presents from birth 
to 26 weeks of age, usually with marked hyperglycemia 
and ketoacidosis. Compared to Kir6.2 neonatal diabetes, 
SUR1 mutations cause a similar phenotype, but transient 
diabetes is more common and the DEND syndrome is rare.

Patients with activating KATP mutations have little or 
no endogenous insulin secretion and C-peptide is usually 
undetectable.121 Sulfonylureas bind to the SUR1 subunits 
of the KATP channel and close the channel in an ATP-
dependent manner. Most patients with Kir6.2 and SUR1 
neonatal diabetes can transition from insulin to sulfo-
nylurea and can achieve better glycemic control without 
increased hypoglycemia.122-124 Infants with KATP chan-
nel mutations are treated with glibenclamide (glyburide) 
using considerably higher doses (0.4 to 0.8 mg/kg/day) 
than are customarily used for the treatment of type 2 dia-
betes.122,125 Glibenclamide binds nonspecifically to SUR 
subunits in KATP channels in nerve, muscle, and brain, 

TABLE 49-9 Monogenic Causes of Diabetes Mellitus

Type Gene Clinical Features Treatment

MODY1 Hepatocyte nuclear  
factor-4α

Uncommon. Increased birth weight (by ∼800 g) and 
macrosomia; may have transient neonatal hypoglyce-
mia. Progressive deterioration in glucose tolerance.

Low-dose oral sulfonylureas

MODY2 Glucokinase (GCK) Common. Mild fasting hyperglycemia (100-140 mg/dl) 
may be present from birth; plasma glucose increment 
usually <54 mg/dl 2 h after oral glucose load; asymp-
tomatic; little deterioration with age.

Do not require any specific treatment; 
diet and exercise; microvascular 
complications are rare

MODY3 Hepatocyte nuclear  
factor-1α (HNF1A)

Most common monogenic form of transcription factor 
diabetes; possibly 1%-2% of patients with diabe-
tes. Normal glucose levels at birth and progressive 
deterioration in glucose tolerance; typically present 
in teens or early adult life with symptomatic diabetes 
and have progressive ß-cell failure that results in 
increasing hyperglycemia throughout life. High risk 
of diabetic complications.

Sensitive to sulfonylurea therapy. ß-cell 
defects that result from reduced 
transcription factor function are in 
glucose metabolism and are bypassed 
by sulfonylureas, which act on the 
KATP channel to stimulate insulin 
release. Low-dose oral sulfonylurea 
(glyburide) is highly effective.

MODY4 Pancreatic and duodenal 
homeobox 1 gene (PDX1)

Extremely rare. Limited data suggest clinical phenotype 
similar to MODY 3.

Sulfonylurea

MODY5 Hepatocyte nuclear  
factor-1ß (HNF1ß)

Rare. Developmental renal disease with renal cysts, 
renal dysplasia, renal tract malformations (solitary 
functioning kidney, horseshoe kidney), and/or familial 
hypoplastic glomerulocystic kidney disease. Female 
genital tract abnormalities include bicornuate uterus; 
in males, bilateral agenesis of vas deferens, large 
epididymal cysts. Early onset diabetes that presents 
in a similar fashion to HNF1A diabetes, but HNF1ß 
mutation carriers are more insulin resistant.

Because of coexisting pancreatic 
atrophy and associated insulin 
resistance, the diabetes is not  
sensitive to sulfonylureas, and early 
insulin therapy is required.

MODY6 Neurogenic differentiation  
1 gene (NeuroD1)

Rare. Limited data suggest clinical phenotype similar to 
MODY 3.

Sulfonylurea

In at least 11% of families with autosomal dominant ß-cell disease a genetic diagnosis cannot be made, presumably because of the presence of  
as-yet-undetermined gene mutation.
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in addition to ß-cells, and ameliorates the neurological 
symptoms.126 Patients with the severe form of DEND 
may not respond to sulfonylurea therapy.

Heterozygous mutations in the insulin gene (INS) 
account for 15% to 20% of cases of PNDM.127 Affected 
infants have a low birth weight, which is typical of all sub-
types of neonatal diabetes, but do not have extrapancreatic 
features. Diabetes is permanent and insulin-dependent.

The Wolcott-Rallison syndrome (diabetes mellitus, 
exocrine pancreatic insufficiency, and multiple epiphyseal 
dysplasia), caused by mutation in the EIF2AK3 gene, is 
associated with hypoplastic pancreatic islets. The IPEX syn-
drome is a rare, X-linked disorder caused by a mutation in 
the FOXP3 gene, which presents with neonatal autoimmune 
endocrinopathy, enteropathy, and eczema. PNDM has also 
been associated with mutations in other genes, including 
glucokinase (GCK), insulin-promoter factor 1 (IPF-1), and 
pancreas transcription factor 1 subunit alpha (PTF1A).117

Transient neonatal diabetes mellitus (TNDM) is usually 
diagnosed in the first week of life (range 1 to 81 days); birth 
weights (average 2000 g) of affected infants are typically 
lower than those of PNDM. In 70% of cases, there is an 
abnormality of a region of chromosome 6q24 that results in 
overexpression of the paternally expressed genes PLAGL1 
(pleiomorphic adenoma gene-like 1, also termed tumor 
repressor ZAC) and HYMAI (hydatidiform mole associ-
ated and imprinted gene).128,129 One third of patients with 
TNDM have macroglossia. Three types of abnormality 
have been described: 50% of sporadic TNDM are a result 
of paternal uniparental disomy; most familial cases are due 
to paternal duplication of 6q24; abnormal methylation of 
the maternal copy of chromosome 6 is found in sporadic 
cases; most of the other cases of TNDM have KATP channel 
mutations distinct from those observed in PNDM.129,130 
Therapy is with insulin; however, by a median of 12 weeks, 
insulin is no longer required.128 The rate of relapse is 50% 
to 60% at an average age of 14 years, and results from 
moderate ß-cell dysfunction. At the time of relapse, treat-
ment may include dietary modification, oral hypoglycemic 
agents, and/or insulin.131

CYSTIC FIBROSIS RELATED DIABETES (CFRD)
At centers that routinely evaluate glucose tolerance in 
their patients who have cystic fibrosis, the prevalence 
of CFRD increases with age: 9% at age 5 to 9 years, 
26% at 10 to 20 years, and approximately 50% by 30 
years.132,133 Virtually all patients with pancreatic exo-
crine insufficiency have ß-cell dysfunction. Whereas fast-
ing insulin and C-peptide concentrations may be normal, 
an OGTT shows delayed and blunted peak insulin secre-
tion. With worsening glycemic status, the impairment of 
first-phase insulin secretion becomes more pronounced. 
Secretion of other islet hormones, especially glucagon, 
is also impaired. The primary defect in CFRD is severe 
but not absolute insulin deficiency, and ketoacidosis is 
rare. Most patients with CF are sensitive to insulin when 
they are healthy; however, infection and inflammation 
increase both peripheral and hepatic insulin resistance.134 
Insulin resistance can rapidly become severe during infec-
tious exacerbations.

CFRD develops insidiously and patients may be asymp-
tomatic for years. Impaired glucose tolerance often first 
becomes evident in situations where insulin resistance is 
increased such as acute lung infection, chronic severe lung 
disease, glucocorticoid therapy, high carbohydrate feed-
ing (e.g., oral, intravenous, or via nasogastric or gastros-
tomy tube), and in association with immunosuppressive 
regimens after lung transplantation.

An insidious decline in clinical status can occur 2 to 6 
years before the diagnosis of CFRD, and pulmonary dete-
rioration correlates with the baseline degree of insulin 
deficiency.135 Patients with CFRD have worse lung func-
tion, poorer nutritional status, and decreased survival 
compared to nondiabetic CF patients. Among a large 
cohort followed for 10 years, 25% of patients with CFRD 
survived at 30 years as compared with 60% of those with-
out CFRD.136 Because it is important to identify patients 
with glucose intolerance before the onset of symptoms, 
and normal fasting or random plasma glucose levels do 
not exclude CFRD, annual testing with a 2-hour OGTT 
should begin at age 10 years at a time when the patient is 
clinically well. In addition, CF patients with acute pulmo-
nary exacerbation requiring intravenous antibiotics and/
or systemic glucocorticoids should be screened for CFRD 
by monitoring fasting and 2-hour postprandial plasma 
glucose levels for the first 48 hours.137

The aims of treatment are to eliminate symptoms 
of hyperglycemia and to maintain adequate nutrition, 
growth, and lung function. Insulin is the only recom-
mended therapy for CFRD.137 Insulin prevents protein 
catabolism, and it improves weight gain and pulmonary 
function. Current guidelines for CFRD management rec-
ommend insulin therapy for all CFRD patients who have 
fasting hyperglycemia. Because patients with CFRD typi-
cally have unusual dietary patterns with wide daily varia-
tion in carbohydrate timing and quantity, the ideal insulin 
replacement regimen is flexible basal-bolus therapy with 
long-acting basal insulin (insulin glargine or levemir) 
combined with rapid-acting insulin with meals to correct 
hyperglycemia (see Fig. 49-1, B), or an insulin pump can 
be used. Many patients are unwilling, at least initially, to 
use an intensive insulin regimen; in these circumstances, 
an insulin regimen involving fewer injections but which 
provides adequate insulin coverage for the patient’s main 
carbohydrate-containing meals may be an acceptable 
compromise. Total daily insulin requirements frequently 
change and must be adapted to the patient’s individual 
needs; for example, in the setting of acute illness, gluco-
corticoid therapy and periods of intensive enteral or par-
enteral nutrition should be used.

A trial showed improved weight gain in CFRD patients 
without fasting hyperglycemia treated with premeal 
rapid-acting insulin.138 Accordingly, insulin treatment 
should be considered in CF patients with impaired glucose 
tolerance but without fasting hyperglycemia, although 
additional studies are needed to determine whether basal 
alone or basal-bolus regimens would be as effective as 
premeal insulin doses.138

Destruction of pancreatic alpha cells results in gluca-
gon deficiency, and chronic glucocorticoid use can cause 
adrenocortical insufficiency. Consequently, patients with 
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CFRD are at increased risk for severe hypoglycemia 
owing to malabsorption and impaired counterregulatory 
responses.

MONITORING DIABETES CONTROL

Self-Monitoring of Blood Glucose (SMBG)
SMBG is the cornerstone of modern diabetes care. Most 
glucose meters now display plasma values, which are about 
10% to 15% higher than whole blood. SMBG allows 
patients and caregivers to assess response to therapy, and 
several studies have shown a strong correlation between 
frequency of SMBG and glycemic control.139-141 Analy-
sis of a nationwide database with nearly 27,000 pediatric 
T1D patients showed that increased SMBG frequency was 
significantly associated with improved glycemic control 
(after adjustment for multiple confounders). Each addi-
tional daily BG measurement was associated with an A1c 
decrease of 0.2%; however, increasing SMBG frequency 
>5/day did not result in further improvement in glycemic 
control.140

Patients/parents must be taught how to use the data 
to assess the efficacy of therapy and to adjust the com-
ponents of their treatment regimen to achieve individ-
ual blood glucose goals. Most glucose meters have an 
electronic memory; however, it is valuable for patients/
parents to keep written records of their results and to 
examine the data for patterns and trends and to make 
adjustments when necessary. For patients using inten-
sive insulin regimens (multiple daily injections or insu-
lin pump), SMBG should ideally be performed before 
meals and snacks, occasionally after meals, at bedtime, 
before, during, and after exercise, and after treatment of 
hypoglycemia to ensure restoration of normoglycemia.38 
To minimize the risk of nocturnal hypoglycemia, blood 
glucose should be measured between midnight and 4 am 
once each week or every other week and whenever the 
evening dose of insulin is adjusted. If HbA1c targets are 
not being met, patients should be encouraged to measure 
BG levels more frequently, including 90 to 120 minutes 
after meals. The optimal frequency of SMBG for patients 
with T2D on a less intensive insulin regimen (e.g., once 
daily basal insulin) is unknown, but it should be suffi-
cient to facilitate attainment of the individual patient’s 
glycemic goals. Children who are able independently to 
perform SMBG must be properly supervised because it is 
not unusual for children to fabricate data with potentially 
disastrous consequences.

Ketone Testing
Urine or blood ketones should be measured during acute 
illness or stress, when blood glucose levels are persistently 
elevated (e.g., two consecutive blood glucose values >250 
mg/dl), or when the patient feels unwell, especially with 
nausea, vomiting, or abdominal pain. Ketone testing for 
hyperglycemia is especially important in insulin pump 
patients, who rely on a continuous infusion of rapid-
acting insulin without long-acting insulin present in the 
event of infusion failure.39

Urine ketone test strips detect urinary acetoacetate (and 
acetone), and qualitative results are interpreted based on 

color change, as “trace,” “small,” “moderate,” or “large” 
ketones. False negative readings may occur when the strips 
have been exposed to air or when urine is highly acidic 
(e.g., after consumption of large doses of ascorbic acid). 
Urine ketone tests using nitroprusside-containing reagents 
can yield false positive results in patients who take val-
proic acid or any sulfhydryl-containing drugs, including 
captopril.

Meters for home use measure the blood beta-hydroxy-
butyrate concentration, and when compared to urine 
ketone testing, their use is more efficacious in avoiding 
emergency room visits142 and offers the advantage of accu-
rately assessing biochemical improvement after starting 
treatment.143,144 However, blood ketone strips are much 
more expensive than urine ketone strips; therefore, when 
expense is a consideration, a cost-effective approach is to 
reserve blood ketone measurements for young children 
who cannot reliably provide a urine sample on demand 
and in patients who have “large” urine ketones.39

Glycated Hemoglobin or Hemoglobin A1c
HbA1c is a minor fraction of adult hemoglobin, which 
is formed slowly and nonenzymatically from hemoglobin 
and glucose. Because erythrocytes are freely permeable to 
glucose, HbA1c is formed throughout the lifespan of the 
erythrocyte; its rate of formation is directly proportional 
to the ambient glucose concentration. The concentration 
of HbA1c, therefore, provides a “glycemic history” of 
the previous 120 days, which is the average lifespan of 
erythrocytes. Although HbA1c reflects glycemia during 
the preceding 12 weeks, it is weighted toward the most 
recent 4 weeks. Blood glucose and blood or urine ketone 
testing provide useful information for day-to-day man-
agement of diabetes, whereas HbA1c provides important 
information about recent average glycemic control. It is 
an integral component of the management of patients 
with diabetes and is used to monitor long-term glycemic 
control and as a measure of the risk for the development 
of diabetes complications.

More than 30 different methods are used to measure 
HbA1c, which has led to different nondiabetic reference 
ranges because different glycated hemoglobin fractions 
are measured.145 The International Federation of Clinical 
Chemistry (IFCC) has developed a new reference method 
that precisely measures the concentration of glycated 
hemoglobin (betaN1-deoxyfructosyl-hemoglobin).146 
The relationship between mean blood glucose concentra-
tion during the preceding 3 months and HbA1c has been 
determined in adults147 and children.148,149 In adults, lin-
ear regression analysis between the HbA1c and average 
glucose values showed a tight correlation described by the 
equation: Average glucose (mg/dl) = 28.7 × A1C − 46.7.147 
In children, substantial individual variability between the 
measured versus calculated mean glucose concentrations 
has been observed; consequently, it has been suggested 
that estimated average glucose concentrations calculated 
from measured HbA1c values should be used with cau-
tion.148 However, a study suggests that the estimated 
average glucose can be used in children and young peo-
ple with T1D.149 An estimated average glucose (eAG) is 
provided in mg/dl and mmol/L.150 In the new reference 
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measurement system, HbA1c results are reported by clini-
cal laboratories worldwide in SI units (mmol/mol) and 
derived National Glycohemoglobin Standardization Pro-
gram (NGSP) units (percent of total hemoglobin), using 
the IFCC-NGSP master equation. A web calculator is 
available to facilitate the conversion (http://www.hba1c. 
nu/eng).150

HbA1c should be measured approximately every 3 
months to determine whether a patient’s metabolic con-
trol has reached or has been maintained within a target 
range. The HbA1c is primarily used to monitor the effec-
tiveness of glycemic therapy and as an indicator for when 
therapy needs to be modified. HbA1c underestimates 
average glucose levels in conditions that shorten the aver-
age circulating red blood cell lifespan, such as hemolysis, 
sickle cell disease, transfusion, cystic fibrosis, and iron 
deficiency anemia. When accurate HbA1c measurement 
is not possible, as in the aforementioned conditions, alter-
native measures of chronic glycemia such as fructosamine 
or glycated serum albumin should be used. These measure 
the glycation of serum proteins rather than hemoglobin 
and reflect glycemia during the preceding 2 to 4 weeks.

CONTINUOUS GLUCOSE MONITORING AND CLOSED-
LOOP THERAPY
Real-time continuous glucose monitoring (CGM) devices 
measure glucose in the interstitial fluid every 5 minutes 
for up to 7 days by means of a short, thin subcutane-
ous probe (glucose sensor). There is a several minute lag 
between plasma and interstitial glucose concentrations. 
Finger stick blood glucose values are needed to calibrate 
CGM devices and to confirm glucose levels before insulin 
boluses are administered or when hypoglycemia is sus-
pected. CGM devices cannot substitute for SMBG but 
are a valuable adjunct to provide detailed blood glucose 
information in the intervals between SMBG measure-
ments, especially after meals and during the night.151 See 
Phillip et al for a detailed review of CGM in children and 
adolescents.152

Several studies have assessed the impact of CGM on 
glycemic control in T1D.153 In a randomized trial com-
paring CGM versus conventional SMBG (in subjects 
≥8 years old), adults with T1D who used CGM had a 
greater reduction in HbA1c, without an increase in hypo-
glycemia, than with conventional SMBG alone. A clear 
benefit was not seen in the overall analysis of pediatric 
subjects, likely because they did not use CGM as fre-
quently as the adults. However, in a subgroup analysis, 
more children ages 8 to 14 years using CGM achieved a 
significant reduction in HbA1c as compared with those 
using SMBG alone. This positive result was not observed 
in adolescents older than 14 years.154 In another ran-
domized trial, sensor-augmented insulin pump therapy 
showed significant improvement in HbA1c levels in both 
adults and children compared with a regimen of multiple 
daily injections and conventional SMBG. Children were 
also more likely to reach age-specific HbA1c targets than 
adolescents.155 In both of the above trials, although many 
subjects and parents felt that CGM was valuable, CGM 
use in children and adolescents declined during the study 

period. Another recent trial of CGM use in children with 
new-onset T1D showed lower HbA1c levels in those 
children who regularly used the sensor.156

In aggregate, the available data underscore the value of 
CGM to reduce the frequency of hypoglycemia. It should 
be emphasized that near-daily CGM use is associated with 
a similar reduction in HbA1c levels in all age groups.157 
Despite its benefits, among more than 18,000 patients 
<26 years old, only 2% to 3% reported using CGM.158 
In the Juvenile Diabetes Research Foundation CGM tri-
als, factors identified as barriers to monitoring include 
insertion pain, system alarms, and body issues; for many, 
hassles outweigh the benefits. The latter include glucose 
trend data, opportunities to self-correct out-of-range glu-
cose levels, and opportunities to detect hypoglycemia.159 
Improved devices and strategies are needed to increase 
the acceptability of CGM devices for long-term use in a 
larger number of youth with T1D.

The suspension of pump insulin delivery for up to 2 
hours at the first sign of impending hypoglycemia can 
reduce the frequency of hypoglycemia without causing 
severe hyperglycemia.160 CGM, insulin pumps, and com-
puter control algorithms have been combined to create 
a fully automated closed-loop system of insulin delivery, 
sometimes referred to as the “artificial pancreas.” In a 
randomized crossover trial in adults with T1D, overnight 
closed loop insulin delivery improved glucose control and 
reduced hypoglycemia, even after a large carbohydrate 
meal with alcohol.161 Manual closed-loop insulin delivery 
in children and adolescents also reduces risk of nocturnal 
hypoglyemia,162 and in a trial comparing a closed-loop 
system to sensor-augmented insulin pump therapy in chil-
dren ages 10 to 18 years at a diabetes camp, subjects using 
closed-loop had better overnight glycemic control with 
less nocturnal hypoglycemia.163 Likewise, in children 
<7 years old, closed-loop insulin delivery decreased the 
severity of overnight hyperglycemia without increasing 
hypoglycemia.164 Finally, small trials have shown near-
normal glucose levels in adults with T1D using a bihor-
monal (insulin and glucagon) closed-loop system.165,166 
In sum, under controlled conditions, closed-loop systems 
improve the safety and efficacy of insulin therapy. Addi-
tional studies are in progress to refine closed-loop systems 
and to study their performance under “real-life” conditions 
(Table 49-10).

ACUTE COMPLICATIONS OF DIABETES IN YOUTH

Hypoglycemia in Youth with Diabetes
Hypoglycemia is the most common acute complication 
of the treatment of diabetes, and concern about hypo-
glycemia is a central issue in treating children with T1D. 
It is the most important barrier to the pursuit and main-
tenance of near-normal glycemic control.167 Effectively 
managing the risk of hypoglycemia is especially impor-
tant in the treatment of children and adolescents. Patients, 
parents, and the diabetes team have to balance continu-
ously the risks of hypoglycemia against those of long-
term hyperglycemia. Children ages 6 to 11 years and their 
parents have poor ability to detect hypoglycemia; both 
groups make clinically significant errors as frequently 

http://www.hba1c.nu/eng
http://www.hba1c.nu/eng


878 PART 5 DIABETES MELLITUS

as clinically accurate assessments.168 Fear of hypoglyce-
mia is common in children with T1D and in their par-
ents.169,170 After an episode of severe hypoglycemia, the 
confidence of the patient and parents is often shaken, and 
fear of a recurrence may induce the patient or parents 
to change their diabetes management. Altered behaviors 
may include overeating and/or deliberate selection of 
lower doses of insulin to maintain higher blood glucose 
levels that are perceived as being safe, resulting in deterio-
ration of glycemic control.171,172 Studies have shown that 
for some parents concern about nocturnal hypoglycemia 
may cause more anxiety than any other aspect of diabe-
tes, including the fear of long-term complications.

The normal glucagon response to hypoglycemia is 
lost early in the course of the disease, and patients with 
T1D depend on sympathoadrenal responses to prevent 
or correct hypoglycemia.167 Mild hypoglycemia itself 
reduces epinephrine responses and symptomatic aware-
ness of subsequent episodes of hypoglycemia.173 Little is 
known about counterregulatory responses in preschool-
age children.174

Symptoms and Signs of Hypoglycemia
Patients with T1D depend on an increase in adrenomed-
ullary epinephrine secretion and activation of the sym-
pathetic nervous system to detect a fall in blood glucose 
concentration. Symptoms and signs of hypoglycemia are 
caused by the counterregulatory response, which produces 
neurogenic (autonomic) symptoms, including sweating, 
trembling, tingling, pallor, palpitations, nervousness, 
anxiety, or the result of neuroglycopenia (inadequate 
fuel to preserve normal brain function), characterized by 
difficulty concentrating, blurred vision, confusion, odd 
behavior, slurred speech, numbness, loss of coordination, 

drowsiness, seizures, coma, and death. Patients frequently 
report a combination of both neurogenic and neuroglyco-
penic symptoms. The most common signs and symptoms 
of hypoglycemia in children are pallor, weakness, tremor, 
hunger, fatigue, drowsiness, sweating, and headache.175 
In contrast to adolescents, autonomic symptoms are less 
common in children younger than 6 years old whose 
symptoms of hypoglycemia are more often neuroglycope-
nic or nonspecific in nature.175 Behavioral changes (irri-
tability, tantrums, erratic behavior, inconsolable crying) 
are often the primary manifestation of hypoglycemia in 
young children, and this difference has important impli-
cations for parent education about hypoglycemia. Also, 
in contrast to adults, who are usually able to distinguish 
between autonomic and neuroglycopenic symptoms, 
children and their parents report that symptoms tend to 
cluster.176 The coalescence of autonomic and neuroglyco-
penic symptoms in children may indicate that both types 
of symptoms are generated at similar glycemic thresholds.

The ADA defines biochemical hypoglycemia as blood 
glucose <70 mg/dl.177 It should be noted, however, that 
healthy 8- to 16-year-old children and adolescents and 
those with T1D may begin to counterregulate at a higher 
blood glucose level than adults. As a result, their hypo-
glycemia symptoms may occur with blood glucose con-
centrations in the normal range.178 Hypoglycemia in 
children is often classified in terms of its severity as mild, 
moderate or severe; most episodes are mild.175 Cognitive 
impairment typically does not accompany mild hypo-
glycemia and older children are able to recognize the 
symptoms and treat themselves. Mild symptoms abate 
within about 15 minutes after treatment with a rapidly 
absorbed form of carbohydrate. Moderate hypoglycemia 
has both neuroglycopenic and autonomic symptoms: for 

TABLE 49-10 Incidence of Severe Hypoglycemia in Children and Adolescents

Study Author and Year of 
Publication

Age
(Yrs)

Number of  
Patients

Definition of Severe  
Hypoglycemia

Incidence
Events per 100 
Patient-Years

Mean or Median 
HbA1c % Methodology

DCCT 199434

Intensive therapy
Conventional therapy

13-17
195 Coma, seizure*

26.7
9.7

8.06
9.76

Prospective 
randomized 
clinical trial

Rewers (2002)231 0-19 1243 Coma, seizure, 
emergency depart-
ment visit, hospital 
admission

19.1 8.8-9.0 Prospective, 
population

O’Connell (2011)197 1-18 1683 Loss of consciousness 
or seizure

17.3 to 5.8† ‡ Prospective, 
population

Rosenbauer (2012)198 14.6 ± 3.7, 
<20

30,708 Severe, requiring 
assistance; loss of 
consciousness or 
seizure

19.1;
4.0

8.4% Prospective, 
longitudinal 
population

Katz (2012)232 9-15 255 Severe, requiring  
assistance; seizure  
or coma

37.6;
9.6

8.3% Observational; 2 
pediatric dia-
betes centers

*In the DCCT, severe hypoglycemia (SH) was defined as an episode of hypoglycemia in which the patient required assistance with treatment from 
another person to recover; in addition, the blood glucose level had to be documented as <50 mg/dl and/or the clinical manifestations had to 
be reversed by oral carbohydrate, subcutaneous glucagon, or intravenous glucose. In the intensively treated adolescent cohort, there were 85.7 
hypoglycemic episodes per 100 patient-yrs as compared to 27.8 in the conventionally treated group.

†peak 17.3 per 100 patient-yrs in 2001, declined from 2004 to a nadir of 5.8 per 100 patient-yrs in 2006; average HbA1c 8% to 9% of cohort 
throughout the decade.

‡HbA1c <7% not associated with higher risk than 8% to 9%.
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example, mood changes, irritability, decreased attentive-
ness, drowsiness, and behavior change. Preschool-age 
children invariably require assistance with treatment 
because they are often confused and their judgment is 
impaired; also, weakness and lack of coordination may 
make self-treatment difficult or impossible. Moderate 
hypoglycemia causes more protracted symptoms and 
may require a second treatment with oral carbohydrate. 
Severe hypoglycemia is characterized by sufficient cogni-
tive impairment that the assistance of another person is 
needed for treatment. Such events include episodes of 
unresponsiveness, unconsciousness, or seizures requiring 
emergency treatment with glucagon or intravenous glucose. 
This definition is not applicable to very young children, 
who by definition always require assistance for treatment 
of hypoglycemia.

Children who have had diabetes for several years may 
describe a change in their symptoms through time. Auto-
nomic symptoms tend to be less frequent and are more 
muted, and neuroglycopenic symptoms (e.g., drowsiness, 
difficulty concentrating, lack of coordination) are more 
common. Patients must learn to recognize the change in 
symptoms to prevent severe episodes. The blood glucose 
concentration at which symptoms occur varies among 
patients and the threshold may vary in the same indi-
vidual in parallel with antecedent glycemic control. 
As in adults, children with poorly controlled diabetes 
experience symptoms of hypoglycemia at higher blood 
glucose concentrations than those with good glycemic 
control.178

Impact of Hypoglycemia on the Child’s Brain
Studies have documented cognitive impairments and 
academic difficulties in children and adolescents diag-
nosed with T1D in early childhood.179 Global intellectual 
deficits as well as specific neurocognitive impairments 
in memory, visuospatial skills, and attention have been 
described. Neuropsychological complications have been 
detected within 2 years of onset of diabetes.180 Children 
with long duration diabetes, especially those who devel-
oped the disease before age 6 years, appear to be at the 
greatest risk. Maturation of the central nervous system 
puts the youngest children at greater risk for cognitive 
deficits as a consequence of hypoglycemia. It is difficult, 
however, to dissect out the contributions of metabolic 
disturbances (hyperglycemia and hypoglycemia) and 
the psychosocial effects of chronic disease in a young 
child.181 Nonetheless, there is evidence linking hypo-
glycemia (asymptomatic as well as severe hypoglycemic 
events) to neuropsychological deficits (refer to Jones and 
Davis181 and Ryan182 for a comprehensive discussion of 
this issue). Impaired intellectual development without a 
clear relationship to experienced hypoglycemia has also 
been reported.183 Thus, cognitive impairments in chil-
dren with early onset diabetes may result from a num-
ber of factors whose relative importance is still unclear: 
recurrent asymptomatic hypoglycemia, severe hypogly-
cemia, chronic hyperglycemia, and psychosocial effects 
of chronic illness.181,182 The neurocognitive sequelae of 
intensive diabetes management in children whose brains 
are still developing are still largely unknown. Preliminary 

findings suggest poorer memory skills, presumed but not 
proven to be the consequence of recurrent and severe 
hypoglycemia.184 Exposure to severe hypoglycemia has 
been associated with increased hippocampal volumes in 
children with T1D, which may represent a pathological 
reaction to hypoglycemia during brain development.185

Even in the absence of typical symptoms, cognitive 
function deteriorates at low blood glucose levels.186 Mod-
erate and severe hypoglycemia is disabling, affects school 
performance, and makes driving a car or operating dan-
gerous machinery hazardous and the utmost effort should 
be made to avoid such events.187 Repeated or prolonged 
severe hyperinsulinemic hypoglycemia can cause perma-
nent central nervous system damage, especially in very 
young children. Fortunately, hypoglycemia is a rare cause 
of death in children with T1D.188,189

Frequency of Hypoglycemia
The true frequency of mild (self-treated) symptomatic 
hypoglycemia is almost impossible to ascertain accurately 
because mild episodes are quickly forgotten and/or are 
not recorded. CGM performed in children with T1D has 
shown that hypoglycemia, frequently asymptomatic, is 
common during the night (see Nocturnal Hypoglycemia 
in the following text).154,190-194

In the 1990s, in the wake of the DCCT, increased 
emphasis on strict glycemic control was associated with 
an increase in the rate of severe hypoglycemia, particularly 
in younger children (<6 years).195 However, increased 
use of CSII and the use of insulin analogues with mul-
tiple daily dose insulin regimens that more closely mimic 
physiologic insulin replacement have increased frequency 
of blood glucose monitoring, use of CGM, more wide-
spread use of multidisciplinary diabetes care teams, and 
improvements in patient education, and all to varying 
degrees have contributed in recent years to an overall 
reduction in risk of severe hypoglycaemia and to lower 
HbA1c levels155,196-198 (Table 49-10).

Despite these improvements, severe hypoglycemia 
remains a common acute complication of T1D in children, 
adolescents, and young adults, and in the T1D Exchange 
Clinic registry, 6.2% of 9930 enrollees reported at least 
one severe hypoglycemia event within 12 months. After 
controlling for other factors, frequency of severe hypo-
glycemia was highest in children <6 years, but was not 
associated with HbA1c.199 Factors reported to increase 
the risk of hypoglycemia are shown in Table 49-11.

Causes of Hypoglycemia in Diabetes
Hypoglycemia is the result of a mismatch between insu-
lin, food, and physical activity. The mismatch can be the 
result of therapeutic, biologic, and behavioral factors 
(Table 49-12).

Patient errors relating to insulin dosage, erratic meal 
or snack times, decreased food intake, or unplanned exer-
cise account for 50% to 85% of episodes of hypoglyce-
mia in children and adolescents.200 After years of living 
with diabetes, some patients and/or their parents conduct 
their routine diabetes self-care practices without care-
fully thinking about the intricate interplay among insulin, 
food, and exercise.201
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Nocturnal Hypoglycemia
An increase in plasma epinephrine concentrations is nor-
mally the main hormonal defense against hypoglycemia in 
T1D; however, sleep impairs counterregulatory hormone 
responses to hypoglycemia, both in normal subjects and 
in patients with diabetes mellitus,82,202 which explains 
the increased susceptibility to hypoglycemia during sleep. 
Furthermore, asymptomatic nocturnal hypoglycemia 
may impair counterregulatory hormone responses. Thus, 
impaired defenses against hypoglycemia during sleep may 
contribute to the vicious cycle of hypoglycemia, impaired 
counterregulatory responses, and unawareness of hypo-
glycemia (failure to experience autonomic warning symp-
toms before the onset of neuroglycopenia) either awake 
or asleep. Recurrent asymptomatic nocturnal hypogly-
cemia is an important cause of hypoglycemia unaware-
ness, which, in turn, leads to more frequent and severe 
hypoglycemia.173

Both children and adults who were studied either in 
hospital or at home with frequent intermittent or contin-
uous blood glucose measurements during the night, show 
a high incidence (14% to 47%) of asymptomatic hypo-
glycemia.154,190-193 For example, in the Juvenile Diabetes 
Research Foundation CGM randomized clinical trial, 
hypoglycemic events (two consecutive CGM readings 
≤60 mg/dl in 20 minutes) occurred during 8.5% of nights 
(approximately twice per month) and lasted ≥2 hours 
on 23% of nights with hypoglycemia.203 Hypoglycemia 
during sleep may exceed 4 hours in duration, and up to 
half these episodes may be undetected because the subject 
does not wake from sleep.204 The incidence of hypogly-
cemia on any given night is affected by numerous factors, 
including the insulin regimen, the timing and content of 
meals and snacks, and antecedent physical activity.79,80,192 
Long after strenuous physical exercise has ended there 
is a sustained increase in insulin action on muscle and 
liver and blunting of the counterregulatory response to 
hypoglycemia.79 Low blood glucose concentrations in the 
early morning (before breakfast) are associated with a 
higher frequency of preceding nocturnal hypoglycemia, 
and knowledge of this fact is useful in counseling patients 
to modify the evening insulin regimen and bedtime snack 
to prevent more severe nocturnal hypoglycemia.

Treatment of Hypoglycemia
The goal is to restore blood glucose to ≥100 mg/dl as 
quickly as possible after the first sign or symptom is 

detected. Except in preschool-age children, most episodes 
of symptomatic hypoglycemia are self-treated with rap-
idly absorbed carbohydrate such as glucose tablets or gel, 
juices, soft drinks, candy, or crackers. Foods that contain 
fat together with carbohydrates should be discouraged 
because fat slows the absorption of carbohydrates from 
the gastrointestinal tract. Because glucose tablets raise 
blood glucose levels more rapidly than orange juice and 
the dosage is easily calibrated, they should be the treat-
ment of choice for children old enough to chew and safely 
swallow large tablets. The recommended dose is 0.3 g 
glucose per kg body weight (5 to 20 g depending on the 
child’s body weight). The blood glucose concentration 

TABLE 49-11 Factors Associated with Increased 
Risk of Hypoglycemia

Younger age
Longer duration of diabetes
Male gender
Lower C-peptide levels
Higher daily insulin dose (units per kg body weight)
NPH-based insulin regimen
Lower HbA1c levels
Centers treating fewer patients (<50)
Psychiatric disorders
Lower parental socioeconomic status (lack of health insurance)

TABLE 49-12 Causes of Hypoglycemia in 
Children and Adolescents with Diabetes Mellitus

Insulin Errors (Inadvertent or Deliberate)

 Reversal of morning and evening dose
 Reversal of short- or rapid-acting insulin and intermediate- or 

long-acting insulin
 Improper timing of insulin administration in relation to food 

consumption
 Excessive insulin dosage
 Surreptitious insulin administration; suicide gesture or attempt

Erratic or Altered Insulin Absorption

 Inadvertent intramuscular injection
 More rapid absorption from exercising limbs
 Unpredictable absorption from lipohypertrophy at injection 

sites
 More rapid absorption after sauna, hot bath, sunbathing

Diet

 Omission or reduced size of meals or snacks
 Delayed snacks or meals
 Variable meal composition: carbohydrate with/without protein 

and fat
 Eating disorders and disordered eating
 Gastroparesis
 Malabsorption, e.g., gluten enteropathy

Exercise

 Unplanned physical activity
 Prolonged duration and/or increased intensity of physical activity
 Strenuous exercise in the afternoon or evening
 Failure to reduce the dose of basal insulin to combat the “lag 

effect” of exercise

Alcohol and/or Drugs

 Impaired gluconeogenesis and glycogenolysis from excessive 
consumption of ethanol

 Impaired cognition from use of ethanol (may cause hypoglycemia 
unawareness), marijuana, cocaine, other recreational drugs

Hypoglycemia-Associated Autonomic Failure

 Recurrent hypoglycemia
 Hypoglycemia unawareness
 Defective glucose counterregulation

Miscellaneous Uncommon Causes of Hypoglycemia

 Adrenocortical insufficiency
 Hypothyroidism
 Growth hormone deficiency
 Renal failure
 Decreased insulin requirement in first trimester of pregnancy
 Insulin autoantibodies
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should be remeasured 15 minutes after treatment, and 
if the value does not exceed 70 to 80 mg/dl, treatment 
should be repeated. The glycemic response to oral glucose 
usually lasts less than 2 hours; therefore, unless a sched-
uled meal or snack is due within an hour, the patient 
should be given either a snack or a meal containing car-
bohydrates and protein.

Hypoglycemia is common when the child with diabetes 
is unable to consume or absorb oral carbohydrate because 
an intercurrent illness (e.g., gastroenteritis) causes nausea 
and vomiting or because of oppositional behavior and 
food refusal in very young children. To maintain blood 
glucose concentrations within a safe range, parents either 
seek emergency medical attention or attempt to force feed 
oral carbohydrate in an ill child, which often leads to 
more vomiting. “Mini dose” glucagon raises blood glu-
cose by 60 to 90 mg/dl within 30 minutes and its effect 
lasts approximately 1 hour. This is an effective method for 
managing at home most situations of impending hypogly-
cemia. Using a U-100 insulin syringe and after dissolving 1 
mg glucagon in 1 mL of diluent, children ≤2 years receive 
2 “units” (20 μg) of glucagon SC, and children >2 years 
receive 1 unit (10 μg) per year of age up to a maximum 
dose of 15 units (150 μg). Blood glucose should be mea-
sured every 30 minutes for 1 hour, and hourly thereafter 
until the crisis has resolved. If at 30 minutes the glucose 
concentration is essentially unchanged, the initial dosage 
should be doubled and administered.205

Severe hypoglycemia (unresponsiveness, unconscious-
ness, or seizures) requires emergency treatment with par-
enteral glucagon (IM or SC). The usual recommended 
dose is 0.5 mg if the child is <12 years and 1 mg if >12 
years, or 10 to 30 mcg/kg.206,207 Symptoms of experi-
mentally induced hypoglycemia in diabetic children 
are relieved within 10 minutes of glucagon administra-
tion either by SC or IM injection. Mean blood glucose 
and plasma glucagon levels are slightly but not signifi-
cantly higher after IM than SC injection; however, in 
children with diabetes and in healthy adults there are 
no important difference between the effects of glucagon 
injected either SC or IM.208,209 The plasma glucagon lev-
els attained are higher than those in peripheral venous 
or portal blood of healthy adults during insulin-induced 
hypoglycemia, and they are probably higher than is nec-
essary for maximal effect. The increase in blood glucose 
concentration after glucagon administration is sustained 
for at least 30 minutes. Therefore, it is unnecessary to 
repeat the dose or force the child to eat or drink for at 
least 30 minutes. In an emergency department or hos-
pital, the preferred treatment is intravenous glucose  
(0.3 g/kg). After bolus administration of glucose, the gly-
cemic response is transient; therefore, intravenous glu-
cose infusion should continue until the patient is able to 
swallow safely.209

If severe hypoglycemia was prolonged and the patient 
had a seizure, complete recovery of cognitive and neuro-
logic function may take many hours despite restoration 
of normal blood glucose levels.210 Permanent hemiparesis 
and other neurologic sequelae are rare211,212; however, 
the postictal period may be complicated by headache, 
lethargy, nausea, vomiting, and muscle ache.

Diabetic Ketoacidosis (DKA)
DKA is comprehensively reviewed in Chapter 46. Aspects 
of DKA specifically related to children and adolescents 
will be briefly discussed here (see also reference 213).

In Canada, the USA, and Europe, rates of hospitaliza-
tion for DKA in established and new patients with TIDM 
have remained stable at about 6 to 10 per 100 patient-
years throughout the past 20 years. The risk of DKA 
in established TID varies considerably among different 
countries ranging from 1.4 to 10 per 100 patient-years.213 
In the T1D Exchange pediatric and young adult cohort, 
at least one DKA event occurred within 12 months of 
enrollment in 9.9% of the 13,005 participants.199 Risk is 
increased in children with poor metabolic control or pre-
vious episodes of DKA, peripubertal and adolescent girls, 
psychiatric (including eating) disorders, dysfunctional or 
unstable family circumstances, immigrant and minor-
ity families, and when access to medical services (lower 
socioeconomic status and lack of health insurance) is lim-
ited. In patients using CSII, unrecognized interruption of 
insulin delivery, irrespective of the reason, is an important 
cause of DKA.213 Children rarely have DKA when insu-
lin administration is closely supervised or is performed 
by a responsible adult.214 In established patients, most 
instances of DKA are probably associated with insulin 
omission or treatment error, whereas the remainder are 
caused by inadequate insulin therapy during intercurrent 
illness.215 An intercurrent infection is seldom the cause 
when the patient or family is properly educated in diabe-
tes management and is receiving appropriate follow-up 
care by a diabetes care team available to provide 24-hour 
telephone advice.216

Morbidity and Mortality of DKA in Youth
DKA is the leading cause of acute morbidity and mortal-
ity in children with type 1 diabetes.22 Reported mortality 
rates from DKA in national population-based studies are 
reasonably constant in the range of 0.15% to 0.31%. In 
areas with sparse medical facilities the risk of dying from 
DKA is greater, and children may die before receiving 
treatment.188 Cerebral edema accounts for 60% to 90% 
of all deaths from DKA.217,218 The incidence of cerebral 
edema has been fairly consistent between national popu-
lation-based studies, 0.5% in Canada to 0.9% in the USA. 
Mortality rates from cerebral edema in population-based 
studies are 21% to 25%. Significant morbidity occurs in 
10% to 26% of survivors. Other causes of DKA-related 
morbidity and mortality include hypokalemia, hyperkale-
mia, hypoglycemia, sepsis, and other CNS complications 
such as thrombosis.22

Cerebral Edema
Cerebral edema typically occurs 4 to 12 hours after start-
ing treatment for DKA, but can occur before treatment has 
begun or, rarely, it may develop as late as 24 to 48 hours 
after the start of treatment. Symptoms and signs are vari-
able and include: onset of headache, change in neurologi-
cal status (restlessness, irritability, increased drowsiness, 
deterioration in level of consciousness, age-inappropriate 
incontinence), recurrence of vomiting, specific neurologi-
cal signs (e.g., cranial nerve palsies, abnormal pupillary 
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responses), slowing of heart rate, and rising blood pres-
sure.219 Cerebral edema is more common in new onset 
T1D, younger children, and patients with longer duration 
of symptoms. These risk associations may reflect more 
severe DKA. The cause of cerebral edema remains poorly 
understood; however, recent data suggest that cerebral 
edema is not the result of acute changes in serum osmo-
lality, but may be the consequence of cerebral ischemia 
from hypoperfusion and reperfusion leading to vasogenic 
edema (Box 49-2).220

Treatment of Cerebral Edema
Treatment should be initiated as soon as the condition 
is suspected. The rate of fluid administration should be 
reduced by one third, and the head of the bed should 
be elevated. Give intravenous mannitol (0.5 to 1 g/kg) 
during 20 minutes and repeat if necessary if there is no 
response within 30 minutes. Hypertonic saline (3%), 
5 to 10 mL/kg during 30 minutes has been used as an 
alternative to mannitol221 and is recommended if there 
is no response to mannitol. Intubation may be neces-
sary for the patient with impending respiratory failure, 
but aggressive hyperventilation (to a PCO2 <22 mm Hg) 
has been associated with poor outcome and is not rec-
ommended.222 After treatment for cerebral edema has 
been started, a cranial CT scan should be obtained to 
rule out other possible intracerebral causes of neuro-
logic deterioration (≈10% of cases), especially throm-
bosis and cerebral infarction, dural sinus thrombosis, 
or intracerebral hemorrhage, which may benefit from 
specific therapy.

CONCLUSION
In 1993, the DCCT showed that any sustained reduction 
in HbA1c level lowers the risk of diabetic complications 
and recommended that most youth with diabetes should 
receive intensive therapy. Technological innovations since 
then, including better pumps and insulin analogues that 
facilitate more physiologic insulin replacement, accurate 
methods to measure blood glucose, and glucose sensors, 
have made it possible to achieve tighter blood glucose 
control with reduced risk of severe hypoglycemia in chil-
dren and adolescents with diabetes. Increased use of more 
physiologic insulin regimens together with frequent blood 

glucose monitoring and patient education and empower-
ment have made it possible to ensure normal growth and 
development and safely to achieve levels of blood glu-
cose control that were previously unattainable. Sustained 
improvement in glycemic control should prevent or,  
at least, delay the appearance of the chronic complica-
tions of diabetes.

There can be no doubt that the prospects for a 
young person with T1D are far better than they were 
in the past, and epidemiologic data confirm that 
rates of microvascular complications have improved  
(Figure 49-3).223-226 However, in most individuals with 
T1D, the goal of near normalization of HbA1c remains 
elusive and several large studies show a persistent gap 
between attained and target HbA1c levels.41,227 Success-
ful implementation of intensive diabetes management in 
routine clinical practice continues to be a major chal-
lenge.228 The arduous and unremitting task of controlling 
blood glucose in a child is difficult and frustrating and 
the risk of hypoglycemia is always present. Members of 
the diabetes team must set realistic and attainable goals 
for each patient while constantly providing encourage-
ment and support. The resources of a multidisciplinary 
healthcare team in collaboration with the child’s primary 
care physician are essential for the successful manage-
ment of childhood diabetes. Unfortunately, in the past 
decade, T2D has emerged as a major new challenge for 
those who provide care for children with diabetes.
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Figure 49-3 Retinopathy in adolescents with type 1 diabetes. De-
clining retinopathy in parallel with greater use of MDI and CSII and 
improving glycemic control in 1604 adolescents with type 1 diabetes 
from 1990 to 2009. (Reproduced with permission of the author and the 
American Diabetes Association from Downie E, Craig ME, Hing S, Cu-
sumano J, Chan AK, Donaghue KC. Continued reduction in the preva-
lence of retinopathy in adolescents with type 1 diabetes: Role of insulin 
therapy and glycemic control. Diabetes Care. 2011;34:2368-2373.)

Box 49-2 Factors Associated with Increased Risk of  
Cerebral Edema

 •  Increased serum urea nitrogen at presentation, which may reflect 
more severe dehydration

 •  More severe hypocapnia at presentation (after adjusting for the 
degree of acidosis)

 •  Severity of acidosis at presentation
 •  Greater volumes of fluid given in the first 4 hours
 •  Administration of insulin in the first hour of fluid treatment
 •  Administration of bicarbonate to correct acidosis
 •  An attenuated rise in measured serum sodium concentration 

during treatment
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Both type 1 and type 2 diabetes are major and growing 
worldwide health problems, largely due to their well-
known vascular, eye, kidney and neural complications. It 
is now accepted that these devastating problems are linked 
to hyperglycemia,1 which strongly implies that normal-
ization of glucose levels with proper treatment early in 
the course of the disease will prevent these complications. 
The cost of these complications in personal and financial 
terms is enormous. Despite impressive improvements in 
treatment, including self-monitoring of glucose, advances 
in insulin therapy, new medications, and higher stan-
dards of care, too many people with diabetes continue 

to develop disabling complications. Transplantation of 
pancreatic tissue, as either the intact pancreas or isolated 
islets, is a treatment option for some individuals with dia-
betes. A successful pancreas or islet transplant offers nor-
mal or near-normal blood glucose control with decreased 
risk for hypoglycemia, as compared to intensive insulin 
therapy. Intact pancreas transplantation offers many 
recipients sustained, durable glycemic control but at the 
risk for surgical and immunosuppression-related compli-
cations. Islet transplantation is attractive as a less invasive 
alternative, but currently it is not as durable as pancreas 
transplants and has its own complications.

K E Y  P O I N T S

 •  Transplantation of either whole pancreas or isolated islets in type 1 diabetes can 
normalize blood glucose levels and have a beneficial impact on diabetes complications.

 •  Various types of immunosuppression are used for pancreas and islet transplants, and 
there is active research exploring more efficacious and safer approaches including islet 
encapsulation.

 •  The search to find a better source of cells for beta cell replacement by transplantation 
or regeneration is a top priority. Progress is being made with embryonic stem cells, 
induced pluripotent cells, replication of beta cells, expansion and differentiation of 
adult stem cells, and reprogramming.
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PANCREAS TRANSPLANTATION
The first clinical vascularized whole pancreas transplant 
was a duct-ligated segmental graft with a simultaneous 
kidney transplant performed by Drs. William Kelly and 
Richard Lillehei in 1967 at the University of Minne-
sota.2 Unfortunately, the first two recipients died within 
6 months of transplantation. Over the next 15 years, 
the procedure was performed in relatively few centers 
and with an initial low success rate, but by the mid-
1980s the procedure became more widespread as surgi-
cal techniques improved and new immunosuppression 
approaches became available.

Indications and Types of Pancreas Transplants
Pancreas transplantation is most often performed in 
combination with kidney transplantation, either simulta-
neously (e.g., simultaneous pancreas and kidney [SPK]) 
or after kidney transplant (e.g., pancreas after kidney 
[PAK]). This is in agreement with the American Diabe-
tes Association clinical practice recommendation that 
barring other contraindications, “pancreas transplants 
should be considered an acceptable therapeutic alterna-
tive to continued insulin therapy in diabetic patients with 
imminent or established end-stage renal disease who have 
had or plan to have a kidney transplant, since the suc-
cessful addition of a pancreas does not jeopardize patient 
survival, may improve kidney survival, and will restore 
normal glycemia.”3 These individuals will already require 
immunosuppression as part of the medical regimen for 
the renal transplantation, and thus the primary additional 
risk is the operative procedure. While pancreas trans-
plants are usually thought of as a treatment for type 1 
diabetes, there are now several series showing successful 
results in recipients with type 2 diabetes.4

There has been considerable debate around pancreas 
transplant alone (PTA) in the absence of indications for 
kidney transplantation, with its risk for mortality, mor-
bidity, and immunosuppression. Current recommenda-
tions are that PTA only be considered if the following 
criteria are met: (1) frequent, acute, and severe metabolic 
complications; (2) incapacitating clinical and emotional 
problems with exogenous insulin therapy; and (3) consis-
tent failure of insulin-based management to prevent acute 
complications.3 Frequent severe episodes of hypoglyce-
mia and hypoglycemia unawareness have been particu-
larly important indications.

As reported by the International Pancreas Transplant 
Registry, over 35,000 pancreas transplants were performed 
in 2010, with more than 24,000 being done in the United 
States and approximately 12,000 done elsewhere.5 How-
ever, there has been a modest decline in the number of pan-
creas transplants done in the United States in recent years 
as reported to the U.S. Organ Procurement and Transplan-
tation Network and the Scientific Registry of Transplant 
Recipients (OPTN/SRTR) from 1484 in 2004 to 1014 in 
2012, which has been accompanied a similar decline in the 
number of patients on the waiting list.6

Some of the reasons for this probably include the devel-
opment of better ways to improve glycemic control with 
insulin, but concerns raised about the outcomes of PTA 

may also have had an impact. Several conflicting analyses 
comparing patients on the waiting list to those undergo-
ing pancreas transplantation have been published, with 
most of the divergence in the analyses attributable to dif-
ferences in calculation of waiting list–associated mortal-
ity.7,8 Currently, SPK has a similar beneficial impact on 
reduction of mortality, whereas solitary pancreas trans-
plants (PAK or PTA) do not. However, the potential ben-
efits of improved quality of life, reversal of hypoglycemic 
unawareness, and a modest amelioration of complica-
tions can shift patients toward this surgical option. The 
beneficial effects of SPK contrast with the very poor sur-
vival rates of patients on the SPK waiting list.

Surgical Techniques
Exocrine Drainage
The evolution of surgical approaches to pancreas trans-
plants has been recently reviewed by Squifflet.9 Vari-
ous early approaches to drainage of exocrine secretion 
included duct ligation, duct obliteration, enteric drain-
age, and bladder drainage. One of the major advances 
that led to improved results and thus wider acceptance 
of pancreas transplantation was the use of a duodenum-
to-bladder drainage as pioneered by Sollinger’s group,10 
which reduced the rate of transplant exocrine secretion 
leaks and allowed monitoring for evidence of early graft 
rejection by measurement of amylase activity in the urine. 
Unfortunately, loss of the bicarbonate-rich pancreatic 
secretions into the bladder as seen with this technique is 
associated with a number of problems, such as metabolic 
acidosis, dehydration, cystitis, urethritis, reflux pancre-
atitis, stricture formation, and bladder stones. Within 
3 years posttransplant, approximately 15% of such 
patients required reversal of bladder drainage, with redi-
rection of secretions into the small bowel.11 By the late 
1990s, improvements in immunosuppression and experi-
ence with direct percutaneous needle biopsy had reduced 
the need for urinary amylase monitoring to identify rejec-
tion, and many groups moved to enteric drainage, first 
with a Roux-en-Y technique, and now more commonly a 
side-to-side anastomosis of the donor duodenum and the 
recipient ileum (Fig. 50-1). In the United States in 2010, 
enteric drainage was employed in 91% of SPK, 89% of 
PAK, and 89% of PTA procedures.5

Venous Drainage
The majority of the venous drainage of the native pan-
creas is via the pancreaticoduodenal veins into the portal 
vein. Classically, venous drainage from a transplanted 
pancreas has been directed into the systemic circula-
tion, but some centers have developed ways to use the 
recipient’s superior mesenteric and splenic veins to allow 
drainage into the portal vein, which is considered more 
physiologic but also more technically demanding.12 It has 
been suggested that presentation of pancreas alloantigens 
to the liver via portal drainage may provide an immuno-
logic benefit,13 but this remains controversial and has not 
been confirmed in several prospective studies. An analysis 
of United Network for Organ Sharing (UNOS) registry 
data suggests that any potential immunologic advantage 
is dwarfed by current immunosuppression regimens.14 
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There are concerns that hyperinsulinemia of systemic 
drainage might may accelerate atherosclerosis, and the 
portal vein route results in lower peripheral circulating 
insulin levels.15 However, more atherogenic lipid profiles 
have not been identified with systemic drainage, and any 
potential benefit may be relatively small compared to the 
lipid changes associated with current immunosuppression 
regimens. Systemic venous drainage remains the much 
more commonly performed procedure; portal drainage 
was employed in less than 20% of pancreas transplants 
in 2010.5

Anti-Rejection Therapy
In 2010 in the United States, by far the most common 
immunosuppression used for pancreas transplantation 
was induction with a T cell–depleting agent and main-
tenance with the combination of tacrolimus and myco-
phenolate mofetil (MMF), and this regimen is used in 
over 70% of the cases reported to the OPTN/SRTR.6 
Because of growing concern about the negative effects 
of steroids on β cells and the success of the Edmonton 
Protocol for islet transplantation reported in 2000,16 
the use of steroid-free regimens has now reached about 
40% of the transplants. Only a small number of centers 
employ combinations using sirolimus, cyclosporine, or 
azathioprine. There is concern that the combination of 
sirolimus with calcineurin inhibitors is associated with 
synergistic nephrotoxicity and may have negative meta-
bolic consequences.17

For induction immunosuppression, the majority of 
recipients are given T cell–depleting antibody treatment, 
most often polyclonal rabbit antithymocyte globulin 
(rATG—produced from rabbits immunized with human 
thymus thymoglobulin) or monoclonal alemtuzumab 
(Campath-1H). The nondepleting anti-CD25 antibodies 

basiliximab (Simulect) and daclizumab (Zenapax) are 
now used in less than 10% of cases.5 When compared 
to basiliximab induction, alemtuzumab has been asso-
ciated with lower rates of acute rejection but a higher 
risk for cytomegalovirus disease.18 Although rATG has 
been available for over 15 years, there has been a recent 
increase in interest after it was found to expand antigen-
specific CD4+CD25+Foxp3+ regulatory T cells, while the 
anti-CD25 antibodies or alemtuzumab do not.19 Several 
comparative studies of alemtuzumab versus rATG with 
prednisone-free maintenance regimens have shown less 
acute rejection by 12 months with alemtuzumab but no 
difference in overall patient or graft survival rates or late 
acute rejection beyond 12 months.20,21

In pancreas transplant recipients, immunosuppression 
is needed not only to control allograft rejection but also 
the autoimmunity of type 1 diabetes. In the setting of 
inadequate immunosuppression, autoimmunity may lead 
to rapid destruction of the insulin-producing cells over a 
matter of weeks, without rejection of the exocrine pan-
creas or other transplanted organs.22

Many adverse effects are seen with these immuno-
suppression agents, but only a few will be mentioned. 
In general, higher doses of immunosuppressive drugs 
are required for pancreas transplants than for kidney 
transplants alone, which is of concern, since there is an 
increased risk for infection and malignancy.23 Postrenal 
transplant data indicate that the risk for skin cancer for 
a patient on immunosuppression varies by country and is 
cumulative; at 10 and 20 years, respectively, it goes from 
10% to 40% in the Netherlands and 45% to 70% in Aus-
tralia.24 As with any transplant requiring immunosup-
pression, posttransplant diabetes mellitus (PTDM) may 
develop after pancreas transplantation. In a series of 144 
transplants followed for 39 months by the Mayo Clinic, 
19% developed diabetes despite functioning grafts.25 
Contributing variables included high pretransplant BMI, 
high pretransplant insulin requirements, and episodes of 
acute rejection.

Glucocorticoids not only cause insulin resistance but 
they also have direct inhibitory effects upon β-cell func-
tion.26, 27 The impairment of glucose-dependent insulin 
secretion by tacrolimus is well documented,28 and wor-
risome negative effects of sirolimus, including decreased 
insulin release and deleterious effects on β cell viability 
and proliferation, have also been identified.29 There are 
data suggesting that MMF can directly inhibit islet neo-
genesis as well.30 A final concern is the nephrotoxicity of 
calcineurin inhibitors.31 In spite of the proven beneficial 
effects of a pancreas transplant on a transplanted kid-
ney,32 presumably due to euglycemia, drug-induced neph-
rotoxicity can be severe. Side effects seen with standard 
maintenance immunosuppression include nephrotoxicity, 
hypertension, hyperlipidemia, glucose intolerance, gas-
trointestinal problems, weight gain, electrolyte abnormal-
ities, skin changes, alopecia, and hirsutism (Table 50-1).

Judging efficacy of immunosuppression regimens is 
more difficult with pancreas transplants than for other 
solid organ transplants such as liver or kidney, where 
functional tests are readily available. For SKP transplants, 
rejection of the pancreas may be followed using kidney 

Recipient
intestine

Enteric
anastomosis

Kidney
graft

Ureter
Pancreas and
duodenum
(graft)

Figure 50-1 Combined pancreas and kidney transplant. Digestive 
juices of the pancreas are drained into the intestine via an enteric anas-
tomosis between the donor duodenum and the recipient ileum. Venous 
outflow can be either into the portal vein or to the peripheral circulation 
via the iliac vein as shown. (Drawing courtesy Dr. David Sutherland.)
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function as a surrogate marker. Detection of rejection 
is more difficult for PAK and PTA procedures, and now 
bladder drainage, which allowed monitoring amylase 
output, has fallen out of favor. Some centers have found 
percutaneous biopsies to be more valuable than ultra-
sound evaluation or measurement of circulating amylase 
and lipase.33

Several novel small molecules and monoclonal anti-
bodies are currently being tested, particularly in kidney 
transplantation, and are being considered for use in pan-
creas and islet transplantation. These agents include the 
protein kinase C inhibitor sotrasurin, the JAK 3 inhibi-
tor tofacitinib, the proteasome inhibitor bortexomib, the 
costimulatory pathway blocker belatacept, and the anti-
C5 antibody eculizumab.

Risks and Benefits
The complex surgical procedures required for pancreas 
transplantation may be accompanied by significant mor-
tality and morbidity, with patients potentially having 
long hospitalizations and readmissions for problems such 
as vascular thrombosis, intraabdominal infection, hemor-
rhage, graft pancreatitis, anastomotic leaks, and a vari-
ety of related problems.33 These risks, as well as those 
associated with lifelong immunosuppression, are weighed 
against the potential benefits of insulin independence and 
normoglycemia.

In an analysis of 937 transplants done at the Univer-
sity of Minnesota from 1994 to 2003, 313 grafts failed.34 
Of these, 123 (39%) were technical failures, 119 (38%) 
were from rejection, 63 (20%) were from death with 
functioning grafts, and 4 (1%) were from primary non-
function. Of the 123 technical failures, 52% were from 
thrombosis, 19% from infection, 20% from pancreatitis, 
6.5% from leaks, and 2.4% from bladder drainage prob-
lems. There are various explanations for these outcomes, 
but an important variable appears to be the condition 
of the donated pancreas. For the follow-up period for 
transplants done in 2007 ending 2012,6 5-year pancreas 
graft survival by transplant type is shown in Figure 50-2. 
Despite recent improvements in short-term graft function 
after solitary pancreas transplant, long-term graft func-
tion remains superior for SPK. Graft function at 5 years 
was 78% for SPK, 58% for PAK, and 51% for PTA.35 
Graft function may be maintained for 10 or more years.

Survival
For patients awaiting SPK, the survival rates are much 
lower than for patients with normal kidney function 
waiting for a solitary pancreas,8 no doubt largely due to 
the combined effects of end-stage renal failure and hyper-
glycemia on the acceleration of vascular disease. It is clear 
that transplantation of a kidney alone improves survival 
in patients with diabetes and renal failure,36 and survival 
is better for living-donor kidney recipients than for those 
receiving cadaver kidneys.37 Patient survival is modestly 
better for SPK than with living-donor kidneys, and better 
still than with cadaver kidneys.38 SPK transplant recipi-
ents have a modestly improved long-term survival as 
determined by analysis of UNOS data.37

Retinopathy
A number of studies have examined the impact of pan-
creas transplantation, often in combination with kidney 
transplantation, on preexisting retinopathy. Many of 
these have included mainly patients with long-standing, 
advanced retinopathy and showed little evidence of 
improvement.39 However, in patients with less advanced 
retinopathy, in particular nonproliferative retinopathy, 
stability40,41 or regression42,43 and improvement in macu-
lar edema41,44 have been noted after transplantation. In a 
study of individuals with GFR >50 mL/min who under-
went PTA, nonproliferative retinopathy improved (in 
50%) or remained stable (in 50%). In individuals with 
preexisting proliferative retinopathy, there was deteriora-
tion in some but to a considerably lesser degree than in 
matched controls—14% and 57%, respectively.42

Nephropathy
The benefits of pancreas transplantation to the kidney are 
more apparent. The progression of biopsy-proven dia-
betic nephropathy of transplanted kidneys is slowed by 
subsequent pancreas transplantation or even prevented 
by simultaneous transplant.45,46 Importantly, a longitudi-
nal study found improvement of native kidneys after pan-
creas transplantation. Clinical improvement in urinary 
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Figure 50-2 Pancreas graft survival among pancreas transplant recipi-
ents transplanted in 2007 by type of transplant. (Adapted from Israni AK,  
Skeans MA, Gustafson SK, et al. OPTN/SRTR 2012 Annual Data Re-
port: pancreas. Am J Transplant 14[Suppl 1]:45-68, 2014.)

TABLE 50-1 Adverse Effects of Common 
Immunosuppressive Agents

Complication Prednisone CsA MMF Tacrolimus Sirolimus

Glucose intoler-
ance

+++ + + ++ ±

Nephrotoxicity ± ++ + ++ ±
Hypertension ++ +++ + +++ ±
Hyperlipidemia ++ +++ ++ + +++
Neurotoxicity ± + ± ++ ±
Cytopenia ± ± ++ ± ++
Electrolyte  

abnormalities
+ ++ + ++ ±

+Mild; ++ moderate; +++ severe/frequent; ± no clinically significant 
effect. CsA, Cyclosporin A; MMF, mycophenolate mofetil.
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albumin was noted at 5 and 10 years posttransplant. 
On biopsy, no benefit was seen at 5 years, but biopsies 
at 10 years showed impressive histological improve-
ment.32 This finding is complemented by recent findings 
of reduced albumin excretion after PTA.47

Neuropathy
Diabetic neuropathy benefits from pancreas transplan-
tation, as demonstrated by modest improvements in 
nerve conduction velocity, parameters of autonomic 
neuropathy, and symptoms.48 Gastric emptying can also 
improve,49 but it is not clear how much of this can be 
attributed to glycemic control versus improved renal 
function.

Vascular Disease
It is now appreciated that pancreas transplantation has 
beneficial effects on macrovascular disease. It was known 
that risk factors are reduced50 and that carotid intima 
media thickness can diminish.50 Now there is more evi-
dence for improvement in cardiovascular function51 for 
a substantial fall in the rates of myocardial infarction, 
stroke, and amputation.52

Quality of Life
The most obvious benefit of pancreas transplants is that 
patients feel their quality of life is improved, particu-
larly with freedom from insulin injections, hypoglycemic 
episodes, and food restrictions. It must be remembered, 
however, that quality of life is a difficult parameter to 
evaluate.53 For example, it has been difficult to show that 
patients’ lives are improved using such standard criteria 
as whether they are more active or have better perfor-
mance at work.54 Nonetheless, patients seem happy to be 
free of their diabetes, which is of undeniable importance.

Costs and Organ Availability
According to the National Kidney Foundation in 2013 
(http://www.kidney.org/atoz/content/pancreastx.cfm), 
“The estimated cost (in the United States) for the first 
year of a pancreas-only transplant averages $125,800. 
This includes the cost of the evaluation, procedures to 
obtain the donated organ, hospital charges, clinician fees, 
follow-up care, and anti-rejection medications. After the 
first year, the average annual cost of follow-up care is 
about $6900. The cost of a pancreas-only transplant 
can be between $51,000 and $135,000; the cost of anti-
rejection medications after the surgery can run as high as 
$2500 per month.” This is similar to an extensive anal-
ysis by Stratta in 2000,55 which also made the follow-
ing points: Complications requiring additional surgery 
and hospitalization can lead to much higher costs. It is 
important to consider this in the context of the pancreas 
transplant being added to the cost of a kidney transplant, 
which has a more pronounced impact upon health. The 
cost of dialysis is about $50,000 per year, while the cost 
of a kidney transplant from a cadaver donor is about 
$40,000 and from a living donor about $90,000.

Since SPK is the more commonly performed trans-
plant type, pancreas transplants are closely linked to 
kidney availability. Unfortunately, there is a serious 

shortage of kidneys, which is particularly important for 
individuals with diabetes and end-stage renal disease, 
because once on dialysis, almost half are dead within 
4 years. To further extend the donor pool by increas-
ing living-donor renal transplants, there has been an 
effort to perform living-donor renal transplants at the 
same time as a cadaver pancreas becomes available 
(e.g., simultaneous cadaver-donor pancreas, living-
donor kidney) or before a pancreas as a conventional 
PAK. Beyond encouraging living donation for kidneys, 
some centers have started to use extended donor crite-
ria, including donation after circulatory death (DCD). 
However, the OPTN/SRTR 2012 report finds that as of 
2012, DCD donations accounted for only 3.1% of pro-
cured pancreases. Overall rates of pancreas donations 
have gradually declined since 2005, such that in 2011 
there were only 2.2 of donors younger than 75 years of 
age per 1000 deaths.6 Unfortunately, waiting-list time 
to transplantation has risen as well; for example, for 
SPK, median time to transplant went from 12.7 months 
in 1997 to 16.2 months in 2010-2011.6

ISLET TRANSPLANTATION
The concept of pancreas transplantation for diabetes is 
not new. In 1894, 7 years before the discovery of insu-
lin, fragments of sheep pancreas were transplanted into a 
severely ill subject with diabetes to no avail.56 The history 
of modern islet transplantation began some 40 years ago 
when Paul Lacey, no doubt encouraged by the early suc-
cess of whole organ pancreas transplants, proposed trans-
plantation of the isolated islets of Langerhans.57 Progress 
has been slow and incremental, and the details of this 
early history have been described elsewhere.58 During 
the 1980s, some success was found with autologous islet 
transplants in patients who underwent pancreatectomy 
for relief of chronic pain from pancreatitis,59 and the first 
successful islet allotransplant for T1D occurred in 1989.60 
Despite improvements in islet isolation and purification, 
allotransplantation success remained elusive. Of 267 islet 
allografts performed between 1990 and 1998 in patients 
with type 1 diabetes, more than half completely failed 
within the first 2 months, with only 35% showing evi-
dence of continuing function (C-peptide over 0.5 ng/mL),  
and only 8% remaining insulin independent beyond  
1 year.61 These early studies provided the essential proof-
of-principle demonstration that cellular transplants can 
normalize glucose levels in type 1 diabetes, which has 
energized the quest for greater success. Indeed, outcomes 
for islet transplantation have improved dramatically since 
2000.62,63 Although difficult challenges remain, progress 
at both preclinical and clinical levels has been impressive 
and encouraging.

Islet Isolation and Transplantation
Islets are isolated from donor pancreases using a mechan-
ical and enzymatic digestion technique. At the end of the 
process, the small islet fraction is separated from the exo-
crine tissue using density gradient centrifugation. Human 
islet preparations usually have much more contamina-
tion by exocrine tissue than is the case for other species. 

http://www.kidney.org/atoz/content/pancreastx.cfm
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Thus, when 33 preparations used for clinical transplants 
at one center were examined morphologically, only 36% 
of the cells in the preparation were β cells, while 72% of 
the islet cells were β cells.64

Islets in most centers are cultured for a short period of 
time (usually less than 48 hours) prior to infusion. Most 
commonly, the islets are infused into the hepatic por-
tal vein via a percutaneous transhepatic ultrasound and 
angiography-guided approach, but some centers perform 
small laparotomies with general anesthesia. The trans-
planted islets become wedged in the terminal branches of 
the portal vein and engraft (Fig. 50-3).

Role of HLA Matching and Autoimmunity
The benefits of immunologic matching of donor and recipi-
ent have not been carefully studied, with most transplants 
having been matched only to blood type and not for his-
tocompatibility antigens. In a study of islet transplants in 
Belgium, it was found that failure to achieve insulin inde-
pendence was associated with T-cell autoreactivity but not 
with the presence of autoantibodies or cellular alloreactiv-
ity.65 Supporting this, in a mouse model, HLA matching has 
been shown to accelerate autoimmune destruction of islet 
allografts.66 Similarly, recurrence of autoimmune disease 
and selective loss of islets has been reported in non-immu-
nosuppressed or minimally immunosuppressed recipi-
ents of HLA-matched pancreas transplants, most notably 
with recipients of pancreas from an identical twin.67 Also 
in whole-pancreas transplants, an association has been 
reported with higher HLA matches and the development 
of posttransplant autoantibodies with higher HbA1c and 
lower C-peptide levels.68 On the other hand, concerns are 
now being raised about HLA sensitization after islet trans-
plantation. In the Edmonton series,69 11 of 69 (16%) were 
broadly sensitized with panel reactive antibody, which is 
problematic for future transplants. In individuals who 
discontinued immunosuppression, 10 of 14 (71%) were 

broadly sensitized. In data from the Collaborative Islet 
Transplant Registry, exposure to repeat HLA class I mis-
match at second or third islet infusions resulted in less fre-
quent development of de novo HLA class I antibodies when 
compared to increased new class I mismatches.70 Therefore 
current CITR recommendations are to minimize the num-
ber of islet donors used per recipient, and in the absence of 
donor-specific anti-HLA antibodies, to repeat HLA class I 
mismatches with subsequent islet infusions if possible.

Risks and Benefits
In 2000, Shapiro and colleagues reported 100% insulin 
independence in seven individuals with type 1 diabetes 
after islet allotransplantation from multiple donors using 
what has become known as the Edmonton Protocol.16 
This result provided impetus to the islet transplant field 
worldwide. Existing centers accelerated their efforts, and 
other institutions embarked on establishing new islet 
programs. Shortly thereafter, the Immune Tolerance Net-
work of the National Institutes of Health, with help from 
the Juvenile Diabetes Research Foundation, began a trial 
at nine centers to perform transplants in 40 subjects to 
try to reproduce the Edmonton results. This trial con-
firmed that the Edmonton results can be reproduced in 
other centers, although better success rates were found in 
more experienced centers than in others.71 The Edmon-
ton results energized the field, such that in 1999, there 
were only three centers in North America performing islet 
transplants, but by 2002 there were 16 active centers, and 
by 2005 there were 23. However, enthusiasm has waned 
as results have failed to meet expectations, and mainte-
nance of centers proved daunting due to their complexity 
and expense; this resulted in the number of active cen-
ters falling to only 11 by 2009.63 In spite of the loss of 
centers in North America, there was only a modest fall 
in the number of transplants performed. As reported to 
the Collaborative Islet Transplant Registry (CITR),63 214 
subjects received allogenic islets between 1999 and 2002, 
255 received allogenic islets between 2003 and 2006, and 
there was a decline to 208 between 2007 and 2010. Of 
these, 423 (62%) were performed in North America and 
254 (38%) in Europe and Australia since 1999.

The 2005 report by the Edmonton group on 5-year 
follow-up data was sobering. Of the 44 Edmonton sub-
jects achieving insulin independence, over half were 
back on insulin within 2 years, and at 5 years, only 
10% were insulin independent.72 Fortunately, outcomes 
have steadily improved over the past several years. For 
example, for the transplants reported to CITR between 
1999 and 2002, insulin independence 1 year after the first 
infusion was 51%. At 3 years it was 27%, and between 
2003 and 2006 it was 52% and 37%. For the 2007-2010 
period, there was further improvement, as 1 year was 
up to 66% and to 3 years 44%.63 The great majority, 
about 85%, of these were islet transplants alone (ITA), 
while islet transplants after kidney transplants (IAK) and 
simultaneous islet kidney transplants (SIK) accounted for 
the other 15%.63 In spite of the improvement to 44% at  
3 years, these results fall short of the 61% success at 3 
years for whole-pancreas transplants reported from an 
experienced center.73 The efficacy of single-infusion 

Donor pancreas

Recipient liver

Islet

β-cell
Non-β-cell

Digestion

Figure 50-3 Islet transplantation in humans is usually done starting 
with a cadaver pancreas that is digested with a collagenase/protease 
mixture. The isolated islets are then introduced into the portal vein ei-
ther by transhepatic angiography or via laparoscopy. The islets then are 
carried downstream and wedge in tributaries of the portal vein, where-
upon they are vascularized largely by vessels from the recipient.
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successes is also improving as assessed by the decreasing 
the need for reinfusion in the first year, which was 60% to 
65% in 1999-2006 and decreased to 48% in 2007-2010.

When β cell secretory capacity between individuals 
transplanted under the newer Clinical Islet Transplan-
tation 07 (CIT07) protocol was compared to that col-
lected under the Edmonton protocol, the acute insulin 
response to glucose-potentiated arginine was greater in 
the CIT07 protocol, with an increase between days 75 
and 365 arguing for better engraftment and islet survival 
than previously seen.74 Multiple improvements have been 
coupled in the more recent islet transplant protocols.63 
Improvement and standardization of collagenase enzymes 
coupled with a trend toward using heavier donors pre-
sumably account for islet preparations with higher yield. 
There may also have been benefits from the increased 
use of islets that were cultured for a day or two before 
transplantation rather than the earlier popular approach 
of transplanting islets immediately after isolation. It has 
also been determined that recipients younger than 35 
years of age have worse outcomes than older recipients.75 
The utilization of insulin-heparin infusions peritransplant 
has been significantly associated with islet engraftment 
and insulin independence.76 This modification is believed 
to enhance islet rest, decrease inflammation, and miti-
gate the instant blood-mediated inflammatory reaction 
(IBMIR). Improvement must also be attributed to changes 
in the immunosuppression regimens. Induction therapy 
with interleukin 2 receptor antagonists became popular 
because it was used in the Edmonton trial, but there has 
been an impressive shift to using T cell–depleting anti-
bodies with or without a tumor necrosis factor-α (TNF-α)  
inhibitor.63 For maintenance therapy, inhibitors of the 
mammalian target of rapamycin (mTOR) and calcineu-
rin are still often used together, but mycophenolic acid 
combined with a calcineurin inhibitor is now more widely 
used, and there is somewhat more use of steroids.63,75 In 
an effort to limit nephrotoxicity, there has also been some 
success with calcineurin inhibitor–free protocols.77

These changes are now added to other factors known 
earlier to contribute to better results. The CITR reports75,78 
have found a variety of variables that influenced insulin 
independence. Low recipient insulin requirements, low 
BMI, and better glycemic control led to better outcomes, 
as did shorter cold ischemia times of the donated pan-
creas and the number of IEQs infused per body weight. 
While islet yield from donors older than 45 years of age 
was comparable to that of younger donors, the function 
of these islets when transplanted was not as good.79 Sub-
jects with longer duration of diabetes and older age had 
somewhat better outcomes. Donor O blood type also was 
correlated with success.78 Islets from donors positive for 
CMV given to CMV-negative recipients led to less satis-
factory results. There has been interest in the potential 
benefits of using glucagon-like peptide-1 (GLP-1) agonists 
in islet transplantation because of its antiapoptotic effects 
on β cells, its potential to stimulate regeneration, and its 
value for improving glycemic control (see Chapter 34).  
Unfortunately, to date there has been limited experience 
with exendin-4 treatment,80,81 but there continues to be 
interest in its promise.

Side Effects
Islet transplants are associated with adverse side effects, 
but mortality is low in this population of subjects who 
typically have some diabetes complications. As reported 
to CITR, any adverse events (AE) occurring after the 
transplant decreased from 71% in 1999-2003 to 51% 
in 2007-2010.75 For the same two eras, serious adverse 
events fell from 41% to 33%. Most of these side effects 
resulted from immunosuppression.

Immunosuppression
The side effects of immunosuppression under the Edmon-
ton protocol are similar to those seen after other trans-
plants and have been described in a number of clinical 
reports, as summarized in Table 50-2.72,82 The major side 
effects of sirolimus have been mouth ulcers, diarrhea, 
malaise, hypertension, and hyperlipidemia. Especially 
worrisome is the nephrotoxicity that can be found with 
calcineurin inhibitors—in particular, the tacrolimus that 
is part of the Edmonton protocol. As with other trans-
plants, there is concern about immunosuppression lead-
ing to opportunistic infections and malignancy.23

Islet Infusions
Although generally considered less invasive than surgery, 
percutaneous transhepatic angiography still poses signifi-
cant risks. Most active centers have had some patients 
with bleeding after the procedure, which in some cases 
has required transfusions and even exploratory laparoto-
mies. Thrombus in the segmental portal veins has been 
found with ultrasound examinations; these have been suc-
cessfully treated with heparin, and fortunately, no cases 
of complete portal vein thrombosis have been reported. 
Gallbladder punctures have occurred. In one center, a 
patient experienced a hemothorax as a complication of the 

TABLE 50-2 Adverse Events Associated with 
Clinical Islet Transplantation (Approximate  
Percent Incidence)

Procedure-Related (%) Immunosuppressive-Related (%)

Elevated liver  
enzymes (50%)

Oral ulcers 
(89%)

Decline in GFR 
(50%)

Abdominal pain 
(50%)

Anemia (60%) Proteinuria (50%)

Nausea/vomiting 
(50%)

Diarrhea 
(60%)

Peripheral edema 
(43%)

Fatty liver (long term) 
(20%)

Weight loss 
(50%)

Neutropenia (<10%)

Peritoneal hemorrhage 
(15%)

Fatigue (50%) Tremor (< 10%)

Portal vein thrombosis 
(4%)

LDL elevation 
(60%)

Acne (52%)

Gall-bladder puncture 
(3%)

Hypertension 
(50%)

Misc: Arthralgia, 
pneumonitis, he-
maturia, infection

Adapted from Ryan EA, Paty BW, Senior PA, et al. Five-year follow-up 
after clinical islet transplantation. Diabetes 54(7):2060-2069, 2005; 
and Hirshberg B, Rother KI, Digon BJ 3rd, et al. Benefits and risks 
of solitary islet transplantation for type 1 diabetes using steroid-
sparing immunosuppression: the National Institutes of Health 
experience. Diabetes Care 26(12):3288-3295, 2003.



890 PART 5 DIABETES MELLITUS

angiography. CITR reported that peritoneal hemorrhage 
or gallbladder perforation fell from 5.4% in 1999-2003  
to 3.1% in 2007-2010.63

Portal pressure is monitored during the islet infusion, 
which usually is a packed-cell volume of 2 to 6 mL; in the 
Edmonton series, pressures on average rose from 12 to 
17 mm Hg, and there was a correlation with increasing 
packed-cell volume.83 Furthermore, when compared with 
the first transplant, pressure increases are higher with the 
second and third transplants. While this has not been 
associated with any complications, it indicates that islet 
infusions lead to changes in the portal vasculature. Imme-
diately following the islet infusions, transaminase levels 
often increase to levels two to five times normal, peak-
ing at about 7 days and then returning to normal within  
2 months.84 Modest increases in alkaline phosphatase are 
also found.

Hepatic Steatosis
Magnetic resonance imaging (MRI) evidence of hepatic 
steatosis has been reported by several groups.85,86 Of the 
30 patients studied with MRI in Edmonton, 20% had 
patchy steatosis, which in one case disappeared following 
graft failure. Histologic findings concur with these imag-
ing studies. This steatosis is likely due to high concentra-
tions of insulin released locally by clumps of islet tissue, 
promoting localized triglyceride storage in hepatocytes. 
The possibility that this could lead to deleterious scarring 
has not been excluded, but liver function is being care-
fully followed and no problems have been reported.

Glycemic Control, Hypoglycemia, and Complications
Even when recipients become insulin independent, they 
typically are not truly normoglycemic but instead can be 
classified as having impaired glucose tolerance, in con-
trast with pancreas transplant recipients, who usually 
have normal glucose tolerance.72 This is even found when 
recipients receive repetitive infusions with large numbers 
of islets, raising questions about islet function in a non-
pancreatic site. When graft function falls with time and 
insulin treatment is required, the residual insulin secre-
tion helps patients maintain good glycemic control for 
years (Fig. 50-4).78 This improved control with a far less 
demanding regimen is a welcome benefit, which often 
justifies continuation of immunosuppression until graft 
function is lost and unstable diabetes returns.

Even more impressive has been a dramatic reduction in 
hypoglycemic events.87 It was expected that there would 
be little hypoglycemia when subjects are insulin inde-
pendent, but even when insulin treatment was required, 
recipients with residual insulin secretion enjoyed relative 
freedom from severe insulin reactions. Moreover, hypo-
glycemia awareness as assessed by Clarke hypoglyce-
mic score was restored in both insulin-independent and 
insulin-requiring patients. In these patients, glycemic 
thresholds for activation of counterregulatory hormones 
were restored to normal, even though the glucagon and 
epinephrine responses were not fully normalized.87 The 
glucagon secretion in response to hypoglycemia from islet 
grafts in the liver was very modest,88 which contrasts 
with the essentially normal responses found in recipients 

of whole pancreases.89 Another contributor may be 
improvements in insulin sensitivity after islet transplan-
tation. When insulin sensitivity is assessed by hyperin-
sulinemic and euglycemic clamps, there is evidence of 
improved insulin sensitivity at both the liver and skeletal 
muscle after islet transplantation with a glucocorticoid-
free immunosuppression regimen.90

Relatively small studies from Milan, Miami, Edmon-
ton, and a few other groups indicate that successful islet 
transplantation may have a protective effect on long-
term diabetic complications as is the case with pancreas 
transplants,91,92 but larger well-controlled studies are still 
lacking. Several surrogate markers for vascular disease, 
including intima media thickness and endothelial func-
tion, have been shown to improve,93,94 and there are 
indications of some beneficial effects on other diabetic 
complications. Considering quality of life, most patients, 
even many of those still needing insulin, are very thank-
ful to be free of hypoglycemia unawareness and severe 
insulin reactions.95

Lessons from Islet Autotransplants
Islet autotransplants are often performed for individu-
als with chronic pancreatitis with intractable pain who 
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Figure 50-4 Comparison of hemoglobin A1c levels after successful 
pancreas or islet transplantation to levels obtained during the Diabe-
tes Control and Complications Trial (DCCT). (Data from Diabetes 
Control and Complications Trial Research Group. Effect of intensive 
therapy on residual beta-cell function in patients with type 1 diabetes in 
the diabetes control and complications trial. A randomized, controlled 
trial. The Diabetes Control and Complications Trial Research Group. 
Ann Intern Med 128[7]:517-523, 1998; Robertson RP, Sutherland DE, 
Kendall DM, et al. Metabolic characterization of long-term successful 
pancreas transplants in type I diabetes. J Investig Med 44(9):549-555, 
1996; and Ryan EA, Lakey JR, Paty BW, et al. Successful islet trans-
plantation: continued insulin reserve provides long-term glycemic con-
trol. Diabetes 51[7]:2148-2157, 2002.)
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elect to have a pancreatectomy and hope to avoid becom-
ing diabetic. Because these pancreases are often dam-
aged and fibrotic, the islet yields are typically lower than 
those from healthier pancreases. However, the outcomes 
are impressively better in terms of longer-lasting glyce-
mic control because the grafted islets do not have to face 
autoimmunity, allorejection, or the toxicity of immuno-
suppression drugs.96 The main lesson is that if immunity 
problems were solved, the hepatic site for transplanted 
islets transplanted might allow long-term adequate gly-
cemic control.

Enhancing Islet Engraftment, Survival, and Function
β Cell Mass and Islet Cell Function
Questions about β-cell mass and function of islet grafts in 
the liver are of fundamental importance to the field. Sub-
jects receiving islets from one to three pancreases usually 
are given a total of over 10,000 islet equivalents per kg,  
a β cell mass roughly equivalent to that present in the nor-
mal pancreas. However, there must be important losses 
of islet tissue due to hypoxia97 coupled with the instant 
blood-mediated inflammatory reaction (IBMIR), which 
is a nonspecific inflammatory response accompanied by 
localized clotting98 that is thought to enhance the immune 
processes of rejection and autoimmunity by activating the 
innate immune system.

This loss of islet tissue probably contributes to the 
finding that even the most successful recipients usually 
have impaired glucose tolerance; this suggests that islet 
grafts in the liver are not as efficacious as islets in a nor-
mal pancreas. These findings are consistent with a study 
showing that in insulin-independent islet recipients, first-
phase C-peptide responses to intravenous glucose were 
minimal, acute responses to arginine were 32% of nor-
mal, and responses to a mixed-meal tolerance test were 
36% of normal.99 While the β cell mass in the liver of 
transplant recipients cannot be measured, it is assumed 
that the actual mass is less than normal, even though it 
is puzzling that subjects receiving as many as four to five 
infusions of islets still have imperfect glucose tolerance. 
Part of this is likely due to reduced functional β cell mass. 
β cells exposed to only modestly elevated glucose levels 
of only about 115 mg/dL have completely absent first-
phase responses to glucose, which is thought to be due to 
a phenomenon termed glucotoxicity.100 There are there-
fore three major factors that contribute to this reduction 
of insulin secretion: (1) β cell mass is almost certainly 
less than normal. (2) Whatever β cell mass is present is 
in a foreign environment with abnormal vascularization, 
which likely contributes to secretory underperformance. 
(3) Glucotoxicity is due to deleterious effects with modest 
glucose elevations, which become even more severe with 
further increases in glucose levels.

Vascularization of Islet Grafts
During transplantation, there is some obligatory loss of 
cells due to local hypoxia occurring in nonvascularized 
large islets and clumps of islet tissue lodged in the ter-
minal branches of the portal vein, as has been demon-
strated in islets transplanted under the kidney capsule.97 
Isolated islets removed from their normal blood supply 

face a fundamental problem with oxygen delivery after 
transplantation, because they are not fully vascularized 
for 10 to 14 days, as determined by studies in experi-
mental animals.101 These newly formed vessels contain 
some donor endothelial cells, but most are of recipient 
origin. There are many studies showing that hyperglyce-
mia during this critical period has an adverse influence 
on the outcome of islet transplants,102 with one mecha-
nism appearing to be slowing of angiogenesis.103 Hyper-
glycemia may also increase oxygen consumption in β 
cells, which would further reduce oxygen tension in their 
local environment. These findings provide a rationale for 
treating patients aggressively with insulin during the first  
10 days posttransplant.

The vasculature of transplanted islets is known to be 
very different than islets in the pancreas. In their normal 
location in the pancreas, islets have a highly specialized 
vasculature with a fenestrated endothelium; arterioles 
break into capillaries within the β cells’ core and then exit 
through the islet mantle that contains glucagon-secreting 
α cells.104 Because of this blood flow pattern, it is thought 
that insulin secreted from upstream has an important sup-
pressive influence on downstream α cells, but that β cells 
see little if any downstream glucagon.104 This relationship 
between the different types of islet cells is not fully rees-
tablished in islet grafts. However, transplants of dispersed 
reaggregated rat islet cells greatly enriched in β cells by 
flow cytometry were both effective and durable when 
transplanted with reduced numbers of islet non–β cells.105

Importantly, the vasculature of islet grafts is consider-
ably less dense than in islets in the pancreas.106 This prob-
ably explains why transplanted islets studied in rodents 
have much lower oxygen tension (about 5 mm Hg)  
than islets in the pancreas (about 40 mm Hg).107 Because 
of the likelihood that this poor vascularization has an 
adverse effect upon insulin secretion, efforts are under-
way to stimulate angiogenesis in transplanted islets with 
a variety of techniques.108 This is very challenging; nor-
mal islet vasculature is formed during development, so 
recreating truly normal vasculature in a graft may not be 
possible. Autonomic innervation also contributes to nor-
mal islet function. The efficacy of neural control in trans-
planted islets is unknown, but some reinnervation takes 
place over time.109

Questions arise as to whether the non–β cells of the 
islet or some equivalent should be included in the trans-
planted cell aggregates. Non–β cells may not be required, 
as suggested by experiments in which relatively pure β cell 
populations, prepared by flow cytometry, functioned very 
well when transplanted into diabetic rodents.105

β Cell Turnover in Islet Grafts
The regenerative potential of transplanted islets remains 
poorly defined. The lack of durability of islet grafts 
indicates that whatever capacity might be present is 
overwhelmed, presumably by immunosuppression and 
continuing immune killing. The possibility that pancre-
atic duct cells are the precursor cells responsible for islet 
neogenesis may be important, because infused islet prepa-
rations are far less pure than those from other species. 
For example, the composition of 24 transplantable islet 
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preparations from the Joslin Diabetes Center was 32% 
β cells, 12% non–β islet cells, 23% duct cells, and 27% 
acinar cells.64 There is reason to think that turnover rate 
of β cells in the adult human pancreas through replication 
of existing β cells and neogenesis is very low and that 
similar low rates occur when islet and duct cells are trans-
planted.110 However, there is no evidence to date suggest-
ing that meaningful β cell expansion or regeneration takes 
place in an islet transplant site.

Making Stronger β Cells for Transplantation
An ambitious goal is to create stronger β cells that will 
withstand the ischemia of early transplantation, early 
inflammatory assaults, toxic effects of immunosuppres-
sive agents, and the challenge of immune attack. Genes 
can be transduced into β cells with a variety of techniques, 
and there are a variety of other ways in which islets can 
be treated either before or after transplantation, as sum-
marized in Table 50-3.

One approach is to remove cell-surface antigens that 
elicit immune recognition. An example of this is class I  
major histocompatibility complex (MHC) antigens, 
whose expression can be lowered by viral infection. Stud-
ies have shown that this can make β cells resistant to both 
allorejection and autoimmunity.111

A variety of peptides can modulate the destructive 
actions of invading immune cells. For example, costim-
ulation blockade with locally produced CTLA4-Ig can 
delay allograft rejection.112 Viral transduction of islets 
with transforming growth factor (TGF) β cells can also 
lead to improved islet graft survival.113 Another approach 
has employed the use of IL-10 or IL-4, which can push 
immune responses to a T-helper 2 phenotype. Islets 
transduced to express these cytokines are more resistant 
to rejection.114,115 Other possible interventions include: 
CXCL12, otherwise known as stromal cell-derived factor 
1 (SDF1), which is a T cell chemorepellant;116 CCL21117 
and CCL22,118 which are tolerogenic; CX3CR1, which is 
the receptor for fractalkine/CX3CL1 and important for 
the adhesion and migration of leukocytes and for β cell 
differentiation;119 SAFasL, another tolerogenic interven-
tion;120 and heparan sulfate, a glycosaminoglycan, which 
is important for cell survival.121

As information increases about cell death pathways in 
β cells,122 an increasing number of opportunities for islet 
protection have emerged. An example is the specific tar-
geting with the antiapoptotic gene bcl-2, shown to pro-
vide protection of islets against cytokines and improve 
performance with transplantation.123 Another potential 
target for protecting β cells might be NF-κB, but this has 
turned out to be very complex because NF-κB induces 
both proapoptotic and antiapoptotic mediators. Protec-
tion of β cells during transplantation has been found 
with viral overexpression of A20, which blocks NF-κB 
activation but has other effects.124 Other death pathways 
have been exploited, including the use of the dominant-
negative mutant of the IL-1 receptor interacting protein 
MyD88125 and FLICE inhibitory protein (FLIP), which 
can inhibit caspase-3.126 Another way to reduce apopto-
sis is through inhibition of caspases. The potential has 
been shown with overexpression of X-linked inhibitor 
of apoptosis (XIAP)127 and the caspase inhibitor EP1013 
(zVD-FMK),128 which is also effective and is a drug that 
could be used in a clinical situation. Yet another target 
is the proapoptotic pathway c-Jun NH2-terminal kinase 
(JNK), which is accessible to a variety of inhibitors that 
can improve islet transplant outcomes.129

β cell defenses against oxidant injury appear to be 
relatively weak,130 so bolstering these mechanisms is an 
attractive option. Enzymes that have received a lot of 
attention include manganese superoxide dismutase, cata-
lase, and glutathione peroxidase; results of work in this 
area have been reviewed131 and are very contradictory. 
Another mechanism that provides protection against oxi-
dative injury is the heme oxygenase system, which can 
be induced through a variety of maneuvers to provide 
improvements in graft survival.132

Growth factor signaling is being shown to be very 
important for β cell function and survival. Glucagon-like 
peptide 1 (GLP-1) has antiapoptotic effects on β cells that 
appear to be dependent on cyclic adenosine monophos-
phate and IRS-2 and Akt signaling.133 GLP-1 agonists 
have been shown to have beneficial effects on experimen-
tal islet transplantation134 and are now being evaluated 
clinically. Hepatocyte growth factor (HGF) overexpres-
sion through both transgenesis and adenoviral trans-
duction has been found to improve β cell resistance to 
apoptosis and improve survival of transplanted islets.135 
When the growth factor IGF-1 is overexpressed in trans-
genic mice with autoimmune diabetes,136 there is evidence 
of regeneration and protection from insulitis, making this 
another approach that could help islet transplantation.

Costs and Organ Availability
As with other transplants, the costs of islet transplantation 
are considerable. The startup costs include developing a 
pathogen-free space, expensive equipment, and assem-
bling an isolation team of four or more individuals, which 
typically costs over several million U.S. dollars. Costs for 
the actual transplants vary depending on health care costs, 
but are not dissimilar from those of pancreas transplants. 
Costs include fees for hospitalization, organ procurement, 
procedures, medication, and monitoring. Islet transplant 
recipients rarely require prolonged hospitalization, but 

TABLE 50-3 Strategies to Improve β Cell Function 
and Survival

1.  Removal of surface antigens: Class I MHC antigens.
2.  Engineer islets to secrete protective peptides: CTLA4-Ig, TGF-
β, IL-1 receptor antagonist protein (IRAP), IL-10.

3.  Genetic addition of antiapoptotic genes: A20, bcl-2, IκB repres-
sor, MyD88, FLIP

4.  Treat with inhibitors of apoptosis: Z-DEVD-FMK (an inhibitor 
of caspace-3).

5.  Enhance antioxidant protection: Overexpress manganese 
superoxide dismutase, catalase or heme oxygenase-1. Carbon 
monoxide treatment. Inhibit c-Jun NH2-terminal kinase.

6.  Strengthening actions of growth factors: Hepatocyte growth 
factor (HGF) glucagon-like peptide 1 (GLP-1) enhance PI-3 
kinase and Akt signaling.

7.  Co-transplantation of protective cells: Sertoli cells, mesenchy-
mal stem cells.
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two separate transplants are often required, whereas pan-
creas transplant recipients only require one organ bal-
anced against more hospitalization time.

There has been much discussion about the availabil-
ity and allocation of pancreases that can provide islets 
for clinical trials and for research, and even competition 
between the pancreas and islet programs. In general, pan-
creases from donors with a BMI >30 kg/m2 are less sought 
after for pancreas transplants for technical reasons, but 
pancreases from these larger donors provide higher yields 
of islets. The Organ Procurement and Transplantation 
Network (OPTN) has had various policies over the years, 
and the 2013 version of the policy gives some priority to 
the islets transplant community for pancreases from these 
large donors (http://optn.transplant.hrsa.gov/Policiesand
Bylaws2/policies/pdfs/policy_10.pdf). There continues to 
be a need to increase the number of high-quality pancre-
ases available for islet and whole-pancreas programs.137 
There has been some preliminary success with the use of 
islets from pancreases of non–heart-beating donors,138 
and there will be continued exploration of other ways to 
expand the donor pool.

THE PROBLEM OF AUTOIMMUNITY  
AND ALLOREJECTION

Monitoring Autoimmunity and Alloreactivity
There have been great strides in measuring the compo-
nents of humeral and cellular immunity over the past 
several years139 (see Chapter 39). Antibodies against  
β cell antigens are very useful for monitoring the activity of 
autoimmunity in pre–type 1 diabetes and to an increasing 
degree for established diabetes, as well as for pancreas and 
islet transplantation. The most useful have been antibod-
ies against insulin, glutamic acid decarboxylase (GAD) 65, 
insulinoma antigen (IA)-2, and zinc transporter (ZnT) 8.  
Autoreactive CD4 T cells can be measured with class II 
tetramers. The appearance of GAD65-specific CD4 cells 
after transplantation is associated with less satisfactory 
outcomes. For assessment of islet autoreactive CD-8 T 
cells, a Diab-Q-kit assay is appearing to be more useful 
than ELISpot and conventional HLA-tetramer assays for 
monitoring disease activity. Similar tools are being devel-
oped for monitoring alloantibodies and alloreactive T 
cells. Others cells that can be monitored are regulatory 
T cells and less well-understood but clearly important 
memory cells. Further details can be found in a review by 
Abreu and Roep.139

Immune Modulation and Tolerance
One of the dreams of transplantation is to induce toler-
ance, which means that treatment given only at the time 
of transplantation will somehow trick the recipient’s 
immune system into accepting transplanted foreign tissue 
as its own. In contrast to solid-organ transplants, the pro-
cedural risks of islet transplantation are considered mod-
est, and graft failure is not acutely life-threatening. The 
ability of islets to survive in culture also makes them ame-
nable to genetic and other manipulations prior to trans-
plant. Many investigators consider islet transplantation 
a good system in which to study tolerogenic strategies. 

Many different approaches currently being studied could 
lead to full or operational tolerance (Table 50-4).

Central tolerance refers to the process by which auto-
reactive T cell clones are deleted as they migrate through 
the thymus. It has long been hoped that a similar pro-
cess could be used to eliminate alloreactive T cell clones. 
Several donor-specific tolerance strategies have been 
developed that mimic this central tolerance by leading to 
near-total and permanent elimination of donor-specific  
T cell clones in the recipient. One such strategy is to 
directly introduce antigen into the thymus to aid in thy-
mic selection. Posselt and colleagues demonstrated that 
injection of pancreatic islets directly into the thymus 
after treatment with antilymphocyte serum led to donor-
specific unresponsiveness and long-term survival of islet 
grafts in a rodent model.140 To date, there has only been 
one report describing an attempt to apply this technique in 
a clinical setting with computed tomography (CT)-guided 
fine-needle intrathymic inoculation and simultaneous 
portal vein islet infusion and immunosuppression with an 
azathioprine, cyclosporine-based regimen. Although the 
patient never became insulin independent, there was evi-
dence of continued graft function at 14 months.141 This 
approach has interesting immunologic implications, but 
the need for intrathymic injection, the temporal limita-
tions of transplantation, and age-related atrophy of the 
thymus has made its clinical application difficult at best.

Other strategies include the use of mixed hematopoietic 
chimerism to induce tolerance for allorejection and reverse 
tolerance for autoimmunity. For example, the group of 
Sykes examined pre-diabetic NOD mice using various 
combinations of total body irradiation, anti-CD154, anti-
CD8α, anti-CD4, and anti-Thy1.2 mAbs coupled with 
or without skin transplants.142 With mixed chimerism, it 
was possible to achieve skin graft tolerance with depletion 
of only CD8+ T cells, but to induce tolerance to islets in 
the setting of pre-existing autoimmunity partial depletion 
of CD4+ T cells was also required. This fits with current 
thinking that for pancreas and islet transplantation, it is 
more difficult to suppress autoimmunity than allorejection.

TABLE 50-4 Approaches to Tolerance Induction

Recipient Treatment Strategies

Central tolerance
Intrathymic inoculation

Chimerism (thymic irradiation)
Peripheral tolerance/immune deviation

Inhibition of costimulation (CTLA4lg, anti-CD154)
Changing immune context from TH1 to TH2 (ant-CD45RB)
Generalized T-cell depletion (anti-CD52, immunotoxin)
Peptide-based therapies
Donor-specific transfusion
Anergy (hOKT3γ1 Ala-Ala)
Lymphocyte sequestration (FTY720)
Clonal deletion of donor-reactive T cells (AICD)

Graft Treatment Strategies

Gene transfer to islets (Fas-ligand, CTLA41g, TGF-β)
Depletion of donor APCs from graft
Privileged sites (co-transplantation with Sertoli cells)
Masking of surface proteins (MHC knockouts, encapsulation)

http://optn.transplant.hrsa.gov/PoliciesandBylaws2/policies/pdfs/policy_10.pdf
http://optn.transplant.hrsa.gov/PoliciesandBylaws2/policies/pdfs/policy_10.pdf
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Despite the rigorous nature of central selection, autore-
active T cells can escape thymic deletion into the periph-
ery. As such, the normal immune system has mechanisms 
of peripheral tolerance to discourage autoimmunity. 
Regulatory T cells (Tregs) can suppress both antigen-spe-
cific and antigen-nonspecific cellular immune responses. 
The infusion of ex vivo expanded human Tregs has been 
shown to delay islet allograft rejection in a humanized 
mouse model.143 A number of different strategies have 
been proposed to shift the balance between effector and 
regulatory T cells.

While some immunosuppressive drugs interfere with 
the survival, expansion, and/or function of Tregs, siro-
limus treatment has been shown to expand Tregs in 
murine and human models. It is therefore often used 
as an immunosuppressive agent in combination with 
immune modulators. Most of these immune modula-
tors have been developed in other clinical settings and 
then applied in islet transplant trials. For example, the 
serine protease (α1-antitrypsin [AAT] reduces inflamma-
tion but is permissive of interleukin 2 (IL-2) activity. In 
a murine islet allotransplant model, treatment with AAT 
monotherapy for 14 days allowed graft function for up to 
120 days coupled with the appearance of antigen-specific 
T- regulatory cells.144 It was also found to reverse dia-
betes in NOD mice and restore tolerance to β cells.145 
Since AAT is already available for the treatment of α1-
antitrypsin deficiency and is considered relatively safe, its 
utility is being evaluated in new-onset type 1 diabetes and 
islet transplantation.

The use of microparticles covered with antigenic pep-
tides or apoptotic leukocytes bearing cross-linked anti-
gens is being explored as a way to induce tolerance.146,147 
This method exploits natural apoptotic clearing mecha-
nisms of macrophages, which results in inactivation of 
effector T cells, cell-intrinsic anergy, and the activation of 
regulatory T cells. This approach is already being evalu-
ated in phase 1 clinical trials.147

Immunobarrier Technologies
Semipermeable membranes that create an immunobarrier 
can protect transplanted islet tissue from immune destruc-
tion.148 These membranes are porous enough for glucose, 
oxygen, and nutrients to reach the encapsulated islets and 
for insulin to be released to enter the bloodstream, yet 
the barrier is restrictive enough to exclude white blood 
cells and potentially dangerous larger molecules. In 
some transplant models, merely maintaining a distance 
between lymphocytes and islet cells appears to be enough 
to prevent autoimmune and allorejection destruction,149 
whereas protection of xenotransplants seems to require 
more restrictive membranes to limit passage of smaller 
molecules.

Macroencapsulation employs devices like hollow 
fibers or parallel flat sheets sealed at the edges, in which 
many islets are contained within a single device. Large gel 
beads or even slabs made of either agarose or alginate can 
also be used for macroencapsulation. One of the major 
advantages of such an approach is that the devices may be 
implanted in a variety of locations and yet still be retrieved 
or even reloaded. A current strategy for transplanting 

cells derived from human embryonic stem cells is to place 
them into a planar macrodevice in a subcutaneous site to 
facilitate their retrieval.150 There are concerns that it will 
be difficult to obtain sufficient packing density in a planar 
device, which means that an impractically large amount 
of surface area may be required to support the encap-
sulated islet cells.148 Moreover, there are still questions 
about whether insulin will be released quickly enough to 
adequately control blood glucose levels.

Microencapsulation is an approach in which single or 
small numbers of islets are contained within a membrane. 
The most commonly used method employs the hydrogel 
alginate obtained from seaweed that can form a gel after 
exposure to calcium or barium (Fig. 50-5). Thus, islets 
can be captured in a small gel bead (usually less than  
1 mm in diameter), which can be coated with a material 
such as poly-L-lysine to provide permselectivity. Because 
poly-L-lysine can generate an inflammatory tissue reac-
tion, an outer layer of alginate is usually added to make 
the capsules more biocompatible, although simple barium 
alginate microcapsules without a poly-L-lysine coating 
can successfully protect against autoimmunity, allorejec-
tion, and even xenoreactivity in mice.149,151 Agarose has 
also been employed for microcapsules,152 as has alginate 
mixed with other polymers such as cellulose sulfate.153 
Another similar approach that is being explored is to use 
polyethylene glycol to form a conformal coating around 
individual islets.154

Much of the optimism about immunobarriers has 
been based on successes in rodents, and until recently 
it is has been difficult to show efficacy in large-animal 
models or humans. However, allotransplanted islets 
coated with conformal PEG have succeeded when placed 

Figure 50-5 Alginate microcapsules containing adult porcine islet cell 
clusters. Beta cells are stained red with dithisone. The alginate gel cre-
ates a semipermeable membrane that protects islet cells or aggregates of 
cells from immune destruction. A common approach is the use of small 
beads of alginate covered by poly-L-lysine, but in some situations the 
poly-L-lysine is not used. These microcapsules are usually between 500 
and 1000 μm in diameter. The membrane will prevent penetration by 
cells and limit the entrance of antibodies but must be permeable enough 
to allow passage of glucose, nutrients, and oxygen into the islets and 
insulin out to diffuse into small vessels. (Photograph courtesy Dr. Ab-
dulkadir Omer.)
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subcutaneously into nonhuman primates.155 Canine 
islets microencapsulated in alginate/cellulose-sulfate 
have reversed diabetes in dogs.153 There are now several 
reports of human islets in alginate microcapsules being 
placed in the peritoneal cavity of individuals with type 
1 diabetes.156-158 It is encouraging that no safety prob-
lems emerged, and while there was little improvement in 
glycemic control, C-peptide production levels remained 
measurable for months, and capsules free of fibrosis con-
taining healthy islet cells could be retrieved. It is clear that 
there are serious obstacles to success in humans not found 
in rodents, but serious efforts are underway to find better 
biomaterials and strategies.

β CELL EXPANSION AND REGENERATION

The Problem of Insufficient Beta Cell Supply
At present the only source of islets for transplantation 
into humans is cadaver pancreases, which are in very 
short supply. In the United States, it would be a major 
challenge to obtain 3000 usable cadaver pancreases per 
year, yet the incidence of type 1 diabetes is about 30,000 
cases per year, and more than 10 times as many people 
develop type 2 diabetes. Although there have been some 
successes with single-donor transplants, usually two or 
more pancreases are required to provide insulin indepen-
dence. There has been discussion of using human fetal 
tissue, but attempts to exploit this growth potential in 
a transplant setting have been disappointing. A number 
of potential alternative sources for insulin-producing cells 
are listed in Table 50-5.

β Cell Mass Turnover, and Potential for Regeneration
β cell mass remains relatively stable throughout life as a 
result of well-regulated turnover such that birth of new 
β cells is closely matched by cell death. As best demon-
strated in rodents, it is now appreciated that new β cells 
are generated throughout adult life, both from replication 
of preexisting β cells and through the formation of new  
β cells from precursor cell.159 β cell hypertrophy in response 
to increased demand can also contribute to increased  
β cell mass, at least in rodents.160 β cell mass adjusts to 
variations of insulin sensitivity as best demonstrated by 

expansion of β cell mass to compensate for insulin resis-
tance in genetic murine models of insulin resistance.161 
The capacity for β cell replication falls markedly as ani-
mals and humans age.162,163 Although there has been con-
troversy about whether neogenesis takes place after birth 
in rodents, it is becoming apparent that this process is 
active in neonatal life.159 The identity of the responsible 
pancreatic multipotent precursors cells remains unsettled 
but data support the candidacy of both duct and acinar 
cells.159,164,165 There has been considerable interest in the 
possibility that circulating bone marrow stem cells, mono-
cytes, or spleen cells could transdifferentiate to become 
β cells, but if this occurs at all it is a rare event.166 Yet 
bone marrow cells may turn out to be useful, as suggested 
by the provocative finding of multipotent adult precur-
sor cells derived from long-term cultures of bone mar-
row stroma, which can generate ectodermal, endodermal, 
and mesodermal progeny.167 Other potentially interesting 
cells are amniotic fluid–derived stem cells, which express 
stem-cell markers and are impressively multipotent.168

In humans, β cell turnover is considerably slower than 
in rodents. While some have suggested that there is no 
β-cell replication in adult human pancreas, the weight 
of evidence indicates that a low rate of β-cell replication 
takes place.110,169 Most of the β-cell mass found in adults 
is generated during the first 10 years of life during which 
time β-cell replication rates are far higher than in adults.162 
A slow rate of neogenesis also appears to contribute to 
the maintenance of β-cell mass in adulthood.110,170,171

There has been great interest in finding ways to replen-
ish the deficit of β cell mass in diabetes either in vivo 
through regeneration or by producing more cells in vitro 
so they can be transplanted. The mechanisms of replica-
tion are being intensively studied172,173 in the hope that 
some pharmaceutical or genetic intervention could be 
applied clinically useful. There has also been progress 
using high-throughput screening to identify compounds 
that enhance β cell replication.174,175 It has also been 
proposed that β cells might be able to dedifferentiate 
through some kind of epithelial mesenchymal transition, 
be expanded in vitro, and then redifferentiated to form 
β cells that can then be transplanted. Results from these 
efforts have been inconsistent but provocative.176 Because 
hepatic insulin resistance is associated with β cell hyper-
plasia, there has been a search for a hepatic factor with 
growth-promoting activity. A recent candidate peptide 
for such a role is betatrophin.177

The possibility that pancreatic exocrine cells can be used 
to generate more β cells continues to be of great interest. 
One possibility is that duct cells might be expanded in vitro 
and then stimulated to form β cells that could be used for 
transplantation.178,179 Another possibility is that exocrine 
cells might be stimulated to form islets in vivo, such that 
new β cells might be produced in either the native pancreas 
or in a graft site from duct cells contained within impure 
human islet preparations. There had been great hope that 
glucagon-like peptide 1 (GLP-1), which was found to 
stimulate neogenesis in rodents,180 might do the same in 
humans, but thus far no evidence has emerged to suggest 
that long-term treatment with GLP-1 analogues, exenatide 
or liraglutide, or DPPIV inhibitors, enhances β cell mass. 

TABLE 50-5 Potential Sources of Insulin-
Producing Cells for Replacement Therapy

Human Sources

Live donors—could be a source of precursor cells
Cadaver pancreases
Fetal pancreases
Expansion of existing human β cells in vitro or in vivo
Precursor cells—embryonic or adult stem/precursor cells, induced 

pluripotent cells
Transdifferentiation of liver, intestinal, pancreatic exocrine, alpha 

or other cells
Cell lines

Xeno Sources

Adult, fetal, or neonatal islets from pigs, rabbits, rodents, fish, other
Cell lines
Transgenic pigs (or other species)
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This situation is complicated by the reality that techniques 
to measure β cell mass accurately with imaging have not 
yet been developed, so attempts are made to gain insights 
from β cell function by measuring insulin and C-peptide 
secretion to determine β cell functional mass. Functional 
mass is a complicated concept, in large part because func-
tion markedly deteriorates when β cells are in a hypergly-
cemic environment due to what is thought to be glucose 
toxicity (glucotoxicity).100 Thus, the same β cell mass can 
secrete different amounts of insulin depending upon the 
severity of hyperglycemia.

Embryonic and iPS Cells
The expected potential of embryonic stem cells led 
to great optimism around 2000, but early excitement 
became more subdued as the difficulty of the challenge 
became apparent. However, a group from Novocell, Inc. 
(now Viacyte, Inc.) in 2008 reported impressive advances 
with human embryonic stem cells by using a complicated 
stepwise protocol that drove stem cells to definitive endo-
derm, then to pancreatic progenitor cells, and then to 
an islet cell phenotype.181 Although they were not able 
to obtain fully differentiated glucose-responsive β cells 
in vitro, when the pancreatic precursor cells were trans-
planted into immunocompromised mice, full differentia-
tion to β cells was found, and diabetes in the mice could 
be cured. The excitement about this important accom-
plishment is tempered by the finding that teratomas 
were found in some of the transplanted mice, but several 
groups have found ways to minimize this outcome. Since 
the Novocell report, there has been considerable prog-
ress by several groups in improving the differentiation 
process.182-184 A high research priority is to find ways to 
generate fully mature β cells in vitro so they can be char-
acterized and handled properly by a cell-processing facil-
ity in preparation for transplantation. In the meantime, 
there are plans to employ the less differentiated derived 
precursor cells in clinical trials using subjects with type 1 
diabetes, such that they will be placed into planar immu-
nobarrier devices and transplanted into a subcutaneous 
site,150 where the cells are expected to mature into fully 
functional β cells. A barrier device is needed to protect 
the cells from killing by autoimmunity and transplant 
rejection, and to contain whatever teratoma-forming cells 
might be present. An advantage of the subcutaneous site 
is that devices can be easily removed if required.

Induced pluripotent stem (iPS) cells also hold exciting 
process. A team led by Yamanaka found that the intro-
duction of four transcription factors into mouse fibro-
blasts could reprogram the cells to an undifferentiated 
pluripotent state similar to ESC.185 This groundbreaking 
work resulted in Yamanaka being awarded the Nobel 
Prize in 2012. There are now strong indications that iPS 
cells can be directed to become β cells employing the same 
methods used for ESC.186 The potential of these cells is 
exciting, although β cells generated from an individual 
with type 1 diabetes are expected to be vulnerable to the 
same autoimmunity that caused the diabetes in the first 
place. However, with type 2 diabetes, β cells generated 
from one’s own cells should not be a target for either 
transplant rejection or autoimmunity.

New scientific approaches have shown that differenti-
ated cells can demonstrate remarkable unexpected plas-
ticity. For example, it has been reported that adult human 
fibroblasts subjected to a brief 18-hour demethylation 
procedure could be induced to become insulin-produc-
ing cells capable of glucose-stimulated insulin secretion 
(GSIS).187 The future of this approach is uncertain, but it 
reminds us of the potential of novel exploration. Another 
example of plasticity is that islet α cells can be directed to 
become β cells.188,189

Genetic Engineering
Through advances in molecular and cell biology, it is now 
possible to manipulate the phenotype of cells with genetic 
engineering, which raises the possibility of creating a β cell 
from another cell type. One approach is to try to create a 
β cell equivalent by using molecular techniques to stimu-
late or inhibit gene expression, which is very challenging 
because the genetic phenotype of β cells is so complex. 
Although transcriptional networks are better understood 
and can be manipulated, a cell that might be transplanted 
will almost certainly need to have a near fully differen-
tiated β cell phenotype to provide the exquisite insulin 
secretory capabilities required to cope with meals, fast-
ing, and exercise.190,191 The creation of a human β cell 
line could be valuable for a variety of research purposes, 
but decades of attempts were not able to produce such a 
line until recently. However, success was finally achieved 
by overexpressing the SV40 T antigen and hTERT in 
human fetal β cells.192 These cells, called EndoC βH1 
cells, clearly have β cell characteristics in that they can 
make and secrete insulin in response to glucose, although 
not nearly as well as normal mature β cells. They will no 
doubt be valuable for β cell biology research and drug 
development. Such cells cannot be considered for clinical 
transplantation because of safety concerns and subopti-
mal function, but further genetic engineering may pro-
duce cells with more therapeutic potential.

Reprogramming
Reprogramming cells of the exocrine pancreas may be a 
way to replenish the β cell deficit of diabetes. One rea-
son for this choice is the common development origin of 
the exocrine and endocrine pancreas. The injection of a 
combination of adenoviruses expressing three transcrip-
tion factors—PDX-1, MafA, and Ngn-3—into pancreas 
has been found to generate a large number of cells that 
have many characteristics of true β cells and can lower 
glucose levels to almost normal in diabetic mice.193 Work 
on this defining the potential of this approach contin-
ues.194-196 Another possible avenue is to use liver, which 
is also attractive because of its derivation. Several groups 
have made progress in creating insulin-producing cells by 
introducing genes expressing PDX-1, NeuroD, Ngn3, and 
betacellulin.197,198 It may be that reprogramming hepatic 
oval cells holds more promise than hepatocytes.198

Xenotransplantation
Work with xenotransplantation has focused on using 
porcine islet cells for clinical transplantation.199 Pigs have 
had particular appeal because pig insulin has been used in 
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the past for treatment of diabetes, pigs have glucose levels 
similar to humans, and people seem to be comfortable 
about the prospect of using this source. Unfortunately, 
it continues to be difficult to generate high-quality islets 
from adult pigs.200 Much work has also been done with 
both fetal and neonatal tissue sources, which are attractive 
because of their differentiation and growth potential as 
well as their being hardier than adult porcine β cells.201-203  
One of the problems is that the cells are immature, which 
means they may take weeks or months to normalize glu-
cose levels in transplant recipients. Another potential 
problem is that porcine tissue contains porcine endog-
enous retroviruses (PERV) that can be transferred to 
human cells in tissue culture. After considerable study, 
guidelines have been developed aimed at reducing this 
risk, and lines of pigs without infectious PERV have been 
identified.199 The failure to see direct transmission in sev-
eral animal models has also been encouraging.

Rejection of xenografts is a complex and aggressive 
process. There is an early attack called hyperacute rejec-
tion mediated by antibodies and complement that can 
severely damage a transplanted organ within minutes fol-
lowed by a later cellular response. These preformed IgM 
antibodies recognize a glycoprotein called the Gal-α-Gal 
epitope (Gal epitope) that is strongly expressed on the 
surface of endothelial cells. This is a particular problem 
for organ transplants because the attack on endothelial 
cells produces ischemia that leads to rapid death of the 
transplanted tissue. Cell transplants may not be as vul-
nerable to hyperacute rejection, because adult pig islet 
cells have relatively little Gal epitope.204 There has been 
great progress not only in generating transgenic pigs that 
do not express the Gal epitope, and also with molecu-
lar interventions that can inhibit complement activation, 
thrombosis, and inflammation.199

A New Zealand study employing intraperitoneal 
transplants of alginate-encapsulated adult porcine islets 
was aborted in 1996 because of concern over PERVs. 
However, capsules containing viable islet cells were 
retrieved from a patient in that study 9.5 years after the 
transplant.205

The possibility of transplanting non-encapsulated 
porcine islet cells into subjects with diabetes continues 
to be pursued. The hope is that transgenic pigs carrying 
genes that protect β cells against xeno-immune attack will 
make it possible to succeed with only moderate immuno-
suppression. As evidence of progress, the Larsen group 
transplanted porcine neonatal pancreatic cell clusters into 

diabetic rhesus monkeys and could normalize glucose 
levels for a mean of over 140 days.206 Short-term immu-
nosuppression employed antibodies to the IL-2 receptor 
and CD154, and maintenance immunosuppression used 
sirolimus and anti-CTLA4Ig. The Hering group had simi-
lar success with transplants of adult porcine islets into 
diabetic cynomolgus monkeys.207 Their induction immu-
nosuppression was antibodies against the IL-2 receptor, 
and maintenance was with anti-CD154, FTY720 (or 
tacrolimus), everolimus, and leflunomide. Another group 
transplanted islets from transgenic pigs expressing human 
complement regulatory protein (hCD46), which when 
coupled with immunosuppression were able to normalize 
glucose levels for over 3 months.208

CONCLUSION
Even with the limitations described herein, successful pan-
creas or islet transplantation is currently the only therapy 
that reproducibly achieves normoglycemia. Solid-organ 
transplantation offers a greater chance for durable insulin 
independence compared to islet transplantation. Recent 
advances in the ability to achieve insulin independence 
with these techniques have only increased the number 
of patients interested in β cell replacement as an alter-
native to insulin therapy. However, given the efficacy of 
standard insulin therapy and the known complications 
of chronic immunosuppression, β cell replacement is still 
usually limited to patients otherwise requiring immuno-
suppression for another transplant or with actively life- 
threatening diabetes mellitus.

Past attempts to predict the future of islet transplanta-
tion have proved hazardous. The ultimate goal has been 
and remains clear, but difficult obstacles continue to 
emerge. Major advances are required to overcome these 
barriers to widespread success: the need for sufficient 
quantities of transplantable insulin-producing cells and 
safe methods to prevent these cells from being destroyed 
by the immune system. However, one must be optimis-
tic that the commitment of interested parties and the 
 growing power of modern science will eventually prevail.
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HISTORY
While the term diabetes was initially used by Aretaeus 
of Cappadocia, the first Greek physician to accurately 
describe the symptoms of diabetes, in the second century 
of the Common Era, the first known description of the 
disease originates in the Ebers Papyrus dating 1552 bce.1 
It was not until the nineteenth century that the initial 
descriptions of diabetic complications started to appear 
in the literature,2 but several characteristic lesions of 
diabetic complications started to gain recognition with 
the discovery of insulin and the long-term survival of 
diabetic patients.3-5 Initially patients with long-stand-
ing diabetes were observed to have a high incidence of 
heart disease and atherosclerosis,2,6 but in the 1950s the 
concept of a specific diabetic angiopathy was proposed, 
consisting of retinopathy, nephropathy, coronary artery 
disease (CAD), and peripheral vascular disease,6 and the 
frequent triad of retinopathy, nephropathy, and neurop-
athy was also described.7 While multiple theories were 

proposed to account for these vascular lesions observed 
in diabetic patients, the observation that patients with 
“poor control” (as defined by symptoms of polydipsia 
and polyuria, frequent glycosuria, and ketosis) had a 
higher incidence of complications strongly suggested 
that they could be prevented by increasing the control 
of the “metabolic disturbances” associated with dia-
betes.8,9 With these data and clinical observations in 
mind, Dr. Elliott P. Joslin already wrote in 1950 that 
“these young patients must be told that if they do not 
keep their diabetes controlled they are liable to serious 
complications in their eyes, their kidneys, their hearts 
or their brains.”10 However, the debate on the role of 
diabetic control, or more precisely, glycemic control on 
the pathogenesis of diabetic complication persisted for 
several decades. Until the late 1970s to the late 1970s 
groups of investigators were openly debating whether 
good diabetic control had any role in the prevention of 
the vascular complications of diabetes.11,12

K E Y  P O I N T S

 •  Diabetes is associated with several microvascular and macrovascular complications, 
and tight glucose control has been shown to prevent or delay the onset of these vascular 
lesions.

 •  The prevalence of the microvascular complications of diabetes (i.e., retinopathy, 
nephropathy, and neuropathy) is associated with the duration of the disease and degree 
of glycemic control.

 •  The role of tight glucose control on cardiovascular disease is still an unresolved issue.
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CLASSIFICATION
Long-term complications of diabetes can be divided into 
microvascular or diabetes-specific due to damage to cap-
illaries and small vessels (retinopathy, nephropathy, and 
neuropathy, described in detail in Chapters 52, 53, and 
54) and macrovascular, reflecting the increased risk for 
accelerated atherosclerosis with its clinical manifesta-
tions such as CAD, cerebrovascular accident (CVA), 
and peripheral vascular disease. These complications 
are responsible for the increased morbidity and mortal-
ity associated with both type 1 and type 2 diabetes.13-19 
However, other long-term complications of diabetes, 
including certain rheumatic manifestations, increased 
susceptibility to some infections, and skin disorders 
have also been reported, some with a higher incidence in 
patients with diabetes and others that occur exclusively in 
diabetic patients. While these complications are less well 
known, they can have a significant impact on morbid-
ity and mortality, with survival studies having shown an 
increased incidence of death from cancer19 and infectious 
diseases19,20 in diabetic patients.

Rheumatic, Dermatologic, and Infectious Manifestations
Several rheumatic manifestations of diabetes mellitus have 
been described, affecting up to 30% of diabetic patients.21 
While the majority of these syndromes are not specific 
to diabetic patients but occur more frequently in them 
(e.g., adhesive capsulitis of the shoulder, Dupuytren’s dis-
ease, flexor tenosynovitis), diabetic cheiroarthropathy or 
“syndrome of limited joint mobility” is a diabetes-spe-
cific complication characterized by painless limitations of 
multiple joints in the hand with skin changes similar to 
those seen in scleroderma with thick and rigid skin.21,22

The increased susceptibility to infections in patients with 
diabetes was already described by Elliott Joslin in 1950,10 
but more contemporary studies have shown that diabetic 
patients are more prone to certain specific infections and 
organisms, among them respiratory tract infections (i.e., 
staphylococcus aureus, streptococcus pneumoniae, myco-
bacterium tuberculosis) and urinary tract infections (i.e., 
bacteriuria and upper urinary tract infections, as well as 
fungal infections).23 While the reasons for this predispo-
sition are not known, several studies, mostly in animal 
models of diabetes, have focused on impaired neutrophil 
function, but the data are inconclusive at best.24 Fourni-
er’s gangrene, a fulminant form of infective necrotizing 
fasciitis of the perineal, genital, or perianal regions, as 
well as other forms of necrotizing fasciitis have diabetes 
as the major risk factor,25 and an increased prevalence 
and severity of periodontal disease has been described in 
diabetic patients.26 Some infections seem to occur almost 
exclusively in patients with diabetes, including invasive (or 
malignant) otitis externa caused by Pseudomonas aerugi-
nosa in most cases, rhinocerebral mucormycosis caused by 
Rhizopus oryzae, with ketoacidosis being the most impor-
tant risk factor, and emphysematous infections such as 
emphysematous cholecystitis and pyelonephritis.23

Necrobiosis lipoidica is a characteristic skin lesion 
associated with diabetes and consists of bilateral hyper-
pigmented plaques on the anterior tibial surface with 

telangiectasias and violaceous/brown periphery. Together 
with bullosis diabeticorum (asymptomatic bullae con-
taining sterile fluid, usually present on the dorsa and 
sides of the lower legs and feet), they are cutaneous mani-
festations of diabetes. Moreover, patients with diabe-
tes also have a higher prevalence of other dermatologic 
conditions including ichthyosiform skin changes, thick, 
scleroderma-like changes of hands and finger, and toenail 
onychomycosis.27,28

EPIDEMIOLOGY
The prevalence of the microvascular complications of dia-
betes is associated with duration of the disease and degree 
of glycemic control. An early prospective study of more 
than 4000 diabetic patients followed for 25 years in Brus-
sels, Belgium, showed that the prevalence of retinopathy 
and neuropathy by 25 years of diabetes was more than 
50%, while the prevalence of diabetic nephropathy was 
significantly lower at 14%.29 More recent epidemiologic 
studies have confirmed these initial data: After several 
decades of diabetes, the majority of patients will have at 
least some mild retinopathy and neuropathy, while only 
a subset of genetically predisposed subjects will develop 
diabetic nephropathy.

Large epidemiologic studies and clinical trials have 
shown that the prevalence of any diabetic retinopathy 
approximates 80% after 30 years of diabetes, while the 
prevalence of vision-threatening proliferative retinopa-
thy is around 30% to 50%.30,31 These values are heav-
ily influenced by the degree of metabolic control, as 
shown by the Diabetes Control and Complications Trial 
(DCCT), with 50% of type 1 diabetic patients with pro-
liferative retinopathy after 30-year duration in the con-
ventional treatment cohort and 21% in the intensive 
therapy cohort.31 The data for peripheral neuropathy are 
similar. The DCCT experience showed that after 25 years 
of type 1 diabetes, 61% of patients had abnormal nerve 
conduction and 37% of patients had clinically significant 
neuropathy,32 a percentage similar to other epidemiologic 
studies in Europe (28% in the EURODIAB IDDM Com-
plications study, and 37% in a large multicenter study in 
the United Kingdom).33,34

The epidemiology of diabetic nephropathy shows a 
significant difference as compared with the other micro-
vascular complications of diabetes, with fewer patients 
being affected by diabetes. Data from the DCCT/EDIC 
study in young type 1 diabetic patients show that after 
30 years of type 1 diabetes, only 25% of conventional 
treatment and 9% of intensive therapy patients showed 
microalbuminuria or worse renal outcomes.35 Data from 
type 2 diabetic patients older than 40 years of age in the 
United States showed a frequency of microalbuminuria of 
35% versus 12% in the nondiabetic population.36 While 
it is not clear why there is a difference in the epidemiol-
ogy of these microvascular complications, evidence from 
familial aggregation studies, ethnic-specific prevalence 
rates, and more recently genetic studies, have shown that 
the development of diabetic complications is at least par-
tially under the control of genetic factors, with several 
candidate genes currently having been indentified.37,38
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It is well known that cardiovascular disease (CVD) 
is the leading cause of death in patients with both type 
1 and type 2 diabetes and that the prevalence of CVD 
is increased by the disease. CAD, peripheral artery dis-
ease (PAD), and CVA rates are increased by twofold to 
fourfold in diabetic patients, with a higher relative risk 
in women than in men. Moreover, in most studies, clini-
cal outcomes of CVD are worse in patients with diabe-
tes as compared to nondiabetic subjects.39,40 While type 
2 diabetes is associated with metabolic changes that are 
known to have a pro-atherosclerotic profile (obesity, 
hypertension, dyslipidemia), recent studies have shown 
that the risk for CVD is similar in type 1 and type 2 dia-
betes, although the relative role of diabetic-specific risks 
could be different in type 1 versus type 2 diabetes.41,42 In 
type 1 diabetes, the essential role of diabetic nephropathy 
as a risk factor for CVD is well established and has been 
demonstrated in several studies that have shown mor-
tality in type 1 diabetic patients without microalbumin-
uria or more severe stages of renal disease similar to that 
observed in the nondiabetic population.43,44

As a consequence of the high rate of CVD and overall 
diabetic complications, mortality rates are increased in 
diabetic patients, both in the younger and older popula-
tions. In the Framingham Heart Study, individuals with 
diabetes and a mean age of 60 were shown to have a 
twofold increase in all-cause mortality and a threefold 
increase in CVD mortality compared to the nondiabetic 
population.45 A recent study in Sweden of young dia-
betic patients (15 to 34 years of age) showed a twofold 
to threefold increase in mortality rate.46 There is a signifi-
cant difference in type 1 versus type 2 diabetes, with type 
2 diabetic patients having a double hazard ratio for total 
mortality as compared to age-matched type 1 diabetic 
patients,46,47 and this was likely because of the marked 
excess in macrovascular diabetic complications found in 
the type 2 diabetic population.47

Significant improvements in diabetes management 
over the last several years regarding glycemic control and 
cardiovascular risk factor management have resulted in 
a changing pattern of diabetic complications. Observa-
tional and epidemiologic studies have demonstrated a 
decreased incidence of severe retinopathy, nephropathy 
and end-stage renal disease, neuropathy, CVD, and over-
all mortality in patients with a recent diagnosis of dia-
betes as compared to patients with an earlier diagnosis, 
likely the result of decreases in hemoglobin A1c (HbA1c), 
blood pressure, LDL cholesterol, and smoking status.48-51 
Unfortunately, while the incidence of advanced complica-
tions is decreasing, there is an epidemic of obesity and 
type 2 diabetes, which means that the overall number of 
diabetic patients reaching the stage of late microvascular 
and macrovascular complications is increasing, putting a 
strain on health care resources.

PATHOPHYSIOLOGY
It has long been known that exposure to the diabetic 
milieu is responsible for the pathogenesis of the microvas-
cular complications of diabetes, and among the multiple 
metabolic abnormalities observed in diabetic patients, 

chronic exposure to high glucose levels is the common 
feature of all forms of diabetes. Animal models of diabe-
tes have also helped to support the hypothesis that high 
glucose levels are responsible for the vascular compli-
cations. Galactose-fed dogs develop retinopathy that is 
histologically identical to diabetic retinopathy, thus sug-
gesting that high hexose levels are by themselves able to 
cause retinopathy;52 and good glucose control achieved 
by insulin injections or islet cell transplantation reduce 
the incidence and severity of retinopathy and nephropa-
thy in dogs and rats, respectively.53-54

To elucidate the mechanisms by which high glucose 
levels are toxic to the small vessels, multiple animal mod-
els have been studied, with the most commonly used 
ones being rodents. Rodents made diabetic by the use of 
the toxic drugs streptozotocin or alloxan or by pancre-
atectomy are useful models of insulin-deficient diabetes. 
Genetically altered models such as the db/db mouse (leptin 
receptor mutation) and the ob/ob mouse (leptin mutation) 
have been used to mimic the abnormalities seen in obe-
sity and type 2 diabetes. While these rodent models have 
been very useful in the study of diabetic complications, 
they do not completely resemble the human counter-
parts. Rodents do not usually exhibit the more advanced 
lesions of diabetic nephropathy (nodular glomeruloscle-
rosis), retinopathy (preretinal neovascularization and 
retinal neuron degeneration), or neuropathy (segmental 
demyelination and fiber loss).55 Larger animals have also 
been studied as models for the vascular complications 
of diabetes, including dogs (alloxan, pancreatectomy, or 
galactose fed), cats, pigs, and nonhuman primates, ani-
mals that have a macula like humans and can be used for 
the study of diabetic maculopathy. However, studies on 
these larger animal models of diabetic complications have 
disadvantages, such as long-time lags before the develop-
ment of diabetic lesions (studies in dogs have been per-
formed after 5 years of diabetes and in monkeys up to 15 
years later), and the absence of advanced retinopathy (no 
neovascularization or neuronal damage).56

While there is universal agreement that high glucose 
levels are causing the microvascular lesions of diabetes, 
the exact molecular mechanisms by which glucose levels 
induce vascular damage are still not completely under-
stood. It is well known that several molecular pathways 
are activated by high glucose levels in cell cultures or ani-
mal models of diabetes, including increased flux in the 
polyol pathway, increased formation of advanced glyca-
tion end-products (AGEs), activation of protein kinase C 
(PKC), and increased flux in the hexosamine pathway. 57 
More recently, a common element between these path-
ways has been found in the increased production of reac-
tive oxygen species (ROS) in the mitochondria and overall 
increased oxidative stress induced by hyperglycemia;57-59 
these changes have been linked to the activation of trans-
forming growth factor beta (TGFβ) signaling, decreased 
activity of endothelial nitric oxide synthase (eNOS), and 
prostacyclin synthase and increased activity of several 
pro-inflammatory pathways.58-59

The role of increased mitochondrial ROS produc-
tion in explaining the phenomenon called metabolic 
memory (another phenomenon in the pathogenesis of 
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diabetic vascular complication) has also been recently 
postulated and supported by experimental data. It has 
long been known that high glucose levels in tissue cul-
ture lead to changes in gene expression that are then 
perpetuated in vitro.60 In experimental animal models 
of diabetes, the same phenomenon has been described, 
with retinopathy progressing even with good glycemic 
control after an initial period of poor control.61 The 
recent data from randomized clinical trials such as the 
Diabetes Control and Complication Trial (DCCT) has 
shown that the benefits from tight glucose control in 
terms of reduction in diabetic complications persist for 
several years, thus confirming that the glycemic or meta-
bolic memory is also occurring in clinical diabetes.62,63 
Epigenetic modifications such as DNA methylation and 
histone posttranslational modifications can be induced 
by oxidative stress and have been detected in models 
of diabetic complications.64,65 More recently, epigenetic 
changes in lymphocytes and monocytes from DCCT 
patients have been reported, thus confirming the poten-
tial role of high glucose–induced changes in chromatin 
structure in the pathogenesis of the clinical complica-
tions of diabetes.66

Specific inhibitors of these pathways have been used 
for more than 30 years in an attempt to find pharma-
cologic agents that could prevent or delay the develop-
ment of the vascular complications of diabetes. While 
successful in preclinical animal studies, the clinical tri-
als of such agents in diabetic patients have been dis-
appointing, and none of them has made it to clinical 
use. Clinical trials of aldose reductase inhibitors have 
been performed for more than 30 years, but a recent 
meta-analysis showed the lack of statistically signifi-
cant difference in placebo-controlled trials of diabetic 
neuropathy.67 AGE inhibitors have also been studied 
for many years, again with either significant side effects 
or no efficacy.68,69 A PKC inhibitor was also shown 
to have no statistically significant efficacy in diabetic 
retinopathy in phase 3 studies70 and was dropped from 
commercial development. More recently, benfotiamine, 
an agent shown to inhibit three of the proposed path-
ways in the pathogenesis of diabetic complications 
(hexosamine pathways, PKC activation, and AGEs for-
mation) was also found to have no effect in diabetic 
neuropathy.71 While research in this field continues, 
these results have underlined the difficulties of translat-
ing results from animal models of diabetic complica-
tions to clinical use and the long timeline involved in 
bringing new agents to therapeutic use.

ROLE OF GLUCOSE CONTROL IN THE PREVENTION  
OF DIABETIC COMPLICATIONS
Poor glycemic control has been associated in early stud-
ies with increased severity of microvascular complica-
tions,29 but it was not until the early 1980s that with the 
introduction of home glucose monitoring, widespread 
use of HbA1c measurements, and use of insulin pump 
therapies, some initial small clinical trials suggested 
the possibility that tighter glucose control could pre-
vent or delay the vascular complications of diabetes.72 

However it was the seminal Diabetes Control and Com-
plication Trial (DCCT), whose results were published 
in 1993, that definitively established the essential role 
of tight glucose control in preventing or delaying the 
microvascular complications of diabetes.73 This study, 
initiated in 1983, was designed to answer the ques-
tion of whether intensive diabetes management would 
affect the development (in a primary prevention cohort 
of 726 type 1 diabetic patients with no complications 
and only 1 to 5 years of diabetes duration) or delay the 
progression (in a 715 secondary intervention cohort of 
type 1 diabetic patients with at least one microaneurysm 
but no more than moderate nonproliferative retinopa-
thy and duration of diabetes of 1 to 15 years) of the 
microvascular or neurologic complications of diabetes. 
Patients were randomly selected to conventional treat-
ment (in 1983 defined as one to two daily injections 
of insulin, daily blood glucose monitoring, and goal of 
avoiding hypoglycemia or hyperglycemia symptoms) 
or intensive therapy (goal of achieving blood glucose 
levels as close to nondiabetic range as possible, includ-
ing fasting values of 70 to 120 mg/dL, postprandial lev-
els <180 mg/dL, and HbA1c levels in the nondiabetic 
range, <6.05%). To achieve these goals, intensive ther-
apy patients used three or more insulin injections per 
day or insulin pump therapy. Over the 6.5-year mean 
follow-up time, compliance was excellent, with subjects 
adhering to assigned treatment 97% of study time and 
more than 99% of subjects completing the trial. The 
separation between groups in terms of HbA1c was excel-
lent at about 2% with the conventional treatment group 
maintaining their HbA1c at about 9% while the inten-
sive therapy group achieved a nadir HbA1c of 6.9 at 6 
months and then maintained it at approximately 7% for 
the remainder of the time (Fig. 51-1).
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Figure 51-1 Hemoglobin A1c results during the Diabetes Control and 
Complications Trial (DCCT). Medians of all quarterly measurements 
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The results published in the initial report showed 
a 76% and 54% risk reduction for retinopathy in the 
primary prevention and secondary intervention groups, 
respectively (Fig. 51-2), and a risk reduction of 39% for 
microalbuminuria, 54% for albuminuria, and 60% for 
clinical neuropathy, at the cost of a threefold increased 
incidence of severe hypoglycemia.73,74 While 65% of 
patients in the intensive therapy group had at least one 
episode of severe hypoglycemia by study end, as com-
pared with 35% of patients in the conventional group,74 
data on quality of life and psychosocial events show no 
deterioration in quality of life for patients undergoing 
intensive treatment.75 More detailed analysis of diabetic 

complications showed favorable results in almost all sub-
groups of patients, as defined by gender, age and other 
baseline characteristics both in terms of retinopathy, 
nephropathy, peripheral neuropathy, and autonomic neu-
ropathy.76-79 The small number of macrovascular events 
was not statistically decreased by intensive therapy, but 
some cardiovascular risk factors improved.80 Moreover, 
the mean HbA1c levels during the trial were the most sig-
nificant predictor for the development of complications, 
with no level of glycemic control below which the risk 
for complications was eliminated, and there was a 44% 
risk reduction in the development of retinopathy for each 
10% lowering in HbA1c levels81 (Fig. 51-3).
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Figure 51-2 Cumulative incidence of Diabetes Control and Complications Trial primary retinopathy outcomes (three-step change in retinopathy 
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At the end of the DCCT trial, all participants in the 
conventional treatment arm were offered training in 
intensive therapy, and then diabetes care was returned 
to the subjects’ own doctors. The entire group was 
followed in an observational study called the Epide-
miology of Diabetes Interventions (EDIC) that started 
in 1994 and just published 30-year follow-up data.82 
While HbA1c was nicely separated in the two groups at 
the end of the DCCT (mean 9.1 vs. mean 7.2 in con-
ventional vs. intensive therapy group), the difference in 
HbA1c between the two groups disappeared during the 
20 years of EDIC follow-up, and the mean HbA1c has 
been 8.0%. The significant differences in complications 
observed at the end of the DCCT and the subsequent 
disappearance of the difference in glycemic control 
between the two groups would have logically predicted 
a parallel development in complications during the 
EDIC observational study. However, during the initial 
years of the EDIC, there was a further widening in the 
differences in microvascular outcomes—“the metabolic 
memory phenomenon.”83 The most recent data from the 
DCCT/EDIC study show that after a 30-year duration 
of diabetes, good glycemic control during the interven-
tional trial resulted in an approximately 50% reduction 
of microvascular complications84,85 (Fig. 51-4) and a 
57% reduction in clinically significant cardiovascular 
events (nonfatal myocardial infarction, stroke, or death 
from CVD).86

Whether the lessons from the DCCT/EDIC could be 
applied to type 2 diabetic patients and whether differ-
ent therapies for the management of type 2 diabetes 
would provide advantage in terms of reduced com-
plications was the goal of the seminal United King-
dom Prospective Diabetes Study (UKPDS), which was 

planned in 1970 and published in 1998.87,88 While a 
much smaller clinical trial in a Japanese population of 
type 2 diabetic patients showed results almost identical 
to the DCCT trial,89 the patient population (lean type 2 
diabetic patient using much less insulin than the DCCT 
cohorts) was thought not to be representative of the 
majority of type 2 diabetic patients. The UKPDS study 
randomized approximately 4000 newly diagnosed type 
2 diabetic patients to conventional treatment (dietary 
intervention) versus intensive treatment that could 
have been achieved with three different sulphonyl-
ureas, insulin or metformin. However, due to the pro-
gressive beta cell dysfunction characteristic of type 2 
diabetes90 and the stepwise design of the study, a sig-
nificant proportion of patients initially assigned to diet, 
sulphonylureas, or metformin, ended the study with 
another added medication, making the assessment of 
whether one therapy was better than the other impos-
sible. The study achieved a 1% separation in HbA1c 
levels between the conventional and intensive therapy 
groups. However, after an initial decline from a base-
line of 7%, HbA1c levels rose continuously over the 
10 years from randomization. While the median HbA1c 
over the 10-year study was 7% versus 7.9% for the last 
period, the HbA1c had increased to 8.1% and 8.7% 
in the intensive and conventional groups.87 While the 
study design and the data analysis were somewhat con-
troversial,91 the overall findings showed that intensive 
treatment improved microvascular outcomes (driven 
by a decrease in the need for retinal photocoagula-
tion) but did not affect cardiovascular outcomes and 
that there were no clear differences between the dif-
ferent intensive therapies. Of interest, a similar rela-
tionship between glycemic control and retinopathy was 
observed in the UKPDS and in the DCCT; for each 1% 
decrease in HbA1c, there was a 39% decrease in the 
risk for retinopathy.92

At the end of the UKPDS study, annual questionnaires 
were sent up to a 10-year follow-up, and while differ-
ences in the HbA1c levels between the two groups were 
lost at the end of the study, the risk reduction in terms of 
microvascular events remained significant. A reduction in 
myocardial infarction and death from any cause became 
significant, likely secondary to the increased number 
of events.93 Thus, a “memory” effect of good glycemic 
control was observed in type 2 diabetic patients as well, 
similar to the results of the DCCT/EDIC study in type 1 
diabetic patients.

ROLE OF GLUCOSE CONTROL IN THE PREVENTION  
OF CARDIOVASCULAR DISEASE
The role of tight glucose control in the prevention of 
CVD is still an unresolved issue. While large amounts 
of epidemiologic data show a tight link between glyce-
mic levels and cardiovascular outcomes, the data from 
randomized, controlled trials are more contradictory. 
In newly diagnosed type 1 diabetic patients studied in 
the DCCT/EDIC trial, it took 17 years of follow-up to 
detect a statistically significant decrease in cardiovas-
cular events in the intensive therapy group.86 In newly 
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diagnosed type 2 diabetic patients studied in the UKPDS 
trial, a statistically significant decrease in myocardial 
infarction was observed only 20 years after randomiza-
tion.93 More recently, three large randomized clinical 
trials have been performed with the goal of determin-
ing whether achieving normal glycemic control in type 
2 diabetic patients at high risk for CVD would result 
in a reduction in cardiac events;94-96 unfortunately, the 
results have been somewhat unexpected. The Action to 
Control Cardiovascular Risk in Diabetes (ACCORD) 
study randomized more than 10,000 type 2 diabetic 
patients with a median duration of diabetes of 10 years, 
and with either previous cardiovascular events (35% of 
the group) or with two other cardiovascular risk factors 
to standard therapy (target HbA1c of 7% to 7.9%) or 
intensive therapy (goal HbA1c of <6%). After 3.5 years 
of follow-up, the study was terminated early because of 
increased mortality in the intensive therapy group, while 
the primary outcome was not statistically different 
between the two groups. The HbA1c separation between 
the two groups was good with a median of 7.5% in 
the standard treatment group and 6.4% in the inten-
sive therapy group.94 Not surprisingly, the intensive 
therapy group was characterized by a threefold increase 
in the incidence of severe hypoglycemia and a doubling 
of patients gaining more than 10 kg.94 At study end, 
after the intensive therapy group was terminated but 
patients were followed up for 5 years, the use of inten-
sive therapy reduced nonfatal myocardial infarction but 
increased total mortality.95 Of interest, the tighter con-
trol in the intensive therapy group was achieved with 
multiple glucose-lowering drugs, including insulin and 
oral agents. Moreover, the effects of intensive therapy 
on microvascular disease were less evident than in prior 
studies of newly diagnosed type 2 diabetic patients, 
with no reductions in retinopathy, although there was a 
decrease in cataract extractions, some improvements in 
neuropathy, and delayed onset of albuminuria.96 While 
the cause of the excess mortality associated with inten-
sive therapy has still not been identified, subsequent 
analysis found the effect to be robust and observed in 
most subgroups.97 The ADVANCE trial randomized 
11,000 type 2 diabetic patients with duration of diabe-
tes of approximately 8 years and history of CVD or at 
least one risk factor for vascular disease to standard glu-
cose control (target HbA1c by local guidelines) or inten-
sive glucose control (target HbA1c of <6.5%) achieved 
with the addition of glicazide 30 to 120 mg daily. After 
a median follow-up of 5 years, mean HbA1c levels were 
7.3% and 6.5% in the two groups, respectively, but 
there was no effect on major macrovascular disease or 
death from any cause.98 The Veterans Affairs Diabetes 
Trial (VADT) was a similarly designed trial smaller in a 
smaller cohort of patients (almost 1800 type 2 diabetic 
patients randomized), in type 2 diabetic patients with 
an 11-year history of diabetes, 40% with CVD. After a 
median follow-up of 5.6 years and despite a robust dif-
ference in HbA1c levels (8.4% in the standard therapy 
group and 6.9% in the intensive therapy group), there 
was no significant difference in primary or secondary 
cardiovascular outcomes.99

The results of these studies suggest that aggressive 
management of hyperglycemia may not be appropriate 
in all diabetic patients; in certain populations, especially 
older adults and patients with established microvascular 
disease, a less stringent HbA1c goal would be appropri-
ate. Moreover, in patients with established CVD, tight 
glucose control does not seem able to decrease CVD out-
comes, but still plays a role in the beneficial effects on 
microvascular disease.

CAN WE PREVENT MACROVASCULAR DISEASE?
While the randomized clinical trial of tight glucose con-
trol have shown that CVD disease can be prevented after 
a long period of normoglycemia in patients with newly 
diagnosed type 1 or type 2 diabetes,80,86,93 multiple other 
risk factors predispose diabetic patient to CVD dis-
ease, and it is therefore not surprising that interventions 
addressing multiple risk factors could be more effective 
in reducing the burden of CVD in these patients. One 
study that has proven this point is the small Steno type 2 
randomized study, conducted in Denmark in the 1990s. 
A total of 160 type 2 diabetic patients with a mean age 
of 55 years and a duration of diabetes of 6 years were 
randomized in this open, parallel trial to standard treat-
ment (according to 1988 recommendations of the Danish 
Medical Association) or intensive multifactorial inter-
vention (diet and exercise, counseling on smoke cessa-
tion, captopril 50 mg twice/day, vitamin C 250 mg/day, 
vitamin E 100 mg/day, aspirin 150 mg/day for patients 
with history of CVD) plus intensification of therapy with 
stricter goals for blood pressure, HbA1c, and fasting LDL 
cholesterol.100 At the end of 3.8 years of follow-up, there 
were statistically significant differences in HbA1c, systolic 
blood pressure, and cholesterol levels, and these changes 
led to a significant decrease in microvascular compli-
cations.100 The study continued for another 5 years of 
follow-up, during which intensive therapy patients main-
tained a 0.7% decrease in HbA1c, an 11-mm Hg decrease 
in systolic blood pressure, and a 30-mg/dL decrease in 
LDL cholesterol, and this lead to a >50% reduction in a 
primary composite cardiovascular end point (death from 
CVD, nonfatal myocardial infarction, coronary artery 
bypass grafting, percutaneous coronary interventions, 
nonfatal stoke, amputations, or vascular surgery for 
peripheral vascular disease).101

After the end of this interventional study, these patients 
were observed in a follow-up study for another 5.5 years, 
during which the differences in metabolic parameters nar-
rowed and lost statistical significance. Intensive treatment 
was, however, associated with a significant decrease in 
total and cardiovascular mortality, with a hazard ratio 
of 0.43 and 0.41, respectively, and the decrease in car-
diovascular events was seen in all categories, from stroke 
and myocardial infarction to amputation102 (Fig. 51-5).

CONCLUSION
It has been clearly demonstrated that hyperglycemia 
affects the microvasculature through several different 
biochemical mechanisms, and it is the major cause of 
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microvascular disease in diabetes. While several drugs 
have been helpful in preventing or reducing microvas-
cular disease in animal models of diabetes, the results 
of clinical trials in diabetic patients have been disap-
pointing so far. Near normoglycemia, especially from 
close to the onset of type 1 or type 2 diabetes, is very 
effective in preventing or delaying the development 
of diabetic retinopathy, nephropathy, and neuropa-
thy and is the mainstay of current diabetes manage-
ment. The increased prevalence of CVD in diabetic 
patients is likely the result of a combined effect of the 
metabolic abnormalities associated with metabolic syn-
drome (i.e., obesity, hypertension, hyperlipidemia, and 
hyperglycemia). Conversely, focusing on management 
of hyperglycemia alone is not a successful strategy in 
the management of the cardiovascular complications 
of diabetes. Current guidelines in the management of 
diabetic patients focus on risk-factor control in a simi-
lar way to the Steno type 2 trial approach, and recent 
data have shown the efficacy of this approach. Over 
the last 10 years, the proportion of diabetic subjects 
achieving glycated hemoglobin, blood pressure, and 
LD cholesterol goals has increased, even though almost 
half of U.S. adults with diabetes are still not reaching 
the recommended goals.103 More importantly, and at 
least partially as a consequence of these changes, over 
the last 20 years there has been a significant decline in 
the incidence of diabetes-related complications in the 
United States, with the greatest changes in myocardial 
infarction and death from hyperglycemic crises (rela-
tive decrease of 68% and 64%, respectively), strokes 
and lower-extremity amputations (decrease of 53% 
and 51%, respectively), and end-stage renal disease 
(decrease of 28%)104 (Fig. 51-6).
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Diabetes mellitus affects virtually all structures of the eye 
and many aspects of visual function. Diabetic retinopathy 
(DR) remains an important cause of new-onset blindness 
in the United States and other industrialized nations.1 
Additionally, co-existing morbidities of diabetes, includ-
ing hypertension, renal disease, and dyslipidemia, are 
associated risk factors for the progression of DR. Mul-
ticenter clinical trials have demonstrated the efficacy 
of glycemic and blood pressure control in reducing the 
risk for onset and progression of DR2-4 and have dem-
onstrated the effectiveness of laser photocoagulation in 

preserving vision and reducing the risk for vision loss.5,6 
Laser photocoagulation, however, is usually reserved for 
vision-threatening DR, and while laser photocoagula-
tion significantly reduces the risk for severe visual loss 
in most patients, it often does not restore vision, and it 
may be associated with side effects and complications. 
Intravitreal injections of vascular endothelial growth fac-
tor (VEGF) inhibitors have been shown to reduce the risk 
for moderate visual loss and improve vision in patients 
with diabetic macular edema (DME), but this treatment 
typically requires multiple repeated injections over an 

K E Y  P O I N T S

 •  Diabetic retinal disease remains a leading cause of new onset blindness in developed 
countries.

 •  In its earliest stages, diabetic retinopathy is asymptomatic, visual acuity may 
be excellent, and patients may be unaware of the presence or significance of 
retinopathy.

 •  Early institution of routine lifelong follow-up; intensive systemic control of blood 
glucose, hypertension, and dyslipidemia; and timely therapeutic intervention when 
required are the hallmarks of appropriate diabetic eye care and can prevent visual loss 
from diabetic retinal complications.
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extended period of time, especially over the first year of 
treatment. Currently, laser photocoagulation and intra-
vitreal injections are the only ophthalmic interventions 
proven to reduce the risk for visual loss once vision-
threatening retinopathy is present; since a significant 
number of individuals with diabetes at risk for visual loss 
from vision-threatening retinopathy do not receive neces-
sary eye care, public health efforts need to be directed at 
earlier detection and timely intervention.7-11 The purpose 
of this chapter is to present current understanding of the 
pathogenesis, natural history, epidemiology, detection, 
and management of DR.

PATHOGENESIS
The pathogenesis of DR is not fully understood; however, 
many mechanisms have been suggested and are summa-
rized in Fig. 52-1.12-15 The development and progression 
of DR probably result from a complex interplay of these 
and other factors, which may vary from person to per-
son. It is likely that the relative contributions of differ-
ent mechanisms vary in importance at different stages of 
retinopathy. Glycosylation, protein kinase C and polyol 
pathways, and changes in retinal blood flow may be 
particularly important early in the course of the disease, 
even before the development of microaneurysms or other 
clinically evident findings. Angiogenesis factors such as 
VEGF and insulin-like growth factor-1 are more likely to 
be important later in the course of the disease, just before 
and during the development of proliferative retinopa-
thy or DME. In addition, interindividual and intraindi-
vidual variations in biochemical or physiologic responses 
to hyperglycemia (perhaps as a result of differences in 
genetic susceptibility) may exist among people at differ-
ent stages of diabetic disease. This variability may explain 
why a few diabetic patients have minimal retinopathy 

despite years of severe hyperglycemia, whereas in others 
severe retinopathy develops in a short period despite rela-
tively good glycemic control. Furthermore, these patho-
genetic factors have not often been studied together in a 
prospective fashion, making it difficult to prove a causal 
relationship.

NATURAL HISTORY OF DIABETIC RETINOPATHY

Nonproliferative Diabetic Retinopathy (NPDR)
The earliest diabetes-induced changes in the retina are 
biochemical, hemodynamic, and cellular in nature and 
imperceptible clinically. These include changes in bio-
chemical pathways, enzyme activation, retinal blood flow, 
and cellular loss, particularly pericytes. The first clinical 
signs of DR are microaneurysms, which are saccular out-
pouchings of retinal capillaries.16 These lesions usually 
appear as round red dots ranging in size from 20 to 200 
μm and represent an outpouching of the retinal capillar-
ies. They often appear first in the macular area in areas of 
capillary closure. It is unusual to detect retinal microan-
eurysms within 3 years of the diagnosis of type 1 diabetes 
mellitus; however, they are often present at the time of 
diagnosis in people with type 2 diabetes mellitus.17 In the 
United Kingdom Prospective Diabetes Study (UKPDS), 
where subjects were enrolled at the time of diagnosis of 
type 2 diabetes mellitus, nearly 40% of the enrollees had 
some level of DR at entrance into the study.18 Moreover, 
after 10 years of diabetes, 69% of people with type 1 
diabetes mellitus and 55% of people with type 2 diabetes 
mellitus have microaneurysms present.19,20

Retinal microaneurysms are not pathognomonic 
of DR since they also may be associated with essential 
hypertension, retinal venous stasis caused by atheroscle-
rotic carotid artery disease, AIDS, and other systemic and 
ocular conditions.21 The appearance of a microaneurysm 
or two in only one eye of an individual with type 2 dia-
betes mellitus should not be regarded as specific for DR; 
however, when larger numbers of microaneurysms are 
present (four or more in an eye, or their presence in both 
eyes), they are more likely due to diabetes, and the likeli-
hood of progression to more severe nonproliferative DR 
is greater.22

Microaneurysms have abnormal permeability to fluo-
rescein, red blood cells, and lipoproteins.16 By themselves, 
microaneurysms are not a threat to vision; however, as 
the disease progresses, hard exudates (HE) and retinal 
dot or blot hemorrhages appear. Dot hemorrhages are 
frequently indistinguishable from microaneurysms, and 
for the purposes of grading the severity of retinopathy 
they are frequently grouped with microaneurysm, being 
referred to as hemorrhages and/or microaneurysms (H/
Ma). The blot hemorrhages are round with blurred edges 
and result from extravasation of blood from retinal capil-
laries or microaneurysms into the inner nuclear layer of 
the retina (Fig. 52-2). Retinal blot hemorrhages usually 
disappear within 3 to 4 months.23 Ruptured microaneu-
rysms, decompensated capillaries, and intraretinal micro-
vascular abnormalities (IRMA) can result in intraretinal 
hemorrhages. The clinical appearance of these hemor-
rhages reflects the retinal architecture at the level at which 

Biochemical
↑ Protein kinase C activity
↑ Non-enzymatic glycosylation
↑ Aldose reductase activity
↑ Vasoactive substances
   (endothelin, prostanoids,
    histamine, nitrous oxide)
↑ Increased free-radical damage
   growth factor release

Hyperglycemia

Anatomic
Mural cell loss
Endothelial proliferation
Capillary closure
Microaneurysm formation

Neovascularization

Functional
Altered blood flow and
  oxygenation
Electrophysiological defects 
  (ERG, OP)
Increased capillary permeability

Figure 52-1 Hypothesized pathogenetic mechanisms for the develop-
ment and progression of diabetic retinopathy.
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the hemorrhage occurs. Hemorrhages in the nerve fiber 
layer assume a more flame-shaped appearance, coincid-
ing with the structure of the nerve fiber layer that runs 
parallel to the retinal surface. Hemorrhages deeper in the 
retina, where the arrangement of cells is more or less per-
pendicular to the surface of the retina, assume a pinpoint 
or dot shape.

Retinal HE are sharply defined, yellow, and variable in 
size; they may be aggregated or scattered and partially or 
fully circinate in their distribution (see Fig. 52-2). A ring 
of HE generally reflects the border of an area of retinal 
leakage. Hard exudates result from leakage of lipoprotein 
material from retinal microaneurysms or capillaries into 
the outer retinal layer, and they may persist for months 
to years.23 The exudate is usually found in the posterior 
layer of the retina, and if they extend into the foveal area, 
they may reduce visual acuity.

With closure of the retinal capillaries and arterioles, 
whitish or grayish swellings appear in the nerve fiber layer 
of the retina. These changes, termed cotton-wool spots 
or soft exudates, arise from microinfarcts in the nerve 
fiber layer (see Fig. 52-2). Cotton-wool spots (CWS) may 
remain only a few weeks to months. After they disappear, 
the retina may appear normal on ophthalmoscopy, but 
fluorescein angiography reveals a corresponding area of 
nonperfusion of the retinal arterioles.

Dilated capillaries called intraretinal microvascular 
abnormalities (IRMA) are another manifestation of focal 
retinal ischemia. They are found in areas of capillary non-
perfusion and may be abnormally permeable to plasma 
proteins. IRMA represent either new vessel growth within 

the retina or preexisting vessels that have developed 
abnormal morphology thought to include endothelial cell 
proliferation. IRMA may be seen adjacent to CWS. Mul-
tiple IRMA identify a severe stage of NPDR.

Venous caliber abnormalities (VCAB) are indicators of 
severe retinal hypoxia. These abnormalities can take the 
form of venous dilatation, beading, reduplication, or loop 
formation. There are often large areas of nonperfusion 
adjacent to these abnormalities. Treatment with scatter 
(panretinal) photocoagulation (PRP) may cause these 
abnormal veins to become less dilated and more regular. 
IRMA, intraretinal hemorrhages, and venous beading 
represent significant retinal ischemia. These changes were 
referred to as preproliferative retinopathy under previ-
ous classification systems and are clearly associated with 
more severe stages of NPDR, being a warning sign of 
impending retinal neovascularization. Late in the course 
of the disease, thinly sheathed sclerotic “white, thread-
like” arterioles may be present.

Proliferative Diabetic Retinopathy
Proliferative diabetic retinopathy (PDR) is characterized 
by proliferating retinal vessels, the growth of which is 
variable. They are commonly identified according to their 
retinal location, at or near the optic disc (neovasculariza-
tion of the disc [NVD]; Fig. 52-3) or elsewhere in the ret-
ina (neovascularization elsewhere [NVE, see Fig. 52-2]). 
Retinal neovascularization may be difficult to detect when 
the vessels first appear as fine tufts of “naked” vessels on 
the surface of the retina or optic nerve head.24 They are 
prone to proliferate on the posterior surface of the vitre-
ous and hemorrhage into the vitreous. With time, new 
vessels often fibrose and may contract, resulting in trac-
tion detachment of the retina. Regression of new vessels 
occurs as a result of photocoagulation, treatment with 
VEGF inhibitors, or the natural course of the disease, 
although fibrous tissue proliferations typically remain.

PDR poses a significant risk for vision loss. Patients 
with high-risk PDR generally require prompt PRP. High-
risk PDR is characterized by one or more of the following 

f

Figure 52-2 Fundus photograph of the right eye. A number of retinal 
microaneurysms (small black arrowhead) appear as small dark spots 
with sharp margins, and retinal blot hemorrhages (large white arrows) 
appear as dark spots of varying size with irregular margins and uneven 
densities. Retinal hard exudates appear as white deposits with sharp 
margins either scattered, “ringlike,” or aggregated in their distributions 
(small black arrows) in the superior, temporal, and foveal (f) areas. A 
cotton-wool spot or soft exudate (small white arrows) appears as a 
grayish white area with ill-defined edges. A retinal new vessel superior 
and temporal to the fovea (larger black arrowhead) originates from a 
small retinal venule.

Figure 52-3 Fundus photograph demonstrating new retinal vessels on 
the optic nerve head. The retinal veins are also dilated.
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lesions: 1) NVD that is approximately one-quarter to 
one-third disc area or more in size (i.e., greater than or 
equal to NVD in standard photograph No. 10A); 2) 
any amount of NVD if fresh vitreous or preretinal hem-
orrhage is present; or 3) NVE greater than or equal to 
one-half disc area in size if fresh vitreous or preretinal 
hemorrhage is present. Therefore, attention must be paid 
to the presence, location, and severity of new vessels, as 
well as the presence or absence of preretinal or vitreous 
hemorrhages.25

Diabetic Macular Edema, Ischemia, and Traction
Diabetes affects the macula in a number of ways. First, 
increased permeability of retinal capillaries and microan-
eurysms may result in the accumulation of extracellular 
fluid and thickening of the normally compact macular tis-
sue, with or without the development of cystoid spaces. 
Macular evaluation requires stereoscopic examination 
with slit-lamp biomicroscope, stereoscopic fundus pho-
tography, and/or optical coherence tomography (OCT). 
The edema may be easily missed, especially if not evalu-
ated with appropriate equipment and by an experienced 
examiner. The edema is often associated with HE distrib-
uted in rings, clumps, or large deposits. Accumulation of 
exudate is often gradual, and spontaneous resolution may 
occur. Involvement of the foveal area can be associated 
with a profound drop in visual acuity.

When macular edema threatens or involves the cen-
ter of the macula, the edema is considered clinically sig-
nificant macula edema (CSME). CSME can be present 
with any level of NPDR or PDR, but is increasingly more 
common with more severe DR. The Early Treatment 
Diabetic Retinopathy Study (ETDRS) found that CSME 
is associated with a 30% risk for visual loss over a 3- to 
5-year period if left untreated with focal photocoagula-
tion. This risk is reduced by 50% or more with appro-
priate focal laser photocoagulation.6 CSME is defined as 
the presence of any of the following: 1) thickening of the 
retina at or within 500 μm of the center of the macula, 
2) HE at or within 500 μm of the center of the macula 
with thickening of the adjacent retina, or 3) a zone or 
zones of retinal thickening one disk area or larger in 
size, any part of which is within one disk diameter of the 
center of the macula (see Fig. 52-2). The vast majority 
of vision loss occurs only once macular edema involves 
the center of the macula. The presence or absence of 
center-involved macular edema was the primary factor 
in determining short- and long-term visual acuity out-
comes in the ETDRS. The current standard for DME 
evaluation is more focused on determining the presence 
or absence of edema involving the center of the macula. 
If center involvement of the macula is identified along 
with reduced vision, a regimen of intravitreal injections 
of VEGF inhibitors are recommended, which can reduce 
the risk for moderate visual loss to less than 5% and can 
significantly improve vision in nearly 50% of eyes when 
managed appropriately.

The underlying cause of macular edema is not known. 
It may be a result of both increased leakage and impaired 
removal of fluid. Breakdown of the blood-retinal bar-
rier has been postulated as an important cause of fluid 

accumulation in the macula.16 Reduced osmotic pressure 
resulting from decreased serum albumin levels, increased 
intravascular fluid load, increased arterial perfusion pres-
sure, and tissue hypoxia have been postulated to lead to 
breakdown of the blood-retinal barrier. The retinal pig-
ment epithelium normally serves to “pump” fluid out of 
the sensory retina, and this function is postulated to be 
impaired in persons with hyperglycemia. Key growth fac-
tors involved in the progression of DR, such as VEGF, 
have been shown to be potent permeability factors and 
contribute significantly to this problem.26,27 Clinical tri-
als have shown that intravitreal injections of agents that 
inhibit VEGF rapidly induce the regression of retinal neo-
vascularization28 and ameliorate macular edema.29-31

In addition to macular edema, diabetes may cause 
macular capillary nonperfusion, retinal or pre-retinal 
hemorrhage, lamellar or full-thickness hole formation, or 
dragging or detachment of the macula due to contraction 
of fibrovascular tissue. These changes may occur in isola-
tion or in combinations and generally result in the loss of 
central vision if the fovea is involved.

CLINICAL CLASSIFICATION OF DIABETIC 
RETINOPATHY SEVERITY
DR can be broadly classified as nonproliferative diabetic 
retinopathy (NPDR) and proliferative diabetic retinopa-
thy (PDR). Lesions of NPDR include hemorrhages and/
or microaneurysms (H/Ma), dot and blot hemorrhages, 
CWS, HE, VCAB, and IRMA. Based on the presence and 
degree of retinal lesions, NPDR is clinically classified as 
mild, moderate, severe, or very severe NPDR. PDR is 
marked by ocular neovascularization as manifested by 
NVD, NVE, or new vessels on the iris and anterior seg-
ment of the eye, pre-retinal hemorrhage (PRH), vitreous 
hemorrhage (VH), or fibrous tissue proliferation (FP). 
Diabetic macular edema (DME) can be present with any 
level of DR. DME that involves or threatens the center 
of the macula is classified as clinically significant macu-
lar edema. The involvement of the center of the macula 
has been associated with a significantly increased risk for 
visual loss. Accurate diagnosis of the severity of DR is 
essential since the risk for progression to PDR and high-
risk PDR is closely correlated with each specific NPDR 
level. Proper diagnosis of DR severity establishes the 
risk for progression to sight-threatening retinopathy and 
appropriate clinical management both in terms of follow-
up schedule and therapeutic options. For example, it is 
important to consider PRP as DR reaches severe NPDR, 
early PDR, or high-risk PDR.

NPDR Levels
Mild NPDR is marked by at least one retinal microaneu-
rysm, but hemorrhages and microaneurysms are less than 
those in ETDRS standard photograph No. 2A, and no 
other retinal lesion or abnormality associated with dia-
betes mellitus is present. Those with mild NPDR have a 
5% risk for progression to PDR within 1 year and a 15% 
risk for progression to high-risk PDR within 5 years.32,33 
Moderate NPDR is characterized by H/Ma greater than 
those pictured in ETDRS standard photograph No. 2A. 
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Soft exudates, venous beading, and IRMA are definitely 
present to a mild degree. The risk for progression to PDR 
within 1 year is 12% to 27 %, and the risk for progression 
to high-risk PDR within 5 years is 33%. These risks are 
based on estimates from a clinical trial done in the 1980s, 
the ETDRS, and may be lower now based on changes in 
management of diabetes resulting in generally improved 
glycemic and blood pressure control.34 Patients with mild 
or moderate NPDR generally are not candidates for PRP 
and can be followed safely at 6- to 12-month intervals. 
The presence of macular edema, even with mild or mod-
erate degrees of NPDR, requires follow-up in a shorter 
period. If CSME that does not involve the center of the 
macula is present, focal laser treatment is to be consid-
ered, and if the DME involves the center of the macula, 
a regimen of intravitreal injections of VEGF inhibitors is 
recommended, particularly when vision is also adversely 
affected. Coincident medical problems or pregnancy 
will reduce the period until reevaluation. Severe NPDR, 
based on the severity of H/Ma, IRMA, and VB, is char-
acterized by any one of the following lesions: 1) H/Ma 
> standard photograph No. 2A in four quadrants or 2) 
venous beading in two or more quadrants or 3) IRMA 
> standard photograph No. 8A in at least one quadrant. 
Clinically, severe NPDR is diagnosed by applying the 
“4-2-1 rule,” reflected in the definition provided earlier. 
Eyes with severe NPDR have a 52% risk for developing 
PDR within 1 year and a 60% risk for developing high-
risk PDR within 5 years. These patients require follow-
up evaluation in 2 to 4 months. Treatment of CSME is 
strongly indicated in these patients because of the high 
risk for the development of PDR requiring PRP.

Eyes with very severe NPDR have two or more charac-
teristics of severe NPDR but no frank neovascularization. 
There is a 75% risk for developing PDR within 1 year. 
Patients with very severe NPDR may be candidates for 
PRP, and macular edema, if present, generally should be 
treated. Follow-up evaluation at 2- to 3-month intervals 
is important. For patients with type 2 diabetes mellitus, 
early PRP may be considered for patients with severe or 
very severe NPDR.35

PDR Levels
DR with new vessel growth on the optic disc or else-
where on the retina or with fibrous tissue proliferation 
is designated PDR. Early PDR does not meet the defini-
tion of high-risk PDR. Eyes with early PDR have a 75% 
risk for developing high-risk PDR within 5 years. Patients 
with severe or very severe NPDR, or early PDR, may 
be considered for early PRP. In the presence of macular 
edema, patients with severe NPDR or worse DR should 
be considered for early focal treatment of macular edema 
or with intravitreal injections of anti-VEGF agents if the 
edema involves the center of the macula (especially when 
vision is reduced) in preparation for the probable need of 
scatter laser photocoagulation.

The ETDRS severity scale was based on the modified 
Airlie House classification of DR and is a recognized 
standard for grading severity of DR. Its use in everyday 
clinical practice, however, poses difficulty, both in its 
complexity and difficulty, since definitions of the levels 

are detailed, require comparison with standard photo-
graphs, and are complex to remember and apply in a 
clinical setting. A DR severity scale was developed by the 
Global Diabetic Retinopathy Group at the International 
Congress of Ophthalmology in Sydney in April 2002.36

This International Classification scale defines five lev-
els of DR. The first level is “no apparent retinopathy,” 
and the second level is “mild NPDR,” corresponding to 
ETDRS stage 20 (microaneurysms only). The risk for sig-
nificant progression over several years is very low in both 
groups. The third level, “moderate NPDR,” includes eyes 
with ETDRS levels 35 to 47, and the risk for progres-
sion increases significantly by level 47. Still, the fourth 
level, “severe NPDR” (ETDRS stages 53), carries with 
it the most ominous prognosis for progression to PDR. 
The fifth level, “PDR,” includes all eyes with definite neo-
vascularization or vitreous/preretinal hemorrhage (Table 
52-1). There was no attempt to subdivide this level as 
a function of ETDRS “high-risk characteristics” because 
significant rates of progression are expected to occur in 
all cases.

The International Classification DME severity scale 
separates eyes with apparent DME from those with no 
apparent thickening or lipid in the macula. For eyes with 
apparent DME, three categories classify DME as not 
threatening the center of the macula (mild), threatening 
the center of the macula (moderate), or involving the cen-
ter of the macula (severe). The clinical disease severity 
scale is intended to be a practical and valid method of 
grading severity of DR and DME (Table 52-2).

EPIDEMIOLOGY
Epidemiologic studies of DR are useful in developing pub-
lic health strategies to prevent or reduce the occurrence or 
progression of this complication. In addition, epidemio-
logic data concerning DR, visual loss, and associated risk 
factors may be used in projecting costs, developing etio-
logic insight, designing future studies such as controlled 

TABLE 52-1 International Clinical DR and DME 
Disease Severity Scales

Diabetic Retinopathy  
Severity

Findings Present on  
Ophthalmoscopy

No apparent DR No abnormalities
Mild NPDR Microaneurysm only
Moderate NPDR More than microaneurysms only, but less 

than severe NPDR
Severe NPDR Any of the following with no PDR:

>20 intraretinal hemorrhages in each four 
quadrants

definite VB in 2 or more quadrants
prominent IRMA in 1 or more quadrant

PDR One or more of: NV, VH, PRH

DR, Diabetic retinopathy; NPDR, nonproliferative diabetic retinopa-
thy; PDR, proliferative diabetic retinopathy; VB, venous beading; 
IRMA, intraretinal microvascular abnormalities; NV, neovascular-
ization; VH, vitreous hemorrhage; PRH, preretinal hemorrhage.

From Adamis AP, Miller JW, Bernal MT, et al. Increased vascular en-
dothelial growth factor levels in the vitreous of eyes with prolifera-
tive diabetic retinopathy. Am J Ophthalmol 1994;118(4):445-450.
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clinical trials of treatment or prevention, and estimating 
the need for rehabilitative services.

One epidemiologic study that has provided data on DR, 
visual loss, and associated risk factors is the Wisconsin 
Epidemiologic Study of Diabetic Retinopathy (WESDR). 
This population-based study has been described in 
detail.14,16,22,23 Data from other epidemiologic studies are 
also cited. Standardized examination protocols and ques-
tionnaires, photographic documentation, photographic 
standards for grading the severity of retinal lesions, and 
standardized retinopathy severity scales have permitted, 
in some cases, comparisons among studies.37,38

Prevalence and Incidence of Retinopathy
The prevalence of DR and CSME by age, gender, and 
diabetes group in the WESDR is presented in Table 52-3. 
The highest frequencies of DR and PDR were found in 
the younger-onset group using insulin; the lowest fre-
quencies were in the older-onset group not using insulin. 

CSME was most frequent in the younger-onset group 
using insulin. The prevalence of DR has been reported 
in other selected population-based studies.37-58 Pooled 
data from eight studies, including the WESDR, estimate 
that among individuals 40 years of age and older, the 
prevalence of DR was 40% and the prevalence of severe 
retinopathy (severe–very severe NPDR and PDR or mac-
ular edema) was 8%. Projection of these rates to the dia-
betic population 40 years of age or older in the United 
States resulted in an estimate of 4 million persons with 
DR, of whom 900,000 have signs of vision-threatening 
retinopathy.1

In the WESDR, the highest incidence and rate of pro-
gression of DR were found in the younger-onset group 
using insulin; the lowest incidence and rate of progression 
were found in the older-onset group not using insulin.59,60 
Based on the WESDR data, it is estimated that approxi-
mately 63,000 new cases of PDR occur annually nation-
wide, with 29,000 having proliferative retinopathy with 
DRS high-risk characteristics. In addition, approximately 
50,000 new cases of diabetic macular edema occur each 
year in the United States. It should be noted that the bur-
den of these severe complications cited at that time may 
currently be different due to the increasing frequency of 
type 2 diabetes and decreasing incidence of PDR and 
CSME.61,62 In the WESDR, this decreasing incidence 
of PDR and CSME is reflected in the markedly lower 
estimated annual incidence of any visual impairment in 
the most recent period of the study over a 25-year time 
frame.63

Risk Factors for Diabetic Retinopathy

Gender, Race, Genetics, and Age
Few differences are found in the risk for development 
and progression of DR in men and women with diabe-
tes. However, differences among race/ethnic groups have 
been reported. Results from the study of Pima Indians 
with type 2 diabetes mellitus suggest that they are at 
increased risk for PDR in comparison to whites with type 
2 diabetes mellitus.57 After adjusting for all confounding 

TABLE 52-2 International Clinical DR and DME 
Disease Severity Scales

DME Disease Severity Findings on Ophthalmoscopy

DME apparently absent No apparent retinal thickening or 
HE in the posterior pole

DME apparently present Some apparent retinal thickening 
or HE in the posterior pole

Mild DME Some retinal thickening or HE in 
the posterior pole but distant 
from the center of the macula

Moderate DME Retinal thickening or HE ap-
proaching the center of the 
macula but not involving the 
center

Severe DME Retinal thickening or HE involving 
the center of the macula

DR, diabetic retinopathy; DME, diabetic macular edema; HE, hard 
exudates.

From Adamis AP, Miller JW, Bernal MT, et al. Increased vascular en-
dothelial growth factor levels in the vitreous of eyes with prolifera-
tive diabetic retinopathy. Am J Ophthalmol 1994;118(4):445-450.

TABLE 52-3 Prevalence and Severity of Retinopathy by Sex at the Baseline Examination in the Wisconsin 
Epidemiologic Study of Diabetic Retinopathy (1980 to 1982)

Younger Onset, Taking Insulin Older Onset, Not Taking Insulin Older Onset, Taking Insulin

Retinopathy 
Status

Male (%) Female 
(%)

Total (%) Male (%) Female (%) Total (%) Male (%) Female (%) Total (%)

(N = 512) (N = 484) (N = 996) (N = 321) (N = 352) (N = 673) (N = 313) (N = 379) (N = 692)
None 31.1 27.5 29.3 26.8 32.7 29.9 64.5 58.6 61.3
Mild NPDR 26.4 34.7 30.4 34.0 27.6 30.6 25.9 28.5 27.3
Moderate to 

severe NPDR
18.2 16.9 17.6 27.7 23.9 25.7 6.4 10.3 8.5

PDR without 
high-risk 
characteristics

12.3 14.0 13.2 8.1 9.9 9.1 1.9 1.1 1.4

PDR with 
 high-risk 
characteristics

12.1 6.8 9.5 3.4 6.0 4.8 1.3 1.6

NPDR, Nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.
From Klein R, Moss SE, Klein BE. New management concepts for persons with diabetes. Diabetes Care 1987;(10):633-638.
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risk factors, diabetic Mexican-Americans in San Antonio 
had a 2.4 times higher frequency of DR than diabetic 
non-Hispanic whites studied in the WESDR.37 Similarly, 
Mexican-Americans with type 2 diabetes mellitus par-
ticipating in the National Health and Nutrition Exami-
nation Survey III (NHANES III) had an 84% higher 
frequency of DR than non-Hispanic whites.58 The higher 
frequency of DR in Mexican-Americans than whites 
remained after adjusting for the duration of diabetes, 
hemoglobin A1c level, insulin and oral agent use, and 
hypertension in that study. However, Hamman and col-
leagues failed to find a difference in the frequency of DR 
between Hispanics and non-Hispanic whites examined 
in the San Luis Valley study.38 West and associates also 
reported a similar prevalence of retinopathy in Mexican 
Americans with type 2 diabetes mellitus living in Ari-
zona, of whom 48% had any retinopathy, 6% had pro-
liferative retinopathy, and 5% had clinically significant 
macular edema.43 However, a higher prevalence of pro-
liferative retinopathy and macular edema was found in 
Mexican Americans living in Los Angeles than in Cau-
casians living in Beaver Dam.64 In the 4-year follow-up, 
Mexican Americans with type 2 diabetes mellitus partici-
pating in the Los Angeles study had significantly higher 
annual incidence of PDR, CSME, and visual loss than 
reported in population-based studies of non-Hispanic 
whites.65 It has been suggested that blacks with type 2 
diabetes mellitus may have more severe DR and loss of 
vision than whites with type 2 diabetes mellitus.66 In the 
NHANES III, the prevalence of DR in individuals with 
type 2 diabetes mellitus was 46% higher in non-Hispanic 
blacks than in non-Hispanic whites.58 However, after 
adjustment for glycosylated hemoglobin, the duration of 
diabetes, insulin and oral agent use, and hypertension, 
the rates for DR were similar between whites and blacks 
in that study.

Reports of a relationship between genetic factors and 
the prevalence of DR have been inconsistent.35,67-70 Sup-
porting such a relationship has been the observation that 
the severity and onset of DR are similar among concor-
dant identical twins, which suggests that the tendency for 
the development of DR and possibly its progression are 
influenced by genetic factors.71 In addition, Hanis dem-
onstrated an 8.3-fold increased risk for DR in 46 Mex-
ican-American siblings of probands who had DR when 
compared with the siblings of those who did not.72 A high 
degree of familial aggregation and concordance in the 
development of PDR and end-stage renal disease in dia-
betic patients implies that common genetic factors may 
be important in susceptibility or resistance to these com-
plications.73 Case-control studies have examined other 
various candidate gene single nucleotide polymorphisms 
(SNPs), and suggested that chromosome locus 7q21 is a 
modifier for the risk for nephropathy in diabetes.74-77 A 
specific SNP has been identified at the promoter of the 
erythropoietin gene, located at 7q21, associated with 
higher rates of development of severe diabetic eye and 
kidney complications.78

It is uncommon to find clinical evidence of DR in chil-
dren younger than 10 years of age, regardless of the dura-
tion of T1DM; the frequency of any DR or more severe 

DR increases after 13 years of age.79-82 This age effect 
has been postulated to result from a protective effect lost 
after the start of puberty. In the WESDR, menarchal sta-
tus at the time of the baseline examination was associated 
with the prevalence of DR.83 After adjusting for other 
factors such as diastolic blood pressure and duration of 
T1DM, those who were postmenarchal in the WESDR 
were 3.2 times more likely to have DR than those who 
were premenarchal.

A number of changes occurring at puberty have been 
thought to explain the higher risk for DR. These changes 
include increases in insulin-like growth factor-1, growth 
hormone, sex hormones, and blood pressure and poorer 
glycemic control. Increased insulin resistance, inadequate 
insulin dosage, and poorer compliance in attempts to 
control blood sugar may result in poorer glycemic control 
in postpubertal teenagers.84-89

Diabetes-Related Risk Factors
Multiple factors have been suggested as risk factors for 
onset or progression of DR. These factors include dura-
tion of diabetes, control of diabetes, hypertension, level 
of cholesterol and other lipids, renal disease, and anemia. 
The data associated with these risk factors have been 
extensively reviewed elsewhere90 and are only presented 
briefly here.

Duration of Diabetes
The prevalence of DR (Fig. 52-4), macular edema, and 
PDR (Fig. 52-5) is significantly related to the duration 
of diabetes in all three diabetic groups studied in the 
WESDR. This observation is consistent with all previ-
ous epidemiologic studies.39-45,47-49,55,92 The relationship 
between the duration of diabetes at the baseline exami-
nation and the incidence, progression of nonproliferative 
DR, or progression to PDR in the WESDR has been pre-
sented elsewhere.59,60 At the time of diagnosis, DR was 
less common and PDR or macular edema was not pres-
ent in younger-onset diabetes, whereas the reverse was 
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Figure 52-4 Frequency of retinopathy or proliferative retinopathy by 
duration of diabetes (years) in 996 insulin-taking individuals in whom 
diabetes was diagnosed when younger than 30 years of age and who 
participated in the Wisconsin Epidemiologic Study of Diabetic Reti-
nopathy (WESDR), 1980 to 1982. (From Klein R, Klein BE, Moss SE, 
et al: The Wisconsin Epidemiologic Study of Diabetic Retinopathy. II. 
Prevalence and risk of diabetic retinopathy when age at diagnosis is less 
than 30 years. Arch Ophthalmol 102[4]:520-526, 1984.)
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true in older-onset diabetes mellitus not taking insulin. 
These findings are consistent with studies that reported 
relatively high rates of DR at the time of diagnosis of type 
2 diabetes mellitus.93,94

These findings have important public health implica-
tions. First, they suggest that younger-onset diabetes 
does not need ophthalmologic evaluation for DR before 
puberty or before 5 years of diabetes because of lack of 
vision-threatening retinopathy. For older-onset individu-
als, because the onset of diabetes may have been years 
before its diagnosis, it is important to have a comprehen-
sive ophthalmic examination, which includes a dilated 
retinal examination at diagnosis to detect possible PDR 
or macular edema. These findings have been used to 
develop guidelines recommending ophthalmologic care 
for patients with diabetes95,96 (Table 52-3).

Glycemic Status
A growing body of epidemiologic data have shown that 
hyperglycemia is related to the incidence and progres-
sion of DR.37,40,41,43,44,46,47,49,52-55,58,92 In the WESDR, 
the glycosylated hemoglobin level at baseline was found 
to be a significant predictor of the incidence of any DR, 
progression, incidence of PDR, or incidence of macular 
edema in all three diabetic groups studied.97,98 WESDR 
findings and those of other studies suggest that even in 
people with longer duration of diabetes, good glycemic 
control is more likely to be associated with lower rates 
of progression of DR than poor glycemic control.52,97-99 
In addition, in the WESDR, no threshold level of glyce-
mia, as measured by deciles of glycosylated hemoglobin 
at baseline, was seen below which DR did not progress 
(Fig. 52-6).

The Diabetes Control and Complications Trial 
(DCCT) was a large randomized, controlled clinical trial 
of more than 1400 patients with T1DM2 (see Chapter 51). 

This multicenter trial showed that intensive insulin treat-
ment reduced the risk for the development and progres-
sion of DR. In that study, those assigned to intensive 
glycemic control had a 60% reduction in three-step or 
greater progression of DR than did the group assigned 
to conventional treatment. In the secondary intervention 
arm of the DCCT, those assigned to intensive glycemic 
control had a 34% reduction in the progression of DR, a 
47% reduction in the incidence of severe levels of NPDR 
or PDR, a 22% reduction in the incidence of macular 
edema, and a 54% reduction in laser photocoagulation 
treatment when compared with the group assigned to 
conventional insulin treatment. The Epidemiology of 
Diabetes Interventions and Complications (EDIC) Study 
was an extension of the DCCT and followed 1395 (95%) 
of the 1441 original patients enrolled in the DCCT 
study. Participants who had been assigned to intensive 
treatment were encouraged to continue, and partici-
pants originally assigned to conventional treatment were 
advised to change to intensive treatment. The beneficial 
effects observed in the DCCT were sustained despite a 
continuously narrowing difference in HbA1c between 
groups that was not statistically significant by 5 years of 
follow-up.100 The risk reductions observed in the DCCT 
between the rates of microvascular complications in the 
intensive compared to conventional treatment were sus-
tained throughout the now 30 years of follow-up in the 
DCCT/EDIC cohort.101,102

The United Kingdom Prospective Diabetes Study 
(UKPDS) was a randomized controlled clinical trial involv-
ing 3867 patients with newly diagnosed type 2 diabetes mel-
litus.3 After 3 months of diet treatment, patients with a mean 
of two fasting plasma glucose concentrations of 6.1 to 15.0 
mmol/L were randomly assigned to an intensive glycemic 
control group with either a sulfonylurea (chlorpropamide, 
glibenclamide, or glipizide) or insulin, or to a conventional 
glycemic control group with diet. After 10 years of follow-
up, hemoglobin A1c was 7.0% in the intensive group and 
7.9% in the conventional group, and the data conclusively 
showed that intensive treatment with either sulfonylureas 
or insulin significantly reduced the risk for progression of 
DR in individuals with type 2 diabetes mellitus.
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Both the findings of the DCCT/EDIC and the UKPDS 
underscore the clear benefit and need for intensive diabe-
tes management as soon as safely possible, which should 
be sustained with a target HbA1c level of 7.0% or less. 
Although intensive therapy does not completely prevent 
DR, when begun early before retinal complications are 
present, it is effective in significantly reducing the risk 
for development of PDR or macular edema, or the need 
for photocoagulation.2,3 However, reducing glycemic 
control is not without adverse effects. The DCCT found 
a 60% risk for weight gain and a 330% increased risk 
for severe hypoglycemic episodes in the intensive gly-
cemic control group versus the conventional group.2 
The Action to Control Cardiovascular Risk in Diabetes 
(ACCORD) study was a randomized, controlled clinical 
trial that evaluated the effects of management approaches 
for “blood glucose levels, serum lipid levels, and blood 
pressure on cardiovascular events in participants with 
type 2 diabetes who had either established cardiovascu-
lar disease or known cardiovascular risk factors.”103 The 
trial showed the efficacy of glycemic control in reducing 
the incidence and progression of DR. It also showed that 
in these patients who were at higher risk for a cardio-
vascular disease (CVD) event, intensive glycemic control 
treatment aimed at lowering the glycosylated hemoglo-
bin level to below 6.0% was associated with a statisti-
cally significant 22% increase in mortality compared 
to those in the standard management group.104 This 
resulted in relaxing the guidelines for treatment goals for 
older adults with type 2 diabetes and CVD risk factors or 
disease or other comorbid conditions to an A1c of <8.0% 
or <8.5%.105

Other Risk Factors
Blood Pressure
Clinical studies suggest a possible relationship between 
elevated blood pressure and the presence of DR.85 High 
blood pressure, through an effect on blood flow, has 
been postulated to damage capillary endothelial cells, 
possibly contributing to the development or progres-
sion of retinopathy.106 However, recent epidemiologic 
studies on the relationship of blood pressure to the 
incidence and progression of DR have been conflict-
ing.37,38,40,41,43,44,46,49,52,54,55,92,107-109 These data have 
been reviewed previously.90 The UKPDS randomized 
1148 patients with hypertension (mean blood pres-
sure, 160/94 mm Hg) to a regimen of tight control with 
either captopril or atenolol and another 390 patients 
to less tight control of their blood pressure to evalu-
ate whether tight control of blood pressure with either 
a β-adrenergic blocker or an angiotensin-converting 
enzyme inhibitor was beneficial in reducing the mac-
rovascular and microvascular complications associated 
with type 2 diabetes mellitus.4 Tight blood pressure 
control resulted in a 35% reduction in retinal photo-
coagulation when compared with conventional control. 
After 7.5 years of follow-up, there was a 34% reduc-
tion in the rate of progression of DR by two or more 
steps on the modified ETDRS severity scale and a 47% 
reduction in moderate visual loss. The effect was largely 
due to a reduction in the incidence of diabetic macular 

edema. Atenolol and captopril were equally effective in 
reducing the risk for development of these microvascu-
lar complications. The effects of blood pressure control 
were independent of those of glycemic control. These 
findings strongly support tight blood pressure control 
in people with type 2 diabetes as a means of preventing 
visual loss resulting from the progression of DR. How-
ever, normalization of blood pressure in the ACCORD 
trial (systolic blood-pressure control target to <120 vs 
<140 mm Hg) showed no benefit in reducing progres-
sion of DR in individuals with type 2 diabetes and CVD 
or at risk for CVD.103

Regardless of whether blood pressure is a causal agent 
for the development or progression of DR, it is impera-
tive to measure and treat high blood pressure in diabetic 
patients because of the known association of high blood 
pressure with a higher risk for heart attack, stroke, and 
the development of diabetic nephropathy.110-115

Serum Lipids
Epidemiologic data suggest a relationship between higher 
levels of lipids and the presence of DR or the develop-
ment of HE.38,43,49,116,117 The WESDR showed a signifi-
cant trend toward increasing severity of DR and retinal 
HE with increasing cholesterol in the younger- and older-
onset groups using insulin.117 The ETDRS found a posi-
tive relationship between serum lipids (triglycerides, 
low-density lipoprotein cholesterol, and very-low-density 
lipoprotein cholesterol) and the development of HE.104 
Although data from earlier clinical trials suggested a ben-
eficial effect of clofibrate (Atromid-S, a lipid-lowering 
agent with significant hepatic toxicity) in reducing the 
presence of HE, it did not lead to an improvement in 
vision.118,119 Results of the ACCORD-EYE study have 
shown that management of dyslipidemia with fenofibrate 
in individuals with type 2 diabetes mellitus will reduce the 
incidence and progression of DR.103

Proteinuria and Renal Disease
Diabetic nephropathy may lead to lipid, platelet, and 
rheologic abnormalities, all of which have been hypoth-
esized to be pathogenetic factors for the development of 
DR.120,121 Therefore, it is not surprising that most epide-
miologic studies have found a strong association between 
the presence and severity of DR and microalbuminuria 
and gross proteinuria.43,49,53,116 These relationships are 
independent of blood pressure.122

Cigarette Smoking and Alcohol Consumption
Most data from epidemiologic studies have failed to con-
firm earlier reports of a positive relationship between 
cigarette smoking and DR.37,38,43,46,123,124 Regardless 
of the relationship with DR, diabetic patients should be 
advised to not smoke because smoking is an important 
risk factor for respiratory and CVD, as well as for can-
cer.125,126 Few epidemiologic studies have investigated the 
relationship of alcohol consumption to DR.127-129 One 
might anticipate a possible protective effect of alcohol as 
a result of decreased platelet aggregation and adhesive-
ness.130 Data from one study suggested a beneficial effect 
of alcohol, whereas data from another study suggested 
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an increased risk for proliferative retinopathy in people 
with diabetes.127,128 In the WESDR, alcohol consump-
tion was associated with a lower frequency of PDR in 
the younger-onset group.129 However, no relationship 
was found between alcohol consumption at the 4-year 
examination and the incidence and progression of DR in 
either the younger- or older-onset groups at the 10-year 
follow-up.129

Pregnancy
Epidemiologic studies suggest that pregnancy is a sig-
nificant risk factor for progression of DR.131 In a review 
of the literature, Rodman and colleagues reported that 
8% of women with T1DM who had no or early NPDR 
at the onset of pregnancy had progression of DR dur-
ing pregnancy.132 In a case-control study of women with 
type 1 diabetes mellitus, the frequency of progression to 
PDR retinopathy was higher in those who were pregnant 
than in those who were not (7.3% vs. 3.7%).131 Women 
in this study were similar in age, duration of diabetes, 
and DR status at the baseline examination. Pregnancy 
remained a significant risk factor for progression of DR 
after controlling for glycosylated hemoglobin. Severe DR 
is also an indicator of a higher risk for congenital abnor-
malities in children born of mothers with type 1 diabetes 
mellitus.133

Comorbidity
In the WESDR, diabetic individuals with PDR are at higher 
risk for the development of diabetic nephropathy, heart 
attack, stroke, and amputation than are those with mini-
mal or no DR present.122 This observation is consistent 
with the association of severe DR with CVD risk factors 
such as increased fibrinogen, increased platelet aggrega-
tion, hyperglycemia, and hypertension.117,120,121,134,135 
Retinal vessel diameters, independent of retinopathy 
severity levels, have also been shown to be associated 
with stroke, diabetic nephropathy, and lower extremity 
amputation.136,137

OTHER OCULAR DISEASES ASSOCIATED  
WITH DIABETES

Cataract
Cataract is an opacification of the normally clear crys-
talline lens of the eye. Individuals with diabetes tend to 
develop cataracts at a younger age, and the cataracts 
develop more rapidly, compared to individuals without 
diabetes.138 In both the National Health and Nutrition 
Examination Survey (NHANES) and the Framingham 
Eye Study, diabetic participants younger than 65 years of 
age had a respective 3.0 and 4.0 increased risk for hav-
ing a cataract when compared with similarly aged non-
diabetic participants. Individuals with diabetes appear to 
have differences in the frequency and severity of specific 
lens opacities. In the Beaver Dam Eye Study, after adjust-
ing for age and sex, cortical opacities and posterior sub-
capsular cataract were significantly more common among 
individuals with older-onset diabetes than in the rest of 
the Beaver Dam population.139 In the younger-onset 
group in the WESDR, the prevalence of cataract surgery 

and cataract was significantly related to older age at 
examination, longer duration of diabetes, diuretic usage, 
higher glycosylated hemoglobin concentration, and more 
severe DR.140 In the older-onset groups, the prevalence 
of cataract was associated with older age, diuretic usage, 
smoking, and more severe retinopathy. In the UKPDS, 
intensive glycemic control was associated with a signifi-
cant reduction in cataract extraction when compared 
with those with conventional control.3

Glaucoma
Glaucoma is usually defined by the presence of charac-
teristic visual field loss associated with damage to the 
retinal nerve fiber layer as a result of intraocular pres-
sure higher than the eye can tolerate. Diabetes has been 
suggested as increasing the risk for glaucoma.141 How-
ever, neither the Framingham Eye Study nor a study in 
Dalby, England, found a relationship between diabetes 
and glaucoma.142,143 In the WESDR, a history of glau-
coma was more frequent in younger and older diabetic 
individuals than in the general population studied in the 
Health Interview Survey or in nondiabetic participants 
in the WESDR.142-145 In the Beaver Dam Eye Study, 
after controlling for age and sex, diabetes was associ-
ated with an 84% increase in the risk for glaucoma.142 
The Nurse’s Health Study (NHS), which enrolled 
76,318 women who were followed from 1980 to 2000, 
showed that type 2 diabetes was associated with a 1.23 
to 2.7 increased risk for developing primary open-angle 
glaucoma.146

Visual Impairment
In the WESDR, individuals with diabetes had a higher age-
specific prevalence of visual impairment (best- corrected 
visual acuity in the better eye of 20/40 or worse) than 
did the nondiabetic population in the Beaver Dam Eye 
Study (Fig. 52-7), as well as a higher age-specific preva-
lence of legal blindness (best-corrected visual acuity in the 
better eye of 20/200 or worse) than found in the general 
population in either the Framingham Eye Study or the 
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NHANES147 (Fig. 52-8). For the younger-onset group 
using insulin, DR was responsible for 86% of the visual 
loss; for the older-onset group, it was responsible for 33% 
of the visual loss. In the WESDR, the annual incidence 
of blindness caused by diabetes mellitus was estimated 
to be 3.3 per 100,000 general population.148 The 4-year 
incidence of legal blindness was higher in the older-
onset groups (3.2% in those using insulin and 2.7% in 
those not using insulin) than in the younger-onset group 
(1.5%). The incidence of visual impairment due to DR 
appears to be decreasing in individuals with type 1 diabe-
tes in the WESDR.149 However, the prevalence of visual 
impairment in type 2 diabetes appears to have increased 
from the 1999-2002 to the 2005-2008 NHANES and is 
thought to be attributable in part, to an increase in the 
prevalence during this time period.150,151

DETECTION
Detection of DR is best achieved by ophthalmoscopic 
examination through a dilated pupil by a retinal special-
ist or an eye doctor expert in diabetes eye care.96 Stereo-
scopic color fundus photography increases the sensitivity 
of detection of vision-threatening retinopathy relative to 
ophthalmoscopy and is especially indicated when mon-
itoring patients with signs of NPDR, PDR, or macular 
edema.152-154 Fluorescein angiography is generally used 
by retinal specialists before laser photocoagulation treat-
ment of eyes with clinically significant macular edema to 
detect areas of retinal ischemia and leaking microaneu-
rysms. Angiograms may occasionally be used to provide 
further information regarding the amount of ischemia 
and to demonstrate the cause of unexplained visual loss. 
However, fluorescein angiography is not routinely neces-
sary at the time of diagnosis or in diabetic patients with 
no or minimal NPDR.

In the WESDR in 1980 to 1982, 33% of individuals 
with either PDR with a high risk for severe visual loss 
or clinically significant macular edema had not seen an 
ophthalmologist within 2 years of the examination.155 In 
addition, 51% of eyes with PDR had not been treated with 
scatter (panretinal) photocoagulation.156 Based on these 
data, it is estimated that 35,000 Americans with vision-
threatening DR who might benefit from photocoagula-
tion treatment had not received such treatment in 1980 to 
1982. Little change was found when the group was reex-
amined,157 and similar findings have also been reported 
by others.158-160 Many possible reasons have been pro-
posed to explain the high rate of patients with serious 
DR who do not receive appropriate eye care.11,24,158,161-

165 Guidelines for the detection and management of dia-
betic eye disease have been developed and distributed96 
(Table 52-4). However, studies have suggested that these 
referral guidelines for DR are not being sufficiently fol-
lowed.7,159,160,165 Cost-effectiveness studies using the 
WESDR and other data suggest that earlier detection of 
PDR by ophthalmologic or photographic screening is a 
cost-effective approach for diabetic individuals requir-
ing insulin.166-168 The American Diabetes Association 
has recognized the value of retinal imaging in assessing 
diabetic retinopathy, and states that examinations can 
be done with retinal photographs with or without pupil 
dilation read by experienced experts, but in-person exams 
are still necessary when photos are unacceptable and for 
follow-up of abnormalities detected.169

Telemedicine Programs for Diabetic Retinopathy
Despite multiple national and global initiatives, a signifi-
cant number of individuals with diabetes mellitus who are 
at risk for visual loss from vision-threatening retinopathy 
do not receive necessary eye care.13-15 Public health efforts 
need to be directed at earlier detection and providing 
access to appropriate levels of eye care. Ocular telehealth 
programs for DR have the potential to expand access 
to highly effective evidence-based diabetes eye care and 
provide cost-effective alternative methods of care.170,171 
Studies across multiple populations demonstrate that the 
prevalence of blindness and visual impairment among 
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TABLE 52-4 Recommendations for Eye Care  
for Diabetic Patients

Primary-care physician informs the patient at the time of diagno-
sis of diabetes that:

 •  Ocular complications are associated with diabetes and may 
threaten sight

 •  Timely detection and treatment may reduce the risk for 
decreased vision

Referral to an eye doctor competent in diabetes eye care:
 •  All patients 10 to 30 years of age who have had diabetes for 

5 or more years
 •  In patients in whom diabetes was diagnosed when older 

than 30 years of age, examination at the time of diagnosis or 
shortly thereafter

Referral to an ophthalmologist:
 •  All women with insulin-dependent diabetes mellitus plan-

ning pregnancy within 12 months, in the first trimester, and 
thereafter at the discretion of the ophthalmologist

 •  Patients found to have reduced corrected visual acuity, 
elevated intraocular pressure, and any other vision-threaten-
ing ocular abnormalities
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patients with diabetes is lowest among populations with 
a national program that provides retinal evaluations for 
all patients with diabetes.172-175 The implementation of 
national coverage of universal retinal evaluation for all 
patients with diabetes has been shown to reduce the inci-
dence of blindness by as much as 95%.176-178 Ocular tele-
health programs for DR have the potential to preserve 
vision and prevent vision loss by increasing access to 
evaluation, educating patients, and promoting appropri-
ate follow-up and treatment.

MANAGEMENT

Medical
As discussed earlier in the chapter, the DCCT and UKPDS 
studies have demonstrated that it is important to manage 
glycemic and hypertension control carefully for optimum 
care of patients with diabetes mellitus. Achieving control 
of blood glucose and blood pressure has been shown to 
greatly reduce the risk for development and progression 
of DR and limit visual loss in patients with diabetes. 
However, intensive glycemic control is often difficult or 
impossible to achieve in certain patients. Strict glycemic 
control is also associated with an increased frequency 
of severe complications.2 An unexpected worsening of 
DR in the first 3 to 12 months following the initiation 
of intensive insulin therapy (termed “early worsening”) 
was observed in the DCCT and several other smaller 
clinical trials.179-182 In the DCCT, clinically significant 
early worsening (defined as a three-step progression of 
DR within the first 12 months) was observed in 13.1% of 
711 patients assigned to intensive treatment and in 7.6% 
of 728 patients assigned to conventional treatment (odds 
ratio, 2.06; P < .001). In both groups, recovery occurred 
at the 18-month visit in 51% and 55% of these groups, 
respectively (P = 0.39). The risk factors for early worsen-
ing were higher baseline HbA1c and greater reduction of 
HbA1c after enrollment. In the DCCT, early worsening 
did not lead to serious visual loss, but data support the 
conclusion that early worsening may be more common 
and more sight-threatening in patients with more severe 
retinopathy and/or very poor glycemic control. It is rec-
ommended that patients with moderate or worse NPDR 
should be monitored closely before and for several months 
after initiation of intensive insulin treatment.179 Initiation 
of laser treatment should be considered when factors sug-
gest a particular need to protect against advancing severe 
retinopathy, such as in patients with actively progressing 
DR, long-standing very poor glycemic control, and high 
likelihood of suboptimal follow-up.179 Given the long-
term benefits of improved glycemic control in reducing 
the risk for DR progression and the availability of highly 
effective treatment for vision-threatening DR, intensive 
glycemic control should generally not be discouraged for 
fear of DR progression.183,184

Ophthalmic
Several nationwide multicenter randomized clinical tri-
als have largely determined the appropriate strategies for 
clinical management of patients with diabetic retinopa-
thy. The Diabetic Retinopathy Study (DRS) conclusively 

demonstrated that scatter (panretinal) photocoagula-
tion (PRP) significantly reduces the risk for severe visual 
loss (SVL) from PDR, particularly when high-risk PDR 
was present.5,185,186 The Early Treatment Diabetic Reti-
nopathy Study (ETDRS) provided valuable information 
concerning the timing of PRP for advancing diabetic reti-
nopathy and conclusively demonstrated that focal/grid 
photocoagulation for CSME reduces the risk for moder-
ate visual loss by 50% or more.5,32,187 Furthermore, the 
ETDRS demonstrated that both early PRP and deferral of 
PRP “until and as soon as high-risk PDR developed are 
effective in reducing the risk for SVL.” PRP, therefore, 
should be considered as an eye approaches the high-risk 
stage and “usually should not be delayed if the eye has 
reached the high-risk proliferative stage.”32 Detailed anal-
ysis of the ETDRS data shows that early PRP is beneficial 
for patients with type 2 diabetes mellitus.188,189 When 
therapy is initiated at the first sign of appropriate sever-
ity of DR, benefits may include a reduction of more than 
90% in severe visual loss.32,189 Results for the Diabetic 
Retinopathy Clinical Research Network29-31 and phar-
maceutical studies190,191 have shifted the initial therapeu-
tic approach for patients with center-involved DME and 
visual loss to a regimen of repeated intravitreal injections 
of VEGF inhibitors. Focal/grid photocoagulation is then 
added secondarily as needed; however, approximately 
50% of the patients will never require focal grid photoco-
agulation after anti-VEGF therapy. Intravitreal injections, 
when used according to the protocol described in these 
studies, can result in limiting moderate visual loss from 
DME to less than 5% and lead to visual improvement of 
10 letters or more in more than half of these patients.

Surgical
Vitrectomy surgery has been effective in reducing vision 
loss when traction retinal detachment threatens the center 
of the macula or vitreous hemorrhage fails to clear. The 
use of laser delivered from within the eye at the time of 
surgery and other advanced surgical techniques make vit-
rectomy a valuable procedure to prevent vision loss and 
restore vision.

Neovascular glaucoma, in which retinal ischemia leads 
to neovascularization of the anterior chamber angle of 
the eye, is a severe and difficult to treat complication of 
advanced DR. Such eyes are at high risk for severe vision 
loss. Aggressive PRP is usually the preferred initial treat-
ment, but other procedures such as goniophotocoagula-
tion of neovascularization in the filtration angle, filtration 
surgery, vitrectomy surgery, or combinations of these 
procedures may be necessary. The use of intravitreal anti-
VEGF agents initially in eyes with severe neovascular-
ization of the iris angle have dramatically improved the 
treatment of those cases where the severity of the condi-
tion precluded laser treatment.192 In these cases, the use 
of anti-VEGF agents induce a rapid, temporary resolution 
of the vessels, allowing laser treatment to be subsequently 
performed.193

Rehabilitation
Diabetic patients with severe visual impairment are con-
fronted with difficulties in glucose monitoring, insulin 
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administration, and monitoring of systemic changes in 
the skin such as foot ulcers. In addition, these patients are 
often ill with renal disease, CVD, or amputations. Many 
have lost their jobs and health insurance and are with-
out adequate financial support. These problems may lead 
to anger, anxiety, loss of self-esteem, and difficulties in 
social adjustment.194

Patients with reduced vision frequently benefit from 
referral to low-vision specialists or eye doctors specializ-
ing in vision rehabilitation. Spectacle, handheld, or stand 
magnifiers may be useful in near tasks such as insulin 
dosage, reading, computer work, job-related tasks, and 
hobbies. Telescopes may improve distance vision, and 
in some cases permit individuals with reduced vision to 
resume driving. A variety of electronic devices are avail-
able to enhance reading activities, and computer software 
is available to assist in the use of work- and leisure-related 
tasks.

Primary care physicians should be actively involved in 
a team including psychologists, orientation and mobil-
ity instructors, rehabilitation teachers, and social work-
ers to deal with the problems faced by visually impaired 
diabetic patients. Such support facilitates acceptance of 
visual loss, development of coping strategies, and plan-
ning of living arrangements.

Protective and Risk Factors for Diabetic Retinopathy
Recent interest has focused on possible genetic risk fac-
tors that may delay or hasten the progression to severe 
proliferative diabetic retinopathy. There are published 
reports on two unique cohorts of T1DM patients with 
more than 50 years of diabetes. The Golden Years cohort 
has shown a possible genetically determined protective 
effect against the development of diabetic nephropathy 
and large vessel disease.195 The 50-Year Medalist Study 
at Joslin Diabetes Center has demonstrated that substan-
tial proportions of individuals may survive diabetes dura-
tion of 50 years or more and remain free of advanced 
diabetic vasculopathy, including PDR (49.4%). Longi-
tudinal data from a subgroup of 97 Medalists followed 
for an average of 20.6 years and 39.4 visits suggest that 
retinopathy worsening occurs almost entirely within the 

first 2 decades of follow-up, and eyes that do not develop 
PDR have a slower rate of retinopathy progression. The 
data from these two cohorts point to a possible genetic 
susceptibility or protective factors against the develop-
ment of PDR.196,197 The identification of novel genes 
may potentially help understand the pathogenic path-
ways underlying DR. Single nucleotide polymorphism 
such as the one observed in the promoter region of the 
erythropoietin gene has been shown to result in the dra-
matic increase in expression of erythropoietin, which is 
a known angiogenic factor in the eye.78 This polymor-
phism is associated with higher rates of development of 
severe diabetic eye and kidney complications and repre-
sents one of the first gene mutations specifically associ-
ated with diabetic retinopathy.

NOVEL THERAPIES
With the emerging global epidemic of diabetes and the 
rapid advances in scientific discovery, there has been a 
dramatic shift and remarkable improvements in the 
prevention of visual loss from diabetic retinal disease. 
Despite these advances, it remains critical that we con-
tinue to identify the most promising new therapies and to 
bring them to evaluation in as rigorous and timely a man-
ner as possible. Collaboration efforts between eye care 
specialists seen in the highly successful National Eye Insti-
tute sponsored Diabetic Retinopathy Clinical Research 
Network (www.DRCR.net) have rapidly allowed basic 
science discoveries to be translated into the clinical set-
ting for the benefit of the patient. It is through collabora-
tive efforts such as these and the close involvement of a 
multidisciplinary team of health care providers that we 
ultimately may be able to prevent eye and other complica-
tions of this systemic disease.
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Diabetes Mellitus: Neuropathy
Andrew J.M. Boulton and Rayaz A. Malik

“The era of coma has given way to the era of complications.”
—Elliot P. Joslin
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Of all the long-term complications of diabetes, none affects 
so many organs or systems of the human body as the group of 
conditions that is included under the term diabetic neuropa-
thies. The frequency with which diabetes affects the nervous 
system and the diverse manifestations might well explain 
the earlier view that diabetes was a consequence rather than 
a cause of nerve dysfunction. Peripheral neuropathies have 

been described in patients with primary (type 1 and type 
2) and secondary diabetes of differing causes, suggesting a 
common causative mechanism based on chronic hypergly-
cemia. The pivotal role of hyperglycemia in the pathogenesis 
of neuropathy has received strong support from landmark 
studies such as the Diabetes Control and Complications 
Trial (DCCT)1,2 and the United Kingdom Prospective 

K E Y  P O I N T S

 •  Human diabetic neuropathy has multiple presentations affecting virtually every tissue in 
the body.

 •  Established diagnostic strategies are being challenged with novel imaging techniques.
 •  Although the precise pathology of diabetic neuropathy is well described and many 

causative mechanisms have been proposed in pre-clinical studies, no single treatment 
has been translated for use in the clinic.
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Diabetes Study (UKPDS)3; indeed, in the DCCT, the ben-
efit of 6.5 years of intensive control was maintained for at 
least 14 years after the end of the study.4 Neuropathies are 
characterized by a progressive loss of nerve fibers that can 
be assessed noninvasively by a variety of methods, varying 
from a structured neurologic examination through quantita-
tive sensory testing to detailed electrophysiology (EP) and 
autonomic function testing.5 Although no major structural 
differences in nerve pathology have been observed between 
the two main types of diabetes, clinical differences do exist: 
Whereas the rare symptomatic autonomic syndromes usu-
ally occur in long-duration type 1 patients, the mononeu-
ropathies and proximal motor neuropathy usually occur in 
older type 2 patients.5

The epidemiology and natural history of the neuropa-
thies remain poorly defined, in part because of variable 
diagnostic criteria and the ill-defined patient population 
studied. However, the late sequelae of neuropathy are 
well recognized, with foot problems such as ulceration6 
and Charcot’s neuroarthropathy7 representing the most 
common cause of hospitalization among diabetic patients 
in Western countries. Of all the component causes that, 
when combined, result in ulceration, neuropathy is by far 
the most common.8 It is not surprising that diabetic neu-
ropathy often has an adverse effect on quality of life.9

In this chapter, the history, classification, epidemiol-
ogy, and clinical features of the neuropathies are dis-
cussed; this is followed by a description of measurement 
techniques and a review of the pathogenesis. Finally, cur-
rent treatments are reviewed, and late sequelae and their 
prevention are discussed.

HISTORY
Although many people attribute the first clinical descrip-
tion of diabetic peripheral neuropathy to Rollo at the end 
of the eighteenth century, it was Marchall de Calvi in 
France who recognized the true nature of the condition in 
1864.10 Later, Charcot extended these observations and 
described (initially in syphilis) the neuroarthropathy that 
now is named after him.11 Davies-Pryce, a surgeon work-
ing in Nottingham, England, was the first to recognize the 
link between diabetic neuropathy and foot ulceration.12 It 
was not until the twentieth century, however, that auto-
nomic neuropathy in diabetes was first reported.13

DEFINITIONS AND CLASSIFICATION
Although previous classifications have been based on 
pathologic and causative considerations, it has become 
increasingly clear that, as is discussed later, causative 
mechanisms resulting in neuropathy are multiple and 
complex, so a clinical or descriptive classification of the 
neuropathies is favored.5,14 Even in this area, a number 
of classifications exist. Examples include the purely clini-
cal descriptive classification proposed by Boulton and 
Ward15 (Table 53-1) and that based on potential revers-
ibility together with clinical description5,16 (Table 53-2).

A simple definition as to what constitutes diabetic neu-
ropathy was agreed on at an international consensus meet-
ing on clinical diagnosis and management: “The presence 

of symptoms and/or signs of peripheral nerve dysfunc-
tion in people with diabetes after the exclusion of other 
causes.”17 The exclusion of other causes is particularly 
important, as was emphasized by the baseline data from 
the Rochester Diabetic Neuropathy Study, in which 5% 
of patients had a nondiabetic cause for their neuropathy.18

For research, epidemiologic and clinical trial purposes, 
a more detailed definition that includes subclinical neu-
ropathy is required.19 The San Antonio consensus defined 
diabetic neuropathy as “a demonstrable disorder either 
clinically evident or subclinical, occurring in the setting 
of diabetes without nondiabetic causes, including mani-
festations in the somatic and/or autonomic parts of the 
peripheral nervous system.”20 The Rochester Diabetic 
Neuropathy Study established a paradigm for clinical 
trial design.18,19 The following were assessed: 1) neuro-
pathic symptoms (neuropathy symptom score [NSS]), 2) 
neuropathic deficits (neuropathy impairment score), 3) 
sensorimotor nerve conduction velocity, 4) quantitative 
sensory tests, and 5) autonomic function tests. The mini-
mum criteria for a diagnosis of neuropathy required two 
or more abnormalities among the listed criteria, at least 
one being 3 or 5. Staging was as follows: N0 = no neurop-
athy, minimum criteria unfulfilled; N1 = asymptomatic 
neuropathy (NSS = 0); N2 = symptomatic neuropathy; 
N3 = disabling neuropathy. The classification and defini-
tion of the diabetic neuropathies were further refined at 
an international consensus meeting in 2009.21

TABLE 53-1 Descriptive Clinical Classification  
of Diabetic Neuropathies

Polyneuropathy Mononeuropathy
Sensory Cranial
 Chronic sensorimotor
 Acute sensory
Autonomic Isolated peripheral
Proximal motor Mononeuritis multiplex
Truncal Truncal

From Boulton AJ, Ward JD: Diabetic neuropathies and pain. J Clin 
Endocrinol Metab 1986;15:917-931. © The Endocrine Society.

TABLE 53-2 Classification of Diabetic 
Neuropathies Based on Potential Reversibility

Rapidly reversible Hyperglycemic neuropathy
Persistent symmetrical Sensorimotor (chronic)

Acute sensory
Autonomic

Focal and multifocal Cranial
Thoracoabdominal  

radiculopathies
Focal limb
Amyotrophy (proximal motor)
Compression/entrapment

Superimposed chronic inflam-
matory demyelinating 
polyneuropathy (CIDP)

Adapted from Boulton AJ, Malik RA, Arezzo JC, Sosenko JM: 
Diabetic somatic neuropathies. Diabetes Care 2004;27:1458-1486; 
Thomas PK. Classification, differential diagnosis and staging of dia-
betic peripheral neuropathy. Diabetes 1997;46(Suppl 2):S54-S57.



922 PART 5 DIABETES MELLITUS

EPIDEMIOLOGY
The quality and even quantity of epidemiologic data on 
diabetic neuropathy remain poor for a number of reasons, 
including inconsistent definitions, poor ascertainment, 
lack of population-based studies, and failure to exclude 
nondiabetic neurologic disease.5,14,16 Most studies report 
on chronic sensorimotor or autonomic neuropathies,22 so 
this section focuses on these two types. However, despite 
these problems, diabetic neuropathy undoubtedly is very 
common, possibly the most common of the late complica-
tions of diabetes.

The larger reports of the prevalence of chronic senso-
rimotor neuropathy published over the last 15 years are 
summarized in Table 53-3. Of three clinic-based studies 
from Europe (enrolling >2000 patients), a remarkable 
similarity was noted in prevalence, which ranged from 
22.5% to 28.5% for symptomatic neuropathy23-25; it is 
reassuring that a more recent population-based survey 
from Germany reported a prevalence almost identical to 
those from the clinic-based survey.26 Other population-
based studies showed an even higher prevalence, sug-
gesting that at least half of older type 2 diabetic patients 
had significant neuropathic deficits and therefore must 
be considered as being at high risk for insensitive foot 
ulceration.27 Because only a minority of patients in the 
population-based studies were symptomatic, most cases 
of neuropathy would be missed if a careful clinical neu-
rologic examination were not performed. The largest 
study, a community-based survey from the northwestern 
United Kingdom, reported the prevalence of a moderate 
or severe neuropathic deficit to be 22.4% of 9710 dia-
betic patients.28 Most studies include patients with both 
type 1 and type 2 diabetes; it must be remembered that 
neuropathy may be present at diagnosis in type 2 diabe-
tes, as was demonstrated by the UKPDS,3 which reported 
a prevalence at diagnosis of 13%.

Certain prospective studies have assessed risk factors for 
the development of neuropathy. The DCCT2 and UKPDS3 
demonstrated a clear relationship between poor glycemic 
control and the development of neuropathy. In addition to 
glycemic control, Adler and co-workers29 identified height, 

age, and alcohol intake as significant risk factors for neu-
ropathy in a study of U.S. veterans. Other studies have 
identified ischemic heart disease, smoking, and diabetes 
duration as being independently related to neuropathy.22

Autonomic neuropathy has been the subject of fewer 
epidemiologic investigations, and the results are less consis-
tent than those for somatic dysfunction. In the EURODIAB 
Type 1 diabetes study, abnormal autonomic function tests 
(AFTs) were found in 36% of subjects with cardiovascular 
risk factors such as cigarette smoking, triglycerides, and 
diastolic blood pressure showing strong associations with 
abnormal tests.30 In prospective studies, the DCCT found 
mixed results in the association between glycemic control 
and the 5-year cumulative incidence of autonomic neurop-
athy.2 It is surprising, however, that glycemic control was 
found to be a significant risk factor for deterioration in 
only one autonomic function test in one study.2

CLINICAL FEATURES

Focal and Multifocal Neuropathies
Several characteristic focal and multifocal neuropathies, 
none of which are unique to the diabetic patient, occur in 
diabetes; together, they account for no more than 10% of 
all neuropathies. Most of these tend to occur in older, type 
2 patients, and the prognosis generally includes recovery 
of the deficits (partial or complete) and also of the pain 
that is frequently present. The rapid onset of symptoms 
and signs in most cases, together with the focal nature of 
the deficits, is suggestive of a vascular origin. Exclusion of 
nondiabetic causes is particularly important in these neu-
ropathies; in contrast, any nondiabetic patient with these 
presentations should be screened for diabetes.

Cranial Mononeuropathies
Acute isolated third, fourth, and sixth nerve palsies occur 
more commonly in patients with vascular risk factors, 
including diabetes mellitus, hypertension, hypercholester-
olemia, or coronary artery disease.31 Diabetic ophthalmo-
plegia (third nerve palsy) is the most common, and may be 
of relatively rapid onset, presenting with pain in the orbit, 
diplopia, and ptosis. Exclusion of other causes is impor-
tant; in a study of 66 patients with acute isolated ocular 
motor mononeuropathies, magnetic resonance imaging 
(MRI) or computed tomography (CT) demonstrated that 
14% of patients had a range of other possible causes, which 
included brainstem and skull base neoplasms, brainstem 
infarcts, aneurysms, demyelinating disease, and pituitary 
apoplexy.31 Furthermore, although these neuropathies tra-
ditionally have been believed to be due to acute ischemia 
within the nerve, Hopf and Guttmann32 provided evidence 
for microinfarcts within the third nerve nuclei.

Isolated and Multiple Mononeuropathies
Numerous nerves are prone to pressure damage in dia-
betes; by far the most common of these is the median 
nerve, because it passes under the flexor retinaculum 
resulting in carpal tunnel syndrome (CTS). In the Roch-
ester Diabetic Neuropathy Study, 30% of patients had 
EP evidence of median nerve compression, although 
only <10% had characteristic symptoms.18 Recently in 

TABLE 53-3 Prevalence of Diabetic Peripheral 
Sensorimotor Neuropathy

Study/Country N
Type of  
Diabetes Prevalence, %

Clinic-Based Studies

Young et al. (1993)23 UK 6487 1, 2 28.5
Tesfaye et al. (1996)24 

Europe
3250 1 28.0

Cabezas-Cerrato (1998)25 
Spain

2644 1, 2 22.7

Population-Based Studies

Dyck et al. (1993)18 US 380 1, 2 47.6
Kumar et al. (1994)27 UK 811 2 41.6
Ziegler et al. (2008)26 

Germany
195 1, 2 28.0

Abbott et al. (2011)213 UK 15,962 1, 2 21.0



92353 DIABETES MELLITUS: NEUROPATHY

the Fremantle Diabetes Study, 1284 patients with type 2 
diabetes without a history of CTS surgery were followed 
over 9.4 ± 3.7 years. The incidence of CTS surgery was 
4.2 times greater than in the general population, and 
significant independent determinants included a higher 
body mass index (BMI), taking lipid-lowering medi-
cation, and, it is interesting to note, being in a stable 
relationship.33 Furthermore, CTS has been found to be 
three times more common and of greater electrophysi-
ologic severity in patients with metabolic syndrome when 
compared with those without metabolic syndrome.34 
Recently, ultrasound of the median nerve has been shown 
to be of value in quantifying cross-sectional nerve area 
and the wrist-to-forearm ratio to identify patients with 
CTS.35 Contrary to the belief that outcomes after carpal 
tunnel decompression are worse in patients with diabe-
tes, a recent study has shown comparable outcomes to 
patients with idiopathic CTS, and evidence of regenera-
tion, based on improved cold tolerance.36 Other, less 
frequently seen entrapment neuropathies may involve 
the ulnar nerve, the lateral cutaneous nerve of the thigh 
(meralgia paresthetica), the radial nerve (wristdrop), 
and the peroneal nerve (footdrop). Occurring in isola-
tion, most of the above (except footdrop) carry a good 
prognosis with recovery, although surgical decompres-
sion may be required. However, increasing reports have 
described severe bilateral ulnar neuropathy occurring in 
the presence of long-standing diabetes and other compli-
cations—a very different picture from the isolated focal 
mononeuropathies. Moreover, in one series,37 most cases 
demonstrated mainly axonal damage due to probable 
ischemia rather than compression, so surgical decom-
pression would not be beneficial. Mononeuritis multiplex 
simply describes the occurrence of more than one isolated 
mononeuropathy in an individual patient.

Truncal Neuropathies
Truncal neuropathy typically is characterized by pain that 
occurs in a dermatomal bandlike distribution around the 
chest or abdomen. The pain may be severe and may have 
characteristics of both nerve trunk pain and dysesthesias, 
typically experienced in mononeuropathies and sensory 
polyneuropathies, respectively. Thus, the patient may 
experience dull, aching, boring pain together with burn-
ing discomfort or allodynia, and the differential diagnosis 
includes shingles and spinal root compression. EP inves-
tigation, including needle electrode electromyography, is 
useful and can be diagnostic; it should be performed in 
any patient who is suspected of this diagnosis. Truncal 
neuropathies occasionally may present with motor mani-
festations, typically a unilateral bulging of abdominal 
muscles that usually is associated with pain, as described 
earlier (Fig. 53-1). Again, electrodiagnostic studies help 
to secure the diagnosis, and the natural history for symp-
toms and signs is good, with recovery the rule.38

Proximal Motor Neuropathy
Typically affecting older, male, type 2 diabetic patients, 
proximal motor neuropathy (amyotrophy) presents with 
pain, wasting, and weakness in the proximal muscles of 
the lower limbs, either unilaterally or with asymmetrical 

bilateral involvement. In addition, a distal symmetrical 
sensory neuropathy occurs, and weight loss of as much 
as 40% of premorbid body mass may occur.39 However, 
a series of neuropathologic studies have provided some 
interesting insights into the pathogenesis of this condi-
tion.40,41 Thus in biopsies of the intermediate cutaneous 
nerve of the thigh, asymmetrical axonal loss within and 
between nerve fascicles suggests an ischemic process; 
an increased incidence of segmental demyelination and 
remyelination also occurs. In addition, however, a unique  
mononuclear cell (CD4, CD8) and macrophage infil-
trate is noted around epineurial and perineurial vessels  
with endoneurial hemorrhage.40 Previously, no specific 
treatment other than improving glycemic control and 
physiotherapy had been advocated, and, in most cases, 
recovery was gradual but at times protracted. On the 
basis of the immunopathologic findings, immunosuppres-
sion has been advocated as a therapeutic option.42 How-
ever, controlled clinical trials of this intervention have not 
been undertaken, and given that the natural history of 
this condition is improvement with time, the results of 
the open trials are difficult to interpret. Indeed a recent 
Cochrane review concluded that there was no evidence 
from randomized trials to support any recommendation 
on the use of any immunotherapy treatment in diabetic 
amyotrophy.43

Chronic Inflammatory Demyelinating Polyneuropathy
A demyelinating neuropathy that meets the electrophysi-
ologic criteria for chronic inflammatory demyelinating 
polyneuropathy (CIDP) has been increasingly recognized 

Figure 53-1 Diabetic truncal polyradiculopathy presenting as a 
bulge in the right abdominal wall secondary to muscle weakness. 
(From Boulton AJ, Angus E, Ayyar DR, Weiss DR: Diabetic thoracic 
poly radicaloneuropathy presenting as abdominal swelling. Br Med J 
1984;289:798-799).
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to occur more commonly in patients with both type 1 
and type 2 diabetes.44 The clinical picture is of a sym-
metrical, predominantly motor polyneuropathy that has 
a progressive course, with proximal and distal weakness 
in the lower limbs and reduced reflexes. Electrophysio-
logic, clinical, cerebrospinal fluid, and histologic criteria 
for the diagnosis are well described, although not all may 
be necessary in individual cases.44 Because patients with 
CIDP might respond to immunomodulatory therapy, it 
is important to distinguish this condition from other dia-
betic neuropathies, particularly proximal motor neuropa-
thy. Therefore, CIDP should be suspected in neuropathic 
diabetic patients in the following cases:
  

 1.  A predominance of motor signs involves proximal 
or distal lower limb muscles.

 2.  After some years of distal sensory neuropathy, a 
motor neuropathy develops with progressive symp-
toms and signs.

 3.  A patient is diagnosed with proximal motor neu-
ropathy (amyotrophy).

  
One study showed that diabetic patients with CIDP 

present with a higher frequency of autonomic dysfunc-
tion and electrophysiologic evidence of associated axonal 
loss, which may explain a poorer response to treatment 
with oral prednisolone 1 mg/kg/day with or without aza-
thioprine 1 to 2 mg/kg over 6 months.45

Symmetrical Neuropathies
Autonomic Neuropathy
The autonomic nervous system, which controls a wide 
range of bodily functions, can be damaged in diabetes 
with a variety of manifestations, most commonly, cardio-
vascular, urogenital, gastrointestinal, thermoregulatory, 
and sudomotor function.46

Cardiovascular. Cardiac autonomic neuropathy manifests 
initially as an increase in heart rate secondary to vagal 
denervation, followed by a decrease due to sympathetic 
denervation; finally, a fixed heart rate, which responds 
only minimally to physiologic stimuli, supervenes, bear-
ing similarities to the transplanted heart and suggesting 
almost complete denervation. Postural hypotension, de-
fined as a 20 mm Hg and 10 mm Hg drop in systolic and 
diastolic blood pressures, respectively, occurs as a con-
sequence of impaired vasoconstriction in the splanchnic 
and cutaneous vascular beds due to efferent sympathetic 
denervation. Twenty-five percent of children display some 
degree of cardiac autonomic dysfunction on diagnosis of 
type 1 diabetes,47 and an abnormality in the expiration-
inspiration ratio has been reported in up to 28% of pa-
tients with impaired glucose tolerance.48 Parasympathetic 
dysfunction is present in 65% of type 2 diabetic patients 
10 years after diagnosis, and combined parasympathetic-
sympathetic neuropathy is present in 15.2%.49

Gastrointestinal. Autonomic neuropathy of the gastroin-
testinal system manifests as an abnormality in motility, 
secretion, and absorption through derangement of both 
extrinsic parasympathetic (vagus and spinal S2 to S4) and 

sympathetic, as well as intrinsic enteric, innervation pro-
vided by Auerbach’s plexus. Clinically, patients present 
with two major problems: diabetic gastroparesis, mani-
fest by nausea and postprandial vomiting, and alternat-
ing nocturnal diarrhea and constipation.46 It is fortunate 
that the diagnosis and treatment of these abnormalities 
represent an extremely difficult clinical problem in only a 
minority of diabetic patients.

Erectile Dysfunction. Erectile dysfunction (ED) in diabe-
tes is usually of multifactorial origin, although in most 
series, autonomic neuropathy is a major contributory fac-
tor.41,50 In the 4-year study of Veves and co-workers,51 
neuropathy was the principal cause of ED in 27% of new-
ly presented patients with ED and a contributory cause 
in a further 38%. Cholinergic and noncholinergic nor-
adrenergic neurotransmitters mediate erectile function by 
relaxing the smooth muscle in the corpus cavernosum; 
the ED resulting from autonomic dysfunction is usu-
ally progressive but of gradual onset and progression.46 
Other features include occasional retrograde ejaculation, 
although some ejaculation and orgasm are maintained. 
Because of the multiple contributory factors to most cases 
of ED in diabetes, careful assessment of each case is es-
sential. Consideration of other potential causes, including 
vascular disease, other medications, local problems such 
as Peyronie’s disease, and psychological factors, is essen-
tial before therapeutic approaches are considered.

Bladder Dysfunction. Bladder dysfunction is well recog-
nized as a consequence of autonomic neuropathy in some 
patients; this “cystopathy” is usually the result of neu-
rogenic detrusor muscle abnormality. In extreme cases, 
gross bladder distention may occur with abdominal dis-
tention and overflow incontinence.

Sweating Abnormalities. Abnormalities of sweating are 
common but often neglected symptoms of autonomic 
neuropathies.48 Most common is reduced sweating in 
the extremities, particularly the feet, which is a manifes-
tation of sympathetic dysfunction. The sweat gland has 
a complex peptidergic and cholinergic innervation, and 
neuropeptide immunoreactivity (especially for vasoactive 
intestinal polypeptide) is low in sudomotor nerves.

In contrast to dry feet, some patients complain of 
drenching truncal sweating, particularly at night. Gusta-
tory sweating, which is profuse sweating in the head and 
neck region caused by eating certain foods, is a highly 
characteristic symptom of diabetic autonomic neu-
ropathy and is common in patients with nephropathy, 
particularly in those on dialysis; it is “cured” by renal 
transplantation.52

Distal Sensory Neuropathy
The clinical presentation of distal sensory neuropathy, 
the most common of all the diabetic neuropathies, is 
extremely variable, ranging from severely painful (posi-
tive) symptoms at one extreme to the completely painless 
variety that may present with an insensitive foot ulcer.5,53 
It is a diffuse symmetrical disorder that mainly affects the 
feet and lower legs in a stocking distribution but rarely 
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also involves the hands in a glove distribution. As the dis-
ease progresses, some motor dysfunction (including small 
muscle wasting and sensorimotor neuropathy) usually 
occurs, together with abnormalities of autonomic func-
tion tests (AFTs).

The onset of sensory neuropathy is usually gradual, 
with the insidious appearance of symptoms that may be 
intermittent in the early stages. However, an acute sen-
sory neuropathy is recognized with rapid onset of painful 
symptoms. In this latter type, which often follows a period 
of severe metabolic instability or may be precipitated by 
a sudden improvement in control (“insulin neuritis”),39 
the symptoms are usually severe, whereas few if any clini-
cal signs may be noted, and quantitative testing may be 
normal. A similar, predominantly small-fiber neuropathy, 
often with severe painful symptoms, has been observed in 
patients with impaired glucose tolerance (IGT).54

Neuropathic symptoms may be difficult for the 
patient to describe but typically fall into a recognizable 
pattern, ranging from severely painful (or positive) at 
one extreme, with burning pain, stabbing, and shooting 
sensations; uncomfortable temperature sensations; and 
paresthesias, hyperesthesias, and allodynia; to mild or 
“negative symptoms,” such as decreased pain sensation, 
deadness, and numbness. Symptoms fluctuate with time 
but tend to be extremely uncomfortable, distressing, 
and prone to nocturnal exacerbation with bedclothes 
hyperesthesias.

A symptom complex that has been recognized only 
recently as a relatively common complaint in neuropa-
thy is that of postural instability; diabetic neuropathic 
patients report more falls, and unsteadiness (secondary 
to disturbances in proprioception) should be added to 
the list of neuropathic symptoms: it often may result in 
depression.55 Studies have confirmed this phenomenon, 
showing that neuropathic patients sway more when 
quantitatively assessed with Romberg’s test.9,56

Although neuropathic symptoms are predominantly if 
not exclusively sensory, in many cases the signs are both 
sensory and motor, with sensory loss in a stocking dis-
tribution, together with minor degrees of small muscle 
wasting and occasional weakness. The ankle reflex usu-
ally is reduced or absent, and the skin in the dorsal and 
especially plantar surfaces may be dry, owing to associ-
ated sympathetic autonomic dysfunction. Because some 
neuropathic patients may be asymptomatic, it is essential 
that all diabetic patients have their feet examined on a 
regular basis.14

Small-Fiber Neuropathy
Some confusion has been expressed among authorities 
about definitions of diabetic neuropathy. Some believe 
that there exists a specific small-fiber neuropathy with 
neuropathic pain, sometimes together with autonomic 
dysfunction but few signs. This shares many similarities 
with acute sensory neuropathy, but symptoms tend to be 
more persistent.6,32 However, this simply may represent 
an early stage in the development of chronic sensorimo-
tor neuropathy.57 These painful sensory neuropathies 
should not be confused with hyperglycemic neuropa-
thy, which may occur in newly diagnosed patients and is 

characterized by rapidly reversible abnormalities of nerve 
function and, occasionally, transient symptoms.5

Natural History of Chronic Distal Sensory Neuropathy
The natural history of neuropathy is poorly understood, 
and few worthwhile studies have been published. It gen-
erally was believed that neuropathic symptoms waxed 
and waned but persisted for years; however, in a prospec-
tive study, Benbow and co-workers58 reported that most 
patients reported improved symptoms during this time, 
although progressive deterioration was noted in quantita-
tive sensory testing (QST). Thus, improvement in symp-
toms must not be equated with parallel improvement in 
nerve function.5,38

In a community-based follow-up study of patients with 
painful neuropathy, Benbow and colleagues reported that 
although symptoms resolved in a minority, they tended 
to persist in most of those followed for 5 years.59 Contro-
versy still exists as to which sensory modality is affected 
first, although it generally is accepted that small-fiber dys-
function is present early in the course of neuropathy.32 
However, no doubt exists that gradual loss of nerve func-
tion in diabetic patients is more rapid than that in age-
matched nondiabetic subjects; this rate of loss is related 
to the level of glycemic control.1-4 One consequence of 
this progressive loss of large- or small-fiber function is an 
increased risk for insensitive foot ulceration.60

MEASURES OF NEUROPATHY
The diagnosis and staging of neuropathy are important 
not only for day-to-day clinical practice, but also for 
the conduct of clinical protocols to assess its origin and 
natural history and to test newly proposed treatments. 
As stated previously, definitions and classifications of 
neuropathy are available for both clinical practice14 and 
clinical trials.20 The Peripheral Nerve Society has issued 
a consensus statement on measures used to assess efficacy 
in controlled trials of new therapies for diabetic neuropa-
thy61; the use of composite scores of nerve function was 
advocated in this and other reports.62 In this section, 
potential measures for clinical diagnosis or follow-up of 
patients in clinical trials are discussed.

Clinical Symptoms
Accurate recording of symptoms is essential for both clin-
ical practice and trials of new medications. It is impor-
tant to record patients’ descriptions of their complaints 
verbatim; the physician must not attempt to interpret or 
translate patients’ symptoms into medical terminology. 
A number of instruments developed to quantify neuro-
pathic symptoms might aid in diagnosis and in longitu-
dinal studies.63,64 The McGill Pain Questionnaire, which 
consists of descriptors of symptoms from which patients 
select those that best describe their experience, when 
applied to diabetic neuropathy, was found to be a sen-
sitive measure.5 The validated “NeuroQol” instrument 
combines a neuropathic symptom score with an assess-
ment of quality of life.64

The neuropathy symptom score (NSS) and its deriv-
atives, the neuropathy symptom profile (NSP) and 



926 PART 5 DIABETES MELLITUS

neuropathy symptom change scores (NSC), are perhaps 
the most commonly used measures in clinical trials.19,61,62 
The NSS is a standardized list of questions and neuro-
pathic symptoms that is applied by a trained individual in 
a standardized manner. A simplified NSS has been used 
for epidemiologic studies and can be applied in clinical 
practice for patient follow-up. It can be administered in a 
few minutes and scores typical symptoms with additional 
weighting for nocturnal exacerbation.23,28

Clinical Signs
Simple clinical observation may identify a neuro-
pathic foot; evidence might include small muscle wast-
ing, clawing of toes, prominent metatarsal heads, dry 
skin and callus (secondary to sympathetic dysfunc-
tion), and bony deformities secondary to Charcot’s 
neuroarthropathy.

Two simple instruments can be used in clinical prac-
tice or for clinical trial assessment. First, Feldman and  
co-workers65 developed the Michigan Neuropathy 
Screening Instrument (MNSI); this two-step program is 
used for diagnosis and staging of neuropathy. The MNSI 
consists of a 15-question yes/no symptom questionnaire 
that is supplemented by a simple clinical examination. 
Patients with an abnormal score on the MNSI are referred 
for quantitative sensory testing (QST) and electrophysi-
ology (EP). Second, the simplified neuropathy disability 
score (NDS) is a simple clinical examination that sums 
abnormalities of reflexes and sensory assessment; it has 
been used in clinical practice and in epidemiologic stud-
ies.23,28 The original NDS was developed by Dyck and 
colleagues at the Mayo Clinic for the detailed structured 
assessment of neurologic deficits secondary to neuropa-
thy.18,19,62 This technique is reproducible if performed by 
trained and experienced physicians and is being used in 
a number of ongoing trials of new therapies for diabetic 
neuropathy.

Quantitative Sensory Testing
QSTs assess the patient’s ability to detect a number of 
sensory stimuli and offer the advantage that they directly 
assess the degree of sensory loss at the most vulnerable 
site: the foot.66 However, these are complex psycho-
physiologic tests that also rely on patients’ responses and 
therefore cooperation and concentration. Moreover, an 
abnormal finding does not necessarily confirm that the 
abnormality lies in the peripheral nerve; it might lie any-
where in the afferent pathway. QSTs vary in complexity; 
the simpler instruments can be used in day-to-day clini-
cal practice, whereas the more sophisticated instruments 
usually are used for more detailed assessment and for 
follow-up assessments in clinical trials. Some of the more 
commonly used techniques are now discussed briefly.

Semmes-Weinstein Monofilaments
Semmes-Weinstein monofilaments consist of sets of nylon 
filaments of variable diameter that buckle at a predefined 
force when applied to the testing site. They are used 
widely in clinical practice and are particularly helpful in 
the identification of subjects who are at risk for neuro-
pathic foot ulceration. Inability to perceive pressure of a 

10-g (5.07) monofilament has been shown in prospective 
studies to predict risk for neuropathic ulceration.67

Vibration Perception
Several devices designed specifically to assess vibra-
tion perception thresholds (VPTs) are used to test large 
myelinated fiber function. Simple tuning forks or the 
graduated Rydel-Seiffer tuning fork are widely used in 
clinical practice. VPT increases with age in normal indi-
viduals and tends to be higher in the lower extremities. 
As well as being useful in practice, VPT has been used 
in epidemiologic studies27 and prospective studies, in 
which an abnormal reading >25 V has been associated 
with high risk for foot ulceration.60 A very simple pocket-
sized, handheld, battery-operated disposable device for 
assessing vibration sensation, the Vibratip was recently 
validated by comparing with other tests for vibration per-
ception: it may prove to be useful for mass screening and 
for the identification of those at potential risk for neuro-
pathic foot lesions.68

Thermal and Cooling Thresholds
Warm and cold sensation is transmitted via small myelin-
ated and unmyelinated fibers and can be assessed by using 
a number of devices such as the CASE IV or Medoc TSA-II 
devices, and provide a threshold value for either warm or 
cold sensation or warm or cold induced pain. Those that 
employ a forced-choice technique are most reproducible, 
especially if the method of limits is used.66 Indeed, reas-
suringly, a recent study has shown very high intraclass 
correlation between QSTs and neuropathic symptoms, 
signs, and electrophysiology with no significant inter or 
intra test differences.69

Computer-Assisted Sensory Examination
This complex method, currently regarded as state of the 
art for clinical trials, uses a computerized device that 
can measure touch-pressure, vibration, and warm-cold 
thresholds using a forced-choice algorithm. It is being 
used in the Rochester study and in several long-term tri-
als of new therapeutic interventions.61,62

Autonomic Function Testing
Cardiovascular autonomic dysfunction can be evaluated 
in detail by employing Ewing and Clarke’s battery of five 
tests: 1) the average inspiratory-expiratory heart rate dif-
ference with six deep breaths, 2) the Valsalva ratio, 3) the 
30:15 ratio, 4) the diastolic blood pressure response to 
isometric exercise, and 5) the systolic blood pressure fall 
to standing.46,70 More sophisticated techniques such as 
spectral analysis allow assessment of the modulation in 
sinus node activity and, depending on the frequency eval-
uated, may allow dissection of the component contribu-
tions of autonomic input and circulating neurohumoral 
factors. Key tests that are well validated and that offer 
prognostic value are RR variation, the Valsalva maneu-
ver, and postural testing.71

Electrophysiology
EP testing is probably the most important efficacy param-
eter in clinical neuropathy trials, as EP tests are objective, 
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sensitive, and reproducible.61,62,72 Using a central moni-
toring core laboratory, Bril and co-workers72 were able to 
obtain remarkable reproducibility of EP variables across 
60 sites in a prospective study. Coefficients of variability 
of 3% and 4% for motor and sensory nerve conduction 
velocities (NCVs) are comparable with those achieved 
in an excellent single laboratory.72 For these reasons, EP 
variables such as NCVs and amplitudes are frequently 
used surrogate end points in clinical trials; moreover, 
they are useful in the clinical investigation of peripheral 
nerve disease. However, of note a recent study has shown 
significant interrater variability in nerve conduction test-
ing despite using a standard reference value and a defined 
percentile level of abnormality.73

Composite scores that combine clinical, quantita-
tive, sensory, and EP measures often are used in natu-
ral history and efficacy studies.19,61,62 Examples include 
the NISLL+762 and the Michigan Diabetic Neuropathy 
Score.65 The former comprises the Neuropathy Impair-
ment Score of the Lower Limbs (NISLL) together with 
seven other tests (five EP attributes, one QST, and one 
AFT). This measure is being used in several ongoing mul-
ticenter intervention studies.

PATHOGENESIS
Data from animal models and cell culture provide a con-
ceptual framework for the cause and treatment of dia-
betic neuropathy.74 However, the majority of damaging 
pathways established in animal models have not been 
verified in patients, and multiple interventions have failed 
in clinical trials.75

Hyperglycemia
Hyperglycemia is of primary importance in patients 
with type 1 diabetes, and the improvement in neurop-
athy reported in the DCCT2 and following pancreas 
transplantation76 attests to this. Prospective results of 
the Epidemiology of Diabetes Complications (EDIC) 
study indicate that in addition to good glycemic control, 
avoidance of smoking and good blood pressure control 
may be helpful in preventing or delaying the onset of 
neuropathy in patients with type 1 diabetes.77 Similarly, 
in the EURODIAB prospective study, in addition to 
hyperglycemia, independent risk factors that predicted 
the development of neuropathy included BMI, hyperten-
sion, and deranged lipids.78 Based on prospective data 
of the 10-year incidence of distal symmetrical polyneu-
ropathy in 589 patients with type 1 diabetes, suggested 
goals for risk reduction include low-density lipoprotein 
(LDL) cholesterol <100 mg/dL (2.6 mmol/L), high-
density lipoprotein (HDL) cholesterol >45 mg/dL (1.1 
mmol/L), triglycerides <150 mg/dL (1.7 mmol/L), sys-
tolic blood pressure <120 mm Hg, and diastolic blood 
pressure <80 mm Hg.79

With regard to type 2 diabetes, longitudinal data from 
the Rochester cohort support the contention that the 
duration and severity of exposure to hyperglycemia are 
related to the severity as opposed to the onset of neuropa-
thy.80 Studies in patients presenting with symptoms of a 
small-fiber neuropathy suggest an increased prevalence 

of impaired glucose tolerance (IGT) in these patients, as 
well as a glycemic threshold below the current definition 
of diabetes and above which polyneuropathy develops.81 
However, in a more recent population-based study, the 
prevalence of polyneuropathy was 28.0% in diabetic sub-
jects and only 13.0% in those with IGT, and 11.3% in 
those with impaired fasting glucose (IFG) compared with 
7.4% in those with normal glucose tolerance (NGT), 
indicating a minimal contribution of hyperglycemia.82 
With regard to the effects of intervention, the data are 
not supportive of benefit with improving glycemic con-
trol. Thus, in the VA cooperative study in type 2 diabetic 
patients, 153 patients who were randomized to intensive 
versus conventional therapy achieved a 2.07% difference 
in glycated hemoglobin (HbA1c) over 2 years but failed 
to demonstrate a significant difference in the progression 
of somatic or autonomic neuropathy.83 Similarly, the 
Steno-2 study, which implemented multifactorial inter-
vention, including improved glycemic control, resulted 
in improved autonomic but not somatic neuropathy.84,85 
Indeed in a recent Cochrane review, while enhanced glu-
cose control significantly prevented the development of 
clinical neuropathy and progression of nerve conduction 
and vibration threshold abnormalities in type 1 diabetes, 
there was no benefit on the incidence of clinical neuropa-
thy in type 2 diabetes.86

Polyol Pathway
Animal models of diabetes consistently demonstrate an 
association between increased flux through the polyol 
pathway and a reduction in NCV, both of which can be 
ameliorated with aldose reductase inhibitors (ARIs).87 
However, the single measurement of whole-nerve sorbi-
tol or fructose levels is clearly an oversimplification of 
a complex process, with a polyol pathway in constant 
flux that is known to be different among different cel-
lular and structural compartments of the peripheral 
nerve.87 Moreover, it would appear that those who are at 
greatest risk for developing the complications are those 
with a higher set point for AR activity.88 To add to this 
complexity, there may be a significant genetic determi-
nant of polyol pathway flux and hence efficacy of ARIs, 
as polymorphisms in the ARI promoter region leading 
to a highly significant decrease in the frequency of the 
Z2 allele have been demonstrated in patients with overt 
neuropathy compared with those without neuropathy.89 
An early meta-analysis of randomized controlled trials of 
ARIs demonstrated only a small but statistically signifi-
cant reduction in decline of median and peroneal motor 
nerve conduction velocity.90 This marginal benefit may 
be due to the degree of AR inhibition achieved with dif-
ferent ARIs. Thus, in a randomized, placebo-controlled, 
double-blind, multiple-dose clinical trial with Zenarestat, 
dose-dependent increments in sural nerve sorbitol sup-
pression were accompanied by significant improvement 
in NCV, and in doses producing >80% sorbitol sup-
pression, a significant increase was seen in the density 
of small-diameter myelinated fibers of the sural nerve.91 
Fidarestat, a potent ARI, significantly improved median 
nerve F-wave conduction velocity and minimal latency, 
as well as symptoms of numbness, spontaneous pain, 
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paresthesias, and hyperesthesia.92 Also, in 603 diabetic 
patients treated with Epalrestat, deterioration of motor 
conduction velocity was prevented, especially in patients 
with good glycemic control and with minimal neuropa-
thy.93 In the 3-year Aldose Reductase Inhibitor-Diabetes 
Complications Trial comparing conventional therapy 
with epalrestat therapy, there was a significant preven-
tion in the progression of neuropathy.94 Furthermore, a 
recent systematic review has shown a significant benefit 
of ARIs on diabetic cardiac autonomic neuropathy based 
on an improvement in at least 3 of 5 cardiac autonomic 
function tests.95

Glycation
Hyperglycemia induces the formation of advanced gly-
cation end products (AGEs) on peripheral nerve myelin, 
contributing to segmental demyelination by increasing 
its susceptibility to phagocytosis by macrophages; it also 
modifies axonal cytoskeletal proteins such as tubulin, 
neurofilament, and actin, resulting in axonal atrophy 
and degeneration with reduced regeneration due to gly-
cation of laminin.96 Experimental data now suggest a 
significant role of receptor for advanced glycation end 
products (RAGE)-dependent activation of the proinflam-
matory transcription factor nuclear factor kappa B (NF-
κB), resulting in reduced nociception, which is prevented 
in RAGE-deficient mice.97 In experimental diabetes, 
RAGE mRNA and protein were increased in epidermal 
and sural nerve axons and Schwann cells, as well as in 
sensory neurons within ganglia, and this was associated 
with progressive electrophysiologic and structural abnor-
malities, which were attenuated in RAGE(–/–) mice. 
RAGE mediated the activation of NF-κB and PKC beta 
II pathways in Schwann cells in the DRG and peripheral 
nerve.98 Human sural nerves obtained from diabetic and 
nondiabetic amputation specimens demonstrate normal 
furosine, an early reversible glycation product, but sig-
nificantly elevated pentosidine (advanced glycation end 
product) levels in both cytoskeletal and myelin protein.99 
Enhanced staining for carboxymethyl lysine has been 
demonstrated in the perineurium, endothelial cells, and 
pericytes of endoneurial microvessels, as well as in myelin-
ated and unmyelinated fibers in sural nerves, showing a 
significant reduction in myelinated fiber density.100 In a 
recent study of 198 patients with type 2 diabetes, circu-
lating levels of carboxymethyllysine and sRAGE but not 
methyl-glyoxal-hydroimidazolone-1 or pentosidine, were 
independently associated with advanced peripheral neu-
ropathy.101 Increased AGE and RAGE immunoreactivity 
has been shown in the vessels of sural nerve biopsies and 
in dermal endothelial cells of patients with diabetic neu-
ropathy.102 However, in a primate model of type 1 diabe-
tes, 3 years of treatment with aminoguanidine, a diamine 
oxidase and nitric oxide synthase inhibitor, which reduces 
the levels of advanced glycation end products (AGEs) 
through its interaction with 3-deoxyglucosone, did not 
restore conduction velocity or autonomic function.103 
In a study that followed patients undergoing islet trans-
plantation, long-term worsening of neuropathy was pre-
vented, and this was associated with a reduction in AGE/
RAGE expression in the perineurium and vasa nervorum 

of skin biopsies.104 Of potential therapeutic relevance, it 
is becoming increasingly apparent that many drugs cur-
rently used for other indications, such as pioglitazone, 
metformin,105,106 angiotensin-converting enzyme (ACE) 
inhibitors, and angiotensin II (ATII) antagonists,107 may 
act as antiglycating agents.

Oxidative Stress
A considerable body of data supports the role of oxida-
tive stress in the pathogenesis of diabetic neuropathy in 
animal models108; hence increasing antioxidant potential 
is an attractive treatment strategy. However, no clinical 
trial to date has demonstrated therapeutic benefit with 
an oral antioxidant.75,109 Short-term benefits have been 
observed with intravenous alpha-lipoic acid (ALA), a 
powerful antioxidant that scavenges hydroxyl radicals 
and superoxide and peroxyl radicals and regenerates 
glutathione. Five clinical trials with alpha-lipoic acid 
that were recently reviewed showed that parenteral ALA 
over 3 weeks improved neuropathic symptoms and defi-
cits (the latter of which was unexpected); however, oral 
treatment produced no clear signal for an improvement 
in symptoms or deficits.97 The benefit is primarily seen 
in symptoms110 with little benefit noted for neurologic 
deficits110 or underlying causative factors such as tissue 
blood flow.111 However, in a recent randomized placebo 
controlled trial of a triple antioxidant combination con-
taining allopurinol, α-lipoic acid, and nicotinamide, over 
24 months showed no benefit on symptoms, signs, elec-
trophysiology, and intra-epidermal nerve fiber density.112

Poly(ADP-Ribose) Polymerase-1 (PARP)
Increased oxidative and nitrosative stress activates the 
nuclear enzyme, poly(ADP-ribose) polymerase-1 (PARP), 
which depletes its substrate, NAD+, slowing the rate of 
glycolysis, electron transport, and adenosine triphos-
phate (ATP) formation, and inhibits D-glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) by poly(ADP)- 
ribosylation.113 These events lead to deleterious effects 
on nitrergic innervation, contributing to autonomic neu-
ropathy as evidenced by studies demonstrating impaired  
gastric fundus relaxation in STZ rats, which was ame-
liorated by PARP inhibition using 3-aminobenzamide 
(3-AB).114 With regard to somatic neuropathy, the orally 
active PARP inhibitor 10-(4-methylpiperazin-1-ylmethyl)-
2H-7-oxa-1,2-diaza-benzo[de]anthracen-3-one partially 
prevented PARP activation in peripheral nerve and dorsal 
root ganglia (DRG) neurons, as well as thermal hypo-
algesia, mechanical hyperalgesia, tactile allodynia, and 
intraepidermal nerve fiber degeneration, in streptozotocin-
diabetic rats.115 Furthermore, whereas diabetic PARP +/+ 
mice demonstrate a 46% loss of intraepidermal nerve 
fibers, diabetic PARP –/– mice retain completely normal 
intraepidermal nerve fiber density.115

C-Peptide
Impaired insulin/C-peptide action has emerged as a promi-
nent factor in the pathogenesis of microvascular com-
plications in type 1 diabetes. Experimental studies have 
demonstrated a range of actions that include effects on 
Na/K-ATPase activity, expression of neurotrophic factors, 
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regulation of molecular species underlying degeneration of 
the nodal apparatus, and DNA binding of transcription 
factors, leading to modulation of apoptosis.116 C-peptide 
also exerts an effect on the expression of neurotrophic fac-
tors and their receptors, with downstream benefits noted 
on cytoskeletal protein mRNAs and protein expression, 
which has been proposed to prevent and reverse myelin-
ated degeneration of the node and paranode and unmyelin-
ated axonal degeneration, atrophy, and loss.116 Maximal 
therapeutic benefit of C-peptide on diabetic neuropathy 
has been shown with continuous subcutaneous deliv-
ery, maintaining physiologic C-peptide concentrations as 
opposed to once-daily subcutaneous injections in type 1 
diabetic BB/Wor rats.117 One hundred thirty-nine patients 
with type 1 diabetes participated in a double-blind, ran-
domized, placebo-controlled study comparing C-peptide 
(1.5 mg/day, 4.5 mg/day, and placebo) administered sub-
cutaneously four times daily over 6 months. Sensory nerve 
conduction velocity, the clinical neurologic impairment 
score, and vibration perception improved significantly and 
to a similar magnitude in both C-peptide groups compared 
with placebo.118 In a recent 14-year follow up study, a 
higher baseline C-peptide level in patients with type 2 dia-
betes was associated with a significantly reduced risk for 
incident neuropathy as well as retinopathy and nephropa-
thy but not mortality due to cardiovascular disease.119

Vascular Endothelial Growth Factor
Vascular endothelial growth factor (VEGF) regulates angio-
genesis and neuronal survival by stimulating neurons and 
glial cells to survive and grow. Thus, with its potential for a 
dual impact on both the vasculature and neurons, it could 
represent an important therapeutic intervention in diabetic 
neuropathy. Progressive endothelial dysfunction has been 
related to a reduction in VEGF expression that was related 
to loss of intraepidermal nerve fibers in the foot skin of dia-
betic patients with increasing neuropathic severity.120 Simi-
larly, in a group of patients with type 2 diabetes, a significant 
reduction in epidermal and dermal VEGF-A, VEGFR-2 
expression, and dermal nerve fiber density was reported.121 
To date, a therapeutic benefit in diabetic neuropathy has 
been demonstrated for VEGF in experimental studies only. 
Implantation of hematopoietic mononuclear cell fractions 
in STZ diabetic rats has also been shown to improve nerve 
conduction velocity as a result of the arteriogenic effects of 
VEGF.122 With the use of an engineered zinc-finger protein 
transcription factor, an intramuscular injection of formu-
lated plasmid DNA encoding the VEGF-A–activating gene 
prevented both sensory and motor nerve conduction velocity 
reduction in the STZ diabetic rat.123 However, plasma levels 
of VEGF, soluble endoglin, endothelin-1, and nitric oxide 
were significantly elevated in diabetic patients with DPN 
compared to diabetic patients without peripheral neuropa-
thy.124 Hence it is no surprise that the Sangamo zinc-finger 
therapy has failed in clinical trials of diabetic neuropathy.125

Neurotrophins (NT)
Neurotrophins promote the survival of specific neuronal 
populations by inducing morphologic differentiation, 
enhancing nerve regeneration, stimulating neurotransmit-
ter expression, and altering the physiologic characteristics 

of neurons. Thus modulating neurotrophic support repre-
sents an alternative approach to the treatment of patients 
with diabetic neuropathy, that is, the stimulation of repair 
without necessarily addressing the underlying cause of 
nerve damage. Although the skin of diabetic patients with 
neuropathy demonstrates depleted nerve growth factor 
(NGF) protein,126 mRNA for both NGF127 and NT-3128 
is increased, and sciatic nerve ciliary neurotrophic fac-
tor levels are normal.129 In situ hybridization studies in 
the skin of diabetic patients demonstrate what may be 
interpreted as a compensatory increased expression of 
trkA (high-affinity receptor for NGF) and trkC (recep-
tor for NT-3).130 A phase II clinical trial of recombinant 
human nerve growth factor in 250 diabetic patients with 
symptomatic diabetic polyneuropathy demonstrated a 
significant improvement in the sensory component of 
the neurologic examination, using two quantitative sen-
sory tests and a rather vague end point—“the clinical 
impression of most subjects that their neuropathy had 
improved.”131 However, a phase 3 trial in 1019 diabetic 
patients with neuropathy failed to demonstrate a signifi-
cant benefit.132 These disappointing results led to much 
speculation regarding the reasons for failure of NGF spe-
cifically, with the hope that other neurotrophins might 
succeed where it had failed.132 However, a randomized, 
double-blind, placebo-controlled study of brain-derived 
neurotrophic factor in 30 diabetic patients demon-
strated no significant improvement in nerve conduction 
or in quantitative sensory and autonomic function tests, 
including the cutaneous axon reflex.133

Mitogen-Activated Protein Kinase
Upstream inducers and transducers signal transcriptional 
and translational abnormalities through effector mol-
ecules referred to collectively as the mitogen-activated 
protein kinase (MAPK) family, which mediate early 
gene responses and aberrant phosphorylation of neuro-
filaments. A subgroup of MAPKs that specifically involve 
activation via cellular stressors includes extracellular signal– 
regulated kinase 1 and 2 (ERK-1 and -2), c-jun N-terminal 
kinase, and p38; these components, collectively referred 
to as the stress-activated protein kinases, have been 
shown to be elevated in sural nerve biopsies of diabetic 
patients with advanced neuropathy.134 In the STZ rat, 
JNK and p38 are transported from the periphery to the 
neuronal soma via the axon mediating the transfer of 
hyperglycemia-related stress signals, possibly triggered by 
loss of neurotrophic support.135 Kinase activation leads 
to phosphorylation of neurofilaments (NFs) composed of 
three subunit proteins—NF-L, NF-M, and NF-H—which 
are major constituents of the axonal cylinder.136 Thus, 
any abnormality in synthesis, delivery, or processing of 
these critical proteins could lead to impairment in axon 
structure and function.137

PATHOLOGY
Detailed morphometric studies of sural nerve biopsies 
provide considerable insights into the underlying pathol-
ogy and pathogenesis of diabetic neuropathy. Thus a 
significant abnormality in myelinated and unmyelinated 
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fibers occurs despite entirely normal clinical and neuro-
physiologic tests of neuropathy.138-140

Myelinated Fibers
Apart from the hallmark of advanced diabetic neuropathy—
loss of myelinated fibers138—a number of other, more sub-
tle changes indicating damage to the axon or Schwann cell 
can be identified by applying morphometric techniques. 
Mechanistically, ineffective axonal transport141 or an alter-
ation in the expression of neurofilaments136 has been sug-
gested to result in axonal atrophy.142-144 However, studies 
in patients with mild and established diabetic neuropathy 
have failed to confirm this abnormality.145-147 Axoglial 
dysjunction has been described as an abnormality of the 
paranodal connection between the terminal myelin loops 
and the axonal membrane that may precede overt demyelin-
ation.148 However, careful studies have been unable to con-
firm the presence of axoglial dysjunction.149,150 Schwann  
cell abnormalities include both reactive (accumulation of 
lipid droplets, pi granules of Reich, and glycogen granules) 
and degenerative (mitochondrial enlargement, effacement 
of cristae, degeneration of abaxonal and adaxonal cyto-
sol and organelles) changes.151 These subtle changes are 
thought to lead to initial demyelination134 and, with pro-
gression of neuropathy, to axonal degeneration, resulting 
in loss of nerve fibers142,145,152 (Fig. 53-2).

Unmyelinated Fibers
Axonal degeneration with active regeneration of unmy-
elinated fibers occurs early in the evolution of neuropa-
thy before axonal degeneration of myelinated fibers,131 
but it is important to note that their regenerative capacity 
is maintained long after myelinated fibers have lost their 
capacity to regenerate142,145 (Fig. 53-3).

Structure-Function Relationship
A variety of morphologic measures of nerve fiber degenera-
tion have been related to the neuropathy deficit score,142 

vibration perception, and autonomic dysfuction.145 
Patients with mild neuropathy show a good correlation 
between sural nerve myelinated fiber density and both pero-
neal and sural NCV and amplitude but not vibration or 
thermal perception.153 In 18 diabetic patients with varying 
stages of neuropathy, precise relationships between degree 
of myelinated fiber loss and clinical and neurophysiologic 
abnormalities, as well as quantitative sensory thresholds, 
have been demonstrated.154 Thermal thresholds have been 
related to the median unmyelinated axon diameter.145

Autonomic Tissue
Pathologic studies of autonomic tissue are limited to 
postmortem or surgical material. In patients with diabetic 
gastropathy, the vagus nerve shows a reduction in myelin-
ated fiber density and degeneration with regeneration 
of unmyelinated fibers.155 Qualitative changes include 
chromatolysis, cytoplasmic vacuolization, and pyknotic 
changes. Quantitative studies have demonstrated degen-
erative or dystrophic changes in axonal and dendritic 
components of sympathetic ganglia in the absence of sig-
nificant neuron loss, as well as alterations in the postgan-
glionic autonomic innervation of various end organs.156 
Neuroaxonal dystrophy is a key feature of the pathology 
involving intraganglionic terminal axons and synapses 
of the prevertebral superior mesenteric, celiac, and, to a 
much lesser degree, superior cervical ganglia.157

Nerve Vasculature
Structural abnormalities of the vessels supplying the 
peripheral nerve include arteriolar attenuation, venous 

Figure 53-2 Electron micrograph (×12,000) of unmyelinated fibers 
demonstrating degeneration and regeneration in the sural nerve of a 
patient with severe diabetic neuropathy.

Figure 53-3 Electron micrograph (×4500) of endoneurial capillary 
demonstrating gross thickening of basement membrane with closure of 
the lumen in the sural nerve of a patient with severe diabetic neuropa-
thy.
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distension, arteriovenous shunting, and new vessel for-
mation,158,159 along with intimal hyperplasia, hyper-
trophy,160 and denervation.161 Transperineurial vessels 
demonstrate denervation162 with luminal narrowing,163 
possibly secondary to perineurial abnormalities.164 Endo-
neurial capillaries demonstrate endothelial cell hypertro-
phy, hyperplasia, and basement membrane thickening 
(see Fig. 53-3 and Fig. 53-4) in diabetic and IGT patients 
without neuropathy,165,166 which progress with the sever-
ity of neuropathy.167-171

SKIN BIOPSY
Immunohistochemical quantification of intraepidermal 
nerve fibers (IENFs) using the panaxonal marker protein 
gene product 9.5 is now established as an early and sensi-
tive marker of nerve damage in diabetic neuropathy.172 
Thus a significant loss of IENFs has been demonstrated 
in patients with no neurologic deficits, and normal quan-
titative sensory testing, as well as electrophysiology173 
and a reduction in IENF regenerative capacity, occurs 
in diabetic patients.174 IENF abnormalities have been 
related more specifically to those with painful diabetic 
neuropathy.173,175 In a study of recently diagnosed type 
2 diabetic patients with good glycemic control, a signifi-
cant loss of IENFD was demonstrated recently.176 And 
IENFD has also been related to the severity of diabetic 
neuropathy.177 Patients with small-fiber neuropathy and 
impaired glucose tolerance demonstrate a significant loss 
of IENFs, which improved after receiving individualized 
diet and exercise counseling over 1 year, but there was no 
change in QST or neurophysiology, suggesting that the 
assessment of IENFs may be a more sensitive marker of 
nerve repair following therapeutic intervention.178

CORNEAL CONFOCAL MICROSCOPY
Corneal confocal microscopy (CCM) represents a novel 
reiterative in vivo clinical examination technique that 
is capable of imaging corneal nerve fibers. It has been 
shown to accurately define the extent of corneal nerve 

damage, which has been related to the severity of somatic 
diabetic neuropathy,179-181 cold thermal threshold, auto-
nomic function, and the LDi flare.182 A study comparing 
CCM with skin biopsy has also shown that this technique 
detects small-fiber damage before loss of IENFs occurs, 
and findings may be more abnormal in patients with 
painful diabetic neuropathy.173 Furthermore, CCM dem-
onstrates the capacity to detect early nerve fiber repair 
6 months following pancreas transplantation in type 1 
diabetic patients.183,184

TREATMENT
Throughout this section on treatment, distinction is made 
between therapies for symptomatic relief185 and those 
that may alter (slow) the progressive loss of nerve func-
tion that characterizes the natural history186 of neuropa-
thy. A few therapies have efficacy in both of these areas.

Sensory Neuropathy
Current Treatments
Glycemic Control. Of all available treatments, tight and 
stable glycemic control is probably the only one that 
may provide symptomatic relief while slowing the re-
lentless progression of neuropathy.1-3 Because it is prob-
ably blood glucose flux that induces neuropathic pain,38 
stability rather than the actual level of glycemic control 
may be most important in pain relief.187 The method of 
achieving stable control does not seem to be critical; no 
evidence suggests that insulin is superior if blood glucose 
is well controlled by oral hypoglycemic agents.

Tricyclic Antidepressants
Until new therapies are proved to relieve symptoms in 
appropriately designed trials,188 the tricyclic antidepres-
sant drugs, such as amitriptyline and imipramine, will 
remain useful first-line agents for painful neuropathy in 
many countries; their efficacy, confirmed in several ran-
domized, placebo-controlled trials,189 is related to plasma 
drug level, and onset of symptomatic relief is faster than 
their antidepressive effects. A clear dose-response rela-
tionship has been noted, but sedative and anticholinergic 
side effects are also dose related and troublesome, often 
restricting the use of these drugs: side effects are particu-
larly problematic in older patients, and it is advisable to 
start on a very low dose such as 10 mg at bedtime in such 
patients.185 It is as a consequence of the troublesome and 
predictable side effects of the tricyclics that they have, in 
recent years, been replaced by other agents described in 
the following sections as first-line therapies.

Serotonin and Noradrenaline Reuptake Inhibitors
The serotonin and noradrenaline reuptake inhibitor 
(SNRI) duloxetine has both analgesic and antidepres-
sant effects and can be used for the treatment of diabetic 
peripheral neuropathic pain.188 Unlike tricyclics, some 
anticonvulsants, and opioids, it generally does not require 
dose titration. An analysis of three randomized controlled 
trials of duloxetine in the management of neuropathic 
pain in diabetes confirmed that the drug is efficacious and 
well tolerated.190

Figure 53-4 Light micrograph (×300) of a transverse semithin section 
demonstrating a gross loss of myelinated fibers and marked thickening 
of endoneurial capillary basement membrane in the sural nerve of a 
patient with severe neuropathy.
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Anticonvulsants
Carbamazepine is still used occasionally in the manage-
ment of neuropathic pain, although its efficacy has not 
been confirmed in large randomized, controlled studies. 
More recently, the new anticonvulsants gabapentin191 
and pregabalin192 have been shown to be efficacious in 
the treatment of painful syndromes, including diabetic 
neuropathy. Their adverse effects seem to be less pro-
nounced than those associated with tricyclic drugs.

Other Agents
A number of other drug therapies, including phenytoin, 
mexiletene, lidocaine, and transdermal clonidine, have 
been reported to be useful in the management of painful 
or paresthetic symptoms.5,188 The centrally acting analge-
sic tramadol has exhibited confirmed efficacy in painful 
diabetic neuropathy in a randomized, controlled trial.193 
Regarding topical therapy, a pilot study has confirmed 
the efficacy of locally applied isosorbide dinitrite spray 
in a small randomized, placebo-controlled, double-blind 
trial.194 When the spray was applied locally to the feet at 
bedtime, a significant reduction in neuropathic pain was 
reported during active treatment, although it is curious 
that the placebo arm demonstrated no change. Finally, 
traditional therapies such as acupuncture have been 
employed in symptomatic neuropathy with good results 
and negligible side effects.195 All of the therapeutic agents 
so far discussed are used purely for symptomatic relief; no 
benefit has been reported in terms of the natural history 
of the disease.

Combination Treatment
Most of the trials so far described have been of single 
agents, and few studies have used an active comparator. 
The recently completed Combo study compared prega-
balin and duloxetine monotherapies as well as the com-
bination of the two: it was unable to show any additive 
benefit of using these two agents in combination.196,197 
In August 2012, Tapentadol ER became only the third 
drug to receive FDA approval for the treatment of painful 
diabetic neuropathy based on the results of a random-
ized withdrawal placebo-controlled trial.198 It, of course, 
has a dual mode of action as an agonist of the μ-opioid 
receptor and as a norepinephrine reuptake inhibitor and, 
therefore, is in its own right a combination therapy.

In conclusion, there are a number of available treat-
ments for painful symptoms, though none is without 
potentially troublesome side effects. Recent reviews have 
provided useful algorithms for the management of pain-
ful diabetic neuropathy.21,197

Potential Future Therapies

Alpha-Lipoic Acid. Accumulating evidence suggests that 
free radical–mediated oxidative stress is implicated in the 
pathogenesis of neuropathy, and that treatment with the 
antioxidant alpha-lipoic acid might prevent these abnor-
malities and improve painful symptoms, while slowing 
the progression of diabetic neuropathy.110,111 A large 
multicenter study evaluated the efficacy of oral alpha-
lipoic acid for nerve function over 4 years and reported 

some benefit in terms of symptoms and deficits but with-
out improvement in nerve conduction.199

Metanx. The medical food Metanx comprises a combina-
tion of L-methylfolate, methylcobalamin, and pyridoxal-
5′-phosphate (LMF-MC-PLP [Metanx; Pamlab LLC, 
Covington, Louisiana]). In experimental diabetes, the 
product was shown to improve multiple parameters of 
peripheral nerve function as well as improve intra-epider-
mal nerve fiber density.200 More recently, it was shown 
in a randomized, controlled trial to improve certain 
symptoms of diabetic neuropathy in humans.201 Further 
ongoing studies will confirm whether this pathogenetic 
therapy may ameliorate the symptoms of neuropathy as 
well as influence the underlying pathogenetic processes.

Other Agents. Investigations of other potential treatments 
for neuropathy are ongoing. One proposed class of drugs 
is the ACE inhibitors, which already are known for their 
efficacy in nephropathy and retinopathy. A preliminary 
controlled study of ACE inhibitors in early neuropathy 
confirmed a significant benefit over placebo in EP param-
eters.202 Intracellular hyperglycemia increases diacylglyc-
erol levels, which activates protein kinase C (PKC) for-
mation, leading to multiple pathogenetic consequences, 
including altered expression of endothelial nitric oxide 
synthetase and VEGF. However, although preliminary 
data suggested that treatment with a PKC-beta inhibitor 
might ameliorate measures of nerve function in diabetic 
peripheral neuropathy,203 a large randomized, controlled 
trial failed to demonstrate any benefit of the drug over  
placebo in measures of nerve function.204 The N-methyl- 
d-aspartate (NMDA) receptor that is involved in noci-
ception provides a possibility for therapeutic interven-
tion in neuropathic pain. A pilot study of intravenous 
amantadine, an NMDA antagonist, demonstrated effi-
cacy in pain relief in diabetic neuropathy.205,206

Advancing knowledge in the neurobiology of neuro-
pathic pain has resulted in a burst of activity related to 
the development of new treatments: potential new agents 
in the pipeline include vanilloid receptor agonists, canna-
binoids, adenosine receptor agonists, cytokine inhibitors, 
and many more.206

Autonomic Neuropathy
Erectile Dysfunction
Because autonomic neuropathy is one of several contributory 
causes of erectile dysfunction (ED), a multifaceted approach 
to management is indicated.50,51 Psychosexual counseling 
and altering drug therapy to remove the factors associated 
with ED are beneficial in many cases.51 Sildenafil, an orally 
active selective inhibitor of phosphodiesterase-5 (PDE-5), is 
efficacious for ED in diabetic males. In a trial of ED of mul-
tiple causation in diabetic males, Rendell and co-workers207  
reported a response rate (defined as at least one successful 
attempt at sexual intercourse) of 61% in sildenafil-treated 
subjects versus 22% among those on placebo. Most dia-
betic patients require 50 or 100 mg, and care must be taken 
if there is any history of ischemic heart disease. Sildenafil 
must never be given to patients on nitrate therapy. A subse-
quent trial of sildenafil in type 2 patients with ED reported a 
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response rate of 65% versus 11% on placebo.208 Two other 
PDE-5 inhibitors have also been licensed for the manage-
ment of ED: tadalafil and vardenafil.209,210

Sweating Disorders
The first specific treatment for gustatory sweating has 
been reported. Glycopyrrolate is an antimuscarinic com-
pound that, when applied topically to the affected area, 
results in a marked reduction of sweating while “trigger” 
foods are eaten. Its efficacy was confirmed in a random-
ized, controlled trial.211

Others
Treatment for diabetic gastroparesis involves measures to 
enhance gastric motility and emptying. Metoclopramide, 
a dopamine antagonist, directly stimulates antral muscle 
and may mediate acetylcholine release. Alternative agents 
include domperidone, a peripheral dopamine D2 recep-
tor antagonist, and erythromycin, which directly stimu-
lates motilin receptors. Constipation may be treated 
with a combination of prokinetic agents such as meto-
clopramide and cisapride. Postural hypotension may be 
treated with mineralocorticoids such as fludrocortisone, 
sympathomimetic agents, and dopamine blockers. Uri-
nary bladder difficulties are addressed with regular void-
ing, self-catheterization, and cholinergic agonists such as 
bethanechol chloride, which stimulates postganglionic 
muscarinic receptors, thereby enhancing bladder motility 
and emptying.46,70

THE NEUROPATHIC FOOT
Any patient with clinical evidence of diabetic periph-
eral neuropathy must be considered as being at risk for 
insensitive foot ulceration and should receive evalua-
tion on foot care and, if necessary, a podiatry referral.14 
These patients require more frequent follow-up, always 
with particular attention paid to foot inspection to rein-
force the educational message of the need for regular 
foot care.

The late sequelae of diabetic neuropathy are usually 
considered to be neuropathic foot ulceration, neuroar-
thropathy (Charcot’s foot), and amputation.5-7

Neuropathic Foot Ulceration
Distal sensory and sympathetic neuropathy are the most 
important component causes that lead to foot ulceration, 
being present in 78% of cases assessed in a two-center 
study.8 However, the neuropathic foot does not ulcerate 
spontaneously; typically, it is the combination of neuropa-
thy with other risk factors such as deformity and unper-
ceived trauma that results in ulceration. International 
guidelines on the clinical management of neuropathy, 
therefore, emphasize the importance of regular foot exami-
nations and education in self–foot care for the management 
of neuropathy; guidelines for the comprehensive diabetic 
foot examination were published by the American Diabetes 
Association in 2008.212

Charcot’s Neuroarthropathy
Charcot’s neuroarthropathy is a less common but clinically 
important and potentially devastating disorder. Diabetes is 
now the most common cause of this condition in Western 
countries,7 and a high degree of awareness and suspicion 
may enable early diagnosis and effective intervention. Per-
missive features for the development of a Charcot’s joint 
include peripheral sensorimotor neuropathy, sympathetic 
denervation in the foot, and intact peripheral circulation; 
minor, unperceived trauma is often the initiating event. It 
is believed that following repetitive minor trauma, osteo-
blastic activity is stimulated by remodeling of bone. A 
high index of suspicion must exist if a neuropathic patient 
has unilateral unexplained swelling and warmth in a foot, 
with the possibility of infection kept in mind. Contrary to 
information provided in earlier texts, discomfort may be 
experienced, although the patient is usually able to walk. 
Detailed assessment and investigation of such a patient is 
essential, and rest or casting of a suspected Charcot’s foot 
is usually recommended.
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It is estimated that more than 600,000 Americans have 
end-stage renal disease (ESRD).1 In the United States, 
nearly half of patients entering ESRD programs in 2011 
had diabetes.1 The much higher prevalence of type 2 dia-
betes accounts, at least in part, for the greater contribution 
of these patients to ESRD incidence. Diabetic nephropa-
thy (DN) develops in 15% to 35% of patients with type 1 
diabetes, with a peak in the incidence at around 15 to 20 
years of diabetes.2 Studies in patients with type 2 diabetes 
from Western Europe3 and in Pima Indians from Arizona4 

show nephropathy rates similar to or higher than those of 
patients with type 1 diabetes. The annual cost of caring for 
patients with diabetes, in the United States alone, exceeds 
$245 billion.5 This accounts for more than 1 in 5 health 
care dollars in the United States, and more than half of that 
expenditure is directly attributable to diabetes. Indirect 
costs include increased absenteeism ($5 billion), reduced 
productivity while at work ($20.8 billion) as well as for 
those not in the labor force ($2.7 billion), inability to work 
due to disease-related disability ($21.6 billion), and lost 

K E Y  P O I N T S

 •  Diabetic nephropathy is the single most common cause of end-stage renal disease 
(ESRD) in the United States and in other developed countries.

 •  Multiple risk factors have been associated with increased risk for diabetic nephropathy. 
These include environmental and genetic factors.

 •  Enhancements in blood glucose management, antihypertensive treatment blocking the 
renin angiotensin system when albuminuria is elevated, and optimized lifestyle have 
improved the prognosis.

 •  Despite these advances, the incidence of diabetic nephropathy remains elevated, 
associated morbidity and mortality remains high, and new therapies are thus urgently 
needed.
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productive capacity due to early mortality ($18.5 billion). 
Moreover, costs can be 25% greater in ESRD patients with 
diabetes than in patients without diabetes.1 Once overt 
DN, manifested as proteinuria and decreased glomerular 
filtration rate (GFR), is present, ESRD can be postponed 
but in most instances not prevented by effective antihy-
pertensive treatment6,7 or glycemic control.8 The mortality 
rate of patients with DN is high, and a marked increase 
in cardiovascular risk accounts for more than 50% of the 
increased mortality among these patients and for much of 
the 5-year survival rate of <20% among diabetic patients 
on chronic dialysis.

NATURAL HISTORY OF DIABETIC NEPHROPATHY

Type 1 Diabetes
For simplicity, the course of renal involvement in type 1 
diabetes can be roughly divided into five stages (Table 
54-1). Stage 1, present at diagnosis, is that of renal hyper-
trophy-hyperfunction. At this stage, patients at risk and 
not at risk for DN currently cannot be clearly separated. 
Genetic factors associated with predisposition to or pro-
tection from DN (see the section entitled “Genetic Pre-
disposition to Diabetic Neuropathy” later in the chapter) 
could, in the future, add to prediction of risk during this 
period. Although some studies9-12 and a recent meta-
analysis13 suggest that the presence of GFR above the 
normal range (glomerular hyperfiltration) is a risk fac-
tor for DN, this remains controversial and does not fit 
with data showing that more than 65% of young type 1 
diabetic subjects have increased GFR.14 In an inception 
cohort study of patients with adult-onset type 1 diabe-
tes within 6 months of diabetes diagnosis, higher normal 
levels of albumin excretion rate (AER), blood pressure, 
hemoglobin A1c, uric acid, male sex, and shorter stature, 
were independent albeit imprecise predictors of micro-
albuminuria development over 18 years of follow-up, 
while GFR was noncontributory.15,16 Stage 2 is charac-
terized by the presence of glomerular lesions in patients 
with normal AER and normal blood pressure levels. Nor-
moalbuminuric patients with more severe glomerular 
lesions are at increased risk for progression.17 Decreased 
normal nocturnal blood pressure decline (dipping) and 
increased nocturnal systolic blood pressure in 24-hour 

blood pressure monitoring may be an early indicator of 
DN risk, preceding the development of persistent micro-
albuminuria.18 The presence of persistent microalbumin-
uria, with at least 2 of 3 consecutive values between 20 
and 200 μg/min (or 30 to 300 mg/g of creatinine) defines 
stage 3. This typically occurs after 5 or more years of type 
1 diabetes, but microalbuminuria may be present earlier, 
particularly during adolescence, and in patients with poor 
glycemic control and high normal blood pressure levels, 
and may be more frequent and less prognostic in daytime 
urine samples due to postural proteinuria, especially in 
adolescents. Compared to normoalbuminuric patients, 
patients with persistent microalbuminuria are at threefold 
to fourfold increased risk for progression to proteinuria 
and ESRD.19 Current studies indicate that about 20% to 
45% of microalbuminuric patients with type 1 diabetes 
will progress to proteinuria after about 10 years of fol-
low-up; 20% to 25% will return to normoalbuminuric 
levels; and the rest will remain microalbuminuric over the 
subsequent 6 to 10 years.19-23 Of note, studies conducted 
2 to 3 decades ago estimated that about 80% of the micro-
albuminuric patients with type 1 diabetes would progress 
to proteinuria over the next 10 years.24-26 The differences 
in progression rates may be related to overestimation of 
risk in these earlier small post hoc studies, differing defi-
nitions of microalbuminuria, improved prognosis due to 
advancements in treatment, or some combination of these 
factors. Alternatively, the natural history of DN may 
have changed over the past decades. At stage 3, glomeru-
lar lesions are generally more serious than in the previous 
stages. GFR is usually normal and stable or slowly declin-
ing, and the subset with microalbuminuria and declining 
GFR may be at particularly high risk for progression.27 
Blood pressure levels tend to increase, and hypertension 
is not uncommon. Some patients also have hypercholes-
terolemia and hypertriglyceridemia, along with increased 
fibrinogen, Von Willebrand factor, and prorenin levels. 
Other microvascular (diabetic retinopathy and neuropa-
thy) and macrovascular (coronary artery disease, periph-
eral vascular disease, and stroke) complications are also 
more common. Stage 4 is defined by the presence of overt 
proteinuria (AER >200 μg/minute or 300 mg/24 hours, 
or albumin creatinine ratio [ACR] >300 mg/g). Protein-
uria typically develops only after 10 to 20 years of type 
1 diabetes. Patients with proteinuria at shorter type 1 
diabetes duration deserve a clinical renal biopsy. How-
ever, microalbuminuria or proteinuria may be present at 
diagnosis in patients with type 2 diabetes, where onset of 
diabetes may go undetected for many years or because 
the increased urinary protein is of another pathogenesis 
in patients with minimal or atypical DN lesions. GFR 
is often reduced, and hypertension and dyslipidemia are 
very common. Retinopathy and peripheral and autonomic 
neuropathy are present in most patients and, if retinopa-
thy is absent, this should call the diagnosis of DN into 
question. The risk for cardiovascular events is extremely 
high, and asymptomatic myocardial ischemia is frequent. 
Without treatment, GFR declines about 14 mL/min/year 
in patients with type 1 diabetes with proteinuria and 
hypertension. Progression to ESRD (Stage V) will occur 
5 to 15 years after the development of proteinuria. The 

TABLE 54-1 Stages of Diabetic Nephropathy

Diabetes Duration Stage Manifestations

0 to 3-5 years I Renal hypertrophy
Increased GFR

3-5 to 7 years II Basement membrane thickening
Mesangial expansion

7 to 15-20 years III Microalbuminuria
Increased blood pressure levels

15-20 to 25 years IV Proteinuria
Hypertension
Decreased GFR

After 25 years V ESRD

From Caramori ML, Mauer M: Pathogenesis and pathophysiology of 
diabetic nephropathy. In Greenberg A, Cheung AK, Coffman TM, 
et al, eds, Primer on kidney diseases, 4th ed. Philadelphia, Saunders, 
2005, pp. 241-248.
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above categories are general, and progression is highly 
variable and often not linear. The expression and natural 
history of these overlapping stages may be influenced by 
complex genetic, environmental, and treatment interac-
tions, which may greatly affect progression and outcome. 
Thus, the scheme presented here is only a useful general 
guide, but cannot be considered an accurate map of the 
course of individual patients.

Type 2 Diabetes
As already noted, diabetes duration is often not precisely 
known, and at diagnosis about 10% of patients with 
type 2 diabetes have nephropathy, 20% have retinopa-
thy, 70% have hypertension, and 60% have dyslipid-
emia. Interestingly, in studies of Pima Indians in whom 
type 2 diabetes onset is much more precisely known, and 
in whom the age of onset is much younger than in most 
other type 2 diabetes cohorts, the course of diabetic kid-
ney disease is very similar to that of patients with type 1 
diabetes.4 Overall, in patients with type 2 diabetes, the 
rate of progression from microalbuminuria to protein-
uria is similar to that of patients with type 1 diabetes, 
around 30% after 10 years of follow-up.28-29 Thus, the 
Steno 2 study reported that 31% of initially microalbu-
minuric patients with type 2 diabetes progressed to pro-
teinuria, while the same proportion of patients became 
normoalbuminuric and 38% remained microalbuminuric 
after about 8 years of follow-up.29 Moreover, those who 
were normoalbuminuric at follow-up had a lower rate of 
GFR decline (2.3 mL/min/year) as compared to patients 
who remained microalbuminuric (3.7 mL/min/year; 
p=0.03) or who progressed to proteinuria (5.4 mL/min/
year; p<0.001).29 GFR decline may be more variable in 
type 2 than in type 1 diabetes. Microalbuminuric patients 
with type 2 diabetes with GFR decline usually have more 
advanced typical diabetic glomerulopathy lesions and 
worse metabolic control,30 while those with mild or atyp-
ical lesions have no significant GFR decline over nearly  
5 years of follow-up.

Large, long-term clinical trials have demonstrated that 
improved blood glucose control31,32 and blood pressure 

control, perhaps especially with renin-angiotensin system 
blockers,7,33,34 slow the progression of DN in proteinuric 
patients with already substantially reduced GFR. Indeed, 
the natural history of DN may have changed after the results 
of these trials were available to the scientific community 
and to patients. It was recently demonstrated that the rate 
of chronic diabetic complications is declining over the past 
decades. However, this is much more evident in the rates 
of macrovascular events (myocardial infarct, stroke, and 
amputation) as opposed to ESRD.35 In fact, adjusted for 
the population growth and the much increased prevalence 
of diabetes between 2000 and 2010, the rate of ESRD in 
this population has remained the same. Thus, while it was 
once believed that when DN was present the decline of 
renal function was inexorable, it is now clear that this may 
not always be the case.7,33,34 Moreover, the demonstration 
that prolonged euglycemia leads to reversal of established 
DN lesions in patients with type 1 diabetes36 contradicts 
the long-held belief that these lesions are irreversible.

KIDNEY STRUCTURE IN DIABETES
DN manifests as a constellation of structural changes that 
is unique to this disease (Table 54-2).37-39 Subtle thicken-
ing of the glomerular basement membrane (GBM) is the 
initial quantifiable change (Fig. 54-1, A and C), and this is 
paralleled by thickening of tubular basement membranes 
(TBM).40,41 Afferent and efferent glomerular arteriolar 
hyalinosis can be present within 3 to 5 years of diabetes 
onset.42 Involvement of both vessels is virtually pathog-
nomonic of diabetes, and these changes can progress to 
total replacement of the smooth muscle cells of these 
small vessels by hyaline, a waxy, homogeneous, stained 
glass–appearing periodic-acid Schiff (PAS)-positive mate-
rial (Fig. 54-2, A and B).43 These arteriolar lesions, in 
addition to glomerular capillary subendothelial hyaline 
and capsular drops (hyaline caps), along the parietal sur-
face of the Bowman capsule (see Fig. 54-2, C), constitute 
the exudative lesions of DN.

Increases in the fraction of the glomerulus occu-
pied by the mesangium, or mesangial fractional volume 

TABLE 54-2 Pathology of Diabetic Nephropathy in Patients with Type 1 Diabetes and Proteinuria

Always Present Often or Usually Present Sometimes Present

Glomerular basement membrane thickening* Kimmelstiel-Wilson nodules (nodular 
glomerulosclerosis)*; global glomerular 
sclerosis; focal-segmental glomeruloscle-
rosis, atubular glomeruli

Hyaline “exudative” lesions 
 (subendothelial)†

Tubular basement membrane thickening* Foci of tubular atrophy Capsular drops†

Mesangial expansion with predominance of increased 
mesangial matrix (diffuse glomerulosclerosis)*

Afferent and efferent arteriolar hyalinosis* Atherosclerosis
Glomerular microaneurysms

Interstitial expansion with predominance of increased 
extracellular matrix material

Increased glomerular basement membrane, tubular 
basement membrane, and Bowman’s capsule  
staining for albumin and IgG*

*In combination, diagnostic of diabetic nephropathy
†Highly characteristic of diabetic nephropathy
From Parving H-H, Mauer M, Ritz E: Diabetic nephropathy. In Brenner BM, ed, Brenner & Rector’s the kidney, 7th ed. Philadelphia, Saunders, 

2004, pp. 1777-1818.
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[Vv(Mes/glom)], may be measurable after only 4 to  
5 years of type 1 diabetes44 but, in most cases, it may take 
10 or more years to increase into the abnormal range.45 
Mesangial expansion in diabetes (see Fig. 54-1, B and C)  
mainly results from the accumulation of mesangial 
matrix material and less from the expansion of the cel-
lular component of the mesangium (see Fig. 54-1, C and 
Fig. 54-3).46 The cortical interstitium is the space between 
renal tubules, glomeruli, and blood vessels. As a fraction 
of cortical volume, (Vv[Int/cortex]), interstitium is initially 
decreased early in type 1 diabetes, perhaps because of 
expansion of the tubular compartment, which is 85% of 
the cortex. Initial increases in Vv(Int/cortex) in type 1 dia-
betes are primarily due to expansion of the cellular com-
ponent of the interstitium, whereas increased interstitial 
fibrillar collagen comes later with more marked interstitial 
expansion and in association with already reduced GFR.47

Abnormalities of the junction of the glomerulus 
with its tubule, with obstruction of the proximal tubu-
lar takeoff from the glomerulus, and, in the extreme, 
complete detachment of the tubule from the glomerulus 

(atubular glomerulus) (Fig. 54-4, A to D) occur late in 
the disease and, in type 1 diabetes, is largely restricted 
to patients with overt proteinuria.48

The lesions of diabetic glomerulopathy also progress at 
varying rates within individual patients.49,50 Thus, a given 
patient may have relatively marked GBM thickening with 
less advanced mesangial expansion or vice versa (Fig. 
54-5).37,49 However, both abnormalities are advanced in 
the majority of patients with type 1 diabetes who develop 
clinical DN manifesting as proteinuria, hypertension, and 
declining GFR37,49,50 (see later). In addition to these clas-
sical diabetic glomerulopathy lesions (GBM and TBM 
thickening and mesangial expansion), focal and global 
glomerulosclerosis, tubular atrophy, interstitial expan-
sion and fibrosis, and glomerulotubular junction abnor-
malities contribute to the progressive GFR loss that 
culminates in ESRD.48

Mesangial expansion, occurring relatively evenly in 
most glomeruli, has been termed diffuse diabetic glomer-
ulosclerosis (Fig. 54-6, A to C). Kimmelstiel-Wilson nod-
ular lesions are large round fibrillar areas of mesangial 

A B C

Figure 54-1 Electron microscopic photomicrographs of (A) normal glomerular basement membrane (GBM) on the left compared to thickened GBM 
from a proteinuric type 1 diabetic patient on the right; (B) normal glomerular capillary loops and mesangial zone; and (C) thickened GBM, mesangial 
expansion (predominantly with mesangial matrix), and capillary lumenal narrowing in a proteinuric type 1 diabetic patient. (From Parving H-H, 
Mauer M, Ritz E: Diabetic nephropathy. In Brenner BM, ed, Brenner & Rector’s the kidney, 7th ed. Philadelphia, Saunders, 2004, pp. 1777-1818.)

A B C

Figure 54-2 Light microscopic photomicrographs of (A) afferent and efferent arteriolar hyalinosis in a glomerulus from a type 1 diabetic patient. 
The glomerulus shows diffuse and nodular mesangial expansion (PAS stain); (B) a glomerular arteriole showing almost complete replacement of the 
smooth muscle wall by hyaline material and lumeral narrowing (PAS stain); and (C) a glomerulus with minimal mesangial expansion and a capsular 
drop at 3 o’clock (PAS stain). (From Parving H-H, Mauer M, Ritz E: Diabetic nephropathy. In Brenner BM, ed, Brenner & Rector’s the kidney, 7th 
ed. Philadelphia, Saunders, 2004, pp. 1777-1818.)
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expansion with palisading of mesangial nuclei around 
the periphery of the nodule, often with extreme compres-
sion of the adjacent glomerular capillaries (Fig. 54-7, C). 
These nodules result from glomerular capillary microan-
eurysm formation (see Fig. 54-7, A)51 and subsequent fill-
ing of the expanded capillary space with mesangial matrix 
(see Fig. 54-7, B). In the end, clinical DN largely results 
from marked extracellular matrix (ECM) accumulation, 
whereby, over many years, the rate of ECM production 
exceeds the rate of removal. The ECM that accumulates 
in mesangium, GBM, and TBM is made up of the nor-
mal ECM constituents of these sites, primarily including 
types IV and VI collagen, laminin, and fibronectin52 and 
perhaps additional not yet identified ECM components. 
“Scar” collagens (mainly collagens I and II) are seen only 

very late in the diabetic glomerulopathy process, primar-
ily associated with global glomerular sclerosis or develop-
ing in the center of nodular lesions.52,53 In patients with 
type 1 diabetes, there is a relationship between the sever-
ity of arteriolar hyalinosis lesions and the number of glob-
ally sclerosed glomeruli, with greater frequency of scarred 
glomeruli in the plane vertical to the kidney capsule, 
suggesting that glomerulosclerosis could also be caused 
by occlusion of medium-sized renal arteries.54 As renal 
insufficiency progresses, there are increasing numbers of 
totally scarred glomeruli, glomeruli with capillary closure 
due to massive mesangial expansion (see Fig. 54-7, D), or 
atubular glomeruli (i.e., nonfunctioning because they are 
detached from their tubules; see later).

Numbers of glomerular podocytes are reportedly 
reduced in patients with type 1 and 2 diabetes,55-58 
especially in association with albuminuria and disease 
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Figure 54-3 Mesangial matrix expressed as a fraction of the total 
 mesangial (matrix/mesg) plotted against mesangial fractional volume 
(mesangium Vv) in long-standing patients with type 1 diabetes. The nor-
mal value for matrix/mesg is approximately 0.5. Note that most diabetic 
patients have elevated values for matrix/mesg whether or not there is an 
increase in mesangium Vv (i.e., values above 0.24). (From Steffes MW, 
Bilous RW, Sutherland DE, Mauer SM. Cell and matrix components 
of the glomerular mesangium in type I diabetes. Diabetes 41:679-684, 
1992.)

A B C D

Figure 54-4 Glomerulotubular junction (GTJ) abnormalities (GTJA). A, Glomerulus attached to a short atrophic tubule (SAT). The arrow points 
to the atrophic segment. B, Glomerulus attached to a long atrophic tubule (LAT). The arrow points to the atrophic segment and tuft adhesion.  
C, Glomerulus attached to an atrophic tubule with no observable opening (ATNO) and a tip lesion (arrow). D, Atubular glomerulus (AG). *Tubular 
remnants that possibly belonged to the AG. (From Najafian B, Crosson JT, Kim Y, Mauer M. Glomerulotubular junction abnormalities are associated 
with proteinuria in type 1 diabetes. J Am Soc Nephrol 17[4 Suppl 2]:S53-S60, 2006.)
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(GBM) width and mesangial fractional volume [Vv(Mes/glom)] in 124 
long-standing patients with type 1 diabetes, 88 of whom were normoal-
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phropathy: 1. Study design and renal structural-functional relationships 
in patients with long-standing type 1 diabetes. Diabetes 51:506-513,  
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progression. This may be, at least in part, due to 
increased podocyte detachment from the GBM.59 
However, more work is needed to further document 
and understand these potentially important podocyte 
abnormalities as predictors or promoters of DN pro-
gression (see later).

Structural-Functional Relationships  
in Diabetic Nephropathy
Mesangial expansion is the major cause of GFR loss in 
patients with type 1 diabetes.49 Increase in Vv(Mes/glom) 
is strongly inversely correlated with filtration surface (Fig. 
54-8) per glomerulus, which in turn is strongly directly 

A B C

Figure 54-6 Light microscopic photomicrographs (PAS stain) of (A) a normal glomerulus, (B) a glomerulus from a normoalbuminuric type 1 dia-
betic patient with glomerular basement membrane (GBM) thickening and moderate mesangial expansion, and (C) a glomerulus from a type 1 diabetic 
patient with overt diabetic nephropathy and severe diffuse mesangial expansion. (From Parving H-H, Mauer M, Ritz E: Diabetic nephropathy. In 
Brenner BM, ed, Brenner & Rector’s the kidney, 7th ed. Philadelphia, Saunders, 2004, pp. 1777-1818.)

A B

C D

Figure 54-7 Light microscopic photomicrographs (PAS stain) of glomeruli from patients with type 1 diabetes with (A) a capillary microaneurysm 
(mesangiolysis) at 11 o’clock; (B) nodule formation within a capillary microaneurysm; (C) nodular glomerulosclerosis (Kimmelstiel-Wilson nodules); 
and (D) end-stage diabetic glomerular changes with nearly complete capillary closure. (From Parving H-H, Mauer M, Ritz E: Diabetic nephropathy. 
In Brenner BM, ed, Brenner & Rector’s the kidney, 7th ed. Philadelphia, Saunders, 2004, pp. 1777-1818.)
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correlated with GFR in type 1 diabetes.60 Mesangial frac-
tional volume is also directly correlated with AER49,50 
(Fig. 54-9, A and B) and systemic blood pressure.49,61 The 
relationships of GBM width with these clinical manifesta-
tions of diabetic kidney disease are also important, but 
are somewhat weaker than those for mesangial changes 
(Fig. 54-10, A and B).49,50 Taken together, mesangial and 

GBM changes explain most of the AER variability in type 
1 diabetes,50 and GBM width is an independent predictor 
of progression to proteinuria and to ESRD in patients with 
type 1 diabetes who are initially normoalbuminuric.17

As mentioned, decreased podocyte number and detach-
ment are related to albuminuria. Increases in podocyte 
foot process width also correlate with AER increases in 
patients with type 1 diabetes.56,62,63 If podocyte number 
or shape changes are early predictors of DN risk,64 this 
would support an important pathogenetic role for this 
key glomerular cell in this disease.

Although glomerular capillary filtration surface is 
directly correlated with GFR in type 1 diabetes,60,65,66 lin-
ear regression models only partially explain GFR variabil-
ity in these patients.50 Global sclerosis67 and interstitial 
expansion39 are additional independent predictors of GFR 
loss. However, the conclusion that the interstitium is more 
important than glomerular changes in diabetes came from 
studies in which most patients had advanced stages of kid-
ney failure.68-70 At these advanced stages, when serum cre-
atinine is already clearly elevated, and especially if levels 
are above 2 mg/dL, these interstitial changes are common 
to most chronic renal diseases and are not specific to diabe-
tes. During most of the natural history of DN, glomerular 
parameters are more important determinants of renal dys-
function. Moreover, as already discussed, early interstitial 
expansion in type 1 diabetes is mainly due to expansion of 
its cellular component, and increased interstitial fibrillar 
(scar) collagen is primarily seen when GFR is reduced,47,71 
while glomerular ECM changes are due to accumulation 
of typical basement membrane components.47 Thus, the 
interstitial and glomerular changes of diabetes probably 
have different pathogenetic mechanisms.

Through many years of the natural history of DN, 
lesions develop without detectable clinical or laboratory 
abnormalities. Often, when microalbuminuria initially 
manifests, lesions are far advanced. Once proteinuria is 
present in type 1 diabetes, GFR loss typically progresses 
relatively rapidly toward ESRD. This nonlinear clinical 
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with long-standing type 1 diabetes. Diabetes 51:506-513, 2002.)
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course is best reflected by nonlinear analyses of struc-
tural-functional relationships.48 Using piecewise linear 
regression instead of simple linear models, glomerular 
structural variables alone explained 95% of variability 
in AER. Mesangial fractional volume, GBM width, and 
filtration surface density, explained almost 80% of GFR 
variability, and this increased to >90% with the addition 
of measures of glomerular tubular junction abnormalities 
and interstitial expansion.48

In summary, most of the renal functional abnormali-
ties in type 1 diabetes are explained by diabetic glomeru-
lopathy. Structure is highly variable in patients without 
functional abnormalities, thus structural-functional rela-
tionships are largely driven by more advanced lesions. 
Despite this variability, normoalbuminuric patients with 
type 1 diabetes who have thicker GBM are at increased 
risk for progression to ESRD.17

Microalbuminuria and Renal Structure
As a group, normoalbuminuric long-standing patients with 
type 1 diabetes have diabetic glomerulopathy lesions.49,50 
Their structural measurements range from normal to 
pathology overlapping in severity with microalbuminuric 
and proteinuric patients (see Fig. 54-9, B; and Fig. 54-10, 
B)49,50 Increased GBM width predicts progression to pro-
teinuria and ESRD.17,73 Microalbuminuric patients have, 
on average, even more severe lesions with few patients 
with type 1 diabetes having renal structural measures 
still within the normal range (see Fig. 54-9, B and 54-
10, B).49,50 Hypertension and reduced GFR are also more 
frequent in these patients.49,50 Thus, microalbuminuria is 
a marker of more advanced lesions and other functional 
disturbances.49,50 However, reduced GFR may be pres-
ent in normoalbuminuric long-standing type 1 diabetes. 
This is more frequent in females with retinopathy and/or 
hypertension and is associated with advanced glomeru-
lopathy lesions.20,74,75 Thus, microalbuminuria may not 
be the first indicator of DN, and careful GFR and blood 

pressure measurements are needed, especially in female 
patients with the characteristics mentioned earlier. More 
recent analyses of the DCCT/EDIC76 and the UKPDS77 
data demonstrated that a significant proportion of the 
patients losing renal function reach GFR levels <60 mL/
min/1.73m2 while still normoalbuminuric. These rates 
were 24% among patients with type 1 diabetes with ini-
tially normal GFR76 and more than 60% among patients 
with type 2 diabetes.77 These data were also confirmed by 
recent studies.78-80

Normal identical twins of patients with type 1 diabetes 
have normal renal structure.40 Twins who have diabetes 
have greater GBM and TBM width and mesangial frac-
tional volume than their nondiabetic twin, albeit some-
times still within the normal range, despite many years 
of diabetes.40 Thus, over time, all patients with type 1 
diabetes appear to develop structural changes of DN, but 
the rate may be so slow that the lesions would be unde-
tectable, except by comparison with their nondiabetic 
twin and would not lead to clinical disease. There is also 
striking variability in the rate at which lesions develop 
in kidneys transplanted into patients with type 1 diabe-
tes who all had ESRD secondary to DN.72,81 This cannot 
be fully explained by glycemia and suggests genetically 
determined renal tissue susceptibility.72,81

Interestingly, studies of type 1 diabetic transplant recip-
ients indicate that having a single kidney does not appear 
to accelerate the rate of development of DN lesions, argu-
ing against reduced nephron number as a risk factor.81 In 
fact, proteinuric diabetic patients without advanced renal 
failure have normal numbers of glomeruli.82 However, 
reduced glomerular number could be associated with 
faster GFR decline once overt DN develops.

Contrasts in Nephropathy Lesions between  
Type 1 and Type 2 Diabetes
There have been fewer studies of renal pathology and 
structural-functional relationships in type 2 diabetes, 
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despite that it accounts for more than 80% of ESRD 
among patients with diabetes. A Danish study found that 
proteinuric patients with type 2 diabetes have similar 
structural changes when compared to proteinuric patients 
with type 1 diabetes, and the severity of these changes 
predicted the subsequent rate of GFR decline.83 How-
ever, the authors also noted more variability in glomeru-
lar structure in these patients than in patients with type 
1 diabetes, with some type 2 proteinuric patients having 
minimal or no diabetic glomerulopathy.83 One study 
from Northern Italy of microalbuminuric patients with 
type 2 diabetes biopsied for clinical reasons84 found typi-
cal DN lesions in one third of patients, with an increase of 
globally sclerosed glomeruli and severe tubulointerstitial 
lesions, with minimal or no diabetic glomerulopathy in 
another third, while the rest showed changes of diabetic 
glomerulopathy plus changes of other diseases such as 
proliferative glomerulonephritis, and so on.84 In another 
Danish study, most proteinuric patients with type 2 
diabetes had diabetic changes,85 but about one fourth 
had nondiabetic glomerulopathies, including “minimal 
lesions,” glomerulonephritis, or mixed diabetic and other 
changes. In this study, all patients with proteinuria and 
diabetic retinopathy had classical DN lesions, while less 
than one half of those without retinopathy had DN.85 A 
British study found similar results.86 However, these high 
rates of diseases other than or superimposed upon DN are 
almost certainly because the patients in these studies had 
clinical indications for kidney biopsies, often including 
atypical clinical courses. In another study from North-
ern Italy, when renal biopsies in type 2 diabetes were 
performed solely for research purposes, definable renal 
diseases other than secondary to diabetes were, in fact, 
uncommon.87 However, only about one third of type 2 
microalbuminuric patients in this research study had 
findings typical of diabetic glomerulopathy; ≈one third 
had minimal abnormalities, and about 40% had varying 
combinations of global glomerulosclerotic, vascular, and 
tubulointerstitial lesions out of proportion to their absent 
to relatively mild diabetic glomerulopathy lesions.87

Structural-Functional Relationships in Type 2 Diabetes
Although initially reported to have renal structural-func-
tional relationships that were similar to type 1 patients,88 
a more recent study in Japanese patients with type 2 dia-
betes indicated greater heterogeneity.89 A Danish study 
found less glomerular lesions and higher GFR levels in 
patients with type 2 versus type 1 diabetes with similar 
AER.83 Much larger glomerular volumes were found in 
patients with type 2 diabetes, and perhaps this preserved 
filtration surface.83 Nonetheless, the proteinuria in these 
patients with type 2 diabetes was, at least in part, unex-
plained. Mesangial fractional volume increased progres-
sively with albuminuria, and global glomerular sclerosis 
correlated inversely with GFR in Pima Indian patients 
with type 2 diabetes.56 Also, glomerular podocyte loss 
was related to proteinuria (but not microalbuminuria) in 
these patients.

The less precise correlation between glomerular struc-
ture and renal function in type 2 diabetes is probably due 
to these more varied patterns of renal injury.87 This is of 

prognostic significance, since patients with more typical 
diabetic glomerulopathy lesions are more likely to have 
progressive GFR loss.30,85

In summary, renal structural changes in type 2 diabe-
tes are more heterogeneous, and diabetic glomerulopathy 
lesions are, on average, less severe in type 2 patients than 
in type 1 patients with similar albuminuria levels. Approx-
imately 40% of the patients with type 2 diabetes show 
atypical renal injury patterns. These atypical patterns 
are associated with higher body mass index and less dia-
betic retinopathy.87 Thus, the atypical manifestations of 
renal injury in type 2 diabetes could be related to obesity, 
hypertension, hyperlipidemia, accelerated atherosclerosis, 
and aging interacting with the effects of hyperglycemia. 
The markedly increased risk for ESRD in certain type 2 
diabetic populations (e.g., African-American, American 
Indian, Hispanic) could represent variability in the renal 
consequence of one or more of these pathogenetic influ-
ences (e.g., there are differences in the renal structural 
consequences of hypertension in African-American and 
Caucasian patients90), genetic susceptibility to DN, or 
both. Further cross-sectional and longitudinal studies in 
patients with type 2 diabetes are required before these 
complexities can be better understood.

Other Renal Disorders in Patients with Diabetes
Based on the previous discussion, it is strongly recom-
mended that patients with type 1 diabetes with protein-
uria and less than 10 years of duration of diabetes, and 
patients with type 2 diabetes with proteinuria and no reti-
nopathy should be referred to a nephrologist and be fully 
evaluated for other renal diseases. In these cases, renal 
biopsy should be strongly considered both for diagnosis 
and prognosis purposes in patients with diabetes pre-
senting with significant proteinuria (usually greater than 
1g/24 hours) of unclear origin.

Diabetic Nephropathy Lesions Are Reversible
Despite rapid reversal of mesangial expansion in rats 
cured of diabetes by islet transplantation,91 there was 
no improvement in DN lesions in the native kidneys of 
patients with type 1 diabetes who were normoglycemic 
for 5 years after successful pancreas transplantation.92 
However, after 10 years of normoglycemia, there was 
dramatic healing of diabetic renal lesions.36,93 GBM and 
TBM width and mesangial fractional volume were lower 
at 10 years versus baseline and versus 5 years, often with 
these structural parameters having returned to the normal 
range (Fig. 54-11, A and B).93 The reduction in mesan-
gial expansion primarily resulted from the disappearance 
of excess mesangial matrix material (see Fig. 54-11, C 
and D). Light microscopy revealed remarkable glomer-
ular architectural remodeling, often including the com-
plete disappearance of Kimmelstiel-Wilson nodules (Fig. 
54-12, A to C) and increased patency of glomerular capil-
laries.93 It is not clear why reversal of lesions was not seen 
in the first 5 years. Perhaps there was cellular (epigenetic) 
memory for the diabetic state. Alternatively, glycation of 
ECM may have slowed the degradation process. Unlike 
the normal situation in which glomerular ECM con-
tent remains quite constant throughout adult life,94 this 
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healing process requires ECM removal to exceed produc-
tion. Thus, the cellular recognition of an abnormal struc-
tural environment and the cellular machinery to initiate 
and sustain the healing and remodeling processes must 
exist. Remodeling and healing in the tubulointerstitium 
also occurred in these patients.95 If it becomes possible 
to stimulate these healing processes over the processes of 
injury, DN could be delayed or prevented.

GENETIC PREDISPOSITION TO DIABETIC 
NEPHROPATHY
Genetic predisposition is a strong DN determinant in 
both type 1 and type 2 diabetes, and only about one-half 
of patients with poor glycemic control develop DN,96 
whereas some patients do so despite relatively good con-
trol—findings consistent with genetically modulated risk. 

Figure 54-11 (A) Thickness of the glomerular 
basement membrane, (B) thickness of the tubular 
basement membrane, (C) mesangial fractional 
 volume, and (D) mesangial-matrix fractional 
volume at baseline, and 5 and 10 years after 
pancreas transplantation. The shaded area rep-
resents the normal ranges obtained in the 66 
age- and  sex-matched normal controls (means ± 
2 SD). Data for individual patients are connected 
by lines. (From Fioretto P, Steffes MW, Suther-
land DE, et al. Reversal of lesions of diabetic 
nephropathy after pancreas transplantation. N 
Engl J Med 339:69-75, 1998.)
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Figure 54-12 Light microscopic photomicrographs (PAS stain) of renal biopsy specimens obtained before and after pancreas transplantation from 
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of diabetic nephropathy after pancreas transplantation. N Engl J Med 339:69-75, 1998.)



944 PART 5 DIABETES MELLITUS

Differences in the prevalence of DN in different patient 
populations also support this view.97 Genetic predisposi-
tion to DN is supported by several cross-sectional stud-
ies of siblings concordant for type 198,99 and type 2100-102 
diabetes. There is a large difference (300% to 800%) in 
the cumulative risk for DN between siblings of probands 
with or without DN. Moreover, there is a strong correla-
tion for the severity and patterns of glomerular lesions in 
type 1 diabetic sibling pairs.103 Although some of the data 
are consonant with a major gene effect with an autosomal 
dominant mode of inheritance, more recent genomewide 
studies suggest a more complex picture. Several studies 
showed associations between DN and predisposition to 
hypertension and cardiovascular disease.104-105 Recently, 
genomewide association studies were performed in the 
search for genes linked to DN, and although some areas 
of the genome have attracted attention, no major suscep-
tibility genes have been identified so far.106-109

One particularly extensively studied set of genes are 
those related to the renin-angiotensin system. A polymor-
phism in the angiotensin-converting enzyme (ACE) gene, 
consisting of an insertion or deletion (I/D) of a 287–base-
pair sequence, determines most of the interindividual 
variance in ACE activity.110 It remains unclear if this ACE 
polymorphism is important in the genesis of DN,111,112 
although a follow-up study supports this view.113 The 
I/D ACE polymorphism may be involved in the progres-
sion114 and the response to ACE inhibitor therapy114 or 
to angiotensin II receptor blockade therapy.115

PATHOGENESIS OF DIABETIC NEPHROPATHY

Glycemic Control
Although important modulating factors may exist, DN 
is secondary to the long-term metabolic aberrations 
found in diabetes, and exposure to elevated glucose levels 
appears central to the expression of this disorder. Studies 
in type 1 and type 2 diabetes proved that improved gly-
cemic control could reduce the development of DN. The 
DCCT demonstrated that the risk for microalbuminuria 
in patients with type 1 diabetes was decreased by strict 
glycemic control.31 Importantly, although the DCCT did 
not show a benefit of 6.3 years of improved glycemic 
control in the progression from microalbuminuria to pro-
teinuria, additional follow-up of these patients showed 
significant reduction in the rates of progression to pro-
teinuria and ESRD.116 The United Kingdom Prospective 
Diabetes Study (UKPDS) also demonstrated a decreased 
incidence of DN after 10 years of intensive glycemic con-
trol in patients recently diagnosed with type 2 diabetes.32 
Moreover, a 5-year randomized clinical trial in 48 type 1 
diabetic kidney transplant recipients demonstrated that 
strict glycemic control prevented the development of one 
of the earliest renal lesions of diabetes, increased mesan-
gial matrix fractional volume per glomeruli (Vv[MM/
glom]).117 Finally, regression of established diabetic 
glomerular lesions has been demonstrated in the native 
kidneys of eight patients with type 1 diabetes after 10 
years of normoglycemia induced by successful pancreas 
transplantation (see Fig. 54-12, A to C).36 These studies 
strongly suggest that hyperglycemia is not only necessary 

for DN lesions to develop, but it is also necessary to sus-
tain established lesions. Removal of hyperglycemia allows 
reparative mechanisms to be expressed that ultimately 
result in healing of the original diabetic glomerular inju-
ries. Multiple epigenetic mechanisms have been impli-
cated in the development and progression of DN, and the 
mechanisms involved in the glomerular injury caused by 
hyperglycemia will be discussed in detail later.

Hemodynamic Mechanisms
Berkman and Rifkin118 described a patient with diabe-
tes who had unilateral renal artery stenosis and marked 
diabetic lesions in the kidney that was exposed both to 
hypertension and diabetes, and only ischemic changes the 
contralateral kidney, which was protected from hyperten-
sion by the narrowed renal artery. A model of unilateral 
renal artery stenosis in diabetic rats119 was proposed to 
confirm this human observation, although hypertensive 
and diabetic changes were not differentiated in this study. 
Insulin-treated diabetic rats have glomerular hyperfil-
tration explainable by increased single-nephron GFR 
due to increased single-nephron blood flow and, in the 
Münich-Wistar rat strain, increased glomerular capillary 
pressure.120 Thus, alterations in intraglomerular hemody-
namics could influence the rate at which diabetic lesions 
develop. Some studies reported that glomerular hyperfil-
tration was a risk factor for the development of micro-
albuminuria.121 However, there is still controversy as to 
whether increased GFR is an independent predictor of 
progression.10,13,122

Several mediators of diabetes-induced hyperfiltration 
have been proposed. Increased renal and urinary kal-
likrein levels were associated with increased GFR and 
renal plasma flow in moderately hyperglycemic diabetic 
rats,123 which were normalized by a bradykinin B2 recep-
tor antagonist.124 The genesis of glomerular hyperfiltra-
tion has also been associated with increased nitric oxide 
(NO).125 Treatment with a nonselective NOS inhibitor 
normalized GFR and plasma renal flow levels in diabetic 
rats.125 Other studies suggest that hyperfiltration may 
result from an increased proximal tubular fluid reab-
sorption independent of any primary malfunction of the 
glomerular microvasculature. Interestingly, it has been 
proposed that the sodium glucose transporter 2 inhibi-
tors may ameliorate hyperfiltration in type 1 diabetes by 
inhibiting proximal tubular sodium reabsorption, provid-
ing an increased distal tubular sodium load and leading to 
a restored tubuloglomerular feedback and normalization 
of GFR.126 The influences of renin-angiotensin system 
blockage on clinical progression of DN are discussed in 
the section entitled “Treatment.”

However, one cannot explain the genesis of DN on 
hyperfiltration alone. Reduction in nephron mass in rats 
by uninephrectomy produces glomerular hemodynamic 
perturbations that are similar to diabetes but does not 
produce the lesions that are classic for DN in animals.127 
Reduced glomerular number at birth has been proposed 
as a risk factor for progressive renal disease and hyperten-
sion.128,129 This association was not confirmed in stud-
ies of patients with type 1 diabetes. Glomerular number, 
estimated during autopsy, was decreased in patients with 
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type 1 diabetes only if ESRD was present.82 Also, reduced 
nephron mass, such as in patients with uninephrectomy, 
has not been documented to produce DN lesions in 
humans. These studies suggest that glomerular number 
is probably not a crucial variable in the development of 
DN, although this variable may be important in pro-
gression once clinical findings of DN are present. Taken 
together, these studies could support the hypothesis that 
hemodynamic abnormalities may be more important in 
influencing the progression of established DN lesions 
than in serving as the genesis of these structural changes.

PATHOPHYSIOLOGY OF DIABETIC NEPHROPATHY
The renal lesions of DN are mainly due to accumulation 
of ECM components, such as collagens, tenascin, and 
fibronectin.52,130 ECM accumulation occurs early on in 
the GBM131 and TBM,41 is the principal cause of mesan-
gial expansion, and also contributes to the later stages 
of interstitial expansion.47 ECM accumulation is second-
ary to an imbalance between synthesis and degradation 
of ECM components. The ECM changes in diabetes are 
highly site-specific, differing in direction in the GBM com-
pared to MM53,71 and suggesting that variables related 
to cell type (e.g., glomerular epithelial cell for GBM, 
mesangial cell for MM) are important determinants in the 
response to the diabetic state. Moreover, these patterns of 
cell response may be genetically regulated, as suggested by 
concordance in the pattern of glomerular lesions between 
sibling pairs concordant for type 1 diabetes.103

The major hypotheses as to how hyperglycemia causes 
DN are: (1) increased activity of growth factors, includ-
ing TGF-β, growth hormone (GH), insulin-like growth 
factor (IGF), vascular endothelial growth factor (VEGF), 
and epidermal growth factor (EGF); (2) activation of 
PKC isoforms; (3) activation of cytokines; (4) formation 
of reactive oxygen species (ROS); (5) increased formation 
of glycation products; (6) increased activity of the aldose 
reductase pathway; and (7) decreased glycosaminogly-
can content in basement membranes (the “Steno hypoth-
esis”). The various hypotheses overlap and intersect with 
one another. Polyol pathway-induced redox changes or 
hyperglycemia-induced formation of ROS could poten-
tially account for most of the other biochemical abnor-
malities.132,133 These mechanisms, reviewed later, could 
be influenced by genetic and epigenetic determinants of 
susceptibility or resistance to hyperglycemic damage.

Growth Factors
This subject was previously reviewed in detail by Flyvb-
jerg134 and Chiarelli,135 and it is summarized here using a 
similar organizational scheme.

Transforming Growth Factor-β
TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3) mRNA 
and proteins and TGF-β receptor mRNA have been 
demonstrated in all glomerular and in proximal tubu-
lar cells.136-137 Glomerular mesangial and epithelial cells 
exposed in vitro to TGF-β demonstrate increased ECM 
protein synthesis, including type IV collagen, fibronectin, 
laminin, and proteoglycans; decreased MMPs synthesis; 

and increased tissue inhibitors of MMPs (TIMPs) pro-
duction.138-140 TGF-β1 also stimulates glucose uptake by 
enhancing the expression of GLUT1 in mesangial cells.141 
Increased TGF-β expression in diabetes can be second-
ary to hyperglycemia, increased intraglomerular pressure, 
increased formation of glycated proteins, PKC activation, 
and mechanical strain.135 High glucose increases TGF-β1 
mRNA levels in mesangial cells.142 TGF-β–neutralizing 
antibodies reduce the in vitro rise in mesangial cells type 
IV collagen synthesis induced by high-glucose.143 Further, 
TGF-β antibodies limited the increases in plasma TGF-
β1 and renal TGF-β1, TGF-β type II receptor, type IV 
collagen, and fibronectin mRNA expression, preventing 
the increase in serum creatinine and reducing the diabe-
tes-associated renal hypertrophy and MM expansion in 
diabetic mice.144,145 ACE inhibitor (enalapril) treatment 
decreases TGF-β type I, II, and III receptors in the glom-
erulus, with no changes in TGF-β isoforms, partially pre-
vents renal hypertrophy, and completely prevents AER 
increase in diabetic rats.146 Thus, ACE inhibitors may reg-
ulate the renal TGF-β system through decreases in TGF-
β receptors.147 Interestingly, serum and urinary TGF-β1 
levels were not different between diabetic patients with 
or without renal impairment, and were similar to levels 
observed in patients with nondiabetic renal diseases.148

Growth Hormone and Insulin-like Growth Factor
Diabetes leads to decreased hepatic production of IGF-
1, and the consequent decrease in serum IGF-1 results in 
excess GH secretion149 which, in turn, can then stimu-
late local IGF-1 pathways in other tissues, such as the 
kidney. IGF-1 induces increased mesangial cell prolifera-
tion in vitro.150 Increased renal levels of IGF-1 precede 
renal growth in diabetic rodents, and strict insulin ther-
apy blocks IGF-1 increase and renal hypertrophy in dia-
betic rats.151 Renal accumulation of IGF-1 is more likely 
caused by changes in renal IGF-1 receptors and IGF-1–
binding proteins than by an increase in local renal IGF-1 
production.152,153 Long-acting somatostatin analogues154 
and GH-receptor antagonists155,156 prevent the rise in 
renal IGF-1 and IGF-binding protein-1 mRNA levels and 
renal hypertrophy in diabetic animals. An IGF-1 recep-
tor antagonist prevented retinal neovascularization and 
VEGF increase in a rat model of nondiabetic retinopa-
thy,157 arguing that VEGF may be a downstream media-
tor of IGF-1 actions. This hypothesis is further reinforced 
by the nuclear factor kappa B (NF-κB) stimulation by 
both IGF-1 and VEGF in endothelial cells in vitro. NF-κB 
is involved in the upregulation of genes encoding for cyto-
kines, growth factors, such as TGF-β, and ECM proteins, 
such as fibronectin.158

Vascular Endothelial Growth Factor
VEGF increases microvascular permeability159 and has 
been associated with proliferative retinopathy160,161 and 
neoangiogenesis162,163 in experimental and human dia-
betes. VEGF is a potent mitogen for vascular endothe-
lial cells and a major regulator of angiogenesis, while 
hypoxia is a potent VEGF stimulator.164 In the kidney, 
VEGF is almost exclusively expressed in glomerular and 
tubular epithelial cells,165,166 while the VEGF type-2 
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receptor (VEGF-R2) is mainly present in glomerular and 
tubular endothelial cells, but also in interstitial cells.166 
In high glucose conditions, VEGF and its receptors are 
also expressed in glomerular endothelial and mesangial 
cells.167 Glucose stimulates VEGF expression in vitro 
in vascular smooth168 and mesangial169,170 cells, prob-
ably through the PKC pathway.169-171 TGF-β, PKC, and 
NO enhance VEGF expression in cultured mesangial 
cells.134,169,170,172 On the other hand, VEGF stimulates 
NO production by vascular endothelial cells in vitro 
and in vivo, but not by renal mesangial cells in vitro.173 
Angiotensin II also stimulates VEGF in human mesan-
gial cells.174 Mechanical stretch of human mesangial cells 
in vitro induces VEGF production,174 possibly linking 
glomerular hemodynamic abnormalities in diabetes to 
this system. VEGF is increased in glomeruli in diabetic 
animals,166 and diabetic rats treated with anti-VEGF 
neutralizing antibody do not hyperfilter and have less 
AER increase.175 Plasma and urinary levels of VEGF are 
increased in microalbuminuric and proteinuric patients 
with type 1 and type 2 diabetes163,169,176 but no relation-
ship between VEGF levels and GFR decline was found 
in proteinuric patients with type 1 diabetes followed for 
3 years.163 One study showed that improvement in gly-
cemia resulted in a significant reduction of VEGF lev-
els.176 No differences in glomerular VEGF mRNA levels 
were found between microalbuminuric and proteinuric 
patients who had type 2 diabetes with typical or not 
typical diabetic glomerulopathy.177 Another study found 
stronger VEGF glomerular epithelial cells immunostain-
ing in patients with type 2 diabetes with mild versus more 
advanced DN or controls.169 VEGF staining was mark-
edly decreased or absent in globally sclerotic glomeruli. 
However, tubular VEGF staining was more intense in 
advanced than in mild DN. These could be explained by 
podocyte loss with consequent decrease in the glomerular 
VEGF expression.178 Indeed, as it is true for neoangio-
genesis in diabetic retinopathy,161 VEGF could also be 
related to increased vascularization around the glomeru-
lar pole in DN. Blood vessel growth has been observed 
in experimental179 and human180 DN. However, the role 
of VEGF in the pathogenesis of DN is still far from clear, 
and it is uncertain whether VEGF expression is the cause 
of pathologic changes or represents a reparative response 
to preexisting tissue and functional alterations.

Epidermal Growth Factor
EGF is synthesized in the kidney, and EGF receptors are 
present in mesangial, tubular, and interstitial cells.181 
EGF stimulates in vitro tubular cell proliferation182 and 
influences the synthesis and turnover of ECM proteins.183 
EGF downregulates TGF-β receptor expression in many 
cell types,184,185 suggesting that some EGF activities are 
indirect. Other growth factors, including platelet-derived, 
fibroblast, and nerve growth factors can modulate the 
EGF receptor activity.186 The human EGF receptor-1 
is phosphorylated by PKC, reducing the affinity of this 
receptor for EGF. Interestingly, binding of EGF to its 
receptor leads to inositol-1,4,5-triphosphate and 1,2-dia-
cylglycerol formation,187 stimulating PKC and thus possi-
bly modulating the activity of this system. Ruboxistaurin, 

a PKC inhibitor, decreased albuminuria and stabilized the 
GFR in macroalbuminuric patients with type 2 diabetes 
treated for 1 year.188 However, these beneficial effects 
were not confirmed in longer follow-up studies of patients 
with type 1 or type 2 diabetes enrolled in randomized dia-
betic retinopathy trials.189

Connective Tissue Growth Factor
Connective tissue growth factor (CTGF) expression in 
glomerular, tubulointerstitial, and vascular cells190-193 
can be stimulated by hypertension, hyperglycemia, and 
hyperlipidemia.194-196 CTGF mediates ECM accumula-
tion and coordinates a final common pathway of fibro-
sis.197-199 CTGF can amplify the fibrogenic activity of 
TGFβ200,201 and IGF-1193 and can inhibit the action of 
regenerative and antifibrotic factors such as bone mor-
phogenic protein-7200,202 and VEGF.203 CTGF mRNA 
expression in kidney biopsies is associated with tubuloin-
terstitial damage and AER in patients with type 1 dia-
betes204,205 and with progression of renal insufficiency in 
multiple renal diseases.206 Plasma and urinary CTGF lev-
els correlate with AER and renal insufficiency in patients 
with type 1 diabetes,207-210 and plasma CTGF levels are 
independent predictors of mortality and progression to 
ESRD.211 FG-3019, a recombinant human anti-CTGF 
monoclonal IgG1 antibody, with renal benefits in rodent 
models of DN,197 was shown in a phase-1 trial to have 
decreased AER in microalbuminuric patients with type 1 
or type 2 diabetes.212

Protein Kinase C
The PKC enzyme regulating Na+/K+-ATPase213 has a 
role in regulating cell proliferation, vascular contractil-
ity and permeability, and basement membrane syntheses. 
PKC can be activated by diacylglycerol,214 and thus by 
high glucose (Fig. 54-14). High-glucose–induced PKC 
activation in glomerular cells in vitro is followed by 
increased  TGF-β215 and MAPK216 activity. Nonspecific 
PKC inhibitors prevent increased type IV collagen expres-
sion in mesangial cells in high glucose conditions,217 and 
treatment of PKC agonists can increase type IV collagen 
expression.218 Treatment with a PKCβ inhibitor blocks 
glomerular TGF-β1 mRNA, MM, GFR, and AER increase 
in diabetic rodents.219,220 In another study, PKCβ inhibi-
tion prevented glomerular hypertrophy and albuminuria 
without affecting the TGF-β axis in diabetic rats,221 argu-
ing that PKC renal effects in diabetes may, at least in part, 
be independent of the TGF-β axis.222 Ruboxistaurin, a 
PKC inhibitor, decreased albuminuria and stabilized the 
GFR in macroalbuminuric patients with type 2 diabetes 
treated for 1 year.188 However, these beneficial effects 
were not confirmed in longer follow-up studies of patients 
with type 1 or type 2 diabetes enrolled in randomized dia-
betic retinopathy trials.189

Cytokines
Cytokines are a broad and loose category of small pro-
teins (∼5 to 20 kD) that are important in cell signaling. 
They include chemokines, interferons, interleukins, lym-
phokines, and tumor necrosis factor (TNF) and are pro-
duced by broad range of cells, including immune cells 
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(macrophages, B lymphocytes, T lymphocytes, and mast 
cells), endothelial cells, fibroblasts, and stromal cells.

As discussed in the section entitled “Hemodynamic 
Mechanisms” earlier in the chapter, there are in vitro and 
animal model data linking the pathogenesis of DN to the 
renin-angiotensin system. More than the other pathways 
described in this section, the renin-angiotensin system has 
been studied in regard to DN in humans.

Plasma Prorenin Levels and Diabetic Complications
Renin and its inactive precursor, prorenin, are secreted into 
the circulation from the kidney.223 Renin is derived almost 
entirely from the kidney,223 whereas prorenin, while primar-
ily of renal origin, is also produced in other sites.223,224 In 
diabetic patients with microvascular complications, plasma 
prorenin levels tend to be markedly elevated, but renin levels 
tend to be normal or reduced.225-228 Followed serially, only 
1 of 20 young patients with type 1 diabetes with consistently 
normal prorenin levels developed proteinuria or retinopa-
thy, whereas one or both developed in 8 of 14 patients with 
increased prorenin levels.227 Prorenin was higher in micro-
albuminuric than in normoalbuminuric patients with type 
1 diabetes, and all patients with type 1 diabetes combined 
had higher values than controls.228 Most interestingly, the 
nondiabetic siblings of these microalbuminuric patients 
had higher prorenin values than the siblings of normoalbu-
minuric patients with type 1 diabetes.228 In another report, 
patients with type 1 diabetes developing microalbumin-
uria or proteinuria (progressors) had increased total renin 
content (which is predominantly prorenin) as early as 10 
years before onset of microalbuminuria.229 Other studies 
also showed that increased plasma prorenin preceded the 

development of microalbuminuria in patients with type 1230 
or type 2231 diabetes. However, this was not confirmed in 
another study in patients with type 2 diabetes.232 Taken 
together, these studies suggest that elevated plasma prorenin 
may be an important predictor of progressive DN.

Angiotensin II
Angiotensin II elevates blood pressure through its direct 
vasoconstrictor, sympathomimetic, and sodium-retaining 
(through aldosterone release) activities. Non-hemodynamic 
effects of angiotensin II on renal cells may also contribute 
to the progression of DN. Glucose increases angiotensin 
II production by tubular cells,233 and angiotensin II, on 
its turn, stimulates cellular glucose uptake and GLUT1 
transcription,233,234 leading to a high intracellular glu-
cose concentration and its consequences. Angiotensin II 
also activates PKC in mesangial and tubular cells235 and 
upregulates TGF-β receptor expression in mesangial cells 
in vitro.236,237 Angiotensin II can stimulate in vitro ECM 
synthesis through TGF-β activity in mesangial and tubu-
lar cells,238,239 and it can inhibit mesangial cell collagenase 
activity,240 thus reducing ECM turnover. These effects are 
blocked by losartan,240 an angiotensin II type 1 receptor 
antagonist, and by saralasin,239 an angiotensin II competi-
tive inhibitor. Angiotensin II can also stimulate VEGF and 
endothelin release (see earlier), activate NAD/NADP oxi-
dase, and induce superoxide production and hypertrophy 
of mesangial cells.241 Many of the angiotensin II actions are 
indirect and dependent on TGF-β or VEGF release. Interest-
ingly, diabetic rats deficient in angiotensin type 1 receptors 
do not show increased renal TGF-β mRNA levels, support-
ing the hypothesis that the increase in TGF-β in diabetes is 
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mediated by angiotensin II.242 The relative importance of 
systemically-derived versus locally generated angiotensin II 
in the pathogenesis of tissue injury remains controversial243 
(see the section entitled “Hemodynamic Mechanisms”).

Bradykinin
Bradykinin, the major effector molecule of the kallikrein-
kinin system, inhibits angiotensin II formation and prevents 
degradation of vasodilatory kinins,244 and thus could have 
a protective role on the progression of renal failure. Bra-
dykinin can also increase NO levels.245 Alterations in the 
kallikrein-kinin system have been found in experimental246 
and clinical247 diabetes (see the section entitled “Hemody-
namic Mechanisms”). Diabetic rats that developed protein-
uria and reduced GFR showed increased serum and urinary 
levels of bradykinin compared to control animals.248 
Patients with type 2 diabetes have lower renal kallikrein 
levels, suggesting that impairment of this system contrib-
utes to the development of DN.249 Under physiologic con-
ditions, most of bradykinin effects involve bradykinin-B2 
receptors.249 A bradykinin-B2 receptor antagonist used 
alone or in association with an ACE inhibitor (ramipril) or 
an angiotensin II type 1 receptor blocker (ARB; valsartan) 
had no effect on AER and glomerular ultrastructure [GBM 
width and Vv(Mes/glom)] in diabetic rats.250 In a previ-
ous study, this bradykinin-B2 receptor antagonist reduced 
hyperfiltration251 and AER252 in diabetic rodents. It has 
been suggested that modulation of the kallikrein-kinin sys-
tem by ACE inhibitors may contribute to the renoprotective 
effect of these drugs. ACE inhibition reduces angiotensin 
II formation and induces bradykinin accumulation.244,253 
A randomized, double-blind, cross-over clinical trial in 16 
patients with type 1 diabetes and DN did not find differ-
ences in AER, GFR, and 24-hour blood pressure between 
an ACE inhibitor (enalapril) and an ARB (losartan) used 
for 2 months,254 while both drugs reduced AER and blood 
pressure when compared to placebo. There was no effect on 
GFR. These studies suggest that the renoprotective effects 
of ACE inhibitors are independent of bradykinin, as ARBs 
do not increase bradykinin levels. However, a much larger 
clinical trial showed that, although there was no difference 
on the rate of progression of glomerular lesions among 
normoalbuminuric patients with type 1 diabetes random-
ized to enalapril, losartan, or placebo, patients randomized 
to losartan more often progressed to microalbuminuria as 
compared to the other two groups.255

Endothelin
Endothelins, potent vasoconstrictors and positive inotropic 
and chronotropic myocardial agents, increase the plasma 
levels of a number of vasoactive hormones, such as atrial 
natriuretic peptide, aldosterone, and catecholamines. They 
are produced and secreted by endothelial, epithelial, and 
mesangial cells.256 TGF-β, angiotensin, hypoxia, and hemo-
dynamic shear forces increase endothelin synthesis by vas-
cular endothelial cells.257 On the other hand, endothelins 
can induce TGF-β synthesis and stimulate mesangial cells, 
smooth muscle cells, and fibroblast proliferation.256,257 High 
glucose induces endothelin-1 expression in rat mesangial 
cells258 and endothelin stimulation activates MAPKs [extra-
cellular signal–regulated kinases (ERK1 and ERK2)] in a 

PKC-dependent mechanism.259,260 Reactive oxygen species 
can also enhance endothelin-1 production in the glomeruli 
of diabetic rats, and ROS scavengers suppress endothelin-1 
production both in vivo and in vitro.261 Endothelins can 
also reduce renal blood flow and GFR.262 Diabetic rats have 
higher urinary endothelin-1 excretion and AER than con-
trols. Endothelin-A receptor antagonist,263 insulin,264 and 
enalapril265 treatment ameliorated the glomerular increase 
of endothelin-1 mRNA in diabetic rats. Administration of 
endothelin-A/endothelin-B,266 but not of endothelin-A,263 
receptor antagonist reduced AER in diabetic rats. Higher 
urinary endothelin-1 excretion was reported in patients with 
type 1 and type 2 diabetes versus nondiabetic controls, and 
urinary endothelin-1 was correlated with AER and serum 
albumin in patients with diabetes.267-268 However, other 
studies found lower urinary excretion and higher plasma 
endothelin-1 levels in patients with type 2 diabetes when 
compared to controls.269-270 Atrasentan, a selective endo-
thelin A receptor antagonist, reduced albuminuria with no 
changes in GFR in patients with type 2 diabetes and the DN 
as compared to placebo.271 There was also a beneficial effect 
on 24-hour blood pressure and lipid profile. These effects 
were not permanent, and they disappeared after the 30-day 
washout period. In this randomized trial, atrasentan use for 
12 weeks was not significantly associated with discontinu-
ation of the study due to fluid retention–related events.271 
A large study evaluating the use of another endothelin 
antagonist, avosentan, in hard renal outcomes (composite 
of doubling of serum creatinine, end-stage renal disease, 
or death) in patients with type 2 diabetes was terminated 
due to excessive cardiovascular events (fluid overload and 
congestive heart failure) in the avosentan group, despite a 
reduction in albuminuria.272

To definitively implicate the pathways discussed ear-
lier (PKC, TGF-β, IGF, VEGF, and others), it is impor-
tant to demonstrate that typical DN lesions, as defined by 
well-established electron microscopy morphometric tech-
niques, can develop upon activation of these pathways in 
nondiabetic animals, or be prevented by treatment with 
specific inhibitors in animals or humans with diabetes.

Tumor Necrosis Factors
Tumor necrosis factor alpha (TNFα) is the best-known 
member of this class. TNFα has a wide variety of func-
tions. TNFα binds to two receptors, TNF receptors 1 
(TNFR1) and 2 (TNFR2). Early GFR loss in patients 
with type 1 diabetes without proteinuria was indepen-
dently associated with circulating TNFR1 levels but not 
TNFα levels,273 while elevated plasma concentrations of 
TNFR1 and TNFR2 predicted the development of ESRD 
in patients with type 2 diabetes without proteinuria.274

Oxidative Stress
Oxidative stress is increased in diabetes.275 The debate 
has been whether oxidative stress has a primary role in 
the pathogenesis of DN.276 Skin fibroblasts from patients 
with type 1 diabetes with DN do not show the expected 
increase in mRNA expression and activity for catalase 
and glutathione peroxidase, two antioxidant enzymes, 
when exposed to a high glucose condition in vitro.277 Cat-
alase converts hydrogen peroxide (H2O2) to oxygen and 



94954 DIABETIC NEPHROPATHY

water, while glutathione peroxidase reduces peroxide and 
superoxide (O2°) levels. Glutathione peroxidase requires 
a high cellular level of reduced glutathione to be effective. 
Lipid peroxidation, induced by exposure to high glucose, 
was also increased in cells of patients with type 1 diabetes 
with DN.277 These findings suggest that increased oxida-
tive stress in patients with type 1 diabetes with DN is, 
at least in part, associated with a decreased response of 
antioxidant enzymes to high glucose. Increased oxidative 
stress was also demonstrated in families of patients with 
type 1 diabetes,278 suggesting that an abnormal redox 
state could even precede diabetes onset. Interestingly, 
erythrocyte glutathione content is correlated to Na+/H+ 
exchanger (NHE) activity,279 linking oxidative stress to 
an ion-transport system associated with DN risk.

There is an association between oxidative stress, NO 
production, and endothelial dysfunction.280,281 Endothe-
lium-derived NO is a potent vasodilator that also has anti-
atherogenic properties.282 Endogenous NO produced by 
glomerular capillary endothelial cells may modulate TGF-
β production by these cells and also by mesangial cells.281 
Endothelial NO synthesis can be stimulated by shear stress 
and pulsatile vessel stretching,283 hypoxia,284 and by ago-
nists such as acetylcholine and bradykinin.285 Exposure to 
high glucose concentrations increases eNOS gene expres-
sion and NO release, with a concomitant increase in O2° 
production.286 O2° inactivates and reacts with NO to 
form peroxynitrite,286 a potent oxidant, leading to endo-
thelial dysfunction.287 Normalization of NO-mediated 
vasorelaxation in high glucose conditions by superoxide 
dismutase,288 a scavenger that converts O2° into hydro-
gen peroxide, further adds to this association. NO sup-
pressed TGF-β activity and abolished TGF-β1 mRNA and 
collagen synthesis increase in mesangial cells grown under 
high-glucose conditions. Also, in vitro stimulation of iNOS 
activity reduced collagen and fibronectin accumulation in 
rat mesangial cells.289 NO may also modulate MMP-2 
activity in these cells.290 Decreased basal and stimulated 
NO release and reduced NO bioavailability and vascular 
smooth cell responsiveness have been shown in diabetes. 
Hyperglycemia may cause these abnormalities by several 
mechanisms, including increase in advanced glycation 
and end-product (AGE) production, polyol pathway and 
PKC activities, and oxidative stress, as further described 
later. AGEs can quench NO both in vitro and in vivo,291 
decreasing its bioavailability and impairing NO’s antip-
roliferative effects on mesangial cells.292 Interestingly, 
aminoguanidine, an AGE cross-link inhibitor, also inhib-
its NO293 and restores endothelium-dependent relaxation 
in diabetic rats.291 Increased aldose reductase activity in 
chronic hyperglycemia causes reduced NADPH, an essen-
tial cofactor for NOS, and could thus lead to reduced NO 
production.280 Increased PKC could also lead to impaired 
endothelium-dependent relaxation.294

Thus, the increase in intracellular ROS induced by 
hyperglycemia may arise from multiple pathways,295 
including: (1) glucose autoxidation; (2) hydrogen per-
oxide (H2O2) generated from the oxidation of enediols 
formed from Amadori products; and (3) O2° formed by 
the mitochondrial oxidation of NADH to NAD+ or dur-
ing prostaglandin generation [prostaglandin synthase 

utilizes NADH (and NADPH), generating O2°]. Both 
H2O2 and hydroxyl radicals (•OH) may be derived from 
O2°. Mitochondrial superoxide overproduction stimu-
lates aldose reductase activity, thus initiating the de novo 
synthesis of diacylglycerol, activating PKC. Reactive oxy-
gen species can also initiate intracellular AGE formation 
(see Fig. 54-14). Inhibitors of the mitochondrial electron 
transport system and manganese superoxide dismutase, 
an enzyme that leads to ROS scavenging in the mitochon-
drial matrix, inhibit ROS production secondary to hyper-
glycemia. These agents also prevent high-glucose–induced 
PKC and NF-κB activation, methylglyoxal-derived AGEs 
formation, and sorbitol accumulation through the polyol 
pathway. This strongly suggests that ROS are not only 
necessary for the damage caused by hyperglycemia, but 
can also be the link between the several pathophysiologic 
hypotheses for DN. Recent studies suggest that the high-
glucose–induced sustained increase in NF-κB p65 unit 
expression in vitro after cells are transferred to a normal 
glucose medium is caused by epigenetic modifications. 
These epigenetic changes are caused by increased gen-
eration of methylglyoxal due to hyperglycemia-induced 
formation of ROS by the mitochondrial electron trans-
port system. Methylglyoxal, the most reactive dicarbonyl 
AGE-intermediate in cross-linking of proteins, on its 
turn, can regenerate ROS in the course of glycation reac-
tions.296 In vitro studies demonstrated that vitamin E, an 
antioxidant, blocks the high-glucose–induced increase in 
PKC, TGF-β bioactivity, collagen, and fibronectin synthe-
sis in mesangial cells.215,297 Taurine, another antioxidant, 
also inhibits PKC activation,215 TGF-β increase,215 and 
collagen accumulation298 in rat mesangial cells exposed 
to high glucose.215 In contrast, vitamin E did not alter 
the TGF-β–induced increase in matrix protein synthesis 
in mesangial cells.215 Treatment of diabetic rats with anti-
oxidants shows conflicting results. Diabetic rats treated 
with selenium and vitamin E299 or nitecapone, another 
antioxidant,300 showed reduction of AER, hyperfiltra-
tion, and glomerular lesions. Intraperitoneal injection 
of vitamin E also prevented glomerular increase of dia-
cylglycerol content, PKC activity, and filtration rate and 
fraction, and improved AER in diabetic rats.301 How-
ever, another study observed less proteinuria, gloen-
dothelinmerular hypertrophy, glomerulosclerosis, and 
tubulointerstitial fibrosis, and preserved glomerular type 
IV collagen staining in taurine-treated animals, while 
vitamin E–treated animals had extremely high mortality 
and worse renal lesions.302 Another study showed that 
N-acetyl-cystein, but not taurine, prevented the increase 
in glomerular volume in streptozotocin-induced diabe-
tes in rats.303 In combination with vitamin C, vitamin E 
administered for 3 months reduced AER in a randomized, 
double-blind, placebo-controlled clinical trial in patients 
with type 2 diabetes.304 Further studies evaluating the 
long-term effects of vitamin E supplementation on renal 
function of patients with diabetes are needed. Four weeks 
treatment with pirfenidone, an antifibrotic agent that 
regulates ECM in mouse mesangial cells by decreasing 
TGF-β promoter activity and TGF-β protein secretion, 
and inhibits TGF-β–induced Smad2-phosphorylation and 
ROS generation, significantly reduced mesangial matrix 
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expansion and expression of renal matrix genes, but did 
not affect albuminuria in db/db mice.305 In a 54-week 
randomized, double-blind, placebo-controlled study in 
77 micro- or macro-albuminuric patients with reduced 
GFR (20 to 75 mL/min/1.73 m2), subjects randomized to 
pirfenidone (1200 mg/day) had their GFR preserved as 
compared to the placebo group, while the change in GFR 
was not different between the higher-dose prifenidone 
(2400 mg/day) and the placebo group.306 In this study, 
baseline levels of plasma biomarkers of inflammation and 
fibrosis significantly correlated with baseline GFR but did 
not predict response to therapy.306 These results suggest 
that pirfenidone may be a promising agent for individuals 
with overt DN.

Bardoxolone methyl, an oral antioxidant inflammation 
modulator that activates the Keap1-Nrf2 pathway,307 
has shown efficacy in patients with CKD and type 2 dia-
betes in short-term (8-week)308 and longer (52-week)309 
studies. However, a larger randomized trial including 
2185 patients with type 2 diabetes and GFR between 15 
and 30 mL/min/1.73 m2 was terminated early (average 
follow-up of 9 months) because of increased risk for hos-
pitalization due to heart failure in patients randomized to 
bardoxolone as compared to placebo.310

Glycosylation Products
Nonenzymatic reactions between reducing sugars, such 
as glucose, and free amino groups, lipids, or nucleic acids, 
known as the Maillard reaction, are one of the major met-
abolic effects of diabetes.311,312

Many proteins, including hemoglobin,313 albumin,312 
low-density lipoproteins,314 erythrocyte membrane pro-
teins,315 and crystalline lens,316 undergo nonenzymatic 
glycosylation in diabetes, leading to altered physiochemi-
cal properties of these molecules. This early glycation 
process proceeds through the labile Schiff base adducts 
formation and intramolecular Amadori rearrangement, 
to become a stable glucose-modified protein. Amadori 
products compose the majority of plasmatic glucose-
modified proteins, and receptors for some of those modi-
fied proteins have been defined.317 Further modifications 
of Maillard reaction products lead to intermolecular and 
intramolecular cross-links and formation of AGEs. These 
reactions are complex, and the reader is referred to sev-
eral excellent reviews for greater detail.318,319

Renal cells grown in high glucose have upregulation 
of the TGF-β143,320,321 and PKC218,322 systems, and they 
exhibit ECM overproduction.217,323 Amadori-glycated 
proteins have similar effects, even without high-glucose 
media. Glomerular epithelial cells exposed to glycated 
fetal bovine serum show increased laminin and GBM 
antigens, unchanged type I collagen and fibronectin, 
and decreased collagenase activity.324 Glycated albumin 
and high glucose together cause an even greater in vitro 
increase in TGF-β1, TGF-β type II receptor, α1(IV) col-
lagen, and fibronectin mRNA than either manipulation 
alone.325,326 Moreover, antibody to glycated albumin 
prevented the increase in fibronectin and type IV col-
lagen expression in rodent endothelial and mesangial 
glomerular cells exposed to glycated albumin.311,325,327 
Antiglycated albumin antibody administration lowers 

plasma glycated albumin concentration, reduces AER, 
and improves glomerular mesangial pathology in db/db 
diabetic mice.328,329 Treatment with an inhibitor of gly-
cated albumin formation (EXO-226) normalized glycated 
albumin plasma concentration, reduced AER, prevented 
GFR decline, and reduced MM accumulation and α1(IV) 
collagen cortical mRNA expression in db/db mice despite 
persistent hyperglycemia.330 Blockage of overall PKC or 
PKC-β activity prevented the glycated-albumin–induced 
increase in type IV collagen production,219,220 consistent 
with the idea that PKC, particularly the β isoform, plays 
a role in the glycated-albumin–induced ECM accumula-
tion. Patients with type 1 diabetes showed higher plasma 
levels of glycated-albumin than nondiabetic controls, and 
patients with type 1 diabetes with DN showed higher 
plasma levels of Amadori albumin than normoalbumin-
uric patients.331 However, studies examining the role of 
Amadori-glycated proteins in the progression of diabetic 
renal disease have reached conflicting conclusions.332-334

Accumulation of glycation products may be a major 
contributor to the development of diabetic complica-
tions.335-337 Increased AGEs can stimulate the synthesis 
of various growth factors, including IGF-1 and TGF-β. 
Binding of AGE-proteins to its receptors on cell surfaces 
induces an intracellular oxidative response in vitro, char-
acterized by increased NF-κB.338

A hallmark of the glomerular changes caused by diabe-
tes is mesangial expansion, mainly due to ECM increase. 
Mesangial cells exposed to high glucose when the matrix is 
being made or degraded show reduced rates of mesangium 
degradation,339 favoring ECM accumulation.340 Human 
and rat mesangial cells exposed to glycated bovine serum 
albumin showed increased IGF-1, IGF-1I, and TGF-β1 
mRNAs; IGF-1 and TGF-β proteins; and ECM (laminin, 
type IV collagen, and fibronectin) proteins and mRNAs. 
These effects were prevented by aminoguanidine or by an 
AGE-receptor 1 antagonist.341 Both high glucose and gly-
cated bovine serum albumin can increase AGE-receptor 
expression in rat mesangial cells.342 Induction of diabetes 
increases mRNA expression and immunohistochemistry 
staining of AGE-receptors in rat glomeruli.342 Further, 
intraperitoneal AGE-modified mouse albumin increases 
glomerular TGF-β1 and ECM components mRNA343 and 
causes glomerular hypertrophy. These effects are reduced 
by aminoguanidine.343 Oral treatment with aminoguani-
dine also normalized renal mRNA expression of IGF-1 
and IGF-binding proteins in diabetic rats.344 Aminogua-
nidine also diminished albuminuria and the increase in 
collagen-related fluorescence in the aorta, glomeruli, and 
renal tubules of diabetic rats.337 In this study, aminogua-
nidine prevented the increase in Vv(Mes/glom), but did 
not prevent GBM thickening. However, another study 
found aminoguanidine to ameliorate the GBM thickening 
but not the Vv(Mes/glom) increase in diabetic rats.345 In 
similar studies (MW Steffes, M Mauer, unpublished data), 
aminoguanidine failed to reverse GBM thickening and 
mesangial expansion in severe long-standing diabetic rats. 
Novel inhibitors of advanced glycation have been shown 
to exhibit renoprotective effects similar to aminoguani-
dine.346-348 OPB-9195 reduced renal  TGF-β1, VEGF, and 
type IV collagen mRNA expression, glomerular TGF-β1, 
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VEGF, type IV collagen, and AGE immunoreactivity, 
albuminuria, and progressive glomerulosclerosis without 
changing glycemia, in an animal model of type 2 diabe-
tes.349,350 Moreover, serum AGE levels were independent 
predictors of progression of early structural glomerular 
lesions [Vv(MM/glom)] in microalbuminuric patients 
with type 1 diabetes.351 Pimagedine, a second-generation 
AGE inhibitor, reduced urinary protein excretion in pro-
teinuric patients with type 1 diabetes, and also decreased 
the chances of doubling serum creatinine in patients with 
an initial creatinine lower than 1.5 mg/dL.352 In a random-
ized, double-blind, placebo-controlled study, pimagedine 
significantly reduced proteinuria and the rate of GFR 
decline in patients with type 1 diabetes with nephropathy 
and retinopathy at baseline.353 Also, fewer pimagedine-
treated patients experienced a three-step or greater pro-
gression of the retinopathy (Early Treatment of Diabetic 
Retinopathy Study) score.353 However, some patients 
receiving high-dose pimagedine developed glomerulone-
phritis.353 Pyridorin, a newer AGE-formation inhibitor 
that scavenges ROS and toxic carnonyls, failed to pre-
serve renal function in a 52-week placebo-controlled, 
randomized, controlled trial in proteinuric patients with 
type 2 diabetes. However, pyridirin may have a protective 
role in patients with less-advanced DN.354

Further studies of glycation’s role in pathogenesis 
and treatment strategies for DN are warranted. How-
ever, the fact that glycation is an non-enzymatic process 
dependent on the duration and magnitude of glycemia 
currently leaves unexplained why only about one half 
of patients with very poor glycemic control develop 
clinical DN.355

Increased Activity of Aldose Reductase
Aldose reductase, the enzyme that catalyzes the reduc-
tion of glucose to sorbitol in the polyol pathway (see Fig. 
54-14), has been associated with DN and other micro-
vascular complications. Aldose reductase, not present 
in all mammalian cells, is present in all the target tissues 
of diabetic complications. These tissues include kidney, 
lens, retinal capillary wall perycites, vascular endothe-
lium, and peripheral nerve (Schwann cells). Increased 
activity of aldose reductase leads to accumulation of sor-
bitol, which is further converted to fructose by the sor-
bitol dehydrogenase enzyme, using NAD+ as substrate. 
The ratio NAD+/NADH decreases, and the conversion of 
glyceraldehyde 3-phosphate to 1,3 bisphosphoglycerate is 
blocked, leaving more substrate (glyceraldehyde 3-phos-
phate) for the synthesis of α-glycerol phosphate, a diacyl-
glycerol precursor. Diacylglycerol is a PKC activator that, 
as discussed, could regulate ECM synthesis and removal. 
Also, increased activity of aldose reductase consumes 
NADPH, leading to decreased or depleted glutathione. 
As discussed earlier, glutathione is used by glutathione 
peroxidase to reduce peroxides or O2°, yielding oxidized 
glutathione. Glutathione can also act as a detoxificant for 
carbonyl compounds.276 Hypertonicity stimulates aldose 
reductase gene expression, and kinases (p38-MAPK and 
ERKs) appear to be involved in the regulation of this 
response.356 Both glucose and H2O2 activate p38-MAPK 
in vitro, suggesting that increased glucose may contribute 

to increased aldose reductase expression, independently 
of hyperosmotic conditions. PKC also has a role in con-
trolling aldose reductase gene transcription.357 More-
over, ROS decrease NO content, which activates aldose 
reductase. Increased aldose reductase activity may also 
contribute to impaired renal autoregulation.358 An aldose 
reductase inhibitor prevented type IV collagen and fibro-
nectin accumulation in human renal proximal tubular 
cells exposed to high glucose.359 Treatment of diabetic 
animals with aldose reductase inhibitors generated diver-
gent results.360-362 One study showed prevention of renal 
and glomerular hypertrophy, but not of GBM thicken-
ing,363 while another reported prevention of mesangial 
expansion.364 Tolrestat, an aldose reductase inhibitor, 
prevented increased GFR, AER, and glomerular hyper-
trophy, and it attenuated the accumulation of basement-
membrane–like material in diabetic rats, with no effect 
on mesangium expansion.365 Peripheral blood mononu-
clear cell aldose reductase mRNA levels are increased in 
patients with type 1 diabetes and DN but not in diabetic 
patients without nephropathy.366 Aldose reductase inhib-
itors have a partial367-369 or no370,371 effect in ameliorat-
ing renal microvascular complications in human studies.

The Steno Hypothesis
According to the Steno hypothesis, albuminuria reflects 
widespread vascular damage.372 Hyperglycemia, by decreas-
ing the synthesis of and reducing sulfation levels, can lead 
to partial depletion of heparan sulfate,373 the main glycos-
aminoglycan component of glomerular basement mem-
branes.374 Reduced renal heparan sulfate can decrease the 
glomerular capillary wall electrostatic charge barrier.375 
Abnormal glomerular charge permselectivity has been 
observed in diabetic rats376 and humans,377 suggesting that 
loss of glomerular capillary wall proteoglycans may be 
responsible for the initial increase in the excretion of nega-
tively charged albumin.374,378 Changes in heparan sulfate 
have also been associated with other diabetic complica-
tions.379,380 Administration of a modified heparin glycos-
aminoglycan preparation to mesangial cells exposed to high 
glucose in vitro caused inhibition of TGF-β1 overexpres-
sion, probably through inhibition of the glucose-induced 
PKC activation.381 The changes in the balance of α1(IV) 
collagen, MMP-2, and TIMP-2 in human and murine cells 
exposed to high glucose were partially reversed by heparin 
supplementation.382 Animal studies have shown that sub-
cutaneous administration of low–molecular-weight heparin 
perhaps by inducing heparan sulfate synthesis, prevented 
increased AER, GBM, and α1(IV) collagen expression and 
deposition in diabetic rats.383-385 Reduction in AER was also 
reported after treatment with subcutaneous low–molecular-
weight heparin or similar drugs in microalbuminuric and 
proteinuric type 1386-389 and type 2390 diabetic patients, but 
the results are still controversial.391 Danaproid, a mixture 
of sulfated glycosaminoglycan consisting mainly of hepa-
ran sulfate, not only decreased AER388 but also reduced 
retinal hard exsudates in proteinuric patients with type 1 
diabetes.392 Sulodexide, a glycosaminoglycan mixture of 
80% heparan sulfate and 20% dermatan sulfate, which 
presumably restores the glycoprotein content on the GBM, 
was shown to reduce proteinuria in experimental diabetes. 
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However, 6 months of therapy did not reduce albuminuria 
in a pilot randomized, double-blind study of 149 microal-
buminuric patients with type 2 diabetes.393 The absence of 
an effect of albuminuria was confirmed in larger placebo-
controlled, double-blind studies of microalbuminuric394 or 
macroalbuminuric395 patients with type 2 diabetes. It is also 
clear from earlier discussions that important DN lesions can 
develop in patients with normal glomerular permselectivity 
(see the section entitled “Kidney Structure in Diabetes” ear-
lier in the chapter). Thus, measurably abnormal glomerular 
permselectivity is not necessary for the genesis of DN lesions.

Vitamin D levels have also been implicated with chronic 
kidney disease. A multivariable analysis of patients with 
chronic kidney disease showed that lower calcitriol lev-
els were strongly correlated with higher risk for diabetes, 
albuminuria, and lower GFR.396 Vitamin D receptor–
knockout diabetic mice had severe albuminuria, increased 
GBM, and podocyte effacement.397 In preclinical models, 
a selective activator of the vitamin D receptor, paricalci-
tol, reduced albuminuria and slowed the progression of 
kidney injury.398-400 Moreover, in STZ-treated diabetic 
DBA/2J mice, combined treatment with paricalcitol and 
an ARB (losartan) blocked the development of albumin-
uria, maintained the structure of the glomerular filtration 
barrier, and reduced glomerulosclerosis in association 
with reduced renal expression of renin.401 In a larger pla-
cebo-controlled, double-blind trial, patients with type 2 
diabetes and albuminuria receiving RAS-blocking agents 
in combination with paricalcitol 2 mcg/day for 24 weeks 
reduced albuminuria as compared to placebo.402

In summary, several mechanisms have been proposed 
to explain the development of renal complications in dia-
betes. It appears that multiple pathways interact and are 
involved in a process that is probably genetically regulated. 
Recent advances in molecular biology, genetics, and epi-
genetics will hopefully bring new insights as to the mecha-
nisms involved in the genesis of DN. These advances will 
allow early identification of patients who are at risk for, or 
safe from, DN and will hopefully lead to specific preventive 
strategies based on the understanding of the pathophysi-
ologic bases of DN. Moreover, the demonstration that 
DN lesions are reversible could lead to treatment aimed 
at stimulating the healing capacities of the kidney with the 
goal of restoring lost function or preventing further loss.

TREATMENT
The major therapeutic interventions for prevention and 
treatment of DN include near-normal blood glucose con-
trol, blood pressure control, lipid lowering, and restric-
tion of dietary proteins. The impact of these treatment 
modalities on progression from normoalbuminuria to 
microalbuminuria (primary prevention), microalbumin-
uria to proteinuria (secondary prevention), and protein-
uria to ESRD (tertiary prevention) will be discussed.

Blood Glucose Control
Primary Prevention
Strict glycemic control achieved by insulin treatment or 
β cell transplantation normalizes hyperfiltration, hyper-
perfusion, and glomerular capillary hypertension, and 

reduces the rate of raise in AER in experimental diabe-
tes.403 Short-term near-normal blood glucose control 
reduces GFR, renal plasma flow (RPF), AER, and kidney 
hypertrophy in normoalbuminuric patients with type 1 
diabetes.404 The beneficial effect of long-term strict glyce-
mic control was initially demonstrated in several smaller 
studies of patients with type 1 diabetes and summarized 
in a meta-analysis showing an odds ratio for progres-
sion from normoalbuminuria to microalbuminuria rang-
ing from 0.22 to 0.40 in the intensified glycemic control 
group.405 However, in several studies, the frequency of 
severe hypoglycemia was not surprisingly greater with 
intensive therapy.405 In addition, initial worsening of reti-
nopathy was seen with strict glycemic control, but progres-
sion of retinopathy after additional follow-up was slower 
than in conventionally treated patients.406 These findings 
were corroborated and extended by the DCCT,407 where 
intensive therapy reduced the development of microalbu-
minuria by 39% [95% confidence interval (CI): 21% to 
52%] and of macroalbuminuria by 54% (95% CI: 19% 
to 74%), when the primary and the secondary preven-
tion cohorts were combined. Despite these good results, 
16% of the patients with type 1 diabetes in the primary 
prevention cohort and 26% of the patients in the second-
ary prevention cohort developed microalbuminuria dur-
ing the 6.5 years of intensive treatment. Furthermore, 
only motivated patients were included in this study, and 
the efforts to obtain such results were intense. Follow-
up of the DCCT cohorts in the EDIC demonstrated that 
the strict glycemic control was not maintained when the 
study ended, and after 4 years, glycated hemoglobin levels 
were no longer different between intensively and conven-
tionally treated patients.408 It is interesting to note that 
although glycemic control deteriorated after DCCT close-
out in patients originally assigned to the intensive treat-
ment group, it improved in patients originally assigned 
to the conventional treatment group. Perhaps even more 
interesting, the EDIC also demonstrated that the benefits 
of strict glycemic control persisted way beyond the end of 
the DCCT trial.408

The Kumamoto study demonstrated the beneficial impact 
of strict glycemic control on progression from normoalbu-
minuria to microalbuminuria and macroalbuminuria in 
Japanese type 2 diabetic subjects.409 This was confirmed 
and extended by the UKPDS, documenting a progressive 
beneficial effect of intensive glycemic control on the devel-
opment of microalbuminuria and overt proteinuria.32 These 
results were more recently confirmed by the Action in Dia-
betes and Vascular Disease (ADVANCE) study.410

Secondary Prevention
Poor glycemic control is a risk factor for progression from 
microalbuminuria to macroalbuminuria, but intervention 
studies on the effect of strict blood glucose control on 
progression/regression of microalbuminuria in patients 
with type 1 diabetes have shown conflicting results, as 
reviewed by Parving.403 It is possible that the follow-up 
on these studies was too short, as the UKPDS study docu-
mented a progressive beneficial effect on the development 
of proteinuria and doubling of plasma creatinine during 
a 15-year follow-up period.32 Moreover, maintenance 
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of euglycemia by pancreas transplantation in patients 
with type 1 diabetes did not improve glomerular lesions 
after 5 years, but led to reversal of glomerulopathy after  
10 years.411 Three of five initially microalbuminuric or 
macroalbuminuric patients were found to be normoalbu-
minuric 10 years after successful pancreas transplanta-
tion, and AER decreased in the other two patients.411

Patients with microalbuminuria are at increased risk 
for macroalbuminuria and early cardiovascular disease. 
Intensified multifactorial intervention (pharmacologic and 
nonpharmacologic therapy targeting hyperglycemia, hyper-
tension, dyslipidemia, and microalbuminuria) in micro-
albuminuric patients with type 2 diabetes substantially 
slowed the rate of progression of microvascular (nephrop-
athy, retinopathy, and autonomic neuropathy) and mac-
rovascular complications, including fatal and nonfatal 
cardiovascular disease as well as overall mortality.412-414

Tertiary Prevention
In most prospective observational studies, there is an 
association between glycemic control and progression of 
DN.403,415-417 In contrast, interventional studies failed to 
demonstrate a beneficial effect of improved glycemic con-
trol on the progression of renal damage in patients with 
type 1 diabetes with nephropathy. The rate of decline in 
GFR and the increase in proteinuria and arterial blood 
pressure were not affected by improved glycemic control 
in these studies.8 It should be stressed that none of the tri-
als conducted so far were randomized, and the number of 
patients investigated was small.

Blood Pressure Control
Primary Prevention
Elevated arterial blood pressure is a risk factor for micro-
albuminuria in most observational studies, and it has been 
suggested that elevated blood pressure at night might be 
particularly harmful.18 As discussed in detail earlier (see 
the section entitled “Pathogenesis of Diabetic Nephropa-
thy”), glomerular hypertension maybe an important fac-
tor in the pathogenesis of diabetic glomerulopathy, even 
in normotensive diabetic animals, suggesting that lower-
ing systemic blood pressure without concomitant reduc-
tion of glomerular capillary pressure may be insufficient 
to prevent glomerular injury.418-420 Blockade of the renin-
angiotensin system with an ACE inhibitor, lowering glo-
merular capillary pressure, was superior for prevention 
of glomerular damage when compared to other antihy-
pertensive agents (hydralazine and hydrochlorothiazide, 
or the calcium channel blocker nifedipine) in normoten-
sive418-419 but not hypertensive421 models.

Compared with placebo, ACE inhibitors failed to dem-
onstrate a beneficial effect on the progression to micro-
albuminuria in normotensive normoalbuminuric type 1 
and patients with type 2 diabetes.422-424 Beneficial effects 
of aggressive blood pressure control on albuminuria, reti-
nopathy, and incidence of stroke were demonstrated in 
normotensive (BP <160/90 mmHg) patients with type 2 
diabetes enrolled in the Appropriate Blood Pressure Con-
trol in Diabetes (ABCD) trial.425 The results were the 
same whether enalapril or nisoldipine was used as the ini-
tial blood pressure–lowering agent.

In general, use of antihypertensive agents (ACE inhibi-
tors or other agents) for primary prevention of micro-
albuminuria in normotensive (BP <130/80 mm Hg) 
normoalbuminuric subjects with diabetes is not recom-
mended by current guidelines.426 However, results of a 
randomized multicenter trial in normoalbuminuric nor-
motensive patients with type 1 diabetes showed, when 
compared to placebo, a benefit of active blood pressure 
medications (ACE inhibitor or ARB) in the rate of pro-
gression of retinopathy.427 In this 5-year follow-up study, 
no differences in the rate of progression of DN lesions 
were detected among groups.427

In hypertensive normoalbuminuric patients with type 2 
diabetes, ACE inhibitors have been compared with dihy-
dropyridine calcium antagonists428,429 or β blocker.430 
These studies reported a similar renoprotective effect of 
blood pressure reduction that was independent of ACE 
inhibition. Furthermore, after 6 years of follow-up, the 
UKPDS study reported a 29% (P<0.009) reduction in 
the risk for microalbuminuria, with a nonsignificant 
39% reduction in the risk for proteinuria (P=0.061) in 
the group randomized to tight blood pressure control.430 
The Bergamo Nephrologic Diabetes Complications Trial 
(BENEDICT) demonstrated that ACE inhibition reduced 
blood pressure and development of microalbuminuria 
in normoalbuminuric hypertensive patients with type 2 
diabetes. In contrast, the effect of verapamil alone was 
similar to that of placebo.431 In the ADVANCE study, a 
combination of ACE inhibitor (perindopril) and diuretic 
(indapamide) reduced by 21% (95% CI: 14% to 27%) 
the rate of new-onset microalbuminuria in normotensive 
and hypertensive patients with type 2 diabetes.432

Secondary Prevention
The majority of studies evaluating the rates of progres-
sion of microalbuminuria in type 1 diabetes studied the 
effect of ACE inhibitors. A meta-analysis of 12 trials last-
ing for at least 1 year, including 698 microalbuminuric 
patients with type 1 diabetes, revealed that ACE inhibi-
tors reduced the risk for progression to macroalbumin-
uria by 62% (95% CI: 43% to 75%) when compared to 
placebo.433 At 2 years, AER was 50% lower in patients 
taking ACE inhibitors than in those receiving placebo, 
and regression to normoalbuminuria was three times 
more frequent compared to patients receiving placebo.433 
However, an 8-year follow-up study demonstrated the 
beneficial effect of ACE inhibitors on progression to mac-
roalbuminuria in association with preservation of nor-
mal GFR.434 AER levels were no longer different from 
the placebo group after a 2-month washout. Thus, it has 
been discussed if changes in AER are a valid end point, 
as morphologic changes could worsen even if AER was 
reduced. However, studies in microalbuminuric type 
1 and patients with type 2 diabetes with early diabetic 
glomerulopathy confirmed that agents blocking the renin 
angiotensin system have a beneficial impact on glomeru-
lar structural changes.435-437 In addition, programs aimed 
at screening for microalbuminuria and starting interven-
tion with antihypertensive agents in patients with type 1  
diabetes are also cost-effective, as such programs are 
likely to save lives and lead to considerable economic 
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savings.438 However, as already discussed at the begin-
ning of the chapter, microalbuminuria is not a precise 
predictor of DN risk.

The effect of ACE inhibition on the progression of 
microalbuminuria has also been evaluated in patients 
with type 2 diabetes. A randomized 5-year follow-up 
study of 94 normotensive microalbuminuric patients 
with type 2 diabetes showed that only 12% of patients 
treated with enalapril developed DN, compared to 42% 
in the placebo-treated group.439 Also, renal function was 
stable in the enalapril-treated group, but declined by 13% 
in the placebo-treated group.439 Subsequent studies also 
showed a beneficial effect on AER and FGR, but washout 
was not performed in these studies.425,440-442

In hypertensive microalbuminuric patients with type 
2 diabetes, antihypertensive treatment has a beneficial 
effect on progression of nephropathy.414,424,428-430,443-445 
It has been suggested that agents that block the renin-
angiotensin system have a beneficial effect on kidney 
function beyond their effect on systemic blood pres-
sure.414,424,428-430,443-445 However, limited power and 
short duration may explain the different results obtained 
by different trials. In order to clarify this, the effect of 
an ARB (Irbesartan) was evaluated in 590 hypertensive 
microalbuminuric patients with type 2 diabetes in the 
Irbesartan Microalbuminuria in Type 2 Diabetic Sub-
jects (IRMA 2) trial.446 After 2 years, 5.2% of patients 
treated with irbesartan 300 mg had progressed to macro-
albuminuria versus 14.9% in the placebo-treated group, 
or a 70% risk reduction (95% CI: 59% to 86%). This 
was independent of the effect on 24-hour blood pres-
sure, as demonstrated in a sub-study.447 This study also 
demonstrated increased regression to normoalbuminuria, 
which has been associated with a slower decline in renal 
function in patients with type 2 diabetes.29 Furthermore, 
it was cost-effective to add irbesartan treatment to the 
conventional antihypertensive regimen.448 Another sub-
study demonstrated an effect of irbesartan treatment on 
inflammatory markers, including a decline in high-sensi-
tivity C-reactive protein (hs-CRP) and fibrinogen levels 
and a smaller increase in interleukin-6 (IL-6) levels when 
compared with placebo. Changes in IL-6 were associated 
with changes in AER.449 Since the IRMA 2 study dem-
onstrated a dose-dependent (150 vs. 300 mg daily) effect 
of irbesartan on microalbuminuria progression, it was 
subsequently tested and demonstrated that an enhanced 
renoprotective effect could be obtained in microalbumin-
uria patients with type 2 diabetes receiving ultra-high 
doses of irbesartan (900 mg daily).450

In addition to the microvascular complications, cardio-
vascular morbidity and mortality are a major burden in 
patients with type 2 diabetes, and the risk increases with 
increasing AER.451 In the STENO-2 study, a multifacto-
rial intervention strategy was compared to conventional 
treatment in microalbuminuric patients with type 2 dia-
betes.413 The multifactorial intervention included lifestyle 
modification (exercise, diet, smoking cessation) and poly-
pharmacologic intervention targeting several risk factors, 
such as hyperglycaemia, hypertension, microalbuminuria 
(with renin-angiotensin system–blocking agents), and 
aspirin. After 8 years of follow-up, patients receiving 

intensive therapy had a lower risk for cardiovascular dis-
ease (53% [95% CI: 27% to 76%]), nephropathy (haz-
ard ratio: 0.39 [95% CI: 0.17% to 0.87%]), retinopathy 
(hazard ratio: 0.42 [95% CI: 0.21% to 0.86%]), and 
autonomic neuropathy (hazard ratio: 0.37 [95% CI: 
0.18% to 0.79%]). These effects where sustained or mag-
nified 5 years after the study closeout, and development 
of ESRD was significantly reduced by the multifactorial 
intervention.412 More importantly, mortality was reduced 
in the intensively treated group (hazard ratio 0.54 [95% 
CI: 0.32% to 0.89%]), corresponding to an absolute risk 
reduction of 20%.412 In conclusion, a long-term intensi-
fied intervention aimed at multiple risk factors in patients 
with type 2 diabetes and microalbuminuria reduces mor-
tality and the risk for cardiovascular and microvascular 
events by approximately 50%.

In 1995, a consensus report on the detection, pre-
vention, and treatment of DN with special reference to 
microalbuminuria was published.452 Improved blood 
glucose control (HbA1c below 7.5% to 8%) and treat-
ment with ACE inhibitors was recommended. Recently, 
an audit of the implementation of these strategies demon-
strated that the beneficial outcome from the initial short-
term randomized clinical trials could be confirmed and 
maintained for 10 years in clinical practice.453

Tertiary Prevention
The association between arterial blood pressure and 
decline in renal function in patients with DN was origi-
nally described by Mogensen more than 30 years ago.454 
Shortly thereafter, the beneficial effect of long-term 
antihypertensive treatment in proteinuric hypertensive 
patients with type 1 diabetes was described by Mogensen 
and Parving.6,455-457 During treatment with metoprolol, 
furosemide, and hydralazine,457 there was progressive 
improvement on GFR and AER over the 9 years, sug-
gesting that with long-term treatment, slower progres-
sion of renal function loss (ΔGFR ≤1 mL/min/year) could 
be observed in some patients (Fig. 54-13). The same 
progressive benefit on ΔGFR has been demonstrated in 
nondiabetic renal diseases458 and, more recently, it was 
demonstrated that stabilization of renal function (ΔGFR 
≤1 mL/min/year) is feasible in a sizable fraction (22%) of 
proteinuric patients with type 1 diabetes receiving aggres-
sive antihypertensive therapy.459 Remission of proteinuria 
(≤1g/24 hours) for at least 1 year has been described in 8 
of 108 patients with type 1 diabetes participating in the 
Captopril Collaborative study.460 Long-term prospective 
observational studies of 321 patients with type 1 diabe-
tes and nephropathy confirmed and extended these find-
ings.461 The remission group was characterized by slow 
progression of DN and an improved cardiovascular risk 
profile. More importantly, this prospective study suggests 
that remission of nephrotic range albuminuria in type 1 
and patients with type 2 diabetes, induced by aggressive 
antihypertensive treatment with or without ACE inhibi-
tors, is associated with a slower progression toward ESRD 
and a substantial improvement in survival rates.462-463

In 1992, Björck and coworkers compared the effect 
of beta blockers and ACE inhibitors on GFR decline in a 
randomized, open study of patients with type 1 diabetes 
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with DN. The study suggested that ACE inhibitors con-
fer renoprotection in DN (i.e., a beneficial effect on renal 
function beyond that expected from the blood-pressure–
lowering effect alone).464 This finding was confirmed and 
extended by The Captopril Collaborative Study Group, 
which demonstrated a significant risk reduction of 48% 
(95% CI: 16% to 69%) for doubling of serum creati-
nine concentration in patients with type 1 diabetes and 
nephropathy who received the ACE inhibitor captopril7 in 
comparison to those receiving conventional antihyperten-
sive treatment, which in this trial excluded calcium channel 
blockers. Another study showed similar beneficial effects 
on progression of DN in hypertensive patients with type 
1 diabetes treated for 4 years with an ACE inhibitor or a 
long-acting dihydropyridine calcium antagonist.465

Whereas a renoprotective effect of ACE inhibitors had 
been demonstrated in patients with type 1 diabetes with 
DN, similar data were not available in patients with type 
2 diabetes until recently.403 This prompted the onset of 
two large multinational, double-blind, randomized pla-
cebo-controlled trials using ARBs in hypertensive patients 
with type 2 diabetes with proteinuria and elevated serum 
creatinine: the Reduction of Endpoints in NIDDM with 
the Angiotensin II Antagonist Losartan (RENAAL) and 
the Irbesartan Diabetic Nephropathy Trial (INDT).33,34 
In both trials, the primary outcome was the composite 
of doubling the baseline serum creatinine concentration, 

ESRD, or death. A significant reduction of 16% to 20% 
in the relative risk for the primary outcome was seen in 
both studies.33,34 The frequency of side effects was low, 
and less than 2% of the patients had to stop ARB because 
of severe hyperkalemia. Based on these two landmark 
studies, it was concluded that losartan and irbesartan 
conferred significant renal benefits in patients with type 
2 diabetes and nephropathy. This protection was, at least 
in part, independent of the blood pressure reduction. A 
meta-analysis466 of the three ARB trials in patients with 
type 2 diabetes, IRMA 2 in microalbuminuric patients,446 
and RENAAL and IDNT in proteinuric patients33,34 dem-
onstrated a significant risk reduction (15%) of cardiovas-
cular events as compared to the control group.

There is a wide range in the individual response to the 
renoprotective treatment in DN. From a clinical point of 
view, the ability to predict the long-term effect on renal 
function of a recently initiated treatment modality (e.g., 
antihypertensive therapy) would be of great value, since 
this could allow for early identification of patients in need 
of an intensified or alternative therapeutic regimen. Two 
studies dealing with conventional antihypertensive treat-
ment and ACE inhibitors found that the initial reduction 
in albuminuria (surrogate end point) predicted a benefi-
cial long-term treatment effect on the rate of GFR decline 
in DN (primary end point).467,468 These findings have 
been confirmed and extended in diabetic416,469 and non-
diabetic470,471 nephropathies. It has also been suggested 
that changes in other urinary or serum biomarkers, or in 
the urine or serum proteome, could be used as predictors 
of treatment response. It has been demonstrated that a 
urinary proteome pattern specific for DN was partly nor-
malized by renoprotective intervention, but these results 
need further validation.472,473

The anti-proteinuric effect of ACE inhibitors in patients 
with DN varies considerably. An interaction between 
genetic variation in the genes coding for components of 
the renin-angiotensin system and treatment may influence 
this variation. An observational follow-up study of young 
hypertensive patients with type 1 diabetes with DN start-
ing ACE inhibition showed that “renoprotection” was 
more common in patients with the II genotype of the 
I/D polymorphism of the ACE gene.474 In accordance 
with this, the EUCLID Study Group423 demonstrated 
that AER was 57% lower in the II, 19% lower in the 
ID, and 19% higher in the DD normoalbuminuric and 
microalbuminuric patients with type 1 diabetes treated 
with lisonopril as compared to placebo. Furthermore, 
ACE gene polymorphism also predicted the therapeutic 
efficacy of ACE inhibition against progression of DN in 
patients with type 2 diabetes.475 Observational studies 
demonstrated that the deletion polymorphism of the ACE 
gene, particularly the DD genotype, is a risk factor for 
accelerated kidney function loss in diabetic and nondia-
betic nephropathies.476-485 Furthermore, the ACE dele-
tion polymorphism reduces the long-term beneficial effect 
of ACE inhibition on progression of diabetic and non-
diabetic kidney disease.477,483 These findings suggest that 
pharmacogenetics may be important, and it is possible 
that DD genotype patients could be offered more aggres-
sive ACE inhibition or ARB treatment, or dual blockade 
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of the renin-angiotensin system. In contrast to the results 
observed with ACE inhibition, the ARB losartan showed 
similar short- and long-term renoprotective and blood 
pressure–lowering effects in albuminuric hypertensive 
patients with type 1 diabetes homozygous for the inser-
tion (II) or the deletion (DD) allele of the ACE gene.486,487 
Data from the RENAAL study indicate that proteinuric 
patients with type 2 diabetes with the D allele of the ACE 
gene have an unfavorable renal prognosis that can be mit-
igated and even improved by losartan.115

Head-to-head comparison of ACE inhibitors versus 
ARBs suggest similar ability to reduce albuminuria and 
blood pressure in diabetic patients with elevated AER.254,488-

490 These results indicate that the reduction in albuminuria 
and blood pressure induced by ACE inhibition is primarily 
caused by interference with the renin-angiotensin system. 
Despite the success of ACE inhibitors and ARBs in treating 
DN, not all patients obtain satisfactory control of blood 
pressure and albuminuria and are able to maintain stable 
renal function. Studies have therefore tried to optimize the 
blockade of the rennin-angiotensin-aldosterone system by: 
(1) increasing the doses of ACE inhibitor and ARB beyond 
the doses used to treat hypertension; (2) combining ACE 
inhibitors and ARBs (dual blockade); (3) inhibiting aldo-
sterone; or (4) directly inhibiting renin (Fig. 54-15).

The ACE inhibitor and ARB doses initially used were 
based on dose-response studies in hypertension. Dose-
response curves for optimal renoprotective effect have not 
been previously constructed in DN. It has now been dem-
onstrated that the optimal renoprotective dose of losar-
tan is 100 mg daily,491,492 candesartan 16 mg daily,491,492 
irbesartan 900 mg daily,450 and valsartan 640 mg daily.493 
There is less information regarding optimal ACE inhibitor 
dosage, but for lisinopril the optimal antiproteinuric effect 
was obtained at 40 mg/day.494

As ACE inhibitors and ARBs act on different sites of the 
renin-angiotensin system, combination of the two agents 
(dual blockade) has been tested. The first study to use 
dual blockade in patients with diabetes was the Cande-
sartan and Lisinopril Microalbuminuria (CALM) study. 

This study included 199 hypertensive microalbuminuric 
patients with type 2 diabetes and found that the combi-
nation of lisinopril and candesartan was more effective 
in reducing blood pressure and microalbuminuria than 
either agent alone.495 Subsequently, several short-term 
studies confirmed the beneficial effects of dual blockade 
on albuminuria, as recently reviewed,496 but long-term 
data on the potential renoprotective effect is lacking. In 
the Ongoing Telmisartan Alone and in Combination with 
Ramipril Global Endpoint Trial (ONTARGET), ramipril, 
telmisartan, or the combination of these agents was tested 
in more than 25,000 subjects of whom some had diabetes 
and proteinuria.497 This 5-year study found no beneficial 
effect of dual blockade on the primary cardiovascular 
outcome, and it was not designed to evaluate the reno-
protective effect in DN.497

Due to the potential risk for hyperkalemia, use of 
aldosterone blockers has been almost considered contra-
indicated in patients with renal disease. Recently, there 
has been a revived focus on aldosterone as a mediator of 
renal and cardiovascular disease.498-499 Elevated plasma 
aldosterone during long-term treatment with losartan 
was associated with a faster GFR decline in patients with 
type 1 diabetes with DN.500 Consequently, aldosterone 
blockade could be considered in patients with suboptimal 
renoprotection during renin-angiotensin system block-
ade. Short-term studies in proteinuric type 1 and patients 
with type 2 diabetes demonstrated that spironolactone 
safely adds to the renoprotective and cardioprotective 
benefits of treatment with maximally recommended doses 
of ACE inhibitor and ARB by reducing albuminuria and 
blood pressure.501-503 The major concern using aldoste-
rone antagonism is hyperkalemia, making frequent potas-
sium monitoring mandatory, and limiting the treatment 
to patients with normal or moderately impaired renal 
function (serum creatinine <1.8 mg/dL).

Recently, the direct renin inhibitor aliskiren was 
developed and launched for treatment of hypertension. 
Follow-up studies lasting up to 12 months are currently 
available and demonstrate an antihypertensive effect 
that is comparable to other agents blocking the renin-
angiotensin system.504 The Aliskiren in the Evaluation 
of Proteinuria in Diabetes (AVOID) study included 599 
patients with type 2 diabetes with elevated AER and, 
after 6 months of treatment, demonstrated a 20% (95% 
CI: 9% to 30%) reduction in albuminuria in the aliski-
ren-treated patients compared to patients on optimal 
standard therapy including the ARB losartan 100 mg 
daily.504 Side effects were not frequent, and hyperkale-
mia, in particular, was as frequent in the intervention 
group as in the placebo group.

Early studies describing the prognosis of overt DN 
observed a median 5 to 7 years survival after the onset 
of persistent proteinuria. ESRD was the primary cause of 
death in 66% of these patients. When deaths attributed 
only to ESRD were considered, the median survival was 
10 years. All these data were generated prior to patients 
being offered antihypertensive therapy.403 Long-term 
antihypertensive therapy was prospectively evaluated in 
45 patients with type 1 diabetes who developed overt DN 
between 1974 and 1978. Ten years after DN onset, the 
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cumulative death rate was 18%, and the median survival 
was greater than 16 years.505,506 Moreover, antihyper-
tensive therapy also improved survival in an unselected 
cohort of 263 patients with DN followed for up to 20 
years.507 The median survival was 13.9 years, and only 
35% of patients died of ESRD (serum creatinine >5.65 
mg/dL).507 Fortunately, survival continues to improve, 
with a median survival rate of 21 years after DN onset508 
(Fig. 54-16).

The current American Diabetes Association guide-
lines state: “In patients with type 1 diabetes, hyperten-
sion, and any degree of albuminuria, ACE inhibitors have 
been shown to delay the progression of nephropathy. In 
patients with type 2 diabetes, hypertension, and micro-
albuminuria, both ACE inhibitors and ARBs have been 
shown to delay the progression to macroalbuminuria. In 
patients with type 2 diabetes, hypertension, macroalbu-
minuria, and renal insufficiency (serum creatinine >1.5 
mg/dL), ARBs have been shown to delay the progression 
of nephropathy.”426

Lipid Lowering
In patients with diabetes and elevated albuminuria, there 
is an increased risk for cardiovascular disease. To reduce 
this risk, these patients should be treated according to 
current guidelines for high-risk patients.509 Here, the 
effect of dyslipidemia and intervention on progression 
of diabetic kidney disease will be evaluated. In observa-
tional studies of patients with type 1 diabetes with DN, 
elevated cholesterol levels are associated with acceler-
ated renal function decline.417,510 The renoprotective 
effects of 3-hydroxy-3-methylglutaryl-coenzyme A 
(HMG-CoA) reductase inhibitors (“statins”) in patients 
with type 1 or type 2 diabetes with microalbuminuria 
or macroalbuminuria appears to be highly variable.511 
However all studies were of short duration, had small 

number of patients, and only evaluated a surrogate end 
point: AER. Large long-term double-blind, randomized 
trials with hard end points (e.g., doubling of serum cre-
atinine/development of ESRD) are urgently needed. In 
a recent meta-analysis of the effect of statins on renal 
function, a small positive effect on AER and renal func-
tion was suggested, mainly in patients with previous 
cardiovascular disease, but not in patients with renal 
disease.512

The effect of fenofibrate on macrovascular and micro-
vascular outcomes was evaluated in the muticentric ran-
domized, controlled Fenofibrate Intervention and Event 
Lowering in Diabetes (FIELD) trial, which included 9795 
patients with type 2 diabetes followed for an average of 
5 years.513 The study was not able to demonstrate a sta-
tistically significant reduction in the primary outcome 
of first myocardial infarction or coronary heart disease 
death. However, total cardiovascular events were less fre-
quent in the fenofibrate-treated group. Also, when rates 
of progression from normoalbuminuria to microalbumin-
uria and from microalbuminuria to proteinuria (10% vs. 
11%, respectively) were combined with rates of regression 
from microalbuminuria to normoalbuminuria (9 vs. 8%, 
respectively), 2.6% more fenofibrate-treated patients did 
not progress or regressed compared to placebo-treated 
patients (p=0.002).513

Dietary Protein Restriction
Short-term studies in normoalbuminuric, microalbumin-
uric, and macroalbuminuric patients with type 1 dia-
betes have shown that a low protein diet (0.6 to 0.8 g/
kg/day) reduces AER and hyperfiltration independently 
of changes in glucose and blood pressure control.514-515 
Long-term trials in patients with type 1 diabetes with DN 
suggest that protein restriction reduces the progressive 
loss of kidney function,516,517 but this interpretation has 
been challenged.518,519 A meta-analysis520 concluded that 
dietary protein restriction effectively slows the progres-
sion of DN, but this conclusion has been disputed.521,522 
In a 4-year prospective, controlled trial comparing the 
effects of a low-protein diet (0.8 g/kg/day) with a usual-
protein diet in 82 patients with type 1 diabetes with pro-
gressive DN, the end point ESRD or death occurred in 
27% of patients on the usual-protein diet as compared 
with 10% on the low-protein diet (p=0.04).523 This was 
not explained by differences in other progression promot-
ers such as systemic blood pressure, albuminuria, or gly-
cemic control, and remained significant after adjustment 
for the presence of cardiovascular disease at baseline.523 
Now, a dietary protein intake of 0.8 g/kg body weight 
per day is recommended by the KDOQI guidelines for 
patients with diabetes and chronic renal disease stages 1 
to 4.524
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Despite numerous medical and surgical advances over 
the past decade, the “diabetic foot” continues to plague 
patients and providers across the entire spectrum of 
health care. Foot problems are the most common reason 
for hospitalization of a diabetic patient, with 15% of the 
nearly 26 million diabetic patients in the United States 
developing a foot complication severe enough to require 
hospitalization during their lifetime.1 Because this rela-
tively small group of people with diabetes (only 8.3 % 
of the U.S. population) accounts for more than 60% of 
all nontraumatic lower-extremity amputations,2 public 
health initiatives have focused on aggressive treatment of 
the diabetic foot to halt the escalating number of ampu-
tations. However, the annual financial costs related to 
infection, ulceration, and amputation have skyrocketed 
to approximately 31% of the $116 billion in direct costs 
resulting from diabetes and its complications.3 Overall, 

the medical, social, and economic costs to society are 
enormous, and further dissemination of information is 
imperative to curtail the escalating vascular complica-
tions resulting from diabetes mellitus.

Research and clinical practice trends have eliminated 
many of the previously held misconceptions related to 
diabetes and vascular complications. Many care provi-
ders have successfully adopted the recommended multi-
disciplinary approach to diabetes care within their 
institutions. Management of diabetic foot complications 
requires a thorough understanding of the pathophysio-
logy of the underlying disease, as well as a familiarity 
with the wide range of therapeutic options currently 
available. The goal of this chapter is to outline the cur-
rent concepts of diabetic foot disease and the most effec-
tive treatment strategies for both medical and surgical 
management.

K E Y  P O I N T S

 •  Prevention of diabetic foot ulcers involves aggressive glycemic control, management 
of associated medical risk factors, periodic physical examination (including a vascular 
examination), and proper foot care and hygiene strategies.

 •  The goal of all foot care strategies (both medical and surgical) is to achieve complete 
healing of the “skin envelope” as quickly as possible while maintaining a functional 
walking foot.

 •  Pedal arterial reconstruction has proven to be a safe and durable revascularization 
alternative in diabetic patients and should be utilized liberally to avoid ischemic diabetic 
foot complications and resulting limb amputations.  
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PATHOPHYSIOLOGY
The epidemiology and pathophysiology of diabetes have 
been discussed in previous chapters, as were the major 
complications of retinopathy, neuropathy, and nephropa-
thy. Similar mechanisms underlie complications stemming 
from the diabetic foot, including ulceration, gangrene, 
ischemia, and, ultimately, amputation. Although glyce-
mic control is imperative in diabetes, it is not sufficient to 
eliminate complications of the diabetic foot. Furthermore, 
it is important for clinicians to be aware of the etiologic 
triad leading to diabetic foot complications (i.e., neuropa-
thy, ischemia, and infection) and to recognize that these 
may occur in isolation but more frequently occur in com-
bination with one another (Fig. 55-1).

Neuropathy
The neuropathy stemming from diabetes mellitus has 
multiple manifestations within the diabetic foot because it 
encompasses sensory, motor, and autonomic fibers. Sen-
sory neuropathy affects small-diameter pain and temper-
ature fibers first, and susceptibility to injury is increased 
because these patients are less sensitive to pressure-related 
trauma and other minor skin injuries (see Chapter 53). 
Motor neuropathy affects the longer fibers that innervate 
the foot, including intrinsic foot muscles and leg muscles. 
Atrophy, or muscle wasting, in the intrinsic foot muscles 
allows the strong flexor muscles to draw up the toes in a 
“clawed” position, and new pressure points emerge at the 
tips of the toes and the prominent metatarsal heads. Limi-
ted joint mobility and rigidity from glycation of scleral 
proteins exacerbates the situation by further changing the 
normal weight distribution on the foot. Lastly, autonomic 
neuropathy causes the skin to become dry through loss 
of sweat and apocrine gland function. The resulting dry, 
scaly skin has a markedly increased susceptibility to skin 
breakdown and fissures, thus creating a portal of entry 
for bacteria. Additionally, diabetic patients can have a 
blunted neuroinflammatory response and thus are miss-
ing a crucial component of the body’s natural first-line 
defense against pathogens.4

Infection
Diabetic patients typically have an altered response 
to infectious processes owing to defects in their host 
immune defense system.5 Moreover, wound healing is 
delayed in diabetic patients as a result of abnormal cel-
lular and inflammatory pathways involving fibroblasts, 
neutrophils, and advanced glycation end products 
(AGEs). Glycation is a nonenzymatic chemical reaction 
whereby sulfhydryl protein linkages are replaced by glu-
cose, causing impairment in normal cellular and tissue 
functions.6 AGEs increase the stiffness of precapillary 
vessel walls and contribute to the development of dia-
betic microangiopathy.7 Additionally, the presence of 
neuropathy and ischemia can potentiate the infectious 
process. The loss of protective sensation from neuropa-
thy leads to unrecog nized injury and secondary infection. 
Ischemia results in poor healing, blunts the inflamma-
tory response, and may lead to inadequate tissue levels 
of antimicrobial agents.

Ischemia
Much progress has been made in identifying the cause 
of ischemia in the lower extremities of diabetic patients, 
and results have challenged long-standing misconceptions 
in the literature and in the medical community at large. 
It is imperative that practitioners continue to reject the 
“small-vessel disease” theory related to occlusions of the 
microcirculation, as espoused by a single histologic study 
in 1959,8 and instead embrace the notion that ischemia 
results from both atherosclerotic macrovascular disease 
and microcirculatory dysfunction.9 Diabetic patients 
typi cally suffer from tibial and peroneal arterial disease 
with sparing of the foot arteries, especially the dorsalis 
pedis and its branches (Fig. 55-2).

Research has shown that diabetes causes structural 
and functional changes within the arteriolar and capillary 
systems, notably thickening of the basement membrane. 
In spite of the thickened capillary basement membrane, 
there is no decrease in capillary luminal diameter.10 A 
thickened membrane impairs the migration of leuko-
cytes and hampers the normal hyperemic or vasodilatory 
response to injury, thus simultaneously increasing the 
susceptibility to injury while blunting the typical mani-
festations of such an injury.11 Overall, this dysfunction 
of the microcirculation in diabetic patients creates a func-
tionally ischemic foot despite conditions that would other-
wise allow normal blood flow in healthy patients.

Besides causing specific structural changes in the 
microcirculation, diabetes also causes a compromise in 
the overall biology of the foot. Diabetes causes an unde-
sirable shift in the natural balance that exists between 
stress/ulceration and resistance to stress/ulceration. Thus, 
the diabetic foot is more prone to ulceration from the 
repetitive low-intensity stress of normal weight bearing. 
The presence of neuropathy may necessitate revascu-
larization under conditions of perfusion that would not 
require revascularization in the absence of neuropathy 
and is often described as neuroischemia. Because of the 
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Figure 55-1 Pathophysiology of the diabetic foot leading to vascular 
complications. (Modified from LoGerfo FW: Bypass grafts to the dor-
salis pedis artery. In Whittemore AD, Bandyk DF, Cronenwett JL, 
et al [eds]: Advances in Vascular Surgery, vol 10. Philadelphia, Mosby, 
2002, p. 174.)
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compromise caused by this neuroischemia, the diabetic 
foot requires even more perfusion than usual to resist 
ulceration or respond appropriately to injury (Fig. 55-3).

PRESENTATION AND DIAGNOSIS
All of the mechanisms described previously place the dia-
betic patient at risk for foot complications, ranging from 
simple ulcers to severe life- or limb-threatening infections 
and/or ischemic gangrene. As with most diseases, patient 
education and access to health care are integral to the 
diagnosis and treatment of these complications. Patients 
who are aware of their foot care needs are more likely 
to seek help during the early stages of impending compli-
cations, and health care providers who regularly treat 
diabetic patients are more likely to catch a complication 

at its inception. To decrease the morbidity and mortality 
associated with diabetic foot complications, health care 
providers need to maintain heightened vigilance for these 
problems before they arise and similarly execute appro-
priate judgment when making the diagnoses in these 
patients.

Ulcers
The lifetime risk for acquiring foot ulcers has been esti-
mated at 15% in diabetic patients, with an incidence of 
approximately 1.9% per year. Additionally, in more than 
15% of diabetic patients, ulcers ultimately will lead to 
amputation.12 According to an American Diabetes Asso-
ciation consensus statement, the risk for foot ulcers is 
increased in diabetic patients who have had the disease 
for longer than 10 years, are male, have poor glycemic 
control, and already have other complications (cardio-
vascular, renal, or retinal).13 Many ulcers stem from the 
altered pressures created in the diabetic foot. These foot 
pressures are influenced by muscle atrophy, obesity, cal-
lous formation, other forms of local trauma (including 
improper footwear), and limited joint mobility. The pres-
ence of neuropathy, as discussed previously, increases the 
risk for ulcer formation because diabetic patients might 
not be aware of the damage they are inflicting on their 
feet through their normal activities of daily living. Further-
more, impaired wound healing and blunted neuroinflam-
matory responses contribute to progression of the initial 
ulcer to a potentially more serious lesion.

Patients typically present with a wound that fails to 
heal or with pain at the site of a callus, pressure point, 
or other bony prominence. Important considerations for 
foot ulcers include the depth and extent of involvement, 
anatomic location, origin, presence of ischemia or infec-
tion, and clinical signs of systemic infection. Diagnosis 
of a foot ulcer stems from education and reliability on 
the part of both patient and physician. A patient must be 

Figure 55-2 Intraarterial digital 
subtraction arteriogram showing 
typical pattern of occlusive disease 
in a diabetic patient. A, Calf view: 
The posterior tibial, anterior tibial, 
and peroneal arteries are severely 
narrowed. Blood flow to the foot 
is entirely dependent on the small 
collateral vessels that are visible. 
B, Lateral foot view: The dorsalis 
pedis artery is widely patent with 
runoff into patent tarsal branches.
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Figure 55-3 The relationship between ulceration, compromised biology, 
and arterial circulation. As perfusion decreases, even a foot with perfect 
biology will ulcerate. As neuropathy increases, even a well-perfused foot 
will ulcerate. With revascularization, the improvement in perfusion will 
allow healing of ulcers in diabetic patients with compromised biology.
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instructed on the benefit of meticulous foot care and must 
seek treatment regularly from a health care provider who 
is familiar with the diabetic foot. Similarly, the health 
care provider must be learned in the field of diabetes man-
agement so as not to miss the sometimes confusing symp-
toms and signs of diabetic foot complications.

Infection/Osteomyelitis
As discussed earlier, diabetic patients often have a blunted 
neuroinflammatory response and thus do not display the 
typical physiologic reactions to infection. In fact, the 
usual manifestations of infection (e.g., fever, tachycardia, 
elevated white blood cell count) are frequently absent in 
diabetic patients; therefore, these patients require extra 
vigilance so that providers do not underestimate poten-
tial limb- or even life-threatening conditions due to the 
absence of the usual clinical findings of inflammation and 
infection. Unexplained hyperglycemia should prompt 
an aggressive search for an infectious source in diabetic 
patients, because the elevated glucose might be the only 
sign of impending problems.14

Simple inspection of the diabetic foot or a patient’s his-
tory alone might not suffice to identify occult infection. 
Typically, patients will not recognize signs of infection 
until they smell a foul odor or notice drainage on a sock. 
At this point, the portal of entry for bacteria has already 
been well established, and a polymicrobial infection 
may have overcome the diabetic patient’s blunted host 
defense system. It is therefore imperative that all ulcers 
or calluses be carefully probed and inspected, followed 
by unroofing of superficial eschar to search for potential 
deep space abscesses. It is not uncommon for clinicians 
to find unexpected purulent material or necrotic tissue 
underneath an area of dry crust or dry gangrene. Again, 
it is important to emphasize that diabetic patients may 
lack the usual local signs of infection, such as erythema, 
rubor, cellulitis, or tenderness, and they similarly might 
not be capable of manifesting the usual systemic signs of 
infection.

Osteomyelitis occurs after the spread of superficial 
infection of the soft tissue to adjacent bone or marrow. 
Although numerous expensive radiologic techniques are 
currently available to assist clinicians, the use of a simple 
metal probe can often make the clinical diagnosis. Grayson 
and coworkers revealed that if a sterile probe hits bone, 
then osteomyelitis can be diagnosed with a sensitivity of 
66%, a specificity of 85%, and a positive predictive value 
of 89%.15 Plain radiographs should be obtained to deter-
mine the extent of osseous erosion, as well as to assess 
anatomy for surgical planning. Further scanning with 
magnetic resonance imaging, bone scan, or tagged white 
blood cell scan should be reserved for cases in which the 
metal probe test is equivocal, when an abscess or multifo-
cal disease is suspected, or in patients with neuropathic 
osteoarthropathy, or Charcot’s foot, in whom associated 
bony changes and inflammatory response can be misin-
terpreted as osteomyelitis. The diagnosis of osteomyelitis 
in a foot with no skin lesions should be viewed with skep-
ticism since virtually all cases of oteomyelitis in the foot 
result from contiguous infection from infected ulcers and/
or gangrene. Resolution of any swelling and erythema 

after 24 hours of bed rest without antibiotics usually will 
establish the diagnosis of Charcot’s osteoarthropathy and 
will rule out osteomyelitis. The conclusive diagnosis of 
osteomyelitis can be obtained by bone biopsy, but this 
should rarely be necessary under most circumstances.

Peripheral Vascular Disease
The clinical presentation of peripheral vascular disease 
encompasses intermittent claudication, rest pain, and 
tissue loss (ulcers) with or without gangrene. The extent 
of ischemia and symptoms depends on the location of the 
vascular lesion, as well as the effectiveness of collateral 
circulation. Intermittent claudication occurs as cramp-
ing, pain, or fatigue in the leg muscles, is seen with walk-
ing, and is relieved by rest. The anatomic location of the 
occlusive arterial lesion is usually one level above the 
clinically affected muscle group. Typically, aortoiliac dis-
ease causes buttock and thigh pain, and femoral disease 
causes calf discomfort. Tibial/peroneal disease usually 
does not cause claudication, although some patients will 
complain of foot pain or numbness while walking. Noc-
turnal muscle cramping, on the other hand, is a common 
complaint in diabetic patients and should not be mistaken 
for intermittent claudication, which results from exertion 
and is relieved by rest. Although claudication does cause 
disability from pain with walking, it rarely progresses to 
limb-threatening ischemia and often responds to conser-
vative measures such as supervised exercise training16 
and smoking cessation. Cilostazol, a phosphodiesterase 
inhibitor, has proven to be effective in improving walking 
abilities in patients with claudication.17

Patients with more severe vascular disease may present 
with ischemic rest pain, which typically occurs in the distal 
foot and particularly the toes. Rest pain is exacerbated by 
recumbency and is relieved by dependency. Patients usually 
recount pain when lying in bed or resting, and they obtain 
relief by standing up and walking around. Diabetic neu-
ropathy may sometimes mask symptoms of claudication 
or rest pain, thus hampering the diagnosis, because these 
patients have blunted sensation in their lower extremities. 
More severe disease will result in tissue loss, including a 
foot ulcer or dry gangrene; approximately 60% of patients 
with tissue loss then present with foot infection.

The diagnosis of peripheral vascular disease relies first 
on obtaining a history of presenting symptoms and a 
complete physical examination, with an emphasis on the 
pulse examination. The diagnosis of vascular disease can 
be aided by noninvasive testing, imaging such as magnetic 
resonance angiography (MRA) or computed tomography 
(CT) angiography, and invasive contrast arteriography. 
Any patient without foot pulses should be considered to 
have arterial occlusive disease. The noninvasive vascular 
laboratory can be a useful adjunct for patients who have 
symptoms of ischemia but no obvious signs of arterial 
insufficiency.18 However, the ankle-brachial index can be 
misleading in diabetic patients because of calcification in 
the arterial media (Monckeberg’s sclerosis), which makes 
vessels difficult to compress with a blood pressure cuff. 
Pulse volume recordings are useful in patients with dia-
betes because this noninvasive test is not affected by ves-
sel calcification; other possible modalities that are used 
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less frequently include toe pressures and transcutaneous 
oxygen measurements.

On the contrary, noninvasive testing adds little to the 
evaluation of patients who present with obvious symp-
toms and signs of foot ischemia coupled with nonpal-
pable pulses. At this point, a vascular surgeon should be 
consulted, and contrast arteriography performed. The 
preferred technique is intraarterial digital subtraction 
arteriography because it is extremely accurate for smaller 
vessels of the ankle and foot, even when occlusion of the 
tibial or peroneal arteries is present. Patients with mild 
to moderate renal insufficiency (glomerular filtration 
rate [GFR] <60 mL/min/1.73 m2) receive preprocedure 
and postprocedure hydration with a sodium bicarbon-
ate intravenous fluid; those with moderate to severe renal 
insufficiency (GFR <35 mL/min/1.73 m2) follow the same 
hydration protocol, in addition to taking an oral acetyl-
cysteine regimen. Iso-osmolar iodixanol (Visipaque) con-
trast is used for all patients with GFR <60 mL/min/1.73 
m2 because of its decreased likelihood of causing contrast-
induced nephropathy in these patients.19 Although MRA 
had been used more frequently during the past decade to 
plan arterial reconstructions in patients with more mar-
ginal renal function,20 recent reports about nephrogenic 
systemic fibrosis21 have shifted clinical practice back to 
conventional arteriography. Moreover, we have found 
that conventional digital subtraction angiography (DSA) 
continues to provide the best quality images, and the risk 
for contrast-induced nephropathy can be minimized by 
adhering to a strict protocol as listed earlier in the chapter.

MEDICAL MANAGEMENT
As is recommended in a consensus statement regarding 
diabetic foot wound care,22 the desired outcomes besides 
healing foot ulcers and decreasing complications should 
include the following: control of infection, prevention 
of amputation, maintenance of health status, improved 
function and quality of life, and reduced costs. Numerous 
modalities are appropriate for achieving these goals, 
and all health care providers who treat diabetic patients 
should be familiar with the available options.

Prevention
Primary prevention should be the first tenet of any prac-
titioner’s approach to the diabetic foot, but secondary 
prevention with meticulous ulcer care may be a more rea-
listic goal.23 Specifically, prevention involves aggressive 
glycemic control; management of associated risk factors 
(such as smoking, hypertension, hyperlipidemia, and obe-
sity); periodic physical examination, including a vascular 
examination; and, probably most important, proper foot 
care and hygiene strategies. The importance of daily foot 
inspections should be emphasized to patients and their 
families, with careful attention paid to calluses, fissures, 
red or bruised areas, and open sores or blisters. Moistur-
izing creams should be used on dry areas of skin, and anti-
fungal medication should be used as needed. Astringents 
and heat soaks should be avoided, as should patients’ self-
removal of eschar or other foot lesions. Toenails should 
be trimmed to prevent penetration into adjacent toes.

Properly fitted shoes should be acquired, and podiatric 
appliances should be utilized as needed. Soft and accom-
modating leather shoes are preferable to firm and non-
molding footwear, and shoes should be rotated at least 
twice a day to alter the pressure points and stresses of 
the foot. Diabetic patients should never walk barefoot 
and should always be mindful of even the most seemingly 
minor ache, pain, or itch in their feet. These patients 
should be advised to call their health care providers early 
and often because of their increased susceptibility to 
infection and ulceration, in the hope that vigilance will 
prevent future complications.

Determining which patients are at risk for foot infec-
tion due to both neuropathy and ischemia is an impor-
tant aspect of prevention.24 Use of Semmes-Weinstein 
monofilament testing for sensory neuropathy and periodic 
vascular assessments (with or without the noninvasive 
vascular laboratory) are useful adjuncts in preventing 
foot complications.25 The minor costs incurred by these 
preventative strategies would be worth the initial invest-
ment because they prevent the major costs of future foot 
complications.12

Antibiotics
When infection is present in a diabetic foot ulcer, cul-
tures should be taken, and then antibiotic therapy should 
be initiated. Typical organisms in superficial infection 
include Staphylococcus aureus, Streptococcus, and occa-
sionally gram-negative bacilli. Deeper infections are 
usually polymicrobial with greater than three bacterial 
isolates per ulcer, including the above bacteria as well as 
aerobes (facultative) and anaerobes.26 The initial broad-
spectrum antibiotic regimen should adequately cover the 
most likely offending organisms and can be narrowed 
once gram stain or culture/sensitivity results have been 
reported. Other factors to bear in mind include local 
bacterial resistance patterns in a specific hospital or com-
munity, individual patient characteristics (such as comor-
bidities and allergies), and, most important, the severity 
of infection. The antibiotic protocols in most medical 
centers have undergone many changes over the past 20 
years. Currently, a combination of vancomycin, cipro-
floxacin, and metronidazole is a reasonable empirical 
“first-line” choice for severe infection, but the optimal 
regimen has not been established.27 Given the increasing 
prevalence of methicillin-resistant S. aureus (MRSA) in 
hospital-acquired infections as well as in community iso-
lates, empirical therapy with vancomycin is warranted.28

Traditional therapy for osteomyelitis was accepted 
as 4 to 6 weeks of intravenous antibiotics,29 but recent 
studies have documented a greater than 30% recurrence 
rate using this modality alone.30 As a result, our standard 
practice involves surgical debridement of infected bone 
with an adequate margin, followed by a shorter-duration 
antibiotic course (2 weeks). We believe that an aggressive 
surgical approach to osteomyelitis shortens healing time, 
decreases the need for long-term antibiotic therapy, limits 
the emergence of resistant bacteria, and reduces both 
inpatient and outpatient economic costs. In our experi-
ence, long-term antibiotic therapy without excision of 
infected bone is rarely successful in these patients.
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WOUND CARE/DEBRIDEMENT
Local wound care is imperative to ensure adequate healing 
of diabetic foot ulcers, as well as to combat infection. 
Debridement is an essential component of local wound 
care and many times can usually be performed at the bed-
side without anesthesia because of the neuropathy asso-
ciated with diabetes. Debridement may take numerous 
forms, including mechanical, autolytic, enzymatic, and 
sharp. Mechanical debridement involves a wet-to-dry 
dressing that, when changed, removes adherent necrotic 
tissue but is nonselective and can damage fragile tissue. 
Autolytic debridement depends on the patient’s immune 
response and circulation, involves moist dressings, and 
is the slowest of all methods. Enzymatic debridement is 
selective for necrotic tissue and is achieved through the use 
of commercial agents with various enzymes (such as col-
lagenases or papain-urea). Last, sharp (surgical) debride-
ment involves actual excision of tissue at the bedside or 
in the operating room. Many studies now do not support 
“wet-to-dry” dressings; instead, maintaining a moist envi-
ronment has been proven to improve wound healing by 
causing less scarring, promoting autolytic debridement 
(from macrophages), and promoting angiogenesis. The 
best wound care strategy combines sharp surgical debride-
ment with moistened gauze dressings or one of the many 
commercially available products that absorb drainage and 
exudate while maintaining a moist environment.

Numerous other modalities exist for wound care, such 
as topical growth factors, synthetic skin grafts, electrical 
stimulation, hyperbaric oxygen chambers, and vacuum-
assisted closure. Each has its own merits, but economic 
constraints and patient compliance should be kept in 
mind in comparing these with the well-established modal-
ity of simple moist dressings. A recent randomized trial 
comparing the vacuum-assisted closure (VAC) device, a 
novel concept that applies negative-pressure to the wound 
to facilitate closure, to conventional wet to dry dressings 
demonstrated its superiority compared with standard 
moist gauze dressings. In diabetic patients with partial 
foot amputations and adequate perfusion, VAC therapy 
resulted in a higher proportion of healed wounds, faster 
healing rates, and potentially fewer re-amputations than 
standard care.31 It has become a mainstay in wound healing. 
However, health care providers must always remember 
that any new wound care modality is simply an adjunct 
to frequent clinical examinations and local wound care.

One final aspect of managing diabetic foot ulcers is 
offloading to decrease pressure on the extremity. Offload-
ing strategies involve combinations of bed rest, crutches 
or wheelchairs, casting, foams or padding, and healing 
shoes or walking boots. Only after wound healing has 
been achieved should weight bearing be reinstituted back 
to baseline levels, and consultation with a physical therapist 
should be obtained when necessary.

SURGICAL MANAGEMENT
The goal of all foot care strategies is to achieve complete 
healing of the “skin envelope” as quickly as possible while 
maintaining a functional walking foot. When medical 

management is not sufficient, different surgical manage-
ment strategies are available to treat the diabetic foot. 
These strategies range from debridement and drainage 
procedures to arterial reconstruction or amputation. The 
decision to operate necessitates careful preoperative plan-
ning by the surgeon, as well as a cooperative patient who 
is willing to accept the inherent risks of the procedure and 
the demanding rehabilitation period.

Drainage Procedures
When minor debridement strategies do not effectively 
relieve severe infection, then it is imperative to perform 
more extensive drainage procedures (including partial 
open toe, ray, or forefoot amputation) to drain abscesses 
or remove necrotic tissue.32 In fact, hidden infection 
should be suspected in any situation in which a well-
perfused foot continues to experience necrosis. Adequate 
drainage should be obtained, even if foot function has 
to be compromised initially, because function potentially 
can be restored later with numerous advanced wound-
closure techniques. Additionally, if ischemia appears 
to be contributing to the infection, then arteriography 
should be performed to determine whether perfusion is 
adequate, or if revascularization is necessary. Controlling 
active, spreading infection may delay revascularization by 
a few days, but longer waiting periods taken in the hope 
of completely sterilizing wounds are not appropriate and 
may result in continued necrosis or tissue loss.33 In some 
cases, inadequate blood flow may prevent the delivery of 
antibiotics, nutrients, or oxygen to the foot wound, thus 
requiring revascularization to correct the problem. Further-
more, bypass procedures can be performed safely in the 
presence of foot infection as long as sepsis has been 
controlled prior to surgery.34

Lower Extremity Arterial Reconstruction
Despite many preconceived notions that practitioners 
have about diabetic patients, research has shown that 
these patients usually tolerate revascularization extremely 
well and do not suffer from increased mortality or from 
diminished graft patency.35 The ultimate goal of any 
revascularization procedure should be to restore adequate 
perfusion distal to an occlusion to relieve symptoms and 
promote healing. The outflow target artery, or the site of 
the distal anastomosis, should be free of occlusive disease 
and should be in direct continuity with the arteries of the 
foot. Through the use of arteriography, including images 
of the foot arteries, appropriate inflow and outflow vessels 
can be identified for revascularization. Next, the surgeon 
needs to choose the appropriate conduit for the arterial 
reconstruction, which in most procedures in patients with 
pedal ischemia, should be autologous vein because of 
superior patency rates compared with prosthetic grafts.36 
The decision to use saphenous vein in the reversed, in situ, 
or nonreversed position, as well as to use contralateral 
saphenous vein or arm vein when necessary, depends on 
the specific clinical circumstance and patient anatomy.

Occasionally, a diabetic patient may require recon-
struction of the aortoiliac segment or will have disease 
limited to the superficial femoral artery above the knee; 
prosthetic grafts are well suited to achieve this goal. 
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However, because diabetic patients more typically suffer 
from tibial and peroneal disease, the most effective bypass 
often involves restoring blood flow to the dorsalis pedis 
artery or the posterior tibial artery at the ankle using an 
autologous vein as the conduit.35 Numerous reports in 
diabetic patients have shown the durability and success 
of distal origin grafts that obtain inflow from the popli-
teal artery and bypass over a shorter length to the arteries 
in the foot.37,38 Although distal bypasses are technically 
challenging, success is attainable, especially when the sur-
geon maintains a flexible approach to preparation and 
placement of the vein graft.39

In one of the most comprehensive studies to date 
regarding dorsalis pedis revascularization in diabetic 
patients, Pomposelli and coworkers reported results from 
more than 1000 bypasses spanning a decade.40 Primary 
patency, secondary patency, and limb salvage rates were 
56.8%, 62.7%, and 78.2%, respectively, at 5 years, and 
37.7%, 41.7%, and 57.7%, respectively, at 10 years. 
Patient survival was 48.6% and 23.8% at 5 and 10 years, 
respectively, and perioperative mortality was only 0.9%. 
The popliteal artery was the source of inflow in 53.2% of 
patients. Overall, pedal arterial reconstruction has proved 
to be a safe and durable revascularization alternative in 
diabetic patients and should be utilized liberally to avoid 
ischemic diabetic foot complications.

Endovascular Procedures
Although surgical reconstruction is the current gold stan-
dard for diabetic foot revascularization, an avalanche 
of technology has allowed endovascular interventions 
to become integrated into the management strategies 
employed by vascular surgeons and interventionists. 
Research has definitively shown that balloon angioplasty 
and stenting are very well suited to focal, short segment 
iliac stenoses or occlusions, which exist in 10% to 20% 
of patients with diabetes.41 Percutaneous intervention can 
be performed easily in the same setting as the preopera-
tive diagnostic arteriogram.

With regard to outflow bypass procedures, the morbidity 
of open surgery can be quite significant and is not lim-
ited simply to local wound complications or myocardial 
infarctions. Readmission to the hospital, reoperation, 
slow time to healing,42 and time spent in rehabilitation 
must be factored into the risk-benefit analysis.43 Nicol-
off and colleagues44 determined that the so-called “ideal 
outcome” (patent graft, healed wound, no additional 
operations in a fully ambulatory patient who can sustain 
independent living) was attainable only 14% to 22% of 
the time. When the potential pitfalls accompanying tra-
ditional surgical approaches to limb salvage are factored 
in, as well as the overall poor health and life expectancy 
of patients with peripheral vascular disease, less inva-
sive endovascular therapy can represent an attractive 
alternative.

Unfortunately, the literature supporting endovascular 
interventions consists mainly of individual case series 
and retrospective reviews and does not compare with the 
research describing traditional open bypasses. The Trans-
atlantic Inter-Society Consensus Working Group (TASC) 
restratified femoropopliteal and tibial lesions in 200741 

and made recommendations for therapy based on lesion 
type (stenosis vs. occlusion), location, and length. Figure 
55-4 shows examples of typical tibial-peroneal lesions 
in diabetic patients and their results after balloon angio-
plasty. Although the literature relating to endovascular 
interventions for critical limb ischemia is mixed in terms 
of positive and negative results,45,46 the best and most 
recent scientific attempt to compare open and endovas-
cular interventions was the Bypass Versus Angioplasty 
in Severe Ischemia of the Leg (BASIL) trial.47 Although 
only 42% of the patients in this trial were known to have 
diabetes, the level of ischemia was comparable with the 
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Figure 55-4 TASC A and D tibial-peroneal lesions typical of diabetic 
patients before (A, C) and after (B, D) endovascular intervention with 
balloon angioplasty.
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typical disease patterns seen in this patient population. 
Overall, the trialists concluded that although the stra-
tegies are roughly equivalent at medium-term follow-up 
with regard to mortality and amputation-free survival, 
angioplasty should be used first for patients with signifi-
cant comorbidities and with a life expectancy of less than 
1 to 2 years, and bypass first for patients expected to 
live longer than 2 years. Longer follow-up from this trial 
will continue to provide statistically guided information 
in the years to come.

Amputations
The last alternative available to vascular surgeons 
remains amputation. This modality should be reserved 
for patients in whom no revascularization attempts are 
feasible, or in whom removal of tissue is critical to create 
a functional limb for ambulation. Minor amputations of 
toes or across the metatarsal bones (TMA) are practical 
after infection control and revascularization have been 
achieved. In situations involving extensive tissue loss 
precluding a functional foot, when there are nonhealing 
wounds in the setting of patent grafts, and for control of 
sepsis, amputation below the knee (BKA) is necessary. 
Surgeons should always strive to preserve the knee joint 
because of its functional significance in a patient’s poten-
tial for rehabilitation. Above-the-knee amputations 
(AKA) are reserved for debilitated patients with severe 
tissue loss or with no capacity to ambulate. Overall, 
because of modern advances in prostheses coupled with 
aggressive approaches to rehabilitation, amputation 
should be viewed as an acceptable modality to treat dia-
betic foot complications and not as a treatment failure.

FUTURE TRENDS
Numerous modalities to prevent and treat diabetic foot 
complications are currently in experimental phases. These 
range from synthetic skin grafts to assist in wound healing 
to gene therapy to reduce the formation of intimal hyper-
plasia. New molecular biology techniques such as RNA 
interference are being evaluated as a means to silence 
gene expression and alter the genetic cascade that nor-
mally leads to bypass graft failure. Significant advances 
are being made in endovascular technologies with regard 
to drug-eluting balloons and stents to improve upon cur-
rent outcomes.48 Last, novel small-diameter prosthetic 
grafts are being created, and it is hoped that they will 
achieve patency rates comparable with those of vein 
grafts when used for distal arterial reconstruction. Over-
all, as researchers and clinicians continue to advance their 
insight into the diabetic foot, patients will reap the benefits 
to be derived from the rapidly advancing technology and 
the spreading awareness of optimal clinical management.
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K E Y  P O I N T S

 •  Biological actions of PTH (and PTHrP) utilize a single G protein– linked receptor, the 
PTHR-1.

 •  The PTHR-1 serves two distinct biological roles—homeostatic (PTH) and autocrine/
paracrine (PTHrP)—by adopting different confrontational states with differing duration 
of action.

 •  This knowledge has permitted design of long-acting forms of PTH (LA-PTH).
 •  LA-PTH shows considerable promise as a therapy for hypoparathyroidism.
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Parathyroid hormone (PTH) and PTH-related peptide 
(PTHrP), along with other calciotropic hormones, play 
critical roles in calcium and bone biology. First discov-
ered as a calcium-regulating hormone in the 1920s,1-3 
PTH is secreted by the parathyroid glands and is one of 
the most important regulators of blood calcium concen-
tration in all terrestrial vertebrate species from amphib-
ians to mammals. PTH is produced by discrete endocrine 
glands. In contrast, PTHrP is produced as a paracrine/
autocrine factor in many different adult and fetal tissues 
and has, unlike PTH, multiple functions (Fig. 56-1) (see 
Chapter 57).4-6

PTH and PTHrP most likely evolved from a common 
ancestral precursor. Despite this common evolutionary ori-
gin, both peptides share only limited overall amino acid 
sequence identity, yet at least their N-terminal regions 
are sufficiently homologous to enable them to bind to 
and activate a common G protein–coupled receptor, 
the PTH/PTHrP receptor (also referred to as PTHR-1).  
This chapter reviews (1) the comparative chemistry of 
PTH, its gene, and its interactions with the PTHR-1; (2) the 
current molecular models of productive interactions of the 
ligand with its receptor; and (3) the role of PTH in calcium 
homeostasis and bone turnover, and its role in regulating 
renal phosphate and calcium excretion. The evolutionary 
history of the principal PTH/PTHrP receptor is reviewed.

REGULATION OF MINERAL ION HOMEOSTASIS—
GENERAL CONSIDERATIONS
To ensure a multitude of essential cellular functions, the 
extracellular concentration of calcium (Ca2+

o) is main-
tained within narrow limits.7,8 In terrestrial vertebrates, 

calcium is necessary for adequate mineralization of the 
skeleton, which provides mechanical support and protec-
tion for internal organs and acts as levers for the various 
muscle groups involved in locomotion. Because of its high 
calcium content, 99% of the body’s supply, the skeleton 
also serves as the most important reservoir from which 
calcium can be rapidly mobilized. Because food intake 
and thus the nutritional supply of calcium are usually 
discontinuous, intestinal calcium absorption occurs only 
intermittently. Maintenance of a constant blood calcium 
concentration thus constitutes a major homeostatic chal-
lenge, which led during evolution to the development of 
highly efficient mechanisms to increase intestinal calcium 
absorption, reduce urinary calcium losses, and facilitate, 
if necessary, rapid mobilization of calcium from the skel-
etal reservoir (see Chapter 61);8

Unlike most terrestrial vertebrates, marine animals are 
usually exposed to the high environmental calcium con-
centration of seawater (10 mM) and thus had to adopt 
mechanisms by which extracellular calcium could be 
reduced.9,10 In contrast, terrestrial and marine animals 
had to develop efficient mechanisms to enhance intesti-
nal phosphate absorption and to prevent urinary losses 
of this essential mineral, leading to an impressive capac-
ity to retain phosphate in the mammalian kidney.7,11 To 
reduce blood calcium concentrations, fish use stanniocal-
cin, which is produced by the corpuscles of Stannius, as 
well as several other hormonal factors.9,10,12 These endo-
crine organs, adjacent to the pronephros, are further-
more the only tissue in fish expressing fibroblast growth 
factor-23 (FGF-23), which is a major regulator of phos-
phate homeostasis in mammals.13 Some data indicate that 
the mammalian homologue of stanniocalcin has similar 
properties when tested in rodents, but it remains uncer-
tain whether this peptide hormone has a significant physi-
ologic role in mammalian mineral ion homeostasis.14  
A widely expressed mammalian peptide, stanniocalcin 2, 
which was discovered because of its structural homology 
with stanniocalcin, appears to inhibit phosphate uptake 
in renal epithelial cells.15 However, newer data (see later) 
indicate that FGF-23, the FGF-23 co-receptor klotho, 
dentin matrix protein 1 (DMP-1), ecto-nucleotide pyro-
phosphatase/phosphodiesterase 1 (ENPP1), and matrix 
extracellular phosphoglycoprotein (MEPE)16 are more 
likely to be involved physiologically in the regulation of 
mammalian phosphate homeostasis (see Chapter 62). 
Calcitonin, made by the ultimobranchial bodies in fish, 
has a calcium-lowering function in this vertebrate species, 
but its biologic role in mammals remains uncertain (see 
Chapter 58).17

PARATHYROID HORMONE
PTH and the active form of vitamin D, 1,25-dihy-
droxyvitamin D [1,25(OH)2D], are the principal physi-
ologic regulators of calcium homeostasis in humans and 
all terrestrial vertebrates.18-20 Synthesis and secretion of 
PTH are stimulated by any decrease in blood calcium, 
and conversely, secretion of the hormone is inhibited 
by an increase in blood calcium.21-23 This rapid nega-
tive feedback regulation of PTH production, along with 
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Figure 56-1 Biological actions of PTH and calcium homeostasis. Rate 
of change in blood phosphorus and calcium levels in rats with stressed 
calcium homeostasis (low-calcium diet) after parathyroidectomy with-
out treatment or with 100 units of parathyroid hormone extract given 
in addition at the time of parathyroidectomy. Rapid and usually fatal 
hypocalcemia and hyperphosphatemia result within hours unless the 
hormone is given. (Data from Munson PL: Studies on the role of the 
parathyroids in calcium and phosphorus metabolism, Ann N Y Acad 
Sci 60:776-796, 1955.)
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the biologic actions of the hormone on different tar-
get tissues, represents the most important homeostatic 
mechanism for the minute-to-minute control of calcium 
concentration in the extracellular fluid (ECF).24-26 In 
contrast to the rapid actions of PTH, 1,25(OH)2D is of 
critical importance for long-term, day-to-day, and week-
to-week calcium balance (see Chapter 59). The actions of 
both hormones are coordinated, and each influences the 
synthesis and secretion of the other. Calcitonin, the third 
of the calciotropic hormones known to be important in 
the regulation of vertebrate mineral ion homeostasis (see 
Chapter 58), may be vestigial in humans with respect 
to calcium homeostasis and will not be discussed in this 
brief review of physiology.

At least three distinct, but coordinated, actions of 
PTH increase the flow of calcium into the ECF and 
thus increase the concentration of blood calcium.21-23 
Through its rapid actions on the kidney and bone, which 
are all mediated through the PTH/PTHrP receptor and 
subsequent secondary messages in specific and highly 
specialized cells, PTH increases the release of calcium 
from bone, reduces the renal clearance of calcium, and 
stimulates the production of 1,25(OH)2D by activating 
the gene encoding 25-hydroxyvitamin D-1α-hydroxylase 
(1α-hydroxylase) in the kidney. The relative importance 
of the first two actions of PTH on the rapid, minute-to-
minute regulation of calcium is not definitively resolved, 
but most physiologists have stressed the importance of 
the effects of PTH on bone in maintaining hour-to-hour 
calcium homeostasis in the ECF. Several lines of evidence, 
such as that provided by calcium kinetic analysis, indicate 
a transfer between ECF and bone of as much as 500 mg  
of calcium daily, which is equivalent to one-fourth to 
one-half the total ECF calcium content.7 Besides regu-
lating this transfer of calcium from bone through direct 
breakdown of bone tissue (mineral and matrix), PTH 
influences the rates of exchange of calcium adsorbed to 
the surface of bone; this exchangeable calcium pool can 
be stimulated to provide a rapid and substantial rate of 
entry of calcium into blood. In addition to these PTH-
dependent actions on bone, actions of PTH on the kidney 
may also be extremely important in the precise hourly 
regulation of ECF calcium. The third action of PTH on 
calcium homeostasis—namely, enhancement of intestinal 
calcium absorption—is indirect and involves the synthe-
sis of 1,25(OH)2D from the biologically inactive precur-
sor 25(OH)D. However, it is difficult to quantitatively 
analyze or to proportionately contrast the relative physi-
ologic importance of the direct and indirect actions of 
PTH on the three principal target tissues: kidney, bone, 
and intestine.

The complexity of bone as a tissue and the many 
detectable rates of exchange of calcium between the 
skeleton and the ECF have made the action of PTH on 
the skeleton difficult to analyze. The state of calcium in 
blood is complex; much of the calcium is present as che-
lates or is bound to plasma proteins (see Chapter 61). 
Because actual filtered loads depend on the ratio of free 
and bound forms of calcium, it is difficult to calculate 
renal calcium clearance accurately. The different PTH-
dependent actions to promote calcium entry into the ECF 

are most clearly defined in conditions of deficiency or 
excess of PTH, such as during experiments in animals or 
during controlled observations in patients with disorders 
of parathyroid gland function. The experimental data 
in these extremes abundantly affirm the crucial calcium 
homeostatic role of PTH. However, because of continu-
ous and rapid adjustments in mineral ion concentration, 
it can be difficult to observe the consequences of hormone 
action under normal physiologic conditions. For exam-
ple, the rate of PTH secretion changes continually and 
rapidly so that the controlled variable, calcium, remains 
constant, and it may, therefore, be difficult to experimen-
tally detect small corrective changes.

Teleologically, the action of PTH on the regulation 
of blood phosphate concentration in terrestrial species 
is best understood as a secondary, rather than a homeo-
static action. Phosphate is abundant in the food chain 
in terrestrial existence. Phosphate deficiency, unlike cal-
cium deficiency, in the absence of specific organ dysfunc-
tion is, therefore, an unlikely environmental challenge 
(see Chapter 62 for detailed review of the regulation of 
phosphate homeostasis). To correct a deficiency in cal-
cium, mineral stores in bone can be rapidly dissolved; 
such activity results, however, in the simultaneous lib-
eration of ionic calcium and phosphate. Because a high 
blood phosphate level tends to lower the calcium con-
centration through multiple mechanisms, the rise in 
blood calcium that occurs after bone dissolution (desir-
able homeostatically) is, therefore, beneficial only if the 
concomitant increase in blood phosphate concentration 
(undesirable) can be rapidly corrected. To maximize the 
control of calcium homeostasis, PTH thus has divergent 
actions on renal tubular handling of the two mineral 
ions: It increases the retention of calcium and, at the 
same time, diminishes the reabsorption of phosphate. 
Through these mechanisms, namely, increased renal 
phosphate clearance to prevent hyperphosphatemia and 
increased tubular calcium reabsorption, PTH guaran-
tees that an elevation in blood calcium results from the 
increased release of calcium from bone. The renal action 
of PTH on phosphate homeostasis is biologically pre-
dominant over the increased phosphate flux from bone. 
Consequently, parathyroidectomy (experimentally, in 
animals) or renal resistance to PTH, as in patients with 
pseudohypoparathyroidism or renal failure, leads not 
only to hypocalcemia but also to an increase in blood 
phosphate and a marked reduction in urinary phosphate 
excretion. This finding demonstrates the importance of 
the PTH-dependent action on phosphate homeostasis 
in the kidney, which becomes particularly important in 
disease states when high bone turnover is the result of 
dietary calcium deficiency or lack of biologically active 
vitamin D.

Parathyroid Hormone Chemistry
The first extracts from bovine parathyroid glands were 
described in 1925, and the content of biologically active 
PTH was assessed by their hypercalcemic and phospha-
turic properties.2,3 In 1959, Aurbach27 and Rasmussen 
and Craig28 improved the extraction procedures such 
that it became possible to purify sufficient quantities 



972 PART 6 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

for biochemical analysis. The amino acid sequences of 
the active purified PTH peptide from bovine, porcine, 
and human glands were obtained by two independent 
groups in the 1970s.29-34 Shown in Figure 56-2 are 
the sequences human hormones determined by one 
group.30,31,33,34 Discordant sequences for the human 
PTH polypeptide, and in one position for the bovine 
hormone, published by the other group,29,32 are not 
shown in Figure 56-2 since nucleotide sequence anal-
ysis of genomic and complementary DNA confirmed 
the amino acid sequences of the first group (the only 
exception was residue 76 in human PTH, which was 
determined to be glutamine instead of glutamic acid).35 
Based on these amino acid sequences, the PTH(1-34) 
fragments of the different species were synthesized, and 
their biological activities were compared in vitro and 
in vivo with those of highly purified intact PTH from 
the same species (Table 56-1).36,37,40 Molecular clon-
ing techniques then led to the deduction of the amino 
acid sequences of rat, chicken, and dog PTHs, followed 
more recently by the identification of PTH molecules in 
other mammals and fish, as shown in Figure 56-2 and 
discussed later.35,36

A considerable amount of work has been devoted 
to defining the key structural elements in PTH peptides 
that determine their capacity to bind to the PTHR-1 and 
thereby induce biologic responses. The following sec-
tions outline how some of the key functional sites in the 
ligand that modulate interaction with the receptor were 
identified through the use of various pharmacologic and 
biochemical approaches involving modified PTH ligand 
analogues and mutagenized receptors. Also discussed 
later is how short N-terminal and C-terminal PTH frag-
ment analogues, such as PTH(1-14)- and PTH(15-34)-
based peptides, have been used to help reveal the overall 
molecular mechanism by which PTH ligands interact 
with the PTH receptor.

The unmodified PTH(1-14) fragment peptide exhibits 
extremely weak activity on the receptor, but its potency 
can be improved as much as 100,000-fold by the incor-
poration of a combined set of “M”-type modifications, as 
illustrated in Figure 56-3. These N-terminal modifications 
can also enhance activity of shorter-length PTH analogues 
in vivo, as M-PTH(1-14) and M-PTH(1-21) analogues 
have been shown to induce hypercalcemia as well as bone-
anabolic effects when injected into rats, although the 
potencies of the fragments are much lower than that of 
PTH(1-34) due to a more rapid clearance.37 Replacement 
of valine-2 in these peptides with bulky amino acids, such 
as tryptophan or parabenzoyl-l-phenylalanine (BPA), 

A

C B
Figure 56-2 Amino acid sequence relationships in PTH family ligands. A, Comparison of sequences of PTH from human, rat, chicken, and puffer 
fish (Takifugu rubripes). B, Comparison of PTHrP sequences. C, Comparison of sequences of PTH, PTHrP (1-84 region only), and TIP39 from hu-
man, and a PTH-like (PTHL) peptide from puffer fish that may represent an ancestral gene for PTH and PTHrP ligands. Amino acid identities are in 
white type on a black field, and similarities are in black type on a gray field.

TABLE 56-1 Comparison of the Biological Activity 
of Parathyroid Peptides from Different Species

Potency (MRC mmg)*

Peptide
In Vitro Rat Renal  
Adenyl Cyclase Assay

In Vivo Chick  
Hypercalcemia Assay

Native Hormones

Bovine 1-84 3000 (2500-4000) 2500 (2100-4000)
Porcine 1-84 1000 (850-1250) 4800 (3300-7000)
Human 1-84 350 (275-425) 10,000 (9060-13,400)

Synthetic Fragments

Bovine 1-34 5400 (3900-8000) 7700 (5200-11,100)
Human 1-34 1700 (1400-2150) 7400 (5200-9700)
[Ala1]-human 

1-34
4300 (3400-5400) —

From Rosenblatt M, Kronenberg HM, Potts JT Jr: Parathyroid 
hormone. In De Groot L, ed. Endocrinology, 2nd ed, Philadelphia, 
Saunders, 1989, p. 853.

*Values are expressed as mean potency with 95% confidence intervals 
and are based on Medical Research Council research standard A for 
parathyroid hormone.
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results in antagonist peptides defective for AC/cAMP and 
PLC/IP3/Ca++ signaling, thus confirming the critical role 
that this conserved valine plays in receptor activation.38 
Other longer-length PTH or PTHrP analogues having 
residue-1 (serine or alanine) replaced by glycine,39 BPA,40 
or tryptophan41 exhibit signal selective properties in that 
they efficiently stimulate the cAMP cellular pathway but 
not the inositol triphosphate/intracellular Ca++ pathway.

The three-dimensional structures of the biologically 
active (1-34) portions of PTH and PTHrP have been 
extensively analyzed by solution-based nuclear mag-
netic resonance (NMR) spectroscopy methods. In these 
studies, the peptides are generally found to contain a 
stable C-terminal α-helical segment of three to four  
helical turns, and, at least in some cases, a shorter  
N- terminal helical segment, with some mid-region flexibility  

(see Fig. 56-3).42-45 Although an x-ray crystallographic 
study of PTH(1-34) revealed a continuous α-helix that 
extends nearly the full length of the peptide,46 there 
remains some question as to whether the ligand, as 
bound to the receptor, adopts such a linear, extended 
form43 or folds into a “U-shaped” structure, the latter 
suggested by tertiary interactions seen in some solution-
phase biophysical studies.42,44,45

Also of interest has been the question of whether PTH 
and PTHrP bind to the same site in the PTH/PTHrP 
receptor. The similar helical propensities seen at least in 
the C-terminal domains of the two (1-34) peptide frag-
ments, as observed in the NMR solution studies, seem 
consistent with this possibility.43,47,48 More recent x-ray 
crystalographic analyses of the amino-terminal extracel-
lular domain (ECD) of the PTHR-1 in complex with the 
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(15-34) portions of PTH or PTHrP indeed show that the 
helical domains of the two ligands bind to nearly the same 
site, at least in this extracellular domain region.49,50 There 
are recent functional data, however, that have suggested 
that PTH and PTHrP can stabilize distinct PTH/PTHrP 
receptor conformations and thus induce distinct biologi-
cal responses, as discussed in the following sections.

Evolution of Parathyroid Hormone Ligands
Parathyroid glands, as discrete organs, first appeared in 
evolution with the amphibians, which corresponds to the 
migration of vertebrates from an aquatic to a terrestrial 
existence and the adaptation to an environment that is, 
by comparison to seawater, low in calcium.9,10,51 While 
fish lack parathyroid glands, immunologic and RNA 
hybridization studies have provided evidence for expres-
sion of PTH proteins in a variety of fish tissues, including 
the pituitary gland, brain, kidney, spinal cord, and the 
developing jaw.52-54 Genomic studies have further con-
firmed PTH coding sequences in the teleost fish, includ-
ing the zebrafish, Danio rerio, and puffer fish, Takifugu 
rubripes. In each of these species, two PTH variants are 
found, consistent with a gene-duplication event (see Fig. 
56-2).54-56 Synthetic peptides corresponding to the PTH1 
and PTH2 sequences identified in zebrafish activate PTH/
PTHrP receptors expressed in cells,57 but the biological 
roles for these ligands have yet to be defined.

Comparison of the amino acid sequences of PTH pep-
tides from across species reveals a considerable amount of 
structural homology, particularly in the N-terminal por-
tion of the hormone (see Fig. 56-2, A). This  N-terminal 
sequence homology is fully consistent with the high 
potencies observed for the synthetic PTH(1-34) peptides 
in vitro and in vivo. The sequence divergence observed 
in the mid-portion of the polypeptide chain suggests that 
this region plays a relatively limited biological role.

In addition to PTH, the genomes of the teleost fish 
also contain sequences corresponding to PTHrP, again in 
duplicate copies.55,58-61 Immunoreactivity for PTHrP has 
been detected in the cartilaginous sharks and rays,62 and 
in the more primitive sea lamprey.63 Sequence homology 
between PTH and PTHrP ligands is limited mainly to the 
N-terminal regions. It remains a question as to which 
ligand, PTH or PTHrP, is closer to the ancestral PTH/
PTHrP precursor. In this regard, it is of interest that the 
puffer fish genome contains a sequence that encodes a 
protein, which shares features of both PTH and PTHrP; it 
is thus conceivable that this putative intermediary ligand, 
called PTH-L, is representative of such a PTH/PTHrP 
ancestral ligand (see Fig. 56-2, C and D).54,55

The PTH Gene and Its mRNA
The human PTH gene consists of three exons located 
on chromosome 11p15.64-67 Exon 1 is 85 nucleotides in 
length and is noncoding; exon 2 (90 bp) encodes most 
amino acids of the prepropeptide sequence, whereas the 
exon 3 (612 bp) encodes the remainder of the propeptide 
sequence and all amino acids of the mature peptide, and it 
constitutes the 3′ noncoding region.68 Two mRNAs that 
are 822 and 793 bp in length are derived in the human 
gene from the two transcriptional start sites that follow 

two different functional TATA boxes that are separated 
by 29 base pairs.68 The genes encoding zebrafish PTH1 
and PTH2 have a similar overall organization as the 
mammalian PTH genes.57

Parathyroid Hormone Biosynthesis and  
Intraglandular Processing
During the synthesis of the preproPTH molecule, the 
signal sequence, which comprises the 25-amino acid 
containing “pre” sequence, is cleaved off after entry of 
the nascent peptide chain into the intracisternal space 
bounded by the endoplasmic reticulum (ER). A hetero-
zygous mutation in this leader sequence, which changes 
a cysteine to an arginine at position –8 and thus impairs 
processing of preproPTH to proPTH, has been identified 
as the most plausible molecular cause of an autosomal 
dominant familial form of hypoparathyroidism.69,70 The 
mutant hormone was found to be trapped intracellularly, 
predominantly in the ER, leading to a marked upregu-
lation of ER stress-responsive proteins (BiP and PERK) 
and the proapoptotic transcription factor CHOP, indicat-
ing that apoptosis-mediated parathyroid cell death is the 
likely cause of the observed hypoparathyroidism.71

Subsequent to the removal of the pre-sequence, the 
pro-peptide is transported to trans-Golgi network where 
the pro-sequence (amino acid residues –6 through –1) is 
removed.72 This latter process may involve furin (paired 
basic amino acid cleaving enzyme) and/or proprotein con-
vertase-7 (PC-7), which are both expressed in parathyroid 
tissue; their expression levels do not appear to be regulated 
by either calcium or 1,25(OH)2D.73,74 After removal of 
the basic pro-sequence, the mature polypeptide, PTH(1-
84), is packaged into secretory granules. Two proteases, 
cathepsins B and H, are subsequently involved in the 
intraglandular generation of carboxyl-terminal PTH frag-
ments from the intact hormone; no amino-terminal PTH 
fragments appear to be released from the gland. 75-77 Since 
small or intermediate size carboxyl-terminal fragments 
of PTH are unlikely to be involved in the regulation of 
calcium homeostasis, the intraglandular degradation of 
intact PTH is thought to represent an inactivating path-
way, at least with regard to the regulation of mineral ion 
homeostasis. Consistent with this conclusion, hypercal-
cemia results in a substantial decrease in PTH secretion 
and, furthermore, favors the secretion of carboxyl-ter-
minal PTH fragments, including a previously undetected 
large molecular species that are truncated at the amino-
terminus (see the following section).77-80 Recent studies 
have shown that some amino-terminally truncated PTH 
fragments, such as PTH(7–84), have hypocalcemic prop-
erties in vivo and can furthermore reduce the formation 
of osteoclasts in vitro, thus contributing potentially to the 
regulation of calcium homeostasis.81

The pool of stored, intracellular PTH is small, and 
the parathyroid cell must therefore have mechanisms to 
increase hormone synthesis and release in response to 
sustained hypocalcemia. One such adaptive mechanism 
is to reduce the intracellular degradation of the hormone, 
thereby increasing the net amount of intact, biologically 
active PTH that is available for secretion. During hypo-
calcemia, the bulk of the hormone that is released from 
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the parathyroid cell is intact PTH(1-84).75-77,79,80 As the 
level of Ca2+

o increases, a greater fraction of intracellular 
PTH is degraded, and with overt hypercalcemia most of 
the secreted immunoreactive PTH consists of biologically 
inactive C-terminal fragments.18,20,82

Regulation of Parathyroid Hormone Gene Expression
Another adaptive mechanism of the parathyroid cell to 
sustained reductions in Ca2+

o is to increase cellular lev-
els of PTH mRNA, a response that takes several hours. 
A reduction in Ca2+

o increases whereas an elevation in 
Ca2+

o reduces the cellular levels of PTH mRNA by affect-
ing both its stability and the transcriptional rate of its 
gene.19,20,83,84 Available data suggest that phosphate ions 
also regulate, directly or indirectly, PTH gene expression. 
Hypophosphatemia and hyperphosphatemia in the rat, 
respectively, lower and raise the levels of mRNA for PTH 
through a mechanism that is independent of changes in 
Ca2+

o or 1,25(OH)2D. An elevated extracellular phos-
phate concentration could, thus, contribute impor-
tantly to the secondary hyperparathyroidism frequently 
encountered in patients with end-stage renal failure, 
who often have chronically elevated serum phosphate 
concentrations. FGF-23, a major regulator of phosphate 
metabolism, has direct effects on the parathyroid gland 
to suppress the synthesis of PTH mRNA and protein.85  
In renal failure, in which high levels of both FGF-23 and 
PTH are found, the parathyroid glands are resistant to the 
effects of FGF-23 on PTH mRNA. This resistance is asso-
ciated with decreased expression of FGF receptor 1 and 
α klotho, the receptor and co-receptor needed to transmit 
signals from FGF-23, thereby explaining the paradox of 
increased levels of FGF-23 and PTH in that condition.85

Metabolites of vitamin D, principally 1,25(OH)2D, 
also play an important role in the long-term regulation 
of parathyroid function and may act at several levels: by 
affecting the secretion of PTH and regulation of its gene, 
by regulating transcriptional activity of the genes encod-
ing the calcium-sensing receptor (CaSR) (see later) and 
the vitamin D receptor (VDR), as well as by regulating 
parathyroid cellular proliferation.19,20,83,86 1,25(OH)2D 
is by far the most important vitamin D metabolite that 
modulates parathyroid function. It acts through a nuclear 
receptor, the VDR, often in concert with other such recep-
tors (i.e., those for retinoic acid or glucocorticoids), on 
DNA sequences upstream from the PTH gene (see Chap-
ter 59).87,88 1,25(OH)2D-induced upregulation of VDR 
and CaSR expression in the parathyroid gland could 
potentiate its inhibitory action(s) on PTH synthesis and 
secretion.19,20,83 Non-calcemic or less calcemic analogues 
of 1,25(OH)2D inhibit PTH secretion while producing 
relatively little stimulation of intestinal calcium absorp-
tion and bone resorption89-91 and may thus be attrac-
tive candidates for treating the hyperparathyroidism of 
chronic renal insufficiency.

FGF-23, a major regulator of phosphate metabolism, 
has direct effects on the parathyroid gland to suppress the 
synthesis of PTH mRNA and protein.85 In renal failure, 
in which high levels of both FGF-23 and PTH are found, 
the parathyroid glands are resistant to the effects of FGF-
23 on PTH mRNA. This resistance is associated with 

decreased expression of FGF receptor 1 and α klotho, the 
receptor and co-receptor needed to transmit signals from 
FGF-23, thereby explaining the paradox of increased lev-
els of FGF-23 and PTH in that condition.

Adjustment of the rate of parathyroid cellular prolif-
eration is the third adaptive mechanism contributing to 
changes in the overall secretory activity of the parathy-
roid gland. Under normal conditions, parathyroid cells 
have little or no proliferative activity. The parathyroid 
glands, however, can enlarge greatly during states of 
chronic hypocalcemia, particularly in the setting of renal 
failure, probably because of a combination of hypocalce-
mia, hyperphosphatemia, and low levels of 1,25(OH)2D 
in the latter condition.

Regulation of Parathyroid Hormone Secretion
A large number of factors modulate PTH secretion 
in vitro19,20,92 but most of these factors are not thought to 
control hormonal secretion in vivo in a biologically relevant 
manner. Therefore, in this section we focus principally on 
factors that are the most physiologically meaningful regu-
lators of PTH secretion—that is, the extracellular ionized 
calcium concentration itself (Ca2+

o), 1,25(OH)2D, and the 
level of extracellular phosphate ions. Of these three, Ca2+

o 
is most important in the minute-to-minute control of PTH 
secretion. Indeed, the actions of 1,25(OH)2D and phos-
phate ions on the secretion of PTH probably result, at least 
in part, from their effects on hormonal biosynthesis rather 
than secretion per se.19,20,92 Ca2+

o also modulates several 
other aspects of parathyroid function that indirectly affect 
PTH secretion, including PTH gene expression, the hor-
mone’s intracellular degradation, and parathyroid cellular 
proliferation, as described previously. Recent data have 
shown that novel factors playing key roles in phosphate 
homeostasis, especially FGF-23 and α–klotho (a co-recep-
tor for FGF receptors), also modulate parathyroid func-
tion, inhibiting93,94 and enhancing95 parathyroid function, 
respectively. Our rapidly improving understanding of 
how these factors participate in phosphate homeostasis 
is described in detail in Chapter 62. FGF-23 inhibits not 
only PTH secretion per se but also expression of the PTH 
gene.85 It is clear, however, that FGF-23 also has impor-
tant actions on Ca2+

o homeostasis, through its inhibition 
of both parathyroid function, as noted earlier, as well as 
the formation of 1,25(OH)2D.

Physiologic Control of Parathyroid Hormone  
Secretion by Ca2+

o

As illustrated in Figure 56-4, A, the relationship between 
PTH and Ca2+

o is represented by a steep inverse sigmoidal 
curve that can be quantitatively described by four param-
eters.96-98 These are the maximal rate of PTH secretion at 
low Ca2+

o (parameter A); the slope of the curve at its mid-
point (parameter B); the value of Ca2+

o at the midpoint 
(e.g., the “set point” or the level of Ca2+

o half-maximally 
suppressing PTH release; parameter C); and the minimal 
secretory rate at high Ca2+

o (parameter D) (see Fig. 56-4). 
Parameter A in vivo is the sum of the maximal rates of 
PTH release from all individual parathyroid chief cells, as 
reflected by the resultant, maximally stimulated level of cir-
culating PTH. Because of the steepness of the Ca2+

o-PTH 
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relationship, small alterations in Ca2+
o evoke large changes 

in PTH release, thereby contributing importantly to the 
near constancy of Ca2+

o in vivo. Indeed, parathyroid cells 
can readily detect reductions in Ca2+

o of a few percentage 
points,97 and the percent coefficient of variation in Ca2+

o in 
humans is less than 2%.99 The set point of the parathyroid 
gland is the key determinant of the level at which Ca2+

o is 
“set” in vivo, although the parathyroid set point is usu-
ally slightly lower than the ambient blood Ca2+.100 Thus, 
the parathyroid cell is normally more than half-maximally 

suppressed at normal levels of Ca2+
o and has a large secre-

tory reserve for responding to hypocalcemic stress. Nev-
ertheless, PTH levels in vivo also fall dramatically (e.g., 
by 80%) when Ca2+

o rises to frankly hypercalcemic lev-
els,96,97 which is thought to contribute importantly to the 
mineral ion homeostatic system’s defense against hyper-
calcemia.100 Recent evidence, however, from studies using 
mice with knockout of PTH or both PTH and the extracel-
lular CaSR have shown that even in the total absence of 
PTH, the high calcium-evoked increases in renal calcium 
excretion and calcitonin secretion provide a robust defense 
against hypercalcemia.101

Elevating Ca2+
o also decreases the proportion of 

secreted, intact PTH because of increased intraglandular 
degradation to inactive fragments (see the section entitled 
“Parathyroid Hormone Biosynthesis and Intraglandular 
Processing” earlier in the chapter and the section entitled 
“Metabolism of Parathyroid Hormone” later in the chap-
ter).78,102 Even with severe hypercalcemia, however, some 
residual release of intact PTH(1-84) still occurs in vivo 
and persists at a level approximately 5% of that observed 
with a maximal hypocalcemic stimulus.23,80,103 (see Fig. 
56-4). This nonsuppressible basal component of PTH 
release may contribute to the hypercalcemia caused by 
hyperparathyroidism when the mass of abnormal para-
thyroid tissue is very great (e.g., in patients with renal 
failure).98,104-106

The parathyroid cell has a temporal hierarchy of 
responses to low Ca2+

o that permits it to secrete progres-
sively larger amounts of hormone during prolonged hypo-
calcemia.19,20,92 To meet acute hypocalcemic challenges, 
PTH is released within seconds from preformed secretory 
vesicles by exocytosis as dictated by the sigmoidal curve 
(see Fig. 56-4). Sufficient PTH is stored in the parathy-
roid chief cell to sustain maximal, low Ca2+

o-stimulated 
PTH release for about 60 to 90 minutes.100 Another rapid 
response of the parathyroid cell to hypocalcemia that 
enhances its net synthetic rate of PTH is reduced intracel-
lular hormonal degradation—the opposite of what occurs 
at high levels of Ca2+

o—which occurs within minutes to 
an hour.78,102 Hypocalcemia persisting for hours to days 
elicits increased PTH gene expression, whereas that last-
ing for days to weeks or longer stimulates parathyroid cel-
lular proliferation.19,20,92,107 A greater secretory capacity 
for PTH on a per-cell basis (e.g., as a result of enhanced 
PTH gene expression) increases maximal hormonal secre-
tion in vivo, as does an increase in cell number as a result 
of parathyroid cellular proliferation. In severe secondary 
hyperparathyroidism, very large increases in parathyroid 
cellular mass can elevate circulating PTH levels by 100-
fold or more.

In addition to responding to changes in Ca2+
o per 

se, the parathyroid cell also appears to sense the rate 
of change in Ca2+

o such that rapid decrements in cal-
cium promote more vigorous secretory responses than 
do changes of a similar magnitude occurring more 
slowly.108 Furthermore, during dynamic testing of 
parathyroid function in vivo by induced increases or 
decreases in Ca2+

o, PTH in blood is higher at a given 
serum calcium concentration when Ca2+

o is falling 
than when it is rising (e.g., there is hysteresis in this 
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Figure 56-4 Inverse sigmoidal relationship between Ca2+ and parathy-
roid hormone (PTH) release and the four-parameter model describing 
these curves. A, Secretory response of bovine parathyroid glands to in-
duced alterations in plasma calcium concentration. Calves were infused 
with calcium or ethylenediaminetetraacetic acid, and PTH secretion was 
assessed by measuring PTH levels in the parathyroid venous effluent. 
The symbols and vertical bars indicate the secretory rate (mean ± SE) in 
calcium concentration ranges of 1.0 or 0.5 mg/100 mL. The number of 
calves and samples are indicated, respectively, by numbers below and 
above. B, Sigmoidal curve generated by the equation Y = [(A − D)/(1 
+ (X/CB)] + D; the significance of A, B, C, and D are described in the 
text. (A, From Mayer GP, Hurst JG. Sigmoidal relationship between 
parathyroid hormone secretion rate and plasma calcium concentration 
in calves. Endocrinology 102:1036-1042, 1978; B, from Brown EM: 
PTH secretion in vivo and in vitro. Regulation by calcium and other 
secretagogues. Miner Electrolyte Metab 8:130-150, 1982.)
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relationship).109,110 The latter results in an apparent 
direction dependence of the secretory response, which 
when combined with the rate dependence just described, 
may allow for a physiologically appropriate, more vig-
orous secretory response to large rapid decrements in 
Ca2+

o. Also present are circadian111 (for review, see ref-
erence 20) and more rapid (i.e., occurring at rates of 1 
to 6 pulses per hour) phasic changes in circulating PTH 
levels,20,112 but the physiologic significance of these 
changes is not known.

Mechanism of Ca2+
o Sensing by Parathyroid Cells and Other 

Cells Involved in Mineral Ion Homeostasis
The molecular mechanism underlying Ca2+

o-regulated 
PTH secretion involves a G protein–coupled, cell sur-
face Ca2+

o-sensing receptor (CaSR).113 The CaSR was 
first isolated from bovine parathyroid glands114 and 
subsequently from human parathyroid and several 
other tissues and species.115 The receptor has the char-
acteristic “serpentine” motif [seven transmembrane 
domains (TMD)] of the superfamily of G protein– 
coupled receptors (Fig. 56-5). Its long N-terminal ECD 
contains the major, but not all, determinants of Ca2+

o 
binding.116-118

The cell surface CaSR functions as a dimer, which 
is linked by intermolecular disulfide bonds involving 
cysteines 129 and 131 in each monomer as well as by 
non-covalent hydrophobic interactions.119 The CaSR 

shows only modest functional desensitization, if any, 
following repetitive exposure to high Ca2+

o, at least 
in parathyroid cells. In fact, a recent study using cells 
expressing the CaSR heterologously uncovered a novel 
mechanism, called ADIS (agonist-driven insertional sig-
naling) that features agonist-dependent trafficking (e.g., 
in response to high Ca2+

o) of CaSR within the secretory 
pathway to, rather than away from, the cell membrane, 
thereby actually augmenting cell surface CaSR by about 
50%.120 This mechanism likely enables the CaSR to 
continuously monitor Ca2+

o by assuring the continuous 
presence of the cell surface CaSR. In addition to changes 
in trafficking to and from the cell surface as a mecha-
nism regulating the level of cell surface CaSR, as noted 
earlier, both activation of the CaSR and stimulation of 
the VDR by 1,25(OH)2D can upregulate expression of 
the CaSR.

Molecular modeling supports a model in the CaSR in 
which each monomer of the CaSR’s ECD is folded into 
a bilobed, Venus flytrap (VFT)-like structure, which has 
a crevice between the two lobes (see Fig. 56-5)121,122 The 
CaSR manifests marked positive cooperativity in its acti-
vation by Ca2+

o, probably as a result of having several 
binding sites for Ca2+

o on each of the monomers within the 
dimeric CaSR.122 A key Ca2+

o-binding site is thought to be 
present in the crevice between the two lobes of each mono-
mer.122,123 The known structures of the glutamate- free and 
glutamate-bound forms of the structurally homologous  

A
Disulfide bonds at C129, C131

Calcimimetics

Ca2+ 
binding site

Ca2+ 
binding site

Lobe 1Lobe 1

Lobe 2Lobe 2

Figure 56-5 Model of the proposed structure of the human CaSR. Depicted are the receptor’s two monomers, each of which composes two lobes 
linked by disulfide bonds involving cysteines 129 and 131 of each monomer. The two lobes of each monomer are predicted to assume a structure 
reminiscent of a VFT, which is proposed to close upon agonist binding, thereby activating signal transduction. The lower portion of the figure illus-
trates the transmembrane helices characteristic of the GPSRs that enable transduction by the activated receptor of the Ca2+

o signal to the receptor’s G 
proteins and diverse intracellular effector systems. Red segments of the receptor’s ECD indicate alpha helices. The location of a key calcium-binding 
site in a crevice between the two lobes of each monomer is shown, as is the separate site for calcimimetics in each monomer, which bind within the 
receptor’s transmembrane domain. ECD, Extracellular domain; VFT, Venus flytrap. (Reproduced in modified form from Huang N, et al. Identifica-
tion and dissection of Ca2+-binding sites in the extracellular domain of Ca2+-sensing receptor. J Biol Chem 2007; 282:19000-19010, with permission.)
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metabotropic glutamate receptors suggests that the cleft 
in the CaSR is open when Ca2+

o is not bound and closes 
as the level of Ca2+

o increases. Thus binding of Ca2+
o is 

thought to facilitate the conversion of the inactive form 
of the CaSR ECD to the active conformation, which then 
induces alterations in the conformation of the receptor’s 
TMD and intracellular loops and carboxy-terminal tail 
to initiate signal transduction, but this sequence of events 
remains to be proven.

The activated CaSR stimulates the G proteins, Gq/11, 
Gi, and G12/13, which stimulate phospholipase C (PLC), 
inhibit adenylate cyclase, and activate Rho kinase, 
respectively.124,125 The CaSR not only directly inhibits 
adenylate cyclase via Gi, but it also reduces cAMP lev-
els indirectly by increasing Ca2+

i, thereby reducing the 
activity of Ca2+-inhibited forms of adenylate cyclase 
and/or activating phosphodiesterase.126 In occasional 
cell types, the CaSR stimulates cAMP accumulation via 
Gαs.127 The receptor regulates diverse other intracellu-
lar signaling pathways, comprising mitogen-activated 
protein kinases (MAPKs), phospholipases A2 and D, and 
the epidermal growth factor (EGF) receptor, as reviewed 
recently.124,125

The identification of hypercalcemic (e.g.,  familial hypo-
calciuric hypercalcemia and neonatal severe hyperparathy-
roidism)128 and hypocalcemic (i.e., autosomal-dominant 
hypocalcemia)129 disorders caused by inactivating and 
activating mutations of the CaSR, respectively, has pro-
vided incontrovertible proof of the receptor’s central, 
nonredundant role in setting the serum calcium concen-
tration.130,131 Patients with these disorders have char-
acteristic abnormalities in parathyroid and renal Ca2+ 
sensing/handling that have clarified the receptor’s normal 
role in these tissues, outlined previously. Targeted disrup-
tion of the CaSR gene has also enabled the generation of 
mouse models of familial hypocalciuric hypercalcemia 
and neonatal severe hyperparathyroidism via inactivation 
of one or both alleles of the CaSR,132 further supporting 
its importance in Ca2+

o homeostasis.
The molecular mechanisms and signaling pathways 

by which the CaSR regulates PTH secretion continue to 
be elusive. Parathyroid-specific ablation of both of the G 
proteins, Gq and G11, through which the CaSR activates 
PLC, in a mouse model produces a phenotype resembling 
NSHPT.133 Furthermore, recent studies have identified 
heterozygous inactivating mutations of Gα11 as a cause 
of a form of FHH called FHH type 2 (FHH2)134 and 
in patients with autosomal dominant hypoparathyroid-
ism.134,135 These G proteins must, therefore, be key down-
stream effectors of the CaSR in regulating PTH secretion, 
presumably by stimulating PLC and modulating the lev-
els of key intracellular signaling pathways mediating the 
inverse relationship between PTH secretion and Ca2+

o. 
What are these second messenger pathways? Produc-
tion of arachidonic acid by PLA2 has been suggested as 
a mediator of Ca2+-induced suppression of PTH secre-
tion,136 potentially owing to its conversion to products of 
the 12- and 15-lipoxygenease pathways.137 Other work-
ers have implicated stimulation of ERK1/2 as a mediator 
of high Ca2+

o-evoked inhibition of PTH secretion, at least 
in pathologic parathyroid glands.138 Elevation of cAMP 

by activation of receptors stimulating adenylate cyclase is 
a potent short-term stimulus for PTH secretion.139 More-
over, both basal and agonist-stimulated cAMP in para-
thyroid cells are inhibited by increases in Ca2+

o, although 
the contribution of Ca2+

o-mediated changes in cAMP to 
the concomitant alterations in PTH secretion is unclear. 
A possible mechanism contributing to the inverse con-
trol of PTH secretion by Ca2+

o in spite of the associated 
increase in Ca2+

i is the lack of SNAP-25 in parathyroid 
glands.140 The latter in most cells promotes fusion of 
secretory vesicles with the plasma membrane in a Ca2+–
dependent manner (e.g., in response to an increase in 
Ca2+

i). High Ca2+
o also markedly polymerizes the actin-

based cytoskeleton under the plasma membrane in dis-
persed bovine parathyroid cells. This could potentially 
serve as a physical block to exocytosis, given that PTH-
containing vesicles seem to be immobilized within this 
submembranous, polymerized cytoskeleton.141 The CaSR  
is also expressed in several additional tissues involved in 
systemic mineral ion homeostasis, including the calcitonin-
secreting C-cells of the thyroid,142 diverse cells within the 
kidney,143 bone cells and/or their precursors,83 and intes-
tinal epithelial cells. In the C cell, the CaSR mediates the 
stimulatory action of high Ca2+

o on calcitonin secretion, 
a Ca2+

o-lowering hormone. In the kidney, the CaSR in 
the cortical thick ascending limb of the nephron mediates 
direct high-Ca2+

o-induced inhibition of the tubular reab-
sorption of Ca2+ and Mg2+.143,144 Therefore, raising Ca2+

o 
both directly inhibits renal tubular reabsorption of Ca2+ 
via actions on the CaSR expressed in nephron segments 
involved in hormonal regulation of Ca2 + reabsorption 
(e.g., by PTH) and indirectly inhibits it by reducing PTH 
secretion (see the section entitled “Renal Calcium Reab-
sorption” later in the chapter). The CaSR is expressed 
by chondrocytes as well as by osteoblasts and osteoclasts 
and/or their precursors,83 and recent data suggest that it 
plays a key role in skeletal development.145 It is not cur-
rently known whether the CaSR expressed in intestinal 
epithelial cells plays any role in regulating 1,25(OH)2D-
mediated absorption of calcium.

1,25(OH)2D, Phosphate, and Other Factors Regulating 
Parathyroid Hormone Secretion
In addition to directly inhibiting PTH gene expression, 
1,25(OH)2D also reduces PTH secretion146,147 (reviewed 
in references 19, 20, and 92) It is not known whether this 
latter action is solely secondary to the effect of 1,25(OH)2D 
on biosynthesis of the hormone and/or represents a direct 
action on the secretory process per se. Increasing the 
ambient level of phosphate in vitro, independent of con-
comitant changes in Ca2+

o, enhances parathyroid cellular 
proliferation, PTH gene expression, and hormonal secre-
tion.148-150 Phosphate-induced changes in PTH secretion, 
however, take several hours and may result secondarily 
from changes in hormonal biosynthesis rather than secre-
tion per se.150 Finally, Mg2+

o clearly functions as a CaSR 
agonist in vitro when tested in cells containing an endog-
enous CaSR151 (e.g., parathyroid cells) or expressing the 
cloned CaSR,114 although it is twofold to threefold less 
potent than Ca2+

o on a molar basis. Because levels of 
serum ionized Mg2+

o are lower than those of Ca2+
o, it is 
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presently unclear whether Mg2+
o acts as a physiologically 

relevant CaSR agonist at the parathyroid gland in vivo 
under normal circumstances. Patients with inactivating 
or activating CaSR mutations, however, can exhibit mild 
hypermagnesemia or hypomagnesemia,130 respectively, 
thus suggesting that the CaSR does contribute to setting 
Mg2+

o in vivo, as previously suggested.152 It may do so, 
at least in part, in the kidney, where Mg2+

o in the tubular 
fluid of the thick ascending limb exceeds that in blood 
and may be sufficient to activate the CaSR that regulates 
tubular reabsorption of Ca2+

o and Mg2+
o in this nephron 

segment.113,144,153,154 In addition to the inhibitory effect 
of elevated Mg2+

o on PTH secretion, low concentrations 
of Mg2+

o—as in patients with overt magnesium defi-
ciency—also reduce PTH secretion.155 The mechanism(s) 
underlying this effect of hypomagnesemia has recently 
been suggested to involve increased activity of G proteins 
to which the CaSR normally couples, probably Gi and 
Gq/11, thereby leading to increased intracellular signaling 
and inhibition of PTH secretion.156

Metabolism of Parathyroid Hormone
Studies performed over more than 3 decades by sev-
eral laboratories have focused on the heterogeneity 
of circulating forms of PTH, which was first identified 
by Berson and Yalow in 1968.157 From these investi-
gations, it is now apparent that in addition to the full-
length polypeptide PTH(1-84), which is the biologically 
active hormone, much of the circulating hormone lacks 
an intact N-terminus, and most of these fragments are, 
thus, devoid of biological activity, at least regarding the 
PTH/PTHrP receptor–mediated regulation of mineral ion 
homeostasis.18 C-terminal PTH fragments are produced 
in and released from the parathyroid gland, but they are 
also derived from circulating intact hormone by efficient, 
high-capacity degradative systems in the liver and kidney 
and most likely at other peripheral sites. However, some 
PTH fragments, such as PTH(7-84), appear to be gener-
ated within the gland and are likely to have some biologi-
cal activity.158-160

Direct measurement of arterial and venous differences 
in parathyroid effluent blood (with vigorous conditions 
to prevent any ex vivo cleavage of hormone after sample 
collection) were performed in cattle and confirmed that 
smaller C-terminal fragments and intact hormone, but 
not N-terminal fragments, are secreted into the circula-
tion. The relative concentration of these C-terminal frag-
ments released from the gland increases under conditions 
of systemic hypercalcemia, when overall secretion rates of 
intact hormone are lower.77,161 The C-terminal PTH frag-
ments are similar to those generated by peripheral metab-
olism (see later) but were not chemically characterized.

The peripheral metabolism of PTH has been analyzed 
by injecting intact hormone into the circulation of test 
animals. Such experiments have not been performed in 
human subjects, but it is assumed that the similar metab-
olism of PTH in rats, dogs, and cows is reflective of its 
metabolism in humans.162 Clearance of intact PTH from 
plasma was found to be very rapid (half-life, 2 to 4 min-
utes),163,164 with the major sites of clearance being the 
liver and kidney. Clearance by the liver predominates 

over clearance by the kidney; the two organs together 
account for virtually all clearance of intact hormone. 
Hepatic clearance of intact hormone has been estimated 
to be 40% to 75%, and renal clearance has been esti-
mated to be 20% to 30%.18

In summary, current evidence indicates that intact PTH 
and multiple C-terminal fragments (which are derived 
from glandular and peripheral cleavage and may not be 
identical) are the principal circulating hormonal forms; 
however, recent data suggest the presence of a previously 
unrecognized large, N-terminally truncated form of the 
hormone (discussed later). Biologically active, N-terminal 
fragments of PTH, if found in the circulation at all, are 
likely to circulate only at extremely low concentrations 
(<10 to 13 to 10 to 14 mol/L).

Because of the lack of evidence of circulating forms of 
biologically active, N-terminal fragments, it was feasible 
to introduce immunometric assays that use two different 
antibodies, an immobilized capturing antibody directed 
against the C-terminal portion of PTH(1-84) and a radio- 
or enzyme-labeled detection antibody that is directed 
against an epitope within the N-terminal portion of the 
intact molecule.165,166

Although these two site assays have been clinically 
useful and provided a great improvement over earlier 
assays,165 recent studies have demonstrated the presence 
of circulating PTH fragments that are different in charac-
ter and composition from any of the hormone fragments 
discussed previously.80,103,167

The newer immunoradiometric assays that have 
N-terminal epitopes at the extreme amino-terminus of 
PTH(1-84) show significantly lower PTH concentrations, 
particularly in patients with chronic renal failure during 
stimulation and suppression of glandular activity with 
alterations in calcium, a result consistent with the conclu-
sion that only full-length and therefore biologically active 
PTH(1-84) is detected by these assay systems.160,167,168

The findings outlined previously were expected to have 
considerable significance for the management of patients 
with parathyroid dysfunction, especially in the presence 
of renal failure. Treatment of patients with end-stage 
renal disease with large amounts of vitamin D and/or 
calcium (or calcimimetics) is associated with adynamic 
bone disease, which can be deleterious, particularly in 
growing children.169-171 Particularly during hypercal-
cemia, N-terminally truncated forms of PTH become a 
significant, if not the dominant, PTH species.172,173 Mea-
surement of “intact” PTH by earlier assays165 therefore 
overestimated the concentrations of biologically active 
PTH and could result in the overtreatment of uremic 
patients with vitamin D analogues and/or calcium. The 
resulting suppression of the parathyroid gland, even with-
out evoking an inhibitory effect of a fragment similar to 
PTH(7-84), could be acting together to excessively reduce 
PTH-dependent bone turnover. When secretion of PTH is 
suppressed, as in hypercalcemia, and the fractional con-
centration of the large, N-truncated PTH increases, how-
ever, inhibition of the actions of native PTH on calcium 
or bone could occur. Recent experiments with synthetic 
PTH(7-84) support the conclusion that such actions 
occur in vivo and in vitro. For example, PTH(7-84) was 
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shown to have hypocalcemic properties in vivo,158,160 and 
it reduces, presumably via receptors specific for C-termi-
nal PTH fragments, bone resorption that may be partly 
due to impaired osteoclast differentiation.81,158 It is not 
yet established clinically whether the newer radioimmu-
noassays that do not detect large but amino terminally 
truncated PTH molecules will have a decisive advantage 
in diagnosis and management of secondary hyperpara-
thyroidism168 (see Chapters 63 and 70).

PARATHYROID HORMONE–DEPENDENT  
REGULATION OF MINERAL ION HOMEOSTASIS 
MEDIATED THROUGH THE PTH/PTHrP RECEPTOR  
(TYPE 1 RECEPTOR)
As outlined earlier, PTH is the most important pep-
tide regulator of mineral ion homeostasis in mammals. 
Through its actions on the kidney and bone, PTH main-
tains blood calcium concentration within narrow limits. 
In bone, it stimulates the release of calcium, and in the 
kidney it enhances renal tubular reabsorption of calcium 
(and diminishes tubular reabsorption of phosphate). 
Furthermore, in the kidney it increases the synthesis of 
renal 1α-hydroxylase, which stimulates 1,25(OH)2D pro-
duction and thus increases, albeit indirectly, intestinal 
absorption of calcium (and phosphate). These direct and 
indirect endocrine actions of PTH are mediated through 
the PTHR-1, a G protein–coupled receptor that is abun-
dantly expressed in both major target tissues of PTH 
action.

Actions of Parathyroid Hormone on Kidney
In addition to regulating renal calcium and phosphate 
transport, PTH modifies the tubular handling of mag-
nesium, sodium, potassium, bicarbonate, and water 
and moreover stimulates renal gluconeogenesis. Spe-
cific regions of the nephron that are involved in each of 
the PTH-dependent actions have been defined through 
in vivo micropuncture analyses and through in vitro 
studies with nephron segments that have been dissected 
from the remainder of the kidney. Furthermore, cell lines 
from specific regions of the kidney have also been used. 
However, interpretation of these results must take into 
account the complexity of the organization of the kid-
ney as an organ (e.g., the complex anatomic relationship 
involving different renal tubular segments spanning both 
the cortex and medulla and the effects of countercurrent 
distribution that modify solute and water transport), par-
ticularly since certain in vivo features of renal tubules are 
not readily imitated in vitro through the use of isolated 
tubules or cells.

Renal Calcium Reabsorption
Most of the calcium in the glomerular filtrate is reab-
sorbed. The bulk of this reabsorption (65%) occurs via 
passive, paracellular mechanisms, both in the proximal 
tubules and, to a lesser extent, in the thick ascending limb 
of the loop Henle and the distal convoluted tubule.174-178 
As noted by Diaz and colleagues,20 the calcium-sensing 
receptor plays an important, PTH-independent role 
in the adjustment of renal calcium reabsorption in the 

cortical thick ascending limb. The physiologically impor-
tant stimulation of renal calcium reabsorption by PTH 
occurs almost entirely in the distal nephron. In the corti-
cal thick ascending limb, PTH increases the magnitude 
of the lumen positive potential that drives the passive 
paracellular reabsorption of calcium and magnesium. In 
the distal convoluted tubule, in contrast, PTH promotes 
increased transcellular Ca2+ reabsorption by coordinate 
upregulation of molecular components of this transcel-
lular pathway.179 PTH enhances uptake of Ca2+ into the 
tubular cells via the (luminal) plasma membrane chan-
nel, TRPV5,180,181 as well as its active extrusion against 
a steep electrochemical gradient at the basolateral mem-
brane. This latter process of extrusion involves two types 
of transporters. One is the plasma membrane calcium 
pump (Ca2+, Mg2+-ATPase, PMCA), and the second is 
a Na+/Ca2+ exchanger (NCX1), which, in turn, is indi-
rectly regulated by Na+/K+-ATPase(s), which maintains 
the transcellular Na+ gradient. Studies performed with 
membrane vesicles from the distal region of the kidney 
show increased activity of the Na+/Ca2+ exchanger in 
response to PTH.182 PTH also stimulates the translo-
cation of preformed Ca2+ channels sequestered within 
the interior of certain distal tubular cells, presumably 
TRPV5, to the apical surface,183 which translocate to the 
apical (i.e., luminal) surface of the renal tubular epithelial 
cell and mediate increased cellular Ca2+ uptake. Because 
PTH simultaneously enhances the activity of Na+/Ca2+ 
exchangers in the basolateral (antiluminal) membrane, 
the overall process promotes an increase in transcellular 
Ca2+ uptake from the lumen to blood, that is, from the 
apical to the basolateral membrane.

Regulation of 1α- and 24-Hydroxylase Activity
PTH is a major inducer of the activity of proximal tubular 
1α-hydroxylase, a microsomal cytochrome P-450 enzyme 
that synthesizes biologically active 1,25(OH)2D from the 
substrate 25(OH)D.184-186 This effect of PTH on synthesis 
of the renal enzyme shows longer lag times than its effect 
on renal Ca2+ transport and is mediated, at least in part, by 
the protein kinase A (PKA) signaling pathway of the PTH/
PTHrP receptor.187,188 Although 1α-hydroxylase activity 
has been detected in several non-renal tissues, its mRNA 
was found in abundant concentrations only in the kid-
ney, thus confirming that this organ is the most important 
site for the generation of 1,25(OH)2D. PTH-dependent 
synthesis of new 1α-hydroxylase protein requires several 
hours and is blocked by 1,25(OH)2D and actinomycin D, 
a blocker of protein synthesis.188-190 PTH administration 
increases the mRNA encoding the 1α-hydroxylase.188 
Hypophosphatemia is, similar to PTH, a major inducer 
of 1α-hydroxylase, whereas hypercalcemia, as would be 
generated by sustained increases in circulating levels of 
PTH or PTHrP, suppresses synthesis of the enzyme, thus 
limiting overall 1,25(OH)2D synthesis in a homeostatic 
manner. The molecules 25(OH)D and 1,25(OH)2D can 
also be hydroxylated by the 24-hydroxylase, but the 
resulting metabolites, 24,25(OH)2D and 1,24,25(OH)3D, 
appear to have no major role in the regulation of min-
eral ion homeostasis (see Chapter 59). However, PTH 
has an inhibitory effect on 24-hydroxylase, thus reducing 
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the inactivation of 1,25(OH)2D; in contrast, 1,25(OH)2D 
stimulates the synthesis of 24-hydroxylase, thereby induc-
ing its own metabolism.191,192

Renal Phosphate Transport
PTH is of major importance for maintaining normal 
blood calcium levels, but it is not the principal regula-
tor of the serum phosphate concentration, which appears 
to depend on specific phosphaturic factors, particularly 
FGF-23 (see Chapter 62).11,16,193 However, when PTH 
causes an increase in bone resorption (as might occur 
with prolonged dietary calcium deprivation), calcium and 
phosphate increase simultaneously in the blood. Although 
calcium is needed, phosphate is best excreted, which is 
mainly accomplished by a PTH-stimulated increase in 
renal phosphate clearance.

PTH acts directly on proximal tubular cells, where it 
regulates expression of NPT2a and NPT2c in the brush 
border membrane. Whereas NPT2a is expressed in seg-
ments S1 through S3 of the proximal tubule, NPT2c is 
expressed only in the S1 segment. NPT2a protein under-
goes internalization in response to PTH194 followed by 
lysosomal degradation195; in contrast, recent evidence 
suggests that NPT2c can be recycled and re-inserted into 
the brush-border membrane.196 In the proximal renal 
tubules, PTH furthermore enhances the production of 
biologically active 1,25(OH)2D.197-200 All of these actions 
of PTH are mediated through the PTHR-1, which is 
expressed at the baso-lateral membrane (BLM) and at 
much higher levels at the apical brush-border membrane 
(BBM) of the proximal renal tubules.197,201-203

The PTH-dependent renal actions probably involve 
cAMP/PKA- and Ca2+/IP3/PKC-dependent signaling 
events at the BLM, and both pathways appear to con-
tribute to the reduction in proximal tubular phosphate 
reabsorption.197,198,200,204,205 In contrast to these dual 
signaling properties of the PTHR-1 at the BLM, there 
is considerable evidence to suggest that the inhibition of 
phosphate uptake mediated through the PTHR-1 at the 
BBM involves predominantly, if not exclusively, a pertus-
sis-toxin–sensitive, PKC-dependent pathway.197,206-209 In 
fact, recent studies with mice expressing a PTHR-1 that 
is defective for Ca2+/IP3 signaling provided additional evi-
dence for an important role of a non-cAMP/PKA-depen-
dent pathway in the long-term PTH-dependent regulation 
of renal phosphate excretion, while the acute phosphaturic 
PTH effect appears to involve primarily the cAMP/PKA 
signaling pathway.204,205 PTH thus activates both major 
signaling pathways via PTH/PTHrP receptors located at 
either the BLM or the BBM, and it induces phosphaturia 
by reducing expression of the type 2 sodium-phosphate 
cotransporters, NPT2a and NPT2c.

Activation of the cAMP/PKA pathway downstream 
of the PTHR-1 is undoubtedly involved in the PTH-
dependent regulation of NPT2a expression.208-210 Conse-
quently, patients affected by pseudohypoparathyroidism 
type 1a (PHP-1a)—a disease caused by maternally inher-
ited, inactivating mutations in GNAS, the gene encoding 
the alpha-subunit of the stimulatory G protein (Gsα)—
develop hyperphosphatemia due to a lack of functional 
Gsα in the proximal tubules and consequently show 

impaired urinary cAMP and phosphate excretion in 
response to PTH (see Chapters 62 and 66). However, the 
phosphaturic response stimulated by PTH is not totally 
absent, since PHP-1a patients have a small, but delayed 
increase in urinary phosphate excretion after challenge 
with PTH, which suggests that signaling molecules other 
than cAMP could also be involved in promoting phos-
phate excretion.211-213

Besides regulating NPT2a expression, PTH also affects 
expression of the second kidney-specific sodium-depen-
dent phosphate co-transporter, namely NPT2c.209 In 
mice, the mRNA encoding NTP2c is about 10-fold less 
abundant than that encoding NPT2a, which initially sug-
gested that NTP2c plays only a minor biological role, 
limited to some period during postnatal development.214 
It was then found, however, that homozygous and com-
pound heterozygous mutations in NPT2c cause hereditary 
hypophosphatemic rickets with hypercalciuria (HHRH), 
an autosomal recessive disorder.215-218 This disease link-
age makes it certain that NPT2c serves important func-
tions in biology and is not redundant with NPT2a.198-200 
Homozygous, inactivating mutations in NPT2a are the 
cause of a more severe disease leading not only to renal 
phosphate-wasting, but also to the impairment of other 
proximal tubular functions.219 Both proteins are inter-
nalized at the BBM in response to treatment with PTH, 
but the time courses of these agonist-dependent processes 
differ, raising the possibility that different scaffolding 
proteins regulated by PTH underlie the differential regu-
lation of NPT2a and NPT2c. Furthermore, activation of 
different signaling pathways downstream of the PTHR-1, 
namely the cAMP-dependent activation of PKA, or the 
Ca2+/IP3-dependent or -independent activation of PKC, 
may have different roles in the regulation of NPT2a and 
NPT2c expression.

These differences may involve signalsomes, special-
ized intracellular domains in which proteins involved in 
a specific biochemical process or pathway are brought 
into close proximity by binding to “scaffold” proteins, 
thereby limiting their diffusion and altering receptor-
mediated downstream signaling pathways.220 In renal 
proximal tubules, the sodium/hydrogen exchanger regu-
latory factors 1 and 2 (NHERF1/2) are prominent scaf-
fold proteins, which contain two PDZ (psd-95, discs large, 
ZO-1)-binding domains and a C-terminal ERM (ezrin, 
radixin, moesin)-binding motif.221 The PTHR-1 interacts 
with NHERF proteins through a  C-terminal PDZ-binding 
motif222,223 (Fig. 56-6), which leads to NHERF-dependent 
suppression of PTH-stimulated cAMP accumulation in 
some cell lines.222 In opossum kidney cells (OK), NHERF1 
enhances PTHR-1 signaling through intracellular calcium 
and PLC.223 In fact, anchoring the receptor to the BBM 
of proximal tubules appears to promote signaling through 
the IP3/PKC pathway, illustrating how domain-specific 
factors can influence receptor-dependent signaling.

Similar to the PTHR-1, NPT2a also contains a C-ter-
minal motif that binds to PDZ domains of NHERF1,224 
and NHERF1-null mice display phosphate-wasting due 
to a reduction in NPT2a expression at the BBM of proxi-
mal tubules. Thus, this transporter requires a NHERF1-
assembled scaffold for proper membrane expression.225 
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Furthermore, NHERF1 has been shown to be an essential 
factor for the PTH-mediated regulation of NPT2a expres-
sion in OK cells and in primary proximal tubular cell cul-
tures isolated from NHERF1-null mice. Combined, these 
findings demonstrate that NHERF1 not only establishes 
NPT2a surface expression, but also aids in the forma-
tion of a regulatory complex necessary for PTH-elicited 
phosphaturia. In vitro, NHERF1-assembled complexes 
consisting of PTHR-1 and NPT2a are present in apical 
domains of OK cells and in genetically modified LLC-
PK1 cells, which were developed for studying phosphate 
transport.226

The PTH fragment peptide PTH(3-34) has been 
frequently used in efforts to discern the signaling 
events at the BBM from those at the BLM, that regu-
late NPT2a and NPT2c, as some data suggest that this 
analogue may selectively activate the PKC-signaling 

pathway227-229 and thus should act only at the BBM. 
There are, however, no data demonstrating that 
PTH(3-34) can directly activate the PLC-dependent for-
mation of IP3, and, in fact, substitutions or deletions 
at positions 1 and 2 of PTH result in markedly and/
or selectively impaired activation of the PLC/IP3/Ca2+ 
signaling response.39-41,230 PTH(3-34) has been shown 
to activate PKC via a non-PLC/IP3-dependent mecha-
nism, perhaps involving another phospholipase, such as 
PLA2.229 In any case, several investigators have shown 
that PTH(3-34), as well as other PTH and PTHrP frag-
ments truncated at the amino-terminus, can inhibit the 
uptake of phosphate by OK cells (which do not express 
significant amounts of NPT2c) in the apparent absence 
of significant cAMP accumulation.231-235 Furthermore, 
PTH(3-34) was shown to promote, at least partially, 
urinary phosphate excretion in animals.236 This raises 
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Figure 56-6 The human PTH/PTHrP receptor (PTH-receptor type 1, PTHR-1). The PTHR-1 is composed of an amino ECD (∼160 amino acids 
following removal of the 23–amino acid signal sequence) that is involved in initial ligand binding, a seven helical TMD segment that contains the 
connecting intracellular and extracellular loops and mediates agonist-activation and signal transduction, and a C-terminal tail (∼130 amino acids) 
that mediates ligand-induced receptor internalization, trafficking, and signal termination. Specific amino acids of interest are shaded or colored and 
include the four pairs of extracellular cysteine (C) residues that form a disulfide bond network that is conserved in the family B GPCRs and maintains 
receptor structure and function49,50,318; four glycosylated asparagine (N) residues in the ECD395; Thr33 and Gln37, which modulate interaction with 
tryptophan-23 in the ligand342,396; Arg186, which is a photo-affinity cross-linking site for ligand residue lysine-13;346 Ser370, Met425, Trp437, and 
Gln440, which contribute interactions involving ligand residues at or near valine-2 and likely play a role in receptor activation338,343,358,359; conserved 
Pro132 in the ECD, which is the site of an inactivating mutation (Leu) in Blomstrand’s chondrodysplasia397; His223, Thr410, and Ile458, at which 
mutations result in constitutive signaling activity, and in patients result in Jansen’s chondrodysplasia;398 Lys319 at which mutations impair Gαq 
signaling;399 Lys388, at which mutations impair Gαq and Gαs signaling.400 Key residues in the C-tail include the seven serine (S) residues that are 
phosphorylated upon agonist activation and mediate recruitment of β-arrestins,378,401 and the C-terminal ETVM sequence that mediates interaction 
with the NHERF family of proteins.222,382,389,390 In each transmembrane domain, the residue identified as the most conserved residue among the fam-
ily B GPCRs is enclosed in a hexagon.402 ECD, extracellular domain; NHERF, sodium-hydrogen exchanger regulating factor; TMD, transmembrane 
domain.
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the possibility that PTH fragments that are found in 
the circulation of patients with primary or secondary 
hyperparathyroidism, such as PTH(7-84) and PTH(4-
84), could induce phosphaturic effects.159,172,173,237,238 
PTH(7-84), however, does not appear to have phospha-
turic activity when tested in vivo, or in some in vitro 
systems. In addition, PTH(3-34) can activate at least 
partially, the cAMP-dependent PKA in cells.239,240 This 
makes it plausible that the capacities of amino-termi-
nally truncated PTH or PTHrP analogues to promote 
the urinary excretion of phosphate arise, at least to 
some extent, from partial activation of the cAMP/PKA 
pathway at the BLM.

As mentioned earlier, PTH treatment leads to the 
reduction of NPT2a and NPT2c in the kidney, but 
effects of the hormone on the two co-transporters 
appear to differ, as shown in thyro-parathyroidecto-
mized rats.198-200,209 NPT2a is expressed in segments 
S1 to S3 of the proximal renal tubules, whereas NPT2c 
is present only in S1.198-200,209 NPT2a is the more 
abundantly expressed co-transporter, and it handles (in 
the mouse) 70% to 80% of renal phosphate reabsorp-
tion, with NPT2c accounting for the remaining 20% to 
30%. In response to PTH, NPT2a disappears rapidly 
from the BBM and translocates to lysosomes, where 
it undergoes degradation, whereas NPT2c disappears 
from the BBM surface at a much slower rate and does 
not seem to undergo lysosomal degradation, but rather 
may recycle back to the BBM surface.196 The mecha-
nisms underlying these diverse response profiles are 
uncertain at present, but the generation of engineered 
LLC-PK1 cells that show PTH-dependent inhibition of 
phosphate transport via reductions in either NPT2a 
or NPT2c expression,226 will likely lead to important 
new insights into the molecular and cellular processes 
involved.

Actions of Parathyroid Hormone on Bone
PTH actions on bone cells are critical in the normal process 
of bone development and maintenance of skeletal integrity 
in the adult as well as playing a crucial role in calcium and 
phosphate homeostasis through its actions on target cells. 
In bone, PTH affects several highly specialized cells (i.e., 
osteoblasts, osteocytes, and osteoclasts) that are critical in 
bone health and integrity and, as discussed later, are used 
in generating some of the homeostatic responses in mineral 
ion metabolism. Some of these effects reflect direct actions of 
PTH; others are indirect, mediated in an autocrine/paracrine 
manner through factors released by osteoblasts and osteo-
cytes in response to PTH receptor activation that signal to 
other cells, osteoclasts, that lack these receptors (see later).

In addition to these important actions on the three 
most critical cells of bone, other actions of PTH have 
important indirect effects on bone metabolism. These 
include the now well-described actions of PTH on 
cells of the immune system (T cells)241 as well as hor-
mone actions via responsive cells in the vasculature 
and its signaling molecules such as vascular endothe-
lial derived growth factor (VEGF).242 Details of these 
important indirect actions on bone are well covered in 
Chapter 60.

PTH actions on bone cells are critically influenced by 
the actions of vitamin D (see Chapters 59 and 67) and 
closely intertwined with the actions of PTHrP (see Chap-
ter 57). PTH actions on bone are but one factor in a com-
plex pattern of interactions involving multiple systemic 
and locally produced hormones and cytokines (e.g., sex 
steroids).243

Different aspects of the biological role of PTH on 
bone cells can be demonstrated in vivo with rat mod-
els. For example, the major physiologic role of PTH 
in maintenance of calcium homeostasis can be shown 
after the stress of low calcium intake in a growing rat in 
which parathyroidectomy results in severe fatal hypocal-
cemia (see Fig. 56-1). The tools of mouse genetics have 
permitted remarkable advances in unraveling the com-
plex pattern of interactions due to PTH by selective gene 
knockout of individual components of the interacting 
system and then observing effects in vivo. Mouse mod-
els in which PTH action has been selectively blocked 
exhibit a marked reduction in trabecular bone,244,245 
demonstrating the role of PTH in embryonic bone devel-
opment. The close interplay of PTH and PTHrP in skel-
etal actions is also demonstrable in genetically modified 
mouse models.246,247

PTH action can be analyzed in a pharmacologic 
mode. Administration of PTH leads within minutes to 
a lowering of calcium caused by uptake of the mineral 
into bone cells,248 followed by increased mobilization 
of calcium from the mineral phase into the blood-
stream.248,249 The precise mechanisms responsible for 
these rapid bidirectional changes have not yet been 
elucidated, although clearly a major pathway for cal-
cium release from bone involves osteoclasts; these cells 
undergo multiple cellular changes involving the activa-
tion of cellular transporters and pumps, as well as the 
secretion of enzymes such as cathepsin K and collage-
nases (see later).

An additional insight regarding the effects of PTH 
actions on bone cells can be appreciated through results 
seen when PTH is used as a therapy for osteoporosis. 
Chronic administration of PTH, if given intermittently, 
stimulates bone formation, an action that involves a 
complex set of cellular responses in bone affecting prin-
cipally stromal cell/osteoblast proliferation, differen-
tiation, and cellular actions263,264 as well as actions on 
osteocytes.267,268

On the other hand, continuous PTH administration 
in vivo leads to decreased bone mass. In this situation, 
both bone formation and bone resorption are stimulated, 
but the latter effect is predominant. The pathologic con-
dition hyperparathyroidism is an example of this effect 
(see Chapters 60 and 63).

Effects on Osteoblasts
PTH actions on mature osteoblasts that express the 
PTHR-1 involve a number of signaling pathways with 
complex interactions. PTH activates the cAMP/protein 
kinase A (PKA) and multiple additional signaling path-
ways including calcium/protein kinase C (PKC), Wnt/beta 
catenin, and mitogen-activated protein kinase (MAPK), 
resulting in a complex pattern of direct and indirect 
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responses involving signal molecules and transcription 
factors.250-253 This series of events eventually modulates 
the actions of genes crucial for osteoblast differentiation, 
function, cell division, and apoptosis. A remarkable num-
ber of cellular activities of osteoblasts are influenced by 
PTH, including cellular metabolic activity, ion transport, 
cell shape, gene transcriptional activity, and secretion of 
multiple proteases. Among these actions are critical cel-
lular responses including direction of precursor cells into 
the osteoblast lineage under the influence of Runx2, beta 
catenin, and osterix.254,255 PTH action promotes osteo-
blast differentiation in part by promoting exit from the 
cell cycle. In addition to effects on cell proliferation, PTH 
controls cell survival by promoting inactivation of the 
pro-apoptosis factor Bad and upregulation of the cell sur-
vival factor Bcl 2.256

Mature osteoblasts on the bone surface secrete col-
lagen and other elements of the bone matrix (osteoid) 
and also direct the mineralization of osteoid. These criti-
cal steps as well as the multiple factors in addition to 
PTH that influence the process are thoroughly reviewed 
in Chapter 60.

Effects on Osteoclasts
Multiple factors, local and systemic, are involved in 
osteoclast generation and activity in addition to PTH (see 
Chapters 58, 59, and 60). Regarding PTH actions, it is 
generally agreed that osteoclasts lack PTH receptors and 
hence actions of PTH are indirect through stimulation of 
cytokines from osteoblasts and osteocytes. Osteoblasts 
and osteocytes (see later) produce RANKL,257-261 and 
PTH can be shown to stimulate production of this cyto-
kine, a membrane-associated or soluble secreted protein 
with homology to the family of tumor necrosis factors 
(TNFs). RANKL is a critical regulator of osteoclast func-
tion, directing differentiation of osteoclast precursors into 
mature bone resorbing osteoclasts.119,262-264 These effects 
of RANKL are mediated through RANK, a member of 
the TNF receptor family, which induces upon cell-to-cell 
contact or by binding soluble RANKL (in the presence 
of macrophage colony-stimulating factor) the differentia-
tion of osteoclast precursors into mature bone-resorbing 
osteoclasts.260,261 In the complex balance of bone forma-
tion and bone resorption, there is an additional feedback 
regulator, osteoprotegerin (OPG), a soluble decoy recep-
tor with homology also to the TNF receptor family,263 
which binds and thus inactivates RANKL. PTH inhibits 
OPG production by osteoblasts.

The critical role of RANKL and OPG have been ele-
gantly demonstrated in vivo by mouse genetic manipu-
lation. Transgenic expression of OPG leads to impaired 
osteoclastogenesis and thus to osteopetrosis, whereas 
genetic ablation of OPG leads to osteoporosis.265-267 
Ablation of the gene for RANKL or the receptor, RANK, 
also leads to osteopetrosis.268

The binding of RANKL to RANK on the surface of 
precursor cells destined to become osteoclasts results in 
a series of cellular responses that result in the forma-
tion of functioning osteoclasts. Initially there is stimu-
lation of TNF receptor–associated factor (TRAF) 6 
activity, which leads to activation of NF-κB, which in 

turn increases another mediator, cFos. cFos interacts 
with a key osteoclast transcription factor, nuclear fac-
tor of activated T cells (NFATc1) which leads to expres-
sion thereby of a series of osteoclast-specific genes. In 
addition to PTH, some of the factors previously noted 
to have an important role in the paracrine stimulation 
of osteoclast formation, such as interleukin-6, inter-
leukin-11, prostaglandin E2, and 1,25(OH)2D,269-271 
were also shown to directly stimulate the production of 
RANKL by osteoblasts.272 Other osteoclastic cellular 
responses involved in bone resorption include the devel-
opment of vitronectin-mediated anchorage of osteoclasts 
to the bone surface, acidification of the circumscribed 
and sealed-off extracellular environment that is created 
between the osteoclast and bone, and, in addition, the 
secretion of a variety of proteases and other enzymes 
(see Chapter 60).

Effects on Osteocytes
Osteocytes are the most numerous cells in bone, and there 
is a growing appreciation of the central biological role 
they play not only in bone turnover but also as a source 
of circulating factors critical in calcium and phosphate 
homeostasis.257,258 Osteocytes are present apparently 
encased throughout bone. However, they develop numer-
ous dendritic processes that permit communication with 
one another and with the vasculature and cells on the 
bone surface. Abundant evidence indicates that these cells 
are key in responding to mechanical forces used to modu-
late bone mass as well as being responsive to PTH, other 
circulating hormones, and locally produced cytokines in 
control of bone mass.257,273,274

Osteocytes contain abundant PTH receptors. There is 
growing evidence that osteocytes are critical mediators of 
PTH action on bone remodeling.257,258 Powerful in vivo 
confirmation of this again comes from genetically modi-
fied mice. Osteocyte-selective deletion of the PTHR-1 
leads to a reduction in bone mass, particularly in the tra-
becular department.245 Conversely, expression of a con-
stitutively active PTHR-1 specifically in osteocytes leads 
to a high bone mass phenotype.244 A series of important 
proteins, many of which are secreted and involved in 
mineral ion homeostasis, are produced.273,274 One PTH-
sensitive factor, now the subject of much study, is scleros-
tin.275 Recent evidence suggests that reduced production 
of sclerostin is a critical mediator in the anabolic actions 
of PTH.259,276,277

Recent data suggests that osteocytes may be the most 
important source of RANKL. In vivo data supporting this 
are from mice in which this key cytokine was deleted, spe-
cifically from osteocytes.259,277 With age, the mice devel-
oped increased bone mass and showed reduced numbers 
of osteoclasts. PTH appears to stimulate osteocyte pro-
duction of FGF-23, the phosphaturic hormone discussed 
in Chapter 62.

RECEPTORS FOR PARATHYROID HORMONE LIGANDS
Because of the diverse actions of PTH, which were shown 
to be either direct or indirect and to involve multiple 
signal transduction mechanisms, it was initially thought 
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that several different receptors would mediate the 
pleiotropic actions of this peptide hormone. Although 
some of these actions were subsequently shown to be 
PTHrP- rather than PTH-dependent, it was somewhat 
surprising that the initial cloning approaches led to the 
isolation of complementary DNAs (cDNAs) encoding 
only a single G protein–coupled receptor, the common 
PTH/PTHrP receptor, or PTHR-1 (see Fig. 56-6). The 
recombinant PTH/PTHrP receptor was shown to inter-
act approximately equivalently with PTH and PTHrP 
ligands, and to activate, in response to either ligand, at 
least two distinct second messenger pathways, namely, 
the adenylyl cyclase/cAMP/PKA and phospholipase C 
(PLC)/IP3, Ca2+, DAG/PKC pathways, mediated by GαS 
and Gαq/11, respectively.250,278-281 Based on these and 
subsequent findings, such as the similar phenotypes 
observed in mice that are null for either PTHrP or the 
PTH/PTHrP receptor,282,283 it is now clear that the 
endocrine actions of PTH and the paracrine/autocrine 
actions of PTHrP are mediated through the same PTH/
PTHrP receptor.

It is also now clear that, depending on cell type, the 
PTH/PTHrP receptor can activate several other signal-
ing cascades, including the extracellular signal-regulated 
kinase (ERK) cascade,41,284-286 and the phospholipase 
D/rho A cascade,287 the former potentially involving in 
addition to GαS, β-arrestins41 or transactivation of ERK 
via extracellularly released epidermal growth factor,285 
and the latter through activation of the Gα12/13 subtype 
of heterotrimeric G proteins.287

The initial finding that both PTH and PTHrP could 
activate the recombinant PTH/PTHrP receptor confirmed 
earlier studies using different clonal cell lines or renal 
membrane preparations that had shown that PTH and 
PTHrP bind to and activate a common G protein–cou-
pled receptor with similar efficiencies and efficacies.288-291

Parathyroid Hormone Receptor Subtypes
Subsequent to cloning of the PTH/PTHrP receptor, also 
called the PTHR-1, different efforts led to the identifica-
tion of two novel receptors closely related to the initially 
isolated receptor. One of these receptors, called the PTH-2 
receptor (PTHR-2), was obtained from a human brain 
cDNA library292 and was found to have reactivity toward 
PTH but not PTHrP.292-295 The PTHR-2 from rat, how-
ever, responded poorly to both PTH and PTHrP.296,297 
A search for the true ligand for this PTH-2 receptor led 
to the isolation of a hypothalamic peptide called tubular 
infundibular peptide of 39 amino acids (TIP39), which 
efficiently binds to and activates both rat and human 
PTH-2 receptors.298 TIP39 shows weak amino acid 
sequence homology to the N-terminal 34 amino acids of 
PTH and PTHrP, as well as some overlap in secondary 
structure (see Fig. 56-2).299 Intact TIP39 binds relatively 
weakly to the PTHR-1, but deletion of the first seven resi-
dues results in a high-affinity PTHR-1 antagonist.300-302 
The peptide TIP39 is produced in the hypothalamus and 
within the testes,298,303 and together with the PTHR-2 
appears to play an autocrine/paracrine role in germ cell 
development, as mice lacking the gene for TIP39 are ster-
ile due to a failed formation of spermatids.304 Although 

the PTHR-2 and its activating ligand, TIP39, appear to 
be absent in birds, putative representatives of this ligand-
receptor pair have been detected in the genomes of fish, 
including the ancient agnathan sea lamprey.305

The second PTH receptor variant isolated, the PTH-3 
receptor (PTHR-3), has so far been found in fish and 
birds,305,306 but not in mammals (Fig. 56-7). Functional 
and phylogenetic analyses indicate that the PTHR-3 is 
more closely related to the PTHR-1 than to the PTHR-2 
(see Fig. 56-7).305,306 In addition to the three identified 
PTH receptor subtypes, there are functional and physi-
cochemical data suggesting that there may be additional 
receptors that interact with portions of either PTH or 
PTHrP, which are C-terminal of the principal bioactive 
region defined by the (1-34) segment. As of yet, however, 
no gene or cDNA encoding such a novel receptor has 
been identified.

The Type 1 PTH/PTHrP Receptor: Gene Structure, Protein 
Topology, and Evolution
The type 1 PTH/PTHrP receptor, or PTHR-1, belongs to 
a distinct subgroup of G protein–coupled receptors called 
the class B, or secretin-family GPCRs. The first cDNAs 
encoding the PTH/PTHrP receptor were isolated through 
expression cloning techniques from two different model 

Human PTH1R

Human PTH2R

Chicken PTH1R

Chicken PTH3R

Danio PTH1R

Danio PTH3R

Danio PTH2R

Ciona PTHR

Figure 56-7 Phylogenetic relationships among PTH receptors. The 
amino acid sequences of PTH receptors from humans, zebrafish  (Danio 
rerio), and chicken, each with the predicted signal peptide and the seg-
ment encoded by exon E2 (hPTHR-1) removed, were aligned using 
the ClustalW(2.012) program (gap penalties: opening, 10; extending, 
0.2 multiple, 0.1 pair-wise), and the aligned sequences were displayed 
as an evolutionary tree in which branch distances indicate amino acid 
sequence divergence; the tree was generated using the Phylip(3.67) 
HDrawgram program. Illustrated are the three different PTH receptor 
subtypes, for which the PTHR-1 is present in all vertebrates, the PTHR-
2 is present in humans and fish (Danio) but is absent in birds, and the 
PTHR-3 is present in birds and fish but not in higher vertebrates. The 
tree also includes an apparent PTHR sequence identified in the genome 
of the tunicate Ciona intestinalis and which exhibits ∼35% overall iden-
tity to the human PTHR-1. The Protein Data Bank accession numbers 
for the sequences used are as follows: human PTHR-1, Q03431; chick-
en PTHR-1, 418507; Danio PTHR-1, Q9PVD3; chicken PTHR-3, Da-
nio PTHR-3, Q9PVD2; Ciona PTHR, ci0100139945; human PTHR-2, 
P49190; Danio PTHR-2, Q9PWB7.
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cell lines: OK cells, an opossum kidney derived proximal 
tubule-like cell, and ROS 17/2.8 cells, a rat osteosarcoma-
derived osteoblast-like cell.250,280 Subsequently, cDNAs 
encoding the PTHR-1 from human281 and a number of 
other species including fish307 were isolated.

The gene encoding the human PTH/PTHrP recep-
tor is located on chromosome 3p (within the region 
3p21.1-3p24.2). The gene spans at least 20 kb of 
genomic DNA and consists of 14 coding exons and at 
least three noncoding exons.308-310 The size of the coding 
exons in the human gene ranges from 42 bp (exon M7)  
to more than 400 bp (exon T), and the introns vary in 
length from 81 bp (intron between exons M6/7 and M7) 
to more than 10,000 bp (intron between exons S and E1). 
Two promoters for the PTH/PTHrP receptor, P1 and P2, 
have been described in rodents.311-314 The activity of P1 
(also referred to as U3) is mainly restricted to the adult 
kidney, while that of P2 (also referred to as U1) is detected 
in several fetal and adult tissues, including cartilage and 
bone. In humans, a third promoter (P3, also referred to as 
S) appears to control PTH/PTHrP receptor expression in 
some tissues, including kidney and bone.310,315,316

The expressed human PTH/PTHrP receptor protein is 
593 amino acids in length, including the 22 amino acid 
N-terminal signal peptide sequence that is removed in 
the mature receptor (see Fig. 56-6). The predicted topol-
ogy is defined by a relatively large amino-terminal ECD 
of about 160 amino acids, a TMD region containing 
seven-membrane spanning helices and interconnecting 
loops, and a carboxy-terminal tail of about 110 amino 
acids (see Fig. 56-6). In mammals, the PTHR-1 ECD is 
encoded by five exons: S, E1, E2, E3, and G. Exon S and 
G encode the signal peptide and a glycosylated segment,317 
respectively. Exons E1, E3, and G encode segments that 
include a number of conserved residues that are likely 
required for proper folding of the protein, surface expres-
sion, and/or ligand binding. These residues include six 
cysteines that form a disulfide bond network that stabi-
lizes the ECD.49,318,319 Exon E2 encodes a nonconserved  
41–amino acid segment that is not essential for receptor 
function, as it can be targeted for deletion or large inser-
tions, such as with green fluorescent protein (GFP), without 
a major loss in ligand binding affinity or surface expres-
sion.318-320 Indeed, an equivalent of exon E2 is absent in 
the PTHR-1s from all nonmammalian species, as well as 
in other members of this GPCR subfamily, including the 
PTHR-2.306,321,322 The E2 segment of the mammalian 
PTHR-1 gene might thus reflect an evolutionary recent 
genetic insertion event306 or perhaps an atavistic genomic 
remnant. In any event, the E2 encoded segment is likely to 
be conformationally flexible, as it is not resolved in the x-ray 
crystallographic structure of the isolated PTHR-1 ECD.49

It was the initial cloning of the PTHR-1 cDNA,250,280 
along with the cDNAs for the receptors for secretin323 
and calcitonin,324 that led to the realization that these 
receptors form a distinct GPCR subfamily, now called the 
class B or secretin-family receptors.322,325,326 The 15 or so 
family B receptors share a similar overall structural topol-
ogy, which is defined by the large ECD region containing 
the conserved network of three disulfide bonds, as well 
as a number of other conserved amino acids dispersed 

throughout the receptor protein.327-329 Protein alignment 
analyses reveal virtually no amino acid sequence homol-
ogy between the family B GPCRs and the receptors com-
posing the four other major GPCR subgroups, including 
the family A GPCRs, as represented by the well-studied 
β2-adrenergic receptor and rhodopsin.325 The structural 
similarity between these groups of receptors is therefore 
limited to the common use of a heptahelical protein orga-
nization for the TMD region.325,330

As an evolutionary protein class, the family B GPCRs 
appear to have arisen with the emergence of the metazo-
ans, as representatives of the receptor family are found in 
the genomes of a variety of invertebrate species, including 
the insect D. melanogaster, and the nematode C. elegans, 
while they are not found in yeast or bacteria.322,331 A 
plausible PTH/PTHrP receptor homologue is present in 
the genome of the tunicate sea squirt Ciona intestinalis 
(see Fig. 56-7).322,332

The overall three-dimensional molecular structure 
adopted by the family B GPCRs has not yet been fully 
defined, as no member of the receptor family has been 
crystallized in an intact form. For several family B recep-
tors, however, including the PTHR-1,49,50 high-resolu-
tion three-dimensional structures have been determined 
for the isolated ECD region in complex with the cognate 
peptide ligand. These studies have revealed that recep-
tor ECDs utilize a similar overall fold that is composed 
of three layers of secondary structure: an upper layer 
formed by an N-terminal α-helix, a middle layer contain-
ing an element of β-sheet, and a lower layer formed by 
a β-strand and short C-terminal α-helix (Fig 56-8). The 
overall ECD fold is stabilized by the three conserved disul-
fide bonds together with an extensive array of hydropho-
bic and electrostatic packing interactions.49 The ligand, 
represented for the PTHR-1 ECD by the PTH(15-34) 
domain, binds to the ECD as an amphipathic α-helix and 
lies within a central groove that lies along the long axis 
of the ECD body.

More recently, high-resolution three-dimensional crys-
tal structures have been determined for the membrane-
spanning helical region of two family B GPCRs, the 
corticotropin receptor type-1 (CRFR-1) and the glucagon 
receptor.333,334 These new TMD structures are reveal-
ing some early clues as to how this portion of a family  
B GPCR is topologically arranged so as to bind and 
respond to the cognate agonist peptide ligand.

Mechanisms of Ligand Binding and Activation  
at the Parathyroid Hormone Receptor

A Two-Site Mode of Ligand Binding
The ligand binding mechanisms used by the PTH recep-
tor have been extensively analyzed by a combination of 
approaches, including functional methods that are based 
on receptor site–directed mutagenesis and ligand analogue 
design strategies,335-342 and biophysical methods that are 
based on the use of photoreactive cross-linking analogues 
of the ligand that permit direct identification of sites of 
intermolecular proximity by protein fragmentation and 
mapping analysis. The cross-linking analogues used in 
these studies have been labeled at various positions with 
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a photoreactive benzophenone group, incorporated either 
directly into the peptide chain, as parabenzoyl-l-phenyl-
alanine (BPA),342-345 or attached to the epsilon amino 
function of lysine13 (BpLys).346 The combined functional 
and cross-linking data suggest that the ligand, as repre-
sented by the bioactive PTH(1-34) peptide, binds to the 
receptor via a two-step mechanism that involves two 
principal and somewhat autonomous components of the 
overall interaction.347-350 The C-terminal portion of the 
ligand representing the principal binding domain351,352 
first contacts the N-terminal domain of the receptor to 
establish initial docking interactions,319 and, subse-
quently, the N-terminal portion of the ligand interacts 
with the J domain portion of the receptor to produce the 
holo-enzyme bimolecular complex that can couple to and 
activate G proteins (Fig. 56-9). The overall interaction is 
certain to be more complex, but this general scheme of 

interaction is now believed to extend to most of the class 
B family of peptide hormone–binding G protein–coupled 
receptors.327

Ligand Interactions to the ECD Region of the Type 1 Parathyroid 
Hormone Receptor
A number of specific peptide ligand contacts to the ECD 
of the PTHR-1 can be identified in the crystal structure of 
the PTHR-1 ECD•PTH(15-34) complex.49 In the com-
plex, the PTH(15-34) domain is bound in an amphiphi-
lic α-helical conformation with the hydrophobic face of 
the helix, formed by Trp23, Leu24, and Leu28, making 
extensive contact with complementary hydrophobic sur-
faces lining the central groove of the ECD structure. The 
guanidinium side chain of highly conserved Arg20 of the 
ligand makes additional contacts with at least five recep-
tor residues that form a pocket at the proximal end of 
the central groove. Binding studies performed using both 
the intact receptor and the isolated ECD domain confirm 
the importance of these identified contacts in establishing 
and/or maintaining overall ligand binding affinity.49,50

Ligand Interactions to the TMD Region of the Type 1 Parathyroid 
Hormone Receptor
The ligand interactions that occur with the receptor’s TMD 
domain are known with considerably less certainty than 
those occurring in the receptor’s ECD region, but these 
TMD-directed interactions appear to principally involve 
ligand residues that are within the segment extending from 
position 1 to about position 19.344,349,350 This segment 
indeed is the portion of the PTH ligand that contains the 
key determinants of receptor activation (i.e., the agonist 
pharmacophore), as shown by a number of functional stud-
ies on short N-terminal PTH analogues.38,336,353-355 A con-
tact site for conserved valine-2 in the ligand, which plays a 
critical role in receptor activation,38,356 has been mapped by 
cross-linking methods to Met425 at the extracellular end of 
the transmembrane domain (TM) 6.357,358 This interaction 
site is supported by functional data;357,358 however, other 
sites in the receptor (e.g., Ser370 and Ile371) have also been 
implicated by mutagenesis approaches to be likely contact 
sites for Val2.359 Other cross-linking studies identified prox-
imities between residue 19 in the ligand and Lys240 at the 
extracellular end of TM2,360 and between residue13 in the 
ligand and Arg186 at the boundary of the N domain and 
TM1.346 These and other data combined suggest that the 
ligand’s N-terminal domain binds as an α-helix to within a 
groove or pocket formed on the extracellular surface of the 
receptor’s TMD region.349,360 Such a binding mode could 
allow Val2 as well as other key ligand residues that define 
the agonist pharmacophore, such as Ile5 and Met8,336,361 
to make intimate contacts with residues forming the sur-
faces of the transmembrane helices and connecting extracel-
lular loops to thereby induce the conformational changes 
involved in receptor activation and G protein coupling.40,362

The cognate interaction pocket in the TMD region of 
the PTHR-1 that accommodates and responds to the key 
pharmacophoric elements of the PTH peptide ligand have 
so far been only approximately defined. The recent crystal 
structures of the TMD regions of the related CRFR1 and 
the glucagon receptor show that there is a wide V-shaped 

Figure 56-8 Molecular model of the PTH(1-34)•PTHR-1 complex. 
Shown is a plausible model of PTH(1-34) bound to the  PTHR-1. The 
protein backbone chains are shown in ribbon format with the ligand 
colored magenta and the receptors colored by segment with the ami-
no-terminal ECD colored blue-green, and the transmembrane domain 
(TMD) colored by transmembrane helices as follows: purple (TM1), 
blue (TM2), cyan (TM3), green (TM4), yellow (TM5), orange (TM6), 
and red (TM7). The structure of the PTH(15-34) in complex with the 
ECD is according to x-ray crystal structure coordinates reported by Pio-
szak and colleagues (3C4M.pdb).49 The TMD region of the PTHR-1, 
spanning residues Thre175 to Ser491, was modeled by homology us-
ing as a template the x-ray crystal structure coordinates of the CRFR1 
(4k5y.pdb).333 The PTH(1-14) segment, modeled as a partial α-helix, 
was docked to the TMD region manually, placing Val2 and Lys13 of 
the ligand near the extracellular ends of TMs 6 and 1, respectively. 
The ECD•PTH(15-34) component was manually positioned onto the 
TMD•PTH(1-14) component, allowing for a bend in the ligand be-
tween the amino-terminal and carboxyl-terminal domain, as  suggested 
by NMR structural studies on PTH peptide ligands and photo- affinity 
cross-linking and mutational data on PTH• PTHR-1 complex-
es.44,344,346,358,360,403-405 The side-chains of ligand residues Val2, Lys13, 
Arg20, Trp23, Leu24, and Leu28 are shown in dotted surface format, 
and the three disulfide bonds in the ECD are in red. The insets show 
the un-liganded ECD and two views of the TMD, rotated 180 degrees 
relative to each other to highlight the V-shaped pocket that is formed 
between the extracellular ends of the TM helices and which presumably 
accommodates the N-terminal portion of PTH ligands. ECD, extracel-
lular domain; TMD, transmembrane domain.
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groove formed on the extracellular surface of the TMD 
body that could well accommodate the N-terminal domain 
of the cognate peptide ligand.333,334 The groove appears to 
extend rather deeply with the TMD helical bundle, so as 
to potentially enable at least some of the key residue side 
chains of the ligand (e.g., Val2, Met8 and Ile5) to contact 
receptor residues lying at the approximate mid-point of 
the membrane-spanning region of the receptor. Such con-
tacts might thus trigger receptor activation events at least 
analogous to some of those that have been more formally 
elucidated for a number of family A GPCRs.363

The development of highly potent N-terminal PTH 
fragment analogues based on the weakly active native 
PTH(1-14) peptide scaffold has provided a class of mini-
mized ligand structures that can be used to specifically 
probe this component of the interaction process more 
effectively than is possible with PTH(1-34) (see Fig. 56-3). 
These minimized ligands, referred to generally as the “M” 
class of PTH analogues, maintain affinities and potencies 
on the PTHR-1 that are at least similar to those observed 
for PTH(1-34). Moreover, unlike unmodified PTH(1-34), 
the modified N-terminal M-PTH analogues also maintain 
full affinity and potency on a PTHR-1 construct that lacks 
the N-terminal domain.38,335-337,353,364 NMR spectros-
copy studies have shown that the M-PTH analogues have 
highly stabilized N-terminal helical structures, which can, 
at least in part, be attributed to the incorporation of con-
formationally constrained amino acid analogues, such as 
α-amino-isobutyric (Aib), at positions 1 and 3.337,365-367 A 
recent use of such modified M-PTH(1-14) analogues for 
compound screening resulted in the identification of a new 
class of PTH nonpeptide mimetic ligands that bind spe-
cifically to the PTHR-1 TMD region.368,369 Although these 
compounds bind with micromolar affinities and function 
as competitive antagonists, they may provide some clues as 
to how to best develop new PTH mimetic compounds that 
function as agonists on the PTHR-1 and are orally active.

Ligand-Induced Conformational Changes
Given the absence of a high-resolution three-dimen-
sional molecular structure for the intact PTH/PTHR-1 

bimolecular complex, it is not possible to describe the 
conformational changes that occur in the complex upon 
ligand binding, receptor activation, and G protein cou-
pling. Problems that need to be solved include determining 
how the ECD and TMD components of the holo-enzyme 
complex are oriented and move relative to each other dur-
ing the binding process, and whether the PTH(1-34) poly-
peptide ligand undergoes some conformational change 
during binding and adopts an overall extended linear 
structure or a U-shaped structure during binding,43-46 The 
molecular movements that occur in the complex during 
the ligand binding, activation, and G protein–coupling 
cycle also need to be resolved. Of further importance is 
the question of whether the PTHR-1 can adopt distinct 
protein conformations that can be selectively targeted by 
structurally distinct ligands to thereby enable activation 
of distinct types of signaling responses, depending on the 
ligand bound. The capacity for such ligand-directed biased 
agonism has been well studied for a number of family A 
GPCRs370 and has been recently explored for the PTHR-
1.371,372 A number of pharmacologic and/or biophysical 
approaches have thus been taken to help illuminate such 
key aspects of the PTH/PTHR-1 interaction mechanism.

Conformationally Selective Parathyroid Hormone 
Ligands and Prolonged Signaling
Kinetic binding and signaling assays performed using vari-
ous PTH and PTHrP ligand analogues provide data to sug-
gest that the PTHR-1 can indeed adopt different protein 
conformations that display differential affinities for struc-
turally diverse ligands, and can thereby mediate different 
types of signaling responses.373-376 In particular, these 
studies show that certain PTH analogues can form com-
plexes with the PTHR-1 that maintain a high affinity state, 
even upon the addition of GTPγS, a reagent that promotes 
the dissociation of G proteins from the receptor and thus 
typically is used to shift a GPCR into a low-affinity state. 
These PTH ligand analogues are thought to bind to a novel 
PTHR-1 conformation, called R0, that can maintain high 
affinity even independently of G protein coupling. In con-
trast, other ligands, such as the shorter-length M-PTH(1-14) 

E
C

D

34

PTH

1

γ

β
αsGTP

E
C

D

ECD

Figure 56-9 Two-site model of the PTH/PTHR-1 interaction mechanism. Illustrated is the two-site mechanism of PTH-PTHR-1 interaction, ac-
cording to which the C-terminal portion of PTH(1-34), in α-helical conformation, first interacts with the amino-terminal ECD of the PTHR-1, and 
then the N-terminal portion of the ligand engages the TMD region of the receptor, leading to conformational changes involved in receptor activation 
and coupling to heterotrimeric G proteins. Whereas the C-terminal portion of PTH(1-34) binds as a preformed α-helix, the N-terminal portion of 
the ligand is shown to undergo a coil-helix transition during the binding process, as suggested by structure-activity studies on PTH(1-14) peptide 
analogues.337 The resulting folding co-operativity could contribute to the overall affinity of binding, as also suggested for other family B GPCRs.327 
ECD, Extracellular domain; TMD, transmembrane domain.
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analogues, form complexes with the PTHR-1 that rapidly 
dissociate upon addition of GTPγS.373 Accordingly, these 
PTH ligands are thought to bind primarily to a G protein–
coupled conformation called RG.

The biological consequences of such ligand-directed 
conformational selectivity at the PTHR-1 are not evi-
denced by a change in signaling pathway type (e.g., 
from the Gαs/cAMP/PKA pathway toward a non–Gαs-
mediated pathway), but rather by the duration of the 
cAMP response that is induced by the different ligands. 
Thus, R0-selective ligands are seen to induce prolonged 
cAMP responses in PTHR-1-expressing cells, whereas 
RG-selective PTH ligands induce more transient cAMP 
responses that diminish soon after initial ligand exposure. 
While the complete mechanisms underlying the prolonged 
signaling responses observed for the R0-selective ligands 
are far from clear, a potential explanation is that they 
arise from the capacity of the ligand to remain bound 
to the receptor through multiple and repeated rounds of 
coupling to Gαs. In any event, the effects are robust and 
observable not only in cell-culture systems, but also in 
animals, in which R0-selective ligands have been shown 
to induce increases in blood calcium levels and decreases 
in blood phosphate levels that persist for at least several 
hours longer than those observed for PTH(1-34), even 
when the R0 analogue is injected at a dose severalfold 
lower than the dose used for PTH(1-34).374,376

One long-acting analogue of particular interest, 
called LA-PTH, is a hybrid peptide composed of the 
M-PTH(1-14) sequence joined to the PTHrP(15-36) 
sequence.376 LA-PTH binds to the R0 PTHR-1 conforma-
tion with severalfold higher affinity than does PTH(1-34),  
and while the cAMP potency measured for LA-PTH is 
the same as that measured for PTH(1-34), consistent 
with their equivalent RG-binding affinities, the cAMP 
response induced by LA-PTH persists for many hours 
longer than that induced by PTH(1-34). When injected 
into mice, LA-PTH induces elevations of serum calcium 
that can last for 24 hours or longer, whereas PTH(1-34) 
injection at the same dose results in responses that last 
only a few hours (Fig. 56-10). Importantly, pharmacoki-
netic studies have indicated that the prolonged responses 
to such R0-selective PTH analogues are not due to pro-
longed durations of the peptides in the circulation,88 and 
so they are more likely to be due to a persistent binding 
of the ligands to the PTHR-1 in bone and kidney target 
cells. Because of their prolonged actions in vivo, the class 
of such R0-selective PTH analogues would appear to hold 
promise as a potential new line of therapy for patients 
with hypoparathyroidism.135

Subcellular Trafficking and Signaling Mechanisms at 
the Type 1 Parathyroid Hormone Receptor
The PTHR-1 interacts with multiple cytoplasmic pro-
teins that serve to regulate the dynamic movement of the 
receptor between the plasma membrane and cytoplasmic 
compartments, as well as to limit the duration of agonist-
induced signaling responses. A key interactor is β-arrestin, 
which binds to the PTHR-1 via a mechanism that requires 
ligand-induced phosphorylation of a cluster of seven ser-
ine residues located within the receptor’s C-terminal tail 

(see Fig. 56-6). The binding of β-arrestin to the activated 
PTHR-1 leads to internalization of the receptor and ligand 
into endosomal vesicles and, ultimately, to termination of 
the signaling response and either recycling of the receptor 
to the cell surface or its degradation via lysozomes.40,377-380 
The sorting of the internalized PTHR-1 between the recy-
cling versus lysozomal pathway is, in part, mediated by the 
process of receptor ubiquitination.381

Certain members of the sodium-hydrogen-regulating 
factor (NHERF) family of proteins also play impor-
tant roles in regulating the trafficking of the PTHR-1 to 
and from the cell surface. These proteins interact with 
the C-terminal tail of the PTHR-1 and thus regulate its 
intracellular movements and signaling properties. Both 
NHERF-1 and -2 interact with the PTHR-1 via PDZ 
domain-based mechanisms that critically involve the 
last five residues of the C-terminal tail.222,382,383 Interac-
tions with NHERF proteins regulate the docking of the 
PTHR-1 to the actin cytoskeleton via the EZRIN adap-
tor protein and thereby dynamically modulate the move-
ment of the ligand-activated receptor between the plasma 
membrane and the intracellular domain.384-390

The subcellular mechanisms and pathways that 
underlie the differences in the duration of the signal-
ing responses seen for different PTH and PTHrP ana-
logues acting at the PTHR-1 remain to be established, 
but it has been found, using fluorescence confocal 
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Figure 56-10 Properties of long-acting PTH analogues in vivo: Shown 
are the capacities of PTH(1-34), M-PTH(1-34), and LA-PTH, which is 
a hybrid peptide consisting of the M-PTH(1-14) segment joined to a 
modified PTHrP(15-36) segment, to stimulate increases in blood ion-
ized calcium levels in mice following a single intravenous injection (pep-
tide doses were 20 nmole/kg). Also shown are the responses observed 
in vehicle-injected mice (Veh). The greater durations of the calcemic 
responses observed for M-PTH(1-34) and especially LA-PTH, relative 
to that observed for PTH(1-34), correlate with a greater affinity with 
which the longer-acting ligands bind to the R0 PTHR-1 conformation. 
(Adapted from Okazaki M, Ferrandon S, Vilardaga JP, et al. Prolonged 
signaling at the parathyroid hormone receptor by peptide ligands tar-
geted to a specific receptor conformation. Proc Natl Acad Sci U S A 
105[43]:16525-16530, 2008; and Maeda A, Okazaki M, Baron DM, 
et al. Critical role of parathyroid hormone (PTH) receptor-1 phos-
phorylation in regulating acute responses to PTH. Proc Natl Acad Sci  
U S A 110[15]:5864-586, 2013.)
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microscopy and FRET (Forster Resonance Energy 
Transfer) approaches, that the long-acting ligands 
tend to remain associated with the receptor as well 
as Gαs and adenylyl cyclase as the proteins move to 
the intracellular endosomal domain.375,391 This raises 
the intriguing possibility that at least some of the 
ligand•receptor•G protein complexes formed by such 
R0-selective PTH ligand analogues remain assembled 
and catalytically active within the endosomes.392 Fur-
ther studies are needed to test his hypothesis. The 
results of such studies could lead to new approaches 
for designing new PTH analogues that have time-lim-
ited or prolonged actions on the PTHR-1; such ligands 
could have improved efficacy, compared to PTH(1-34), 
as therapies for osteoporosis393 and hypoparathyroid-
ism,135 respectively.

SUMMARY
The actions of the amino-terminal portion of PTH 
and PTHrP (or fragments of this region) are mediated 
through a single receptor, the PTH/PTHrP receptor, 
or PTHR-1, which belongs to a distinct family of G 
protein–coupled receptors. The PTHR-1 mediates the 

actions of at least the amino-terminal regions of PTH 
(and PTHrP) and signals through multiple second-mes-
senger pathways, including the cAMP/PKA and inositol 
triphosphate/Ca2+/diacylglycerol/PKC pathways. The 
PTHR-1 gene is expressed in a large variety of fetal and 
adult tissues, but the receptor is most abundant in kid-
ney and bone, where it mediates the endocrine actions 
of PTH in mineral ion homeostasis. In the metaphy-
seal growth plate, it mediates the autocrine/paracrine 
actions of locally synthesized PTHrP (see Chapter 57). 
The PTHR-1 is thus used by two ligands for distinct 
biological functions, endocrine-homeostatic versus 
paracrine/autocrine-developmental, and it adopts mul-
tiple conformational states to support these disparate 
modes of action. The biological roles of other related 
receptors, such as the PTH-2 receptor, which binds 
TIP39, or the still hypothetical receptors that interact 
with more C-terminal regions of PTH or PTHrP also 
remain undefined.
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The discovery of parathyroid hormone–related protein 
(PTHrP) was the culmination of many years of work 
directed at understanding the pathophysiology of hyper-
calcemia in cancer patients and was anticipated as early as 
1941, when Fuller Albright postulated that tumors might 
produce a parathyroid hormone (PTH)-like humor.1 We 
now understand that PTHrP and PTH are related mol-
ecules that can both stimulate the same type 1 PTH/
PTHrP receptor (PTHr-1).1-3 As a result, when PTHrP 
is secreted by tumors, it can mimic its cousin, PTH, and 

lead to excessive bone resorption and hypercalcemia. After 
its isolation, it became obvious that PTHrP was widely 
expressed, especially during development, which prompted 
efforts to understand its normal functions. Over the past 
25 years, we have learned that it is critically important to 
the physiology of some specific tissues, but it is remarkable 
how little we really understand of its function(s) in all the 
various tissues that produce PTHrP. The goal of this chap-
ter is to outline the basic facts of PTHrP biology, especially 
its contributions to physiology and pathophysiology.

K E Y  P O I N T S

 •  Parathyroid hormone–related protein (PTHrP) was originally discovered as a cause of 
elevated calcium levels in patients with cancer.

 •  PTHrP is part of a small gene family related to parathyroid hormone (PTH).
 •  Both PTH and PTHrP bind to and activate the same G protein–coupled receptor known 

as the type 1 PTH/PTHrP receptor.
 •  PTHrP is expressed in many tissues during development and has been shown to be 

critical for the normal development of bones, cartilage, teeth, and the mammary gland.
 •  Mammary gland–derived PTHrP has also been shown to contribute to the regulation of 

calcium and bone metabolism in order to mobilize skeletal calcium during lactation.
 •  PTHrP contributes to the development and/or progression of breast cancer.
 •  PTHrP can regulate smooth muscle cell tone and contraction in blood vessels and  

in the uterus.
 •  PTHrP can regulate pancreatic beta-cell mass and may be useful in the treatment  

of diabetes.  
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THE PTHRP GENE AND THE PTH/PTHRP GENE FAMILY
In humans, PTHrP is encoded by a single-copy gene 
located on the short arm of chromosome 12 (official gene 
symbol is PTHLH). The gene consists of 8 exons and at 
least 3 promoters, two TATA-box containing promoters, 
and one GC-rich promoter2,4-6 (Fig. 57-1). Alternative 
splicing at the 3′ end of the gene gives rise to three different 
classes of mRNAs coding for specific translation products 
of 139, 141, or 173 amino acids, each of which contains 
the same 36–amino acid, pre-pro, or signal sequence and 
the same initial 139 amino acids. Each class of mRNA 
also contains AU-rich regulatory elements (AREs) within 
the 3′-untranslated region that are associated with rapid, 
but regulated mRNA turnover.2,4-6 Recent studies have 
shown that binding of specific proteins to AREs controls 
the stability of PTHLH mRNA and hence the production 
of PTHrP protein in renal carcinoma cells downstream of 
the VHL protein and in response to TGF-β in squamous 
carcinoma cells.7-9 The physiologic significance of the dif-
ferent classes of PTHLH transcripts remains unclear, and 
in rodents and lower vertebrates such as birds and fish, 
PTHrP 1-173 does not exist.2,10-12 Two studies examin-
ing breast cancer have suggested that certain patterns of 
promoter usage and/or splicing patterns may be associ-
ated with different behaviors of the cancer cells. Boui-
zar and colleagues reported that use of the downstream 
TATA-promoter and production of the 1-139 isoform of 
PTHrP is associated with the occurrence of bone metasta-
ses.13 The same group also has reported that use of the P2 
promoter of the PTHLH gene is associated with invasive-
ness of breast cancer cell lines.14 At present, the reasons 
for these associations remain unclear.

The PTHLH and PTH genes share structural ele-
ments and sequence homology, suggesting that they are 
related.2,4-6 The exon/intron organization of that por-
tion of both genes encoding the pre-pro sequences and 
the initial portion of the mature peptides is identical (Fig. 
57-2). Furthermore, there is high-sequence homology at 

the amino-terminal portion of both genes such that the 
peptides share 8 of the first 13 amino acids and a high 
degree of predicted secondary structure over the next 
21 amino acids. These common sequences allow both 
peptides to bind and activate the same receptor, known 
as the Type 1 PTH/PTHrP receptor (PTHR-1), which 
ultimately explains the ability of PTHrP to cause hyper-
calcemia in HHM.15 The above-mentioned structural 
similarities together with the location of the two genes on 
related chromosomes in the human genome (short arm of 
chromosome 11 for PTH; short arm of chromosome 12 
for PTHLH) indicate that the two genes likely arose from 
a common ancestor. The PTH family also contains the 
PTH-L gene and the more distantly related tuberoinfun-
dibular peptide 39 (TIP 39) gene. All of these genes were 
derived from a common ancestor and emerged concur-
rent with the evolution of vertebrates.12 Furthermore, fish 
have 2 Pth genes, 2 Pthlh genes, and 1 Pth-l gene; amphib-
ians have 1 Pth gene, 1 Pthlh gene, and a Pth-l gene, and 
mammals only retain 1 PTH and 1 PTHLH gene.11,12 
Thus, PTHrP is a member of an ancient family of PTH-
like peptides that appears to be larger and more diverse 
in lower vertebrates than in mammals (Fig. 57-3). The 
evolutionary relationships between members of the PTH 
gene family are also discussed in Chapter 56. There is a 
high degree of homology within PTHrPs of different spe-
cies for the first 111 amino acids. There is less homology 
between amino acids 111 and 139, and PTHrP sequences 
from 141 to 173 are specific to the human gene.2

PTHLH mRNA has been found in almost every organ 
at some time during its development or functioning. A 
multitude of different hormones and growth factors have 
been described to regulate the transcription and/or stabil-
ity of PTHLH mRNA. This chapter will not list all of 
these factors but will discuss the regulation of PTHrP in 
different cell types as part of the discussion of the func-
tions of PTHrP in specific organs. The reader is referred 
to other reviews for a more comprehensive cataloging of 
the factors described to regulate PTHrP expression.1,2,10 

141173139+1–36
P3P2P1

Figure 57-1 Diagram of the PTHLH gene. The gene consists of 8 exons (colored boxes). The 5′ untranslated region is represented in purple, the 
pre-pro sequences in red, the coding region in blue, and the 3′ untranslated region in yellow. The three promoter regions are denoted by arrows, and 
the possible splicing patterns are noted by the lines connecting the different exons.

Figure 57-2 Side-by-side comparison 
of the pre-pro and coding regions of the 
PTH and PTHrP genes. Note that the 
exon/intron configuration of both genes 
is identical for those portions encoding 
the signal peptides and amino-terminal 
portions of each protein.
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There are several broad themes to emphasize at this junc-
ture. First, PTHrP is generally expressed at much higher 
levels and in many more sites during fetal development 
than it is during the adult life of an organism.2 Second, 
during development, PTHrP is expressed in close associa-
tion with the PTH/PTHrP receptor (PTHR-1, discussed 
later) in a “hand-in-glove” pattern in which PTHrP is 
produced by forming epithelial organs and the PTHR-1 
is produced by the enveloping mesenchyme (Fig. 57-4).16 
Third, analogous to PTH in the parathyroid glands, the 
calcium-sensing receptor (CaSR) has been found to regu-
late PTHrP gene expression in many cells.17,18 Finally, 
repeated observations have shown that PTHLH mRNA 
levels are induced by mechanical deformation in various 
types of smooth muscle2 as well as by cells in the osteo-
blast lineage.19

POSTTRANSLATIONAL PROCESSING OF PTHRP
Similar to the pro-opiomelanocortin (POMC) gene, the 
primary translation product of PTHrP can undergo a 
variety of posttranslational processing events to pro-
duce an overlapping series of biological peptides.2 The 
basic outline of PTHrP processing was elucidated in the 
first decade after its discovery, but little work has been 

performed in this area for many years. As a result, the full 
details of cell-specific PTHrP processing and the biologi-
cal significance of the different PTHrP peptides remain 
only partly understood. The primary translation product 
predicted by the PTHLH cDNAs contains multiple clus-
ters of basic amino acids in pairs, triplets, or quadruplets. 
It has been shown that an arginine at position 37 serves 
as a cleavage site to generate PTHrP 1 to 36, which is 
secreted from many cell types.2,20 The amino-terminus is 
necessary for interaction with the PTHR-1, and PTHrP 1 
to 36 appears fully able to bind and activate this recep-
tor. Longer forms of amino-terminal–containing PTHrP 
are secreted from keratinocytes and mammary epithelial 
cells, and circulate in patients with cancer and during 
lactation.21-23 It is not clear what defines the C-terminus 
of these peptides, nor is it clear whether they differ in 
biological activity from PTHrP 1-36. In addition, amino-
terminal PTHrP secreted by keratinocytes has been 
shown to be heavily glycosylated.24 Cleavage of PTHrP 
at downstream sites leads to the secretion of mid-region 
peptides including amino acids 38 to 94, 38 to 95, and 
38 to 101.2,25 The biology of these specific secretory 
forms is unclear, but the mid-region of PTHrP stimu-
lates placental calcium transport and modulates renal 
bicarbonate handling, and this portion of the molecule 

Figure 57-3 Dendrogram of the consensus 
phylogenetic hierarchy of the PTH gene family 
among the species depicted. Note that the TIP39, 
PTHLH, PTH-L, and PTH genes cluster as sepa-
rate clades together across species and appeared 
to arise as separate members of the family early in 
vertebrate evolution. (Reproduced with permis-
sion from Pinheiro PL, Cardoso JC, Gomes AS, 
et al. Gene structure, transcripts and calciotropic 
effects of the PTH family of peptides in Xenopus 
and chicken. BMC Evol Biol. 2010;10:373.)

Human

Human

Human

Mouse

Mouse

Mouse

Chicken

Chicken

Chicken

Xenopus

Xenopus

Xenopus

Zebrafish A

Zebrafish A

Zebrafish A

HsaGIP

Zebrafish

Takifugu A

Takifugu A

Seabream

Takifugu

Zebrafish B

Takifugu B

Zebrafish B

Takifugu B

100
96

80

99
90

63

88

7196

88

61

100

98

100
100

100

100

100

97

91

99

100

PTH

PTH-L

PTHrP

TIP39



994 PART 6 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

contains nuclear localization signals (see later).26-28 
Finally, C-terminal fragments consisting of amino acids 
107 to 138 and 109 to 138 have been described. These 
peptides have been suggested to inhibit osteoclast func-
tion and stimulate osteoblast proliferation.2,27 It is likely 
that the posttranslational processing of PTHrP is con-
trolled for specific physiologic purposes, but until the 
biology of specific PTHrP peptides (apart from those 
that contain the amino-terminus) is better appreciated, 
little additional effort is likely to be expended on elucida-
tion of the specifics of PTHrP processing.

PTHRP RECEPTORS
Amino-terminal PTHrP binds to and activates the PTHr-1, 
a member of class B of the large family of 7 transmem-
brane-spanning, G protein–coupled receptors.10,29,30 This 
receptor is discussed at greater length in Chapter 56. The 
PTHr-1 couples to both Gαs and Gαq11 and signals via 
the cyclic adenine monophosphate (cAMP)/protein kinase 
A pathway as well as through the generation of inositol 
phosphates, diacylglycerol, and intracellular calcium tran-
sients.10,29 Binding of PTHrP 1 to 36 or PTH 1 to 34 to the 

Figure 57-4 Patterns of expression  
of PTHrP and PTHr-1 mRNA 
in rat fetuses at E15 (top) and 
E16 (bottom). Shown are dark-
field photographs of 35S-labeled 
cRNAs. Abbreviations are as fol-
lows: CP, choroid plexus; E, in-
ner ear; TB, tooth bud; L, lung; 
H, heart; I, intestine. The scale 
bar represents 5000 microns. 
Note that PTHrP is expressed in 
forming epithelial organs, and 
the PTHr-1 is expressed in the 
surrounding mesenchyme. (Repro-
duced with permission from Lee K, 
Deeds JD, Segre GV. Expression 
of parathyroid hormone-related 
peptide and its receptor messenger 
ribonucleic acids during fetal de-
velopment in rats. Endocrinology. 
1995;136:453-463.)
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receptor occurs via similar mechanisms and conforms to 
a general model for other class B GPCRs. Portions of the 
C-terminal half of each peptide bind to the extracellular 
domain (ECD) of the receptor, while the initial few amino 
acids of either peptide interact with the receptor’s trans-
membrane domains to initiate signaling.10,30 Many stud-
ies have suggested that PTH and PTHrP bind and activate 
the PTHr-1 identically. However, while it is correct that 
both peptides activate this receptor, more recent studies in 
humans have suggested that there may be differences in 
the biological consequences of activating the receptor with 
PTH versus PTHrP in vivo. Humans subjected to continu-
ous infusion of the two peptides for 3 to 7 days became 
hypercalcemic with lower doses of PTH 1 to 34 than with 
PTHrP 1 to 36.31,32 PTHrP also was less effective than 
PTH at stimulating the renal 1-α-hydroxylase enzyme and 
producing 1,25-dihydroxyvitamin D. Furthermore, bio-
chemical and biophysical data have demonstrated differ-
ences in the binding of PTH versus PTHrP to the PTHr-1, 
and these differences appear to generate different patterns 
of downstream signals. Binding of PTH to the receptor 
favors a conformational state known as G0, which is rela-
tively stable and allows the receptor to undergo multiple 
rounds of G-protein activation generating cAMP over a 
longer period of time. By contrast, the binding of PTHrP 
to the receptor favors a more labile RG conformational 
state, which does not support multiple rounds of G-protein 
activation and, thus, generates less cAMP than the binding 
of PTH.30,33 The elucidation of the three-dimensional crys-
tal structures of PTH 1 to 34 and PTHrP 1 to 36 bound 
to the extracellular domain (ECD) of the PTHr-1 offers 
a potential explanation for these pharmacologic observa-
tions.34 Portions of both peptides from amino acids 14 
through 30, form an amphipathic helix, which binds to a 
specific cleft in the receptor’s extracellular domain (ECD) 
(Fig. 57-5). However, the α-helix formed by PTH is slightly 
longer than the one formed by PTHrP. As a result, PTH fits 
more tightly into the receptor’s binding cleft than PTHrP, 
perhaps explaining why it can maintain the receptor in a 
more active conformation for longer periods of time. As a 
result of these studies, it is now clear that while the PTHr-1 
can be activated by either PTH or PTHrP, the receptor can 
tell the difference between the two peptides and, at least 
theoretically, stimulate different biological processes in 
response to one protein versus the other.

The suggestion that mid-region and C-terminal peptides 
of PTHrP have specific biological activities implies the pos-
sibility of additional receptors for these forms of PTHrP. 
However, no such receptors have been identified to date. 
In addition, older studies had suggested that there might 
be an additional receptor in keratinocytes that could rec-
ognize amino-terminal PTHrP.35 However, this putative 
receptor has never been fully characterized or isolated.

NUCLEAR PTHRP
In addition to being secreted and acting on the PTHr-1, 
PTHrP has also been described to act within the nucleus. 
Two pathways through which PTHrP enters the nucleus 
have been described. First, the PTHLH gene contains 
an alternative downstream transcriptional start site that 

bypasses the signal peptide, allowing PTHrP to avoid 
secretion and remain in the cell.27,36 Once in the cyto-
plasm, PTHrP shuttles into and out of the nucleus in a 
regulated fashion. There are classic nuclear localization 
sequences (NLS) located between amino acids 84 to 93, 
and specific proteins have been shown to mediate entry 
into and export from the nucleus.27,36,37 Importin β1 
mediates the entry of PTHrP into the nucleus, in part by 
displacing PTHrP from microtubules and allowing it to 
transit the nuclear pore.27,36,37 Nuclear export involves 
the actions of a related shuttle protein known as CRM1 
and appears to involve specific sequences in the C-termi-
nal region of the peptide.27 Phosphorylation of PTHrP 
at Thr85 by the cell-cycle–associated, cyclin-dependent 
kinase, p34cdc2 regulates nuclear import in a cell-cycle–
dependent fashion.27 The second mechanism through 
which PTHrP enters the nucleus is by binding to the 
PTHr-1 at the cell surface. In ways that are poorly under-
stood, PTHrP bound to the PTHr-1 can be internalized 
and transported into the nucleus.36,38 The PTHr-1 has a 
potential NLS, although it is not clear if this mediates 
active transport of the receptor into the nucleus together 
with PTHrP.39,40 However, this second pathway might 
allow nuclear PTHrP signaling to operate in a paracrine 
fashion as well as through a cell autonomous pathway.

The function(s) of nuclear PTHrP are a focus of ongo-
ing investigation, and very little is understood about its 
actions in the nuclear microenvironment. PTHrP has 
been shown to bind to RNA and, in some cells, it local-
izes to the nucleolus, suggesting that it may be involved 
in regulating RNA trafficking, ribosomal dynamics, 
and/or protein translation.27,36 In cultured cells, nuclear 

Figure 57-5 Three-dimensional model of PTHrP (magenta) or PTH 
(yellow) binding to the extracellular domain (ECD) of the PTHr-1. 
Numbers refer to the respective amino acids of each peptide. Select-
ed side-chains are shown as sticks, and the hydrogen bonds between 
PTHrP and the ECD are shown as red dashed lines while the hydrogen 
bonds between PTH and the ECD are shown as green dashed lines. Note 
that the helical structure of both peptides within the binding pocket is 
identical from amino acids 16 through 28. However, after that point 
they diverge and the longer helix in PTH fits into the binding pocket 
more tightly. (Reproduced with permission from Pioszak AA, Parker 
NR, Gardella TJ, Xu HE. Structural basis for parathyroid hormone-
related protein binding to the parathyroid hormone receptor and design 
of conformation-selective peptides. J Biol Chem. 2009; 284:28382-
28391.)
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PTHrP influences cell proliferation and/or apoptosis, and 
often appears to oppose the effects of secreted PTHrP. In 
breast, colon, and prostate cancer cells, the nuclear path-
way appears to stimulate cell proliferation, protect cells 
from apoptosis or anoikis, and stimulate cell migration, 
while secreted PTHrP inhibits cell proliferation and pro-
motes cell death.41-43 This has been most carefully studied 
in vascular smooth muscle cells, where nuclear PTHrP has 
been shown to stimulate proliferation in vitro and in vivo 
by inducing the expression of c-myc and skp2, which, in 
turn, reduce levels of the cell-cycle inhibitor, p27.44,45 In 
contrast, secreted PTHrP has the opposite effects.

Two groups have attempted to examine the biology 
of nuclear PTHrP in whole animals in vivo. Each group 
independently replaced the endogenous mouse PTHrP 
gene with truncated versions of PTHrP (PTHrP 1-84 or 
PTHrP 1-66) that exclude its nuclear localization signals 
and C-terminus.46,47 This approach has complicated the 
interpretation of these experiments somewhat, since it is 
difficult to know whether the resulting phenotypes are 
due only to loss of nuclear signaling or also to loss of 
the C-terminal portion of PTHrP. Nevertheless, in both 
cases, while loss of nuclear and C-terminal PTHrP did 
not cause the developmental defects typical of PTHrP 
or PTHr-1 knockout mice, it did cause growth failure, 
premature osteoporosis, reduced hematopoiesis, altered 
energy metabolism, and, ultimately, premature death 
at about 2 weeks of age. There was a decrease in the 
proliferation of chondrocytes, osteoblasts, neurons, 
and bone marrow cells, and an increase in apoptosis 
or senescence at these sites as well as in the thymus 
and spleen. Loss of mid-region and C-terminal PTHrP 
was associated with increased expression of senes-
cence markers such as p21 and p16INK4a and decreased 
expression of Bmi-1, which is involved in stem/progeni-
tor cell maintenance.46,47 This phenotype is consistent 
with the previous observations in cell culture and sug-
gests that nuclear PTHrP may participate broadly in the 
regulation of cell proliferation and survival as well as 
stem/progenitor cell maintenance or self-renewal. How-
ever, recent experiments in the mammary gland have 
shown that Pthlh gene expression is severely reduced 
in mammary epithelial cells in PTHrP (1-84) knock-in 
embryos, and that the resulting mammary phenotypes 
were the result of very low levels of PTHrP.48 Although 
both groups were careful to document normal produc-
tion of PTHrP(1-84) or PTHrP(1-66) in various cell 
types, this is clearly not the case in all cells and some of 
the reported findings in these mouse models may repre-
sent the effects of reduced overall PTHrP production in 
various organs.

PHYSIOLOGIC FUNCTIONS OF PTHRP
PTHrP is expressed by many cells, and it has been shown 
to affect the proliferation, differentiation, and survival of 
many cell types in vitro. This chapter will not attempt 
to review all of these data. Rather, the discussion will 
focus on several organs in which there are physiologic or 
genetic data in vivo implicating PTHrP in critical aspects 
of that organ’s functions.

The Skeleton
One of the first described and perhaps best-understood 
functions of PTHrP is to control the proliferation and 
differentiation of chondrocytes in the developing growth 
plate. Animal models of PTHrP overexpression and under-
expression have documented that amino-terminal PTHrP 
acts through the PTHr-1 to coordinate the rate of chon-
drocyte differentiation in order to maintain the orderly 
growth of long bones during development.49 As illustrated 
in Fig. 57-6, the growth plate consists of columns of pro-
liferating and differentiating chondrocytes that progres-
sively enlarge to prehypertrophic and then hypertrophic 
chondrocytes. The production of new chondrocytes and 
their enlargement into hypertrophic cells both drive linear 
growth at the ends of bones. PTHrP is initially produced 
by cells at the periphery of the condensing mesenchyme 
that gives rise to the endochondral bones, and PTHrP 
expression becomes restricted to the ends of the develop-
ing bones as development proceeds.49-51 The creation of a 
secondary ossification center after birth splits the zone of 
PTHrP production into that associated with the growth 
plate and that associated with the articular cartilage 
and joint (discussed later).50 Within the growth plate, 
PTHrP is produced by immature, round chondrocytes at 
the top of the columns in response to another molecule 
known as Indian Hedgehog (IHH), which is produced by 
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Figure 57-6 PTHrP and Indian hedgehog (IHH) act as part of a nega-
tive feedback loop regulating chondrocyte proliferation and differen-
tiation. The chondrocyte differentiation program proceeds from un-
differentiated chondrocytes at the end of the bone, to proliferative 
chondrocytes within the columns and then to prehypertrophic and ter-
minally differentiated hypertrophic chondrocytes nearest the primary 
spongiosum. PTHrP is made by undifferentiated and proliferating chon-
drocytes at the ends of long bones. It acts through the PTH1R on prolif-
erating and prehypertrophic chondrocytes to delay their differentiation, 
maintain their proliferation, and delay the production of Ihh, which is 
made by hypertrophic cells (1). Ihh, in turn, increases the rate of chon-
drocyte proliferation (2) and stimulates the production of PTHrP at the 
ends of the bone (3). Ihh also acts on perichondrial cells in order to 
generate osteoblasts of the bone collar (4). (Reproduced with permis-
sion from Kronenberg HM. PTHrP and skeletal development. Ann N Y 
Acad Sci. 2006; 1068:1-13.)
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differentiating hypertrophic chondrocytes.52,53 PTHrP, in 
turn, activates the PTHr-1 located on proliferating and 
prehypertrophic cells to maintain their proliferation and 
to slow their rate of differentiation into hypertrophic 
cells.49,52,54 PTHr-1 expression is low in the round and 
proliferating chondrocytes but is upregulated within pre-
hypertrophic chondrocytes. This system describes a local 
negative feedback loop that allows IHH and PTHrP to 
act together to regulate the orderly differentiation and 
hypertrophy of the chondrocyte columns and the elon-
gation of the developing bones.49 Genetic experiments 
in mice have demonstrated that loss of either PTHrP or 
the PTHr-1 leads to a foreshortening of the bones due 
to premature differentiation of the growth plate chon-
drocytes and loss of their proliferative capacity.49,52,54 
Interestingly overexpression of PTHrP in chondrocytes 
also results in short bones, but this is caused by a severe 
impairment in chondrocyte differentiation and a disrup-
tion of the orderly architecture of the growth plate.55 Loss 
of PTHr-1 function in human fetuses with Bloomstrand’s 
chondrodysplasia also impairs bone growth and mimics 
the phenotype of PTHrP and PTHr-1–null mice.56,57

In recent years, many details about the network of 
signals though which PTHrP exerts it effects on chon-
drocyte differentiation have emerged. IHH increases 
PTHrP expression at the ends of the growth plate primar-
ily through direct effects, but it may also act indirectly 
through TGF-β signaling.49,58,59 Two groups have shown 
that IHH increases PTHrP expression in the growth plate 
by antagonizing the activity of the transcription factor, 
Gli3.60,61 PTHrP acts on chondrocytes through the PTHr-1 
primarily by stimulating Gαs, cAMP production, and PKA 
activity, which, in turn, mediate a series of downstream 
events including phosphorylation of SOX9; inhibition 
of p57 expression; induction of Gli3, Bcl-2, and cyclin 
D1 expression; and, eventually, the phosphorylation and 
degradation of Runx2 and Runx3, two transcription fac-
tors necessary for chondrocyte differentiation.49,62 It has 
also been demonstrated that PTHrP modulates chondro-
cyte differentiation by regulating the movement of his-
tone deacetylase 4 (HDAC4) into the nucleus, which, in 
turn, regulates the activity of a network of transcription 
factors such as Zfp521, MEF2, and Runx2.63-65 This 
pathway is required for PTHrP’s actions, since deletion 
of Zfp521 rescues the abnormal growth plate phenotype 
in mice that overexpress a constitutively active PTHr-
1.65 Furthermore, it has recently been appreciated that 
mutations in the PTHrP and HDAC4 genes cause a 
form of chondrodysplasia known as brachydactyly type 
E, which mimics bony abnormalities found in patients 
with mutations in the GNAS gene, suggesting that all 
three genes are in the same genetic pathway.66-68 Thus, 
PTHrP signaling regulates a web of downstream events 
that affect chondrocyte proliferation and differentiation 
during development. Studies in the PTHrP-lacZ knockin 
reporter mouse demonstrated that PTHrP expression per-
sists within round chondrocytes at the top of the growth 
plate in adult life (mice do not close their epiphyses).50 
Consistent with these observations, Hirai and colleagues 
used a tamoxifen-inducible Collagen II-Cre transgene to 
disrupt the Pthlh gene in chondrocytes during postnatal 

life, which caused abnormal differentiation of chondro-
cytes and premature loss of the growth plate.69 This study 
documented that PTHrP also regulates chondrocyte dif-
ferentiation and maintenance in the mature growth plate, 
and it raised the intriguing possibility that loss of PTHrP 
signaling might contribute to growth plate closure dur-
ing the adolescent growth spurt, especially since it has 
been shown that IGF1 also regulates PTHrP production 
by chondrocytes in the growth plate.70

PTHrP is also produced in other cartilaginous sites such 
as the perichondrium that surrounds the costal cartilage 
and nasal cartilage as well as by the subarticular chon-
drocyte population immediately subjacent to the hyaline 
cartilage lining the joint space.50,71 These are sites of per-
manent cartilage, and the cells in these structures do not 
undergo differentiation, hypertrophy, and mineralization 
as in the growth plate. In these sites, it appears that PTHrP 
prevents hypertrophic differentiation of the chondrocytes 
and the inappropriate encroachment of bone into these 
structures since loss of Pthlh gene expression leads to pro-
miscuous chondrocyte differentiation and inappropriate 
mineralization.50,71,72 As mentioned previously, PTHrP is 
often regulated by mechanical forces and, interestingly, 
the expression of PTHrP within the articular cartilage of 
joints is load-dependent.73 Deletion of PTHrP in these 
cells and/or unloading of the joints leads to abnormal 
mineralization of cells just under the articular surface, 
leading one to speculate that PTHrP may normally serve 
to maintain the undifferentiated state of articular chon-
drocytes, which would help prevent osteoarthritis.73,74

Studies using the PTHrP-lacZ knockin reporter mouse 
have also demonstrated that PTHrP is prominently 
expressed at the insertion sites of ligaments and ten-
dons into bone.71,75 The areas where tendons and liga-
ments attach to bone are called entheses, and they vary in 
complexity from simple broad insertions of muscles into 
the periosteum to the complex fibrocartilaginous struc-
tures seen at the site of insertion of major muscles into 
the epiphyses of long bones. PTHrP is expressed in the 
fibrous layer of the periosteum and in fibrous entheses 
that attach many tendons and ligaments to the cortical 
bone surface. In both the fibrous periosteum and fibrous 
insertions sites, PTHrP is induced by mechanical loading 
and upregulates RANKL production to induce osteoclast 
formation.71,76-78 In the periosteum, these osteoclasts are 
uncoupled from osteoblast formation and serve to model 
the periosteal surface during growth and development. In 
the fibrous entheses, these osteoclasts erode the cortical 
surface to create the root system by which the tendons 
and ligaments are anchored to cortical bone. In general, 
this osteoclastic resorption is subsequently coupled to 
osteoblastic bone formation that anchors the insertion in 
place, but in certain sites such as the tibial insertion of the 
medial collateral ligament, the resorption is uncoupled, 
which permits the insertion site to migrate to accommo-
date linear growth and thereby maintain its biomechani-
cal function as a collateral ligament.76-78

A final function of PTHrP in the skeleton is the reg-
ulation of osteoblast anabolic function. There is some 
disagreement over the PTHrP-expressing population(s) 
of osteoblasts in the skeleton. Many studies in cultured 
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osteoblasts demonstrate that these cells produce PTHrP 
and express the PTHr-1, providing the possibility for 
paracrine and/or autocrine regulation of osteoblast func-
tion.49,79,80 Furthermore, there is extensive literature dem-
onstrating that activation of the PTHr-1 in osteoblasts 
induces proliferation of osteoblasts and the production 
of osteoclast-inducing cytokines, such as CSF-1 and 
RANKL, and inhibits full differentiation of osteoblasts 
(see Chapters 56 and 60).49,79,80 However, recent studies 
using the PTHrP-lacZ knockin reporter mouse suggested 
that typical osteoblasts on trabecular and endosteal sur-
faces did not express PTHrP.50,71 Nevertheless, genetic 
manipulation of the PTHrP gene in osteoblasts in vivo 
causes profound changes in bone homeostasis. First, it 
was shown that while heterozygous PTHrP-null mice are 
normal at birth, they develop progressive osteopenia with 
age.81 In addition, selective deletion of the Pthlh gene 
from osteoblasts caused decreased bone mass, reduced 
bone formation and mineral apposition, and a reduc-
tion in the formation and survival of osteoblasts.82 While 
osteoblasts clearly express the PTHr-1, studies in cultured 
cells have suggested that PTHrP can also affect osteoblast 
biology via a nuclear pathway. Loss of the nuclear PTHrP 
pathway in vivo in PTHrP 1-84 knockin or PTHrP 1-66 
knock-in mice causes defects in osteoblast proliferation 
and function and is associated with low bone mass.46,47 
Thus, it is clear that manipulation of the Pthlh gene 
in vivo affects the behavior of osteoblasts and alters bone 
mass. However, it is not entirely clear whether these are 
direct effects of PTHrP acting either through autocrine/
paracrine or nuclear pathways in osteoblasts or whether 
they result from indirect effects of PTHrP produced in 
some other cell type such as osteocytes. Recent genetic 
experiments have shown that ablation of the PTHr-1 in 
osteocytes has profound effects on the activity of sur-
face osteoclasts and osteoblasts.83-85 Further research is 
needed to answer these questions. However, studies have 
already shown that the administration of PTHrP can 
induce anabolic effects in bone.86,87 In fact, initial studies 
of PTHrP injections suggest that its efficacy in increasing 
bone density may be superior to the effects of intermittent 
PTH administration, currently the only FDA-approved 
anabolic agent for the treatment of osteoporosis.86,87

The Mammary Gland
Soon after its discovery, PTHrP was reported to be 
expressed in mammary tissue and to be secreted into 
milk.88,89 Subsequent studies have documented PTHrP to 
be critically important for the development and function-
ing of the mammary gland throughout life. PTHrP serves 
distinct functions during different stages of mammary 
development; therefore, the following discussion will first 
cover PTHrP’s functions during embryonic breast devel-
opment and then its functions during lactation.

In mice, embryonic mammary development begins 
with the formation of 10 mammary buds, each of which 
consists of a bulb-shaped collection of epithelial cells 
surrounded by several layers of specialized fibroblasts 
known as the mammary mesenchyme.90,91 Once formed, 
the mammary buds remain quiescent until embryonic day 
16 (E16) when they give rise to a mammary sprout that 

develops into the rudimentary ductal tree. At the time 
of birth, the gland consists of a simple epithelial ductal 
tree consisting of 15 to 20 branched tubes within a fatty 
stroma.90,91 This initial pattern persists until puberty, at 
which time the mature virgin gland is formed through a 
second round of branching morphogenesis that is regu-
lated by circulating hormones.

PTHrP expression is expressed in the nascent mammary 
epithelial cells beginning at the earliest stages of mam-
mary development. Using transgenic mice in which the 
lacZ gene was knocked into the Pthlh locus (PTHrP-lacZ 
knockin reporter mice), Pthlh gene expression has first 
been observed within cells coalescing into the develop-
ing mammary buds (Fig. 57-7).92 Subsequently, the Pthlh 
gene is expressed exclusively within the epithelial cells of 
the mammary bud and the embryonic duct system.92-94 
However, after birth, Pthlh gene expression becomes 
restricted specifically to myoepithelial cells.92 In contrast 
to the Pthlh gene, the Pth1r gene appears to be expressed 
within the mammary mesenchyme, but its expression is 
more widespread throughout the developing dermis.94,95 
It is not clear when the PTH1R is first expressed within 
the subepidermal mesenchyme. However, PTH1Rs are 
already present when the mammary bud begins to form, 
and the receptor continues to be expressed throughout 
embryonic development.94 Similar patterns of epithelial 
PTHrP expression and mesenchymal PTHr-1 expression 
have been documented in the embryonic breast buds of 
human fetuses as well.96,97

Studies in genetically altered mouse models have dem-
onstrated that PTHrP signaling is required for the differ-
entiation of the specialized mammary mesenchyme and 
for the development of the neonatal duct system. As the 
mammary bud invaginates into the mesenchyme, PTHrP, 
produced by mammary epithelial cells, interacts with the 
PTH1R on the immature mesenchymal cells closest to 
the epithelial bud and triggers these cells to differentiate 
into mammary mesenchyme. Recent studies have demon-
strated that PTHrP accomplishes this, at least, in part, 
by facilitating local activation of Wnt and BMP signal-
ing specifically within mesenchymal cells.98,99 Although 
all five pairs of mammary buds form in PTHrP–/– and 
PTH1R–/– embryos, subsequent mammary development 
is severely compromised.91,94 The process of differentia-
tion set in motion by PTHrP signaling is critical to the 
ability of the mammary-specific stroma to direct further 
morphogenesis of the epithelium. In the absence of PTHrP 
or the PTHR-1, the mammary buds never give rise to the 
neonatal mammary ducts, and these mice lack breast epi-
thelial cells. In addition, they lack nipples since the mam-
mary mesenchyme is also required to direct the epidermis 
to form these structures coincident with the outgrowth of 
the mammary ducts. Although the model described ear-
lier was developed from studies in mice, PTHrP is also 
critical to the formation of breast tissue in human fetuses. 
Blomstrand’s chondrodysplasia is a fatal form of dwarf-
ism caused by null mutations of the PTH1R gene,56,57 
and affected fetuses lack breast tissue or nipples.97

PTHrP also plays a critical role in mammary physiol-
ogy during lactation. Pthlh gene expression is upregulated 
in alveolar epithelial cells at the start of lactation under 
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the control of both local and systemic factors.89,92,100-102 
Thiede and Rodan originally reported that PTHrP expres-
sion in rats depends on suckling and on serum prolac-
tin concentrations.89,101 However, prolactin most likely 
serves as a permissive factor, for additional studies have 
shown that the suckling response is a local one and that 
PTHrP expression only rises in the milked gland.102 Much 
of the PTHrP made during lactation ends up in milk, in 
which levels of PTHrP are up to 10,000-fold higher than 
in the circulation of normal individuals and 1,000-fold 
higher than in patients suffering from humoral hypercal-
cemia of malignancy.21,88,100 PTHrP concentrations in 
milk have generally been found to mirror RNA levels in 
the gland, increasing over the duration of lactation and 
rising acutely with suckling.102-105 In addition, evidence 
shows that milk PTHrP levels may vary with the cal-
cium content of milk.103-107 In mice, the calcium-sensing 
receptor (CaSR) is expressed on the basolateral surface of 
mammary epithelial cells during lactation and regulates 
PTHrP production, such that increased delivery of cal-
cium to the mammary gland decreases PTHrP production 
and secretion into milk.108-111 Conversely, selective dele-
tion of the CaSR within mammary epithelial cells during 
lactation leads to increased production of PTHrP by the 
mammary gland and increased milk PTHrP levels.109

Milk production requires a great deal of calcium, and 
providing an adequate supply to the mammary gland 

stresses maternal bone and mineral metabolism.112-114 
A significant proportion of the calcium transported into 
milk is derived from the maternal skeleton. Overall rates 
of bone turnover are elevated during lactation, but bone 
resorption outstrips bone formation so that bone mass 
declines rapidly. Nursing women lose between 5% and 
10% of their bone mass over 6 months, while rodents lose 
up to one-third of their skeletal mass over 21 days of lac-
tation.112-114 In mice, bone resorption is increased in great 
part due to the combination of decreased systemic estra-
diol concentrations and elevated circulating PTHrP lev-
els.115-117 Suckling directly inhibits hypothalamic GnRH 
secretion and induces hypogonadotropic hypogonadism 
and low circulating estradiol levels.118 Many studies have 
now documented elevated circulating PTHrP levels in lac-
tating humans and rodents, and PTHrP levels correlate 
directly with biochemical markers of bone resorption and 
inversely with bone mass in lactating mice.106,117 In addi-
tion, circulating PTHrP levels have been shown to cor-
relate with bone density changes in lactating humans.119 
When the Pthlh gene was disrupted specifically in the 
lactating mammary gland in mice, circulating PTHrP lev-
els declined, milk PTHrP became unmeasurable, rates of 
bone resorption decreased, and bone loss was reduced 
by 50%.116 These data all demonstrate that the lactat-
ing mammary gland secretes PTHrP both into milk and 
into the circulation. Systemic PTHrP from the breast 
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Figure 57-7 PTHrP is expressed in embryonic mammary glands and skin as indicated in PTHrP lacZ knockin mice. A, At E11.5, PTHrP is ex-
pressed (blue staining) within the mammary line (large arrow) and in the forming mammary placodes (arrows). Inset shows section through mamma-
ry placode. B, By E12.5, PTHrP is expressed within the mammary buds (inset) and within cells migrating toward the forming buds (double arrows). 
C, At birth, PTHrP is expressed within the branching ductal tree of the neonatal mammary gland but also within the forming hair follicles in the skin 
(punctate pattern). D, Sections through the newborn skin show PTHrP expression within the epithelial cells of the mammary ducts. (Reproduced with 
permission from Boras-Granic K, VanHouten J, Hiremath M, Wysolmerski J. Parathyroid hormone-related protein is not required for normal ductal 
or alveolar development in the post-natal mammary gland. PLoS One. 2011;6:e27278.)
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acts together with estrogen deficiency to stimulate bone 
resorption and cause bone loss during lactation. As noted 
previously, the production of PTHrP by the lactating 
breast is decreased by stimulation of the calcium-sensing 
receptor on mammary epithelial cells.109-111 Therefore, as 
shown in Figure 57-8, a classic endocrine negative feed-
back loop is created between bone and breast during lac-
tation. If calcium delivery to the gland falls, mammary 
epithelial cells produce more PTHrP, which stimulates 
increased bone resorption. The delivery of more calcium 
to the mammary gland from the skeleton then stimulates 
the CaSR and decreases PTHrP production.

The exact function of PTHrP in milk remains unclear. 
Genetic removal of PTHrP from the mammary gland 
does not alter milk calcium levels, and PTHrP-null mam-
mary epithelial cells are able to transport calcium in vitro 
at the same rate as wild-type mammary epithelial cells.116 
Recent experiments have demonstrated a dose-responsive 
inverse relationship between milk PTHrP levels and neo-
natal ash calcium content in mice.109 The mechanism(s) 
by which milk PTHrP modulates neonatal calcium and/
or bone metabolism remains unexplored. Neverthe-
less, given that PTHrP levels vary inversely with mater-
nal calcium availability and milk calcium content, these 
observations suggest that PTHrP may somehow act as a 
metabolic messenger in milk to adjust neonatal bone and 
mineral metabolism to the mother’s ability to supply cal-
cium in milk.

The Skin
Normal human keratinocytes were the first nonmalignant 
cells demonstrated to produce PTHrP.120 Subsequently, 
multiple studies have confirmed that cultured rodent and 
human keratinocytes secrete bioactive PTHrP (reviewed 
in reference 2). The Pthlh gene is expressed most promi-
nently within hair follicles, both during development and 

in the adult, where mRNA levels have been shown to vary 
with the hair cycle.16,50,121 Low levels of Pthlh expression 
may also be found throughout the interfollicular epider-
mis. The PTHR-1 is expressed on dermal fibroblasts, and 
PTHrP has been shown to bind to skin fibroblasts and to 
elicit a variety of biological responses.16,122-125 In addition 
to fibroblasts, recent studies using sensitive PCR-based 
detection methods have also reported expression of Pth1r 
mRNA in keratinocytes, although these studies used cul-
tured cells.126,127 In summary, it has been assumed that 
PTHrP from keratinocytes acts on the PTH1R in dermal 
fibroblasts to serve primarily paracrine functions in skin, 
but recent data suggest that both paracrine and autocrine 
functions may be important.

Several studies suggest that PTHrP participates in the 
regulation of the hair cycle. During development, disrup-
tion of the Pthlh or Pth1r genes does not seem to affect 
initial hair follicle morphogenesis or patterning in mice 
except for the vicinity of the nipple.54,128,129 However, 
in mature mice, systemic or topical administration of 
PTH1R antagonists perturbs the hair cycle by prema-
turely terminating telogen, prolonging anagen growth, 
and inhibiting catagen.130,131 In a reciprocal fashion, 
mice overexpressing PTHrP in basal keratinocytes (K14-
PTHrP mice) demonstrate a delayed emergence of dor-
sal hair, have shorter hairs, and their hair follicles enter 
catagen approximately 2 days early.121,132 These findings 
were associated with a lower proliferation rate in the hair 
matrix and a less well-developed perifollicular vasculature 
during anagen. Together, these studies imply that PTHrP 
may regulate the anagen to catagen transition, acting to 
inhibit hair follicle growth by pushing growing hair fol-
licles into the growth-arrested or catagen/telogen phase of 
the hair cycle. If this hypothesis were correct, one would 
expect PTHrP knockout mice to exhibit findings similar 
to PTH1R antagonist–treated mice. However, this does 
not appear to be the case. In mice that lack PTHrP in 
their skin, the hair cycle appears to be normal.128 In fact, 
rather than a promotion of hair growth, these mice dem-
onstrate a thinning of their coat over time. These conflict-
ing results are difficult to reconcile, but suggest that while 
PTHrP may contribute to the regulation of the hair cycle, 
it is unlikely to be necessary for this process to unfold 
normally.

PTHrP has also been implicated in the regulation of 
keratinocyte proliferation and/or differentiation. A careful 
comparison of the histology of PTHrP-null and PTHrP-
overexpressing skin demonstrated reciprocal changes. In 
the absence of PTHrP, keratinocyte differentiation was 
accelerated, whereas in skin exposed to PTHrP overex-
pression, keratinocyte differentiation was delayed.128 
Therefore, in a physiologic context, PTHrP appears to 
slow the rate of keratinocyte differentiation and to pre-
serve the proliferative basal compartment, effects that are 
analogous to those noted for chondrocyte differentiation 
in the growth plates of mice overexpressing PTHrP as 
compared to PTHrP- and PTH1R-null mice.52,54,133

Recent studies have suggested a role for PTHrP in the 
innate skin immunity that protects against bacterial inva-
sion. Muehleisen and colleagues reported that PTHrP 
signaling through the PTH1R in keratinocytes interacted 
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Figure 57-8 The breast and the skeleton communicate during lacta-
tion in order to provide a steady supply of calcium for milk production. 
The lactating breast secretes PTHrP into the systemic circulation during 
lactation. PTHrP interacts with the PTH1R in bone cells in order to 
increase the rate of bone resorption and liberate skeletal calcium stores. 
Mammary epithelial cells in the lactating breast express the CaSR and 
suppress PTHrP production in response to increased delivery of cal-
cium, defining a classical endocrine negative feedback loop between 
breast and bone.



100157 PARATHYROID HORMONE-RELATED PROTEIN

synergistically with vitamin D in order to induce catheli-
cidin production and protect against experimental skin 
infection with group A Streptococcus.127 The authors 
showed that PTH1R receptor expression was induced in 
keratinocytes by 1,25 vitamin D signaling. Furthermore, 
they showed that PTHrP expression was induced in kera-
tinocytes by exposure to the bacterial product and TLR2 
agonist, lipoteichoic acid. These results suggest that local 
production of PTHrP in response to TLR activation serves 
to trigger the production of antimicrobial peptides and 
that vitamin D may enhance the sensitivity of this regula-
tory loop by upregulating PTH1R expression. These are 
intriguing findings and, if confirmed, raise the possibility 
that PTHrP-PTH1R signaling may regulate innate immu-
nity more broadly.

Placenta
PTHLH mRNA and PTHrP protein have been detected 
in rat and human placenta in both cytotrophoblasts 
and syncytiotrophoblasts.134-136 The cubidal cells of the 
amniotic membranes also express PTHrP, and these cells 
are likely the source of the PTHrP found in amniotic 
fluid.135,137 PTHrP may have effects on early trophoblast 
differentiation, but the best-studied aspect of PTHrP in 
the placenta is its involvement in calcium transport.138-140 
Almost all of the calcium required for mineralization of 
the fetal skeleton is transferred from the mother to the 
fetus across the placenta during a relatively short inter-
val in late pregnancy.112,141,142 Both total and ionized 
calcium concentrations are higher in the fetal circulation 
than they are in the maternal circulation demonstrating 
that calcium is actively transported across the placenta 
against an uphill concentration gradient. In mice homozy-
gous for deletion of the PTHrP gene, fetal plasma calcium 
and the maternal-fetal calcium gradient are significantly 
reduced. When fetuses were injected in utero with frag-
ments of PTHrP or PTH, calcium transport from the 
mother into the fetus was significantly restored only by 
treatment with a mid-molecule PTHrP peptide that can-
not stimulate the PTH1R.138,142 The circulating PTHrP 
in fetal mice is thought to be derived from liver and pla-
centa.142,143 More recent studies have demonstrated that 

PTH also contributes to the regulation of placental min-
eral transport and fetal mineral metabolism.144,145 PTH 
appears to operate mainly on the fetal skeleton and kid-
neys to prevent fetal hypocalcemia, while PTHrP acts to 
stimulate transplacental calcium transport and raises the 
fetal calcium levels above those of the maternal circula-
tion, resulting in the typical suppression of PTH in the 
fetal circulation.

Endocrine Pancreas
PTHrP was observed in pancreatic islets shortly follow-
ing its identification. Pthlh mRNA was demonstrated in 
isolated islet RNA,146 and Asa and colleagues147 demon-
strated that PTHrP was present in all four islet cell types 
(α, β, δ, and PP cells). More recent studies have repeatedly 
verified that PTHrP is produced by rodent islet cells as 
well as by human islet cells in primary tissue culture.148-153 
Islet cells also express the PTH1R, suggesting the possi-
bility of an autocrine/paracrine signaling system.149,152,154 
In fact, studies suggest that most of the observed biologi-
cal actions of PTHrP in the endocrine pancreas are medi-
ated by signaling from the PTH1R.

PTHrP stimulates the proliferation of mouse and 
human pancreatic beta cells during development and in 
the adult pancreas.149,151,152,154 Vasavada and coworkers 
generated transgenic mice that overexpress PTHrP under 
the control of the rat insulin-II promoter (RIP).151,155 
RIP-PTHrP mice display striking degrees of islet hyper-
plasia and an increase in islet number as compared to 
their control littermates (Fig. 57-9). This increased islet 
mass is associated with hyperinsulinemia and hypoglyce-
mia as well as resistance to the diabetogenic effects of the 
beta cell toxin, streptozotocin.151,155 The increased beta 
cell mass in these mice is the result of increased prolif-
eration and decreased apoptosis. The effects of PTHrP 
on beta cell proliferation have been further studied in 
rodent and human islet cells in vitro.148,149,152 Prolifer-
ation is induced by amino-terminal portions of PTHrP 
and depends on activation of the PTH1R, and down-
stream signaling via activation of PKC-ζ, cyclin E, and 
cdk2.152,153 Induction of proliferation by PTHrP is not 
associated with any change in the differentiation of beta 
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Figure 57-9 Overexpression of PTHrP in pancreatic islets causes islet hyperplasia. Immunohistochemistry for insulin (dark staining) in normal 
mouse pancreas (A) and in RIP-PTHrP transgenic pancreas (B). Note that overexpression of PTHrP in beta cells leads to an obvious increase in the 
number and size of pancreatic islets. (Reproduced with permission from Vasavada RC, Cavaliere C, D’Ercole AJ, et al. 1996. Overexpression of 
parathyroid hormone-related protein in the pancreatic islets of transgenic mice causes islet hyperplasia, hyperinsulinemia, and hypoglycemia. J Biol 
Chem 271:1200-1208, 1996.)
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cells and, in fact, acute treatment with amino-terminal 
PTHrP improved glucose-stimulated insulin secretion 
both in cultured beta cells and in intact mice.149,152,153 
Increases in insulin expression and secretion in cultured 
rodent islet cells appear to be mediated by alterations in 
MAPK-associated phosphatase activity and inhibition of 
C-Jun NH2-terminal kinase (JNK).154 Remarkably, daily 
subcutaneous injections of PTHrP 1-36 in adult mice 
increased the proliferation of beta cells in islets in vivo 
and improved glucose tolerance, suggesting that PTHrP 
administration might prove useful in the maintenance of 
islet cell mass and in the treatment of diabetes.153

Smooth Muscle and the Cardiovascular System
PTHrP is produced by smooth muscle cells in response to 
mechanical deformation and functions in a short feedback 
manner to relax the stretched muscle.1,2,156-158 This was 
initially studied in the uterus, where it was shown that 
PTHrP expression is induced by distension of the uterine 
horn by the developing fetus or by experimentally stretch-
ing the uterus.156,159-162 In turn treatment of rat, baboon, 
and human myometrium with PTHrP ex vivo results in 
reductions in isometric tension and inhibits spontaneous 
and electrically induced contractions.159,163-166 In addi-
tion, in baboon myometrium, PTHrP can counter the 
effects of oxytocin to induce uterine contraction.166 These 
observations suggested that PTHrP might cause gradual 
relaxation of the uterus to accommodate the growth of 
the fetal-placental unit and/or to inhibit premature labor. 
Interestingly, the effects of PTHrP on myometrial con-
tractivity wane with progression of pregnancy in rats, 
and the uterus becomes resistant to PTHrP after labor 
has been initiated.161,162,164,165

In the vasculature, PTHrP is induced by vasoconstric-
tive agents as well as stretch itself, and acts as a vasodila-
tor in resistance vessels.167 As a result, PTHrP may act 
to modulate local blood flow in a variety of tissues.167 
PTHrP has also been shown to regulate the proliferation 
of vascular smooth muscle cells. Secreted amino-termi-
nal PTHrP inhibits the proliferation of vascular smooth 
muscle cells by acting via the PTHR-1 on the cell sur-
face. However, the mid-region and C-terminal portions 
of PTHrP act in the nucleus to stimulate the prolifera-
tion of these cells in vitro and in vivo by inducing the 
expression of c-myc and skp2, which, in turn, reduce lev-
els of the cell-cycle inhibitor, p27, promoting progression 
through the G1/S checkpoint.44,45 This pathway appears 
to be active during development, since the rate of prolif-
eration of smooth muscle cells in the aorta of PTHrP–/– 
embryos is reduced.168 Furthermore, PTHrP expression is 
upregulated by vascular damage following balloon angio-
plasty and in atherosclerotic lesions in rodents and in 
humans. Several studies have suggested that PTHrP plays 
an important role in the response of these cells to injury 
and may contribute to the pathophysiologic development 
of a neo-intima following angioplasty.44,169

Teeth
Developing teeth become surrounded by alveolar bone 
but must maintain a cavity or crypt that is free from 
bone to allow for their morphogenesis. After teeth are 

formed, they must then erupt through the roof of the 
dental crypt in order to emerge into the oral cavity. 
The process of tooth eruption relies on geographically 
uncoupled bone turnover in which osteoclasts form over 
the crown of the tooth in order to resorb the overlying 
bone and osteoblasts at the base of the tooth propel it 
upward out of the crypt. In the absence of PTHrP, teeth 
develop but they do not erupt. PTHrP is normally pro-
duced by stellate reticulum cells and signals to dental 
follicle cells in order to drive the formation of osteo-
clasts above the crypt. In the absence of PTHrP, these 
osteoclasts do not appear, eruption fails to occur, and 
teeth become impacted.170-172

PTHRP IN DISEASE
Given the diverse biological effects of PTHrP, one might 
expect that it could be involved in the pathogenesis of 
diseases. The most established role for PTHrP in dis-
ease states is to cause hypercalcemia in patients with 
cancer. This occurs because PTHrP and PTH share the 
same receptor, but normally PTHrP does not circulate. 
However, in some tumors, PTHrP is made in sufficient 
quantities to reach the circulation and to stimulate 
PTHR-1 receptors in the bone and kidney normally 
meant to mediate the functions of PTH, thus mimick-
ing many aspects of primary hyperparathyroidism. The 
topic of hypercalcemia in malignancy is covered in detail 
in Chapter 64. What follows here is a short discussion 
of other conditions in which PTHrP may play a patho-
physiologic role or conditions in which it may have ther-
apeutic applications.

Cancer
Many studies have suggested that PTHrP modulates 
the proliferation, differentiation, and/or survival of 
cancer cell lines from a variety of different tumor types 
in vitro.2,173,174 However, there are many fewer studies 
that address the possibility that PTHrP contributes to 
tumor cell growth in animal models in vivo or in human 
cancers. These data do exist for breast cancer, although 
studies in cultured breast cancer cell lines, animal models, 
and clinical studies have shown conflicting results.175,176 
Some case series implied that PTHrP expression pre-
dicts a more aggressive clinical course.177-179 However, 
a large well-controlled study suggested just the opposite. 
Henderson and colleagues examined 526 consecutive 
cases of breast cancer and found that PTHrP expression 
was an independent predictor of a more benign clini-
cal course.180 Conflicting results have also been reported 
in two studies employing transgenic models of breast 
cancer. Fleming and colleagues demonstrated that mam-
mary-specific disruption of the Pthlh gene increased the 
incidence of tumors in MMTV-Neu mice.181 In contrast, 
Li and colleagues used an identical genetic approach and 
found that disruption of the Pthlh gene dramatically 
prolonged tumor latency, slowed tumor growth, and 
reduced metastases caused by transgenic overexpres-
sion of the polyoma middle T antigen (MMTV-PyMT 
mice).182 The opposing results of these two studies sug-
gest that the molecular context of transformation is 
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critical for determining PTHrP’s actions, and this may 
help explain the variability in the clinical observations. 
Most recently, several large genomewide association 
studies (GWAS) have implicated the PTHLH gene as a 
breast cancer susceptibility locus.183-185 The effects of 
PTHrP on breast cancers are clearly complex, and much 
more research will be required to fully understand its 
contribution to the pathogenesis of breast cancer. None-
theless, while GWAS studies do not provide mechanis-
tic insight, they do underscore the fact that the effects 
of PTHrP in breast cancer are likely to be clinically 
important.

Another function of PTHrP in breast cancer is its con-
tribution to the osteolysis that is required for the for-
mation of bone metastases.186,187 In addition, although 
prostate cancer is often associated with osteoblastic bone 
metastases, studies in xenograft models of human pros-
tate cancer cell lines have suggested that PTHrP also pro-
motes the survival and growth of prostate cancer in the 
skeleton.188,189 In breast cancers, experiments have sug-
gested that, in response to the bone microenvironment, 
cells metastatic to the skeleton produce more PTHrP 
than cells in the primary tumor.187,190 TGF-β, released at 
sites of bone resorption, has been shown to upregulate 
PTHrP production through a signaling pathway involv-
ing the transcription factor Gli2.187,191 PTHrP, in turn, 
increases the production of RANKL and decreases the 
production of OPG, increasing osteoclast numbers and 
activity.190 This sets up a feed-forward loop between 
PTHrP production and bone resorption, contributing to 
a vicious cycle of osteolysis. However, there is conflict-
ing clinical evidence as to whether PTHrP production 
by a primary breast tumor is predictive of bone metas-
tases in patients.177,179,180 The largest and most carefully 
controlled study suggested that PTHrP production by 
the primary tumor is actually a negative predictor, not a 
positive predictor, of skeletal metastases.180 In contrast, a 
more recent study of 125 patients with breast cancer and 
long-term clinical follow-up suggested that PTHrP stain-
ing in the primary tumor was predictive of bone metas-
tases.179 Furthermore, Washam and colleagues showed 
that the presence of PTHrP(12-48) in the circulation of 
human breast cancer patients was predictive of bone 
metastases.192

Skeletal Disease
Given the extensive involvement of PTHrP in normal 
chondrocyte and bone biology, it is not surprising that 
alterations in PTHrP function are associated with skeletal 
diseases. The most obvious case is HHM, where circulat-
ing PTHrP interacts with PTHr-1 receptors in the skeleton 
to induce widespread bone resorption and produce hyper-
calcemia.1 Loss-of-function mutations in the PTHr-1 gene 
cause Blomstrand’s chondrodysplasia, which is associated 
with bone abnormalities that mimic the PTHrP knock-
out mouse and cause fetal demise.193 Gain-of-function 
mutations in the PTHr-1 gene cause Jansen’s metaphyseal 
chondrodysplasia. This is a form of short-limbed dwarf-
ism that results from inhibition of chondrocyte differen-
tiation due to overactive PTHr-1 signaling.193 As described 

previously, loss-of-function mutations in the PTHLH gene 
have recently been shown to cause brachydactyly type 
E, a syndrome including short stature, shortened meta-
carpals and metatarsals, and learning disabilities.66,67  
The functions of PTHrP in the maintenance of articular 
cartilage and modeling at ligamentous and tendinous 
insertion sites suggest that it may contribute to the patho-
physiology of osteoarthritis or enthesopathies. Finally, the 
anabolic actions of PTHrP on bone suggest that it may be 
useful in the treatment of osteoporosis. Preliminary stud-
ies of PTHrP injections in fact demonstrate its efficacy 
and potential superiority to PTH in this regard.194

Skin Disease
It has been suggested that defects in the skin and skin 
appendages in the rescued PTHrP-null mice are remi-
niscent of a series of disorders collectively known as 
the ectodermal dysplasias,128 but the PTHLH gene has 
not been formally linked to any of these diseases. It 
has also been noted that psoriatic skin may downregu-
late PTHrP expression, and a small trial of topically-
administered PTH suggested that stimulation of the 
PTH1R might improve the histologic abnormalities in 
psoriatic plaques.195 However, these potentially exciting 
results have not yet been confirmed in larger trials. Pre-
liminary studies also suggest that topical application of 
PTH1R antagonists may be useful for stimulating hair 
growth.130 These original observations date back many 
years, but no further evidence has emerged to demon-
strate whether manipulation of PTHrP-PTH1R signal-
ing is an effective treatment for alopecia. Furthermore, 
a more recent study suggested that, in the setting of 
chemotherapy-induced alopecia, PTH1R agonists, but 
not an antagonist, stimulated hair regrowth.196 There-
fore, despite some intriguing preliminary findings, it is 
not entirely clear yet whether PTHrP is involved in skin 
pathology.

Diabetes
There is no evidence that PTHrP is involved in the patho-
genesis of diabetes. However, since PTHrP induces prolif-
eration and improves glucose-stimulated insulin secretion 
in human beta cells, it is possible that it might be use-
ful for the treatment of diabetes, especially in the setting 
of islet cell transplantation.149 In support of these ideas, 
recent experiments demonstrated that daily subcutaneous 
injections of PTHrP 1-36 increased the proliferation of 
beta cells in mouse islets in vivo and improved glucose 
tolerance in intact mice.153
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Copp and colleagues1 discovered calcitonin (CT) as a 
factor that opposes the action of parathyroid hormone 
(PTH), to contribute to the tight control of serum calcium 
in mammals. They perfused the thyroparathyroid glands 
of dogs and sheep with high calcium concentrations 
and obtained evidence for the secretion of a factor that 
rapidly lowered the blood calcium; they called this fac-
tor calcitonin and suggested that it was produced by the 
parathyroid gland. Subsequently, calcitonin was found by 
others to be produced by the thyroid gland in mammals2 
and that acid extracts of rat thyroid injected into young 
rats caused a lowering of serum calcium: this hypocal-
cemic factor was called thyrocalcitonin.3 MacIntyre and 
co-workers4 also established the thyroidal origin of the 

hypocalcemic agent, and it became apparent that calci-
tonin and thyrocalcitonin were identical. The accepted 
nomenclature became calcitonin (CT), which described a 
new hormone of thyroid gland origin that was likely to be 
important in calcium homeostasis.

SYNTHESIS, SECRETION, AND CELLS OF ORIGIN
CT is produced by the C cells of the mammalian thyroid, 
with its secretion stimulated by an increase in serum cal-
cium levels.5 Although produced predominantly in the thy-
roid C cells in mammals, the distribution of these cells in 
the thyroid gland varies considerably among mammalian 
species. In some animals, CT-producing cells are found in 

K E Y  P O I N T S

 •  Calcitonin peptides and their cognate receptors and co-receptors constitute important 
signaling molecules in a wide range of tissues, from the bone and brain, to the kidney, 
mammary gland, and vasculature.

 •  In bone, calcitonin has potent inhibitory actions on osteoclasts, and additional putative 
actions on osteocytes, with evidence for a paradoxical inhibition of bone formation via 
induction of osteocyte production of the Wnt pathway inhibitor, sclerostin.

 •  Calcitonin physiology includes effects on cell growth, acting via the MAPK pathway, 
which may be of pathophysiologic importance in some cancers.
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other parts of the neck, including the thymus. In fish and in 
most birds, CT is produced by the ultimobranchial glands. 
Whereas in mammalian development the ultimobranchial 
bodies fuse with the posterior lobes of the developing thy-
roid gland to become the C cells, in submammalian verte-
brates these bodies remain separate. Interestingly, the CTs 
of ultimobranchial origin are highly potent in their actions 
upon mammalian targets. The physiologic significance 
of CT in fish and birds remains uncertain, although CT 
is reported to suppress osteoclastic activity in the scales 
of freshwater and seawater teleosts.6 Although increased 
serum calcium is an important secretagogue for CT in 
normal and malignant C cells, the exact mechanisms by 
which calcium provokes exocytosis of CT have not been 
fully elucidated. However, the same extracellular calcium-
sensing receptor that mediates decreased PTH secretion 
from parathyroid cells7 is also found in C cells and is likely 
to represent the primary molecular entity through which 
C cells detect changes in extracellular calcium and con-
trol CT release. The dose-response curve of calcitonin to 
increases in serum ionized calcium was shifted to the right 
in CaSR heterozygous-ablated (Casr+/–) mice, confirming 
that the CaSR is a physiologic regulator of calcitonin.8

Agents that elevate C cell cyclic adenosine monophos-
phate (cAMP) may stimulate CT secretion, since cAMP 
analogues have this effect both in vivo and in vitro. Aside 
from calcium, secretagogues include the gastrointestinal 
hormones, such as gastrin, suggesting that CT may have a 
physiologic role postprandially as a hormone that assists 
uptake of calcium after a calcium-rich meal by prevent-
ing the efflux of calcium from bone into blood.9 The gas-
trin analogue, pentagastrin, has been used clinically as a 
provocative test for CT secretion in patients with medul-
lary carcinoma of the thyroid. Other gastrointestinal hor-
mones, including glucagon, cholecystokinin, and secretin, 
are also capable of promoting CT secretion. Long-acting 
GLP-1R agonists also stimulate calcitonin secretion in 
rats and mice but have been reported to have minimal 
or no ability to stimulate calcitonin secretion in normal 
C cells of primates and humans.10 Other hormones that 
influence calcium homeostasis may also directly or indi-
rectly influence CT secretion. 1,25-Dihydroxyvitamin 
D3 (1,25[OH]2D3) administration has been reported to 
increase plasma CT levels.11 Both CT and 1,25(OH)2D3 
levels are raised in pregnancy and lactation, leading to 

the suggestion that CT may act to protect the skeleton in 
the face of increased calcium demand during lactation.12

Serum and thyroid concentrations of CT increase 
markedly with age in the rat, in association with sub-
stantial increases in thyroid content of CT mRNA.13 
In normal rats subjected to acute calcium stimulation 
in vivo, thyroid CT mRNA is increased. On current evi-
dence, it seems that calcium can stimulate both synthesis 
and secretion of CT by thyroid C cells. Circulating CT 
levels in normal human subjects are very low and their 
measurement requires sensitive and specific assays. The 
level of CT in normal human blood appears to be less 
than 10 pg/mL (3 picomolar). Circulating levels of CT 
are increased in several pathologic states, such as CT-
secreting tumors.14,15 In particular, patients with med-
ullary carcinoma of the thyroid gland have elevated CT 
levels (see later). In addition to the CT monomer (≈3500 
Daltons), high–molecular-weight forms circulate, and 
elevated levels of these molecules can be useful diagnosti-
cally in certain situations, such as acute pancreatitis16,17 
and infection/inflammatory conditions.18 Further, it has 
been reported that ProCT is toxic and that immunoneu-
tralization with immunoglobulin (Ig)G that is reactive to 
this molecule significantly improves survival in animal 
models of sepsis.19 More recently, a prospective, popu-
lation-based study on 3322 individuals demonstrated an 
association between plasma procalcitonin and all-cause 
and cancer mortality in apparently healthy men, but not 
women, which warrants further investigation.20

Chemistry
The CT sequence has been determined for many species, 
the common features being that it is a 32–amino acid pep-
tide with a carboxyterminal proline amide and a disulfide 
bridge between cysteine residues at positions 1 and 7 cre-
ating an N-terminal ring structure.21 Based on their amino 
acid sequence homologies, the different CTs (Fig. 58-1) 
are classified into three groups: (1) artiodactyl, which 
includes porcine, bovine, and ovine; (2) primate/rodent, 
which includes human and rat CT; and (3) teleost/avian, 
which includes salmon, eel, goldfish, and chicken. The 
common structural features of the CT molecule contribute 
importantly to biological activity, with the standard assay 
that has been used since the discovery of CT being one 
that measures the hypocalcemic response in young rats. 
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Figure 58-1 Alignment of CT sequences from different species. The shaded amino acids indicate identity with salmon CT. All CTs have a disulfide-
bridged loop between cysteines (C) at position 1 and 7, a glycine at position 28, and a proline amide at position 32. Amino acids 4, 5, and 6 are also 
conserved across all species.
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Subsequently, receptor-based assays have been used also, 
and structure/function relationships are largely shared 
in these various assays. The order of biological potency 
of the CTs is, in general, teleost ≥artiodactyl ≥human, 
although absolute biological activities vary considerably 
among CT receptors of different species and receptor iso-
forms within species. Studies of substituted, deleted, and 
otherwise modified CTs have provided considerable infor-
mation regarding structure/activity relationships of the 
CT molecule, showing, for example, that the ring struc-
ture serves to stabilize the molecule. The disulfide bridge 
of the ring can be chemically substituted by an N-N bond, 
as in aminosuberic eel CT, and this modification yields 
an extremely stable and fully potent CT variant.22 The 
sequence differences among species are concentrated in 
the middle portion of the molecule, and these differences 
contribute to the wide variations in biological potency. 
However, the outcomes of studies of structural require-
ments for biological activity have varied with the different 
biological assays used, and the type of receptor used is 
able to profoundly influence the results (see later discus-
sion on CT receptor isoforms and the influence of the co-
receptor molecules, receptor activity modifying proteins 
[RAMPS]). For example, residues in the carboxyterminal 
half of salmon CT are more important for binding compe-
tition with the two rat receptor isoforms and the human 
receptor, whereas residues in the aminoterminus are more 
important for interaction with the porcine receptor.5

CALCITONIN GENE
The human CT gene, located in the p14-qter region of 
chromosome 11, has been fully sequenced, as have those 
of a number of other species.23 The complete sequences 
of the human, rat, mouse, chicken, sheep, dog CT,24 and 
various species of fish CTs have been determined.25-27 
As with other peptide hormones, CT is synthesized as a 
larger precursor molecule, which is processed by cleav-
age and amidation before secretion. CT is synthesized as 
a large–molecular-weight precursor (136 amino acids), 
with a leader sequence at the amino-terminus that is 
cleaved during transport of the molecule into the endo-
plasmic reticulum. It is uncertain whether the precursor 

N- and C-terminal flanking peptides have any biological 
significance. A potentially important posttranslational 
modification of CT is that of glycosylation. The tripeptide 
sequence, Asn-Leu-Ser, found within the amino-terminal 
ring structure of CT, is invariate among the CTs of dif-
ferent species, and this sequence is an acceptor site for 
N-linked glycosylation. This, together with evidence for 
glycosylation of tumor CT, led to detailed studies show-
ing that the CT precursor is indeed a glycoprotein, and 
that the only N-linked glycosylation site in the entire pre-
cursor was within the CT portion itself.28 The biological 
significance of CT glycosylation has yet to be determined.

Alternative Gene Product: CGRP
The CT gene transcript encodes a second distinct peptide 
known as CT gene-related peptide (CGRP), which is pro-
duced by tissue-specific alternative splicing of the gene 
(Fig. 58-2). The mature CGRP and CT mRNAs predict 
proteins that share sequence identity in the amino- terminal 
regions, but in the carboxy-terminal regions the nucleo-
tide sequences are almost entirely different. The mature, 
secreted 32– and 37–amino acid CT and CGRP peptides, 
respectively, result from cleavage of both amino-terminal 
and carboxy-terminal flanking sequences at specific cleav-
age sites, as depicted in Figure 58-2.23 CT mRNA is found 
largely in the thyroid gland, and CGRP mRNA is found 
primarily in the nervous system,29 although both peptides 
are expressed to a lesser extent in other tissues. However, 
aberrant expression of CGRP may be seen in medullary 
thyroid carcinoma.30 Two different CT/CGRP genes, α 
and β, have been identified in humans and rats.

Processing of the pre-mRNA to the CT mRNA tran-
script involves usage of exon 4 as a 3′-terminal exon, 
with concomitant polyadenylation at the end of exon 
4. Processing to produce the CGRP mRNA involves 
the exclusion of exon 4 and direct ligation of exon 3 to 
exon 5, with polyadenylation at the end of exon 6. The 
hCT/CGRP exon 4, like many differentially incorporated 
exons, has been characterized as having weak processing 
signals. Weak differential exons are frequently associated 
with special enhancer sequences that facilitate exon rec-
ognition in the presence of accessory factors that bind to 
the enhancer. Indeed, such an enhancer, located in the 

Figure 58-2 Organization of the CT/CGRP gene illustrating al-
ternative patterns of processing of the primary transcript and sub-
sequent protein processing. The exons are denoted I through VI in 
Roman numerals. Introns are represented by a single line (not to 
scale).
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intron downstream of exon 4, has been described for the 
CT/CGRP gene. In addition, sequences within exon 4 are 
necessary for the inclusion of exon 4.31

PHYSIOLOGY: BONE AND KIDNEY
The physiologic role of CT is not fully understood. It 
is currently viewed as an inhibitor of bone resorption, 
whose function is to prevent bone loss at times of stress 
on skeletal calcium conservation, particularly pregnancy, 
lactation, and growth. The ability of calcitonin to reduce 
serum calcium following an exogenous calcium load seems 
to be at least partly explained by reducing the efflux of 
calcium from bone. Thus, evidence from studies in mice, 
in which the CTR is deficient either globally or specifi-
cally in osteoclasts, suggests that the action of calcitonin 
to protect against hypercalcemia is largely mediated via 
the CTR on osteoclasts. Increased bone resorption, lead-
ing to a greater hypercalcemic response, was induced by 
treatment with 1,25(OH)2D3, in global- and osteoclast-
CTRKO mice compared to littermate controls.32 In young 
and growing animals, in which rapid bone modeling and 
turnover are required for development of the skeleton, CT 
may act as a regulator of extracellular fluid calcium. This 
is exemplified by the young rat, for example, which is used 
for the in vivo assay of CT, while the calcium- lowering 
effect of the hormone is less marked with increasing age 
of the animal (Fig. 58-3).33 Despite this, the ability of CT 
to counteract the effects of a calcium load is not impaired 
in older animals, at least in the rat.34

In normal adult human subjects, even quite large doses 
of CT have little effect on serum calcium levels. In those 
subjects, in whom bone turnover is increased (e.g., in thy-
rotoxicosis and Paget’s disease), CT treatment acutely 
inhibits bone resorption and lowers serum calcium lev-
els.35 Given, as above, that the acute effect of CT on serum 
calcium is related to the prevailing rate of bone resorp-
tion, it is not surprising that CT has little or no effect on 
serum calcium in the mature animal or human subject, 
since the rate of bone resorption is slow in maturity. The 
physiologic function of CT in maturity nevertheless may 
be to regulate the bone resorptive process in a continuous 
or intermittent manner. An antiresorptive role for CT in 
maturity might become more important in circumstances 
in which skeletal integrity is at particular risk (e.g., in 
pregnancy and lactation). Evidence in support of such an 
important physiologic role for endogenous CT in protect-
ing against bone loss is provided by experiments showing 
that cancellous bone loss in thyroparathyroidectomized 
rats treated with PTH was greater than that in similarly 
treated sham-operated controls.36 In addition, mice in 
which the CT/CGRP gene was ablated showed a severe 
drop in bone mineral content during lactation, although 
the maternal skeleton recovered to baseline thereafter.37,38 
It follows that CT should not necessarily be regarded as 
a “calcium-regulating hormone” in maturity, but may yet 
be shown to be such in stages of rapid growth or in states 
of increased bone turnover. It is nevertheless important 
that bone resorption be tightly regulated, and CT is the 
only hormone known to be capable of carrying out this 
function through a direct action on bone. The relative 
physiologic actions of CT and other inhibitors of resorp-
tion, such as osteoprotegerin, remain to be clarified.

Physiologic roles have been suggested for other mem-
bers of the CT family, such as amylin (AMY), CGRP, 
calcitonin receptor-stimulating peptide (CRSP), or inter-
medin (IMD), with evidence that they inhibited mineral 
release and bone matrix degradation in neonatal mouse 
calvariae stimulated to resorb by parathyroid hormone or 
1,25(OH)2 vitamin D3.39

Calcitonin Actions in Bone
Osteoclasts
The first evidence of the mechanism of action of CT was 
obtained by showing in organ culture of bone that CT 
inhibited bone resorption.40 Inhibition of bone resorption 
appeared to be explained by a direct action on osteoclasts. 
CT treatment of resorbing bone in vitro resulted in rapid 
loss of osteoclast ruffled borders and decreased release of 
lysosomal enzymes. Evidence in vivo was also consistent 
with an inhibitory action upon bone resorption. Loss of 
ruffled borders in osteoclasts was seen in patients with 
Paget’s disease, in whom bone biopsies were taken before 
and 30 minutes after an injection of CT.41 In the same 
clinical study, CT was noted to decrease the number of 
osteoclasts, in addition to altering their ultrastructure. 
CT infusion in rats led to an immediate reduction in the 
rate of excretion of hydroxyproline, consistent with inhi-
bition of breakdown of bone collagen.42 Other studies led 
to similar conclusions, with no evidence to suggest any 
increase by CT in the active uptake of calcium by bone.43
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Studies of the actions of hormones on isolated bone cell 
populations established that CT acts directly on osteo-
clasts, with receptor autoradiography showing osteoclasts 
as the only discernible bone cell targets at this level of sen-
sitivity.44 CTRs have since been demonstrated by immu-
nohistochemistry on mouse osteocytes in situ, with rapid 
receptor loss following removal of cells from the bone.45 
Mammalian osteoclasts possess abundant, specific, high-
affinity receptors for CT (Fig. 58-4), and CT stimulates 
cAMP formation in a sensitive and dose-dependent man-
ner,44 as well as increasing intracellular free calcium levels 
and protein kinase C activity.46 As stated, the direct effect 
of CT upon the osteoclast was found to result in rapid 
inhibition of cell activity, reflected in cessation of motil-
ity and contraction of the cell. Although isolated osteo-
clasts remained quiescent in CT as long as the hormone 
was present, they regained activity when osteoblasts were 
added to the culture.47 This escape of osteoclasts from 
inhibition by CT took place at a rate proportional to 
the number of osteoblasts with which they were in con-
tact. CT reduced the cytoplasmic spreading of isolated 
osteoclasts in a dose-dependent manner, and PTH had no 
effect on this unless osteoblasts were co-cultivated with 
the osteoclasts; in that case, addition of PTH resulted 
in a marked increase in cytoplasmic spreading of osteo-
clasts. It cannot be assumed that these phenomena reflect 
the responses of cells in bone in vivo, but this work pro-
vided for the first time some useful direct observations of 
actions of hormones on isolated bone cell preparations 
containing osteoclasts. These observations, however, may 
be relevant to our interpretation of recent findings in mice 
rendered null for the CT/CGRP gene and in those haplo-
insufficient for the CT receptor (see later).

The molecular mechanisms by which CT decreases 
osteoclast function have been extensively investigated. 
The rapid effects of the hormone may be brought about 
through cytoskeletal actions in osteoclasts, after initial 
events involving generation of several intracellular second 
messengers. Early events in CT signal transduction have 
been studied in a variety of cell types and are described in 
greater detail later. The other means by which CT could 
inhibit resorption is through inhibition of osteoclast for-
mation. In vivo data and results from CT inhibition of 
resorption in organ culture are suggestive of this. The 
development of methods of studying osteoclast formation 
in vitro from hemopoietic precursor cells has allowed this 
question to be addressed directly. Several reports have 
described CT inhibiting osteoclast-like cell formation in 
bone marrow cultures of human, baboon, and mouse ori-
gin.48-51 However, these experiments were all conducted 
at relatively high CT concentrations, and the effects were 
small. In other studies, in which lower concentrations of 
CT were used, which nevertheless reduced CT receptor 
mRNA expression in developing mouse osteoclasts, no 
reduction in osteoclast formation was observed.52-54 The 
multinucleated osteoclasts that formed in the continuous 
presence of exogenous CT had fewer nuclei though, and 
the osteoclasts generated under these conditions were 
deficient in CT receptor mRNA and protein but neverthe-
less capable of resorbing bone. Recent studies, in which 
osteoclasts were formed from mouse bone marrow mac-
rophages under the influence of RANKL and M-CSF, 
reported that 1 nM CT greatly reduced the formation of 
multinucleated osteoclasts, while having minimal effect 
on total TRAP activity.39 In elegant studies of CT admin-
istration to mice, Ikegame and colleagues55 showed that 
the CT-induced drop in serum calcium was linked tem-
porally to the loss of osteoclast ruffled borders. Further, 
frequent dosing of the animals resulted in insensitivity to 
CT with recovery of osteoclast ruffled borders and return 
of serum calcium to control levels. It was significant that 
treatment of mice with CT initially rendered osteoclasts 
unable to bind 125I-sCT, which recovered after a single 
treatment but not with repeated treatment.55 These find-
ings may be relevant to the mechanism of “escape” from 
CT that is observed clinically.

Osteoblasts
Although the best understood action of CT in bone 
is as an antiresorptive agent, numerous reports have 
described actions also on cells of the osteoblast lineage, 
as well as direct and indirect effects on bone formation. 
CT increased [3H]thymidine incorporation in embryonic 
chicken calvariae, in the transformed murine calvarial cell 
lines MMB and MC-3T3-E1, and in primary cultures of 
cells prepared from newborn mouse calvaria.56 CT was 
also shown to stimulate [3H]thymidine incorporation in 
primary human osteoblasts57 and to increase expression 
of insulin-like growth factors (IGFs) by human SaOS-2 
cells.58 It should be noted that data failing to show such 
effects of CT have also been published.59 In addition to the 
fact that relatively high concentrations of CT were used in 
these early experiments, results with primary osteoblasts 
should be interpreted with caution at present, because it 
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is known that calvarial osteoblast preparations are con-
taminated with osteoclast precursors, and a recent report 
provides evidence that primary osteoblast preparations 
contain a substantial proportion of bone-specific macro-
phages, which have been termed osteomacs.60 However, 
as noted above, primary osteocytes have been reported to 
express CTR, which perhaps explained an effect of exog-
enous CT to increase sclerostin expression in the bones 
of injected mice.45 In addition, CT at high concentrations 
was associated with a small increase in cAMP and with 
protection of MLO-Y4 osteocyte-like cells from apopto-
sis induced by etoposide, tumor necrosis factor (TNF)-α, 
or dexamethasone.61 It has also been claimed that CT 
can hasten and improve the process of fracture healing 
in normal62 and osteoporotic rats.63 However, the mech-
anism for this “anabolic” response could be similar to 
that of bisphosphonates, which have also been shown to 
enhance the strength of the healed fracture, apparently 
by modulating resorption during the remodeling phase of 
bone repair.64 It could also relate to possible stimulation 
of angiogenesis by CT, which has been shown for human 
microvascular endothelial cells, albeit at supraphysiologic 
concentrations.65

New Understanding of the Role of Calcitonin in Bone

Studies in Genetically Manipulated Mice
It has been argued that calcitonin is not involved in cal-
cium homeostasis or in any other important physiologic 
function, except possibly in protection of the skeleton 
under conditions of calcium stress.66 However, genetic 
manipulation of the CT and CTR genes has been per-
formed in an attempt to better understand the physiologic 
significance of CT. Ablation of the CT/CGRP gene in 
mice resulted in viable and fertile mice with no production 
of CT or CGRPα.37 As expected, these mice were much 
less able than wild-type mice to overcome the hypercal-
cemia induced by a calcium load,37 and they lost exces-
sive bone during lactation.38 The great surprise with these 
mice, however, was that they had increased bone mass, 
with histomorphometric parameters showing increased 
bone formation.37 This suggested that CT might act as 
an inhibitor of bone formation. The finding was unex-
pected and counterintuitive, and it was possible that the 
dual ablation of CT and CGRPα might have explained 
it, although the increased bone formation phenotype was 
not found when CGRPα-deficient mice were examined,67 
thereby making calcitonin deficiency likely responsible 
for the increased bone formation. These results called 
for a reappraisal of the physiology of calcitonin.66 The 
CT/CGRP-deficient mice were protected against ovariec-
tomy-induced bone loss,37,67 but it was striking that after 
6 months of age these mice showed severe cortical poros-
ity, even though indices of increased bone formation were 
maintained.68,69 Taken together, the observations are 
indicative of an inhibitory effect of calcitonin on bone 
formation, most likely an indirect one, and a direct effect 
on bone resorption through action on the osteoclast.

These findings were strengthened by the outcome of 
studies by Dacquin and co-workers70 in mice, in which 
the CT receptor (CTR) was genetically manipulated. 

CTR–/– mice were embryologically lethal, and this was 
thought to be due to a placental effect. The CTR+/– mice, 
however, exhibited a bone phenotype virtually indistin-
guishable from the CT/CGRP–/– mice, with increased bone 
mass and increased bone formation on histomorphome-
try. Mice at least 94% deficient in the CTR also provided 
evidence of increased indices of bone formation.71 Thus, 
the conclusion is that in mice the removal of calcitonin 
production or action results in an increased amount of 
bone, implying a physiologic role for calcitonin as a tonic 
inhibitor of bone formation. How the effect on bone for-
mation comes about remains to be determined, although 
there are several possibilities. These include a direct effect 
of CT on osteoclasts to inhibit resorption; an indirect 
action resulting in the elaboration of a critical, locally 
active factor that is necessary for bone formation; and an 
indirect effect via signaling through receptors in the hypo-
thalamus,69,72 since there is ample evidence for central 
regulation of bone metabolism.73 Clues that CT may act 
through a locally produced regulator of bone formation 
come from the study mentioned earlier, which reported 
that rat osteocytes express the CTR and that salmon CT 
treatment of rats increased sclerostin expression in the 
bones. It was shown by both microarray analysis of bone 
RNA and by immunohistochemistry that CT treatment 
induced sclerostin mRNA in rat long bones and mouse 
calvariae and increased the number of sclerostin-positive 
osteocytes in cortical bone from the tibia.45 Sclerostin is 
now well established as a negative regulator of bone for-
mation, which acts to inhibit anabolic responses in bone 
by blocking Wnt signaling.74

Renal Actions of Calcitonin
When infused into thyroparathyroidectomized rats, CT 
caused a dose-dependent phosphaturia, but the effect on 
phosphate excretion was minor in comparison with the 
phosphaturic effect of PTH.75 Although this was dem-
onstrated in human subjects also, in several species CT 
failed to have any effect on phosphate excretion. Thus, it 
seems unlikely that the phosphaturic effect is of any major 
physiologic significance. A number of other renal effects 
of CT have been noted, including a transient increase in 
calcium excretion, probably due to inhibition of renal 
tubular calcium reabsorption.76 Although this has not 
usually been regarded as an important effect of CT, it 
has been linked to the calcium-lowering effect of CT in 
hypercalcemic patients with metastatic bone disease. The 
use of CT in the treatment of hypercalcemia due to cancer 
has been based exclusively on the inhibition of osteolysis 
by CT. However, evidence has been produced that failure 
of the kidneys to excrete the calcium load derived from 
bone breakdown is a major contributor to the hypercalce-
mia. This has prompted careful study of the relative con-
tributions to the hypocalcemic effect of CT of its renal 
and skeletal components. It was concluded that inhibition 
of renal tubular reabsorption by CT can induce a rapid 
fall in serum calcium, and that the magnitude of this 
effect depends upon the correction of volume depletion, 
which inevitably accompanies hypercalcemia.77 In CTR- 
deficient mice, hypercalcemia increased tubular reabsorp-
tion of calcium in the kidney in global-CTRKOs, while 
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reabsorption was unchanged in mice in which the CTR 
was deleted specifically in osteoclasts.71 These data are 
consistent with the renal actions of calcitonin to inhibit 
calcium reabsorption in order to rapidly improve severe 
hypercalcemia being mediated directly via the CTR.66 
Thus, the calciuretic action of CT may assume greater 
importance than was hitherto suspected.

CT receptors are present in rat kidney,78 and the action 
of CT upon adenylate cyclase activity has been localized 
in the human nephron, predominantly to the medullary 
and cortical portions of the thick ascending limb and to 
the early portion of the distal convoluted tubule. The co-
localization of the CT receptor mRNA expression and 
cell surface receptors with G protein–sensitive adenyl-
ate cyclase is consistent with cAMP being an important 
mediator of CT action in this organ. A possible role for 
CT in the kidney is to regulate 1,25(OH)2D3 levels, with 
an original observation of enhanced 1-hydroxylation 
of 25(OH)D in the proximal straight tubule of the kid-
ney by CT stimulation of the expression of 25(OH)D 
1α-hydroxylase.79 Subsequently, Shinki and colleagues80 
showed that CT administration to rats induced renal 
CYP27B1 when serum calcium levels were normal or 
high, and this was supported by a report that CT treat-
ment in rats increased renal production of CYP27B1 
mRNA.81 CT stimulation of the expression of CYP24 in 
CTR-transfected HEK-293 cells has also been reported.82 
The authors speculated that, since 1,25(OH)2D3 and CT 
synergistically stimulate CYP24 mRNA production in 
kidney cells, this latter action of CT could be part of the 
process by which it regulates serum calcium, by control-
ling renal production of 1,25(OH)2D3.

PEPTIDES RELATED TO CALCITONIN
The CT peptides are homologous with the related pep-
tides CGRP, amylin, calcitonin receptor-stimulating pep-
tide (CRSP), and the adrenomedullins (ADM), including 
adrenomedullin 2, otherwise known as intermedin (IMD). 
Greatest identity is between the teleost CTs and amylin 
(≈33%), with ≈22% identity with the CGRPs and 16% 
with adrenomedullin. Less homology is observed between 
the mammalian CTs and the other peptides. Consistent 
with the homology between peptides, there is a limited 
degree of overlap in specificity among the binding sites 
for the peptide receptors, with CT-like actions seen with 
high concentrations of amylin and CGRP.

Amylin is a 37–amino acid peptide that is co-secreted 
with insulin from pancreatic β cells following nutrient 
ingestion. Amylin at physiologic concentrations is impor-
tant in the integrated control of nutrient influx with 
potent actions, including inhibition of gastric empty-
ing, gastric acid secretion, food intake, digestive enzyme 
secretion, and glucagon secretion.83 Amylin at higher 
concentrations also acts to inhibit insulin secretion from 
the pancreas and to promote glycogen breakdown and to 
decrease insulin-stimulated incorporation of glucose into 
glycogen in skeletal muscle. Thus, amylin is thought to act 
as a partner to insulin in metabolic regulation, although 
this effect may not occur at normal circulating levels of 
the peptide.84 In the kidney, amylin is proposed to have 

a diverse range of actions, including modulation of Ca2+ 
excretion and thiazide receptor levels, proliferative effects 
on tubule epithelium, and increasing renin activity.85,86 
Amylin–/– mice have less bone as the result of increased 
bone resorption, and in vitro tests indicated that this 
may be due to release of an amylin-mediated attenua-
tor of osteoclastogenesis.70 Amylin receptors are widely 
expressed in brain, where administered peptide induces 
many potent effects. These include decreased appetite 
and gastric acid secretion, hyperthermia, adipsia, and 
reduction in growth hormone–releasing hormone. Cen-
tral amylin injection may also modulate memory and the 
extrapyramidal motor system.83,85 The molecular nature 
of the amylin receptor is discussed later.

CGRP is a neuropeptide with a diverse range of 
actions, including potent dilation of vascular beds, as 
well as relaxation of other smooth muscle, inotropy and 
chronotropy in the heart, paracrine regulation of pitu-
itary hormone release, and many central effects, such as 
appetite suppression and gastric acid secretion, modula-
tion of body temperature, and modulation of sympathetic 
outflow. CGRP also acts to modulate nicotinic acetylcho-
line receptor levels at neuromuscular junctions. CGRP 
weakly modulates calcium homeostasis, although this is 
likely to reflect its low affinity for interaction with CTRs. 
The actions of CGRP have been extensively reviewed 
elsewhere.86,87 Specific CGRP receptors have been char-
acterized in many tissues, and it is likely that more than 
one subtype of receptor exists. CGRP receptors arise from 
hetero-oligomerization of RAMP1, with either the calci-
tonin receptor-like receptor (CLR) or CTR,88,89 although 
weaker interactions are also seen with other RAMP/CLR- 
or RAMP/CTR-based receptors (see full discussion of 
RAMPs later in the chapter).90

Adrenomedullin was originally isolated from human 
pheochromocytoma and is abundant in the normal adre-
nal medulla, hence its name. The full-length peptide of 
≈50 amino acids shares approximately 25% homology 
with CGRP across its N-terminal 37 amino acids.91 Adre-
nomedullin is a potent dilator of many vascular beds and 
is protective against conditions such as cardiac hypertro-
phy, perivascular fibrosis, renal damage, and pulmonary 
hypertension.92,93 Adrenomedullin receptors arise from 
heterodimers of CLR and RAMP2 or RAMP3.89 Both 
adrenomedullin and amylin can stimulate osteoblast pro-
liferation at low concentration.94 Figure 58-5 illustrates 
molecular interactions between the CTR and RAMPs 1, 
2, and 3.

Additional peptide members of the CT family have 
been identified. The calcitonin receptor–stimulating pep-
tides (CRSPs) were originally identified from the porcine 
hypothalamus and, being localized principally to brain 
and pituitary gland, have been proposed as potential 
endogenous ligands for central CTRs.95-97 However, not 
all CRSPs activate CTRs or related receptors, suggesting 
that they may also stimulate other receptors.96 To date, 
homologous peptides have not been identified in humans 
or rodents, although bovine and canine homologues 
do exist.97 In addition, a second adrenomedullin-like 
peptide (adrenomedullin 2 or IMD) has been identi-
fied in multiple species, including human. This peptide 
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has similar affinity for both CGRP and adrenomedullin 
receptors.90,98,99 IMD can exert several actions similar to 
CGRP and ADM, including decreasing blood pressure, 
effects on cardiac function, and suppression of gastric 
emptying and food intake.98 IMD has also been found to 
cause renal effects similar to ADM.100

CALCITONIN IN THE CENTRAL NERVOUS SYSTEM
Intraventricular administration of CT generates potent 
effects that include analgesia and inhibition of appe-
tite and gastric acid secretion, as well as modulation of 
hormone secretion and the extrapyramidal motor sys-
tem.85,87,89,101 Immunoreactive CT-like peptides102 (per-
haps the CRSPs mentioned earlier) and CT receptors 
have been demonstrated in the brain and nervous system 
of rats, humans, and other species. Immunoreactive CT 
related antigenically to hCT (hCTI) has also been demon-
strated in the nervous systems of protochordates, lizards, 
and pigeons, as well as at low levels in human and rat 
brain extracts.

Low levels of hCTI occur in extracts of postmortem 
human brain. However, in addition to hCTI, low levels of 
material chromatographically and immunologically simi-
lar to sCT (sCTI) have been found, with concentrations in 
the brain ≈10 times greater than those in serum and cere-
brospinal fluid. Similarly, extracts of rat brain dienceph-
alon contain a sCT-like peptide.102 Although hCTI has 
been detected in rat brain, only limited evidence has been 
found for the presence of rat CT (rCT) mRNA. Immu-
noreactive CT-like material also occurs in the pituitary 
gland of both mammals and lower vertebrates, although 

the identity and physiologic significance of the pituitary 
CT remains to be established. However, CT receptors are 
present in the intermediate pituitary gland, and therefore 
the CT-like material may act as a paracrine regulator of 
these receptors. CT has been recently described as par-
ticipating in a complex cross-talk between extracellular 
signaling molecules in the pituitary gland.103 Treatment 
of pituitary cells with CT in culture modulates the secre-
tion of prolactin,104,105 and treatment of the cultures with 
an anticalcitonin antibody enhances it.106 Targeted over-
expression of calcitonin in gonadotrophs of mice leads 
to long-term hypoprolactinemia, decreased PRL gene 
expression, female subfertility, and a selective underde-
velopment of lactotrophs.107,108

CALCITONIN RECEPTORS

Receptor Distribution
Direct evidence for binding of CT to osteoclasts was 
obtained from the work of Nicholson and colleagues,44 
who used in vitro autoradiography to demonstrate 125I-
sCT binding specifically to osteoclasts and their precur-
sor cells. In that work, receptors were identified also in 
pre-fusion (mononuclear) osteoclasts. The greater varia-
tion in receptor number in precursors than in mature 
osteoclasts reflected the development of receptor syn-
thesis during osteoclast maturation. The CT receptor 
became a required phenotypic feature to establish cells 
as osteoclasts.109 Radioligand binding studies in tissue 
sections, membranes, and cultured cells have revealed an 
extensive extraskeletal distribution of CTRs. These sites 
include kidney, brain, pituitary gland, placenta, testis and 
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spermatozoa, lung, and lymphocytes, as well as cancer-
derived cells from lung, breast, pituitary, and embryonal 
carcinoma.85

The centrally mediated actions of CT correlate well 
with the locations of CT binding sites. Autoradiographic 
mapping revealed high binding densities associated with 
parts of the ventral striatum and amygdala, the hypotha-
lamic and preoptic areas, as well as most of the circum-
ventricular organs. High-density binding also occurs in 
parts of the periaqueductal gray, the reticular formation, 
most of the midline raphe nuclei, parabrachial nuclei, 
locus coeruleus, and solitary tract nucleus.101,110,111 As 
discussed later, CT and amylin receptors derive from the 
same gene product, and consequently care needs to be 
taken in extrapolating the potential significance of CTR 
mRNA expression for CT biology. The same is also true 
for receptor localization studies where 125I-sCT is used as 
the radioligand. CTR mRNA has been confirmed in many 
of the sites with demonstrated 125I-CT binding, including 
kidney, brain, lung, placenta, and osteoclasts, and a num-
ber of cancer cell lines. In addition, CTR mRNA studies 
have also provided evidence for previously uncharacter-
ized sites of CTR expression, including prostate, normal 
and neoplastic breast, and thyroid.85 As discussed earlier, 
there is also evidence for CTR expression in osteocytes in 
bone.45

Receptor Cloning
Gene sequencing of CT receptors has greatly enhanced 
the understanding of the molecular basis of CT action, 
in terms of both ligand binding and postbinding events. 
First cloned was the porcine CTR, which was isolated by 
expression cloning from a cDNA library derived from the 
renal epithelial cell line, LLC-PK1.112 Subsequently, the 
sequences of CTR genes from human, rat, mouse, rabbit, 
guinea pig, and several species of fish have been reported, 
and the phylogenetic relationships between CTRs of 
mammalian and nonmammalian species have been well 
described.113 Analysis of the predicted protein transla-
tion product(s) revealed that these receptors comprise 
approximately 500 amino acids and belong to the class 
B subclass of G protein–coupled receptors, which include 
the receptors for other peptide hormones such as secretin, 
PTH, glucagon, glucagon-like peptide 1, vasoactive intes-
tinal polypeptide, pituitary adenylate cyclase-activating 
peptide, and gastric inhibitory peptide.

Receptor Isoforms
Sequence information for the CTRs provided direct evi-
dence for receptor heterogeneity and the existence of mul-
tiple receptor isoforms that result from alternative splicing 
of the CTR mRNA primary transcript. The human recep-
tor, of which there are at least five splice variants, is 
the most extensively studied. The most common hCTR 
splice variant occurs in intracellular domain 1, generat-
ing a 16–amino acid insert in this domain (I1+).114-116  
These are now termed CTa (insert negative) and CTb 
(insert positive).117 Additional splice variants have been 
identified in other species. In rodents, alternate splicing 
leads to two receptor isoforms (previously termed C1a 
and C1b) that differ by the presence (C1b; E2+) or absence 

(C1a) of an additional 37 amino acids in the second extra-
cellular domain.118 There is no evidence that expression 
of the rodent C1b isoform occurs in humans. In rabbits, 
an additional splice variant in which the exon-encoding 
transmembrane domain 7 is spliced out (ΔTM7; Δe13) 
has been isolated.

Investigation of the significance of the splice variants 
revealed that insertions or deletions in the CTR structure 
lead to alterations in ligand binding (E2+), signal trans-
duction (I1+), or both (ΔTM7). For the E2+ variants, there 
is a loss of affinity for peptides exhibiting weak α-helical 
secondary structure, such as human CT, while peptides 
with strong helical secondary structure, such as salmon 
CT, maintain high affinity at this receptor.119 In the case 
of the E2+, Δ1-47 variant of the hCTRa, expression at 
the cell surface is retained but with altered functionality 
in terms of ligand (amylin) binding, depending on which 
RAMP it associates with.120 In contrast, the CTb (I1+) 
receptor isoform displays similar affinity to the CTa (I1–) 
variant for CT-like peptides but has markedly altered G 
protein–coupling efficiency.115 The presence of the 16–
amino acid insert leads to complete loss of intracellular 
calcium mobilization. The effect on signaling by this 
receptor variant via Gs is cell type–dependent but over-
all is maintained with decreased efficiency, leading to a 
10- to 100-fold reduction in the potency of peptides for 
stimulation of cAMP production.115 It is interesting to 
speculate about the functional significance of the differ-
ent receptor isoforms, particularly those with apparently 
impaired signaling capacity. Accumulating evidence sug-
gests that G protein–coupled receptors can form homodi-
mers and heterodimers, and that these interactions can 
cross-modulate the activity of the partners. Indeed, in the 
case of the rabbit CTR (Δe13), Seck and associates121,122 
reported that this isoform can complex with the CTa iso-
form and inhibit its cell surface expression and activity, 
thus exerting an endogenous dominant-negative effect on 
CTR signaling.

Receptor Gene
The calcitonin receptor is encoded by the CALCR gene 
and comprises >90 kb and 14 exons.112 The complexity 
of CALCR is shared by other class II G protein–coupled 
receptors, and the structural organization and size of the 
human gene are similar to the pig CTR gene.123 Species 
differences include that the pig I1 insert is generated by 
selective use of alternate splice sites located on exon 8, 
while in humans, the I1 insert occurs on a separate exon, 
with at least one additional exon proximal to exon 7 in 
the pig.115 Isolation of the mouse CALCR124 revealed 
that the locations of introns within the coding region of 
the mCTR gene (exons E3 to E14) are identical to those 
of the porcine and human CTR genes. The predicted 
structure of the mefugu fish CTR gene is more complex 
than the human gene, with an additional nine exons.113 It 
is interesting to note that both fish and mammalian genes 
code for micro-RNA (miR)-489 in intron 3, the function 
of which remains to be determined.

The regulatory portion of the CTR gene contains three 
putative promoters (P1, P2, and P3), giving rise to mul-
tiple CTR isoforms, which differ in the 5′ region of the 
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gene and generate 5′-untranslated regions of very differ-
ent lengths, in a tissue-specific manner.124 Promoters P1 
and P2 are utilized in osteoclasts, brain, and kidney, and 
the proximal promoter of the human CTR (hCTRP1) 
was transcriptionally active in all cell lines tested, with 
high-level activity dependent on an 11 bp Sp1/Sp3 bind-
ing site.125 In contrast, promoter P3 appears to be osteo-
clast-specific and is sensitive to the osteoclast-inducing 
cytokine, RANKL, as well as the RANKL-induced tran-
scription factor, NFATc1, consistent with a role for the 
latter in regulating the CTR gene in osteoclasts.126

The human CTR gene is located on chromosome 7 at 
7q21.3. In the mouse, it is in the proximal region of chro-
mosome 6, while the pig gene is located in chromosomal 
band 9q11 to 12. These pig and mouse chromosomal 
regions are homologous to 7q in humans. It is interesting 
to note that the mouse CTR gene is expressed preferen-
tially from the maternal allele in brain, with no allelic bias 
detected in other tissues, indicating that the mouse CTR 
gene is imprinted in a tissue-specific manner.127

Receptor Polymorphisms
There are reports of polymorphisms in the CT and CTR 
genes associating with disease states. A recent report 
found an association in a Mexican population between 
two polymorphisms in the promoter region of the CT 
gene and the risk for developing knee osteoarthritis.128 
Although acknowledged as underpowered to make con-
clusions, it was interesting that both polymorphisms cre-
ated binding sites for transcription factors with known 
roles in inflammation and other processes.

There is a reported association between the expression 
of the CTa receptor mRNA in circulating monocytes of 
postmenopausal, but not premenopausal, women and 
their serum levels of bone alkaline phosphatase and uri-
nary deoxypyridinolone.129 The authors suggested a link 
between CTR expression and increased bone resorption 
postmenopausally. Other work has identified a polymor-
phism within the CTR gene coding sequence; Nakamura 
and associates130 used the Alu I–restriction enzyme to 
identify a polymorphism arising from a single-nucleotide 
substitution, which led to either a proline (CC genotype) 
or leucine (TT genotype) at amino acid 447 in the human 
CTa receptor (amino acid 463 of the hCTb receptor), 
with heterozygotes designated TC. In this Japanese popu-
lation, the proline heterozygote was the most prevalent 
(∼70%), with the leucine homozygote accounting for 
∼10% of the population and the heterozygote for ∼20%. 
Additional analyses across different ethnic groups have 
revealed that the Leu homozygote is most prevalent in 
Caucasians, with decreased prevalence in African Ameri-
cans and Hispanics and very low frequency in Asians (0% 
to 10%).131-134

The influence of the CTR polymorphism on bone min-
eral density (BMD) has been studied by multiple investiga-
tors. Most studies have identified significant correlations 
between CTR genotype and osteoporotic markers (BMD, 
fracture risk); however, there is considerable divergence 
among studies in regard to which genotype is more favor-
able, the same polymorphism being correlated with both 
increased BMD131,133,135 and decreased BMD.131,136,137 

The CTR genotype has also been linked to body weight 
in premenopausal Japanese women95 and to incidence of 
kidney stones.138 To date, in vitro studies have not iden-
tified significant functional differences in ligand binding 
or cAMP generation between the two polymorphic vari-
ants.139 A large number of other, probably silent, poly-
morphisms in the hCTR, whose frequency varies among 
ethnic groups, have been identified.139

In assessing polymorphism-association studies, it is 
important to appreciate issues of study power, ethnicity, 
gene interaction, and other confounders. Genome-Wide 
Association Studies (GWAS) have not so far linked or 
associated the CTR with metabolic bone changes. Surpris-
ingly, however, linkage studies in the rat have identified 
the calcitonin receptor gene as a candidate for regulating 
susceptibility to herpes simplex type 1 neuronal infection 
leading to encephalitis.140

Calcitonin Receptors: Contribution of RAMPs
Members of the CTR family, and the CTR itself, can 
assume different ligand binding phenotypes, depending 
on alternative splicing of the primary transcript to pro-
duce alternative receptor isoforms or on their association 
with co-receptor molecules. Thus, RAMPs can molecu-
larly associate with the CTR to alter ligand affinity.141 
The RAMP family comprises three single-transmembrane 
protein that act to modify the glycosylation of the CT 
receptor–like receptor (CLR), enhance the trafficking of 
the receptor protein to the cell surface, and contribute to 
the cell surface ligand binding and specificity of the recep-
tor. For example, amylin receptors comprise RAMP-CTR 
complexes, which form distinct amylin receptor pheno-
types, depending on which RAMP was complexed with 
the receptor88,89 (see Fig. 48-5). It is intriguing that the 
CTR/RAMP 1 complex, in addition to being a high- 
affinity amylin receptor, potently interacts with CGRP.88 
The CLR, which has highest homology with the CTR, is 
a CGRP receptor when coexpressed with RAMP 1. Alter-
natively, association of CLR with RAMP 2 or RAMP 3 
gives rise to adrenomedullin-like receptors.142,143 This 
behavior may contribute to some of the heterogene-
ity seen in CGRP receptor analyses. Unlike CLR, CTRs 
do not require RAMPs to translocate to the cell surface 
and exhibit a classic CTR phenotype under these condi-
tions. Both RAMPs and receptors are subject to dynamic 
regulation, although in the case of CLR-based recep-
tors, RAMPs often appear to be the major component 
regulated.90,144

CT-CTR Signaling
It is now apparent that G protein–coupled receptors can 
interact with and signal through multiple G proteins  
(Fig. 58-6), with Gs activation stimulating adenylate 
cyclase activity, cAMP production, and PKA-induced sig-
naling pathways. This occurs in osteoclasts, as discussed 
earlier, and in the kidney, with the pattern of CT respon-
siveness paralleling the distribution of CTRs in this tissue. 
CT induction of cAMP has now been documented in a 
large number of CTR-bearing cells that include LLC-PK1 
pig kidney cells, and cancers of lung, breast, and bone. 
Receptor cloning and expression studies have confirmed 
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that cAMP production is an important component of 
CTR-mediated signaling.112,114,115

In mice, the response of osteoclasts to CT appears to 
be mediated predominantly by the protein kinase A path-
way,145,146 although inhibition of osteoclast-mediated 
bone resorption by CT can be mimicked by both dibutyryl 
cAMP and phorbol esters or blocked by protein kinase 
inhibitors.147 Coupling of the CTR to Gq can also activate 
phospholipase C, leading to increased cytosolic calcium 
and triphosphate levels and activation of protein kinase 
C.148 Thus, in human osteoclasts, activation of protein 
kinase C pathways appears to be the predominant mech-
anism of CT-mediated osteoclast inhibition,46 although 
PKA may be more important in human odontoclasts.149

Calcitonin induction of interleukin (IL)-6 production 
in pituitary folliculo-stellate cells required both PKA and 
PKC signaling pathways.150 In hepatocytes, even at very 
low concentrations, CT is capable of increasing cyto-
solic calcium.151 CT-induced differentiation of early rat 
embryos is dependent upon intracellular calcium mobili-
zation.152 It is interesting to note that although CT inhib-
its proton extrusion from osteoclasts,153 it can increase 
H+ efflux from nonosteoclastic cells, in a PKC-dependent 
manner.154 The biological significance of this activity is 
not clear. CT-induced changes mediated by cAMP or 
intracellular calcium in LLC-PK1 pig kidney cells are 
cell cycle dependent.155 Expression of cloned receptors 
in a variety of cell types has now conclusively shown 
that CT receptors of human, rat, and porcine origin are 
capable of signaling through both cAMP and calcium-
activated  second-messenger systems. It is important to 
note that comparison of the calcium response in cell lines 

expressing different CT receptor levels has suggested 
that the magnitude of the response is proportional to the 
receptor density, and it is therefore possible that relative 
receptor density in target tissues may influence the signal-
ing pathway(s) activated.

CT treatment of CTR-bearing cells, in the presence of 
extracellular calcium, initiates a sustained rise in intracel-
lular calcium, the extent of which is dependent on the 
concentration of the extracellular calcium and is pro-
portional to the receptor density.156 Because osteoclasts, 
which express high levels of CTR, are reportedly exposed 
to calcium concentrations as high as 26 mM during bone 
resorption,157 this phenomenon may have particular rel-
evance for this cell type. CT and extracellular calcium 
both can cause intracellular calcium transients in isolated 
osteoclasts, and each agent greatly augments the signal 
produced by either agent alone.158

CTR-mediated activation of the MAPK pathway has 
been described,159-161 with a role for both Gq and Gi/o 
proteins—the latter principally via βγ G protein subunits, 
as is commonly the case for other G protein–coupled 
receptors. There is also evidence that CT can influence 
cell attachment by modulating components of focal adhe-
sions and the cytoskeleton.160 CT treatment of osteoclasts 
disrupts the F-actin ring that is thought to correspond to 
the sealing zone71,162 and increases the tyrosine phosphor-
ylation of paxillin and FAK. In rabbit osteoclasts, these 
actions were mediated by PKC.160 These actions of CT, 
together with decreased osteoclast motility, cytosol retrac-
tion, and disassembly of podosomes, have been linked to 
modulation of the activity and intracellular localization 
of Pyk2 and Src in osteoclasts.163 It has also been shown, 
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101558 CALCITONIN

in nonosteoclastic cells, that CT can cause cell death by 
aniokis, as the result of loss of cell attachment.164

As already noted, coexpression of RAMPs with the 
CTR leads to modulation of signaling, in a pathway-spe-
cific manner. For example, RAMP-CTR association led 
to strong augmentation of amylin-mediated Gs-coupling, 
but little effect on Gq- or Gi-mediated signaling, at least 
for RAMP 1– or RAMP 3–coupled receptors.165

Receptor Regulation
Regulation of the level and/or affinity of cell surface 
receptors is a key component in the physiologic and 
pathophysiologic responses to both endogenous and 
pharmacologically administered agents. The CTR is sub-
ject to both homologous (CT-induced) and heterologous 
regulation. CT-induced CTR downregulation was ini-
tially demonstrated in various transformed cell lines and 
subsequently in primary kidney cell cultures. The induc-
tion by CT of resistance to its own action in osteoclasts 
is such a specific process and correlates so closely in dose 
dependence to CT efficacy as an agonist,55 that it appears 
to be an important accompaniment of CT action.

Receptor downregulation is mediated by specific loss 
of cell surface receptors, which occurs via an energy-
dependent internalization of the ligand-receptor com-
plex, in which the principal internalization pathway 
involves processing of the receptor-ligand complex into 
lysosomes and subsequent degradation of the receptor.166 
Receptor regulatory responses to CT are likely to be cell 
or tissue dependent. For example, in mouse or rat osteo-
clasts, a potent downregulation of CTR mRNA appears 
to be mediated by a cAMP-dependent mechanism, in 
addition to downregulation of the receptor by internal-
ization.167 Similar CT-mediated CTR regulation is also 
observed in human osteoclasts, but, as stated earlier, acti-
vation of protein kinase C pathways is suggested to be 
the predominant mechanism of CT-mediated osteoclast 
inhibition in human osteoclasts.46 In contrast to these 
observations in osteoclasts, downregulation of CTRs in 
UMR106-06 cells and T47D cells is not accompanied 
by changes in CTR mRNA levels.124 The CT-induced 
receptor mRNA loss in osteoclasts appears to be due 
principally to destabilization of receptor mRNA.53 The 
3’-untranslated region of the mouse and rat CTR mRNA 
contains four AUUUA motifs, as well as other A/U-rich 
domains, which can function as signals for rapid mRNA 
inactivation. Thus, addition of A/U-rich CTR 3′ UTR 
sequences considerably shortens the mRNA half-life of 
a reporter gene, and evidence shows the involvement of 
AUF1 p40 and HuR in the regulation of CTR mRNA.168 
Whether this regulation involves the participation of 
micro-RNAs, which have been shown to regulate the 
expression of other CGPRs, such as lysophosphatidic 
acid receptors169 and their downstream signaling, has 
not yet been investigated. It is also worth noting that the 
kinetics of internalization of human CTRs appears to be 
isoform specific, with the I1+ variant being resistant to 
internalization.115 Thus, the regulation of receptors and 
consequently peptide responses may vary according to 
the levels of specific receptor isoforms present in each 
tissue.

Heterologous regulation of CTR includes regulation by 
glucocorticoids. In mouse osteoclast cultures, dexametha-
sone increased the level of cell surface CTR by upregu-
lation of receptor mRNA levels, which was mediated at 
the level of transcription.53 Moreover, the CT-mediated 
decrease in cell surface receptor and mRNA was attenu-
ated by dexamethasone. Increased production of CTR in 
response to glucocorticoid stimulation also occurs in the 
human T47D cell line, where cortisol is actually required 
for the expression of CTRs, suggesting that this may be 
a common regulatory mechanism for induction of CTR 
expression. It is worth noting the clinical evidence sug-
gesting that glucocorticoids, given together with CT, 
might prevent to some extent the CT-induced resistance 
to its own action.170

CALCITONIN AND ITS RECEPTORS IN CANCER

Medullary Carcinoma of the Thyroid Gland
The classic syndrome of CT excess is medullary carcinoma 
of the thyroid gland (MCT). This tumor clearly differs in 
origin from all other thyroid cancers, since it is a tumor 
of the calcitonin-producing C cells. MCT may occur as 
a sporadic or a genetic (familial) tumor.171-175 The only 
effective treatment for MCT is surgical (see Chapter 149). 
The earlier this can be performed in the course of this dis-
ease, the better is the likelihood of a cure. Once the tumor 
becomes palpable, treatment is unlikely to be curative. 
Genetic testing for the locus of mutation in the respon-
sible gene (the RET proto-oncogene) often has consider-
able clinical relevance in management, as early surgery is 
key to survival, especially in multiple endocrine neoplasia 
type 2b (MEN-2b) syndrome.176

Calcitonin Receptors in Other Cancers
Specific high-affinity receptors for CT have been demon-
strated in human lymphoid cell lines; in a human lung 
cancer cell line; in several human breast cancer cell lines, 
including MCF-7, T47D, and ZR-75; in glioblastoma 
multiforme, and in prostate cancer cells.166,167,177-179 
Indeed, CTR mRNA appears to be a frequent accompa-
niment of human tumors. The first clinical study of CT 
receptors in surgically obtained human breast cancers 
identified receptor mRNA production in all of 18 can-
cers by reverse transcription/polymerase chain reaction 
(PCR).180 In situ hybridization in the same study showed 
that CT receptor expression was confined to tumor cells 
in the sections. In contrast, a subsequent study, using laser 
capture microdissection and PCR, found that the CTR in 
breast cancer tissue was actually reduced compared with 
adjacent normal breast tissue.181 The significance of the 
CTR in cancer cells is not known; however, forced expres-
sion of human CT in LNCaP human prostate cancer cells 
was reported to dramatically enhance their oncogenic 
characteristics,182 and CT is expressed endogenously in 
the prostate.183 The same group also showed that CT 
increased hallmarks of invasiveness of prostate cancer 
cells, including the concentration and activity of MMP-2 
and MMP-9.184 Compared with benign prostate tissue, 
prostate cancers displayed an increase in cell populations 
expressing CT and the CTR and an increased extent of 
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expression. Tumors with higher CT/CTR expression dis-
played metastatic disease and poor clinical outcome.185

CALCITONIN IN GROWTH AND DEVELOPMENT
The presence of CT and its receptors in a large number 
of cell types and tissue sites suggests multiple physiologic 
roles. CTRs have been identified in bone, kidney, brain, 
pituitary gland, testis, prostate, spermatozoa, breast, 
lung, and lymphocytes, as well as in cancer-derived cells 
from lung, breast, prostate gland, pituitary gland, bone 
(osteoclastoma, osteogenic sarcoma), and embryonal car-
cinoma.85 CT can potently modulate the growth of some 
CTR-bearing cells. As stated, treatment with CT has been 
shown to stimulate the growth of human prostate can-
cer cells, in which the peptide increases both intracellular 
calcium and cAMP levels.186 Conversely, knock-down 
of calcitonin receptor expression in these cells induced 
apoptosis and growth arrest.178 The effects of CT on 
growth are clearly cell type dependent, since CT treatment 
repressed the growth of T47D human breast cancer cells, 
an action proposed to be mediated by the specific activa-
tion of the type 2 isoenzyme of the cAMP-dependent pro-
tein kinase.177 In cells overexpressing the human CTR, 
CT inhibited cell growth and caused an accumulation of 
cells in the G2 phase of the cell cycle, associated with a 
prolonged increase in p21WAF1/CIP1 expression187 and sus-
tained activation of the p42/44 MAP kinase proteins.159

There is evidence consistent with the involvement of 
CT in cell growth177,186 and differentiation and in tis-
sue development and remodeling.188 CT was shown 
recently to promote development of pre-implantation 
embryos, an action that was antagonized by p38-MAPK 
inhibition or anti-CT antibody treatment.189 CT may be 
involved in both blastocyst implantation and develop-
ment of the early blastocyst,152,190 and CT downregulates 
E-cadherin expression in rat uterine epithelium during 
implantation144 and upregulates integrin β3 expression 
in mouse endometrial epithelial cells.191 CT also pro-
motes the outgrowth of trophoblast cells on endome-
trial epithelial cells, perhaps thereby facilitating embryo 
implantation.192 These actions of CT perhaps explain the 
embryonic lethality of global deletion of the CTR gene in 
mice.70 Other reports indicate embryonic expression of 
the mouse CTR, suggesting that CTRs may play impor-
tant roles in morphogenesis.188

It has been reported that CT is expressed in the preg-
nant mouse mammary gland, exclusively in and secreted 
from the luminal epithelial cells, and that its expres-
sion is progesterone dependent.193 It was found that CT 
induction spatiotemporally correlates with increases in 
 progesterone-induced mammary gland proliferation and 
structural remodeling, suggesting that CT may be involved 
in one or both of these progesterone-dependent processes. 
As discussed earlier, CT can inhibit cell proliferation177 
or can have mitogenic actions.186 CT also may have a role 
in cell survival, and as discussed above has been claimed 
to be protective of drug-induced apoptosis in osteoblast-
like and osteocyte-like cells61 and prostate cancer cell 
lines,194 and to promote the survival of osteoclasts.148 On 
the other hand, CT has been found to potentiate neuronal 

death due to oxygen and glucose deprivation,195 and to 
be pro-apoptotic in serum-deprived cells.164

CALCITONIN AS A THERAPEUTIC
A possible causal link between long term CT adminis-
tration and the progression of prostate cancer was given 
as the rationale for the recent recommendation by the 
European Medicines Agency to restrict the therapeu-
tic use of CT. It concluded that the benefit-risk balance 
remains positive only for treatment of Paget’s disease, 
immobilization-induced bone loss, and cancer-induced 
hypercalcemia, where those patients could not be treated 
with alternative agents.196 In the view of these authors, 
the evidence on which this decision was based is at best, 
unconvincing, a view expressed by other commenta-
tors.197 Whether this restriction will extend beyond the 
European Medicines Agency remains to be seen.

Hypercalcemia
Calcitonin has been used in the treatment of hypercalce-
mia in many different conditions, especially malignancy, 
but its effective use is limited by rapid tachyphylaxis, 
often within 24 hours of use.198 The development of resis-
tance to this action seems to involve receptor downregu-
lation, which to some extent is blocked by corticosteroid 
use (see the section entitled “Receptor Regulation” earlier 
in the chapter).170

Osteoporosis and Paget’s Disease of Bone
The discussions in this chapter of the mechanism of action 
of CT provide some background for the use of CT in ther-
apy. One of the most important unanswered questions 
concerning CT is whether its role as an inhibitor of bone 
resorption is such that CT deficiency can contribute to the 
development of osteoporosis. It is the antiresorptive action 
of CT that is the basis for its use clinically in osteoporosis, 
for which it is approved in several countries. Although 
its use remains somewhat controversial, CT administered 
by injection or by nasal spray has been found to decrease 
vertebral fracture risk in postmenopausal osteoporotic 
women.199,200 A reported advantage of calcitonin is its 
analgesic effect on bone pain due to vertebral fracture, 
Paget’s disease, and other causes,201 which is probably 
mediated centrally.200 CT treatment has modest effects on 
bone quantity (BMD) or bone turnover markers, although 
there is reported improvement in bone quality parameters 
after administration of salmon CT nasal spray (CT-NS) 
over 2 years. The results of the QUEST study, in which 
effects of CT on bone structure were assessed by high-
resolution MRI, suggest therapeutic benefit of CT-NS 
compared with placebo in maintaining trabecular micro-
architecture at multiple skeletal sites.202 Similar protection 
by CT of bone structure was obtained in ovariectomized 
sheep, again with MRI used to assess bone changes.203 
High doses of eel CT were effective alone in protecting 
bone architecture and strength in ovariectomized rats, 
and in combination with alendronate were even more 
effective.204 A problem with CT use clinically has been its 
bioavailability, and both orally and nasally administered 
formulations of CT have been developed.205,206
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CT given by subcutaneous injection was recognized as 
effective in the treatment of Paget’s disease, with relief 
of pain, return of biochemical indices of disease activity 
toward normal, formation of normal lamellar bone, and 
filling in of osteolytic lesions. In long-term treatment of 
Paget’s disease with CT, the number of osteoclasts decline 
progressively, either because of a direct effect on osteo-
clast precursors or as an indirect consequence of the acute 
inhibition of osteoclast function by CT. Skeletal blood 
flow (SBF) in normal male volunteers is ∼5% of blood vol-
ume/min or about 4 mL/min/100g of bone. In untreated 
Paget’s disease of bone, there is a striking increase in skel-
etal blood flow (SBF) at affected sites. Intriguingly, treat-
ment with calcitonin is reported to bring a rapid return to 
normal,207 even before a detectable biochemical response. 
The response is similarly observed with bisphosphonate 
treatment and was postulated to explain the rapid pain 
relief obtained after commencement of treatment. The 
use of CT in Paget’s disease has largely been supplanted 
by bisphosphonates.

Osteoarthritis
A number of studies have suggested a potential benefit of 
CT in osteoarthritis. In both in vitro and in vivo animal 
models,208,209 CT was found to attenuate the indices of 
progression of osteoarthritis, including degradation of col-
lagen type II, a hallmark of articular cartilage damage. A 
recent study that attempted to elucidate the mechanism of 
this protection found direct protection in vitro of chondro-
cytes from IL1β-induced catabolism, as well as prevention 
of cartilage degradation and subchondral bone changes in 
an in vivo rat model of osteoarthritis.210 In humans, CT 
treatment reduced circulating C-terminal telopeptides of 

type II collagen and CTX-II211 and improved functional 
disability in patients selected for active disease, albeit in 
a small test group.212 The mechanism of action of CT 
in this putative chondroprotection is difficult to investi-
gate in humans. However, and as described for the rat 
above, it has been claimed that CT has direct effects on 
bovine articular chondrocytes via the CTR,213 although 
other investigators were unable to find CTR expression or 
responsiveness to CT in human chondrocytes.214 The find-
ings are nonetheless intriguing, and benefits could result 
from the effects of CT on subchondral bone, as have been 
described for bisphosphonate treatment of animal models 
of osteoarthritis.215 Potential benefits of CT have also been 
suggested for inflammatory arthritis, since it was found to 
preserve bone morphology in a rat model of rheumatoid 
arthritis, particularly when used with prednisolone.216 
Thus, a recent study in which CT and hyaluronic acid 
were formulated together in nano-complexes and injected 
intraarticularly in the knee in a mouse model of inflamma-
tory arthritis yielded a remarkable synergistic effect of the 
two agents in reducing markers of the disease.217
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HISTORIC OVERVIEW
Rickets as a bone disease of young children was clearly 
described by Whistler in 16451 and Glisson in 1650.2 The 
relationship of this disease with the lack of exposure to 
sunlight was already suspected in the nineteenth century, 

because the incidence of rickets was higher in children living 
in large industrialized towns than in children living in rural 
districts (see Chapter 71).3-5 Early in the twentieth century, 
Huldshinsky,6 Chick and colleagues,7 and Hess and Wein-
stock8 demonstrated that rachitic children were cured after 
exposure to sunlight. In the United Kingdom, following an 

K E Y  P O I N T S

 •  Vitamin D is essential for bone health because vitamin D deficiency is the cause of rickets or 
osteomalacia and can aggravate bone loss and osteoporosis.

 •  The vitamin D endocrine system involves a complex and “dedicated” metabolism, transport, and 
mode of action, similar to that of other steroid or thyroid hormones.

 •  A very large number of genes are under the control of the vitamin D endocrine system, suggesting 
that, as for other ligands of nuclear receptors, it has a broad spectrum of extraskeletal activities.

 •  A large percentage of the world population, probably more than 1 billion people, is faced with 
vitamin D deficiency and its consequences.

 •  A number of ongoing randomized controlled trials will hopefully better define the optimal 
vitamin D status required for bone and extraskeletal health.
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independent line of research in search of essential nutritional 
factors, Mellanby and Cantag9 raised dogs on a diet of oat-
meal (the basic food in parts of the United Kingdom where 
rickets was endemic) and observed that the dogs developed 
rickets that was curable by cod liver oil.10 McCollum and 
colleagues11 demonstrated that vitamin A-deficient cod liver 
oil was still able to cure rickets and thus contained a new 
essential nutrient called vitamin D.11 The two discoveries of 
vitamin D were unified by the demonstration of Goldblatt 
and Soames12 that irradiation of 7-dehydrocholesterol in the 
skin could produce the antirachitic vitamin D. Similar obser-
vations were made by Hess and Weinstock.8 Windaus,13 a  
German chemist, then identified the structure of vitamins 
D2 and D3 after irradiation of plant sterols (ergosterol) or 
7-dehydrocholesterol,13 which earned him the Nobel Prize 
in chemistry in 1928. The irradiation of ergosterol as present 
in yeast provided a large supply of vitamin D2 used for the 
prevention and virtual elimination of vitamin D-deficiency 
rickets in the Western world.14

The elucidation of the mode of action of vitamin D 
can be separated into several phases: the discovery of  
1) the endogenous activation of vitamin D by sequential 
hydroxylations at C25 and C1, 2) the molecular mecha-
nisms following the binding of 1,25-dihydroxyvitamin 
D [1,25(OH)2D] to a specific and ubiquitous nuclear 
transcription factor, vitamin D receptor (VDR), and  
3) the regulation of the expression of a very large number 
of genes (between 1% and 5% of the human genome) 
involved in either calcium homeostasis or related to a 
wide variety of functions.

ORIGIN OF VITAMIN D: NUTRITION AND 
PHOTOSYNTHESIS
Vitamin D can be obtained from dietary sources of veg-
etal (vitamin D2 or ergocalciferol) or animal origin (vita-
min D3 or cholecalciferol). About 50% of dietary vitamin 
D is absorbed by the enterocytes and is transported to the 
blood circulation via chylomicrons. Part of this vitamin D 
is taken up by a variety of tissues (fat and muscle) before 
the chylomicron remnants and its vitamin D finally reach 
the hepatocytes. The best food sources are fatty fish, but 
it is also found in small amounts in butter, cream, and 
egg yolk. Both human’s and cow’s milk are poor sources 
of vitamin D, providing only 15 to 40 IU/L, and they 
include equally minimal concentrations of 25OHD or 
1,25(OH)2D.15 Only an intake of pharmacologic amounts 
of vitamin D (6000 IU/day) can increase the vitamin D 
concentration of milk to a level equivalent to the daily 
requirements of an infant.16 Vitamin D intake is a poor 
predictor of serum 25OHD concentrations in subjects 
with an intake between 2 and 20 μg/day.17 It is difficult to 
obtain adequate vitamin D from a natural diet. However, 
in North America, 98% of fluid and dried milk (>400 
IU/L), as well as some margarine, butter, and certain cere-
als, is fortified with vitamin D2 (irradiated ergosterol) or 
D3, but the real vitamin D content is frequently differ-
ent from the labeling standard. Vitamin D is remarkably 
stable and does not deteriorate when food is heated or 
stored for long periods. The Second National Health and 
Nutrition Survey (NHANES II) reported a median intake 

of about 3 μg/day in adults,18 but much higher values 
were found in NHANES 2002 to 2006 (6 to 9 μg/day).19 
The mean intake of vitamin D in Germany, however, is 
still about 3 μg/day, probably related to different policies 
in the vitamin D supplementation of food.20 In view of 
the low vitamin D content of a vegetarian diet (natural 
vitamin D intake is indeed related to the intake of animal 
fat), vitamin D deficiency and rickets are risk factors for 
strictly vegetarian children with insufficient sun exposure 
or inadequate vitamin D supplementation.21

Nature probably intended that most vitamin D would be 
generated by photosynthesis in the skin, with minor contri-
butions from food sources. However, exposure to sunlight 
also increases the risk of dermal photodamage and several 
skin cancers, including melanoma. This was no real problem 
during human evolution, but with increasing life expectancy, 
the benefits of UV light for the photosynthesis of vitamin D 
should be compared with the lifetime risk of skin damage, 
especially because vitamin D supplementation can safely 
replace the skin synthesis. The recommended dietary allow-
ances by the U.S. Food and Nutrition Board of the National 
Research Council and the 2010 updated recommendations 
are presented in Table 59-1, and older recommendations 
are gradually updated in Europe.22-24 There is, however, no 
unanimity regarding these recommendation (vide infra).

Hypervitaminosis can occur when pharmaceutical vita-
min D is taken in excess, and this includes a wide variety of 
symptoms and signs related to hypercalciuria, hypercalce-
mia, and metastatic calcifications (Table 59-2). The toxic 
dosage has not been established but toxicity should always 
be monitored when daily doses markedly exceeding the 
present upper limit of more than 100 μg are administered 
for a longer period. Overproduction of renal 1,25(OH)2D 
by abnormal hormonal stimuli (as seen in fibroblast growth 
factor-23 [FGF-23] or Klotho-null mice) or absence of 
CYP24A1 (see text that follows), the main catabolizing 
enzyme, causes the same calcemic side effects, with severe 

TABLE 59-1 Adequate Intake, Previous 
Recommended Dietary Allowance, Reasonable Daily 
Allowance, and Tolerable Upper Limit for Vitamin D

Age (yrs)
EAR μg/day 

(IU)
RDA μg/day 

(IU) UL μg/day (IU)

Infants 0.0-1.0 10 (400) 10 (400) 25 (1000)
Children 1-18 10 (400) 15 (600) 65-100 

(2500-
4000)*

Adults 19-70 10 (400) 15 (600) 100 (4000)
70+ 10 (400) 20 (800) 100 (4000)

Pregnant 
or lac-
tating 
women

10 (400) 15 (600) 100 (4000)

EAR, Estimated adequate requirement; RDA, recommended dietary 
allowance; UL, upper level intake.

*Upper-level daily intake is 2500 IU for children 1 to 3 yrs old, 3000 IU 
for children aged 4 to 8, and 4000 IU for children 14 to 48 yrs old.

Data from the Food and Nutrition Board, National Research Council, 
NAS: Dietary reference intakes for calcium and vitamin D.  
Washington (DC): National Academy Press; 2011.
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multiple-organ calcification (especially kidney, vascular 
wall, and heart valves) leading to premature death.25

Most vertebrates also accomplish their needs for vitamin 
D by photochemical synthesis in the skin; therefore, vitamin 
D is not a true vitamin. It is formed from 7-dehydrocholes-
terol (7DHC or provitamin D3), which is present in large 
amounts in cell membranes of keratinocytes. By the action 
of ultraviolet B (UVB) light (290 to 315 mm), the B ring 
of 7DHC can be broken to form previtamin D3, which is 
then isomerized to vitamin D3 by thermal energy, followed 
by transport to the serum vitamin D binding protein and 
uptake into the liver for further metabolization. The pro-
duction of previtamin D3 is a nonenzymatic photochemical 
reaction that is not subject to regulation other than sub-
strate (7DHC) availability and intensity of UVB irradiation. 
7DHC is the last precursor in the de novo biosynthesis of 
cholesterol. The enzyme 7HDC-Δ7-reductase catalyzes the 
production of cholesterol from 7DHC. Inactivating muta-
tions of the 7DHC-Δ7-reductase gene26 are the hallmark of 
the autosomal recessive Smith-Lemli-Opitz syndrome, char-
acterized by high tissue and serum 7DHC levels and mul-
tiple anomalies, including craniofacial dysmorphism and 
mental retardation caused by the lack of cholesterol synthe-
sis.27 These patients may sometimes exhibit increased serum 
vitamin D and 25OHD concentrations.28 With increasing 
human age, cutaneous stores of provitamin D decrease, 
together with decreased photoproduction of vitamin D.17 
In cats and the feline species in general, the high cutaneous 
sterol-Δ7-reductase activity hampers photoproduction of 
vitamin D, making it a true vitamin.29 Apart from substrate 
(7DHC) availability, the photochemical synthesis of vitamin 
D3 in the skin largely depends on the amount of UVB pho-
tons that strike the basal epidermal layers. Glass, sunscreen, 
clothes, and skin pigment absorb UVB and blunt vitamin 
D3 synthesis. Latitude, time of day, and season are factors 
that influence the intensity of solar radiation and the cutane-
ous production of vitamin D3. Therefore, there is a risk for 
a shortage of vitamin D supply during winter and spring. 
In both the Northern and Southern hemispheres above 40 
degrees latitude, vitamin D3 synthesis of the skin decreases 
or disappears during winter months, owing to the low incli-
nation of the sun and the atmospheric filtration of the short-
est (but necessary for vitamin D3 synthesis) UV waves of 
sunlight. The importance of skin synthesis of vitamin D3 to 
maintain normal vitamin D status is best reflected by the 

vitamin D deficiency observed in submarine personnel or in 
inhabitants of Antarctica30 during the prolonged absence of 
sun exposure, and also by the extremely high prevalence of 
vitamin D deficiency in countries where exposure to sunlight 
is extremely low for cultural and religious reasons, as in sev-
eral Arabian countries with strict adherence to Islamic rules 
for body covering.31-34 Solar exposure of 2 hours per week 
of the face and hands is probably sufficient for maintaining 
normal 25OHD concentrations in children35 and adults, but 
this exposure should be further fine-tuned according to the 
climate and latitude.36

Nature has built in several feedback mechanisms to 
minimize the risk that prolonged sun exposure would cause 
vitamin D intoxication. Cutaneous vitamin D and espe-
cially previtamin D are photosensitive and will be degraded 
to inactive sterols (lumisterol, tachysterol) before they are 
translocated to the circulation (Fig. 59-1). Only a maximum 
of 10% to 15% of the provitamin D will be converted to 
vitamin D. Sunlight-induced melanin synthesis, acting as a 
natural sunscreen, provides an additional negative feedback. 
This is best demonstrated by mean serum 25OHD levels of 
about 45 ng/mL found in Masai and other African tribes 
with extensive exposure to sunlight.37 These values are 
higher than mean values found in most other populations 
but lower than expected based on the intensive UV B expo-
sure and skin capacity to produce vitamin D.38

METABOLISM OF VITAMIN D
Vitamin D is biologically inert and requires two suc-
cessive hydroxylations in the liver (on C25) and kid-
ney (on the α position of C1), using cytochrome P450 
enzymes39,40 to form its hormonally active metabolite, 
1α,25-dihydroxyvitamin D (see Fig. 59-1).

25-Hydroxylation
25OHD was the first metabolite identified after the avail-
ability of radiolabeled vitamin D3.41,42 Although the liver 
is probably the main tissue responsible for 25-hydroxyl-
ation of vitamin D, extrahepatic 25-hydroxylation has 
been observed in vitro in a large number of tissues. In vivo 
observations after hepatectomy in rats also showed that 
the conversion rate of [3H]-vitamin D was still about 
10% when compared with intact rats.42

The hepatic 25-hydroxylation step is probably per-
formed by more than one enzyme, localized either in 
the inner mitochondrial membrane (CYP27A1 or sterol 
27-hydroxylase) or in the microsomes (including CYP2D11, 
CYP2D25, CYP3A4, and especially CYP2R1).39 The most 
important 25-hydroxylase is probably CYP2R1, because 
a homozygous mutation was identified in patients with 
classical rickets with low 25OHD levels.43,44 This is also 
confirmed in CYP2R-deficient mice as they display very 
low yet still detectable serum 25OHD levels.45 There are 
several other potential P450 enzymes responsible for this 
rescue vitamin D hydroxylation (see Chapter 67).39

1α-Hydroxylation
25OHD is biologically inactive and requires further hydrox-
ylation in the kidney46 to the active hormone, 1,25(OH)2D, 
by 25-hydroxyvitamin D-1α-hydroxylase (CYP27B1). The 

TABLE 59-2 Symptoms of Vitamin D Toxicity

Hypercalciuria
Kidney stones
Hypercalcemia
Hyperphosphatemia
Polyuria
Polydipsia
Decalcification of bone
Ectopic calcification of soft tissues (kidney and lung)
Nausea and vomiting
Anorexia
Constipation
Headache
Hypertension
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production of 1,25(OH)2D is regulated primarily at this 
final step by several factors (vide infra). The rat, mouse, 
and human 1α-hydroxylase have been cloned by several 
groups47-51 and mapped on human chromosome 12q13.3 
in close vicinity to the VDR gene. The proximal renal tubule 
is the principle site of 1α-hydroxylation, but high levels of 
1α-hydroxylase mRNA and enzyme activity have also been 
found in human keratinocytes,48 in macrophages,52 and in 
about ten other tissues.25 Renal 1α-hydroxylase activity is 
under tight control by 1,25(OH)2D (negative but probably 
indirect feedback), parathyroid hormone (PTH), calcito-
nin, and insulin-like growth factor 1 (all positive feedback) 
as well as by phosphate, calcium, and especially FGF-23 
(negative regulation).40,53,54 The promoters of the mouse 

and human 1α-hydroxylase genes have been characterized 
with a profound responsiveness to PTH and a negative 
regulation by 1,25(OH)2D55,56 by complex chromatin and 
DNA modifications.57 Extra renal 1α-hydroxylase activity, 
however, is regulated by different mechanisms in the skin58 
and monocytes.59

Pseudovitamin D-deficiency rickets (PDDR), also 
known as vitamin D-dependency rickets type I, is an 
autosomal recessive disease characterized by failure to 
thrive, muscle weakness, skeletal deformities, hypocal-
cemia, secondary hyperparathyroidism, normal to high 
serum levels of 25OHD, and low serum 1,25(OH)2D 
concentrations, all caused by impaired activity of the 
renal 1α-hydroxylase.60 These patients recover well 
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by oral lifelong physiologic doses of 1,25(OH)2D.61 
The human CYP27B1 maps to the previously identi-
fied PDDR locus, and mutations found in this gene in 
patients with PDDR provide the molecular genetic basis 
for the disease.48,62

24-Hydroxylation: Catabolism or Specific Function?
An alternative hydroxylation of 25OHD occurs on car-
bon 24 by the multifunctional enzyme, 24-hydroxylase 
(CYP24A), mapped on human chromosome 20q13.63 
This enzyme not only initiates the catabolic cascade of 
25OHD and 1,25(OH)2D53 by 24-hydroxylation but cata-
lyzes its further metabolism into calcitroic acid (Fig. 59-2). 

24-hydroxylase-deficient mice provided evidence for this 
catabolic role of 24-hydroxylase, resulting in pathology 
consistent with the systemic excess of 1,25(OH)2D.64 The 
expression of the 24-hydroxylase gene has been detected 
in virtually all nucleated cells. The induction of CYP24A 
belongs to the most sensitive biomarkers for responsive-
ness and is explained by the presence of several vitamin 
D responsive elements in its promoter.65 Several human 
mutations in the 24-hydroxylase gene have been identified 
and found to be responsible for infantile hypercalcemia66 
and increased risk of kidney stones.67 The contribution 
of local overexpression of this enzyme for breast or other 
cancers requires further study.68
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Other Metabolic Pathways for Vitamin D and Its 
Metabolites
Apart from the multifunctional 24-hydroxylation path-
way, C23 and C26 hydroxylation of 1,25(OH)2D are also 
possible in the absence of previous 24-hydroxylation. Both 
activities are necessary for the formation of 25OHD- or 
1,25(OH)2D-23,26-lactones (see Fig. 59-1). The A-ring 
metabolism involves the oxidation of C19 and 3-epimer-
ization. The latter, irreversible, reaction occurs only in 
a limited number of cells (e.g., keratinocytes, bone, and 
parathyroid cells) and is performed by hydroxysteroid 
dehydrogenases.69 The physiologic implications of other 
hydroxylations such as 4-hydroxylation70 or 11-hydrox-
ylation71 are presently unclear.

The enzymes involved in the metabolic degradation 
of 1,25(OH)2D do not recognize all synthetic vitamin D 
analogues in the same way. Indeed, analogues with either 
20-epi or 20-methyl configuration or 16-ene structure 
show an impaired 23-hydroxylation. Such an alterna-
tive metabolism can certainly explain part of the specific 
selectivity profile of a number of analogues (vide infra).

Vitamin D is mainly excreted in the bile after esteri-
fication in the liver, but some of its more polar metabo-
lites (e.g., calcitroic acid) are excreted via the urine. The 
enterohepatic recirculation of vitamin D esters is prob-
ably devoid of biological relevance.

VITAMIN D TRANSPORT
Nutritional vitamin D is absorbed by the gut and is then 
transported via the lymphatic system by chylomicrons72 
and is stored in several tissues (e.g., fat and muscle). 
Skin-produced vitamin D probably binds directly to an 
α-globulin known as vitamin D binding protein (DBP) 
and is then transported to the liver, where it is hydroxyl-
ated and thereafter released as 25OHD.

Human DBP,73 detected immunologically in 1959 
as a group-specific component, or Gc-globulin,74 is a 
458-amino-acid glycoprotein synthesized by the liver. 
Long before DBP’s functions had been characterized, its 
polymorphicity was already used in population genetics, 
parentage testing, and forensic medicine.75 Worldwide, 
more than 120 Gc alleles have been detected,76 making 
the DBP locus one of the most polymorphic known. The 
Gc1F, Gc1S, and Gc2 are the three most common alleles. 
Because in the many thousands of sera tested, none had 
been found of DBP deficiency, such a mutation was for 
a long time considered to be lethal; but this was contra-
dicted by the generation of viable and fertile homozygous, 
DBP-deficient mice (DBP-null animals).77 The existence 
of similarity among the genes and protein structure of 
DBP, albumin, and α-fetoprotein is long recognized.78 
The crystal structure, with or without actin, is now avail-
able and it identified a surface cleft to bind 25OHD.79

Role of Vitamin D Binding Protein for Vitamin D 
Homeostasis
DBP, the major plasma carrier of vitamin D3, all its 
metabolites, and the vitamin D3 analogues, has one 
vitamin D sterol-specific binding site.80 The relative 
binding affinity is 25OHD-23,26-lactone > 25OHD 

= 24,25(OH)2D = 25,26(OH)2D (Ka = 5.108 mol/L at 
4° C for human DBP) >> 1,25(OH)2D (4.107 mol/L) 
>> vitamin D >> previtamin D.81 The affinity for D2 
metabolites is slightly lower than for D3 metabolites 
in mammals, but especially in birds. Probably because 
only non-DBP-bound vitamin D metabolites can read-
ily cross the plasma membrane, and because the VDR 
has a much higher affinity for 1,25(OH)2D than for 
25OHD (100-fold difference), whereas the opposite is 
true for DBP, it is clear that 1,25(OH)2D has a sub-
stantially higher cellular uptake than 25OHD. This 
is also confirmed by the distribution space of (radio-
labeled) metabolites: 25OHD has a distribution space 
similar to that of DBP and the plasma volume, whereas 
the distribution space of 1,25(OH)2D is closer to that 
of intracellular water. The half-life of 25OHD and 
1,25(OH)2D in the human circulation is about 2 weeks 
and 4 to 6 hours, respectively.82-84 DBP’s function in 
the vitamin D endocrine system is assumed to reflect 
the “free hormone” hypothesis, which states that the 
unbound (free) rather than the protein-bound fraction 
of the active vitamin D hormone is responsible for the 
biological activity. In most mammalian species and 
birds, estrogens increase the plasma concentration of 
DBP. In women, the DBP concentration therefore dou-
bles at the end of pregnancy.85 Studies with megalin 
knockout mice indicate that megalin, a lipoprotein-like 
receptor present at the surface of the proximal tubular 
cells in the kidney, is responsible for the reabsorption 
of DBP and of DBP complexed with vitamin D sterols. 
This megalin reabsorption mechanism may control 
the availability of the 25OHD/DBP complex for the 
25OHD-1α-hydroxylation enzyme and may explain the 
severe bone disease of megalin-deficient mice.86 Serum 
25OHD levels are slightly higher in subjects with Gc2-2 
polymorphism than in subjects with other Gc/DBP gen-
otypes without a clear mechanism or consequences87 
This has been confirmed in many other studies using a 
polyclonal anti-DBP antibody,88 whereas a monoclonal 
antibody discriminates DBP/Gc subtypes and generates 
confusion because the calculation of free 25OHD is 
then incorrect.89

Other Functions of the Vitamin D Binding Protein
DBP binds globular actin with a high affinity (Ka = 2 × 109  
mmol/L).90,91 Actin is the most abundant intracellular 
protein. The cell motility, shape, and size depend on 
the ability of globular actin to polymerize into filaments 
(F-actin). On cell injury or cell necrosis, actin is released 
into extracellular space. However, when actin is released 
from cells, it may rapidly form filaments with detrimen-
tal effects for the microcirculation. Two plasma proteins, 
DBP and gelsolin, bind actin avidly, thereby acting as 
an “actin-scavenger” system.92,93 DBP-null (KO) mice, 
however, develop normally. They are nevertheless more 
sensitive to vitamin D deficiency and less sensitive to vita-
min D excess, probably by an enhanced urinary loss of 
vitamin D metabolites.77 The DBP and megalin KO mice, 
however, suggest that the main function of DBP is indeed 
to transport all vitamin D metabolites and preserve them 
from rapid clearance or urinary loss.
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ACTION AND MODE OF ACTION

General Characteristics of the Vitamin D Receptor
Protein
1,25(OH)2D, the hormonally active form of vitamin D, 
exerts its effects mainly by activating the nuclear VDR, 
a member of the nuclear-receptor superfamily of ligand-
activated transcription factors. As with all NRs, differ-
ent functional domains can be distinguished: two highly 
conserved zinc finger DNA-binding motifs constitute the 
DNA-binding C domain, which also harbors the nuclear 
localization signal. The D domain or hinge region regu-
lates the receptor’s flexibility between DNA-binding and 
ligand-binding domains and may be crucial to allowing 
the heterodimer complex of the ligand-binding domains 
to interact with two differently oriented response elements 
(direct repeat or palindrome orientation with a variable 
number of spacer nucleotides). The large multifunctional 
E region contains the ligand-binding domain, as well as 
a dimerization surface and a ligand-dependent activation 
function (AF2) at the extreme C terminus, represented by 
helix 12.94-96

Gene
The human VDR gene, consisting of 14 exons, spans 
more than 60 kb on chromosome 12.97,98 The major 
VDR transcript is a 4.8 kb mRNA species, but multiple 
promoters and alternative splicing give rise to a multitude 
of less abundant transcripts that mostly vary in their 5′ 
untranslated region but encode the same 427-amino-acid 
protein.98 However, two of these mRNAs are translated 
into VDR proteins that contain an additional 23 or 50 
amino acids at the N terminus.98

Genomic Actions
Binding of 1,25(OH)2D to VDR generates conforma-
tional changes of VDR followed by heterodimerization 
with unliganded RXR and binding to vitamin D response 
elements (VDREs) in the promoter region of vitamin D 
target genes, with subsequent release of corepressors and 
recruitment of coactivators and general transcription fac-
tors for the assembly of an active transcriptional com-
plex.94 A crucial event in this respect is the mousetrap-like 
intramolecular folding of helix 12, closing off the ligand-
binding pocket and exposing the AF2 domain for interac-
tion with coactivators.99 Corepressors bind and silence 
unliganded steroid receptors by recruitment of histone 
deacetylases, maintaining chromatin in a transcriptional 
repressive state.94 Coactivators are a group of proteins 
that allow gene transcription in several waves of activi-
ties.100,101 Gene expression can also be mediated by ATP-
dependent chromatin remodeling complexes such as SWI/
SNF-type and ISWI-type complexes and the multiprotein 
complex WINAC.102-104 Furthermore, the expression or 
the recruitment of these regulatory proteins is regulated 
by several intracellular signaling pathways105 and by ste-
roids themselves,106 with receptor agonists or antagonists 
inducing preferential recruitment of coactivators or core-
pressors, respectively.105 Finally, 1,25(OH)2D also con-
trols gene regulation by control of several miRNAs.107 A 
hexanucleotide direct repeat spaced by three nucleotides 

(DR3) is the cognate vitamin D response element (VDRE) 
to which RXR and VDR bind the 5′ and 3′ half-site, 
respectively, although alternative options appear to be 
possible.108

Nongenomic Actions
Several groups have described rapid effects by 1,25(OH)2D 
that are independent of transcription and mediated by a 
membrane receptor for 1,25(OH)2D.109 These so-called 
nongenomic effects are also well known for other ligands 
of NRs such as estradiol or progesterone, and they include 
the opening of calcium or chloride channels and the acti-
vation of second messenger signaling pathways (phos-
phoinositide turnover, activation of protein kinase C, 
and the Ras/Raf/ERK/MAPK pathway). A wide variety 
of rapid and transient modifications in the second mes-
senger signaling system has also been observed for other 
steroid hormones.95 At the tissue or cellular level, how-
ever, nongenomic activity of vitamin D and its analogues 
or metabolites has been described for intestinal calcium 
absorption (transcaltachia), cellular differentiation of leu-
kemia cells, and as prevention against UVB damage of 
keratinocytes.110-112 This pathway seems to prefer 6-s-cis 
to the 6-s-trans configuration of vitamin D.109,111 More-
over, the agonist/antagonist specificity differs for that of 
the genomic pathway.113

Classic Target Tissues
The action of 1,25(OH)2D on bone, intestine, kidney, and 
parathyroid glands and its role in mineral metabolism is 
the result of a complex interplay between calcium and 
phosphate 1,25(OH)2D, PTH, and phosphatonins. PTH 
induces calcium mobilization from bone and stimulates 
1,25(OH)2D production, but its secretion is inhibited 
by the action of 1,25(OH)2D on the parathyroid glands 
(negative feedback). In a second negative feedback loop, 
1,25(OH)2D limits its own availability by inhibition of 1 
α-hydroxylase and stimulation of 24-hydroxylase, inducing 
1,25(OH)2D catabolism. In the last few years, considerable 
progress has been made in the understanding of phosphate 
homeostasis.114 The phosphaturic hormone phosphatonin, 
or FGF-23, is produced by osteocytes and osteoblasts and 
inhibits the activity of the NPT2 protein. The NPT2 gene 
encodes a renal sodium/phosphate cotransporter respon-
sible for reabsorption of phosphate and represents a newly 
identified target gene for 1,25(OH)2D.115 Phosphatonin 
can be indirectly inactivated by a protease encoded by 
the PHEX gene, which was identified as the gene that is 
defective in X-linked hypophosphatemic rickets. FGF-23 
secretion is stimulated by 1,25(OH)2D and impairs renal 
1α-hydroxylase, creating an additional feedback system 
so that the production of 1,25(OH)2D is tightly feedback 
regulated (Fig. 59-3).

Effects on Intestine
The absorption capacity of calcium along the gastroin-
testinal tract of the rat is dependent on the segment and 
follows the order ileum > jejunum > duodenum. The effi-
ciency of the small intestine to absorb dietary calcium is 
increased by 1,25(OH)2D,116 and the abundance of the 
vitamin D receptor is highest in the duodenum, followed 
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by the jejunum and the ileum. Although the exact 
mechanism by which 1,25(OH)2D alters the flux of cal-
cium across the intestinal absorptive cell is not known, 
1,25(OH)2D increases the production and activity of 
several proteins in the small intestine, including TRPV6 
and V5, calbindin-D9K, alkaline phosphatase, and low-
affinity Ca-ATPase (PMCA). The entry of Ca2+ from 
the intestinal lumen across the brush border membrane 
into the enterocyte is mainly regulated by the epithelial 
channels TRPV6 and V5.117 The intracellular calcium 
transfer is considered to be dependent mainly on calbi-
ndin-D9K.118 The transfer of Ca2+ from the cytoplasm 
to the extracellular space requires energy input because 
of an uphill concentration gradient and an unfavorable 
electrochemical gradient. Both the plasma membrane 
calcium pump and a sodium-calcium exchanger play 
important roles in this process. The stimulatory effect 
of 1,25(OH)2D on the ATP-dependent uptake of Ca2+ at 
the basolateral membrane involves an increase in PMCA 
gene expression.119 The essential role of the intestine for 
calcium and phosphate homeostasis was clearly dem-
onstrated by the phenotype of VDR KO mice. Such 
VDR-null mice are phenotypically normal at birth, but, 
after weaning, they develop hypocalcemia, secondary 
hyperparathyroidism, and hypophosphatemia despite 
very high levels of 1,25(OH)2D. They become growth 
retarded and develop severe rickets.117,120-122 Mice that 
are deficient in 1α-hydroxylase display a similar phe-
notype.123,124 This bone and calcium phenotype can 
be largely corrected by a high dietary calcium intake 
(especially in combination with high lactose intake) 
in both knockout models or 1,25(OH)2D treatment 
of 1α-hydroxylase-null mice.117,125-131 These findings 

confirm previous observations in humans.62,132,133 These 
data strongly suggest that the intestine is the primary 
target for 1,25(OH)2D’s action on calcium/bone homeo-
stasis. This is largely confirmed by genetic mouse models 
of selective rescue or deletion of VDR in the intestine of 
transgenic mice.134 The primary molecular targets, how-
ever, merit further exploration; mice with ablation of 
CaBP-9k or TRPV6 or even their combined deficiency 
can still partially increase their intestinal calcium absorp-
tion, and serum calcium levels are normal.135 Paracellu-
lar intestinal calcium transport may also be part of the 
picture of vitamin D’s action, in that the expression of 
claudin 2 and claudin 12, both known to form paracel-
lular calcium channels, is induced by 1,25(OH)2D and is 
decreased in the intestine of VDR-null mice.136

Effects on Kidney
The kidney is important both for the metabolism of 
1,25(OH)2D and the reabsorption of calcium and phos-
phate, processes regulated by 1,25(OH)2D. The kidney 
and more specifically the proximal tubule is the central 
tissue for 1α-hydroxylation of 25OHD. Chronic renal 
failure reduces 1α-hydroxylase activity, which ultimately 
results in renal osteodystrophy or uremic bone disease. 
1,25(OH)2D also increased the distal tubular reabsorp-
tion of calcium; as in the intestine, TRP channels (espe-
cially TRPV5), calbindin-D9K and 28K, and the plasma 
membrane calcium ATPase, are involved. The crucial 
role of 1,25(OH)2D-regulated renal calcium reabsorp-
tion was demonstrated by persistent hypercalciuria and 
reduction in bone mass in TRPV5-deficient mice.137 The 
kidney is also the major component in phosphate homeo-
stasis, as both PTH and FGF-23, in complex interplay 
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with 1,25(OH)2D, are able to reduce renal phosphate 
reabsorption (see Fig. 59-3).

Effects on Bone
1,25(OH)2D has dual effects on bone: it can stimulate 
osteoclastogenesis and bone resorption as well as modify 
osteoblast function and bone mineralization. The over-
all effects of vitamin D metabolites on bone are thus 
extremely complex. From observations in man and ani-
mals, it is clear that vitamin D deficiency or resistance 
impairs bone matrix mineralization, whereas even osteo-
blast activity and matrix synthesis are stimulated. Excess 
1,25(OH)2D can clearly enhance osteoclastogenesis and 
bone resorption (Fig. 59-4). Because bone mineralization 
and bone structure can be largely normalized in vitamin 
D- or 1,25(OH)2D-deficient or resistant mice by suffi-
cient supply of minerals via active or passive intestinal 
calcium absorption, it seems that direct effects of vita-
min D metabolites on chondrocytes and bone cells are 
redundant if calcium and phosphate supply are guaran-
teed. However, most of the genes and proteins typically 
expressed in osteoblasts and osteoclasts are vitamin D 
regulated, so it is likely that 1,25(OH)2D can fine-tune 
bone mineral homeostasis.

The direct effects of the vitamin D endocrine sys-
tem on bone cells is slowly unraveled by cell-specific 
VDR deletion: VDR deficiency in osteoblasts modestly 
increases bone mineral mass138 whereas VDR defi-
ciency in osteocytes does not affect basal bone mass or 
structure.134 However, mice with osteocyte-selective 
VDR deficiency, exposed to a very low calcium diet or 
high 1,25(OH)2D concentrations, are protected against 
1,25(OH)2D-induced bone loss.134 This is largely because 
of 1,25(OH)2D-mediated inhibition of mineral deposi-
tion (creating instead of solving osteomalacia) by regu-
lating several genes (ANK, ENPP1&3, TNAP) so as to 
increase PPi and other mineralization inhibitors such as 
osteopontin and other SIBLING proteins.139,140 There-
fore, it seems that 1,25(OH)2D can have different effects 
on bone: in case of sufficient calcium intake, it helps to 
stimulate calcium absorption and to provide the min-
erals and osteoblast function so as to improve mineral 
deposition; however, in the case of calcium deficiency, 
1,25(OH)2D will primarily defend serum calcium homeo-
stasis at the expense of bone (increased bone resorption 
and inhibition of mineral deposition). This should not 
be a major surprise as the vitamin D endocrine system 
together with PTH developed during vertebrate evolu-
tion to allow the accommodation of terrestrial animals 
to cope with increased gravity (necessitating a solid bone 
structure) while living in a calcium-poor environment.141

Pharmacologic use of vitamin D metabolites or ana-
logues might positively influence bone balance, as shown 
in transgenic mice overexpressing osteoblast VDR142 and 
in several human and animal experiments.143-147

Effects on Growth Plate
The absence of VDR or 1α-hydroxylase creates no detect-
able phenotype in overall growth or growth plate of pre-
natal animals, but the longitudinal growth of long bones 
is impaired after weaning. X-ray analysis shows advanced 

rickets, including widening of the epiphyseal growth plate, 
with an increased width and marked disorganization of the 
growth plate on histology, including impaired mineraliza-
tion of hypertrophic chondrocytes.120-124 This increased 
growth-plate width in VDR or 1α-hydroxylase-null mice 
is a result of abnormal chondrocyte proliferation or dif-
ferentiation, and the expression of major proteins such as 
collagen X and osteopontin is normal. The expansion of 
the growth plate can be largely explained by decreased 
apoptosis of hypertrophic chondrocytes.148 Based on 
analysis of several genetic models with abnormal phos-
phate homeostasis, serum phosphate levels are probably 
crucial for hypertrophic chondrocyte apoptosis in vivo. 
This is confirmed in vitro: phosphate levels regulate apop-
tosis of hypertrophic chondrocytes via the activation of 
the caspase-9-mediated mitochondrial pathway.149

In accordance with these findings, chondrocyte-specific 
inactivation of the VDR did not cause a growth-plate 
phenotype and certainly not rickets.150 Critical analy-
sis of these mice, however, showed that VDR action in 
chondrocytes regulates bone development and phosphate 
homeostasis by inducing expression of paracrine factors 
such as vascular endothelial growth factor and receptor 
activator of nuclear factor κB (NFκB) ligand expression, 
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leading to impaired vascular invasion and decreased 
osteoclast number in the metaphysic, as well as increased 
bone mass of long bones of juvenile chondrocyte-specific 
VDR-null mice. In addition, FGF-23 expression in osteo-
blasts was decreased, probably linked to the increased 
gene expression profile of NPT2 and 1α-hydroxylase in 
the kidney, resulting in increased serum levels of phos-
phate and 1,25(OH)2D.150 The local expression of 
1,25OHD may also be relevant as KO of cyp27b1 in 
growth-plate chondrocytes increased the width of the 
hypertrophic zone of the growth plate at embryonic day 
15.5, and increased bone volume in neonatal long bones 
was probably a result of decreased VEGF and RANKL 
expression and reduced osteoclastogenesis (all suggesting 
a decreased vascularization), whereas the opposite phe-
notype was observed when cyp27b1 was overexpressed, 
suggesting a delay in vascularization.151

Parathyroid Glands
The parathyroid gland is an important target for  
vitamin D action as it regulates the sensing of serum-
ionized calcium using a GPCR calcium-sensing recep-
tor. Several parathyroid genes, including the CaSR and 
parathyroid hormone gene, are under the control of 
1,25(OH)2D. Tissue selective KO of VDR in the para-
thyroid gland causes hyperparathyroidism and increased 
bone turnover.152 Parathyroid selective deletion of 
cyp27b1 even creates a complex mixture of hypocalcemia, 
low serum 1,25(OH)2D levels, and decreased bone mass, 
thus calling into question the unique role of the kidney in 
the production of systemic 1,25(OH)2D.153 The vitamin 
D endocrine system also plays a key role in the genesis of 
secondary hyperparathyroidism of chronic renal failure 
including the suppression of local 1α-hydroxylase activity 
by excess FGF23.154

Noncalcemic or Nonclassic Actions of the Vitamin D 
Endocrine System
The virtual ubiquitous expression of the VDR in all nucle-
ated cells, the presence of a functional 1α-hydroxylase in 
at least 10 different tissues apart from the kidney, and 
the very large number of genes that are under direct or 
indirect control of 1,25(OH)2D (even already early in 
the evolution of vertebrates as observed in zebra fish) 
all point toward a more universal role for the vitamin 
D endocrine system than just the regulation of calcium/
phosphate/bone metabolism. This is not totally unex-
pected, as most other ligands for nuclear receptors, such 
as androgens, estrogens, glucocorticoids, and retinoids, 
also have a wide spectrum of activities.25 Based on con-
trolled observations in cells, tissues, and transgenic mice, 
and on observational studies in humans, it seems that the 
functioning of nearly all major tissues or systems of the 
organism is modulated by vitamin D.

Skin
The combined presence of vitamin D production, 
25-hydroxylase, 1α-hydroxylase, and VDR expression in 
the epidermis suggests the existence of a unique vitamin D 
intracrine system in which UVB-irradiated keratinocytes 
may supply their own needs for 1,25(OH)2D. A role for 

vitamin D in epidermal homeostasis can also be expected 
from the prominent effects of vitamin D compounds on 
keratinocyte growth and differentiation.155 The epider-
mal keratinocyte represents the major cell type in the epi-
dermis and most likely the major cutaneous target cell 
for vitamin D, but many other cell types present in the 
epidermis are also vitamin D targets.

Based on studies of 1α-hydroxylase-deficient mice, 
the repair of the essential barrier function of the skin 
is impaired in the absence of vitamin D action.156 The 
major skin phenotype of both VDR-null mice and chil-
dren with VDR mutations is, however, the development 
of total alopecia. Hair development at birth is normal, 
but hair loss starts after the first catagen and ultimately 
leads to alopecia totalis associated with large dermal 
cysts. This alopecia results from the VDR itself, as it 
is not found in vitamin D-deficient WT mice or in mice 
with Cypb1 mutations. Mutations in the NR corepres-
sor, hairless, or keratinocyte-specific loss of interac-
tion of Lefl with β-catenin (part of the Wnt signaling 
pathway) produce a strikingly similar alopecia. There is 
therefore little doubt that ligand-independent effects of 
the VDR are required for normal keratinocyte stem-cell 
function.

As expected from animal studies, no clear skin disor-
ders are linked to vitamin D deficiency or insufficiency 
in humans. The very same photons that can generate the 
photoconversion of 7-dehydrocholesterol into previtamin 
D are also able to cause DNA damage and, ultimately, 
photoaging and increased risk for skin cancer, so expo-
sure to the UVB or needed sunlight to produce vitamin D 
always involves a small but cumulative risk of skin dam-
age. This risk is especially relevant for humans with a fair 
skin type (phototypes 1 and 2).157 Although 1,25(OH)2D 
or some of its analogues is able to generate a strong 
photoprotective effect against UVB-mediated events in 
cultured keratinocytes,158-160 the overall pro-oncogenic 
effect of UVB is dominant.

Cell Proliferation and Cancer
Exposure to 1,25(OH)2D of virtually all normal cells 
and even most malignant cells results in an accumu-
lation in the G0/G1 phase of the cell cycle.161-163 The 
regulation of the E2F family of transcription factors 
is a general downstream effect, which acts as master 
switch for a very large number of genes involved in 
the cell-cycle progression. These EgF factors are under 
the control of the retinoblastoma proteins (especially 
pocket proteins p107 and p130), and their phosphory-
lation state is regulated by cyclins and cyclin-dependent 
kinases (p18, p19, p21, or p27), many of which are 
regulated by 1,25(OH)2D.161,164 However, 1,25(OH)2D 
may also inhibit cell growth by interfering with signal-
ing pathways initiated by TGF-β, epidermal growth 
factor (IGF), prostaglandins,165 and Wnt ligands,166 
as well as by intervening in other mitogenic signal-
ing pathways (e.g., ERK/MAPK pathway and c-myc) 
(Fig. 59-5).167-173 Moreover, 1,25(OH)2D can regulate 
apoptosis and angiogenesis, which are mechanisms well 
known to be important for cancer-cell expansion. In 
view of these well-established in vitro effects, one might 
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expect a greater sensitivity for carcinogenesis in VDR-
null mice. Epidermal, mammary, and intestinal cells 
of such animals do indeed show signs of hyperprolif-
eration. Moreover, when exposed to chemocarcinogens, 
oncogens, or UVB light, VDR-null mice develop more 
cancers (mammary cancer-type lesions, skin tumors, 
and lymphomas).110,174,175

In humans, absolute VDR or CYP27B1 deficiencies 
are rare, but vitamin D deficiency is frequent. This raises 
a question about whether such vitamin D deficiency is 
associated with increased risk of cancer in humans. Such 
a hypothesis was originally reinforced by observations of 
higher cancer prevalence in areas of the United States and 
Japan with lower UVB exposure. A vast literature links 
lower levels of 25OHD with a higher prevalence of the 
major cancers, especially colon and breast cancer, with 
more mixed results for prostate cancer.176-178 In most 
cross-sectional or observational studies, a higher cancer 
risk was found in subjects with serum 25OHD levels 
below 20 ng/mL, but many studies also showed a signifi-
cant trend across the different 25OHD subgroups that 
linked these subgroups to the risk of cancer. However, a 
number of studies also linked a higher vitamin D nutri-
tional status with a higher prevalence or more aggressive 
type of cancer.25,38,179

The final question is, of course, whether serum 
25OHD is a predictor or has a causative relation with 
overall cancer risk. Interventional studies should be 
able to provide the answer. In the Women’s Health Ini-
tiative (WHI) study, postmenopausal women receiving 
calcium (1 g) plus vitamin D (400 IU) did not develop 
less colon cancer than control patients.180 In a much 

smaller 4-year study in postmenopausal women, higher 
doses of calcium (1.4 to 1.5 g) and vitamin D (1100 IU),  
which raised serum 25OHD to mean levels above 80 
nmol/L, did significantly reduce overall cancer risk.181 
The small number of cancer deaths and a major con-
founding factor of calcium intake, however, limit the 
value of this study, and much larger prospective stud-
ies with substantial vitamin D supplementation are 
essential.38

Immune Function and Vitamin D
All immune cells (antigen-presenting cells, T and B cells, 
natural killer [NK] cells, and even mast cells) express at 
certain stages of their differentiation a functional VDR. 
Antigen-presenting cells (dendritic cells and equiva-
lent resident cells, as well as monocytes/macrophages) 
can synthesize 1,25(OH)2D using the same enzyme as 
in the kidney but controlled by immune stimuli instead 
of calciotropic hormones.52,59,182 Finally, 1,25(OH)2D 
regulates a wide range of genes that play crucial roles 
in the immune system. Overall, vitamin D metabolites 
stimulate the innate immune system (largely mediated 
by monocytes/macrophages) whereas they taper down 
the acquired immune system. The innate immune sys-
tem, on exposure to bacterial agents, is first stimulated 
to produce 1,25(OH)2D (Fig. 59-6, A) and this paracrine 
1,25(OH)2D stimulates macrophage differentation and 
functions, including the local production of a number 
of defensins (cathelicidin).183 Defects in immune func-
tions indispensable for antimicrobial activity have been 
observed in vitamin D-deficient mice.184,185 The overall 
effects suggest that 1,25(OH)2D enhances the natural 
defense against bacterial infection. In the human situation, 
low serum levels of 25OHD were repeatedly associated 
with increased susceptibility to and more rapid disease 
progression of tuberculosis or AIDS.186-190 Prospective 
clinical trials, however, could not show an accelerated 
healing of active tuberculosis in vitamin D-deficient sub-
jects191 or prevent recurrent infections in COPD patients 
(except in severely D-deficient subjects).192 Beneficial 
effects of vitamin D supplementation on viral or respira-
tory infections generated beneficial effects in Mongolian 
children,193 but this was not confirmed in children from 
Afganistan.194

The acquired immune system reacts in an opposite 
manner compared to the native immune system (see Fig. 
59-6, B). Indeed, 1,25(OH)2D inhibits dendritic cell 
maturation and generates a coordinated action on T 
cell gene expression of key cytokines (IL-1, IL-2, IL-12, 
IL-17, INF-γ) and genes needed for antigen presenta-
tion to T cells (MHC class II and cosignaling proteins). 
Second, 1,25(OH)2D decreases the activity of Th1 and 
Th17 cells, while upregulating regulatory T cells.195  
The global effect of these immune-modulating actions 
is thus a downregulation of the acquired immune system. 
This should have beneficial effects on the occurrence 
or evolution of autoimmune diseases. Vitamin D-defi-
cient mice more easily develop more severe types of 
such autoimmune diseases. For example, genetically 
predisposed NOD mice exposed to transient vitamin 
D deficiency early in life have a much higher incidence 
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of type 1 diabetes than vitamin D-replete mice,185,196 
and 1α-hydroxylase-deficient mice are more prone 
to several types of inflammatory bowel disease.197 
Moreover, 1,25(OH)2D and more potent and selec-
tive analogues can significantly reduce spontaneous 
or experimental autoimmune diseases in rodents, such 
as type 1 diabetes in NOD mice, experimental allergic 
encephalitis, nephritis, or inflammatory bowel disease 
in rodents.17,25,198

Studies in human autoimmune diseases are more 
complicated, however. VDR polymorphism is not 
clearly related to the risk for type 1 diabetes, accord-
ing to a large meta-analysis.199 However, polymorphism 
of the 1α-hydroxylase gene and other genes of the vita-
min D endocrine system are associated with the risk of 
type 1 diabetes in cross-sectional as well as in family 
studies.200,201

Consistent with data from NOD mice, several epide-
miologic studies in humans indicate that vitamin D sup-
plementation early in life may reduce later risk of type 1 
diabetes. Risk reduction varied between 26% with cod 
liver oil to 78% with 2000 IU/day, with an overall effect 
of 30% reduction in five published reports.198 Because 

25OHD serum levels have not been measured in the 
cohorts of children, a threshold cannot be defined for 
optimal reduction of type 1 diabetes.

A low vitamin D status has also been repeatedly asso-
ciated with a higher risk for multiple sclerosis. A large 
prospective, nested, case-control study among more 
than 7 million U.S. military personnel showed that a low 
25OHD level was a strong risk factor for later occur-
rence of multiple sclerosis (odds ratio of about 2 for 
serum 25[OH]D <20 ng/mL, with possibly even greater 
“protection” by higher levels).202 However, as for type 
1 diabetes, no controlled, randomized intervention stud-
ies have yet proved a causal relation between vitamin D  
(deficiency or insufficiency) and later occurrence of 
autoimmune diseases, but randomized trials (especially 
in genetically at-risk groups) should receive high prior-
ity. All these observations, however, suggest that pre-
venting vitamin D deficiency in the perinatal period, 
early childhood, or adolescence may have long-lasting 
effects on autoimmune diseases. Moreover, there are 
several observations in mouse models that could explain 
such effects, such as the increased apoptosis of (autore-
active) thymocytes or lymphocytes and the generation 
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of regulatory T cells and NKT cells after exposure to 
1,25(OH)2D.198,203

Cardiovascular System
VDR-null mice, as well as 1α-hydroxylase-null mice, 
develop high-renin hypertension and cardiac hypertrophy 
that can be prevented by treatment with an angioten-
sin blocker.204 1,25(OH)2D decreases renin production, 
probably by direct regulation of the gene expression via 
a VDRE in its promoter. Observational studies are con-
sistent with these preclinical data. In normotensive and 
hypertensive individuals, there is an inverse association 
between 25OHD concentration and blood pressure.205 A 
meta-analysis of eight randomized trials in hypertensive 
(≥140/90 mm Hg) men and women demonstrated that 
vitamin D supplementation generated a small but signifi-
cant reduction in diastolic blood pressure (−3.1 mm Hg, 
95% CI −5.5 to −0.6) and a nonsignificant reduction in 
systolic blood pressure in the vitamin D group compared 
with placebo.206 VDR-null mice display increased throm-
bogenicity and decreased fibrinolysis when exposed to 
inflammatory stimuli,207 whereas 1,25(OH)2D has bene-
ficial effects on most cells of the vascular wall. In humans, 
a low vitamin D status is associated with a number of 
cardiovascular risk factors,208 including all aspects of the 
metabolic syndrome. A meta-analysis of 19 prospective 
studies (65,994 patients) showed an inverse relation-
ship between serum 25OHD levels (8 to 24 ng/mL [20 to  
60 nmol/L]) and risk of cardiovascular disease (RR of 
1.03, 95% CI 1.00-1.60, per 10 ng/mL [25 nmol/L] dec-
rement in serum 25OHD).209 Randomized trials, how-
ever, could not demonstrate a persistent effect of vitamin 
D supplementation on cardiovascular outcomes, includ-
ing myocardial infarction and stroke, lipids, glucose, or 
blood pressure.210,211

In a randomized trial of a vitamin D analogue (oral 
paricalcitol) versus placebo in 227 patients with chronic 
kidney disease (estimated glomerular filtration rate 15 to 
60 mL/min/1.73 m2), there was no difference in left ven-
tricular mass index or improvement in measures of dia-
stolic dysfunction between the two groups.212

Vitamin D excess, however, can have deleterious 
effects on all structures of the vascular wall, with ectopic 
calcification and organ failure of kidney, cardiac valves, 
myocardium, and most other soft tissues (see Table 59-2). 
These data suggest a potential beneficial effect of the vita-
min endocrine system on cardiovascular targets but at 
most within specific optimal limits, and this conclusion 
certainly requires confirmation by a proper, prospective, 
large-scale randomized trial.

Muscle, Muscle Function, and Falls
VDR is expressed in myoblasts and stellate cells but is 
probably absent in mature striated muscle cells.213 VDR-
null mice, even on a high-calcium diet, show maturation 
problems of their muscle fibers, exhibiting smaller muscle 
fibers and expression of embryonic markers even after 
weaning.214 Genes that are typically expressed early in life 
(e.g., myf-5) are under negative control by 1,25(OH)2D. 
Evaluation of muscle performance in VDR-resistant or 
vitamin D-deficient mice is difficult to interpret, because 

hypocalcemia may have major effects on calcium fluxes in 
muscle cells. Patients with chronic renal failure and vita-
min D deficiency (thus combined deficiency of 25OHD 
and 1,25(OH)2D) can develop severe myopathy and 
inability to walk that can be promptly restored by appro-
priate vitamin D and/or analogue treatment, similar to 
effects seen in patients with congenital 1α-hydroxylase 
deficiency. Observational studies show a relationship 
between low (below 20 and especially below 10 ng/mL) 
25OHD levels and muscle weakness in children and 
elderly subjects.38,215

Sarcopenia (progressive loss of muscle mass and 
strength) is prevalent in the elderly and is frequently 
associated with vitamin D deficiency. Vitamin D supple-
mentation can modestly improve energy recovery after 
exercise, and can (inconsistently) improve muscle func-
tion and body sway.216 Several prospective interventional 
studies showed that vitamin D supplementation in vita-
min D-deficient elderly subjects can modestly reduce the 
risk of falls217; this may explain, together with beneficial 
effects on bone, a reduced fracture risk.218

Glucose and Energy Metabolism
Several tissues that are important for energy and glucose 
metabolism, such as endocrine β cells, muscle, and fat 
cells, are also targets for vitamin D, so the obvious ques-
tion is whether vitamin regulates or modulates overall 
metabolism apart from the effects of vitamin D on the 
immune system and autoimmune diabetes. Vitamin D 
deficiency in experimental animals (rodents and rabbits) 
impairs glucose tolerance.198,219,220 VDR-null mice, how-
ever, did not have a consistently abnormal glucose toler-
ance, as one strain differs from another strain.25,198 This 
discrepancy between effects of ligand and receptor defi-
ciency is not unique (see alopecia and immune effect) nor 
is it specific for vitamin D. Similar effects are known for 
thyroid hormone/thyroid receptor function. 1,25(OH)2D 
has modest stimulatory effects on insulin production and 
secretion, probably mediated by the well-known effects 
of calcium on β-cell functions.

Mice with a deletion of Vdr or Cyp27b1 develop a 
lower fat mass owing to increased energy expenditure, 
whereas mice with increased Vdr-expression in adipose 
tissue become obese.221 The resistance to diet-induced 
obesity in mice with disrupted Vdr signaling is caused by 
increased expression of uncoupling proteins in white adi-
pose tissues and by increased bile acid pool, as bile acids 
are known to be potent inducers of energy expenditure 
through activation of several nuclear receptors, including 
Vdr, and G-protein-coupled receptors such as GPBAR1 
(also known as TGR5).222 In contrast most observational 
studies in humans link vitamin D insufficiency with nearly 
all aspects of the metabolic syndrome—including obesity, 
insulin resistance, fasting blood glucose, or type 2 diabetes, 
hypertension, and hyperlipidemia.25,198,223,224

A large genetic study (n > 40,000) concluded that 
higher BMI (and the genes that predispose for obesity) 
decreases serum 25-hydroxyvitamin D3 levels, whereas 
lower 25-hydroxyvitamin D3 levels (or the genes that 
are associated with reduced serum concentration of 
25-hydroxyvitamin D3) have, at most, very small effects 
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on obesity.225 Vitamin D supplementation, however, did 
not decrease BMI in four interventional studies.226 In 
view of the high prevalence of vitamin D insufficiency and 
of metabolic syndrome and their association, it is highly 
desirable to define the precise interaction between vita-
min D status and energy expenditure and the metabolic 
syndrome in humans.

Reproduction
VDR activation suppresses the branching of the mammary 
gland branches and decreases mammary fat pad, and older 
female VDR null mice develop atrophy of the ovary.227 
Male reproduction seems to be even more affected with 
reduced fertility, possibly related to lower estrogen acti-
vation as the aromatase gene is under negative control 
of VDR.120,228 VDR and many vitamin D metaboliz-
ing enzymes are also expressed in spermatozoa and high 
expression of CYP24A1 is linked to fertility in men.228

Mortality
Because vitamin D status is associated with so many major 
diseases, it is worthwhile to explore whether vitamin D 
deficiency is associated with increased mortality.229,230 A 
meta-analysis of 8 randomized controlled trials involv-
ing more than 70,000 subjects showed a modest decrease 
in overall mortality rate (OR of 0.94 CL 0.93 to 1.00) 
by combined supplementation of vitamin D and calcium, 
whereas the effects of vitamin D alone did not reach 
significance.231 Also, in patients on chronic hemodialy-
sis, all-cause mortality was greater (significant 1.6-fold 
increase) when 25OHD levels fell below 10 ng/mL.232

CLINICAL ASPECTS OF VITAMIN D
Assays for Vitamin D and Metabolites: Methodology  
and Applications
Vitamin D and about 30 of its metabolites are found in 
plasma. The measurement of serum concentrations of 
vitamin D2 or D3 is of little clinical value, as it reflects 
only transiently recent exposure to UV light or nutritional 
intake. Serum 25OHD concentration rather than serum 
vitamin D3 is an excellent reflection of the vitamin D  
status because of the rapid conversion of vitamin D  
into 25OHD and its long plasma half-life.233,234 Its 
plasma concentration varies widely in normal subjects 
because of large variations in endogenous and exogenous 
supply of vitamin D (Table 59-3). Plasma 25OHD con-
centration thus behaves as a true vitamin whose concen-
tration depends on nutritional supply or synthesis in the 
skin after exposure to UVB light. Low exposure to UV 
light and low vitamin D intake is common in infants and 
elderly subjects if food sources are not supplemented with 
vitamin D. Plasma 25OHD concentrations are indeed 
low at birth (usually about half the maternal concentra-
tion because of the 2:1 ratio of maternal to fetal DBP 
concentration), and the natural vitamin D content of milk 
is low. During the evolution of vertebrates and humans, 
sun exposure was therefore the natural solution to pre-
vent rickets.141 Members of tribes still with a traditional 
lifestyle in Africa have mean serum 25OHD of about  
45 ng/mL).235

However, as UVB light causes photodamage of DNA 
and is thus a risk factor for skin malignancies, it is wise to 
avoid excess exposure to sunlight (even more so in young 
children) and to advocate systematic vitamin D supple-
mentation of all infants and young children. Whereas 
widespread vitamin D deficiency in infants was recog-
nized and prevented in the beginning of the twentieth cen-
tury, a similar endemic deficiency in the elderly was only 
recognized and addressed at the end of the same century.

The metabolism of 25OHD into 1,25(OH)2D and 
24,25(OH)2D is tightly controlled by hormones, ions, 
and humoral factors. The plasma concentration of 
1,25(OH)2D is therefore regulated as a true hormone 
(Table 59-4), and measurements of its concentration can 
be useful for clinical exploration of unusual cases of rick-
ets, osteopenia, and hypo- or hypercalcemia.234,236 The 
serum concentration of 24,25(OH)2D and 25,26(OH)2D 
usually reflects the concentration of 25OHD and therefore 

TABLE 59-3 Plasma Concentration of 25OHD

Normal Fluctuation According to:

Dietary intake (+)*
Sun (UV light) exposure (+) influenced by seasonal lifestyle  

and cultural habits
Age (–)
Skin pigmentation (–)
Latitude (–)
Sunscreen use (–)
Polymorphism of genes for DBP/Gc, 7-dehydrocholesterol-delta-

7-dehydrogenase, CYP2R1, and maybe CYP24A1

Increased 25OHD Concentration

Exposure to pharmaceutical vitamin D†

Excess exposure to nutritional vitamin D
Excess exposure to UV light

Decreased 25OHD Concentration‡

Combined deficiency of access/exposure to nutritional vitamin D 
and UV light
Major Risk Groups Include:
Infants, especially when born in late winter
Women and children of immigrants with pigmented skin living 

in temperate climates
Elderly population with limited mobility
Subset of population with low exposure to sunshine because of 

socioeconomic, religious, or cultural reasons
Decreased intestinal absorption of vitamin D associated with fat 

malabsorption (e.g., associated with biliary cirrhosis)
Short bowel syndrome or gastric bypass surgery
Exocrine pancreas insufficiency
Gluten enteropathy
Increased loss or catabolism of vitamin D
Nephrotic syndrome
Chronic liver P450 activation by drugs (e.g., barbiturates or 

antiepileptic drugs)
Low calcium intake or absorption

*Positive or negative effects are indicated by + or –, respectively.
†Vitamin D toxicity with hypercalciuria, hypercalcemia, nephrocalci-

nosis, kidney stones, metastatic calcification, etc., are only observed 
if 25OHD concentrations exceed 100 ng/mL. Without access to 
pharmaceutical vitamin D, the acquisition of clinical vitamin D 
toxicity is unlikely.

‡For definition of vitamin D insufficiency or deficiency, see the chapter-
recommended daily intake and Table 59-5.
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does not contribute additional valuable clinical informa-
tion. The 25OHD- and 1,25(OH)2D-lactone concentra-
tions are only increased in case of important substrate 
excess, but their measurement is not (yet) introduced in 
clinical practice.

All vitamin D metabolites are tightly bound to DBP. 
Because the hepatic 25-hydroxylase activity is not feed-
back regulated, the free (or total) 25OHD concentration 
is largely fluctuating according to substrate supply. In 
contrast, renal 25OHD-1α-hydroxylase is tightly con-
trolled, and because the access to VDR in target tissues is 
dependent on the circulating free concentrations, free and 
not total 1,25(OH)2D concentration is important.85,237 
The circulating DBP concentration is fairly stable, except 
when stimulated by estrogens (or pregnancy) or decreased 
by reduced synthesis (liver cirrhosis) or increased urinary 
loss (nephrotic syndrome). The major arguments for the 

importance of free rather than total 1,25(OH)2D are: 1) 
in vitro experiments (biological activity of 1,25[OH]2D 
on cultured cells),238,239 and 2) in vivo observations such 
as increased steady-state concentration of 1,25(OH)2D 
without signs of increased action during chronic estrogen 
use or in animals immunized against 1,25(OH)2D-hap-
ten-protein complex.240

Measurements of the serum concentration of several 
vitamin D metabolites may be essential for clinical or 
research purposes.233,236,241 Most techniques require a 
lipid extraction to free these compounds from their bind-
ing proteins (especially DBP). In view of the high molar 
extinction of vitamin D, UV absorptiometry can be used 
for measurement of vitamin D2, vitamin D3, or 25OHD 
after high-performance liquid chromatography (HPLC). 
However, competitive-binding assays or radioimmuno-
assay (RIA) are preferred for measurements of 25OHD, 
1,25(OH)2D, or 24,25(OH)2D.234 These assays remain 
difficult, as demonstrated by remarkably poor intralabo-
ratory and especially interlaboratory quality-control stud-
ies.242,243 The major problem of routine 25OHD assays is 
accuracy,242,244 as the definition of vitamin D deficiency 
or insufficiency is defined in absolute concentration. Tan-
dem mass spectrometry after liquid chromatography and 
serum extraction is now the gold standard for 25OHD 
and 1,25(OH)2D.245,246

Recommended Daily Intake and Clinical  
Use of Vitamin D
Vitamin D Status and Bone
Inborn diseases related to vitamin D production, metab-
olism, or action (see Chapter 67) are very rare clinical 
events, but simple vitamin D deficiency is extremely fre-
quent worldwide, and the full scope of its prevalence 
has only recently been appreciated.17,25,38,247 Vitamin D 
excess only occurs rarely in the context of excess intake 
of vitamin D and is thus usually iatrogenic but potentially 
lethal. Before the discovery of the dual origin of vitamin D  
and the introduction of vitamin D supplementation 
of infants and children, rickets was highly prevalent 
among the poor in many European cities but also in 
children of wealthy families (see Chapter 71). The opti-
mal dosage was determined over time, largely on a trial-
and-error basis, because this happened well before even 
the concept of randomized clinical trials was conceived. 
The vitamin D content of 1 teaspoon of cod liver oil 
(later found to contain the equivalent of 400 IU of vita-
min D3) was discovered to be efficient and sufficient to 
prevent endemic rickets. One RCT showed that vita-
min D supplementation (400 IU/day for 18 months) 
could totally prevent new rickets in young Turkish 
children.248,249 Subsequently, a dose of 200 to 400 IU/
day was considered protective. The recommended daily 
supplement for children was increased in 2008 to 10 μg 
or 400 IU of vitamin D3/day by the American Academy 
of Pediatrics.250 No well-designed prospective or ran-
domized trials have ever used serum levels of 25OHD 
to define the minimal threshold for preventing or cur-
ing rickets. In clinical case studies, serum 25OHD levels 
found in simple vitamin D-deficiency rickets are well 
below 10 ng/mL and are usually even below 5 ng/mL.247 

TABLE 59-4 Plasma Concentration of 1,25(OH)2D

Decreased Concentrations Increased Concentrations

Substrate Deficiency* Substrate Excess†

(e.g., nutritional rickets,  
intestinal malabsorption)

25OHD-1α-Hydroxylase 25OHD-1α-Hydroxylase
Enzyme Deficiency Enzyme Excess
Inborn: Vitamin D-dependent 

rickets
Primary or tertiary  

hyperparathyroidism
Organic: Renal insufficiency 

or anephric patients
Functional:
Hypoparathyroidism
Pseudohypoparathyroidism
Hypomagnesemia
Tumoral osteomalacia
Hypercalcemia of malignancy
Hyperthyroidism
Addison’s disease (acute)
Severe insulin deficiency
X-linked hypophosphatemia
Rhabdomyolysis
Tumoral calcinosis

Hypothyroidism
Glucocorticoid excess
Acromegaly
Granulomatous diseases
Idiopathic hypercalciuria
Hypophosphatemic rickets  

type 2 (+hypercalciuria)
Pregnancy
Nutritional calcium deficiency
Williams’ syndrome
Mutations of CYP24A1

DBP Deficiency DBP Excess
Fetus Pregnancy
Nephrotic syndrome Oral estrogen use
Liver cirrhosis

End-Organ Resistance
True vitamin D resistance (so-

called vitamin D-dependent 
rickets type 2)

DBP, Vitamin D binding protein.
*In many cases of rickets or osteomalacia, 1,25(OH)2D concentrations 

are still measurable or even nearly normal. This may be because 
of recent (and insufficient) access to vitamin D after long-term 
vitamin D deficiency. Nevertheless, such concentration is too low 
in comparison with the degree of secondary hyperparathyroidism. 
In any event, 25OHD is a better marker for vitamin D deficiency 
than 1,25(OH)2D. A similar situation is observed in hypothyroidism 
when precursor hormone T4 is a better marker for clinical hypothy-
roidism than the real hormone, T3.

†Vitamin D excess only increases serum l,25(OH)2D when renal func-
tion remains normal and/or PTH secretion is elevated. Frequently, 
l,25(OH)2D levels are low or normal in vitamin D toxicity.

Monocyte activation can result in extrarenal synthesis of l,25(OH)2D, 
such as in sarcoidosis, tuberculosis, foreign body inflammation, 
lymphopenia, and some fungal infections.
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Despite the cheap and effective strategies to prevent 
rickets, many countries or regions around the world are 
still facing endemic rickets affecting even a few percent 
of the infants or children,251 especially in many Islamic 
countries, in Mongolia and rural China, in children of 
immigrants in Western Europe, or in children born to 
mothers living in areas with a high frequency of vita-
min D insufficiency in general.252 The disease preva-
lence or severity may be aggravated by simultaneous 
poor dietary calcium intake, such as in many African 
countries.247 Poor vitamin D status in perinatal life or 
during childhood may also predispose to lower bone 
mass and perhaps to other clinical consequences much 
later in life.253,254

Vitamin D is also known to be essential for bone 
integrity later in life, and most studies have focused on 
the elderly or postmenopausal women. The idea for this 
role came from repeated and well-documented cross-
sectional studies linking increasing PTH serum levels 
with increasing age and decreasing 25OHD levels. 
To define an optimal 25OHD level for optimal bone 
health, numerous studies have looked at surrogate end 
points (Table 59-5), but fortunately several interven-
tion studies are now also available, including several 
meta-analyses of these data.38 Indeed, several surrogate 
end points have been evaluated to define a minimal or 
optimal threshold for 25OHD. Serum concentrations 
of 1,25(OH)2D are normalized when serum 25OHD 
exceeds 20 ng/mL in adults. PTH has been extensively 
used as a surrogate marker for defining optimal vitamin 
D status as PTH is increased in vitamin D deficiency. The 
threshold of 25OHD, below which serum PTH starts 
to increase, varies between 12 and 40 ng/mL in a large 
number of cross-sectional studies,32 but serum PTH 
after vitamin D supplementation decreases only when 
baseline 25OHD levels were below 20 ng/mL.32,255  
Active intestinal calcium absorption is the primary tar-
get for vitamin D action and would thus represent an 

ideal surrogate end point for defining 25OHD levels. 
Cross-sectional data suggested a minimal 25OHD level 
of 32 ng/mL for optimal calcium absorption but used 
a poor procedure to measure calcium absorption.256,257 
Other large cross-sectional studies could not identify a 
true 25OHD threshold but only a relation with serum 
1,25(OH)2D, either in adults258 or adolescents.259 
Intervention studies with vitamin D supplementa-
tion showed no260 or only a minimal258,261 increase 
in active intestinal calcium absorption in subjects 
with baseline 25OHD levels above 10 to 20 ng/mL.  
Cross-sectional data on 25OHD and bone mineral den-
sity (BMD) values could not demonstrate a strong cor-
relation; this may be a result of a long lag time between 
vitamin D intake and bone turnover or bone mass. 
Lower BMD levels, however, were observed in sub-
jects with the lowest 25OHD levels (<12 ng/mL).32,262  
Fracture prevalence in cross-sectional or prospec-
tive studies according to 25OHD levels showed that 
a higher fracture risk is associated with single-point 
measurements of 25OHD levels below 20 ng/mL.263 
Finally, intervention studies with vitamin D and/or cal-
cium supplements are most relevant to define the opti-
mal vitamin D status. A large number of studies have 
addressed this question, but only a limited number 
can be classified as well-designed randomized trials. 
Several meta-analyses reported slightly different con-
clusions.38,264 Vitamin D alone, administered to post-
menopausal or elderly subjects, cannot reliably reduce 
hip-fracture incidence,248,265 and oral calcium supple-
mentation alone also demonstrates no clear benefit 
on hip-fracture risk, with one study even showing an 
increased risk.217,266 Combined vitamin D and calcium 
supplementation, however, can reduce hip-fracture risk 
by about 20%, with a similar reduction on other non-
vertebral fractures.38,265,267 In most of these studies, a 
vitamin D dosage of 800 IU/day was more efficient than 
400 IU/day.264 It thus seems that only combined high 
calcium intake (>1 g/day) and vitamin D supplementa-
tion (≥800 IU/day) were shown to be efficient for frac-
ture reduction in target populations of elderly subjects, 
with the greatest effect in institutionalized patients. 
The corresponding 25OHD level is more disputed, 
mainly owing to the lack of accuracy of 25OHD assays 
in older studies and the confusion about optimal (mini-
mal) 25OHD in individual subjects and mean popula-
tion levels. Because most intervention studies conclude 
that serum 25OHD levels increase by about 1 ng/mL 
for each additional 100 IU of vitamin D supplement 
per day,268-270 serum 25OHD levels (calculated from 
the baseline population level and the expected increase 
of 8 ng/mL for an 800 IU/day supplement), reached 
during the vitamin D intervention studies with positive 
fracture effects, can be estimated as greater than 20 
ng/mL in most adults.271,272 The amount of vitamin D 
needed to obtain a minimal 25OHD level above 30 ng/
mL, of course, depends on the baseline 25OHD level 
and accesses to UVB and dietary vitamin, but this level 
is difficult to achieve in more than 80% of postmeno-
pausal women even on a high dose supplementation 
(>4000 IU/day).272

TABLE 59-5 Strategies and Randomized Clinical 
Studies to Define Optimal Vitamin D Status for 
Bone Health38

Hard End Points

Placebo-controlled intervention studies to prevent fractures: daily 
supplement of 800 IU of vitamin D3 per day (plus good calcium 
intake) will bring serum 25OHD to greater than 20 ng/mL in 
most postmenopausal Caucasian women and will reduce fracture 
and fall risk by about 20%

Surrogate End Points for Optimal Serum 25OHD Levels Based on RCTs

25OHD of >15 ng/mL normalizes serum 1,25(OH)2D levels in 
adults with normal kidney function

25OHD of > 20 ng/mL normalizes serum PTH levels of normal 
adults

25OHD >10-20 ng/mL optimizes active intestinal calcium  
absorption

25OHD >20 ng/mL optimizes BMD of adults/elderly subjects 
(no further improvements by additional vitamin D  
supplementation)

BMC, Bone mineral content; BMD, bone mineral density;  
PTH, parathyroid hormone.
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The use of very high intermittent doses of vitamin D 
(>300,000 IU) to increase compliance should be avoided, 
as at least two studies showed an increased (transient) 
risk of falls or fractures.273,274

Vitamin D Status and Extraskeletal Effects
Although it is highly plausible that the vitamin D endo-
crine system has a number of extraskeletal target genes 
and tissues, and there are ample data supporting an asso-
ciation of poor vitamin D status and a large number of 
major human diseases, the causal relationship between 
vitamin D status and these diseases, the potential benefits 
of vitamin D supplementation, and the threshold dosages 
or serum 25OHD levels needed for such effects are still 
unclear.38,215

For muscle function and falls, vitamin D supplements 
of 700 to 1100 IU/day were found to be modestly efficient, 
and serum 25OHD levels obtained by such interventions 
would be very similar to minimal 25OHD levels that 
seem to be effective for fracture reduction. For immune 
and cardiovascular effects, as well as for potential effects 
on cancer risks, no data, limited data, or controversial 
intervention data are available.38,215 Observational data 
show that the greatest risks are observed in subjects with 
baseline 25OHD levels below 20 ng/mL. However, most 
cross-sectional studies also indicate that higher 25OHD 
levels (>30 to 40 ng/mL) are associated with the great-
est risk reduction for cancer, autoimmune diseases, and 
metabolic end points.17 It is unlikely that these higher 
25OHD levels increase serum 1,25(OH)2D above the lev-
els found when substrate 25OHD exceeds 20 ng/mL, so 
the working hypothesis is that such higher 25OHD levels 
would be needed to allow local paracrine production of 
1,25(OH)2D. Although this is plausible, direct proof for 
this concept is still unresolved.

What are the options for vitamin D supplementation 
based on the available information? For infants and chil-
dren, a daily intake of 400 IU/day should be assured from 
early life until adolescence, because this supplementation 
can prevent vitamin D-deficiency rickets. Real-life imple-
mentation is far from ideal in at-risk groups in Western 
countries and in many regions of the world where expo-
sure to sunlight is minimal for geographic or sociocul-
tural reasons. For elderly subjects, and probably also for 
all adults, the minimal 25OHD level associated with the 
lowest risk for fractures, falls (based on intervention stud-
ies), and a number of major diseases (based on epidemio-
logic surveys) is above 20 ng/mL. This can be achieved by 
increasing vitamin D intake by 800 IU/day or the equiva-
lent per week or per month.275 In populations with bet-
ter 25OHD baseline levels, 400 IU/day can be sufficient, 
and in some countries or regions of the world with mean 
25OHD levels of 30 ng/mL, no vitamin D supplements 
may be needed. Alternative sources of vitamin D such as 
fatty fish are not a practical solution for many millions of 
mildly vitamin D-deficient subjects. Higher exposure to 
UVB light could certainly improve the vitamin D status 
but cannot be recommended for subjects with a fair-skin 
phototype (phototypes 1, 2) because of lifetime risk of 
photodamage or skin cancer. Of course, for a number of 
patients with specific diseases (see Table 59-3), a higher 

dose of vitamin D or 25OHD or 1,25(OH)2D is needed 
because of poor intestinal absorption, increased catabo-
lism, or impaired metabolism. Indeed, intestinal malab-
sorption of fat-soluble vitamins interrupts the absorption 
of vitamin D and therefore requires either substitution 
with large amounts of vitamin D or more physiologic 
doses (10 to 20 μg/day) of the more soluble 25OHD. A 
low calcium intake can markedly (twofold) increase the 
catabolism of 25OHD and will thus facilitate substrate 
deficiency if the “nutritional” supply is marginal.276

There are a number of arguments that 25OHD levels 
above 30 to 40 ng/mL may provide additional benefits for 
bone, muscle, and noncalcemic end points. To reach such 
levels in more than 97% of the population, daily supple-
ments of at least 2000 IU/day (and usually more) would 
be needed, with or without substantially greater exposure 
to UVB.257 Because severe vitamin D toxicity is usually 
observed only when 25OHD levels exceed 100 ng/mL, 
such levels of 30 to 40 ng/mL are probably safe. However, 
randomized, large-scale, long-term studies with supple-
ments of 2000 IU/day have not yet shown major benefits, 
and such doses were only evaluated in a few hundred sub-
jects for less than 2 years.38,277 As a reminder of possible 
toxicity, it is worth remembering that a mild but signifi-
cant increase in kidney stones was observed in the WHI 
trial when calcium supplements were combined with at 
least 400 IU/day of vitamin D for 7 years.180 Moreover, 
subjects with mutations in CYP24A1 are prone to hyper-
calciuria, kidney stones, and hypercalcemia when exposed 
to vitamin D. A causal relationship between vitamin D 
status and more major diseases has still to be proven, so 
it seems wise to defer recommendations for a generalized 
vitamin D intake above the present upper limits. How-
ever, in view of the solid hypotheses generated by obser-
vational studies, appropriate randomized controlled trials 
with multiple end points are ongoing (dealing with more 
than 70,000 subjects), and results are expected between 
2015 and 2020.38,278

Worldwide Vitamin D Status
Serum 25OHD levels, as the best marker for vitamin D 
status, vary widely in different populations around the 
world, and the frequency of vitamin D deficiency or insuf-
ficiency (Table 59-6) varies accordingly. In an extensive 
meta-analysis of cross-sectional studies on serum 25OHD 

TABLE 59-6 Vitamin D Nutritional Status as 
Described by Circulating Levels of 25OHD

Serum 25OHD

Nutritional Statusng/mL nmol/L

<10 <25 Severe vitamin D deficiency
10-20 25-50 Vitamin D deficiency
>20* >50* Vitamin D sufficiency
>∼100 >∼250 Risk for toxicity

Different opinions exist for defining the minimal threshold for 
optimal 25OHD levels; 30 ng/mL or 50 nmol/L is suggested by 
others.38,270,313,314

*Optimal vitamin D status defined by serum 25OHD levels.
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levels in healthy subjects around the world (394 studies), 
average serum 25OHD levels were 21 ng/mL. Caucasians 
exhibited slightly higher levels than non-Caucasians,279 
but this may be biased, because 25OHD levels are lower 
in subjects with darker skin when living in moderate cli-
mate zones. Older subjects (>75 years), as well as young 
children (<15 years), presented with lower 25OHD lev-
els.33 Latitude produced only a minimal effect, demon-
strating that apart from potential exposure to UVB light, 
many other factors—skin pigmentation, lifestyle, and 
nutritional factors—define vitamin D status. In more 
homogenous populations, the expected North-South gra-
dient has been confirmed (e.g., in France),280 whereas for 
all European populations, the North-South gradient was 
reversed, probably because of high fish intake in Scan-
dinavian countries and differences in sun-seeking behav-
ior.281,282 In North America, NHANES data confirm 
that 25OHD (after adjustment for assay drift) decreased 
from mean levels of 27 to 24 ng/mL from 1988 through 
1994 to 2002 through 2006, respectively.283 Lower lev-
els were found in African-Americans in comparison with 
other ethnic groups, and higher BMI was also associated 
with lower 25OHD levels. Mean levels in adult or elderly 
men from different continents (United States, Europe, 
and Asia) are remarkably similar at 25 ng/mL.284,285 In 
some countries, however, mean levels can be low.34,286-288 
Lower levels are usually observed in obese subjects or in 
those with special risk factors (see Table 59-3). Low lev-
els are also frequent in pregnant women and their infants, 
and this poses an additional risk in view of the potential 
late consequences of perinatal vitamin D deficiency.248

It is therefore obvious that mild vitamin D deficiency 
(see Table 59-6), even when defined conservatively as 
25OHD levels less than 20 ng/mL, is widespread world-
wide and can affect about one third (United States) to half 
of the world population. When insufficiency is defined by 
25OHD levels less than 30 ng/mL, then more than half 
of the healthy U.S. population (based on NHANES data) 
and about two thirds of the European population (and 
even more in most Muslim countries) would be vitamin D 
insufficient.17,289 It is therefore imperative that the health 
consequences of vitamin D status should be better evalu-
ated. All experts agree that the most severe forms of vita-
min D deficiency (see Table 59-6) should be corrected by 
appropriate strategies.38,290

THERAPEUTIC POTENTIAL OF 1,25(OH)2D 
ANALOGUES
The combined presence of 25OHD-1α-hydroxylase48 and 
VDR in several tissues introduced the concept of a para-
crine role for 1,25(OH)2D.291 These newly discovered 
functions of 1,25(OH)2D create possible new therapeutic 
applications for immune modulation (e.g., for the treat-
ment of autoimmune diseases or the prevention of graft 
rejection), inhibition of cell proliferation (e.g., psoriasis), 
and induction of cell differentiation (cancer). To achieve 
growth inhibition or cell differentiation, supraphysiologic 
doses of 1,25(OH)2D are needed, causing calcemic side 
effects. Therefore, new analogues of 1,25(OH)2D have 
been developed to dissociate the antiproliferative and 

prodifferentiating effects from the calcemic and bone-
metabolism effects.292

The secosteroid 1,25(OH)2D, with its open B ring and 
side chain of 8 carbon atoms, is a very flexible molecule, 
and many (several thousand) modifications have been 
introduced in the A, B, C, and D rings and in the side 
chain by addition or transposition of hydroxyl groups, 
introducing unsaturation, replacing a carbon atom with a 
hetero atom, inverting the stereochemistry, and/or short-
ening or lengthening the side chain and by synthesis of 
nonsteroidal analogues.292-295 No single mechanism can 
explain the exact mechanism of superagonistic and selec-
tive activity profile (calcemic vs. noncalcemic effects) of 
the new vitamin D analogues. Most of the biological 
effects of 1,25(OH)2D are believed to be mediated via 
binding to the VDR, but surprisingly the binding affinity 
of the analogues to VDR does not always correlate with 
their potency. Some analogues extend the VDR half-life 
and induce different conformational changes to the VDR-
ligand complex as assessed by limited proteolytic diges-
tion and site-directed mutagenesis.296,297 However, most 
analogues bind to the ligand-binding pocket of the VDR 
without major modifications of the surface of the ligand-
binding domain of the receptor.293,295,298 Nevertheless, 
the superagonists are able to enhance gene transcription 
at the level of coactivator recruitment or activity. The 
selective action of analogues, however, requires different 
mechanisms, such as a different metabolism in different 
target cells or cell- or gene-specific regulation, depend-
ing on the VDR (e.g., homo-heterodimer configuration 
induced by specific analogues, presence or selective inter-
action with coactivators or repressor protein, etc.).292,299 
Some analogues are selective agonists or antagonists for 
nongenomic rapid actions while being devoid of signifi-
cant genomic activity.300 Because for other steroid hor-
mones (e.g., estrogens, androgens, glucocorticoids), it is 
now well established that analogue-specific gene regula-
tion can be generated by chemical modification of the 
parent ligand molecule, it is likely that among the many 
powerful selective vitamin D analogues, at least some will 
be found clinically useful for noncalcemic indications.

Bone Disorders
The role of vitamin D or its metabolites in the treatment of 
bone disorders characterized by defective mineralization, 
such as rickets and renal osteodystrophy, is well estab-
lished. The vitamin D analogue, 2β-(3-hydroxypropoxy)-
1,25(OH)2D (ED-71 or eldecalcitol), was found to be 
more potent than 1,25(OH)2D in rodents and it increased 
bone mineral mass and density, and it reduced vertebral 
fractures in a phase III trial in Japanese postmenopausal 
women.145,301 Another vitamin D analogue, 2MD, was 
also very efficient for treatment of ovariectomy-induced 
bone loss in rats.146

Renal Osteodystrophy
Bone disease in patients with chronic renal failure results 
from a complex set of mechanisms such as impaired 
1,25(OH)2D synthesis, vitamin D resistance, secondary 
hyperparathyroidism, increased FGF-23, and abnormal 
mineral handling (hyperphosphatemia, aluminum or 
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fluoride excess, acidosis). Although 1α(OH)D3 or 1α(OH)
D2 and 1,25(OH )2D are widely used for the prevention 
and cure of renal osteodystrophy, several analogues have 
been evaluated for this indication, with the aim of better 
PTH suppression with less risk for inducing hypercalce-
mia or hyperphosphatemia. Paracalcitol is widely used in 
the United States for control of secondary hyperparathy-
roidism. Its use was also associated with a lower rate of 
cardiovascular and overall mortality in comparison with 
patients receiving 1,25(OH)2D or no vitamin D treat-
ment.302 These results have been confirmed in a large 
number of similar nonrandomized studies, possibly biased 
by unequal patient selection, but prospective randomized 
clinical trials have not yet addressed this question.

Skin
The epidermis is a unique tissue in that it can produce 
vitamin D and can metabolize it into all important 
metabolites, and in addition it is also very sensitive to 
1,25(OH)2D. Calcitriol at pharmacologic concentrations 
potently induces growth arrest and differentiation of the 
epidermal keratinocyte.303 The profound effects of cal-
citriol on keratinocyte proliferation and differentiation 
have led to the application of vitamin D analogues for 
skin diseases with disturbed keratinocyte proliferation 
and differentiation, primarily psoriasis.304 Topical vita-
min D analogues that display decreased calcemic activity 
(calcipotriol and tacalcitol) are now widely used for mild 
to moderate forms of psoriasis. Monotherapy with these 
vitamin D compounds achieves an equal effectiveness as 
topical medium-potency glucocorticoids, without a risk 
for skin atrophy. Mild irritation is the only frequently 
observed side effect.304 During treatment with vitamin D 
analogues, the abnormal epidermal homeostasis is fully 
restored: keratinocyte proliferation is inhibited; the per-
turbed psoriatic differentiation profile is normalized, with 
a decrease of the premature expression of involucrin and 
type I transglutaminase and enhancement of filaggrin 
expression305; and the aberrant expression of cell adhesion 
molecules (integrins, ICAM1) also returns to normal.306 
The concomitant decrease of the inflammatory infiltrate 
is, however, incomplete,305,306 which may account for the 
residual redness of the lesions after completion of therapy. 
This can, however, be further improved by combination 
with the topical use of corticosteroids.

Other Extraskeletal Effects of Vitamin D Analogues
A large number of 1,25(OH)2D analogues have been 
developed with potent antiproliferative and prodifferenti-
ating effects on cancer cells in vitro163 and reduced effects 
on calcium and bone metabolism.292 Several potent ana-
logues have already been tested in animal models for the 
treatment of different cancers.175 Although oral seocalci-
tol (EB 1089) was initially very promising in animal mod-
els and in early human studies, it did not provide clear 
benefits in later studies involving patients with advanced 
pancreatic and hepatocellular carcinomas. Large doses 
of oral 1,25(OH)2D administered in combination with 
taxol to patients with advanced prostate cancer was 
found to increase survival and to decrease the risk of 
thrombosis,307 but a phase III trial in similar patients was 

stopped early for as-yet unknown reasons. Some other 
analogues are still in early clinical development for a vari-
ety of cancers, usually in combination with conventional 
chemotherapeutics.308

The detection of VDR in almost all cells of the immune 
system, especially antigen-presenting cells (macrophages 
and dendritic cells) and activated T lymphocytes, led to 
the investigation of a potential for 1,25(OH)2D as an 
immunomodulatory.309-311 Vitamin D supplementation 
is now actively explored in several clinical trials for the 
stimulation of the natural immune defense and as adju-
vant treatment of tuberculosis or other infectious diseases. 
Similar studies have started for the prevention of major 
autoimmune diseases. However, vitamin D analogues, 
although effective in animal models of autoimmunity, 
have not reached the stage of clinical trials in humans.

Because the prostate is both a VDR- and CYP27B1-
expressing tissue, a vitamin D analogue, elocalcitol, was 
evaluated in animal models of inflammatory prostate 
diseases and subsequently in patients with benign pros-
tate hyperplasia, with modest beneficial effects requiring 
confirmation in large-scale clinical trials.312

SUMMARY
Vitamin D is a secosteroid and is produced in the skin 
from a cholesterol precursor, 7-dehydrocholesterol, dur-
ing exposure to short-wave UVB sunlight. However, 
these UVB photons can also damage the skin and increase 
the risk for photoaging and skin cancer. Vitamin D can 
also be obtained from external sources such as fatty fish 
or vitamin D-enriched foods of 1,25(OH)2D. This steroid 
hormone acts via a ligand-activated nuclear transcription 
factor present in almost all cells, and it regulates a large 
number of genes involved in calcium and bone homeo-
stasis. However, numerous other genes (estimated as 3% 
of the human genome), involved in cell-cycle control, 
cell differentiation, or cell function (e.g., in the immune 
system), are also under the direct or indirect control of 
1,25(OH)2D. Moreover, 1,25(OH)2D also induces sev-
eral rapid and transient nongenomic biochemical reac-
tions typically involved in second messenger signaling in 
a variety of cells.

Two essential vitamin D target tissues have been 
identified based on VDR knockout experiments:  
1) the intestine for calcium and phosphorus absorption 
and secondarily for calcium and phosphate homeostasis 
and bone mineralization, because VDR or vitamin D defi-
ciency results in rickets or osteomalacia; and 2) the skin, 
especially the hair follicle (for postnatal hair growth), 
because VDR-null mice and man develop total alopecia. 
Many other tissues involved in calcium transport (kidney, 
bone, growth plate) or serum calcium homeostasis (para-
thyroid gland) are targets of the vitamin D endocrine sys-
tem. The vitamin D endocrine system primarily protects 
serum calcium homeostasis in close interaction with PTH, 
and in the case of severe calcium deficiency it may even 
produce deleterious effects on bone (increased resorption 
and impaired mineral deposition) as to maintain serum cal-
cium homeostasis. Moreover, 1,25(OH)2D results in non-
calcemic effects in nearly all cells or tissues, and vitamin D 
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deficiency is associated with a large number of major dis-
eases such as: 1) abnormal immune homeostasis (decreased 
native immune defense and increased risk of autoimmune 
diseases); 2) increased cell proliferation and increased risk 
of cancer; 3) cardiovascular risk factors (increased risk of 
hypertension by loss of vitamin D hormone or action) or 
metabolic diseases (all aspects of the metabolic syndrome); 
and 4) muscle dysfunction (increased risk of falls).

Vitamin D was discovered at the beginning of the 
twentieth century, and vitamin D supplementation of 200 
to 400 IU/day led to the eradication of the widespread 
endemic disease called rickets. At the end of the twentieth 
century, it became clear that vitamin D deficiency was 
still widely extant, especially in the elderly and in subjects 
with poor exposure to sunshine and nutritional vitamin D  
(immigrants with dark skin, people with poor skin expo-
sure to sunlight because of sociocultural reasons; see 
Chapter 71).

The definition of optimal vitamin D nutritional status 
is not finally settled, but all experts agree that at least 
a 25OHD level of 20 ng/mL (= 50 nmol/L) should be 
reached in all adults. Lower vitamin D status increases the 
risk for falls and osteoporotic fractures and is associated 
with a large number of human diseases. However, supple-
mentation with 600 to 8000 IU of vitamin D3 per day can 
reduce the risk of fractures and falls in the elderly, and 
supplementation may provide other beneficial effects. It is 
therefore imperative that a widespread supplementation 

program be organized for all risk groups. Finally, future 
randomized clinical trials should generate the data to define 
the best vitamin D status for not only bone but also for  
global health.

Chemical modifications of the parent 1,25(OH)2D 
molecule, in line with ligands for other nuclear recep-
tors, generated several thousand analogues, some of 
which have a superagonistic and/or selective activity 
profile or are VDR antagonists. A few analogues are 
already in use for the treatment of hyperproliferative 
skin disorders, secondary hyperparathyroidism, and 
renal osteodystrophy.
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Despite its rigid and inert appearance, bone is an 
extremely dynamic tissue that develops and maintains 
the skeleton to fulfill at least five primary functions in 
the higher vertebrates: (1) The skeleton provides the cru-
cial level arms that allow muscular activity to generate 
movement; (2) the skeleton provides rigid protection for 
internal organs, including the brain and spinal cord; (3) 
the skeleton is the site for storage and controlled systemic 
release of calcium and other ions, essential for electrolyte 
homeostasis of the extracellular fluid; (4) bones house the 
bone marrow and participate in the genesis of hemato-
poietic cells by providing the essential stromal/osteogenic 
niches that interact with hematopoietic precursors; and 
(5) the skeleton signals in ways that contribute to insulin-
glucose homeostasis.

A series of distinct cell types control the development 
of bone and regulate its functions. Skeletal development 
and growth is driven to a large extent by the differentia-
tion of chondrocytes that form and make up cartilage, 

and of osteoblasts that build mineralized bone. Postna-
tally, the skeleton is continuously turning over in a pro-
cess called bone remodeling. In this process, packets of 
bone are constantly being removed and replaced to meet 
the skeleton’s mechanical demands by providing maxi-
mal strength for minimal material, while at the same time 
allowing the repair of microcracks and the accretion and 
release of calcium and phosphate. The principal cellular 
players in this process are the bone-forming osteoblasts 
and the osteoclasts, giant multinuclear cells derived from 
hematopoietic precursors that break down (resorb) bone. 
The quantitatively dominant cell type in adult bone, and, 
in many ways, the master cell that coordinates the activ-
ity of the others is the osteocyte, derived from osteoblasts 
and buried within the bone matrix. The role of osteo-
cytes is not fully understood but includes the sensing of 
mechanical forces, the regulation of bone formation and 
resorption, and the regulation of calcium and phosphate 
homeostasis. Bone development and maintenance are 
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 •  Skeletal development requires rigorous control of cellular differentiation by complex 
molecular signaling networks.

 •  Bone health is maintained by a balanced process of bone remodeling that takes place 
throughout life.

 •  When the control of bone remodeling is lost, by changes in endocrine or local factors 
or in the mechanical loading of the skeleton, bone mass usually decreases, leading to 
osteoporosis.
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closely associated with and dependent on angiogenesis, 
putting vascular endothelial cells in the picture as the 
fifth crucial cell type in bone. Over past decades, inten-
sive research has focused on the cellular and molecular 
control of bone development and remodeling. In vitro 
cell systems have been extremely instructive, but recent 
advances have largely been driven by insights derived 
from genetically altered mice and lessons from human 
inherited disorders. This chapter reviews the main path-
ways that are currently known to govern the development 
of bone and the process of bone remodeling in the adult.

SKELETAL DEVELOPMENT

Mechanisms of Bone Development
During embryonic development, the skeleton is established 
by the coordinated formation of well over 200 separate 
bones at sites distributed all over the body. Two dis-
tinct mechanisms are responsible for the development of 
bones—intramembranous and endochondral ossification—
both of which depend on the coordinate growth, differ-
entiation, function, and interaction of various cell types. 
Intramembranous ossification is responsible primarily for 
the formation of most of the craniofacial elements and 
much of the scapulae and clavicles, as discussed later in 
the chapter. In contrast, all the long bones of the limbs 
and the vertebrae and ribs of the trunk develop through 
endochondral ossification. This term connotes the forma-
tion of mineralized bone through the deposition of true 
bone matrix on top of scaffolding cartilaginous anlagen.

Intramembranous Ossification
The cranial and facial bones are derived largely from the 
neural crest through the process of intramembranous bone 
formation. In areas where bones are formed, mesenchy-
mal precursor cells aggregate and form regions of high cell 
density called condensations, which represent outlines of 
future skeletal elements. In intramembranous bones, the 
cells in these condensations then differentiate directly into 
osteoblasts that deposit “osteoid” or bone matrix rich in 
type 1 collagen, a process that occurs in close spatial inter-
action with vascular tissue. As the osteoblasts mature, 
the bone matrix becomes progressively mineralized. 
Terminally differentiated osteoblasts eventually become 
entrapped in the bone as osteocytes. Through modeling 
and remodeling (see later), the respective bones will reach 
their final shape and size. Membranous bones that derive 
as such from condensations that never form chondrocytes 
during development are restricted to the flat bones of the 
skull (calvarial bones and mandibles) and parts of the 
clavicles and scapulae.1-5 The subperiosteal bone collar 
or provisional cortex of long bones can be considered to 
form also by intramembranous bone formation, because 
the osteoblasts in this region differentiate directly from 
the perichondrial/periosteal mesenchyme and form bone 
adjacent to, instead of directly upon, a cartilage-derived 
matrix (see later). Of note, unlike the formation of intra-
membranous bone directly from condensations, the for-
mation of this ‘intramembranous’ bone in the long bones 
is regulated by signals from the chondrocytes, so can be 
thought of developmentally as part of endochondral bone 

formation. Intramembranous bone formation also occurs 
during bone repair after fracture, particularly when the 
bones are stabilized (fixed).6-8

Endochondral Ossification
Endochondral ossification is the mechanism responsible 
for the formation of all long bones of the axial skeleton 
(vertebrae and ribs) and the appendicular skeleton (limbs). 
Most of the axial skeleton is derived from cells of the par-
axial mesoderm that condense early in embryogenesis on 
both sides of the neural tube and the notochord. Some 
cells of this mesoderm form segmented structures called 
somites, portions of which later become the sclerotomes 
that will give rise to the vertebral bodies. The appendicular 
skeleton arises from the lateral plate mesoderm. The mech-
anisms underlying the early condensation, segmentation, 
differentiation, and patterning events define the precise 
arrangement of the individual anatomic elements and their 
patterning along the proximal-distal, dorsal-ventral, and 
posterior-anterior body axes. These mechanisms involve 
actions and cross-talk of several morphogens, including 
fibroblast growth factors (FGFs), sonic hedgehog (Shh), 
bone morphogenetic proteins (BMPs), and Wnts, as well 
as control by Notch signaling and by transcription factors 
encoded by HOX, PAX1, and TBX genes.9

As in intramembranous ossification, the development 
of the long bones proper starts with mesenchymal pro-
genitor cells forming condensations at the sites where 
the bones will form.10 Yet, in the mesenchymal conden-
sations of endochondral bones, cells do not differentiate 
into osteoblasts but instead differentiate into chondro-
cytes that synthesize a characteristic extracellular matrix 
(ECM) rich in type 2 collagen and specific proteoglycans. 
As such, a cartilaginous model or anlage is established 
that prefigures the future bone. In mice, these differen-
tiated cartilage structures appear around embryonic day 
12, with the limb elements emerging in sequence along the 
proximodistal axis (i.e., hip to toes, shoulder to fingers). 
The sequential steps of the endochondral ossification pro-
cess starting from this stage are illustrated in Figure 60-1. 
Initially, the cartilage further enlarges through chondro-
cyte proliferation and matrix production. Chondrocytes 
in the midportion of the bone model then stop proliferat-
ing, undergo further maturation, and ultimately become 
hypertrophic. These large hypertrophic chondrocytes 
secrete a distinct matrix, containing type X collagen, and 
then rapidly direct the calcification of the matrix. Con-
comitantly, the hypertrophic chondrocytes direct the 
cells surrounding the cartilage element called the peri-
chondrium to differentiate into osteoblasts that deposit 
mineralized bone matrix—the “bone collar”—around the 
cartilage template. This bone collar forms the initiation 
site of the cortical bone, the dense outer envelope of com-
pact, lamellar bone that provides the long bone with most 
of its strength and rigidity (see Fig. 60-1).

At this time in development, the cartilage model starts 
to become replaced by bone, vascular, and marrow ele-
ments: the primary ossification center (see Fig. 60-1). The 
transformation is initiated by the invasion of the hyper-
trophic cartilage core by blood vessels (around embry-
onic day 14 to 15 in mice). This process is accompanied 
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by apoptosis of terminally differentiated hypertrophic 
chondrocytes, resorption of the calcified cartilage matrix 
by invading osteoclasts or related “chondroclasts,” and 
deposition of mineralized bone matrix on the remnants of 
calcified cartilage by perichondrium/periosteum-derived 
osteoblasts. Recent studies have visualized the entry of 
osteoblast lineage cells into the primary ossification cen-
ter at these early stages, showing a close temporal and 
spatial association between osteoprogenitors and blood 
vessels co-invading the developing long bones.11

With the disappearance of the diaphyseal cartilage (see 
Fig. 60-1), the remaining chondrocytes, restricted to the 
opposing ends of the long bone, provide the engine for 
subsequent bone lengthening. This process is typified by 
precise temporal and spatial regulation of chondrocyte 
proliferation and differentiation, with the chondrocytes 
first flattening out and forming longitudinal columns of 
rapidly proliferating cells, and next, as they reach the 
ends of the columns closest to the center of the bones, 
maturing further to hypertrophic chondrocytes (Fig. 
60-2). Finally, at the border with the metaphysis (see 
Fig. 60-1), the terminally differentiated chondrocytes are 
thought to mostly disappear through apoptosis, and the 
calcified hypertrophic cartilage matrix is progressively 
replaced with cancellous or trabecular bone (forming the 

primary spongiosa). This process of cartilage turnover 
and replacement by bone requires adequate neovascular-
ization of the chondro-osseous junction by metaphyseal 
capillaries (see Fig. 60-1 and cellular details in Fig. 60-2). 
Thus, similar to the initial formation of the primary 
ossification center, endochondral bone formation at the 
growth cartilage involves rigorous coupling of vascular 
invasion with maturation and activity of chondrocytes, 
osteoclasts, and osteoblasts (for review, see reference 12).

At a certain time (around postnatal day 5 in mice), 
epiphyseal vessels (see Fig. 60-1), derived from the vascu-
lar network that overlays the cartilage tissue, invade the 
growth cartilage and initiate the formation of the second-
ary center of ossification. As a result, discrete layers of 
residual chondrocytes form true growth plates between 
the epiphyseal and metaphyseal ossification centers, medi-
ating further postnatal longitudinal bone growth. Ulti-
mately, at least in humans, the growth plates completely 
disappear (close) at the end of adolescence in a process 
that actively requires the action of estrogen in both boys 
and girls, and growth stops. Remodeling of existing bone, 
replacing the primary spongiosa with lamellar bone in the 
secondary spongiosa and renewing the cortical bone, takes 
place throughout adult life, ensuring optimal mechanical 
properties of the skeleton and contributing to mineral 
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Figure 60-1 Stepwise schematic diagram of long bone development through endochondral ossification. Around embryonic day (E) 12 in mice, mes-
enchymal progenitor cells condense and differentiate into chondrocytes to form the cartilage anlagen that prefigure future long bones. Chondrocytes 
in the center become hypertrophic, while cells in the surrounding perichondrium differentiate into osteoblasts, forming a bone collar, the provisional 
cortical bone. The hypertrophic cartilage core subsequently is invaded by blood vessels along with osteoprogenitors and osteoclasts, and becomes 
eroded and replaced by bone and marrow (primary ossification center [POC]). In the metaphysis, hypertrophic cartilage of the growth cartilage is 
continually replaced by trabecular bone, a process that relies on metaphyseal vascularization and mediates longitudinal bone growth (see postnatal 
day [P] 1). Around P5, epiphyseal vessels invade the avascular cartilage at the ends of the bone and initiate the secondary centers of ossification 
(SOC). Discrete layers of residual chondrocytes form growth plates between the epiphyseal and metaphyseal bone centers to support further postnatal 
longitudinal bone growth. Ultimately (in humans), the growth plates close and growth stops. A detailed view of the perinatal bone structure (boxed 
area indicated at P1) is provided in Figure 60-2.
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ion homeostasis. This continual bone turnover is accom-
plished through the balanced action of osteoclasts and 
osteoblasts (see later) and results in a dynamic organiza-
tion of honeycomb platelike structures or trabeculae in the 
interior of the bone that are surrounded by blood vessels 
and bone marrow and housed within the cortical bone.

The mechanisms of embryonic bone development 
described here are largely recapitulated in the adult upon 
repair of bone defects. In contrast to soft tissues, which 
repair predominantly through the production of fibrous 
scar tissue at the site of injury, the skeleton possesses an 
astounding capacity to regenerate upon damage. As such, 
bone defects heal by forming new bone that is indistin-
guishable from adjacent, uninjured bone tissue. It has been 

appreciated for a long time that fracture repair in the adult 
bears close resemblance to fetal skeletal tissue develop-
ment, with both intramembranous and/or endochondral 
bone formation processes occurring depending on the type 
of fracture. This close resemblance has been supported by 
genetic and molecular studies showing that similar cellular 
interactions and signaling pathways (see later) are at work 
in both settings,8,13-15 although additionally, some mole-
cules that are dispensable for development have been found 
to play essential roles in fracture repair.16,17

Cellular and Molecular Control of Skeletal Development
Our understanding of the regulatory mechanisms operat-
ing during skeletal development has grown tremendously 

Figure 60-2 Schematic view of 
the cellular structure of developing 
long bones. The epiphysis is com-
posed of chondrocytes, organized 
in layers of proliferation (round 
periarticular and flat columnar 
proliferating cells), progressive dif-
ferentiation toward the metaphysis 
(pre-hypertrophic and hypertro-
phic chondrocytes), and cell death 
(apoptosis). The avascular carti-
lage is supplied by the epiphyseal 
blood vessel network that over-
lays its surface. In the metaphysis, 
blood vessels invading the terminal 
hypertrophic chondrocytes, osteo-
clasts resorbing the cartilage, and 
osteoblasts building bone on the 
cartilage remnants all act coordi-
nately to replace the cartilage anla-
gen with bone and marrow.
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over the past 25 years. Spontaneous mutations in humans 
and mice and experimental manipulation of genes by 
deletion or overexpression, causing loss of function or 
gain of function, have identified many proteins involved 
in the differentiation of various cell types of bone and 
in the morphogenesis of individual bones. Here, we 
will review some of the principal growth and transcrip-
tion factors and signaling cascades known to affect key 
aspects of bone development and maintenance, namely, 
chondrogenesis, vascular invasion of cartilage, resorption 
of cartilage and bone by chondroclasts/osteoclasts, and 
osteoblastogenesis.

Chondrogenesis
As outlined previously, a crucial step in endochondral 
bone development fundamentally entails the differen-
tiation of cells in the mesenchymal condensations into 
chondrocytes. At least some of the mesenchymal cells are 
osteochondroprogenitor cells with the potential to differ-
entiate into chondrocytes or osteoblasts. The decision to 
follow a given differentiation pathway is determined by 
the expression of key transcription factors, likely under 
the influence of canonical Wnt signaling. As discussed in 
greater detail later, Wnt signaling results in the stabiliza-
tion of β-catenin, which then can act as a transcription 
factor and regulate the expression of downstream target 
genes. Several studies have provided evidence that in the 
fetal perichondrium, where cells are destined to become 
osteoblasts, Wnt signaling is high (at least in part induced 
by Ihh),18 leading to high levels of β-catenin and inducing 

the expression of genes that mediate osteoblast differ-
entiation (such as Runx2, a master regulator of osteo-
blastogenesis, see later), while inhibiting transcription of 
genes required for chondrocyte differentiation (such as 
Sox9). In the absence of β-catenin during embryonic bone 
development, these cells become chondrocytes instead of 
osteoblasts; conversely, in the inner region of the conden-
sations, Wnt signaling must be low in order for these cells 
to become chondrocytes. These findings were revealed via 
genetic modifications in mice.19-21,22 The initial conver-
sion of mesenchymal progenitor cells into chondrocytes 
is driven by the transcription factor Sox9, whereas the 
combined action of Sox9, 5 and 6 is required to direct the 
subsequent differentiation of chondrocytes throughout 
all phases of the chondrocyte lineage.23-26

In the growth cartilage, the most extensively stud-
ied cartilage, differentiation of committed cells along 
the chondrocyte lineage characteristically gives rise to a 
stratified organization of small, round periarticular chon-
drocytes (also previously termed resting or reserve chon-
drocytes, because these cells proliferate only slowly after 
birth and can become columnar chondrocytes), flattened, 
columnar proliferating chondrocytes, and pre-hypertro-
phic and hypertrophic chondrocytes (see Figs. 60-2 and 
60-3). Because progression of the chondrocytes through 
these stages is the driving force of actual bone develop-
ment and growth, it is not surprising that the process 
is tightly controlled by a myriad of local signaling mol-
ecules, the best characterized being BMPs and transform-
ing growth factor-β (TGFβ), FGFs, parathyroid hormone 
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Figure 60-3 Regulation of chondrocyte proliferation and differentiation. Schematic representation of the epiphysis, with zones of periarticular round 
chondrocytes (RC), strongly proliferating columnar chondrocytes (PC), and (pre-)hypertrophic chondrocytes ([pre-]HC). Hypertrophic cartilage 
is surrounded by perichondrium (Pe), where osteoblasts (OB) develop. Centrally, the Indian hedgehog (Ihh)/parathyroid hormone–related protein 
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Ihh induces PTHrP expression. In addition, Ihh directly stimulates chondrocyte proliferation and converts perichondrial cells into OBs by inducing 
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(PTH)-related protein (PTHrP), and Indian hedgehog 
(Ihh). The importance of these molecules is reflected by the 
fact that mutations in their receptors have been found to 
cause severe human dwarfing conditions, such as consti-
tutive activating mutations of FGF receptor (FGFR)3 in 
human achondroplasia and thanatophoric dysplasia27-29 
and PTH/PTHrP receptor mutations in Jansen and Blom-
strand chondrodysplasia.30-32 Here, we will briefly review 
the basic mechanisms by which these signaling systems 
control the pace of proliferation and differentiation of 
growth chondrocytes.33,34

BMPs, secreted proteins belonging to the TGFβ super-
family, transduce signals through serine/threonine kinase 
receptors, which are homomeric or heteromeric com-
plexes composed of type 1 (ALK1, ALK2, ALK3, and 
ALK6, which have high affinity for BMPs) and type 2 
(BMPRII, ActRIIA, and ActRIIB, which have a lower 
affinity to these molecules but are required for phos-
phorylation of type 1 receptors) receptor subtypes. The 
ligand binding activates intracellular proteins of the Smad 
family that relay the BMP signal to target genes in the 
nucleus.34-35 BMPs were first discovered as agents in bone 
matrix capable of inducing ectopic formation of cartilage 
and bone after injection into subcutaneous tissues. Subse-
quent studies have shown that BMPs, some of which are 
also called growth and differentiation factors (GDFs) are, 
in fact, signaling proteins crucial for regulating develop-
ment in almost all the principal organs and tissues.35,36 In 
the morphogenesis of the skeleton, BMPs have been impli-
cated most strongly in early limb patterning, as well as in 
the subsequent processes of chondrogenesis and osteogen-
esis (see later). Initially, the role of BMPs in the correct 
formation of mesenchymal condensations was highlighted 
by the mutation of the BMP5 gene in the mouse skeletal 
mutant short ear (se)37 and by abnormalities observed in 
brachypodism (bp) mice that were attributed to muta-
tions in the GDF5 gene.38 In both se and bp mice, the 
abnormalities were traced back to altered size or shape 
already apparent in the mesenchymal condensations of 
the respective skeletal elements that were affected. Tar-
geted genetic studies in which two BMP type 1 receptors 
(BMPR1A and BMPR1B) were ablated at the condensa-
tion stage demonstrated that BMP signaling is essential 
for converting condensing mesenchyme into chondro-
cytes; the mutant cells expressed undetectable amounts of 
the essential Sox9, L-Sox5, and Sox6 transcription fac-
tors.39 Similarly, when the potent BMP inhibitor noggin 
was introduced in early-stage mouse or chick limbs, mes-
enchymal condensation and chondrogenesis did not take 
place.40,41 BMPs also play critical roles at later stages of 
cartilage development. These functions have been difficult 
to document in vivo because in some cases, inactivation 
of specific BMPs led to severe early defects and lethal-
ity (e.g., BMP-2, BMP-4), precluding investigation of the 
later stages; in other cases, removal of individual family 
members (such as BMP-7) displayed no defects in skel-
etogenesis, presumably because of functional redundancy 
between the various BMP ligands and receptors (around 
20 BMP family members have been identified to date).42,43 
Further, various models have yielded superficially contra-
dictory results, presumably reflecting the multiple actions 

of BMPs and the interactions of BMP signaling with other 
pathways. Recent and ongoing studies therefore employ 
conditional (site-specific) and/or combined (multiple 
target) mutagenesis strategies. Such studies showed that 
BMP signaling through type 1 receptors on chondrocytes 
stimulates chondrocyte proliferation and survival, while 
concomitantly delaying the conversion to terminal hyper-
trophic differentiation,44 confirming previous limb cul-
ture results.45,46 These effects likely involve interactions 
between the BMP, FGF, and Ihh signaling pathways (see 
later); indeed, BMP signaling seems to antagonize FGF 
actions and to promote Ihh expression. Studies in which 
BMP-2, BMP-3, and BMP-4 were ablated in limb devel-
opment also revealed essential roles of BMP signaling in 
osteoblast differentiation (see later).47,48 It is not surpris-
ing that perichondrium, chondrocytes, and osteoblasts 
express multiple BMPs, BMP receptors, and BMP antago-
nists to regulate this essential pathway (see Fig. 60-3).

The FGF pathway similarly involves multiple ligands 
and receptors in regulating skeletal development.49,50 
FGF1851,52 and FGF953 appear to be the most important 
FGF ligands in regulating chondrogenesis identified so far. 
These ligands activate FGFR3 expressed on proliferating 
chondrocytes. Activating mutations in the FGFR3 gene 
cause dominantly inherited human dwarfing chondro-
dystrophies due to impaired chondrocyte proliferation,54 
and FGFR3 inactivation in mice increases chondrocyte 
proliferation and prolongs growth.55,56 This finding was 
surprising given that FGFs in most tissues act as potent 
mitogens; although this may pertain in early chondro-
genesis, in which FGF18 stimulates proliferation,57 later 
in development, signaling through FGFR3 constitutes a 
master block on chondrocyte proliferation through acti-
vation of STAT1, which activates the cell cycle inhibitor 
p21Waf1/Cip1.58-59 In addition, although previous in vitro 
experiments had indicated that FGF signaling accelerates 
the late steps of chondrocyte hypertrophy,45 mouse mod-
els of achondroplasia and thanatophoric dysplasia have 
shown delayed hypertrophic differentiation of chondro-
cytes, strongly suggesting that FGFR3 signaling in vivo 
inhibits chondrocyte differentiation.27,54,60,61 This effect 
is relayed by activation of the mitogen-activated protein 
kinase (MAPK) pathway in chondrocytes, which affects 
longitudinal growth by regulating hypertrophic chondro-
cyte differentiation and matrix deposition (reviewed in 
reference 54). In vitro and in vivo experiments suggest 
that snail1 is required downstream of FGFR3 signaling 
for regulating its effects on chondrocyte proliferation 
and differentiation through activation of the Stat1/p21 
and MAPK/Erks pathways, respectively.62 The effects 
of FGFR3 are regulated only in part by direct signaling 
in chondrocytes, and in part indirectly by modulating 
the expression of the Ihh/PTHrP/BMP signaling path-
ways. Indeed, mice harboring an activating mutation in 
FGFR3 have decreased expression of Ihh and its recep-
tor and downstream target Patched (Ptc), and of BMP4, 
whereas mice lacking FGFR3 have upregulated Ihh, Ptc, 
and BMP4 expression.60,63,64 During chondrocyte differ-
entiation, the FGF and BMP pathways generally appear 
to antagonize each other,44 and both FGF signaling and 
BMP signaling regulate Ihh production (see Fig. 60-3). 
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Thus, each of these pathways has multiple mechanisms 
for communicating with each other as they regulate chon-
drocyte and osteoblast differentiation.

A major regulatory system in growth chondrocytes 
is provided by Ihh, a member of the conserved family 
of hedgehog proteins, and PTHrP.33,34 The Ihh/PTHrP 
pathway forms a negative-feedback loop that regulates 
the onset of hypertrophic differentiation (see Fig. 60-3). 
Hedgehog (Hh) proteins, upon binding to the receptor 
Patched (Ptc), signal through the seven-pass transmem-
brane protein Smoothened (Smo) to regulate gene tran-
scription through both derepression and activation of 
the Gli family of transcription factors.65 Ihh is produced 
by prehypertrophic and early hypertrophic chondrocytes 
and signals through Ptc to stimulate expression of PTHrP 
by chondrocytes located near the periarticular ends of 
bone. Increased production of Ihh or production of Ihh 
closer to the cells making PTHrP leads to increased PTHrP 
production. PTHrP in turn signals back to its receptor 
PTHR1—the PTH/PTHrP receptor that also responds 
to PTH in osteoblasts and kidney—that is expressed at 
low levels by proliferating chondrocytes and at high lev-
els by prehypertrophic cells. This signaling slows down 
chondrocyte differentiation and keeps chondrocytes in 
the proliferative state (see Fig. 60-3). This slowed differ-
entiation consequently delays the generation of cells that 
can produce Ihh; therefore, the production of PTHrP is 
lowered. Thus, a negative-feedback signaling pathway 
allows PTHrP and Ihh to regulate each other and, in 
turn, to control the pace of chondrocyte development 
in the growth plate.33,66,67 It is important to note that 
the phenotype of the Ihh–/– mice68 revealed that Ihh has 
additional functions in endochondral bone formation, 
independent of regulation of PTHrP production. Indeed, 
these mutant mice also displayed a marked decrease in 
chondrocyte proliferation and absence of mature osteo-
blasts and bone collar formation.68 The regulation of 
chondrocyte proliferation represents a direct action of 
Ihh signaling to chondrocytes.69,70 Ihh also accelerates 
the conversion of round periarticular chondrocytes to 
flat columnar chondrocytes.71 Moreover, Ihh (together 
with other, yet unidentified effectors72) stimulates the 
expression of Runx2 in perichondrial cells. Under the 
influence of this essential transcription factor for osteo-
blast development (see later), the perichondrial cells are 
driven into the osteoblast lineage; hence, Ihh-induced 
direct actions also provide control of bone collar for-
mation.68,73 Further, Runx2 in chondrocytes regulates 
Ihh expression and also regulates further chondrocyte 
differentiation into the hypertrophic stage, as revealed 
by chondrocyte maturation abnormalities in Runx2-null 
mice and conditional mutants deleting or overexpress-
ing Runx2 in cartilage.74-77,78 Thus, it is evident that 
Ihh is a master regulator of endochondral bone devel-
opment, coordinating chondrocyte proliferation, chon-
drocyte maturation, and osteoblast differentiation (see 
Fig. 60-3). A continued role for both PTHR1 and Ihh in 
the postnatal growth plate has been revealed by employ-
ing inducible mutagenesis in mice; inactivation of either 
gene in juvenile mice led to premature closure of the 
growth plate.79,80

Aside from the aforementioned factors, chondrogen-
esis is affected by several other growth factors, cyto-
kines, and hormones, including growth hormone (GH) 
and insulin-like growth factors (IGFs), C-natriuretic 
peptide, retinoids, thyroid hormone, estrogen, androgen, 
1,25-dihydroxyvitamin D3 [1,25(OH)2D3], glucocorti-
coids, and others.33,81,82

Importantly, the chondrocytes in the cartilage tem-
plates and growth plates of the endochondral bones 
typically develop over a prolonged period in the absence 
of blood vessels. As an avascular tissue, cartilage conse-
quently faces the challenge of hypoxia.83 The main medi-
ator of cellular responses to hypoxia is the transcription 
factor hypoxia-inducible factor (HIF)-1.84 HIF-1 consists 
of two subunits, HIF-1α and HIF-1β. HIF-1β is consti-
tutively expressed in an oxygen-independent manner, 
while HIF-1α is activated only in hypoxic conditions, 
when oxygen levels drop to <5%. In conditions of higher 
oxygen tension, a class of 2-oxoglutarate-dependent and 
Fe2+-dependent prolyl hydroxylases (PHDs) modify HIF-
1α such that the protein becomes recognized by the von 
Hippel-Lindau protein (pVHL) and targeted for destruc-
tion by this ubiquitination complex. The half-life of HIF-
1α consequently is very short. Hence, specifically under 
hypoxic conditions, HIF-1α protein can accumulate, 
translocate to the nucleus, dimerize with HIF-1β, and 
bind to hypoxia response elements within the promoters 
of hypoxia-responsive genes.83,84 To date, more than 100 
putative HIF target genes have been identified that are 
involved in a variety of biological processes; prime roles 
of HIF transcriptional activity are to induce anaerobic 
metabolism (e.g., by regulating glycolytic genes), angio-
genesis (by inducing vascular endothelial growth factor 
[VEGF]), and erythropoiesis (via increased erythropoi-
etin [EPO] expression).84

Aside from the aforementioned factors mediating 
chondrocyte maturation, HIF1α is absolutely essential 
for the survival and controlled differentiation of hypoxic 
chondrocytes: mice with conditional inactivation of 
HIF1α displayed aberrant apoptosis of chondrocytes 
located in the center of the growth cartilage, farthest 
from blood vessels.85,86 In addition, HIF-1α influences the 
cartilaginous matrix, such as by improving the efficiency 
of posttranslational modifications of type 2 collagen.87 
The mechanisms by which HIF-1 ensures the survival 
of hypoxic chondrocytes include the direct activation of 
genes that enable chondrocytes to switch to oxygen-spar-
ing metabolic pathways, and the indirect consequences 
of induction of VEGF.83,86,88 Clues regarding a chon-
drocyte survival function of VEGF came from mutant 
mouse models showing that deletion of VEGF from car-
tilage also resulted in massive apoptosis of non-hypertro-
phic, hypoxic chondrocytes located in the center of the 
growth plate.89,90 Although cell-autonomous effects of 
VEGF on the chondrocytes cannot be excluded, VEGF 
expression in proliferating chondrocytes (in response to 
hypoxia and/or HIF-1) appears to be particularly criti-
cal for enabling appropriate vascularization in the soft 
tissue immediately surrounding the cartilage, thereby 
ensuring sufficient oxygen diffusion to the avascular car-
tilage to prevent cell death.88,89 In addition to regulating 
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blood vessel formation in the perichondrium, VEGF also 
induces blood vessel invasion and growth within the 
endochondral bones during skeletal development and 
growth, as discussed next.

Vascular Invasion of Cartilage
Both temporally and spatially, chondrocyte differentia-
tion is followed by vascular invasion of the terminally 
differentiated, hypertrophic cartilage. This step is an 
absolute requirement for endochondral bone develop-
ment and growth to proceed, as physical blockage of 
blood vessel invasion into the hypertrophic cartilage of 
fetal skeletal explants completely halts their develop-
ment,91 and blocking the blood supply of bone in vivo 
results in reduced longitudinal growth.92,93 The impor-
tance of skeletal vascularization goes beyond endochon-
dral bone development. In fact, as a rule, any type of bone 
formation occurs in close spatial and temporal associa-
tion with vascularization of the ossified tissue, a principle 
termed angiogenic-osteogenic coupling.94 The reasons 
that the vascular system is crucial for bone development, 
maintenance, and repair obviously include its intrinsic 
function to supply oxygen, nutrients, and growth fac-
tors/hormones to bone cells as required for their specified 
activities. In addition, the blood vessels serve to bring in 
(precursors of) osteoclasts that will degrade the cartilage 
or bone extracellular matrix, to remove end products of 
the resorption processes, and to bring in progenitors of 
osteoblasts that will deposit bone.11,12,94

During endochondral ossification, the initially avas-
cular cartilage template is replaced by highly vascular-
ized bone and marrow tissue through three consecutive 
vascularization events (see Fig. 60-1). First, initial vas-
cular invasion of the cartilage anlagen during embryonic 
development (sometimes called quiescent angiogenesis) 
involves endothelial cells invading from the perichondrial 
tissues and organizing into immature blood vessels in the 
primary center of ossification. Second, capillary inva-
sion at the metaphyseal border of the growth cartilage is 
required for rapid bone lengthening (see Figs. 60-1 and 
60-2). Third, vascularization of the cartilage ends initi-
ates the formation of secondary ossification centers (see 
Fig. 60-1). Hence, a process of cartilage neovasculariza-
tion initiates each of the subsequent stages of endochon-
dral replacement of cartilage by bone; at all times, this 
cartilage neovascularization is preceded by chondrocyte 
hypertrophy. Immature chondrocytes produce angiogenic 
inhibitors, such as chondromodulin-1 and troponin-1, ren-
dering the cartilage resistant to vascular invasion.95-96 In 
contrast, when chondrocytes become hypertrophic, they 
switch to production of angiogenic stimulators, including 
the potent angiogenic stimulator VEGF, and become a 
target for capillary invasion and angiogenesis. VEGF is 
expressed at very high levels by hypertrophic cartilage, 
as well as by osteoblasts and osteoclasts; several mecha-
nisms have already been implicated in the regulation of its 
expression in these cell types. Hypoxia represents a cru-
cial trigger of VEGF expression in chondrocytes, osteo-
blasts, and possibly osteoclasts, through mechanisms that 
involve HIF both in vitro97-99 and in vivo.100 VEGF tran-
scription may also be induced by Runx2 and by Osterix 

(Osx) (see later).101,102 In addition, several hormones 
(including PTH, GH, and 1,25[OH]2D3) and locally pro-
duced growth factors (e.g., FGFs, TGFβ, BMPs, IGFs, 
and platelet-derived growth factor [PDGF]) have been 
demonstrated to be involved, at least in vitro, in the regu-
lation of VEGF expression.12

Important insight into the crucial physiologic func-
tion of VEGF-mediated angiogenesis in bone was first 
provided by Gerber and colleagues,103 who inhibited 
VEGF action in juvenile mice through administration of 
a soluble VEGF receptor chimeric protein (sFlt-1). VEGF 
inhibition impaired vascular invasion of the growth plate, 
and concomitantly, trabecular bone formation and bone 
growth were reduced and the hypertrophic cartilage 
zone became enlarged, likely as the result of reduced 
osteoclast-mediated resorption (see later).103 Additional 
mouse genetic studies performed over the past decade 
have exposed multiple essential roles of VEGF and its 
splice isoforms in endochondral ossification. Although a 
mouse with the VEGF gene ablated in all cells could not 
be employed owing to early lethality of even heterozy-
gous VEGF knockout embryos, several alternative muta-
genesis approaches have been and are being exploited 
to investigate the role of VEGF in bone. These models 
include Cre/LoxP-mediated conditional inactivation of 
the VEGF gene (VEGFa) in type 2 collagen–expressing 
chondrocytes or in Osx-expressing osteoprogenitors, 
inactivation of two of the three major VEGF isoforms 
(leaving expression of only one isoform), and skeletal 
tissue–specific overexpression of VEGF in genetically 
engineered mice.89,90,104-106 Altogether, these models have 
unequivocally demonstrated that VEGF is a key inducer 
of all three key vascularization stages of endochondral 
bone development, but also acts as a direct modulator 
of bone development by affecting the various cell types 
involved. Perichondrial cells, osteoblasts, and osteoclasts 
express several VEGF receptors and respond to VEGF 
signaling through enhanced recruitment, differentiation, 
activity, and/or survival (for detailed reviews and refer-
ences, see references 12, and 107). In most of these func-
tions, VEGF works in paracrine mode, but intracrine 
VEGF effects in (Osx-expressing) osteoprogenitors have 
recently also been reported, determining cell fate deci-
sions in these cells; in the absence of intracellular VEGF 
signaling, the cells differentiated into adipocytes rather 
than osteoblasts.106 Altogether, the pleiotrophic actions 
of VEGF on various cells in the bone environment may 
contribute to the tight coordination of vascularization, 
ossification, and matrix resorption that is characteristi-
cally seen in endochondral ossification.

The prevailing model for VEGF action in endochon-
dral bone development is as follows (Fig. 60-4): VEGF 
is secreted at particularly high levels by hypertrophic 
chondrocytes. VEGF is partially soluble (the short VEGF 
isoforms) and partially binding to constituents in the car-
tilage matrix (the long isoforms), from where it is further 
released as the terminal cartilage undergoes progres-
sive decay in the endochondral turnover process. VEGF 
attracts blood vessels toward the chondro-osseous junc-
tion and stimulates endothelial cells to form new blood 
vessels (angiogenesis), which will be indirectly associated 
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with increased delivery of osteoblast and osteoclast pro-
genitors.12,81 At the same time, in the bone environment 
VEGF signaling directly stimulates the recruitment and 
differentiation of osteoblasts to form bone.108 VEGF also 
works as a chemoattractant stimulating osteoclast inva-
sion of cartilage, and enhances osteoclast differentiation, 
survival, and resorptive activity.109,110 This likely acti-
vates a positive-feedback system, as increased osteoclasts 
and osteoclast-derived matrix metalloproteinase (MMP) 
9111 can release more matrix-bound VEGF from the car-
tilage that is being resorbed (see Fig. 60-4).12,81

Osteoclastogenesis and Skeletal Tissue Resorption
At the time of vascular invasion of hypertrophic carti-
lage, the chondrocytes are generally thought to mostly 
die through apoptosis, and remaining cellular debris and 
matrix components become degraded and are digested by 
co-invading osteoclasts (or related cells termed chondro-
clasts that have been postulated in the context of resorp-
tion of cartilage111) through their proteolytic enzyme 
products.81 Beyond development, the osteoclast remains 
a key participant in the regulation of bone mass, as bone 
is constantly being remodeled throughout life (see later). 
Several pathologic conditions are due to an imbalance 
between bone formation and resorption, most frequently 
involving excessive osteoclast activity. Such skeletal dis-
eases include osteoporosis, a common low bone mass 

disorder typically prevalent in postmenopausal women, 
as well as periodontal disease, rheumatoid arthritis, 
multiple myeloma, and metastatic cancer. On the other 
hand, osteopetrosis, a rare human disease characterized 
by increased bone mass and obliteration of the bone 
marrow cavity, is caused by impaired osteoclast differ-
entiation and/or function. Many efforts have been made 
to dissect the regulatory pathways leading to functional 
osteoclasts.112-115

Osteoclastogenesis. Osteoclasts are giant multinucleated 
cells that have the unique capacity to efficiently degrade 
mineralized tissues. Osteoclasts are derived from hemato-
poietic precursor cells of the myelomonocytic lineage and 
share a common precursor with macrophages.113 Recog-
nition of the intertwining control and close interactions 
of the immune and skeletal systems has led to the emer-
gence of the integrating field of osteoimmunology.113,114 
Early differentiation of the bipotential macrophage/
osteoclast precursor cells is regulated by PU.1, a versa-
tile hematopoietic cell–specific transcriptional regulator 
of the ETS family of transcription factors. The commit-
ment to macrophages/osteoclasts is dependent on a high 
level of activity of PU.1113,116 (Fig. 60-5); PU.1 regulates 
the lineage fate decision of early progenitors by direct-
ly controlling expression of the c-Fms gene, which is a 
key determinant of differentiation into the macrophage/
osteoclast lineage (see later).117 Consequently, PU.1-null 
mice lack both macrophages and osteoclasts, and are os-
teopetrotic.116,118 PU.1 also regulates the transcription of 
another key osteoclastogenesis control gene, encoding re-
ceptor activator of nuclear factor-κB (RANK) (see later) 
in myeloid progenitors.119 Although mature macrophages 
and osteoclasts have some cell surface markers in com-
mon, the latter express high levels of tartrate-resistant 
acid phosphatase (TRAP), cathepsin K, vitronectin, calci-
tonin receptor, and αvβ3 integrin, which typify the osteo-
clast lineage (see later).81

After the precursor cells have committed to the osteo-
clast lineage, they are subjected to a complex multistep 
process that culminates in the generation of mature 
multinuclear activated osteoclasts; these steps include 
proliferation, maturation, and fusion of differentiating 
precursor cells, and, finally, activation of resorption (see 
Fig. 60-5).81,112,114 Two critical cytokines are essential 
for osteoclastogenesis: macrophage-colony stimulating 
factor (M-CSF) and receptor activator of nuclear factor-
κB ligand (RANKL) (also known previously as osteopro-
tegerin ligand [OPGL], osteoclast differentiation factor 
[ODF], or tumor necrosis factor [TNF]-related activa-
tion-induced cytokine [TRANCE]). Both of these signal-
ing molecules are expressed by bone marrow stromal cells 
(i.e., osteoblast progenitors) and osteoblasts; M-CSF is 
produced in both a soluble and a membrane-bound form, 
and RANKL is made as a membrane protein by osteo-
blasts. The process of osteoclastogenesis requires direct 
cell-to-cell interaction between stromal/osteoblastic cells 
and osteoclast precursors, presumably because of these 
key membrane-bound ligands (see Fig. 60-5). Before 
the identification of RANKL, in vitro osteoclastogen-
esis relied on contact-dependent co-culture of osteoclast 
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Figure 60-4 Vascular invasion and the role of vascular endothelial 
growth factor (VEGF). VEGF is produced at high levels by hypertrophic 
chondrocytes and is sequestered in part in the cartilage matrix upon 
its secretion. Trapped VEGF can be released from the matrix by prote-
ases such as matrix metalloproteinase (MMP) 9 secreted by osteoclasts/
chondroclasts during cartilage resorption. VEGF then can bind to its 
receptors (VEGFRs) on endothelial cells and stimulate the guided at-
traction of blood vessels to invade the terminal cartilage. Osteoblasts 
and osteoclasts also express VEGF receptors, and VEGF can affect their 
differentiation and function both directly and indirectly by enhancing 
metaphyseal vascularization, thus playing a coordinative role in the key 
events that mediate bone development and growth.
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progenitors with stromal/osteoblastic cells stimulated 
with PTH or 1,25(OH)2D3. Now we know that both 
PTH and 1,25(OH)2D3, as well as several other osteo-
tropic factors stimulating resorption, increase the expres-
sion of RANKL on stromal/osteoblastic cells112,120,121 (see 
later). This RANKL, together with M-CSF, is sufficient to 
induce in vitro osteoclast differentiation from spleen- or 
bone marrow-derived precursors in the complete absence 
of stromal/osteoblastic cells.

Very recent findings indicated that osteocytes, rather 
than stromal or osteoblastic cells, are the major source 
of RANKL-driven osteoclast formation and activation 
during adult bone remodeling in mice,122,123 and may 
thus be crucial regulators of osteoclast formation (see 
Fig. 60-5).124 Furthermore, not only osteoblast lineage 
cells but also chondrocytes125-126 and T cells127 synthesize 
and secrete RANKL and are able to support osteoclas-
togenesis. Production of RANKL by hypertrophic chon-
drocytes may be important physiologically for osteoclast 

differentiation and invasion of the hypertrophic cartilage 
during endochondral bone development and growth, 
and RANKL produced by T cells definitely plays a major 
role pathologically in numerous inflammatory conditions 
affecting the skeleton, including rheumatoid arthritis, 
periodontitis, and osteomyelitis, in which immune cells 
are activated in bones and joints.115 For instance, produc-
tion of RANKL by T cells has been implicated as an acti-
vator of osteoclastic resorption in inflammation-mediated 
bone and cartilage destruction in rheumatoid arthritis, 
in which it likely works synergistically with TNFα and 
IL-17.113,114,127-129

M-CSF and RANKL affect several steps of the osteo-
clastogenesis cascade by binding to their respective recep-
tors, c-Fms and RANK, which are expressed by osteoclast 
progenitors and osteoclasts at all stages of differentia-
tion.130 M-CSF signaling is essential early on in the lin-
eage for proliferation, differentiation, and survival of 
osteoclast/macrophage precursors. The essential roles of 
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Figure 60-5 Osteoclastogenesis. The transcription factor PU.1 is indispensable for development of the osteoclast and macrophage (Mφ) lineages 
from a common myeloid precursor. Macrophage-colony stimulating factor (M-CSF) acting upon the receptor c-Fms is required for the conversion of 
the progenitor to become a pre-osteoclast. Signaling through the membrane-bound receptor activator of nuclear factor-κB (RANK) promotes further 
differentiation of pre-osteoclasts to mature polykaryotic osteoclasts and their subsequent activation to bone-resorbing cells that secrete protons and 
lytic enzymes. RANK signaling is induced by receptor activator of nuclear factor-κB ligand (RANKL), present on bone marrow stromal cells, osteo-
blasts, and osteocytes, as well as on lymphocytes and possibly in a soluble form in serum. The soluble antagonist osteoprotegerin (OPG) competes 
with RANK for RANKL binding, thereby functioning as a negative regulator of osteoclast differentiation, activation, and survival. RANKL expres-
sion is induced by pro-resorptive and calciotropic factors that stimulate osteoclastogenesis. Conversely, OPG is induced by factors that block bone 
catabolism and promote anabolic effects.
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M-CSF were illustrated through analysis of mice carry-
ing the op/op mutation, an inactivating point mutation in 
the M-CSF gene; these mice have osteopetrosis with low 
numbers of macrophages and a complete lack of mature 
osteoclasts.112,131

RANKL is an essential inducer of multiple aspects of 
osteoclastogenesis, including osteoclast differentiation, 
fusion, activation of mature osteoclasts to resorb miner-
alized bone, and survival.112,132 Through these actions, 
RANKL potently stimulates bone resorption. RANKL 
acts by binding to its signal transducing receptor, RANK, 
a member of the TNF receptor family present on pre-
osteoclasts and mature osteoclasts. Consistent herewith, 
an activating mutation of the human RANK gene was 
found in patients with familial expansile osteolysis, a dis-
ease of excess bone resorption.133 Following the discov-
ery of the RANK/RANKL system, numerous genetic and 
cell biological studies have been performed to elucidate 
the complex signaling cascade downstream of RANK/
RANKL.112-115,130 Briefly stated and oversimplified, the 
binding of RANKL to RANK on the surface of osteo-
clast precursors recruits the adaptor protein/ubiquitin 
E3 ligase, TNF receptor–associated factor (TRAF) 6, to 
the cytoplasmic domain of RANK, leading to activation 
of NF-κB and its translocation to the nucleus. NF-κB 
increases c-Fos expression, and c-Fos, as a component of 
the activator protein (AP)-1 complex, interacts with the 
master transcription factor for osteoclastogenesis, nuclear 
factor of activated T cells c1 (NFATc1), to induce osteo-
clast-specific genes (such as the genes encoding TRAP 
and calcitonin receptor; see later) (reviewed in 112-115,130). 
Co-stimulatory molecules act in concert with RANK to 
activate phospholipase C, thereby increasing intracellular 
calcium and activating NFATc1. These include proteins 
containing an immunoreceptor tyrosine-based activation 
motif (ITAM) domain that is critical for the activation of 
calcium signaling and is found in adapter molecules like 
DNAX-activating protein (DAP)12 and the Fc receptor γ 
(FcRγ).134,135

The actions of RANKL are regulated negatively by a 
secreted soluble decoy receptor termed osteoprotegerin 
(OPG) (previously also known as osteoclastogenesis 
inhibitory factor [OCIF]), also a member of the TNF 
receptor superfamily. OPG sequesters RANKL molecules 
and thereby blocks their binding to RANK.130 As such, 
OPG protects bone from excessive resorption; this con-
clusion is supported by the finding that certain homo-
zygous deletions of OPG in humans can cause juvenile 
Paget’s disease, a disorder characterized by increased 
bone remodeling, osteopenia, and fractures.136 The rela-
tive concentrations of RANKL and OPG in bone thus are 
major determinants of bone mass and strength. OPG is 
widely expressed; it is not surprising that its expression 
by osteoblasts and stromal cells is positively regulated by 
bone anabolic or antiresorptive factors, such as estrogen 
and calcitonin,112,115,130 as well as by β-catenin, a crucial 
mediator of canonical Wnt signaling.137

Mouse genetic studies strongly supported the impor-
tance of the RANK/RANKL/OPG cascade. Mice lacking 
RANKL138 or RANK139 and mice with increased circulat-
ing OPG by transgenic overexpression140 were severely 

osteopetrotic owing to a block in osteoclastogenesis. 
Conversely, targeted mutagenesis of OPG,141 overexpres-
sion of an sRANKL transgene,142 and administration of 
RANKL132 in mice all led to increased osteoclast forma-
tion, activation, and/or survival and resulted in an osteo-
porotic phenotype. In summary, RANKL and OPG act in 
an antagonistic fashion to regulate bone resorption, and 
their respective expression levels are under the control of 
proresorptive and antiresorptive factors, including several 
hormones, cytokines, and growth factors (see Fig. 60-5). 
Of note, RANK is broadly expressed, and the RANK/
RANKL system also functions in tissues beyond bone. 
For instance, RANK/RANKL regulates lymph node for-
mation and lactational mammary gland development in 
mice.139,143 OPG has nonskeletal functions too, as it pro-
tects large arteries of mice from medial calcification.141

Other regulatory molecules have been implicated in 
the late stages of osteoclast differentiation, the fusion 
process, and activation of resorption. The fusion of 
mononuclear osteoclast precursor cells into mature multi-
nucleated osteoclasts is regulated by a membrane protein 
called dendritic cell-specific transmembrane protein (DC-
STAMP). DC-STAMP–deficient cells failed to fuse, and 
these mononuclear osteoclasts had reduced resorptive 
efficiency in vitro. Consequently, DC-STAMP–deficient 
mice exhibited increased bone mass.144 These data may 
suggest that multinucleation and osteoclast enlargement 
could be associated with a higher degree of resorption 
efficiency. Pathologically huge osteoclasts, containing 
substantially more nuclei than normal osteoclasts do, are 
seen, for instance, in Paget’s disease of bone (up to 100 
nuclei per cell; normal range is 3 to 20 nuclei per cell), in 
which localized excessive bone remodeling is initiated by 
increases in osteoclast-mediated bone resorption.145

Additional studies on the regulatory components of 
osteoclastogenesis not only will expand our basic under-
standing of the molecular mechanisms of osteoclast dif-
ferentiation during bone development and remodeling but 
also offer opportunities to develop therapeutic means of 
intervention in osteoclast-related diseases. From the clini-
cal point of view, the discovery of the RANK/RANKL/
OPG signaling pathway has led to the development of 
drugs designed to suppress excessive osteoclast formation 
in a variety of bone diseases, including osteoporosis, auto-
immune arthritis, periodontitis, Paget’s disease, and bone 
tumors/metastases. Denosumab, a fully human mono-
clonal antibody directed against RANKL that blocks 
its binding to RANK, was developed as an antiresorp-
tive agent to reduce osteoclastogenesis by inhibiting the 
development and activity of osteoclasts, decreasing bone 
resorption, and increasing bone density. Recent clinical 
trials to evaluate the potential therapeutic use of this drug 
in osteoporosis showed improvements in bone mineral 
density (BMD) and reductions in the incidence of verte-
bral, hip, and nonvertebral fractures in postmenopausal 
women and in men with osteoporosis.146-148

Bone Resorption: Osteoclast Action and Proteolytic  
Enzymes. Bone resorption involves both dissolution of 
bone mineral and degradation of organic bone matrix. 
Osteoclasts are highly specialized to perform both of these 
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functions.130 Upon activation of mature multinucleated os-
teoclasts, the cells attach themselves firmly to the bone sur-
face, using specialized actin-rich podosomes (actin ring), 
through cytoskeleton reorganization and cellular polariza-
tion.149-151 Within these tightly sealed zones of adhesion to 
the mineralized matrix, the osteoclasts form convoluted, 
villus-like membranes called “ruffled borders,” which sub-
stantially increase the surface area of the cell membrane 
facing the resorption lacuna (Howship’s lacuna). Via these 
ruffled membranes, the osteoclasts secrete abundant hy-
drochloric acid (involving the vacuolar H+-ATPase proton 
pump), mediating acidification of the compartment be-
tween the cell and the bone surface, as well as a myriad 
of enzymes such as lysosomal cathepsins, the phosphatase 
TRAP (tartrate-resistant acid phosphatase), and proteo-
lytic MMPs (matrix metalloproteinases) (see later). The 
acidity of the environment leads to dissolution of the min-
eral phase (crystalline hydroxyapatite), activation of lytic 
enzymes, and digestion of organic matrix compounds (see 
Fig. 60-5). The sealing mechanism allows localized dis-
solving and degrading of the mineralized bone matrix, 
while simultaneously protecting neighboring cells from 
harm.152,153 During the resorption process, dissolution 
of hydroxyapatite releases large amounts of soluble cal-
cium, phosphate, and bicarbonate. Removal of these ions 
is needed (e.g., to maintain the acidic pH in the resorp-
tion lacuna) and involves vesicular pathways and direct 
ion transport via different ion exchangers, channels, and 
pumps. The degradation products of the organic matrix 
after enzymatic digestion are transcytosed through the cell 
for secretion at the basolateral membrane.152,153

These complex processes of osteoclast recruitment, 
polarization on the bone surface, and export of acid and 
enzymes are orchestrated by many factors, including 
RANKL,154-156 as well as by integrin-mediated signaling 
from the bone matrix itself.157,158 The latter, which is par-
ticularly represented by the αvβ3 integrin in osteoclasts, 
was suggested to be important for osteoclast functioning 
based on the finding that inhibition of signaling through 
this αvβ3 integrin inhibited osteoclast-mediated bone 
resorption in vitro and in animal models of osteoporosis 
and malignant osteolysis.158 Integrins are heterodimeric 
cell-surface receptors, composed of an α and a β subunit, 
that mediate cell-matrix interactions and thus adhesion. 
The αvβ3 integrin, among various integrins the most highly 
expressed in osteoclasts, recognizes RGD(Arg-Gly-Asp)-
containing matrix proteins such as vitronectin, osteopon-
tin, and bone sialoprotein. Several components of the αvβ3 
integrin signaling pathway localize to the sealing zone of 
actively resorbing osteoclasts and play a role in linking the 
matrix adhesion of osteoclasts to cytoskeletal organiza-
tion, cell polarization, and activation for bone resorption. 
Upon its activation, αvβ3 integrin stimulates an intracellu-
lar signaling complex involving the tyrosine kinases c-Src 
and Syk. The importance of αvβ3, c-Src, and Syk in osteo-
clast activity is underscored by the development of osteo-
petrosis in mice deficient in each of these genes, due to lack 
of bone resorption. These findings render each of these 
molecules candidate therapeutic targets to block osteo-
clastic bone resorption. Preclinical evidence indicated that 
αvβ3 integrin-targeting drugs (peptides and nonpeptidic 

small molecules) were able to successfully block osteolysis 
and tumor growth in animal models of bone metastasis, 
likely by inhibiting both osteoclast-mediated bone resorp-
tion and by directly targeting cancer cells.159 Clinical trials 
with integrin antagonists and c-Src kinase inhibition for 
the treatment of osteoporosis are ongoing.115,147,157,159

Many of the molecules that are important for osteo-
clast function in vitro such as β3 integrin, c-Src, cathepsin 
K, carbonic anhydrase II, TRAP, and several ion channel 
proteins, cause an osteopetrotic phenotype when deleted 
in mice or altered in humans. The absence of these genes 
does not affect the differentiation into morphologically 
normal osteoclasts; however, the osteoclasts are not func-
tional, and they fail to resorb bone effectively.81,147 For 
instance, cathepsin K, the key enzyme in the digestion of 
bone matrix by its activity in degrading type I collagen, 
is highly expressed by activated osteoclasts and secreted 
in the resorption lacuna.152,153 Its deletion in mice led to 
osteopetrosis,160,161 and mutations in the human cathep-
sin K gene cause pycnodysostosis.162 Highly selective and 
potent cathepsin K inhibitors (such as Odanacatib and 
ONO-5334) have been developed and are currently being 
tested in large phase III clinical trials, given the promising 
earlier findings indicating their usefulness as antiresorp-
tive agents to treat osteoporosis as well as their potential 
therapeutic use to reduce breast cancer-induced osteolysis 
and skeletal tumor burden.115,147,159,163-165

Besides cathepsin K, several proteolytic enzyme 
groups are involved in the degradation of organic com-
ponents (collagens and proteoglycans) of bone and car-
tilage matrices after the mineral is dissolved.166-168 One 
of these is the MMP family, which constitutes over 25 
members, including secreted collagenases, stromelysins, 
gelatinases, and membrane-type (MT)-MMPs.167-169 
MMPs are synthesized as latent proenzymes that, upon 
proteolytic activation, can degrade numerous extracellu-
lar matrix components. As such, they are involved in the 
development, growth, and repair of tissues, but also in 
pathologic conditions associated with excessive matrix 
degradation, such as rheumatoid arthritis, osteoarthritis, 
and tumor metastasis.166,169,170 Several MMPs, including 
MMP9 and MMP14 (also known as MT1-MMP), are 
highly expressed in osteoclasts/chondroclasts, but they 
are produced by many other cell types as well. Both of 
these molecules play a role in the cartilage resorption pro-
cess associated with invasion by osteoclasts during endo-
chondral ossification.109,111,171-173 MMPs and proteolytic 
enzymes containing a disintegrin and metalloprotease 
domain (ADAMs) also possibly affect osteoclastogenesis 
per se, by modulating the bioavailability and presenta-
tion of RANKL through the proteolytic cleavage of its 
transmembrane form to soluble RANKL.174,175

Finally, after a limited period of resorptive activity, the 
osteoclast is thought to die via apoptosis (see later),176 and 
the resorbed area of cartilage or bone is, in conditions of 
development, growth, and bone health, efficiently replaced 
by newly formed bone through the action of osteoblasts.

Osteoblastogenesis
The final step required to rebuild cartilage to bone 
during development consists of the differentiation of 
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osteoblasts and the deposition of mineralized bone tissue 
by this specialized cell type. Osteoblasts are mesenchy-
mal cells thought to descend from pluripotent precur-
sors that have the capacity to differentiate into a variety 
of cell types, including fat cells (adipocytes), chondro-
cytes, and osteoblasts (Fig. 60-6).177-179 These precur-
sors, called mesenchymal stem cells by some and skeletal 
stem cells by others180 can differentiate into distinct 
lineages through the expression of different transcrip-
tion factors; PPARγ2 regulates adipocyte differentia-
tion, for example (see Fig. 60-6).181 In certain settings, 
osteoblasts and chondrocytes seem to share a common 
precursor, termed osteochondroprogenitor. Specific 
transcription factors direct the osteochondroprogeni-
tors into the chondrocyte (the Sox family transcription 
factors Sox9, Sox5, and Sox6) or the osteoblast lineages 
(Runx2, β-catenin, and osterix; discussed in detail later) 
(see Fig. 60-6).34,182,183

Committed pre-osteoblasts further differentiate into 
mature osteoblasts, cuboidal cells on the bone surface 
that secrete large amounts of type 1 collagen and other 
matrix components, which together are called osteoid. 
Subsequently, osteoblasts direct the mineralization of the 
osteoid in a process that requires active alkaline phospha-
tase (ALP), expressed on the osteoblast membrane. These 
mature osteoblasts express characteristic genes, including 
the gene encoding osteocalcin. Ultimately, the cells die 
through apoptosis; are converted into thin, quiescent bone-
lining cells; or become embedded within the bone matrix 
as osteocytes. Osteocytes are found dispersed throughout 
the bone matrix and have the potential to live as long as 
the organism itself. In fact, osteocytes are the most abun-
dant cell type in bone, constituting over 90% of adult bone 
cells.184,185 As osteoblasts become encased by the miner-
alized bone matrix that they themselves synthesized, they 
dramatically change their shape, sending out numerous 
dendritic processes that run inside lacunar cannaliculi. 

These processes allow osteocytes to communicate with 
each other, with the vasculature, and with cells on the bone 
surface.184,185 Osteocytes are well positioned to sense and 
respond to mechanical forces, and a growing body of evi-
dence documents that osteocytes mediate the actions of 
mechanical forces to increase bone mass (see later).185,186 
Osteocytes synthesize a series of proteins unique to this 
most differentiated member of the osteoblast lineage. These 
include dentin matrix protein (DMP)-1, matrix extracel-
lular phosphoglycoprotein (MEPE) and FGF23, secreted 
proteins involved in systemic phosphate homeostasis,187,188 
and sclerostin (SOST), an inhibitor of Wnt action189 (see 
later). Through their actions to regulate bone resorption 
and formation, as well as phosphate and calcium homeo-
stasis, osteocytes play a central role in the determination 
and maintenance of bone structure and function (see later).

A number of crucial transcription factors and sig-
naling pathways determining osteoblastogenesis have 
been identified, and at least some of those play a role 
in inherited human bone disease. Here, we will focus 
on discussing Wnt/β-catenin signaling and the transcrip-
tion factors Runx2 and Osx, and we will briefly touch 
on other important signals, including BMPs, hedgehogs 
(Hh), and FGFs (for recent reviews, see references 34, 
65, and 182).

Wnt/β-Catenin Signaling. Wnts are a large family of se-
creted growth factors (19 different members in mouse 
and human genomes) that play essential roles in multiple 
developmental processes. Wnts are also required for adult 
tissue maintenance, and perturbations in Wnt signaling 
can lead to tumor formation and other diseases.19,190,191 
In the skeletal system, mutations in Wnt signaling compo-
nents lead to skeletal malformations and diseases such as 
osteoporosis-pseudoglioma192 and osteoarthritis.193

Wnts can transduce their signals through several differ-
ent downstream signaling pathways. The best understood 
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Figure 60-6 Osteoblast differentiation. Osteoblasts are derived from mesenchymal stem cells (MSCs) or progenitors that (driven by the indicated 
transcription factors) can become adipocytes, chondrocytes, or osteoblast lineage cells; the latter directions may possibly (particularly in fetal devel-
opment) be taken through an osteochondroprogenitor intermediate. The transcription factors Runx2, Osx, and β-catenin mediate osteoblast differ-
entiation and functioning. Progressive osteoblast differentiation is characterized by changes in gene expression typifying specific stages as indicated.
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pathway is the canonical or Wnt/β-catenin pathway (Fig. 
60-7).194,191 Central to this pathway is the regulation of 
the protein stability of β-catenin, which acts as a tran-
scription factor in the canonical Wnt pathway and is also 
involved in cell adhesion by binding to cadherins. In the 
absence of Wnts, cytoplasmic β-catenin is constitutively 
degraded through its phosphorylation by glycogen syn-
thase kinase 3-β (GSK3-β) in a large protein complex 
brought together by axin and adenomatous polyposis 
coli (APC).191 Phosphorylated β-catenin is recognized 
by a β-transducin repeat–containing protein (β-TrCP) 
that targets it for proteasome-mediated degradation. In 
the presence of Wnt stimulation, the Wnt ligands bind 
to two synergistically acting families of Wnt (co)recep-
tors: the Frizzled (Fz) receptor family members and low-
density lipoprotein receptor-related proteins (LRP5 or 
LRP6). This interaction results in the recruitment of axin 
to LRP5/6 in the plasma membrane; this sequestering of 
axin at the plasma membrane may lead to disassembly 
of the β-catenin destruction complex, or alternatively, 
induces the association of the complex with phosphor-
ylated LRP, blocking the ubiquitination by β-TrCP. In 
either model, the degradation of β-catenin is inhibited, 
and the protein is stabilized.191 Stabilized β-catenin pro-
tein then accumulates in the cytoplasm and translocates 
to the nucleus, where it interacts with members of the T 
cell factor/lymphoid enhancer factor (TCF/LEF) family of 
DNA-binding transcription factors to regulate the expres-
sion of downstream target genes (see Fig. 60-7).191,195

During the past decade, canonical Wnt signaling has 
been shown to play a significant role in the control of osteo-
blastogenesis and bone formation.196 Recent genetic studies 

analyzing conditional β-catenin loss- and gain-of-function 
mouse models provided compelling evidence that β-catenin 
is a crucial transcription factor determining the osteoblast 
lineage commitment of mesenchymal progenitors. During 
development, β-catenin is indispensible for suppressing 
chondrocytic differentiation of bipotent osteochondropro-
genitor cells, and for stimulating them to differentiate into 
mature osteoblasts.19,197 Inactivation of β-catenin in mesen-
chymal progenitor cells blocked osteoblast differentiation, 
and mesenchymal cells in the perichondrium and calvarium 
differentiated into chondrocytes instead.18,20,22,198 In post-
natal life, deletion of the gene encoding β-catenin in Osx-
expressing osteoprogenitors inhibited their differentiation 
into mature osteoblasts, and instead induced the expres-
sion of adipocytic markers.199,200 Inactivating β-catenin in 
more differentiated cells of the osteoblast lineage, mature 
osteoblasts or osteocytes, resulted in low bone mass pheno-
types in mice due to increased osteoclastogenesis and bone 
resorption; the underlying mechanism involved impaired 
expression of OPG, an inhibitor of osteoclast formation 
(see earlier). Hence, β-catenin also plays an important role 
in the coupling between osteoblast and osteoclast activity 
during bone remodeling (see later) by stimulating differ-
entiated osteoblasts and osteocytes to produce OPG.137,201

The roles of the canonical Wnt pathway in osteoblasts 
have been clarified largely through genetic studies in mice. 
Combined deletion of the key Wnt co-receptors Lrp5 and 
Lrp6 in the embryonic mesenchyme largely recapitulated 
the loss of β-catenin, the phenotypes being characterized 
by impaired osteoblast differentiation in the develop-
ing mutant mouse skeletons.202 Similarly, Lrp5-deficient 
mice developed a low bone mass phenotype postnatally 
due to reduced osteoblast number and function,203 and 
additional deletion of one allele of LRP6 led to a further 
reduction in bone mass.204 While some data suggest that 
LRP5’s action in regulating bone mass works indirectly 
through gut-derived serotonin,205 other data suggest that 
LRP5 acts directly on bone cells to increase canonical 
Wnt signaling and increase bone mass.206

Clinically, mutations in the Wnt receptor complexes 
have been amply associated with changes in bone min-
eral density and fractures. Loss-of-function mutations in 
LRP5 receptors cause osteoporosis-pseudoglioma syn-
drome in humans, a form of juvenile-onset osteoporo-
sis.192 Conversely, gain-of-function mutations that render 
LRP5 refractory to secreted antagonists of canonical Wnt 
signaling, such as Dickopff-related 1 (DKK1) and scleros-
tin (encoded by the SOST gene), result in high bone mass 
phenotypes.207-209 These protein inhibitors of Wnt sig-
naling have additional clinical relevance. For example, 
increased production of DKK1 appears to contribute to 
the bone loss in patients with multiple myeloma.210,211 
Moreover, homozygous loss-of-function mutations in 
SOST have been identified in patients diagnosed with 
sclerosteosis, a disfiguring disease associated with high 
bone mass.212 Mutations affecting regulation of SOST 
transcription cause van Buchem disease, a disease that 
resembles sclerosteosis.213 These findings highlight the 
important role of canonical Wnt signaling in regulating 
human bone mass. The fact that osteocytes express DKK1 
and are the major producer of sclerostin underscores the 

Figure 60-7 Canonical Wnt/β-catenin signaling pathway. In the ab-
sence of Wnt signals (left), β-catenin is associated with glycogen syn-
thase kinase 3-β (GSK3-β) in a destruction complex that also contains 
Axin and adenomatous polyposis coli (APC). A hyperphosphorylated 
β-catenin is created by GSK3β and is bound by the β-transducin repeat–
containing protein (β-TrCP) component of the ubiquitin ligase complex, 
targeting β-catenin for proteasomal degradation. Wnt signaling through 
the Frizzled and LRP5/6 receptor complex (right) leads to inhibition of 
GSK3β through activation of Dishevelled (Dsh). Consequently, when 
Wnt signaling is active, β-catenin is stabilized, and the level of β-catenin 
in the cytoplasm becomes elevated. Accumulated β-catenin can trans-
locate to the nucleus to interact with T cell factor/lymphoid enhancer 
factor (TCF/LEF) proteins and mediate transcription of target genes.
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role of these cells in regulating bone formation through 
osteoblast differentiation (see later), but also renders 
inhibition of these Wnt antagonists a promising strategy 
for preventing bone loss.147,214 Extensive research has 
therefore been directed to these molecular targets, with 
the prospect of the potential development of drugs that 
could be useful in the management of osteoporosis; clini-
cal trials are currently ongoing to evaluate the effects of 
antibodies directed at DKK1 and sclerostin in humans for 
the treatment of bone loss and for bone repair.147,214-216

Runx2 and Osx. Runx2, runt-related transcription factor 2 
(previously known as core-binding factor a1 [Cbfa1], Osf2, 
or AML3), a transcription factor of the ancient runt family, 
has been demonstrated as absolutely essential for the in-
duction of osteoblast differentiation and endochondral and 
intramembranous bone formation. Runx2-deficient mice 
completely lack osteoblasts and do not form bone at all; in-
stead a completely cartilaginous skeleton develops without 
any true bone matrix.217,218 In heterozygous (haploinsuffi-
cient) Runx2-mutant mice, the defect in osteoblast differen-
tiation is limited to intramembranous bones.217 The result-
ing phenotype in these mice closely resembles cleidocranial 
dysplasia (CCD) syndrome in humans, a dominantly in-
herited developmental disorder of bone, in which RUNX2 
was found to be mutated in most patients.219,220 Consis-
tent with its function as an early transcriptional regulator 
of osteoblast differentiation, Runx2 is an early molecular 
marker of the osteoblast lineage, being highly expressed in 
perichondrial mesenchyme and in all osteoblasts.34,182 Hy-
pertrophic chondrocytes also express Runx2, and Runx2 
plays important roles in cartilage biology, as was men-
tioned earlier. These functions are being explored currently 
using conditional mutagenesis in mice.78,221

Runx2 can be sufficient to induce osteoblast differen-
tiation in vitro.222 Moreover, Runx2-null calvarial cells 
spontaneously differentiate into adipocytes and differen-
tiate into chondrocytes in the presence of BMP-2 in vitro, 
but they do not differentiate into osteoblasts.223 Thus, 
Runx2 is both sufficient and essential for differentia-
tion of mesenchymal cells into osteoblasts, and it inhibits 
their differentiation into adipocytes and chondrocytes. 
Runx2 mediates osteoblast differentiation by inducing 
ALP activity, by regulating the expression of a variety of 
bone matrix protein genes, and by stimulating mineral-
ization in immature mesenchymal cells and osteoblastic 
cells.34,182 Furthermore, Runx2 regulates the expression 
of RANKL and OPG in osteoblasts, thus affecting osteo-
clast differentiation (see earlier).224,225

The DNA-binding sites of Runx2 have been identified 
in major osteoblast-specific genes, including the genes that 
encode type I collagen (Col1a1), osteopontin, osteonec-
tin, bone sialoprotein, osteocalcin, and Runx2 itself, and 
Runx2 induced the expression of these genes or activated 
their promoters in vitro.226 It is puzzling that although 
Runx2 strongly induced osteocalcin expression in vitro,222 
its overexpression in osteoblasts in vivo severely reduced 
osteocalcin expression.227 Yet, expression of a dominant-
negative form of Runx2 in osteoblasts also led to virtual 
absence of osteocalcin expression and caused impaired 
postnatal bone formation.228 What is clear from these 

and other findings is that the regulation of different stages 
of osteoblast differentiation by Runx2 is very complex; 
Runx2 transcriptional regulation involves interactions 
with a myriad of transcriptional activators and repressors 
and other coregulatory proteins that are under continued 
investigation. The current model is that Runx2 triggers 
the expression of major bone matrix protein genes and 
the acquisition of an osteoblastic phenotype at an early 
stage of osteoblast differentiation, while inhibiting the 
late osteoblast maturation stages and the transition into 
osteocytes. As such, Runx2 may play an important role in 
maintaining a supply of immature osteoblasts.34,182

Runx2 also regulates the expression of Osterix (encoded 
by the Osx or Sp7 gene), an SP family transcription fac-
tor with three zinc-finger motifs. Osterix is expressed in 
osteoblast progenitors, in osteoblasts, and at a lower level 
in (pre-)hypertrophic chondrocytes.229 Similar to Runx2-
deficient mice, mice lacking Osterix showed complete 
lack of osteoblasts and absence of both intramembranous 
and endochondral bone formation.229 Thus, Osterix is a 
third transcription factor that is essential for osteoblast 
differentiation. Because Runx2 is expressed in the mesen-
chymal cells of Osx-null mice but Osterix is not expressed 
in Runx2-null mice, it can be concluded that Osterix acts 
downstream of Runx2.229 Furthermore, the Osx gene 
contains a consensus Runx2-binding site in its promoter 
region, suggesting that Osterix might be a direct target of 
Runx2.230 The transcriptional activity of Osterix involves 
its interaction with NFATc1, cooperatively forming a 
complex that binds to DNA and induces the expression 
of Col1a1.231 Expression of other genes characteristic of 
mature osteoblasts (such as those encoding bone sialopro-
tein, osteopontin, osteonectin, and osteocalcin) was absent 
in cells surrounding chondrocytes in Osx-null mice, and 
instead these cells express genes characteristic of chon-
drocytes (Sox9, Sox5, Col2a1).229 Osterix has also been 
reported to inhibit chondrogenesis in vitro.232,233 Thus, 
Osterix may be important for directing precursor cells 
away from the chondrocyte lineage and toward the osteo-
blast lineage. Overall, it is currently thought that Runx2 
has a crucial role in the earliest determination stage of 
the osteoblast lineage, driving mesenchymal progenitors 
to become pre-osteoblasts, while Osterix regulates at a 
later stage the differentiation of preosteoblasts to func-
tional, bone-forming osteoblasts expressing high levels of 
osteoblast markers (see Fig. 60-6). Further studies using 
conditional mutants (generated through the time- and/or 
site-specific Cre/loxP system) for both these crucial osteo-
blastogenic transcription factors are being performed and 
will undoubtedly help to shed further light on the subtle-
ties of their actions at various stages of chondrocyte and 
osteoblast differentiation, during development as well 
as in postnatal life. For instance, chondrocyte-specific 
ablation of Osx was recently shown to result in lethal-
ity at birth and reduced skeletal growth, associated with 
impaired chondrocyte differentiation and endochondral 
ossification.234,235 Beyond its role in differentiation during 
embryogenesis, Osx was found to be crucial for postnatal 
osteoblast and osteocyte differentiation and function.236 
In line therewith, conditional disruption of Osx specifi-
cally in maturing osteoblasts (Col1α1-expressing cells) 
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led to osteopenia due to impaired osteoblast differentia-
tion in adult mice.237,238

Other Factors and Signaling Molecules Involved in  
Osteoblastogenesis. Besides β-catenin, Runx2, and Os-
terix, various other (non–bone-specific) transcription 
factors are involved in osteoblast differentiation and 
function, albeit not to a similar critical extent, as their in-
activation does not completely abrogate bone formation. 
These include activating transcription factor 4 (ATF4), 
which has been linked to skeletal abnormalities seen in 
human patients with Coffin-Lowry syndrome and neuro-
fibromatosis type 1;239,240 Msx1 and Msx2; Dlx5, Dlx6, 
and Dlx3; Twist; AP1 and its related molecules (Fos/Jun); 
Schnurri-2 and -3; and forkhead box O (FOXO) fam-
ily transcription factors (reviewed in references 34, 65, 
241, and 242). A myriad of morphogens and signaling 
molecules control the activity of these transcription fac-
tors, including Wnts (discussed earlier), as well as locally 
produced BMPs and TGFβ, Hedgehogs (particularly Ihh), 
FGFs, Notch ligands, IGFs, PDGF, and systemic factors 
such as PTH, GH, prostaglandins, estrogens, androgens, 
1,25(OH)2D3, and glucocorticoids.34,65,81

Signaling pathways involving BMPs, Ihh, and FGFs were 
mentioned previously in this chapter for their roles in chon-
drogenesis, but these signals also exert important functions 
in osteoblastogenesis and bone formation. Although sev-
eral BMPs are extremely powerful in inducing bone for-
mation when administered exogenously, their biological 
functions in osteoblast differentiation and endochondral 
ossification are less clear. Among BMP family members, 
BMP-2, BMP-4, and BMP-7 have been studied most exten-
sively for their roles in osteogenesis during development, 
postnatal bone formation and remodeling, and fracture 
repair.17,36,47 The double knockout of BMP-2 and BMP-4 
in the limb completely disrupted osteoblast differentia-
tion, demonstrating the crucial roles of these two BMPs 
in osteoblast differentiation.47 Effects of BMP signaling in 
later stages of osteoblast differentiation are suggested by 
studies using BMP antagonists. Targeting of noggin over-
expression to differentiated osteoblasts by the osteocalcin 
promoter results in osteopenia by 8 months of age.243 Like-
wise, overexpression of gremlin, another BMP antagonist, 
in differentiated osteoblasts results in reduced bone mineral 
density and fractures.244 Moreover, deletion of SMAD4, a 
downstream effector of BMP signaling, in mature osteo-
blasts led to reduced osteoblast function.245 Particularly, 
BMP-2 has been shown to play a critical role in osteogenic 
differentiation.43 It promotes the commitment of pluripo-
tent mesenchymal cells to the osteoblast lineage and has 
been demonstrated to induce the expression of both Runx2 
and Osx during osteoblastogenesis.246-248 BMP2 has an 
important role in postnatal bone formation and fracture 
healing,17 and the activity of BMP-2 as a potent inducer of 
bone formation is being applied as a therapeutic strategy to 
repair bone defects in humans.249,250 Yet, the precise mech-
anisms responsible for BMP-2–mediated gene regulation 
during osteoblast differentiation and bone formation are 
not well elucidated because of the considerable complex-
ity and involvement of a myriad of interacting pathways. 
Indeed, while all the studies mentioned earlier support the 

osteoblast differentiation–enhancing function of BMP sig-
naling, the system is far more complex. For instance, inac-
tivation studies of BMP3 indicated that this BMP inhibits 
osteoblast differentiation and proliferation in vivo.48,251 
Speculatively, BMP3 may function in a negative-feedback 
mechanism to counteract the activities of BMP2 and BMP4 
and regulate the differentiation of a correct number of 
osteoblasts to maintain a proper bone mass.65 Regarding 
the receptors, it is known that activating mutations in the 
BMP type 1 receptor ALK2 cause fibrodysplasia ossifi-
cans progressive, a human disease characterized by ectopic 
bone formation that recapitulates the entire sequence of 
endochondral ossification.252 Recently, conditional mouse 
genetic studies of the BMP receptors have been performed 
to help clarify their functions in osteoblasts. Surprisingly, 
deletion of BMPR1A in osteoblasts, either in utero or post-
natally, resulted in an increase in bone mass.253,254 These 
studies indicated that BMPRIA loss increased bone forma-
tion by diminishing the expression of the Wnt inhibitors 
DKK1 and sclerostin, downstream effector of BMPRIA, 
resulting in increased Wnt/beta-catenin signaling.253,254 
Thus, much remains to be learned about the physiologi-
cally relevant BMP receptors in osteoblasts.

The Hedgehog (Hh) family member Ihh is required for 
endochondral but not for intramembranous bone forma-
tion in the skull, by controlling osteoblast differentiation 
in the perichondrium of long bones. Ihh-null mice com-
pletely lack endochondral ossification because of the lack 
of osteoblasts.68,255 In these mice, Runx2 is expressed 
in chondrocytes but not in perichondrial cells. As well, 
nuclear β-catenin is absent in the perichondrial cells of 
Ihh-deficient mice.18 Thus, Ihh is required for inducing 
the initial activity of Runx2 and β-catenin in perichondrial 
cells and triggering them to become endochondral osteo-
blasts, thereby coupling chondrocyte maturation with 
osteoblast differentiation during endochondral ossifica-
tion. Chondrocyte-derived Ihh remains crucial for sustain-
ing trabecular bone in the postnatal skeleton.79 The role 
for Hh signaling in osteoblast lineage cells proper during 
adult bone homeostasis is less clear. Genetic disruption of 
Hh signaling in differentiated osteoblasts, by mutating the 
receptors Ptc or Smo, resulted in increased bone mass in 
postnatal life and protection from bone loss in aged mice, 
owing to a suppression of osteoclast differentiation.256 The 
underlying mechanism appeared to be that Hh signaling 
in mature osteoblasts upregulates osteoblast expression 
of PTHrP, promoting RANKL expression and thereby 
indirectly inducing osteoclast differentiation. Thus, Hh 
signaling may exert subtle control over the activities of 
osteoclasts and osteoblasts during bone remodeling.256

FGF signaling has been implicated in the proliferation of 
immature osteoblasts and the anabolic function of mature 
osteoblasts in vivo, both in fetal and postnatal stages.50 In 
mice lacking FGF18, osteoblast progenitors could be iden-
tified in the bone collar, but their terminal differentiation 
was delayed resulting in delayed ossification.49-52 Mice 
lacking FGF2 showed a reduction in total bone mass at the 
adult stage, which was probably due to reduced osteopro-
genitor proliferation and decreased osteoblast function.257

Several FGF receptors (FGFR1, FGFR2, and FGFR3) 
have been implicated in the osteogenic functions of FGF 
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signaling, as revealed by genetic studies in mice, although 
FGF signaling through different receptors appears to have 
diverse roles in regulating osteoprogenitor proliferation, 
osteoblast differentiation, and the activity of mature osteo-
blasts.258,259-261 Whether and how these specific aspects and  
stages of osteoblast differentiation per se are affected by 
FGFs is currently elusive, but recent evidence indicates that 
FGF signaling induces BMP-2 expression and stimulates 
the expression and transcriptional activities of Runx2.262-264 
Conversely, Runx2 can induce the expression of FGF18.265  
These findings underscore once more how the various 
pathways that are essential for endochondral and intra-
membranous bone development physically and function-
ally converge. Moreover, the ultimate outcome relies on 
the complex integration of stimulatory and inhibitory 
signaling. For instance, Notch signaling suppresses osteo-
blast differentiation by diminishing Runx2 transcriptional 
activity via the Wnt/β-catenin pathway, actions that may 
be required to maintain a pool of undifferentiated mesen-
chymal progenitors in the bone marrow.266,267

BONE REMODELING AND SKELETAL HOMEOSTASIS
Throughout life, bone tissue maintains its integrity and 
responds to changes in functional demands by con-
tinuously turning over, a process termed bone remod-
eling.115,268-270 Bone remodeling is needed to remove 
older matrix and cells and stress-induced microcracks to 
ensure biomechanical stability and to regulate mineral 

homeostasis of the whole organism. Osteoclasts initiate 
bone remodeling and perform the actual removal of old 
bone matrix, while osteoblasts subsequently become acti-
vated to lay down new bone. Disturbances in the delicate 
balance between bone resorption and bone formation 
lead to disorders such as osteopetrosis (reduced function 
of the osteoclasts), osteosclerosis (increased function of 
the osteoblasts), and osteoporosis (low bone mass caused 
by greater bone resorption than bone formation). The 
first two disease states are characterized by a high bone 
mass; osteoporosis, the more frequent condition, is typi-
fied by a decrease in bone density, severe trabecular and 
cortical porosity, and a high incidence of fractures. Here 
we will briefly review the principles and main regulatory 
determinants of the bone remodeling process, and we will 
outline some of the current insights into how osteoclasts 
and particularly osteoblasts function to sustain additional 
skeletal functions in a broader physiologic perspective.

Principles of Bone Remodeling
The Bone Remodeling Cycle
Bone is constantly renewed by undergoing a process 
of self-destruction followed by a regenerative process. 
Depending on mechanical and physiologic needs, osteo-
clasts resorb particular pockets or trenches of existing 
trabecular and cortical mineralized bone tissue, whereas 
osteoblasts lay down new bone at appropriate sites to 
replace the lost bone (Fig. 60-8). Packets of bone that are 
renewed during remodeling are called bone-remodeling 
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Figure 60-8 Three-phase model of bone remodeling. The skeleton is a metabolically active organ that undergoes continuous remodeling throughout 
life. Bone remodeling involves the removal of mineralized bone by osteoclasts, followed by the formation and subsequent mineralization of bone 
matrix by osteoblasts. Initiation starts with recruitment of hematopoietic precursors and their differentiation to osteoclasts, induced by osteoblast 
lineage cells that express osteoclastogenic ligands such as receptor activator of nuclear factor-κB ligand (RANKL). Osteoclasts become multinucle-
ated and resorb bone. Transition is marked by switching from bone resorption to formation via coupling factors, which can stimulate osteoblast 
recruitment, differentiation, and/or activity. These signals include (1) bone resorption–derived signals, most typically comprising growth factors that 
were embedded in bone matrix and become released upon osteoclastic bone resorption (e.g., TGF-β, BMPs, IGFs, PDGF); (2) soluble signals either 
or not osteoclast-derived (e.g., hormones and diffusible growth factors, such as BMP-6, S1P, and Wnt10b); and (3) membrane-bound molecules (e.g., 
ephrins, semaphorins). During the termination phase, the resorbed lacuna is refilled through bone formation by osteoblasts that later flatten to form 
a layer of lining cells on the bone surface or become osteocytes connected by canaliculi within the bone.
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units (BRUs) or bone multicellular units (BMUs).115,268,270 
It has been estimated that the adult human skeleton con-
tains more than 1 million of these microscopic remodel-
ing foci at any one time.269 The bone in an activated BRU 
is first removed by osteoclastic bone resorption through a 
process that takes a few weeks (see Fig. 60-8). Lost bone 
is replaced by osteoblastic bone formation, lasting 3 to 4 
months for one packet. This discrepancy in the kinetics 
of bone resorption and formation explains in part how 
increased resorption, even when accompanied by coupled 
increased formation, can cause bone loss, for example, in 
estrogen deficiency or hyperparathyroidism.

How the bone resorption that starts the remodeling 
cycle itself is initiated remains enigmatic, but may involve 
osteoblast lineage cells perceiving and responding to a 
remodeling signal by regulating osteoclast formation (see 
later). The mechanisms that regulate the recruitment of 
the hematopoietic precursors for the osteoclasts to the 
bone environment and the remodeling sites are also not 
very clear, although recent findings indicate that the lipid 
mediator sphingosine-1-phosphate (S1P) may be involved 
in regulating their movement between the circulation and 
the bone marrow.271-274 Osteoclast precursors, which 
highly express the S1P receptor 1 (S1PR1), appear to 
be attracted from the marrow to the bloodstream under 
physiologic conditions by S1P, whose concentration is 
higher in blood than in marrow. Conversely, the receptor 
S1PR2 appears to be mediating the attraction of the cells 
from the bloodstream to remodeling sites. Thus, S1PR1 
and S1PR2 appear to have reciprocal functions.271,272 
Data supporting these mechanisms include the findings 
that mice with deletion of S1PR1 in osteoclast precursors 
developed excessive bone resorption and osteoporosis 
because the cells remained in the marrow and differenti-
ated into osteoclasts;271 mice with deficiency in S1PR2, 
on the other hand, have moderate osteopetrosis owing to 
reduced bone resorption, apparently because their osteo-
clast precursors remain in the blood.272

The signal responsible for the completion of resorp-
tion in a remodeling cycle also has not been determined 
in vivo, but several factors that reduce osteoclast forma-
tion or activity could play a role (see later). In healthy 
bones, cessation of resorption is followed by bone for-
mation. During the time lag that occurs between the end 
of resorption and the beginning of formation, called the 
reversal phase, small cells are seen on the resorbed sur-
face, perhaps osteoblast precursors that are attracted to 
the BRU. At this stage of the remodeling cycle, plump 
cuboidal osteoblastic cells differentiate on the bone sur-
face and deposit the organized matrix that then becomes 
mineralized. The bone formation period is completed after 
approximately 4 months, when the respective packet of 
bone, either on the surface of a trabecula or in the cortical 
haversian canal system, enters a quiescent period until the 
next remodeling cycle (see Fig. 60-8).115,268-270

Coupling of Bone Resorption and Bone Formation  
During Remodeling
Skeletal homeostasis remains intact as long as the activi-
ties of both osteoclasts and osteoblasts are balanced (cou-
pled), and the net bone mass is maintained. This balance 

implies the existence of mechanisms that tightly coordi-
nate the differentiation of osteoblasts and osteoclasts, as 
well as their migration to locations where they function. 
Increasing data support the model that osteoclasts and 
osteoblasts reciprocally regulate each other’s recruitment, 
differentiation, and/or activity (see Fig. 60-8).115,270 In 
addition, osteocytes recently emerged as key players in 
the remodeling process by regulating both osteoclastic 
bone resorption and osteoblastic bone formation (see Fig. 
60-8).124

A first aspect of the coupling principle is provided 
by the direct control of osteoclastogenesis by cells of 
the osteoblast lineage. Indeed, as outlined earlier in the 
chapter, osteoblasts and stromal cells have been known 
for many years to control bone degradation by express-
ing M-CSF, required for the proliferation of osteoclast 
precursors, and RANKL, mediating the differentiation 
of hematopoietic osteoclast precursors toward mature 
multinucleated cells (osteoclastogenesis). Osteoblasts 
also express OPG, the soluble decoy receptor that binds 
to RANKL and prevents it from binding to RANK, thus 
providing a negative control mechanism to limit osteo-
clast formation (see earlier).115,130 Recently, new findings 
obtained by using conditional mouse models added to 
this mechanism that osteocytes are also crucial players in 
the regulation of osteoclast formation, as they appear to 
be major sources of RANKL driving osteoclast formation 
and activation during adult bone remodeling.122,123

Other mechanisms by which osteoblast lineage cells 
control osteoclastogenesis in vivo are being increas-
ingly uncovered, through the use of cell type- and/
or stage-specific mutagenesis in mice. For instance, the 
non-canonical Wnt pathway (Wnt signaling relayed to 
intracellular responses by mechanisms that are indepen-
dent of β-catenin actions) between osteoblast-lineage cells 
and osteoclast precursors appears to regulate bone resorp-
tion.275 Osteoblast-lineage cells express Wnt5a, which 
activates non-canonical Wnt signaling through receptor 
tyrosine kinase-like orphan receptor (Ror) proteins such 
as Ror2, expressed by osteoclast precursors. As a result of 
this Wnt5a-Ror2 signaling, RANK expression was found 
to increase and osteoclastogenesis was enhanced.275 
Another newly identified mechanism involves osteoblastic 
expression of semaphorin 3A (Sema3A), a member of the 
family of secreted and membrane-associated axon guid-
ance molecules that use plexins and neuropilins (Nrp) 
as their primary receptors; soluble Sema3A produced by 
osteoblasts was found to exert an osteoprotective effect 
by inhibiting osteoclast precursor differentiation through 
the Plexin-A coreceptor Nrp1.276 In contrast, Sema6D 
signaling through the receptor Plexin-A on osteoclasts 
was previously found to promote osteoclast formation 
and function.277 Hence, this system’s complexity with 
multiple interacting ligands and receptors calls for further 
studies to clarify their precise roles in osteoblast-osteo-
clast communication (also see later).

The second, converse aspect of the coupling is pro-
vided by the reciprocal activity of osteoclasts to modu-
late osteoblast recruitment, differentiation, and function 
to regulate the anabolic arm of the remodeling process 
that follows the resorption phase. In the coupling of 
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osteoclasts to cells of the osteoblast lineage, three types of 
signals can be discriminated: 1) bone resorption-derived 
signals; 2) osteoclast-derived soluble signals; and 3) cell-
surface interactions between osteoclasts and developing 
osteoblasts.270

Osteoclastic bone resorption is generally assumed 
to locally release a myriad of growth factors that are 
stored in the bone matrix, which can subsequently act 
as potent osteoblast stimuli by attracting osteoblastic 
cells or their progenitors to the remodeling site and/or 
stimulating their proliferation, differentiation, and activ-
ity. Growth factors like TGF-β, BMPs, IGFs, VEGF, and 
PDGF produced by osteoblasts are incorporated into the 
bone matrix in high concentrations; when released, they 
can elicit their anabolic effects on osteoblast lineage cells. 
One key aspect, about which many questions remain, is 
how osteoblast progenitors are initially recruited to the 
remodeling site. Constituents of the bone matrix, such as 
fragments of collagen or osteocalcin, complement frag-
ments, inflammatory cytokines, and growth factors that 
are typically released, activated, or produced at sites of 
matrix resorption, all have been reported to exert chemo-
tactic potential toward osteoblasts and their precursors 
in vitro (reviewed in reference 108). The first evidence 
in vivo came from a recent study showing that TGF-
β, released from bone matrix during osteoclastic bone 
matrix degeneration, exerts a chemotactic effect on osteo-
blast precursors to these bone resorptive sites.278 Adult 
mice lacking TGF-β showed disturbed bone remodeling 
with decreased trabecular bone and the presence of fewer 
osteoblasts on the trabecular bone surfaces; moreover, 
injected osteogenic progenitor cells failed to home to 
resorptive sites on the trabecular bone surfaces in TGF-
β knockout mice.278 Similarly, IGF-1 (that is released 
from the bone matrix upon osteoclastic resorption) was 
found to promote osteoblastic differentiation of recruited 
mesenchymal stem cells by activation of mammalian tar-
get of rapamycin (mTOR), thereby maintaining proper 
bone mass. Mice with knockout of the IGF-1 receptor 
(IGF-1R) in their pre-osteoblastic cells had lower bone 
mass, and mesenchymal progenitors lacking the receptor, 
although recruited to the bone surface after implantation, 
were unable to differentiate into osteoblasts.279

In addition to chemotactic signals released from the 
matrix upon resorption, osteoclasts can also play a direct 
role in regulating osteoblast recruitment. For instance, 
osteoclasts themselves secrete factors with chemotactic 
properties, such as PDGF.280,281 Other molecules with 
anabolic potential that are expressed by osteoclasts 
include BMP-6, S1P, the Wnt agonist Wnt10b,282 and the 
adiponectin family member, CTHRC.283 When CTHRC 
was deleted only from osteoclasts in mice, osteopenia 
resulted; thus, this protein is likely to have a physiologic 
role in the coupling mechanism. Of note, osteocytes also 
play a role in determining osteoblastic differentiation and 
bone formation during remodeling by modulating Wnt 
signaling, for instance through their expression of the 
Wnt inhibitors DKK1 and sclerostin.189

Lastly, osteoclasts can also signal directly to cells of the 
osteoblast lineage through cell-bound molecules.115,270 
For instance, the ephrin/Eph receptor system may allow 

bidirectional cell-surface contact-based signaling between 
osteoclasts and osteoblasts. It was reported that osteo-
clasts express ephrin B2, while osteoblasts express its 
EphB4 receptor, both membrane-bound proteins.284 
Signaling through EphB4 into osteoblasts (forward sig-
naling) appeared to enhance osteogenic differentiation, 
whereas signaling through ephrin B2 into osteoclast pre-
cursors (reverse signaling) suppressed osteoclast differen-
tiation, the overall outcome of such interaction thus being 
predicted to favor bone formation.284,285 Recent studies 
argue that ephrin B2 is produced by the osteoblast lin-
eage, thus contesting the view of an osteoclast-derived 
coupling activity.270 More studies will undoubtedly shed 
more light on the role of the ephrin protein family in bone 
biology in the near future. In another recent paper, evi-
dence was provided that osteoclast-produced Sema4D, 
a predominantly transmembrane semaphorin, contrib-
utes to balanced remodeling in adult bone by binding 
to its receptor Plexin-B1, expressed on osteoblasts.286 
This interaction in fact appears to repel osteoblasts from 
osteoclasts at bone resorptive sites, thus suppressing bone 
formation during the bone resorption phase. Mice lack-
ing Sema4D or Plexin-B1 or both showed increased bone 
volume, trabecular thickness, and bone strength, result-
ing from increased osteoblastic bone formation. Although 
the fine details of the underlying mechanism remain to 
be clarified, activation of the small GTPase RhoA and 
its downstream kinase ROCK seem to be implicated in 
the Sema4D-induced inhibition of osteoblast differentia-
tion and stimulation of cell motility.286 Altogether, it is 
clear that osteoclasts are capable of producing many mol-
ecules affecting the osteoblast lineage, both positively and 
negatively.115,270

New insights in the mechanisms underlying the induc-
tion of the reversal phase, during which osteoblasts are 
recruited to the BRU, and the expedition of the actual 
bone formation phase, may eventually lead to the devel-
opment of novel therapeutic targets to treat osteoporosis.

Unbalanced Bone Remodeling in Metabolic Bone Diseases
It is clear that bone remodeling must be tightly controlled 
to maintain normal bone homeostasis, although the molec-
ular mechanisms that control its initiation, progression, 
and cessation at any given site remain poorly understood. 
Failure of this normal skeletal functioning is one of the 
most common early manifestations of aging, for exam-
ple, in osteoporosis and osteoarthritis. These and a vari-
ety of other pathologic conditions affecting the skeleton 
(e.g., rheumatoid arthritis, periodontitis, Paget’s disease, 
bone tumors) lead to perturbations in the bone remodel-
ing process, predominantly shifting the balance toward 
increased degradation of bone owing to local and/or sys-
temic alterations in the levels of hormones or proinflam-
matory cytokines that stimulate bone resorption (see later). 
Osteoporosis, characterized by low bone mass and high 
risk for debilitating fractures of the vertebrae and long 
bones, afflicts millions of individuals, particularly post-
menopausal women (see later), and it becomes increasingly 
prevalent with the aging of the general population. Estro-
gen deficiency increases both the number of sites at which 
remodeling is initiated and the extent of resorption at a 
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given site (see later). Increased bone resorption is accompa-
nied by increased bone formation as a result of coupling. 
However, the increase in bone formation is not sufficient to 
maintain bone balance and prevent bone loss. The reason 
for this skeletal insufficiency in osteoporosis is not known; 
it could be due to lack of estrogen or other hormones, such 
as androgens, required for fully effective bone formation 
and is due in part to the aforementioned kinetic imbalance. 
In cancellous bone, the loss results in thinner trabeculae, 
which become rod-shaped rather than platelike, and in tra-
becular discontinuity, which deprives them of mechanical 
function. In cortical bone, endosteal bone resorption causes 
thinning of the cortex and sometimes trabecularization of 
the endosteal surface. Enhanced resorption increases the 
size of haversian canals and the porosity of the cortical 
bone. The result of these changes is significant weakening 
of the respective bones and increased fracture risk.

Control of Bone Remodeling and Bone Mass
Bone remodeling and the resultant net bone mass are 
influenced by a myriad of signals (Fig. 60-9). In addi-
tion to the many local factors discussed previously, bone 
resorption and bone formation are also profoundly 
affected by mechanical stimuli, endocrine molecules, and 
central regulatory systems, which consequently impact 
strongly on the balance between the two processes and 
hence, on bone health.

Mechanical Loading
The skeletal system provides mechanical support and pro-
tection for the multiple organs of vertebrate organisms. 

To withstand loading in the most efficient way (maximal 
strength for minimal material), the skeleton constantly 
adjusts its bone mass and architecture in response to load 
through bone remodeling. In fact, adaptation and reshap-
ing of the bone structure to mechanical forces require 
the replacement of existing bone packets or whole tra-
beculae with new ones appropriately oriented relative to 
prevailing mechanical loads. The close, dynamic relation 
between bone structure and the lines of force in bone 
may be maintained by responses to a mechanical strain 
threshold (force per unit area), below which osteoclas-
tic removal of bone occurs, while a higher strain will 
stimulate the addition of bone. It has indeed long been 
recognized that mechanical stress induced by weight-
bearing exercise increases osteoblast activity and induces 
bone formation. Conversely, the absence of mechanical 
stimulation resulting from prolonged immobilization or 
unloading causes severe bone loss. During immobiliza-
tion, bone resorption increases and formation decreases, 
contributing to the bone loss seen to be associated with 
frailty and prolonged bed rest. Similarly, prolonged space 
flight, with the resulting lack of gravity forces on the skel-
eton, leads to marked loss of bone mass and increased 
bone fragility in astronauts.

Increasing evidence suggests that the main mechano-
sensing cell type of bone is the osteocyte (see earlier). 
The osteocyte is ideally situated within the lamellar bone 
to sense mechanical forces and communicates signals to 
other osteocytes, osteoblast lineage cells, and osteoclasts 
on the bone surface, likely through the connecting cana-
licular network.184-186 As mentioned earlier, osteocytes 
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take part in the control of bone formation through the 
production of sclerostin, the protein derivative of the 
SOST gene that inhibits Wnt signaling through binding 
to LRP5/6 (see earlier). Interestingly, mechanical load-
ing changes the expression levels of SOST in osteocytes, 
resulting in a rapid decrease in sclerostin production.287 
Correspondingly, SOST-null mice have a very high bone 
mass,288 whereas, conversely, transgenic mice overex-
pressing sclerostin in osteocytes suffer severe bone loss.289 
Osteocytes thus appear to use the Wnt/β-catenin pathway 
to transmit signals of mechanical loading to cells on the 
bone surface.189 As also discussed earlier (viable) osteo-
cytes have the potential to stimulate bone resorption by 
producing RANKL.122-124 Previous findings suggested 
that the role of osteocytes as inducers of bone resorp-
tion during bone remodeling could be strongly influ-
enced by osteocyte apoptosis, which on its turn can be 
consequential to unloading.290,291 Conversely, mechani-
cal stimulation is capable of maintaining osteocyte viabil-
ity.292,293 Overall, the importance of osteocyte viability 
in maintenance of bone tissue health and the response to 
mechanical loading was elegantly shown via experimen-
tal destruction of osteocytes in murine bone.294 Targeted 
diphtheria toxin receptor expression under the control of 
the osteocyte-specific DMP-1 promoter allowed for induc-
tion of massive osteocyte apoptosis upon the administra-
tion of diphtheria toxin to these mice. The results showed 
that osteocyte death quickly led to increased RANKL 
expression in bone (the cellular source of which is not 
fully clear) and a large-scale increase in bone resorption, 
decreased bone formation, and trabecular bone loss. 
Concomitantly, these mice were resistant to unloading-
induced bone loss, indicating the requirement for osteo-
cytes in the response to mechanical signals.294

The mechanisms by which a mechanical stimulus is 
transduced into biochemical signals in osteocytes and 
osteoblasts and the means whereby these cells then modu-
late bone remodeling activities have not been clearly iden-
tified. Influences that have been implicated in the process 
include shearing forces produced by fluid movement (e.g., 
in the canaliculi surrounding the osteocytic dendrites) and a 
variety of membrane proteins, including integrins, connex-
ins, and stretch-sensitive ion channels.185,186 For instance, 
mechanical stimulation increases expression of connexins, 
membrane-spanning proteins that form regulated chan-
nels that allow the direct exchange of small molecules with 
adjacent cells, resulting in intercellular communication 
between cells.295-297 Particularly, connexin 43 (Cx43) is 
essential for osteocytes; mice lacking Cx43 in osteocytes 
displayed increased osteocyte apoptosis and empty lacu-
nae in cortical bone.298 Moreover, deficiency of Cx43 in 
osteoblasts and osteocytes led to bone loss due to increased 
osteoclastogenesis and bone resorption.299 Surprisingly, 
Cx43-deficient mice displayed an enhanced anabolic 
response to mechanical load,299 rather than the reduced 
response that would be expected based on previous in vitro 
data that indicated an important role for Cx43 in mediat-
ing the mechanical responses of osteocytes.186,295-297

Osteocytes also respond in vitro and in vivo to 
increased load by altering their signaling, resulting in the 
translation of mechanical stimuli into biochemical signals 

that generally enhance osteoblastic bone formation and 
reduce osteoclastic bone resorption.184,188 For example, 
in response to loading, osteocytes upregulate nitric oxide 
(NO) production, release prostaglandin (PG)E-2 and 
IGF-1, and decrease glutamate transporter expression. 
NO is an early mediator of the response of osteocytes 
to mechanical loading and indirectly reduces osteoclast 
activity by inhibiting RANKL and increasing OPG.300 
PGE2 stimulates osteoblast formation through activation 
of the canonical Wnt/β-Catenin pathway.301

As discussed in detail in other chapters, osteocytes 
can also act as an endocrine organ by releasing FGF23 
and several other proteins (DMP-1, MEPE, PHEX) that 
regulate phosphate metabolism. DMP-1 expression is 
also robustly increased upon mechanical stimulation.302 
DMP-1 inactivation in mice is associated with a hypo-
mineralized phenotype linked with elevated FGF-23 and 
defective osteocyte lacuna/canalicular network forma-
tion.303 Because DMP-1 can regulate phosphate metab-
olism and bone mass, these findings suggest a potential 
connection between exercise, local bone mineralization, 
phosphate homeostasis, and kidney function orchestrated 
via the osteocyte, which may be important toward an 
understanding of the full spectrum of consequences of the 
loss of osteocytes observed in aging bones.184,187,188,304

Systemic Factors Regulating Calcium Homeostasis
Parathyroid Hormone. Bone remodeling also represents 
a major mechanism used by land vertebrates to regulate 
mineral homeostasis. The removal of calcium from bone, 
to maintain calcium homeostasis acutely, is facilitated by 
osteoclastic resorption of calcium-containing bone. The 
principal mediators in this process are PTH and its down-
stream effector 1,25(OH)2D3, the activities of which are 
discussed in detail in other chapters in this book. Both 
these hormones act on osteoblastic cells to increase the 
production of RANKL and thereby potently activate os-
teoclastogenesis.120,121

The actions of PTH on bone are complex, with mul-
tiple direct actions on cells of the osteoblast lineage that 
vary, both with the state of differentiation of the cell and 
with its location in bone (periosteal vs. endosteal). The 
actions of PTH to increase osteoclast number and action 
dominate when levels of PTH are continuously elevated, 
but PTH also increases the rate of bone formation. In 
fact, when PTH is administered intermittently, this effect 
predominates and leads to a net increase in bone mass 
(see Fig. 60-9).305,306 Recent studies suggested that PTH 
action directly on osteocytes may be involved in the con-
trol of both bone resorption and bone formation. Trans-
genic mice expressing a constitutively active form of the 
parathyroid hormone receptor (caPTHR) in osteocytes 
(using the DMP1 promoter, likely including some tar-
geting of mature osteoblasts and lining cells) showed 
elevated osteoclast and osteoblast numbers, associated 
with increased RANKL and decreased sclerostin expres-
sion in bone.307 Conversely, conditional inactivation 
of the PTHR in the same group of cells led to reduced 
osteoblast and osteoclast activity and blunted responses 
to both anabolic and catabolic PTH administration 
regimes.308
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When administered intermittently, PTH enhances 
Runx2 expression and activity; however, Runx2 is also 
involved in the catabolic effect of PTH through the 
induction of RANKL.309,310 Intermittent PTH promotes 
osteoblast differentiation also in part by its ability to 
promote exit from the cell cycle, to activate Wnt signal-
ing in osteoblasts, and to inhibit production of the Wnt 
antagonist sclerostin in osteocytes.306,311-313 Furthermore, 
intermittent administration of PTH prolongs osteoblast 
survival314 and was recently shown to increase osteoblast 
number by converting inactive lining cells (labeled by the 
expression of DMP1 and followed by lineage tracing) 
to mature osteoblasts in vivo.315 By controlling osteo-
blast function, PTH increases bone formation on cancel-
lous, endocortical, and periosteal bone surfaces and has 
become a valuable clinical anabolic treatment strategy for 
osteoporotic conditions.316,317

Sex Steroids. Another significant endocrine input into 
bone remodeling and homeostasis is the pronounced in-
fluence of sex steroids, essential for maintenance of the 
adult skeleton (see Fig. 60-9).318 Skeletal preservation by 
estrogen in females may be related evolutionarily to the 
need for calcium stores for embryonic skeletal develop-
ment. In mammalian adult males and females, including 
humans, estrogen has been identified as the major inhibi-
tor of bone resorption by reducing osteoclast number. 
This explains the profound bone loss associated with 
estrogen deficiency, with postmenopausal osteoporosis 
being the most prominent type of bone pathology in hu-
mans.176,319,320 Treatment of women with hormone re-
placement therapy (estrogen alone or estrogen plus pro-
gesterone) has been shown to prevent this bone loss.321 
This therapy has been subject of controversy and debate 
though, owing to the potential risks involved, and is not 
generally used as osteoporosis therapy in older adult pa-
tients.

Estrogen actions on osteoclasts, that express estro-
gen receptors (ERα and ERβ), involve direct effects on 
their life span, through estrogen-mediated induction of 
the Fas/FasL system causing apoptosis.322 Furthermore, 
estrogen can have nongenomic effects, or rapid signaling 
effects, thus inducing the phosphorylation of components 
of various signaling pathways (e.g., the MAPK pathway) 
or calcium regulation. Such effects may contribute to the 
induction of osteoclast apoptosis by estrogen without the 
need for direct binding of ERα to DNA.319,323 Besides 
affecting osteoclast life span, estrogen was reported to 
decrease the responsiveness of osteoclast progenitor cells 
to RANKL, thereby reducing osteoclastogenesis.324

A variety of other mechanisms contribute to the ben-
eficial effects of estrogen on bone. For instance, estrogen 
suppresses the production of osteoclastogenic cytokines 
such as interleukin (IL)-1, IL-6, IL-7, and TNFα in T 
cells and osteoblasts, thereby indirectly affecting osteo-
clast number.325 Estrogen signaling directly in cells of the 
osteoblast lineage also contributes to the regulation of 
bone mass in female and male mice (albeit gender effects 
seemed not consistent throughout the various studies), as 
recently revealed by mouse genetic studies inactivating 
ERα in osteoblasts and/or osteocytes.326-329

Androgens are important not only as a source of estro-
gen, through the action of aromatase, but also for their 
direct effect in stimulating bone formation.330 Testoster-
one, responsible for the male phenotype characterized by 
a larger skeleton, has complex effects on bone metabo-
lism. As an anabolic steroid, it stimulates bone forma-
tion in both males and females. Androgens also increase 
periosteal bone formation, leading to larger and there-
fore stronger bones. Mice lacking the androgen receptor 
(AR) in osteoblasts and/or osteocytes displayed a pheno-
type characterized by reduced trabecular bone volume 
and accelerated age-related bone loss.331-333 In addition, 
it is thought that testosterone can inhibit bone resorp-
tion directly, acting through the androgen receptor and 
through conversion by aromatase to estrogens. Loss of 
androgens in males from chemical or surgical castration 
or an age-associated decline in androgen levels has the 
same adverse effect on the skeleton as estrogen loss in 
women, albeit the loss of testosterone in aging men is not 
as universal or as abrupt as the loss of estrogen at the time 
of menopause in women.318,330

Other Systemic Regulators of Bone Remodeling. In con-
trast to sex steroids, glucocorticoid excess is catabolic to 
bone, as is illustrated by glucocorticoid-induced osteo-
porosis, a devastating consequence of long-term use of 
glucocorticoids.334 The mechanisms for glucocorticoid-
induced bone loss are complex, including suppression 
of renal calcium reabsorption, reduction in intestinal 
calcium absorption, and hypogonadism, all of which led 
to increased bone resorption and bone turnover. Perhaps 
more important, glucocorticoids have direct effects on 
the skeleton.334 Glucocorticoids impair the replication, 
differentiation, and function of osteoblasts and induce 
the apoptosis of mature osteoblasts and osteocytes, lead-
ing to dramatic suppression of bone formation.335,336 
As well, glucocorticoids act directly on osteoclasts and 
prolong their life span; in addition, glucocorticoids may 
sensitize bone cells to regulators of bone remodeling and 
favor osteoclastogenesis, thus leading to overall increased 
bone resorption.334,337

Influences on bone remodeling by the GH/IGF axis,338 
thyroid hormones,339 and prostaglandins340 are reviewed 
in the indicated recent references.

Central Control of Bone Remodeling
The central nervous system (CNS) coordinates the activi-
ties of multiple organs throughout the body. Given the 
likely importance of coordinating skeletal responses to a 
variety of systemic challenges, perhaps it is not surprising 
that recent work shows that signals from the CNS and the 
sympathetic nervous system (SNS) profoundly influence 
bone remodeling and resultant bone mass (Fig. 60-10).

Leptin, an adipocyte-derived hormone mainly known 
for controlling appetite, energy metabolism, and repro-
duction, has been shown to act through the CNS (via the 
hypothalamus) and ultimately through the SNS to nega-
tively regulate bone formation by osteoblasts.341,342 Sym-
pathetic signaling via β2-adrenergic receptors (Adrβ2) in 
osteoblasts inhibits proliferation through transcriptional 
factors such as Period (per), which also regulate the 
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circadian clock,343 and additionally favors bone resorp-
tion by increasing osteoblastic expression of RANKL344 
(see Fig. 60-10). These conclusions were drawn from a 
series of studies using mutant mice with deficiencies or 
lesions in portions of the leptin-hypothalamic-sympa-
thetic pathways.341,342,344,345 All of these models displayed 
a similar bone phenotype characterized by increased bone 
mass due to vastly increased osteoblast activity and bone 
formation accompanied by a mild increase in osteoclastic 
bone resorption. Part of this outcome is explained fur-
ther by another action of leptin through its actions in 
the hypothalamus, which is to inhibit bone resorption 
by stimulating the expression of cocaine- and amphet-
amine-regulated transcript (CART), leading—through as 
yet unknown mechanisms—to reduced RANKL expres-
sion.344 More recent work has indicated that the actions 
of leptin in the brain are in fact at least in part mediated 
via serotonin.346 This paper showed that raphe neurons 
in the brainstem, rather than neurons in the hypothala-
mus, express the leptin receptor (LepR, also known as the 
leptin/obese receptor ObRb) and respond to leptin signal-
ing by inhibiting the production and release of serotonin. 

The serotonergic neurons of the brainstem project to the 
ventromedial and arcuate neurons of the hypothalamus, 
regulating bone mass accrual positively and favoring 
appetite, respectively. Hence, leptin-mediated reductions 
in brain-derived serotonin were proposed to negatively 
impact on bone mass.346,347 Centrally administered leptin 
has also been indicated to positively affect bone forma-
tion though.348 In addition, besides the mechanism of 
action of leptin through a central pathway, leptin appears 
to also act via peripheral pathways on osteoblasts to 
regulate bone mass and strength. The leptin receptor is 
present also in osteoblasts themselves, and the actions 
of leptin may be partly explained by direct effects that 
are anabolic in nature, increasing osteoblast number and 
activity.349,350 Future work will undoubtedly help clarify 
the remaining questions on the complex mechanisms of 
action of leptin on bone.

Evidence that leptin regulates bone turnover in 
part through a CNS/β-adrenergic system relay has 
driven attention toward the potential therapeutic ben-
efits of β-adrenergic blockers in improving bone mass 
and strength in osteoporosis.351 As well, the use of 
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antidepressant medications that act on the serotonin 
system has been linked to detrimental impacts on bone 
mass and to osteoporosis.352 It is interesting to note that 
whereas the downstream effectors of leptin action on 
bone remodeling seem to be largely independent of its 
functions in energy metabolism and reproduction,345 a 
reciprocal regulatory function on energy metabolism and 
adiposity is exerted by osteoblasts (as outlined in the next 
section). In addition to CART, leptin interacts with the 
hypothalamic neuropeptides neuropeptide Y and neuro-
medin U, which themselves have been implicated in the 
central control of bone remodeling353,354 (see Fig. 60-10). 
Furthermore, other neuroendocrine connections to bone 
remodeling have been made with the findings in mouse 
genetic and pharmacologic studies that both thyroid-
stimulating hormone (TSH) and FSH act directly on bone 
cells to influence remodeling.355,356

Additional Roles of Osteoblasts and Osteoclasts in 
Integrating Skeletal Physiologic Functions
As outlined earlier, bone remodeling is controlled by a 
myriad of mechanical, endocrine, local, and central sig-
nals, each aimed at fulfilling the functions of bone listed 
at the beginning of the chapter. A number of recent 
breakthroughs have shown that bone cells are not 
merely involved in bone remodeling and maintenance 
of bone mass, but have a number of critical functions 
that extend beyond the bone tissue proper. Among these 
newly described functions are the role of the skeleton in 
the regulation of immunity, hematopoiesis, and energy 
metabolism.

Interplay Between Bone Cells and the Immune and 
Hematopoietic Systems
With the growing elucidation of the molecular control of 
osteoclastogenesis, links with the immune system have 
increasingly emerged and given rise to a novel discipline 
of bone-related studies termed osteoimmunology.113,114 
This field encompasses the complex interactions and 
molecular and functional overlap of the immune system 
and bone cells. For instance, not only bone marrow stro-
mal cells, osteoblasts and osteocytes, but also immune 
cells, express M-CSF and RANKL, pivotal regulators 
of osteoclastogenesis. Particularly certain subsets of T 
cells rapidly upregulate surface expression of RANKL 
on activation, and therefore are capable of regulat-
ing osteoclast differentiation and activity. Additional 
cytokines, either produced by or regulating T cells, are 
responsible for the upregulation of osteoclast formation 
observed in a variety of conditions such as inflammation 
(e.g., arthritic joint disease), hyperparathyroidism, and 
estrogen deficiency causing osteoporosis.325 These fac-
tors, which include TNFα, IL-1, and IL-6, function as 
costimulatory molecules for osteoclastogenesis. Another 
level of molecular overlap is provided by the fact that 
most osteoclastogenic cytokines, including M-CSF and 
RANKL, also regulate macrophages or dendritic cells 
that share myeloid precursor cells from the bone mar-
row during development.113

Although poorly understood at present, B cells also 
seem to modulate the bone remodeling balance.357 

Recently, it was shown that B cells constitute an impor-
tant source of OPG in vivo, and that mice deficient in B 
cells or with arrested B cell differentiation have reduced 
bone mass.358,359 B cell progenitors themselves are capable 
of differentiating into osteoclasts in vitro.360 Conversely, 
osteoclast activity and osteoblast lineage cells also regu-
late B lymphopoiesis.361-363

Indeed, bones do not merely house the bone marrow 
but also provide the appropriate environment for physi-
ologic and pathologic blood cell development. Close 
molecular and cellular interactions between hematopoi-
etic progenitors and the bone cell types are facilitated by 
their proximity in the bone marrow. Studies have amply 
highlighted the importance of osteoblasts and osteo-
genic stromal cells as key regulators of hematopoietic 
cell development, hematopoietic stem cell maintenance, 
and blood cell mobilization, by providing the appropri-
ate microenvironment (“niche”) for the hematopoietic 
system.364-369 Also, osteoclasts may be important for 
hematopoietic stem cells.370 Osteoclastic bone resorp-
tion is important for bone marrow cavity formation; 
loss of osteoclast function or differentiation results in 
osteopetrotic phenotypes, limiting the bone marrow 
cavity. Moreover, osteoclastic resorptive activity on 
the endosteal bone surface, where hematopoietic stem 
cells reside,366 was found to be capable of mediating the 
release of these cells and mobilize hematopoietic stem 
cells and progenitor cells into the circulation.371,372 
Other recent reports, however, indicated that osteoclasts 
are dispensable for hematopoietic stem cell maintenance 
and mobilization.373,374

In addition to the bone cells proper, also the skeletal 
vascular system provides a specialized compartment of 
the bone marrow stroma that has critical roles in main-
taining hematopoietic homeostasis (see references 12, 
368, and 375). The vascular niche for hematopoietic 
stem cells and progenitor cells may encompass both 
the endothelium proper and types of primitive mesen-
chymal cells that reside as percicytes around the ves-
sel walls, such as cells identified as CXCL12-abundant 
reticular (CAR) cells, CD146-positive cells, Nestin-
expressing cells, and possibly a subset of Osx-express-
ing cells.11,179,376-379

In line with the close interplay between the bone and 
hematopoietic systems, changes in bone that affect the 
bone marrow environment, in particular the osteoblas-
tic and vascular niches, can disrupt hematopoietic stem 
cells and lead to altered hematopoietic and immune cell 
development and/or potentially initiating myeloprolifera-
tive disease.365,380-382 Furthermore, human hematologic 
diseases such as myelofibrotic disease, leukemia, and mul-
tiple myeloma often are associated with secondary bone 
pathology, underscoring the notion that dysregulated 
hematopoietic differentiation may inversely affect bone 
formation and/or resorption processes.

Skeletal Control of Energy Metabolism
The concept of an adipocyte-derived hormone regulat-
ing bone, as outlined earlier (leptin; see Fig. 60-10), led 
Gerard Karsenty to postulate the existence of recipro-
cal endocrine regulation from the skeleton. In search of 
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bone-derived signals secreted into the circulation and 
able to modulate energy metabolism and adiposity, his 
research group discovered that a form of osteocalcin, one 
of the few osteoblast-specific gene products, acts as a hor-
mone that increases pancreatic β cell proliferation, insulin 
expression and secretion, insulin-sensitive glucose utiliza-
tion, and energy expenditure, and that reduces visceral fat 
(see Fig. 60-10). 383-386 Indeed, osteocalcin deficiency in 
knockout mice led to decreased insulin and adiponectin 
secretion, insulin resistance, higher serum glucose levels, 
and increased adiposity.383 The hormonal active form of 
osteocalcin is an undercarboxylated form, which has a 
reduced affinity for the bone mineral and instead enters 
the circulation. Its secretion by osteoblasts is controlled 
by a receptor-like protein tyrosine phosphatase, termed 
osteotesticular protein tyrosine phosphatase (OT-PTP), 
which is encoded by the Esp gene expressed in osteoblasts. 
Mice lacking OT-PTP in osteoblasts had increased β cell 
activity that protected them from induced obesity and dia-
betes. These phenotypes were corrected by deleting one 
allele of osteocalcin. These findings indicate that the skel-
eton plays a previously unrecognized role in the regula-
tion of energy metabolism and thereby may contribute to 
the onset and severity of metabolic disorders. Conversely, 
like IGF-1, insulin directly increases osteoblast numbers 
and function. Mature osteoblasts express insulin receptor 
(InsR), and deletion of insulin receptor in these cells leads 
to decreased bone formation coupled with reduced osteo-
blast numbers.387 In addition, insulin signaling in osteo-
blasts relays back to whole-body glucose homeostasis, 
which appears to be mediated via increased osteocalcin 
activity.388 The current model is that activation of insulin 
signaling in osteoblasts triggers osteoclastic bone resorp-
tion; since bone resorption occurs at a pH that is acidic 
enough to decarboxylate proteins, osteoclasts determine 
the carboxylation status of osteocalcin and hence, its 
functioning in glucose metabolism.384-386,388,389

In addition, the endocrine actions of bone-derived 
osteocalcin are not limited to regulating energy metabo-
lism but also include positive regulation of male fertil-
ity in mice.384-386 Indeed, osteocalcin was recently found 
to promote testosterone synthesis by Leydig cells of the 
testis, germ cell survival, and spermatogenesis.390 Hence, 
these findings establish a novel bone-testis connection, 

working in the opposite direction from the classical axis 
of androgens interacting with bone cells (see earlier). 
Most strikingly, osteocalcin has also been shown to have 
effects on brain development and adult brain function.391 
Learning, memory, and emotional states were all affected 
in osteocalcin knockout mice.391

The full significance of all these novel findings estab-
lished through elegant mouse genetics has yet to be fully 
defined in humans.

CONCLUSION
Bone formation during skeletal development involves a 
complex spatiotemporal coordination among multiple 
molecules, cell types, and tissues. A large number of 
morphogens, signaling molecules, and transcriptional 
regulators have been implicated in the regulation of 
bone development. Many of the developmental mech-
anisms are recapitulated or remain important later in 
bone homeostasis and/or pathology. The skeleton is a 
vital organ system essential to survival and well-being. 
Its major functions, including mechanical support 
and mineral homeostasis, are achieved by continuous 
remodeling throughout life. Osteoclasts and osteoblasts 
normally act in a coordinated manner to resorb and 
rebuild bone. Most bone disorders are due to bone loss 
resulting from an imbalance in the remodeling cycle, 
with bone resorption exceeding bone formation. A bet-
ter understanding of the molecular mechanisms behind 
skeletal biology, largely derived from discoveries based 
on mouse and human genetics, has provided opportuni-
ties for developing therapies to treat diseases of bone. 
Additional advances in the molecular and genetic studies 
of bone, including integrative communication between 
pathways and cell types within and beyond the skeleton 
proper, may offer as yet unexplored targets for devel-
oping novel therapeutic options to treat various bone 
pathologies.
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K E Y  P O I N T S

 •  Parathyroid hormone (PTH) is the most important peptide hormone for regulating 
calcium homeostasis. Its synthesis and secretion is controlled by the calcium-sensing 
receptor (CaSR), a G protein (Gαq/Gα11)-coupled receptor (GPCR) that is expressed in 
the parathyroid glands.

 •  The widely expressed PTH/PTHrP receptor (PTHR1), also a GPCR, mediates the 
actions of PTH and the parathyroid hormone–related peptide (PTHrP). Because of its 
dual roles, PTHR1 mutations affect mineral ion homeostasis as well as chondrocyte 
differentiation and thus bone growth.

 •  Studies of syndromic and nonsyndromic forms of primary hyperparathyroidism and 
hypoparathyroidism, which may occur as hereditary (i.e., familial) or nonfamilial (i.e., 
sporadic) diseases, have helped to identify some of the genetic abnormalities involved in the 
parathyroid tumoriogenesis and in the embryonic development of the parathyroid glands.
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Calcium plays an important role in many physiologic 
pathways that include muscle contraction, the secretion 
of neurotransmitters and hormones, and the coagulation 
pathways, and it is an important component of the skel-
eton. Disturbances in extracellular calcium concentration 
therefore may cause a variety of symptoms, the most com-
mon of which reflect abnormal neuromuscular activity. 
Thus, hypercalcemia may lead to muscle weakness and 
areflexia, anorexia, constipation, vomiting, drowsiness, 
depression, confusion, other cognitive dysfunction, and 
coma. Hypercalcemia leads to hypercalciuria, which can 
result in medullary calcification, nephrocalcinosis, and 
impaired kidney function. Hypocalcemia, conversely, may 
cause anxiety, seizures, muscle twitching, epilepsy, tetany, 
Chvostek’s and Trousseau’s signs, carpal or pedal spasm, 

stridor, bronchospasm, and intestinal cramps, as well as 
cataracts, skeletal malformations, and abnormal dentition. 
The control of body calcium involves a balance between 
the amounts that are absorbed from the gut, deposited into 
bone and into cells, and excreted from the kidney (Fig. 
61-1). This fine balance, involving three organs, is chiefly 
under the control of parathyroid hormone (PTH), which 
is synthesized and secreted by the parathyroid glands. 
Thus, hypocalcemia will lead to an increased secretion 
of PTH, whereas hypercalcemia will result in diminished 
PTH secretion. A number of clinical disorders character-
ized by derangements of calcium homeostasis are caused 
by abnormalities of the parathyroid glands themselves. 
Thus, PTH oversecretion due to parathyroid tumors, 
which affect 3:1,000 in the general population, is a major 
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Figure 61-1 Regulation of extracellular fluid (ECF) calcium (Ca2+) by parathyroid hormone (PTH) action on kidney, bone, and intestine. The 
calcium-sensing receptor senses a decrease in ECF Ca2+, and this leads to an increase in PTH secretion, which acts directly on kidney and bone that 
express the PTH/PTHrP receptor (PTHR1; see Fig. 61-3). The skeletal effects of PTH are to increase (+) osteoclastic bone reabsorption, but as os-
teoclasts do not express the (PTHR1, this action is mediated via the osteoblasts, which do have this receptor and in response release cytokines and 
factors that activate osteoclasts. In the kidney, PTH stimulates (+) the 1α hydroxylase (1αOHase) to increase the conversion of 25-hydroxy vitamin D 
(25(OH)D) to the active metabolite 1,25-dihydroxy vitamin D (1,25(OH)2D), which is subsequently inactivated by the 24-hydroxylase. In addition, 
PTH increases (+) the reabsorption of Ca2+ from the renal distal tubule and inhibits the reabsorption of phosphate from the proximal tubule, thereby 
leading to hypercalcemia and hypophosphatemia. PTH also inhibits Na+–H+ antiporter activity and bicarbonate reabsorption, thereby causing a 
mild hyperchloremic acidosis, and it reduces expression of two sodium-dependent phosphate co-transporters, NPT2a and NPT2c, thereby increasing 
urinary phosphate excretion. The elevated 1,25(OH)2D acts on the intestine to increase (+) absorption of dietary calcium and phosphate, and it is 
important to note that PTH does not appear to have a direct action on the gut. Thus, in response to hypocalcemia and the increase in PTH secretion, 
all of these direct and indirect actions of PTH on the kidney, bone, and intestine will help to increase ECF Ca2+, which in turn will act via the calcium-
sensing receptor to decrease PTH secretion.

 •  So far, only about 10% of all patients with primary hyperparathyroidism have a 
defined mutation in one of 11 genes. However, testing for mutations in these genes 
will help to confirm the diagnosis of a syndromic or nonsyndromic form of primary 
hyperparathyroidism, and thereby help in the clinical management and treatment of the 
disorder in patients and their relatives.

 •  Familial hypocalciuric hypercalcemia (FHH) is a genetically heterogeneous disorder, 
with FHH type 1 (FHH 1), type 2 (FHH 2), and type 3 (FHH 3) due to loss-of-function 
mutations of the calcium-sensing receptor, G protein α11 subunit and adaptor protein 2 
sigma subunit, respectively.

 •  Studies of hyperparathyroidism in humans and mice have revealed that transcriptional 
cascades involving TBX1, GCM2, GATA3, and SOX3 are likely involved in the 
development of parathyroid glands from the endoderm of the third pharyngeal pouch.

  

K E Y  P O I N T S — c o n t ’ d
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cause of hypercalcemia, which may be associated with kid-
ney stones, osteoporosis, and peptic ulcers. PTH deficiency 
resulting in hypocalcemia is thought to occur in 1:4,000 live 
births, but precise data regarding the incidence are lacking. 
This chapter will review the physiologic and biochemical 
mechanisms underlying extracellular calcium homeostasis 
and the genetic basis for disorders of calcium metabolism.

REGULATION OF CALCIUM HOMEOSTASIS

Distribution and Metabolic Actions of Calcium
The total-body content of calcium in a normal adult is 
approximately 1000 g, of which nearly all exists within 
the crystal structure of bone mineral and less than 1% is 
soluble in extracellular and intracellular fluid.1,2 On aver-
age, bone mineral closely approximates the composition 
of hydroxyapatite (Ca10(PO4)6(OH)2), which means that 
6 mmol of phosphate is released with every 10 mmol of 
calcium mobilized during bone resorption (or about 1:2 
on a mg/mg basis).1,3

In blood, calcium is partly bound to proteins. Albumin 
accounts for about 70% of the protein-bound fraction.4 
Another portion (about 6%) is associated with diffusable 
ion complexes.1 Thus, only half of total plasma calcium 
normally is freely ionized, but it is this fraction that is most 
important physiologically and thus subject to stringent 
endocrine regulation. The normal ranges of total and ion-
ized serum calcium in the adult are 8.5 to 10.5 mg/dL and 
1.17 to 1.33 mM, respectively.5 The usual 2:1 ratio of total 
to ionized calcium may be disturbed by disorders such as 
metabolic acidosis (calcium binding to proteins is reduced 
at acid pH) or by changes in serum protein concentra-
tions, as in starvation, cirrhosis, dehydration, or multiple 
myeloma. Thus, ionized calcium concentrations can nowa-
days be routinely determined, if clinically required.6

Serum calcium is higher during infancy/childhood and 
adolescence than in the adult7 but does not change at puberty 
or, in women, during the menstrual cycle. During preg-
nancy, total serum calcium and albumin decline progres-
sively, but ionized calcium is minimally affected.8-10 Fetal 
calcium content rises dramatically during the third trimester 
(to about 30 g at term),11 and fetal serum total and ionized 
calcium concentrations are higher than maternal levels, con-
sistent with active placental transport of calcium.12 Despite 
daily losses of 200 to 300 mg/day of calcium in breast milk, 
lactating women maintain normal levels of ionized calcium 
in blood by increasing intestinal calcium absorption in 
response to augmented production of 1,25(OH)2D.13,14

Calcium entry into cells is strongly favored by a steep 
electrochemical gradient. Thus, the cell interior is electro-
negative, and cytosolic free calcium is in the range of 10–7 
M, which is 10,000-fold lower than extracellular calcium 
concentrations. Calcium traverses the plasma membrane 
through various channels, including voltage-, recep-
tor- and store-operated forms, the regulation of which is 
complex and tissue-specific.15,16 Intracellularly, nearly all 
(99%) calcium is sequestered in pools within mitochon-
dria, endoplasmic reticula, or sarcoplasmic reticula or is 
tightly bound to the inner surface of the plasma mem-
brane.17 Sequestered calcium, especially that within the 
endoplasmic reticulum (ER), may be released rapidly into 
the cytosol following activation of cell-surface receptors. 

In this way, it plays a critical role in signal transduction 
and in controlling calcium entry via store-operated chan-
nels. The extremely low cytosolic free calcium concen-
tration is maintained by active calcium transport into 
intracellular pools or by extrusion out of the cell via high-
affinity, low-capacity Ca++/H+ ATPases and low-affinity, 
high-capacity Na+/Ca++ exchangers driven by the trans-
membrane sodium gradient.18

With the discovery of a G protein–coupled calcium-
sensing receptor (CaSR) expressed in parathyroid, renal, 
epithelial, and numerous other cells, it has become clear 
that calcium can act as an extracellular ligand to directly 
control cellular function.19 The principal actions of the 
CaSR with respect to calcium homeostasis include sup-
pression of PTH secretion and, in the thick ascending 
loop of the renal tubule, inhibition of calcium, magne-
sium, and NaCl reabsorption. Extracellular calcium 
also is utilized directly for normal matrix mineralization 
in bone and cartilage and is required for activation of 
important circulating or extracellular enzymes and prote-
ases. Intracellular calcium exerts a broad range of effects 
via interaction with key enzymes and effector molecules, 
including kinases, phosphatases, calmodulins, transcrip-
tion factors, ion channels (including calcium channels), 
and troponins and other proteins involved in contraction, 
microtubule and microfilament assembly, and motility. 
The steep gradients between intracellular calcium and 
both extracellular and intracellularly sequestered calcium 
are crucial for normal neuromuscular activity and pro-
vide the potential required for rapid transients and waves 
of cytosolic free calcium that serve key second-messenger 
functions in both excitable and nonexcitable cells.16,20

Calcium Absorption
Intestinal calcium absorptive efficiency in humans ranges 
broadly between 20% and 70%, declines with age, and is 
strongly influenced by previous calcium intake, the pres-
ence of other nutrients, pregnancy, lactation, overall cal-
cium balance, and the availability of vitamin D.21-25 Fecal 
calcium includes the residual fraction of dietary calcium 
that is not absorbed, as well as a contribution from secreted 
calcium present in bile and other digestive juices (“endoge-
nous fecal calcium”). Endogenous fecal calcium in humans 
normally amounts to 100 to 200 mg/day and is relatively 
unaffected by changes in dietary or serum calcium.26,27

Intestinal calcium absorption is adjusted physio-
logically in response to variations in calcium intake, as 
shown by radiocalcium kinetic and balance studies in 
normal subjects.28,29 Obligate renal and intestinal excre-
tion of calcium is such that calcium balance cannot be 
maintained if dietary calcium consistently falls below 200 
to 400 mg/day, even though the percentage of calcium 
absorbed may be very high (i.e., 70%). As calcium intake 
increases, overall calcium absorption (in mg/day) rises, 
but the fractional absorption of ingested calcium declines 
progressively such that, within the physiologic range of 
calcium intake, total net calcium absorption tends to pla-
teau at approximately 400 mg/day. Consequently, urinary 
calcium excretion tends also to plateau at higher intakes. 
Additional buffering of changes in dietary calcium results 
from control of renal tubular calcium reabsorption and 
skeletal calcium release, but regulation of intestinal 
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absorptive efficiency is critical for calcium balance.28 
The mechanisms of this inverse regulation of intestinal 
absorptive efficiency by changes in calcium availability 
are considered further later in the chapter.

Mechanisms and Sites of Calcium Absorption
Calcium is absorbed throughout the intestine. In terms of 
rates of transport per unit length of mucosa, absorption 
is most efficient in the duodenum and proximal jejunum, 
which exhibit the highest levels of vitamin D–dependent 
calcium-binding proteins and in which lower luminal pH5-6  
promotes dissociation of calcium from complexes with 
food constituents and other ions.30,31 On the other hand, 
longer residence times in the more distal small bowel seg-
ments may allow absorption of a larger proportion of 
total calcium intake in the distal jejunum and ileum.32,33 
The ileum, for example, may become an important site of 
net calcium absorption during dietary restriction of cal-
cium or when the residence time of luminal contents in 
more proximal bowel segments is reduced.32,34

Calcium is absorbed by both a passive, paracellular 
route and by an active, transcellular mechanism. Para-
cellular absorption predominates at higher levels of 
dietary calcium, whereas transcellular absorption, which 
is strongly upregulated by vitamin D, is most important 
when dietary calcium is limiting. Transcellular calcium 
absorption necessarily involves three steps: entry into the 
cell, diffusion across the cell, and extrusion from the cell 
(see Chapter 59). The first step, entry through the api-
cal brush border, occurs via a member of the vanilloid 
(TRPV) superfamily of channels, namely TRPV6.35,36 
Another member of this family, TRPV5, appears to be 
dominantly involved in calcium reabsorption in the distal 
renal tubules (see later). The genes encoding TRPV6 and 
TRPV5 are located on chromosome 7q33-35, and their 
structure includes six transmembrane regions, a short 
hydrophobic region between segments 5 and 6 that likely 
forms the calcium pore, and large intracellular domains 
at the N- and C-terminals.35 The pore region is highly 
selective for calcium,37,38 and mutations in this region 
have been shown to abolish calcium permeability.39 Post-
translational modification and glycosylation of TRPV6 
occurs, but the functional effects of these modifications 
are not well defined. Similarly, the mechanisms regulating 
the activity of these molecules are not well understood. 
TRPV6 and TRPV5 expression varies significantly among 
species and in humans, and both genes are expressed in a 
variety of tissues.40 Specifically, TRPV5 seems to be the 
major isoform expressed in the kidney, while TRPV6 is 
most highly expressed in the small intestine (restricted to 
the apical surface of epithelial cells).41 Given the important 
role of 1,25(OH)2D and other hormonal regulators in cal-
cium absorption, the effects of these hormones on TRPV6 
expression have been investigated. 1,25(OH)2D increases 
TRPV6 expression42 (see Chapter 59). Furthermore, 
mice with targeted inactivation of the vitamin D receptor 
demonstrate a 90% reduction in TRPV6 expression and 
a threefold reduction in intestinal calcium absorption.43 
Additionally, calcium exposure appears to independently 
affect TRPV6 expression as high calcium intake decreases 
TRPV6 expression and low intake increases it.43,44 Finally, 

TRPV6 expression is decreased in mice with targeted inac-
tivation of their estrogen receptor-α gene and is increased 
in mice receiving exogenous estradiol administration.45

After calcium has entered the cell, it must be trans-
ported through the cytoplasm and extruded from the cell 
against a steep gradient. The mechanism by which cal-
cium moves through the cell involves the small cytosolic 
protein calbindin D9k. Calcium entering the cell via the 
apical TRPV6 channel becomes tightly associated with 
the calbindin, which buffers the relatively large mass of 
entering calcium and minimizes its impact upon cytosolic 
free calcium concentrations. The calbindin/calcium com-
plex then diffuses across the cytosol to the basolateral 
membrane. Free calcium then dissociates into the low-
cytosolic calcium environment maintained immediately 
subjacent to the basolateral membrane by high-affinity 
membrane Ca++-ATPases located there. Finally, these cal-
cium ATPases actively extrude calcium out of the cell.31 
The known cellular concentrations and kinetic properties 
of the calbindin D9k molecule would support observed 
rates of duodenal calcium transport at submicromolar 
concentrations of cytosolic free calcium.46 Indeed the 
importance of this buffered diffusional process predicts 
that enterocyte calbindin D9k content is likely to be a 
major determinant, along with TRPV6 activity, of the 
overall rate of enterocyte calcium transport.

Renal Calcium Excretion
Regulation of renal calcium excretion is an important 
mechanism for homeostatic control of blood ionized cal-
cium in the face of fluctuations in filtered load, as derived 
from intestinal calcium absorption and net bone resorp-
tion. When urinary calcium is viewed as a function of 
the amount of calcium actually absorbed by the gut (i.e., 
after regulation of intestinal absorptive efficiency has 
been factored out), the precision with which the kidney 
adjusts tubular calcium reabsorption to residual changes 
in filtered load becomes obvious. Ordinarily, the daily 
load of calcium filtered at the glomerulus (the product 
of glomerular filtration rate and ultrafilterable calcium47) 
is approximately 10,000 mg/day in adult humans, which 
means that the extracellular calcium pool is completely fil-
tered several times per day. As urinary calcium excretion 
(and net intestinal calcium absorption) is approximately 
200 mg/day, only 2% of filtered calcium is excreted 
normally. This high ratio of filtered calcium to excreted 
calcium affords ample opportunity for finely tuned hor-
monal control of calcium excretion, even though it may 
be difficult to measure the small changes involved.

Sites and Mechanisms of Renal Calcium Reabsorption
Calcium is reabsorbed at multiple sites and by different 
mechanisms along the nephron. As in the intestine, the 
challenge of transporting calcium across the renal epithe-
lium requires that adequate rates of transport be achieved 
without substantially increasing the concentration of 
calcium within the cytosol of the epithelial cell. This is 
accomplished mainly by use of paracellular diffusional 
mechanisms that are supplemented, in some nephron 
segments, by active transcellular transport, especially in 
response to hormonal stimulation.
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Approximately 60% to 70% of tubular calcium reab-
sorption, like that of sodium, occurs in the proximal 
tubule.47 Proximal tubular calcium reabsorption occurs 
mainly via passive diffusion along paracellular pathways, 
down the ambient (lumen-positive) electrochemical gra-
dient.48 Another 20% to 25% of the filtered calcium 
load is reabsorbed in Henle’s loop.47 This occurs mainly 
by paracellular diffusion in the cortical thick ascending 
limb (cTAL),49-51 although active transcellular transport 
may play a minor role as well.52,53 Calcium (and magne-
sium) reabsorption in this segment is severely impaired 
in patients with homozygous inactivating mutations in 
the proteins claudin 16 (CLDN16), previously referred 
to as paracellin-1, or claudin 19 (CLDN19), which are 
specifically expressed in tight junctions of the cTAL and 
that presumably are required for normal divalent cation 
conductance.54-57 Hypercalcemia suppresses renal tubu-
lar calcium reabsorption, even in the absence of PTH,58 
an effect attributable to direct activation of basolateral 
CaSRs in the cTAL (and possibly other nephron seg-
ments).59 In the cTAL, activated CaSRs lower apical 
K+ exit by inhibiting renal outer medullary K+ channels 
(“ROMKs”), thereby blunting Na-K-2Cl co-transporter 
(NKCC2) activity and reducing the transepithelial voltage 
gradient that drives paracellular cation movement.19,60-62 
The critical importance of normal rates of Na-K-2Cl 
reabsorption for adequate calcium transport in the cTAL 
is highlighted clinically by the occurrence of dramatic 
hypercalciuria in patients with Bartter’s syndrome, which 
involves defects in NKCC2, ROMK, or other transport-
ers or channels required for effective Na-K-2Cl reabsorp-
tion.63 An analogous Bartter’s-like phenotype may occur 
in some patients with activating CaSR mutations.64 CaSR 
activation in the cTAL also antagonizes PTH-stimulated 
increases in calcium reabsorption, possibly by impairing 
cyclic AMP generation62 (see later).

Only about 8% to 10% of filtered calcium is reabsorbed 
in more distal segments of the tubule, but calcium transport 
in the distal nephron is a key control point for hormonal 
regulation and involves predominantly transcellular reab-
sorption.65-67 Cells in the late distal tubule exhibit striking 
colocalization of several unique proteins that are critical 
for effective transcellular calcium reabsorption. These 
include an apical epithelial calcium channel (TRPV5; 
formerly ECaC1 or CaT2 and highly homologous to 
TRPV6, discussed earlier), the cytosolic calcium-binding 
protein calbindin-D28K, basolateral plasma membrane 
calcium ATPase(s) (PMCAs), and basolateral Na+/Ca++ 
exchanger-1 (NCX1).68-73 As in the intestinal epithelium, 
these cells admit calcium across their apical membranes via 
opening of TRPV5. Expression of this channel is upregu-
lated by PTH, thus enhancing calcium-reabsorption (see 
later). PTH also increases calbindin-D28K levels, which 
enhances transcellular calcium reabsorption via increased 
buffering of subapical Ca++ ions. Calcium bound to cal-
bindin-D28K is ferried across the cell to the basolateral 
membrane, where it ultimately is extruded against a steep 
electrochemical gradient, predominantly via NCX1 (70% 
of Ca++ flux)74,75 but also by PMCA. As expected, mice 
with a TRPV5 mutation or deficiency76,77 or lacking calbi-
ndin D28K78 manifest severe hypercalciuria.

Additional calcium reabsorption may occur in more 
distal nephron segments, such as cortical and medullary 
collecting ducts.48 Proteins other than those described 
earlier may be involved in renal calcium reabsorption as 
well, including voltage-operated calcium channels48,79 
and Cl– channels, as evidenced by the hypercalciuria 
seen in Dent’s disease, an X-linked disorder due to inac-
tivating mutations in the Cl– channel ClC-5, which may 
be involved in endocytic vesicle function and protein 
trafficking.80-82

Regulation of Renal Calcium Reabsorption
Calcium excretion is affected by a variety of hormones, 
ions, nutrients, and drugs.83,84 Among these, PTH is the 
principal physiologic regulator of renal tubular calcium 
transport, as appreciated clinically by the markedly abnor-
mal overall relation of serum to urinary calcium in hyper-
parathyroidism and hypoparathyroidism,83,85,86 and the 
reduction in calcium excretion observed after injection of 
PTH in healthy individuals.87 PTH acts to enhance tubu-
lar calcium reabsorption in the cTAL, distal convoluted 
tubules (DCT), and connecting tubules (CNT).51,66,88,89 It 
augments DCT calbindin-D28K expression90 and baso-
lateral Na+/Ca++ exchange,91-95 increases the affinity for 
calcium of the basolateral Ca++-ATPase,96 and hyperpolar-
izes the DCT cell,97 which then activates the TRPV5 chan-
nel.98 In immortalized murine distal tubular cells, PTH 
causes insertion into the apical membrane of new dihy-
dropyridine-sensitive membrane calcium channels,79 and 
it stimulates stretch-activated nonselective cation channels 
in rabbit CNT.99 These are distinct from TRPV5 channels 
and may represent other mechanisms of apical calcium 
entry. PTH increases the surface expression or activity 
of TRPV5 epithelial calcium channels. In the cTAL, PTH 
also may increase some form of active transcellular trans-
port,52,53 and it may stimulate paracellular, diffusional cal-
cium transport by augmenting the transepithelial voltage 
gradient, at least in some segments and species.100,101

Studies in patients with inactivating vitamin D recep-
tor mutations have demonstrated that 1,25(OH)2D 
is required for the calcium-reabsorptive response to 
PTH.102 It furthermore accelerates the increase in DCT 
cell calcium entry initiated by PTH103 and it directly 
increases DCT calcium reabsorption, apparently by driv-
ing higher expression of TRPV5, calbindin D28K, and 
PMCA75,104-107 (see Chapter 59). Other hormones that 
affect calcium reabsorption include calcitonin, which, 
when given in large doses, acutely reduces proximal 
tubular calcium reabsorption by a mechanism indepen-
dent of PTH;108 however, an important role for calcitonin 
in the physiologic regulation of calcium reabsorption is 
thought to be unlikely. Hypercalciuria observed in states 
of excess growth hormone or cortisol seems likely to be 
secondary to an increased filtered load of calcium rather 
than to direct tubular actions of these hormones.109-114 
Estrogen treatment of normal postmenopausal women 
lowers urinary calcium excretion by increasing tubular 
calcium reabsorption.115,116 In DCT of ovariectomized 
rats, 17β-estradiol acutely increases mRNA expres-
sion of all major components of the calcium-transport 
pathway, including TRPV5, calbindin D28K, NCX1, 
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and PMCA1b.117 Reported effects on tubular calcium 
reabsorption of insulin,118 glucagon,100 antidiuretic 
hormone,100 and angiotensin II119 are of uncertain physi-
ologic or clinical significance.

PTH GENE STRUCTURE AND FUNCTION
The PTH gene is located on chromosome 11p15 and con-
sists of 3 exons that are separated by 2 introns.120 Exon 
1 of the PTH gene is 85 bp in length and is untranslated 
(Fig. 61-2), whereas exons 2 and 3 encode the 115–
amino acid pre-proPTH peptide (see Chapter 56). Exon 
2 is 90 bp in length and encodes the initiation (ATG) 
codon, the pre-hormone sequence, and part of the pro-
hormone sequence. Exon 3 is 612 bp in size and encodes 
the remainder of the prohormone sequence, the 84–
amino acid containing mature PTH peptide and the 3’ 
untranslated region.121 The 5′ regulatory sequence of the 
human PTH gene contains a vitamin D response element 
125 bp upstream of the transcription start site, which 
downregulates PTH mRNA transcription in response to 
vitamin D receptor binding.122,123 PTH gene transcrip-
tion (as well as PTH peptide secretion) is also dependent 
upon the extracellular calcium and phosphate124-126 con-
centration, although the presence of a specific upstream 
“calcium or phosphate response element(s)” has not yet 
been demonstrated.127,128 The secretion of mature PTH 
from the parathyroid chief cell is regulated through the 
CaSR, which is also expressed in the renal tubules and in 
numerous other tissues, albeit at lower abundance. PTH 
mRNA is first translated into a pre-proPTH peptide. The 
“pre” sequence consists of a 25–amino acid signal pep-
tide (leader sequence) that is responsible for directing the 
nascent peptide into the ER to be packaged for secretion 
from the cell.129 The “pro” sequence is 6 amino acids in 
length and, although its function is less well defined than 
that of the “pre” sequence, it is also essential for cor-
rect PTH processing and secretion.129 After the 84–amino 
acid–containing mature PTH peptide is secreted from the 
parathyroid cell, it is cleared from the circulation with 
a short half-life of about 2 minutes, via nonsaturable 
hepatic and renal uptake (see also Chapter 56).

PTH mediates its actions through a receptor that it 
shares with PTH-related peptide (PTHrP, also known 
as PTHLH or PTH-like hormone).130,131 This PTH/
PTHrP receptor (Fig. 61-3) is a member of a subgroup 
of G protein–coupled receptors; its gene is located on 
chromosome 3p21.3.132,133 The PTH/PTHrP receptor is 
highly expressed in kidney and bone, where it mediates 

the endocrine actions of PTH. However, during embry-
onic and postnatal development, the PTH/PTHrP recep-
tor is most abundantly expressed in chondrocytes of the 
metaphyseal growth plate, where it mediates predomi-
nantly the autocrine/paracrine actions of PTHrP.134,135 
Mutations involving the genes that encode PTH, the 
calcium-sensing receptor, the PTH/PTHrP receptor, 
AP2S1, Gα11, and Gsα all affect the regulation of cal-
cium homeostasis and can thus be associated with genetic 
disorders characterized by hypercalcemia or hypocalce-
mia (Table 61-1).

HYPERCALCEMIC DISEASES
Genetic disorders resulting in hypercalcemia may be asso-
ciated with parathyroid tumors, disorders of the calcium-
sensing or PTH/PTHrP receptors, impaired 1,25(OH)2 
vitamin D inactivation, or chromosomal deletion syn-
dromes (e.g., Williams syndrome).

Parathyroid Tumors
Similar to the findings in other tumors, the abnormal 
expression of an oncogene or the loss of a tumor sup-
pressor gene can result in an abnormal proliferative activ-
ity of parathyroid cells, and the molecular exploration of 
these genes has provided important novel insights into the 
pathogenesis of different forms of hyperparathyroidism. 
Oncogenes are genes whose abnormal expression may 
transform a normal cell into a tumor cell. The normal 
form of the gene is referred to as a proto-oncogene, and a 
single mutant allele may affect the phenotype of the cell; 
these genes are also referred to as dominant oncogenes 
(Fig. 61-4, A). The mutant versions (i.e., the oncogene), 
which are usually excessively or inappropriately active, 
may arise because of point mutations, gene amplifica-
tions, or chromosomal translocations. Tumor suppressor 
genes, also referred to as recessive oncogenes or anti-
oncogenes, normally inhibit cell proliferation, while their 
mutant versions in cancer cells have lost their normal 
function. In order to transform a normal cell into a tumor 
cell, both alleles of the tumor-suppressor gene must be 
inactivated. Inactivation arises by point mutations, or, 
alternatively, by small or larger intragenic deletions that 
can involve substantial genomic portions or a whole chro-
mosome. Larger deletions may be detected by cytogenetic 
methods, by Southern blot analysis, or by PCR-based 
analysis of polymorphic markers. Typically, genomic 
DNA from a patient’s tumor cells lack, in comparison to 
genomic DNA from other cells (e.g., leukocytes), certain 

Figure 61-2 Schematic representation of the PTH gene, PTH mRNA, and PTH peptide. The PTH gene consists of three exons and two introns; the 
peptide is encoded by exons 2 and 3. The PTH peptide is synthesized as a precursor, which contains a pre- and a pro-sequence. The mature PTH pep-
tide, which contains 84 amino acids, and larger carboxyl-terminal PTH fragments are secreted from the parathyroid cell (Adapted from Parkinson D,  
Thakker R. A donor splice site mutation in the parathyroid hormone gene is associated with autosomal recessive hypoparathyroidism. Nat Genet 
1:149-153, 1992)
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chromosomal regions, and this finding is consequently 
referred to as loss-of-heterozygosity (LOH) (see Fig. 
61-4, B). Finding LOH therefore suggests an inactivat-
ing mutation or deletion in the other allele. In hereditary 
forms of the disease, two distinct, sequentially occurring 
molecular defects are observed. The first “hit” (point 
mutation or deletion) is an inherited genetic defect (i.e., 
germ line mutation) that affects only one allele that com-
poses a gene encoding an anti-oncogene (see Fig. 61-4, B). 

Subsequently, a somatic mutation or deletion affecting 
the second allele occurs in a single parathyroid cell, and 
this mutation leads to its monoclonal expansion because 
of the resulting growth advantage and thus to the devel-
opment of parathyroid tumors. Examples of this latter 
molecular mechanism in the development of hyperpara-
thyroidism are the inactivation of tumor suppressor genes 
such as the multiple endocrine neoplasia type 1 (MEN 1)  
gene, the hyperparathyroidism–jaw-tumor (HPT-JT) 
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Figure 61-3 Schematic representation of some of the components involved in calcium homeostasis. Alterations in extracellular calcium are detected 
by the calcium-sensing receptor (CaSR), which is a 1078–amino acid G protein–coupled receptor. The PTH/PTHrP receptor, which mediates the 
actions of PTH and PTHrP, is also a G protein–coupled receptor. Thus, Ca++, PTH and PTHrP involve signaling pathways requiring an interaction 
between receptors that specifically recognize these ligands and couple to different G proteins, including Gαs, Gαi, and Gαq/α11, respectively. Gαs 
couples to the adenylyl cyclase (AC), which catalyzes the formation of cAMP from ATP. Gαi inhibits AC activity. cAMP stimulates PKA, which 
phosphorylates cell-specific substrates. Activation of the Gαq/α11 pathway stimulates PLC, which catalyzes the hydrolysis of the phosphoinositide 
(PIP2) to inositol triphosphate (IP3), which increases intracellular calcium, and diacylglycerol (DAG), which activates PKC. These proximal signals 
modulate downstream pathways, which result in specific physiologic effects. Abnormalities in several genes, which lead to mutations in proteins in 
these pathways, have been identified in specific disorders of calcium homeostasis (see Table 61-1).
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gene, and the retinoblastoma (Rb) gene (see Table 61-1). 
In nonfamilial (i.e., sporadic) forms of the disease, single 
somatic mutations that lead to the activation or overex-
pression of proto-oncogenes provide a growth advantage 
of a single parathyroid cell and its progeny leading to 
their clonal expansion; examples of this are abnormalities 
of PRAD1 (parathyroid adenoma 1) or RET (rearranged 
during transfection gene) (see Fig. 61-4, A).

Genetic abnormalities involving one of 11 genes 
may be found in approximately 10% of patients with 

parathyroid tumors, giving rise to primary hyperparathy-
roidism (PHPT), and resulting in syndromic and nonsyn-
dromic forms of PHPT, which may occur as hereditary 
(i.e., familial) disorders, or as nonfamilial (i.e., sporadic) 
diseases.136-140 However, the distinction between sporadic 
and familial forms in PHPT patients is sometimes difficult 
because a family history may be absent in some sporadic 
cases, as the parent with the disease may not have been 
investigated or may have died before PHPT symptoms 
developed; or the PHPT may be due to a de novo germ 

TABLE 61-1 Diseases of Calcium Homeostasis and Their Chromosomal Locations

Metabolic Abnormality Disease Inheritance Gene Product Chromosomal Location

Hypercalcemia Multiple endocrine neoplasia type 1 Autosomal dominant MENIN 11q13
Multiple endocrine neoplasia type 2 Autosomal dominant RET 10q11.2
Hereditary hyperparathyroidism and jaw 

tumors (HPT-JT)
Autosomal dominant PARAFIBROMIN 1q25

Hyperparathyroidism Sporadic PRAD1/CCND1 11q13
Retinoblastoma 13q14
Unknown 1p32-pter

Parathyroid carcinoma Sporadic PARAFIBROMIN 1q25
Familial benign hypercalcemia (FBH)

FBH1 Autosomal dominant CaSR 3q21.1
FBH2 Autosomal dominant GNA11 19p13
FBH3 (FBHOK) Autosomal dominant AP2S1 19q13

Neonatal hyperparathyroidism (NHPT) Autosomal recessive CaSR 3q21.1
Autosomal dominant

Jansen’s disease Autosomal dominant PTHR1 3p21.3
Williams syndrome Autosomal dominant Elastin, LIMK (and 

other genes)
7q11.23

Infantile hypercalcemia Autosomal recessive CYP24A1 20q13.2
McCune-Albright syndrome Somatic mutations 

during early embry-
onic development?

GNAS 20q13.3

Hypocalcemia Isolated hypoparathyroidism Autosomal dominant PTH, GCM2, GNA11 11p15*, 6p24.2, 
19p13

Autosomal recessive PTH, GCM2 11p15*, 6p24.2
X-linked recessive Unknown Xq26-27

Hypocalcemic hypercalciuria (ADHH) Autosomal dominant CaSR 3q21.1
Hypoparathyroidism associated with 

polyglandular autoimmune syndrome 
(APECED)

Autosomal recessive AIRE-1 21q22.3

Hypoparathyroidism associated with KSS, 
MELAS, and MTPDS

Maternal Mitochondrial genome

Hypoparathyroidism associated with 
complex congenital syndromes
DiGeorge type 1 Autosomal dominant TBX1 22q11.2/10p
DiGeorge type 2 Autosomal dominant NEBL 10p13-p12
HDR syndrome Autosomal dominant GATA3 10p14
Blomstrand lethal chondrodysplasia Autosomal recessive PTHR1 3p21.3
Kenny-Caffey type 1, Sanjad-Sakati Autosomal dominant/

recessive
TBCE 1q42.3

Kenny-Caffey type 2 Autosomal recessive? FAM111A 11q12.1
Barakat Autosomal recessive† Unknown ?
Lymphedema Autosomal recessive Unknown ?
Nephropathy, nerve deafness Autosomal dominant† Unknown ?
Nerve deafness without renal dysplasia Autosomal dominant Unknown ?

Hypocalcemia due to PTH resistance
Pseudohypoparathyroidism (type 1a) Autosomal dominant 

parentally imprinted
GNAS exons 1-13 20q13.3

Pseudohypoparathyroidism (type 1b) Autosomal dominant 
parentally imprinted

Deletions upstream of  
or within GNAS 
complex locus

20q13.3

Acrodysostosis with hormonal resistance Autosomal dominant PRKAR1A 17q23-q24

KSS, Kearns-Sayre syndrome; MELAS, mitochondrial encephalopathy, stroke like episodes and lactic acidosis; MTPDS, mitochondrial trifunctional 
protein-deficiency syndrome; HDR, hypoparathyroidism, deafness, renal dysplasia.

*Mutations of PTH gene identified only in some families
†Most likely inheritance shown, location not known
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line mutation in the patient, which would account for an 
absent family history, but results in an increased risk for 
hereditary PHPT in the children of the patient. Syndromic 
forms of PHPT may occur as part of complex disorders 
(e.g., as part of MEN syndromes) and be inherited as 
autosomal dominant traits, (Tables 61-1 and 61-2).138,140 
Such syndromic PHPT forms are MEN 1, MEN 2, MEN 3 
(also referred to as MEN 2b), MEN4, and the hyperpara-
thyroidism–jaw tumor (HPT-JT) syndrome.138,139,141,142 
PHPT as a nonsyndromic isolated endocrinopathy may 
occur as a familial disorder, which is referred to as familial 
isolated hyperparathyroidism (FIHP), or as a nonfamilial 
(sporadic) disorder.138,140,143,144

Syndromic Forms of Primary Hyperparathyroidism
Multiple Endocrine Neoplasia Type 1 (MEN 1)
MEN 1 is characterized by the combined occurrence of 
tumors of the parathyroid glands, pancreatic islet cells, and 
anterior pituitary gland.138,145,146 Parathyroid tumors occur 
in 95% of MEN 1 patients, and the resulting hypercalce-
mia is the first manifestation of MEN 1 in about 90% of 
patients. Pancreatic islet cell tumors occur in 40% of MEN 
1 patients and gastrinomas, leading to Zollinger-Ellison 
syndrome, are the most common type and also the impor-
tant cause of morbidity and mortality in MEN 1 patients. 
Anterior pituitary tumors occur in 30% of MEN 1 patients, 
with prolactinomas representing the most common type. 

Associated tumors, which may also occur in MEN 1, 
include adrenal cortical tumors, carcinoid tumors, lipomas, 
and cutaneous angiofibromas and collagenomas.146,147 The 
gene causing MEN 1 was localized to a <300-kb region on 
chromosome 11q13 by genetic mapping studies that inves-
tigated MEN 1–associated tumors for loss of heterozygos-
ity (LOH) and by segregation studies in MEN 1 families.148 
The results of these studies, which were consistent with 
Knudson’s model for tumor development, indicated that 
the MEN 1 gene represented a putative tumor suppressor 
gene (see Fig. 61-4, B). Characterization of genes from this 
region led to the identification of the MEN 1 gene, which 
consists of 10 exons that encode a novel 610–amino acid 
protein referred to as menin.149,150 Over 1100 germ line 
MEN 1 mutations have been identified, and the majority 
(>80%) are inactivating and are consistent with its role 
as a tumor suppressor gene.138,151,152 These mutations are 
diverse in their types; ∼25% are nonsense, ∼45% are frame-
shift deletions or insertions, ∼9% are splice-site mutations, 
∼20% are missense mutations, and ≈1% are whole or par-
tial gene deletions.148,151-153 In addition, MEN 1 mutations 
are scattered throughout the 1830 bp coding region of the 
gene with no evidence for clustering. Correlations between 
the MEN 1 germ line mutations and the clinical manifesta-
tions of the disorder appear to be absent.151-154 Tumors 
from MEN 1 patients and non–MEN 1 patients have been 
observed to harbor the germ line mutation together with a 
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Figure 61-4 Schematic illustration of the molecular defects that can 
lead to the development of parathyroid tumors. A, a somatic muta-
tion (point mutation or translocation) affecting a proto-oncogene (for 
 example, PRAD1 or RET) results in a growth advantage of single para-
thyroid cell and thus its clonal expansion. B, an inherited single point 
mutation or deletion affecting a tumor-suppressor gene (first hit) makes 
the parathyroid cell susceptible to a second, somatic “hit” (point muta-
tion or deletion, i.e., LOH), which then leads to the clonal expansion 
of a single cell.

TABLE 61-2 Multiple Endocrine Neoplasia 
(MEN) Syndromes: Their Characteristic Tumors, 
and Associated Genetic Abnormalities*

Type (Chromosomal Location) Tumors

MEN 1 (11q13) Parathyroids
Pancreatic islets

Gastrinoma
Insulinoma
Glucagonoma
VIPoma
Ppoma

Pituitary (anterior)
Prolactinoma
Somatotrophinoma
Corticotrophinoma
Non-functioning

Associated tumors
Adrenal cortical
Carcinoid
Lipoma
Angiofibromas
Collagenomas

MEN 2 (10 cen-10q 11.2)
MEN 2a Medullary thyroid carcinoma

Pheochromocytoma
Parathyroid

MTC-only Medullary thyroid carcinoma
MEN 2b Pheochromocytoma

Medullary thyroid carcinoma
Associated abnormalities

Mucosal neuromas
Marfanoid habitus
Medullated corneal nerve fibers
Megacolon

*Autosomal dominant inheritance of the MEN syndromes has been 
established.
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somatic LOH involving chromosome 11q13, as expected 
from Knudson’s model and the proposed role of the MEN 
1 gene as a tumor suppressor.152,155-165

The function of menin has been investigated by iden-
tifying its interactions with other proteins, and by under-
expression or overexpression in vitro studies (see Chapter 
148). Menin, which is predominantly a nuclear protein 
in nondividing cells, has been shown to interact with a 
number of proteins that are involved in transcriptional 
regulation, genome stability, cell division, and prolifera-
tion152 (see Chapter 148). Menin also acts as a scaffold 
protein and may increase or decrease gene expression by 
epigenetic regulation via histone methylation or histone 
deacetylation.166-172 For example, by forming a sub-
unit of the mixed lineage leukemia (MLL) complexes 
that trimethylate histone H3 at lysine 4 (H3K4), menin 
facilitates transcriptional activity in target genes such 
as cyclin-dependent kinase inhibitors (CDKIs) p18 and 
p27, and Hox genes to suppress cell proliferation.169-174 
However, interaction with the msin3A-histone deacety-
lase (HDAC) complex and suppression of variegation 
3-9 homolog family protein (SUV39H1) results in acety-
lation of H3 and methylation of H3K9me3, respectively, 
which in turn regulate expression of the gastrulation 
brain and homeobox 2 (GBX2) and insulin-like growth 
factor binding protein 2 (IGFBP2) to promote cell 
proliferation.166-168,175

The functional role of menin as a tumor suppressor 
also has been investigated, and studies in human fibro-
blasts have revealed that menin acts as a repressor of 
telomerase activity via hTERT (a protein component of 
telomerase).176 Furthermore, overexpression of menin in 
the human endocrine pancreatic tumor cell line (BON1) 
resulted in an inhibition of cell growth177 that was accom-
panied by upregulation of JunD expression but down-
regulation of delta-like protein 1/preadipocyte factor-1, 
proliferating cell nuclear antigen, and QM/Jif-1, which 
is a negative regulator of c-Jun.177 These findings of 
growth suppression by menin were observed in other cell 
types. Thus, expression of menin in the RAS-transformed 
NIH3T3 cells partially suppressed the RAS-mediated 
tumor phenotype in vitro and in vivo.178 Overexpres-
sion of menin in CHO-IR cells also suppressed insulin-
induced AP-1 transactivation, and this was accompanied 
by an inhibition of c-Fos induction at the transcriptional 
level.179 Furthermore, menin re-expression in MEN 
1-deficient mouse Leydig tumor cell lines induced cell 
cycle arrest and apoptosis.180 In contrast, depletion of 
menin in human fibroblasts resulted in their immortaliza-
tion.176 Menin expression in vivo by MEN 1 gene replace-
ment therapy in anterior pituitary tumors of heterozygous 
knockout mice (MEN 1+/–) has also been shown to reduce 
tumor cell proliferation, consistent with a tumor suppres-
sor for menin.181 Thus, menin appears to have a large 
number of functions through interactions with proteins, 
and these mediate alterations in cell proliferation.

Multiple Endocrine Neoplasia Type 2 (MEN 2) and  
Type 3 (MEN 3)
MEN 2 describes the association of medullary thyroid car-
cinoma (MTC), pheochromocytomas, and parathyroid 

tumors.138,141,145,148 Three clinical variants of MEN 2 
are recognized: MEN 2a, MEN 2b (also referred to as 
MEN 3), and MTC-only. MEN 2a is the most common 
variant, and the development of MTC is associated with 
pheochromocytomas (50% of patients), which may be 
bilateral, and parathyroid tumors (20% of patients). 
MEN 2b, which represents 5% of all MEN 2 cases, is 
characterized by the occurrence of MTC and pheochro-
mocytoma in association with a Marfanoid habitus, 
mucosal neuromas, medullated corneal fibers, and intes-
tinal autonomic ganglion dysfunction leading to mul-
tiple diverticula and megacolon. Parathyroid tumors do 
not usually occur in MEN 2b. MTC-only is a variant in 
which medullary thyroid carcinoma is the sole manifes-
tation of the syndrome. The gene causing all three MEN 
2 variants was mapped to chromosome 10cen-10q11.2, 
a region containing the c-ret proto-oncogene which 
encodes a tyrosine kinase receptor with cadherin-like 
and cysteine-rich extracellular domains, and a tyrosine 
kinase intracellular domain.182,183 Specific mutations of 
c-ret have been identified for each of the three MEN 2 
variants. Thus in 95% of patients, MEN 2a is associated 
with mutations of the cysteine-rich extracellular domain, 
and mutations in codon 634 (Cys→Arg) account for 85% 
of MEN 2a mutations.141 However, a search for c-ret 
mutations in sporadic non-MEN 2a parathyroid ade-
nomas revealed no codon 634 mutations.184,185 MTC-
only is also associated with missense mutations in the 
cysteine-rich extracellular domain, and most mutations 
are in codon 618. However, MEN 2b is associated with 
mutations in codon 918 (Met→Thr) of the intracellular 
tyrosine kinase domain in 95% of patients. Interestingly, 
the c-ret proto-oncogene is also involved in the etiology 
of papillary thyroid carcinomas and in Hirschsprung’s 
disease. Mutational analysis of c-ret to detect mutations 
in codons 609, 611, 618, 634, 768, and 804 in MEN 2a 
and MTC-only, and codon 918 in MEN 2b, has been 
used in the diagnosis and management of patients and 
families with these disorders141,183,186 Indeed, the utili-
zation of a genetic diagnosis has dramatically improved 
the outcomes for patients who are at risk for MTC and 
have undergone prophylactic thyroidectomy. Thus, the 
10-year survival in patients with metastatic MTC is 
∼20%, but about 90% of young patients with a RET 
mutation who had a prophylactic thyroidectomy have 
no evidence of persistent or recurrent MTC at 7 years 
after surgery.141,187,188

Multiple Endocrine Neoplasia Type 4 (MEN 4)
Approximately 5% to 10% of patients with MEN 1 do 
not have mutations of the MEN 1 gene,138,152 and these 
patients may have mutations involving other genes. One 
of these genes is CDNK1B, which encodes the 196–amino 
acid cyclin-dependent kinase inhibitor (CK1) p27kip1 and 
was identified to be involved by investigations of a recessive 
MEN-like syndrome in a naturally occurring rat model, 
referred to as MENX.189 Rats with MENX were observed 
to develop parathyroid adenomas, pancreatic islet-cell 
hyperplasia, thyroid C-cell hyperplasia, bilateral pheo-
chromocytoma, paragangliomas, and cataracts. The disor-
der was inherited as an autosomal recessive trait. Genetic 
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mapping studies localized MENX to the distal part of rat 
chromosome 4, a region that also contained the putative 
tumor suppressor CK1P27kip1, which is also referred to as 
p27. Mutational analysis of the CDNK1B gene identified, 
in rats with MENX, a homozygous frameshifting insertion 
of 8 bp at codon 177, which resulted in a missense peptide 
and termination at codon 218.189 This CDNK1B mutation 
resulted in the absence of p27 protein in the tumor cells.189 
These findings prompted studies in patients with MEN 1 
who did not harbor MEN 1 mutations, for abnormalities 
of CDKN1B, which in humans is located on chromosome 
12p13.189 This revealed that approximately 3% of these 
patients with MEN 1–associated tumors, such as parathy-
roid adenomas, pituitary adenomas, and pancreatic NETs 
in association with gonadal, adrenal, renal, and thyroid 
tumors have CDNK1B mutations, and these patients are 
referred to as having MEN 4.138 To date, eight different 
heterozygous loss-of-function CDNK1B mutations have 
been identified in patients with MEN 1-like tumors, and 
this indicates that MEN 4 in humans is an autosomal dom-
inant-disorder, unlike MENX in rats, which is autosomal 
recessive.190-192 In addition, germ line CDNK1B mutations 
may rarely be found in patients with sporadic (i.e., nonfa-
milial) forms of primary hyperparathyroidism.193,194

The Gene That Causes the Hyperparathyroidism–Jaw  
Tumor Syndrome
The hyperparathyroidism–jaw tumor (HPT-JT) syn-
drome is an autosomal dominant disorder characterized 
by the development of parathyroid adenomas and carci-
nomas, and fibro-osseous jaw tumors.195,196 In addition, 
some patients may also develop uterine tumors and renal 
abnormalities, which include Wilms’ tumors, renal cysts, 
renal hamartomas, renal cortical adenomas, and papil-
lary renal cell carcinomas.139,197 Other tumors, includ-
ing pancreatic adenocarcinomas, testicular mixed germ 
cell tumors with a major seminoma component, and 
Hürthle cell thyroid adenomas have also been reported 
in some patients.139,197,198 It is important to note that the 
parathyroid tumors may occur in isolation and without 
any evidence of jaw tumors, and this may cause confu-
sion with other hereditary hypercalcemic disorders such 
as MEN 1, familial benign hypercalcemia (FBH), which 
is also referred to as familial hypocalciuric hypercalce-
mia (FHH), and FIHP.199 HPT-JT syndrome can be dis-
tinguished from FBH, as FBH serum calcium levels are 
elevated during the early neonatal or infantile period, 
whereas in HPT-JT such elevations are uncommon in the 
first decade.139 In addition, HPT-JT patients, unlike FBH 
patients, will have associated hypercalciuria. The dis-
tinction between HPT-JT patients and MEN 1 patients, 
who have only developed the usual first manifestation 
of hypercalcemia (>90% of patients), is more difficult 
and is likely to be influenced by operative and histologi-
cal findings, and by the occurrence of other characteris-
tic lesions in each disorder. It is important to note that 
HPT-JT patients will usually have single adenomas or a 
carcinoma, while MEN 1 patients will often have mul-
tiglandular parathyroid disease. The distinction between 
FIHP and HPT-JT in the absence of jaw tumors is diffi-
cult but important as HPT-JT patients may be at a higher 

risk of developing parathyroid carcinomas.200-202 These 
distinctions may be helped by the identification of addi-
tional features, and a search for jaw tumors and renal, 
pancreatic, thyroid, and testicular abnormalities may 
help to identify HPT-JT patients. The jaw tumors in 
HPT-JT are different from the brown tumors observed in 
some patients with primary hyperparathyroidism and do 
not resolve after parathyroidectomy.199 Indeed ossifying 
fibromas of the jaw are an important distinguishing fea-
ture of HPT-JT from FIHP, and the occurrence of these 
may occasionally precede the development of hypercalce-
mia in HPT-JT patients by several decades. The gene that 
causes HPT-JT is located on chromosome 1q31.2 and 
consists of 17 exons that encode a ubiquitously expressed 
and evolutionary conserved 531–amino acid protein, 
designated parafibromin.198,203 This gene is also referred 
to as CDC73 or HRPT2 (i.e., hyperparathyroidism type 
2). Over 60 heterozygous HRPT2 germ line mutations 
associated with HPT-JT have been reported, and these 
are scattered throughout the 1593-bp coding region, with 
the majority (>80%) predicting a functional loss through 
premature truncation.139 A genotype-phenotype corre-
lation was not apparent from these analyses.197,203-205 
The observation of LOH involving the chromosome 
1q21.32 region in HPT-JT–associated tumors indicated 
that parafibromin may be acting as a tumor suppressor, 
consistent with Knudson’s two-hit hypothesis.197,199,203 
This was supported by the observations of germ line 
and somatic HRPT2 mutations in HPT-JT–associated 
tumors.197,203-206 Similar germ line and somatic HRPT2 
mutations have also been found in sporadic parathy-
roid carcinomas, and the frequency of such mutations 
is high, ranging from 67% to 100%;204,207 however, the 
frequency of HRPT2 mutations in sporadic parathyroid 
adenomas is low at 0% to 4%, indicating that HRPT2 
mutations likely confer an aggressive growth potential 
to the parathyroid cells.139,203-205,207,208 HRPT2 muta-
tions and allelic imbalances have also been identified in 
sporadic renal tumors,209 and a loss or downregulation 
of HRPT2 expression has been reported in both breast 
and gastric cancers.210,211 These studies indicate that 
HRPT2 and its encoded protein, parafibromin, play a 
critical role in inherited and sporadic parathyroid cancers 
as well as other nonhereditary solid tumors. The role of 
parafibromin, which is predominantly a nuclear protein 
with a monopartite NLS,212 was not readily apparent as 
it has no homologies to known proteins. However, the 
approximate 200 amino acids of the C-terminal domain 
shared over 25% sequence identity with the yeast Cdc73 
protein that is a component of the yeast polymerase-asso-
ciated factor-1 (PAF-1) complex, a key transcriptional 
regulatory complex that interacts directly with RNA 
polymerase II.203,213,214 Studies of the PAF-1 complex in 
yeast and Drosophila as well as in mammalian cells have 
revealed that parafibromin, as part of the PAF-1 complex, 
is a mediator of the key transcriptional events of histone 
modification, chromatin remodeling, initiation, and elon-
gation, and the Wnt/β-catenin and hedgehog signaling 
pathways.139,213-218 Studies of a mouse deleted for Hrpt2 
have revealed that Hrpt2 expression and the parafibro-
min/PAF complex directly regulate genes (e.g., H19, IgF1, 
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Ifg3, Igfbp4, Hmga1, Hmga2 and Hmga3), which are 
involved in cell growth and apoptosis.219

Nonsyndromic Forms of Primary Hyperparathyroidism
Familial Isolated Hyperparathyroidism
Familial isolated hyperparathyroidism (FIHP) may rep-
resent an incomplete manifestation of a syndromic form 
such as MEN 1, HPT-JT, or FHH, since FIHP due to 
germ line mutations of the MEN 1, HRPT2 (CDC73), 
or CaSR genes, respectively, has been reported in over 
40 kindreds.138,139,142,143,187,203,220,221 The sole occur-
rence of parathyroid tumors in these syndromic disorders 
is remarkable, and the mechanisms that determine the 
altered phenotypic expressions of these mutations remain 
to be authenticated. However, it is important to note 
that the genetic etiology of nonsyndromic FIHP in the 
majority of families remains to be elucidated.152,155,222-224 
Thus, search in 32 kindreds with nonsyndromic FIHP for 
mutations of the MEN 1, CaSR, and HRPT2 genes have 
revealed that only one family harbored a germ line muta-
tion, and this involved the HRPT2 gene that encodes 
parafibromin.222,223 However, studies of 10 other FIHP 
kindreds have indicated that another locus, referred to 
as HRPT3, on chromosome 2p13.3-p14, is likely to be 
involved in the etiology of nonsyndromic FIHP.225 Thus, 
the genes and their underlying abnormalities that lead to 
nonsyndromic FIHP remain to be identified.

Nonfamilial (Sporadic) Primary Hyperparathyroidism due to 
Germ Line Mutations
Nonfamilial (sporadic) forms of PHPT may be associated 
with germ line mutations involving the MEN 1, CDC73, 
CaSR, CDKIs, or PTH genes. Thus, ∼10% of patients 
presenting younger than 45 years of age with nonfamilial 
(sporadic) PHPT may have a de novo germ line MEN 1,  
CDC73, or CaSR mutation,136,138-140,144 and this has 
implications for their future management, in requiring 
screening for the occurrence of tumors associated with 
the specific syndrome, as well as for screening their chil-
dren who may inherit the germ line mutation. Moreover, 
>5% of patients with typically presenting PHPT in the 
sixth to ninth decades of life with solitary parathyroid 
adenomas and without family histories of parathyroid, 
MEN, or other endocrine tumor syndromes may have 
germ line mutations of genes encoding CDKIs (CDKN1A 
(p21), CDKN2B (p15), or CDKN2C (p18), thereby indi-
cating that rare variants of these CDKIs may contrib-
ute to the etiology of nonfamilial (sporadic) PHPT, as 
reduced-penetrance predisposition alleles.137 In addition, 
a nonsense mutation, Arg83Stop, has been reported that 
truncates the secreted PTH after the 52nd amino acid and 
occurred in association with LOH of the PTH locus in 
a parathyroid adenoma.226 The patient, who had pre-
sented with hypercalcemia and an undetectable serum 
intact PTH concentration (measured by two-site sand-
wich assays), showed heterozygosity, with wild-type and 
mutant alleles present in the peripheral-blood leukocytes, 
which is consistent with a germ line PTH mutation, but 
the parathyroid adenoma has a loss of the wild-type allele, 
while the mutant (Arg83Stop) allele is retained. Follow-
ing removal of the parathyroid adenoma, normocalcemia 

was restored.226 These findings demonstrate that PTH 
nonsense mutations, which result in truncated forms of 
PTH not recognizable by standard hormone assays, may 
be associated with parathyroid adenoma and that endog-
enously produced N-terminal PTH fragments can be bio-
logically active.226

Somatic Abnormalities in Sporadic Parathyroid Tumors
Nonsyndromic sporadic parathyroid tumors may harbor 
somatic abnormalities of the PRAD1/PTH, retinoblas-
toma (Rb), and retinoblastoma-interacting zinc finger 
protein (RIZ1) genes; the LRP5 and Wnt/β-catenin path-
way; or chromosome Xp11, as described later.

PRAD1 and PTH Genes. Investigations of the PTH gene 
in sporadic parathyroid adenomas detected abnormally 
sized restriction fragment length polymorphisms (RFLPs) 
with a DNA probe for the 5′ part of the PTH gene in some 
adenomas,227 indicating disruption of the gene. Further 
studies of the tumor DNA demonstrated that the first 
exon of the PTH gene (see Fig. 61-2) was separated from 
the fragments containing the second and third exons, and 
that a rearrangement had occurred, juxtaposing the 5′ 
PTH regulatory elements with “new” non-PTH DNA.228 
This rearrangement was not found in the DNA from the 
peripheral leukocytes of the patients, thereby indicating 
that it represented a somatic event and not an inherited 
germ line mutation. Investigation of this rearranged DNA 
sequence localized it to chromosome 11q13, and detailed 
analysis revealed that it was highly conserved in different 
species and expressed in normal parathyroid glands and in 
parathyroid adenomas. The protein expressed as a result of 
this rearrangement, which was designated PRAD1 (para-
thyroid adenoma 1), was demonstrated to encode a 295–
amino acid member of the cyclin-D family of cell-cycle 
regulatory proteins. Cyclins were initially characterized in 
the dividing cells of budding yeast, where they controlled 
the G1-to-S transition of the cell cycle, and in marine mol-
lusks, where they regulated the mitotic phase (M-phase) 
of the cell cycle.229 Cyclins have also been identified in 
man and have an important role in regulating many stages 
of cell-cycle progression. Thus, PRADI, which encoded a 
novel cyclin referred to as cyclin D1 (CCND1), is an im-
portant cell-cycle regulator, and overexpression of PRADI 
may be an important event in the development of at least 
15% of sporadic parathyroid adenomas.230,231

Interestingly, >66% of the transgenic mice overex-
pressing PRAD1 under the control of a mammary tissue 
specific promoter were recently found to develop breast 
carcinoma in adult life,232 and expression of this proto-
oncogene under the control of the 5′ regulatory region 
of the PTH gene resulted in mild-to-moderate chronic 
hyperparathyroidism.230,231 Taken together, these find-
ings in transgenic animals provide further evidence for 
the conclusion that PRAD1 can be involved in the devel-
opment of a significant number of parathyroid adenomas.

The Rb Gene. The Rb gene, which is a tumor suppressor 
gene233, located on chromosome 13q14, is involved in the 
pathogenesis of retinoblastomas and in a variety of com-
mon sporadic human malignancies including ductal breast, 



107561 REGULATION OF CALCIUM HOMEOSTASIS AND GENETIC DISORDERS THAT AFFECT CALCIUM METABOLISM

small-cell lung, and bladder carcinomas. Allelic deletion of 
the Rb gene has been demonstrated in all parathyroid car-
cinomas and in 10% of parathyroid adenomas234,235 and 
was accompanied by abnormal staining patterns for the Rb 
protein in 50% of the parathyroid carcinomas, but in none 
of the parathyroid adenomas.234 These results demonstrate 
an important role for the Rb gene in the development of 
parathyroid carcinomas and may be of help in the histo-
logical distinction of parathyroid adenoma from carcino-
ma.234 The Rb protein may also be secondarily involved in 
parathyroid tumorigenesis by its interaction with the reti-
noblastoma-interacting zinc-finger protein 1, RIZ1.236 The 
findings of extensive deletions of the long arm of chromo-
some 13 (including the Rb locus) in some parathyroid ad-
enomas and carcinomas235 and similar findings in pituitary 
carcinomas237 suggest that other tumor suppressor genes 
on chromosome 13q may also have a role in the develop-
ment of such tumors.

RIZ1 Gene on Chromosome 1p. Loss of heterozygosity 
studies have revealed allelic loss of chromosome 1p32-
pter in 40% of sporadic parathyroid adenomas.238 This 
region is estimated to be about 110 cM, equivalent to 
about 110 million base pairs (Mbp) of DNA, but addi-
tional studies narrowed the interval containing this puta-
tive tumor suppressor gene(s) to an approximate 4-cM 
(i.e., about 4-Mbp) region.239 Investigations of one can-
didate gene, retinoblastoma-interacting zinc-finger pro-
tein 1 (RIZ1), have revealed that over 25% of parathy-
roid tumors had LOH of the RIZ1 locus and that over 
35% of parathyroid tumors had hypermethylation of the 
RIZ1 promoter region.236 Moreover, the RIZ1 promoter 
hypermethylation was related to LOH in these tumors, 
indicating that these two events may represent the “two 
hits” (see Fig. 61-4, B) required for tumor development in 
Knudson’s hypothesis for tumoriogenesis.236

LRP5 and the WNT/β-Catenin Pathway. Aberrant Wnt/β-
catenin signaling with an accumulation of β-catenin in the 
cytoplasm and nucleus is associated with several types of 
tumor development (e.g., adenomatous polyposis coli and 
colorectal cancer). Investigations of this pathway in para-
thyroid tumors have revealed that β-catenin accumulation 
occurs in parathyroid adenomas and in parathyroid tu-
mors associated with chronic renal failure.240 In addition, 
a protein-stabilizing mutation, Ser37Ala, in exon 3 of β-
catenin was detected in over 7% of parathyroid adenomas, 
but not parathyroid tumors of chronic renal failure, from 
Swedish patients,241,242 but not North American243 or Jap-
anese244 patients. The Ser37Ala β-catenin mutations were 
homozygous in the parathyroid adenomas, which had a 
higher expression of β-catenin and the nonphosphorylated 
active form of β-catenin.242 In addition, myelocytomatosis 
(MYC), which is a direct target of the Wnt/β-catenin signal-
ing pathway in colorectal cancer cells and critical mediator 
of the early stages of intestinal neoplasia, was also over-
expressed, and the stable activity of endogenous β-catenin 
was found to be necessary for MYC and cyclin D1 expres-
sion.240 Stability of β-catenin is regulated by Wnt ligands, 
which bind to the cell-surface frizzled receptors and LRP5 
and LRP6 coreceptors that alter phosphorylation of several 

intracellular second messengers and consequently accumu-
lation of nonphosphorylated β-catenin. Investigation of 
the Wnt-signaling pathway in parathyroid tumors revealed 
over 85% of adenomas and 100% of tumors from chronic 
renal failure patients to have a shorter LRP5 transcript, 
which contained an in-frame deletion of 142 amino acids 
(residues 666 to 809) that encompassed the third YWTD 
beta propeller domain between the second and third epi-
dermal growth factor repeats.241 This internally truncated 
LRP5 receptor activated β-catenin signaling in parathyroid 
tumors by a mechanism that may involve an impaired in-
hibitory action of the Wnt antagonist DKK1.241 The para-
thyroid tumors expressing the internally truncated LRP5 
receptor did not harbor the β-catenin stabilizing muta-
tion, Ser37Ala, and those that had the stabilizing β-catenin 
mutation did not express the truncated LRP5 receptor.241 
Thus, it seems that the presence of the stabilizing β-catenin 
mutation and the expression of the truncated LRP5 recep-
tor are mutually exclusive. However, these studies demon-
strate an important role for the WNT β-catenin signaling 
pathway in parathyroid tumoriogenesis.

Whole-Exome Sequence Analysis of Sporadic Parathy-
roid Adenomas. Whole-exome sequence analysis of 
sporadic parathyroid adenomas has identified that these 
tumors may contain multiple somatic mutations, ranging 
from 2 to 110, consistent with their low proliferation 
rates.245,246 Moreover, between 35% to 50% of such 
parathyroid adenomas had a somatic mutation involving 
the MEN 1 gene, indicating that this is a major driver for 
tumoriogenesis, although some other parathyroid adeno-
mas may also have involvement of mutations at a low 
frequency (i.e., <10% of tumors) in other driver genes, 
which may involve those involved in DNA repair a genome 
instability.245,246

Hyperparathyroidism in Chronic Renal Failure. Chronic 
renal failure is often associated with a form of secondary 
hyperparathyroidism that may subsequently result in the 
hypercalcemic state of “tertiary” hyperparathyroidism. 
The parathyroid proliferative response in this condition 
led to the proposal that the autonomous parathyroid tis-
sue might have undergone hyperplastic change and there-
fore be polyclonal in origin. However, studies of X-chro-
mosome inactivation in parathyroid glands from patients 
on hemodialysis with refractory hyperparathyroidism 
have revealed at least one monoclonal parathyroid tu-
mor in >60% of patients.247 In addition, LOH involving 
several loci on chromosome Xp11 was detected in one 
of these parathyroid tumors, thereby suggesting the in-
volvement of a tumor suppressor gene from this region in 
the pathogenesis of such tumors.247 Interestingly, none of 
the parathyroid tumors from these patients with chronic 
renal failure had LOH involving loci from chromosome 
11q13. This unexpected finding of monoclonal parathy-
roid tumors in the majority of patients with “tertiary” 
 hyperparathyroidism suggests that an increased turnover 
of parathyroid cells in secondary hyperparathyroidism 
may possibly render the parathyroid glands more sus-
ceptible to mitotic nondisjunction or other mechanisms 
of somatic deletions, which may involve loci other than 
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those located on chromosome 11q13 (i.e., MEN 1 and 
PRAD1). In addition, as noted earlier, parathyroid tumors 
from patients with chronic renal failure have been shown 
to accumulate β-catenin and to have a truncated form of 
the LRP5 receptor that lacks 142 amino acids.240,241

Gene Testing for Primary Hyperparathyroidism in 
Clinical Practice
Genetic testing for germ line mutations, which are found 
in ∼10% of all PHPT patients, is helpful in clinical practice 
in several ways that include: (1) confirmation of the clini-
cal diagnosis so that appropriate screening for associated 
tumors can be undertaken, (2) implementation of appropri-
ate treatment such as early parathyroidectomy for patients 
with HPT-JT syndrome because of increased occurrence of 
parathyroid carcinomas; avoidance of minimally invasive 
parathyroid surgery in MEN 1 patients who generally have 
multigland disease requiring open neck exploration; early 
prophylactic thyroidectomy in MEN 2/MEN 3 patients; 
and avoidance of surgery in FHH patients, (3) identifica-
tion of family members who may be asymptomatic but har-
bor the mutation and therefore require screening for tumor 
detection and early/appropriate treatment, and (4) identifi-
cation of the 50% of family members who do not harbor 
the familial germ line mutation and can therefore be reas-
sured and alleviated of the anxiety burden of developing 
tumors.138,140,248 This latter aspect cannot be overempha-
sized, as it helps to reduce the cost to individuals and their 
children, and also to the health services in not having to 
undertake unnecessary biochemical and radiologic investi-
gations.138,140 Moreover, a notable example of the improve-
ments in patient outcome resulting from genetic testing are 
provided by the results of prophylactic thyroidectomy in 
MEN 2/MEN 3 patients, as follows: The 10-year survival 
in patients with metastatic MTC is ∼20%, and prophylactic 
thyroidectomy to prevent MTC and its metastases is recom-
mended in patients with a RET mutation;141 such prophy-
lactic thyroidectomy has dramatically improved outcomes 
in MEN 2/MEN 3 patients, such that about 90% of young 
patients with a RET mutation who had prophylactic thyroid-
ectomy have no evidence of persistent or recurrent MTC at  
7 years after surgery.141,187,188

Indications for Mutational Analysis in Primary 
Hyperparathyroidism
Indications for testing for germ line mutations in PHPT 
patients include: (1) PHPT occurring before 45 years of 
age, (2) multigland disease, (3) parathyroid carcinoma or 
atypical parathyroid adenomas (e.g., with fibrous bands 
or cysts), (4) being a first-degree relative of a known muta-
tion carrier, and (5) being an index case with two or more 
MEN syndrome–associated endocrine tumors.138,140,249 
Genetic testing should use DNA obtained from leukocytes, 
salivary cells, skin cells, or hair follicles (i.e., nontumor 
cells), as DNA from parathyroid tumors is not clini-
cally useful for establishing the diagnosis or staging, as 
such tumors may contain multiple mutations.245,246 Best 
clinical practice for such genetic testing should include 
agreement (i.e., informed consent) from the patient and 
access to genetic counselors.138 Genetic testing should be 
performed by accredited centers, some of which can be 

contacted using the following links: http://www.ncbi.nlm. 
nih.gov/sites/GeneTests/ (details of centers in Canada, 
Denmark, Greece, Israel, Japan, and the United States) 
and http://www.orpha.net/consor/cgi-bin/index.php or 
www.eddnal.com (details of centers in Austria, Belgium, 
Denmark, Finland, France, Germany, Holland, Ireland, 
Italy, Norway, Portugal, Spain, Sweden, Switzerland, and 
the United Kingdom).

Clinical Approach to Gene Testing in a Patient with 
Primary Hyperparathyroidism
A clinical approach to genetic testing in a patient who 
has PHPT and no manifestations of MEN-associated 
tumors or tumors associated with HPT-JT is as follows  
(Fig. 61-5).140 PHPT patients in whom there is a high sus-
picion of a genetic etiology (e.g., young age of onset, multi-
gland disease, parathyroid carcinoma, atypical parathyroid 
adenoma) should be offered genetic counseling and germ 
line mutation testing of the MEN 1, CaSR, AP2S1, GNA11, 
HRPT2 (CDC73), CDKN1A, CDKN1B, CDKN2B, 
CDKN2C, RET, and PTH genes using DNA obtained 
from nontumor cells (e.g., leukocytes).136,138,140,141 Such 
patients may have de novo mutations, which occur in 
∼10% of patients, or they may have an undisclosed family 
history for the disease.138 Furthermore, PHPT may be the 
first manifestation of MEN 1 and HPT-JT in ∼90% and 
>95% of patients, respectively, with these disorders.138,139 
In addition, the clinical distinction between PHPT and 
FHH may be difficult, as ∼20% of FHH patients may have 
elevated serum PTH concentrations and calcium:creatinine 
clearance of >0.01,144,187,250-254 and some PHPT patients 
may have hypocalciuria.255,256 Moreover, PHPT and famil-
ial PHPT (i.e., FIHP) may occasionally be due to CaSR 
mutations.144,187,253 The identification of a germ line muta-
tion should prompt entry into appropriate periodic clini-
cal, biochemical, and radiologic screening programs, for 
example, for MEN- and HPT-JT–associated tumors.138,139 
The absence of clinical manifestations of hereditary or 
syndromic forms of PHPT and any genetic abnormalities 
within the 11 genes would indicate that the likelihood of a 
MEN-syndrome, HPT-JT, or FHH was low (i.e., <5%).138-

141 First-degree relatives of a PHPT patient with a germ 
line mutation should be identified and offered genetic 
counseling and appropriate gene testing, and individuals 
who have inherited the mutation should be offered peri-
odic screening, even if asymptomatic.138-141 First-degree 
relatives who have not inherited the causative mutation 
require no further follow-up and may be alleviated of 
the anxiety associated with the development of MEN- or 
HPT-JT–associated tumors.138,139 For PHPT patients who 
present at a later age, a detailed family history for PHPT 
(i.e., FIHP), MEN syndrome, HPT-JT, or FHH should be 
undertaken, and appropriate clinical evaluations and gene 
testing should then be undertaken to determine the etiology 
of the PHPT.138-141 Moreover, it is important to note that 
>5% of patients with nonfamilial (sporadic) PHPT present-
ing in the sixth to ninth decade of life with solitary para-
thyroid adenoma may have a germ line mutation involving 
CDKN1A, CDKN2B, or CDKN2C, thereby implicating a 
higher risk for developing PHPT in first-degree relatives.137 
Thus, genetic assessment should be undertaken in their 

http://www.ncbi.nlm.nih.gov/sites/GeneTests/
http://www.ncbi.nlm.nih.gov/sites/GeneTests/
http://www.orpha.net/consor/cgi-bin/index.php
http://www.eddnal.com
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Patient with PHPTa

Young ageb, multigland
disease, parathyroid

carcinoma, or atypical
adenomac

Obtain family history to
ascertain if 1st degree family
relatives are affected, and if

appropriate, evidence of
hypercalcemia in these

relativesd

Assess clinically for MEN
syndromes, HPT-JT, FHH

No abnormalities detected,
consistent with FIHP

Abnormalities detected,
consistent with either an MEN

syndrome, HPT-JT or FHH

Pursue appropriate
investigations including
gene analysis of either

MEN1, MEN2, MEN4, HRPT2
(CDC73), CASR, AP2S1, or

GNA11

Assess first-degree
relatives

Sporadic PHPT,
consider mutational

analysis of CDKN-1A,
–2B, or –2Ce

Mutational analysis (in order of
 preference):
1. MEN1
2. CASR, AP2S1, GNA11f

3. HRPT2 (CDC73)f

4. CDKN –1A, –1B, –2B, –2Ce, f

5. RETf

6. PTH

Mutation detected. Follow
up by regular screening for 

the development of
appropriate tumors for the

MEN syndromes or HPT-JT

Mutation not detected,
indicating that likelihood of
a MEN syndrome, HPT-JT
or FHH is low (i.e., <5%)

Yes

Yes

No

No

aPHPT presenting without manifestations of MEN-associated tumors, or tumors associated with HPT-JT.
bGuidelines for MEN1 recommend MEN1 mutational analysis in patients with PHPT occurring before age 
of 30 years, and ~10% of PHPT patients below the age of 45 years have been reported to have a germline 
mutation involving the MEN1, CASR or HRPT2 (cdc73) genes.
cAtypical parathyroid adenoma may have cysts or fibrous bands.
dPHPT may be the first manifestation of MEN1 and HPT-JT in ~90% and ~95% of patients, respectively, 
with these disorders.
e<5% of patients presenting with non-familial (sporadic) and non-syndromic PHPT, due to solitary 
parathyroid adenomas in the 6th–9th decade of life may have rare variants / mutations of CDKN1A, 
CDKN2B, or CDKN2C.
f  CASR, AP2S1, GNA11, HRPT2 (CDC73),  CDKN1B, and RET mutations are associated with FHH 1, 
FHH3, FHH2, HPT-JT,MEN4 and MEN2, respectively.

Figure 61-5 Clinical approach to gene testing in a patient with PHPT. PHPT, primary hyperparathyroidism; MEN multiple endocrine neoplasia; 
HPT-JT, hyperparathyroidism–jaw tumor syndrome; FHH, familial hypocalciuric hypercalcemia; FIHP, familial isolated primary hyperparathyroid-
ism; CASR, calcium sensing receptor; AP2S1, adaptor protein 2 sigma subunit; GNA11, G-protein alpha 11 subunit; HRPT2, hyperparathyroidism 
type 2; CDC73, cell division cycle 73; CDKN, cyclin dependent kinase inhibitor; RET, rearranged during transfection proto-oncogene; PTH, para-
thyroid hormone. (From Thakker RV. Familial and hereditary forms of primary hyperparathyroidism. In: Bilezikian JP, Marcus R, Levine M, et al., 
eds. The parathyroids: basic and clinical concepts, 3rd ed. {Oxford, UK}: Elsevier, 2013, pp. 341-363.)
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first-degree relatives for the presence of the rare variants/
mutations of CDKN1A, CDKN2B, and CDKN2C, and 
those who have inherited the mutation should have peri-
odic screening to detect the onset of hypercalcemia to facili-
tate appropriate earlier treatment aimed at preventing the 
skeletal and renal complications of PHPT.137,138,140

Familial Hypocalciuric Hypercalcemia and Disorders  
of the Calcium-Sensing Receptor
Three hypercalcemic disorders due to mutations and/or 
reduced activity of the CaSR have been reported,221,257-262 
and these are FHH (FBH), neonatal severe hyperparathy-
roidism (NSHPT), and autoimmune hypocalciuric hyper-
calcemia (AAH).

Familial Hypocalciuric Hypercalcemia
FHH is an autosomal dominant disorder character-
ized by occurrence of lifelong elevations of serum cal-
cium concentrations with low urinary calcium secretion 
(mean urinary calcium:creatinine clearance ratio <0.01) 
and normal circulating PTH concentrations in 80% of 
patients.250,253,254,263 FHH is genetically heterogeneous, 
with three reported variants, FHH 1, FHH 2, and FHH 
3, whose loci were mapped to chromosomes 3q21.1, 19p, 
and 19q13, respectively.258,264,265

FHH 1 is due to heterozygous loss-of-function muta-
tions of the CaSR, which is a G protein– coupled receptor 
(GPCR) that signals via Gαq and Gα11 (Fig. 61-6).252,257-262  
Approximately two thirds of FHH kindreds will have 
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Figure 61-6 Schematic model for CaSR signaling and its endocytosis mediated by β-arrestin and AP2. Ligand binding of calcium ions (yellow) by 
GPCR CaSR (gray) results in G protein–dependent stimulation, through Gq/11, of phospholipase C β (PLC-β, orange) activity, causing an accumula-
tion of inositol 1,4,5 -trisphosphate (IP3) and rapid release of calcium ions from intracellular stores (Cai
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(DAG) concentrations and stimulation of protein kinase C (PKC), which phosphorylates CaSR threonine residues (red P) that in turn promotes 
binding by β-arrestin (brown) and initiates CaSR internalization. AP2 (purple) has a pivotal role in initiating GPCR internalization by binding the 
β-arrestin tyrosine motif (YxxΦ) through its μ2 subunit; alterations of the AP2 μ2 subunit disrupt binding to the β-arrestin tyrosine motif and severely 
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unique heterozygous mutations of the CaSR, and expres-
sion studies of these mutations have demonstrated a loss 
of CaSR function, whereby there is an increase in the cal-
cium ion dependent set point for PTH release from the 
parathyroid cell.257,262,266,267

FHH 2 is due to loss-of-function mutations in the G 
protein subunit α11 (Gα11), which decrease the sensitiv-
ity of cells expressing CaSR, probably by impairing the 
release of GDP.251 Such Gα11 loss-of-function mutations 
may occur in <5% of FHH patients.

FHH 3 is due to loss-of-function mutations of the 
adaptor protein 2 (AP-2) sigma subunit (AP2σ).252 AP-2  
is a central component of clathrin-coated vesicles (CCVs) 
and is pivotal in clathrin-mediated endocytosis, which 
internalizes plasma membrane constituents such as 
GPCRs (see Fig. 61-6). AP-2 is a heterotetramer of α, β, μ,  
and σ subunits, and it links clathrin to vesicle mem-
branes and binds to tyrosine- and dileucine-based motifs 
of membrane-associated cargo proteins. The FHH3-
associated AP2σ mutations, which all involve an Arg15 
residue that forms key contacts with the dileucine-based 
motifs of CCV cargo proteins, result in a decreased sen-
sitivity of CaSR-expressing cells to extracellular calcium 
and reduced CaSR endocytosis, probably through loss 
of interaction with a C-terminal CaSR dileucine-based 
motif, whose disruption also decreases intracellular sig-
naling.252 Such AP2σ loss-of-function mutations occur in 
>5% of FHH patients. FHH 1, FHH 2 and FHH 3 have 
similar clinical features, and thus studies defining the 
molecular mechanisms underlying FHH 1, FHH 2, and 
FHH 3 has helped to distinguish them by genetic analysis 
as well as elucidate the signaling pathway of the CaSR 
(see Fig. 61-6).

Neonatal Severe Primary Hyperparathyroidism
NSHPT occurring in the offspring of consanguineous 
FHH 1 families has been shown to be due to homozy-
gous CaSR mutations.250,257,258,260,268,269 However, some 
patients with sporadic neonatal hyperparathyroidism 
have been reported to be associated with de novo het-
erozygous CaSR mutations,250,259 thereby suggesting that 
factors other than mutant gene dosage,268 such as the 
degree of set-point abnormality, the bony sensitivity to 
PTH, and the maternal extracellular calcium concentra-
tion, may also all play a role in the phenotypic expression 
of a CaSR mutation in the neonate.

Autoimmune Hypocalciuric Hypercalcemia
Some patients, who have the clinical features of FHH but 
not CaSR mutations, may have AHH.270-272 Such patients 
may have multiple clinical autoimmune manifestations, 
including anti-thyroid antibodies, anti-gliadin, or anti-
endomyseal antibodies. These patients were shown to 
have circulating antibodies to the extracellular domain of 
the CaSR, and these antibodies stimulated PTH release 
from dispersed human parathyroid cells in vitro, probably 
by inhibiting the activation of the CaSR by extracellular 
calcium.270 The effects of treatment with glucocorticoids 
have been variable, with the hypercalcemia responding 
in one patient272 but not in another.273 Thus, AHH is 
a condition of extracellular calcium sensing that should 

be considered in FHH patients who do not have CaSR 
mutations.

Jansen’s Disease
Jansen’s disease (Figs. 61-7 and 61-8) is an autosomal 
dominant disease that is characterized by short-limbed 
dwarfism caused by an abnormal regulation of chon-
drocyte proliferation and differentiation in the metaph-
yseal growth plate, and associated (usually severe) 
hypercalcemia and hypophosphatemia, despite nor-
mal or undetectable serum levels of PTH or PTHrP.274 
These abnormalities are caused by mutations in the 
PTH/PTHrP receptor that lead to constitutive, PTH-
independent, and PTHrP-independent receptor activa-
tion.275-281 Four different heterozygous mutations of 
the PTH/PTHrP receptor have been identified in the 
severe form of Jansen’s disease, and these involve codon 
223 (His→Arg), codon 410 (Thr→Pro), and codon 458 
(Ile→Arg or Lys) (Fig. 61-9). Expression of the mutant 
receptors in COS-7 cells resulted in constitutive, ligand-
independent accumulation of cAMP, while the basal 
accumulation of inositol phosphates was not measur-
ably increased.275-277 Since the PTH/PTHrP receptor 
is most abundantly expressed in kidney, bone, and the 
metaphyseal growth plate, these findings provide a likely 
explanation for the abnormalities observed in mineral 
homeostasis and growth plate development associated 
with this disorder. This conclusion is supported further 
by observations in mice that express the human PTH/
PTHrP receptor with the His223Arg mutation under 
the control of the rat α1(II) promoter, which resulted in 
a delayed differentiation of growth plate chondrocytes 
and bone elongation, that is, metaphyseal changes char-
acteristic of patients with Jansen’s disease.282

Figure 61-7 Patient with Jansen’s metaphyseal chondrodysplasia at 5 
years of age (left) and 22 years of age (right). (From Frame B, Poznan-
ski AK. Conditions that may be confused with rickets. In: DeLuca HF, 
Anast CS, eds. Pediatric diseases related to calcium. New York: Elsevier, 
1980, pp. 269-289)



1080 PART 4 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

Another heterozygous PTH/PTHrP receptor mutation, 
T410R, was identified in three members of a small kin-
dred with an apparently mild form of Jansen’s disease.283 
Affected individuals had, compared to patients with the 
previously identified activating PTH/PTHrP receptor 
mutations,275-277 less severe growth plate abnormali-
ties, relatively normal stature, normal plasma calcium 
concentration, yet significant hypercalciuria and normal 
or suppressed plasma PTH levels. When tested in vitro, 
the PTH/PTHrP receptor with the T410R mutation 
showed less constitutive activity than that observed with 
the previously described T410P mutant.276,284 This less 
pronounced agonist-independent cAMP accumulation 
induced by the T410R mutation is consistent with the less 
severe skeletal and laboratory abnormalities observed in 
this milder form of Jansen’s disease.

Williams Syndrome
Williams syndrome is an autosomal dominant disorder 
characterized by supravalvular aortic stenosis, elfin-like 

facies, psychomotor retardation, and infantile hypercalce-
mia. The underlying abnormality causing hypercalcemia, 
which affects 5% to 50% of patients, remains unknown, 
but abnormal 1,25-dihydroxy vitamin D metabolism or 
decreased calcitonin production have been implicated, 
although none have been consistently demonstrated.285 
Studies have demonstrated hemizygosity on chromosome 
7q11.23, a region spanning 1.5 to 1.8 million base pairs 
and containing 26 to 28 genes that include the elastin 
gene, in over 90% of patients with the classical Williams 
phenotype,285-288 with only one patient having a cytoge-
netically identifiable deletion, thereby indicating that the 
syndrome is usually due to a microdeletion of 7q11.23.288 
Interestingly, ablation of the elastin gene in mice results 
in vascular abnormalities similar to those observed in 
patients with Williams syndrome.289 However, the micro-
deletions that have been reported involve also another 
gene, designated LIM-kinase, that is expressed in the 
central nervous system.290 The calcitonin receptor gene, 
which is located on chromosome 7q21, is not involved in 
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Figure 61-9 Schematic representation of the human PTH/PTHrP receptor. The approximate locations of heterozygous missense mutations that 
lead to constitutive receptor activation in patients with Jansen’s disease are indicated by light blue circles. Homozygous loss-of-function mutations 
identified in patients with Blomstrand’s disease are indicated by brown boxes or gray circles; the nucleotide exchange in exon M5 of the maternal 
PTH/PTHrP receptor allele introduces a novel splice acceptor site that leads to the synthesis of an abnormal receptor protein that lacks portions of 
the fifth membrane-spanning domain (brown box); for yet unknown reasons, the paternal allele is not expressed in this patient.

Figure 61-8 Hand radiographs of 
the patient first described by  Jansen, 
at 10 years of age (left) and 44 years 
of age (right). (From de Haas WH, 
de Boer W, Griffioen F. Metaphys-
ial dysostosis. A late follow-up of 
the first reported case. J Bone Joint 
Surg 51B:290-299, 1969.).
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the deletions found in Williams syndrome, and is there-
fore unlikely to be implicated in the hypercalcemia of 
such children.291 While deletion of the elastin and LIM-
kinase genes can explain the respective cardiovascular 
and neurologic features of Williams syndrome, it seems 
likely that another, as yet uncharacterized gene located 
within this contiguously deleted region, is involved in this 
disorder and could explain the abnormalities of calcium 
metabolism.

Infantile Hypercalcemia-CYP24A1 Deficiency
Initially referred to as idiopathic infantile hypercalcemia 
(IIH), this disorder was shown to be caused by homozy-
gous or compound heterozygous mutations in the gene 
encoding 24-hydroxylase (CYP24A1), the enzyme that 
metabolizes and thus inactivates the biologically active 
1,25(OH)2 vitamin D.292-296 Affected infants develop 
often severe hypercalcemia and hypercalciuria leading to 
nephrocalcinosis and failure to thrive. Besides elevated 
blood and urinary calcium levels, 1,25(OH)2 vitamin D 
levels are increased, which was shown in one child to 
dramatically enhance intestinal calcium absorption,293 

thereby suppressing circulating PTH concentrations 
through two mechanisms, that is, elevated blood calcium 
and 1,25(OH)2 vitamin D concentration.

HYPOCALCEMIC DISORDERS

Hypoparathyroidism
Hypoparathyroidism may occur in a syndromic form as 
part of a pluriglandular autoimmune disorder or as a 
complex congenital defect (e.g., DiGeorge syndrome). In 
addition, hypoparathyroidism may develop as a nonsyn-
dromic solitary endocrinopathy, and this has been called 
isolated or idiopathic hypoparathyroidism. Familial 
occurrences of isolated hypoparathyroidism with autoso-
mal dominant, autosomal recessive, and X-linked reces-
sive inheritances have been established (Fig. 61-10).

PTH Gene Abnormalities
DNA sequence analysis of the PTH gene (see Fig. 61-2) 
has to date identified five mutations in patients with 
hypoparathyroidism.297-301 One patient with autosomal 
dominant isolated hypoparathyroidism had a single base 
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excluded*
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• Occurrence of other endocrinopathies, e.g., Addison’s disease, gonadal failure, thyroid
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Figure 61-10 Clinical approach to establishing the genetic etiology of hypoparathyroidism.
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substitution (T→C) in exon 2,297 which resulted in the 
substitution of arginine (CGT) for cysteine (TGT) in the 
signal peptide. The presence of this charged amino acid 
in the midst of the hydrophobic core of the signal pep-
tide impeded the processing of the mutant preproPTH, 
as demonstrated by in vitro studies. These revealed that 
the mutation impaired the interaction of the nascent 
protein with the translocation machinery and that cleav-
age of the mutant signal sequence by solubilized signal 
peptidase was ineffective.297,302 In addition, the mutant 
PTH has been shown to be trapped intracellularly, pre-
dominantly in the ER, which is toxic for the cells and 
leads to apoptosis.303 In another family, with autosomal 
recessive hypoparathyroidism, a single-base substitution 
(T→C) involving codon 23 of exon 2 was detected. This 
resulted in the substitution of proline (CCG) for the nor-
mal serine (TCG) in the signal peptide.299 This mutation 
alters the –3 position of the pre-pro-PTH protein cleav-
age site. Indeed, amino acid residues at the –3 and –1 
positions of the signal peptidase recognition site have to 
conform to certain criteria for correct processing through 
the rough endoplasmic reticulum (RER), and one of these 
is an absence of proline in the region –3 and +1 of the 
site. Thus, the presence of a proline, which is a strong 
helix-breaking residue, at the –3 position is likely to dis-
rupt cleavage of the mutant pre-pro-PTH that would be 
subsequently degraded in the RER, and PTH would not 
be available.299 Another abnormality of the PTH gene 
involves a donor splice site at the exon 2–intron 2 bound-
ary that has been identified in one family with autosomal 
recessive isolated hypoparathyroidism.298 This mutation 
involved a single base transition (g→c) at position 1 of 
intron 2, and an assessment of effects of this alteration 
in the invariant gt dinucleotide of the 5′ donor splice site 
consensus on mRNA processing revealed that the muta-
tion resulted in exon skipping, in which exon 2 of the 
PTH gene was lost and exon 1 was spliced to exon 3. 
The lack of exon 2 would lead to a loss of the initiation 
codon (ATG) and the signal peptide sequence (see Fig. 
61-2), which are required for the commencement of PTH 
mRNA translation and for the translocation of the PTH 
peptide, respectively. Lastly, a nonsense mutation involv-
ing codon 23 (Ser23Stop) has been reported in a girl with 
autosomal recessive isolated hypoparathyroidism,300 and 
a heterozygous T to C point mutation was identified that 
eliminates the initiator methionine thereby deleting the 
first six amino acids of the signal peptide.301

Mice deleted for the Pth gene have been generated. 
Pth+/– mice were viable with no apparent phenotypic 
abnormalities. However, PTH-null (Pth–/–) mice had 
enlarged parathyroid glands with an absence of PTH 
expression, but with substantial CaSR expression. Pth–/– 
mice also had abnormal skull formation with enhanced 
mineralization, along with shortening of the long bones 
and other bone abnormalities.304 When maintained on 
a normal calcium diet, Pth–/– mice developed hypocalce-
mia and hyperphosphatemia, consistent with hypopara-
thyroidism that was associated with an increased serum 
1,25(OH)2D concentration. Moreover, when given a 
low-calcium diet, serum 1,25(OH)2D concentrations 
further increased in the Pth–/– mice, leading to increased 

bone resorption and maintenance of serum calcium levels 
at the expense of osteopenia.305

GCM2 Abnormalities
GCM2 (glial cells missing 2), also referred to as GCMB, 
is the human homologue of the Drosophila Gcm gene and 
of the mouse gcm2 gene. GCM2 is expressed exclusively 
in the parathyroid glands, suggesting that it may be a 
specific regulator of parathyroid gland development.306 
This has now been established by showing that GCM2 
binds to the PTH gene 5′ promoter to regulate PTH tran-
scription.307 Furthermore, mice that were homozygous 
(–/–) for deletion of Gcm2 lacked parathyroid glands and 
developed the hypocalcemia and hyperphosphatemia as 
observed in hypoparathyroidism.306 However, despite 
their lack of parathyroid glands, Gcm2-deficient (–/–) 
mice did not have undetectable serum PTH levels, but 
instead had levels indistinguishable from those of eucalce-
mic normal (+/+, wild-type) and heterozygous (+/–) mice. 
This endogenous level of PTH in the Gcm2-deficient (–/–) 
mice was too low to correct the hypocalcemia, but exog-
enous continuous PTH infusion did correct the hypo-
calcemia.306 Interestingly, there were no compensatory 
increases in PTHrP or 1,25(OH)2 vitamin D. These find-
ings indicate that Gcm2–/– mice have a normal response 
(and not resistance) to PTH, and that the PTH in serum 
of Gcm2-deficient mice is active. This GCM2-indepen-
dent auxiliary source of PTH has been shown to be from 
the medullary thymic epithelial cells (mTECs) in which 
PTH is expressed as a self-antigen for negative selec-
tion.308 These thymic PTH-producing cells also expressed 
the CaSR, and long-term treatment of the Gcm2-deficient 
mice with 1,25(OH)2 vitamin D restored the serum cal-
cium concentrations to normal and reduced the serum 
PTH levels, thereby indicating that the thymic production 
of PTH can be downregulated.306 However, it appears 
that thymic production of PTH cannot be upregulated, as 
serum PTH levels are not high despite the hypocalcemia 
in the Gcm2-deficient mice. This absence of upregulation 
would be consistent with the very small size of the thymic 
PTH-producing cell cluster, when compared to the size 
of normal parathyroid glands. The development of the 
thymic PTH-producing cells likely involves Gcm1, which 
is the other mouse homolog of Drosophila Gcm.309 Gcm1 
expression, which could not be detected in parathyroid 
glands, colocalized with PTH expression in the thy-
mus.306 The specific role of Gcm2 in the development of 
the parathyroid glands from the third pharyngeal pouch 
has been further investigated by studying the expression 
of the Hoxa3-Pax1/9-Eya1 transcription factor and Sonic 
hedgehog–Bone morphogenetic protein 4 (Shh-Bmp4) 
signaling networks.310 These studies have revealed that 
Gcm2 expression begins at 9.5 dpc in the dorsal anterior 
pharyngeal endoderm of the third pouch and is main-
tained in the presumptive mouse parathyroid domain 
at later stages311 and that at 12 dpc Gcm2–/– embryos 
have a parathyroid-specific domain, but that this para-
thyroid domain undergoes coordinated programmed cell 
death (apoptosis) by 12.5 dpc in the Gcm2-null mouse 
embryos.310 Moreover, the expression of the transcrip-
tion factors Hoxa3, Pax 1, Pax 9, Eya1, and Tbx1 and 
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of Shh and Bmp4 was normal in the third pharyngeal 
pouch of these Gcm2-null mouse embryos. These findings 
indicate that the Hoxa3-Pax1/9-Eya transcription factor 
cascade, the transcription factor Tbx1 and the Shh-Bmp4 
signaling network, all act upstream of Gcm2.310 Indeed, 
it has been shown that Hoxa3 is required for initiation of 
Gcm2 expression in the third-pouch endoderm, and both 
Hoxa3 and Pax1 are required for maintenance of Gcm2 
expression.312 Moreover, these studies have revealed that 
Gcm2 has a role in promoting differentiation and survival 
of parathyroid cells in the developing embryo.310 Thus, 
Gcm2 is required for the differentiation of parathyroid 
precursor cells in the parathyroid-specific domain, but is 
not required for initial patterning or expression of dif-
ferentiation markers such as the CaSR in the common 
parathyroid/thymus primordial.310 The target genes of 
mammalian GCM2 are largely unknown. However, 
studies that utilized cultured primary parathyroid cells 
from hyperplastic glands of patients with chronic kid-
ney disease313 have demonstrated that downregulation of 
GCM2 expression achieved by infection with lentivirus-
expressing shRNA for GCM2 resulted in downregula-
tion of CaSR expression, thereby suggesting that one of 
the functions of GCM2 may be to maintain high levels 
of CaSR expression in parathyroid cells.313 These find-
ings are supported by studies in co-transfected HEK293, 
in which exogenous GCM2 was able to transactivate 
reporter constructs that contained CaSR-promoter DNA 
sequences that encompassed GCM2 response elements.314

Studies of patients with isolated hypoparathyroidism 
have shown that GCM2 mutations are associated with 
autosomal recessive and dominant forms of the dis-
ease.315-320 Thus, a homozygous intragenic deletion of 
GCM2 has been identified in a patient with autosomal 
recessive hypoparathyroidism,315 while in other families a 
homozygous missense mutation (Arg47Leu) of the DNA-
binding domain has been reported.316 In addition, four 
different homozygous germ line mutations (Arg39Stop, 
Arg47Leu, Arg110Trp, and a frameshifting deletion 
I298fsX307) have been identified in eight families that 
originate from the Indian Subcontinent.318 The frame-
shifting deletion was identified in four families; two of 
these likely had a common ancestor, but the other two 
families were unrelated, and in one of these the mutation 
arose independently in the mother and father.318 These 
observations indicate that the frameshifting deletion may 
represent a mutation hot spot. Functional analysis using 
subcellular localization studies, electrophoretic mobil-
ity shift assays (EMSAs), and luciferase-reporter assays 
demonstrated that the Arg39Stop mutant failed to local-
ize to the nucleus; the Arg47Leu and Arg110Trp mutants 
both lost DNA-binding ability; and the I298fsStop307 
mutant had reduced transactivational ability.316,318 More 
recently, heterozygous GCM2 mutations, which consist 
of single-nucleotide deletions (c1389delT and c1399delC) 
that introduce frameshifts and premature truncations, 
have been identified in two unrelated families with auto-
somal dominant hypoparathyroidism,317 and a missense 
Asn502His mutation was identified in one family with 
autosomal dominant hypoparathyroidism.319 These three 
mutations were shown by using a GCM2-associated 

luciferase reporter to inhibit the action of the wild-type 
transcription factor, thereby indicating that these GCM2 
mutants have dominant-negative properties.317,319

X-Linked Recessive Hypoparathyroidism
X-linked recessive hypoparathyroidism has been reported 
in two multigenerational kindreds from Missouri in 
the United States.321,322 In this disorder, only males are 
affected and they suffer from infantile onset of epilepsy 
and hypocalcemia, which is due to an isolated defect in 
parathyroid gland development.323 Relatedness of the 
two kindreds was established by demonstrating an iden-
tical mitochondrial DNA sequence that is inherited via 
the maternal lineage in affected males from the two fami-
lies.324 Studies utilizing X-linked polymorphic markers in 
these families localized the mutant gene to chromosome 
Xq26-q27,325 and a molecular deletion-insertion that 
involves chromosome 2p25 and Xq27 has been identi-
fied.326 This deletion-insertion is located approximately 
67 kb downstream of SOX3, and hence it is likely to exert 
a position effect on SOX3 expression. Moreover, SOX3 
was shown to be expressed in the developing parathyroid 
glands of mouse embryos, and this indicates a likely role 
for SOX3 in the embryonic development of the parathy-
roid glands.326 SOX3 belongs to a family of genes encod-
ing high-mobility group (HMG) box transcription factors 
and is related to SRY, the sex determining gene on the Y 
chromosome. The mouse homologue is expressed in the 
prestreak embryo and subsequently in the developing cen-
tral nervous system (CNS), which includes the region of 
the ventral diencephalon, which induces development of 
the anterior pituitary gland and gives rise to the hypothal-
amus, olfactory placodes, and parathyroid glands.326-329 
The location of the deletion-insertion ∼67kb downstream 
of SOX3 in X-linked recessive hypoparathyroid patients 
is likely to result in altered SOX3 expression, as SOX3 
expression has been reported to be sensitive to posi-
tion effects caused by X-chromosome abnormalities.330 
Indeed, reporter-construct studies of the mouse Sox3 
gene have demonstrated the presence of both 5′ and 3′ 
regulatory elements,331 and thus it is possible that the 
deletion-insertion in the X-linked recessive hypoparathy-
roid patients may have a position effect on SOX3 expres-
sion, and parathyroid development from the pharyngeal 
pouches. Indeed such position effects on SOX genes, 
which may be exerted over large distances, have been 
reported. For example, the very closely related Sox2 gene 
has been shown to have regulatory regions spread over 
a long distance, both 5′ and 3′ to the coding region,332 
and disruption of sequences at some distance 3′ have been 
reported to lead to loss of expression in the developing 
inner ear, and absence of sensory cells, whereas expres-
sion in other sites is unaffected.333 Similarly for the SRY 
gene, which probably originated from SOX3,334 both 5′ 
and 3′ deletions result in abnormalities of sexual develop-
ment, and translocation breakpoints over 1 Mb upstream 
of the SOX9 gene have been reported to result in Campo-
melic dysplasia due to removal of elements that regulate 
SOX9 expression.330 The molecular deletion-insertion 
identified in X-linked recessive hypoparathyroidism may 
similarly cause position effects on SOX3 expression, and 



1084 PART 4 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

this points to a potential role for the SOX3 gene in the 
embryologic development of the parathyroid glands from 
the pharyngeal pouches.

Pluriglandular Autoimmune Hypoparathyroidism
Hypoparathyroidism may occur in association with 
candidiasis and autoimmune Addison’s disease, and the 
disorder has been referred to as either the autoimmune 
polyendocrinopathy-candidiasis-ectodermal dystrophy 
(APECED) syndrome or the autoimmune polyglandu-
lar syndrome (APS1) type 1.335 This disorder has a high 
incidence in Finland, and a genetic analysis of Finnish 
families indicated autosomal recessive inheritance of the 
disorder.336 In addition, the disorder has been reported to 
have a high incidence among Iranian Jews, although the 
occurrence of candidiasis was less common in this popu-
lation.337 Linkage studies of Finnish families mapped the 
APECED gene to chromosome 21q22.3.338 Further posi-
tional cloning approaches led to the isolation of a novel 
gene from chromosome 21q22.3. This gene, referred to as 
AIRE1 (autoimmune regulator 1), encodes a 545–amino 
acid protein that contains motifs associated with a tran-
scriptional factor and includes two zinc-finger motifs, a 
proline-rich region, and three LXXLL motifs.339 Four 
AIRE1 mutations are commonly found in APECED fami-
lies: Arg257 Stop in Finnish, German, Swiss, British, and 
Northern Italian families; Arg139 Stop in Sardinian fam-
ilies; Tyr85Cys in Iranian Jewish families; and a 13-bp 
deletion in exon 8 in British, Dutch, German, and Finn-
ish families.339-343 The AIRE1 protein is mainly localized 
to the nucleus and mediates E3 ubiquitin ligase activity, 
which is abolished by missense APECED-causing muta-
tions.344 AIRE1 has been shown to regulate the elimi-
nation of organ-specific T cells in the thymus, and thus 
APECED is likely to be caused by a failure of this special-
ized mechanism for deleting forbidden T cells, and estab-
lishing immunologic tolerance.345 Finally, whole-genome 
expression and chromatin immunoprecipitation studies 
have identified AIRE1-regulated genes; these genes lack 
active chromatin markers such as histone H3, trimeth-
ylation (H3/C4Me3), and acetylation (AcH3) on their 
promoters, but during activation by AIRE1 these genes 
acquire histone H3 modifications that are associated 
with transcription and RNA polymerase II.346 Patients 
with APS1 may develop other autoimmune disorders in 
association with organ-specific autoantibodies, which are 
similar to those in patients with non-APS1 forms of the 
disease. Examples of such autoantibodies and related dis-
eases are GAD6S autoantibodies in diabetes mellitus type 
1A and 21-hydroxylase autoantibodies in Addison’s dis-
ease. Patients with APS1 may also develop autoantibodies 
that react with specific autoantigens that are not found 
in non-APS1 patients, and examples of this are autoanti-
bodies to type 1 interferon, which are present in all APS1 
patients,347 and to NACHT leucine-rich-repeat-protein 5 
(NALP5), which is a parathyroid-specific autoantibody 
present in 49% of patients with APS1-associated hypo-
parathyroidism.348 NALP proteins are essential com-
ponents of the inflammasome and activate the innate 
immune system in different inflammatory and autoim-
mune disorders, such as vitiligo, which involves NALP1, 

and gout, which involves NALP3.349 The precise role of 
NALP5 in APS1-associated hypoparathyroidism remains 
to be elucidated.

Aire1–/– mice mimicking the common human 13–base 
pair deletion mutation present with only a mild autoim-
mune phenotype, with an evident increase in the num-
ber of activated T cells and detection of autoantibodies 
against several organs.350 At the histological level, lym-
phocytic infiltration of several organs indicated the devel-
opment of autoimmunity, and with infertility in males. 
However, Aire1–/– mice appeared to be generally asymp-
tomatic and were similar to wild-type littermates, thereby 
suggesting that additional genetic and/or environmen-
tal factors contribute substantially to the overt nature 
of autoimmunity associated with AIRE mutations, even 
for mutations identical to those found in humans with 
APECED.350

DiGeorge Syndrome
Patients with DiGeorge syndrome (DGS) typically suffer 
from hypoparathyroidism, immunodeficiency, congeni-
tal heart defects, and deformities of the ear, nose, and 
mouth. The disorder arises from a congenital failure in 
the development of the derivatives of the third and fourth 
pharyngeal pouches with resulting absence or hypopla-
sia of the parathyroid glands and thymus. Most cases 
are sporadic, but an autosomal dominant inheritance of 
DGS has been observed, and an association between the 
syndrome and an unbalanced translocation and deletions 
involving 22q11.2 have also been reported,351 and this 
is referred to as DGS type 1 (DGS1). Mapping studies 
of the DGS1-deleted region on chromosome 22q11.2 
have defined a 250-kb to 3000-kb critical region352,353 
that contained approximately 30 genes. Studies of DGS1 
patients have reported deletions of several of the genes 
(e.g., rnex40, nex2.2 – nex 3, UDFIL, and TBX1) from 
the critical region,351,354-356 and studies of transgenic mice 
deleted for such genes (e.g., Udf1l, Hira, and Tbx1) have 
revealed developmental abnormalities of the pharyngeal 
arches.357-359 However, point mutations in DGS1 patients 
have only been detected in the TBX1 gene,360 and TBX1 
is now considered to be the gene causing DGS1.361 TBX1 
is a DNA-binding transcriptional factor of the T-Box 
family that is known to have an important role in ver-
tebrate and invertebrate organogenesis and pattern for-
mation. The TBX1 gene is deleted in ∼96% of all DGS1 
patients. Moreover, DNA sequence analysis of unrelated 
DGS1 patients who did not have deletions of chromo-
some 22q11.2 revealed the occurrence of three heterozy-
gous point mutations360 and a 23-bp deletion.362 One of 
these mutations resulted in a frameshift with a premature 
truncation, while the other two were missense mutations 
(Phe148Tyr and Gly310Ser). All of these patients had the 
complete pharyngeal phenotype but did not have mental 
retardation or learning difficulties.

Transgenic mice with deletion of Tbx1 have a phe-
notype that is similar to that of DGS1 patients.359 
Thus, Tbx1-null mutant mice (–/–) had all of the devel-
opmental anomalies of DGS1 (i.e., thymic and para-
thyroid hypoplasia, abnormal facial structures and 
cleft palate; skeletal defects, and cardiac outflow tract 
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abnormalities), while Tbx1 haploinsufficiency in mutant 
mice (+/–) was associated only with defects of the fourth 
branchial pouch (i.e., cardiac outflow tract abnormali-
ties). Tbx1 in mice is expressed in the pharyngeal ecto-
derm and endoderm, as well as in the mesodermal core 
of the pharyngeal arches, but is not expressed in neural 
crest cells,363 and the generation of several tissue-spe-
cific knockout models of Tbx1 have revealed the fol-
lowing. Knock-out of Tbx1 in the pharyngeal endoderm 
led to neonatal death with malformations identical to 
Tbx1–/– mice, and likely due to failure of pharyngeal 
pouch outgrowth.364 Inactivation of Tbx1 in the otic 
vesicle led to an absence of the inner ear.365 Mesoderm 
specific knockout of Tbx1 led to multiple phenotypes 
that included malformation of the inner ear, defective 
pharyngeal patterning, cardiovascular defects, defec-
tive development of the proximal mandible, and thyroid 
hypoplasia.366-369 An “allelic series” of Tbx1 expression 
showed tissue-specific dosage effects, demonstrating that 
cardiac outflow tract development is more susceptible 
to loss of Tbx1 than craniofacial development.370 Thus, 
these and other detailed studies in mice have revealed 
that inactivation of Tbx1 results in abnormal early pat-
terning and hypoplasia/aplasia of the pharyngeal arches, 
as well as impaired formation of the second and fourth 
pharyngeal pouches.371-373 Furthermore, inducible inac-
tivation of Tbx1 in conjunction with in vivo cell fate 
mapping has demonstrated that the early absence of 
Tbx1 by embryonic day 7.5 (E7.5) resulted in a phe-
notype identical to that observed in germ line Tbx1–/–  
knockout mice. Thus, inactivation of Tbx1 at around 
E9.0 exclusively impaired the development of pharyn-
geal segments posterior to and including the third pha-
ryngeal pouch, thereby indicating that there is a likely 
anterior-to-posterior gradient of Tbx1 activity over time 
and that Tbx1 expression is tightly regulated in distinct 
segments during pharyngeal system development.374 
cDNA microarray analyses of mice lacking Tbx1 have 
identified Gcm2 as one of the downregulated genes in 
the pharyngeal region,375 thereby indicating that Tbx1 
is upstream of Gcm2. Moreover, Tbx1 is regulated by 
Sonic hedgehog (Shh), thereby indicating a Shh-Tbx1-
Gcm2 pathway in parathyroid development.310,376 
The basis of the phenotypic differences between DGS1 
patients, who are heterozygous, and the transgenic +/– 
mice remains to be elucidated. It is plausible that Tbx1 
dosage, together with the downstream genes that are 
regulated by Tbx1 could provide an explanation, but 
the roles of these putative genes in DGS1 remains to be 
elucidated.

Some patients may have a late-onset DGS1, and they 
develop symptomatic hypocalcemia in childhood or dur-
ing adolescence with only subtle phenotypic abnormali-
ties.377,378 These late-onset DGS1 patients have similar 
microdeletions in the 22q11 region. It is of interest to note 
that the age of diagnosis in the families of the 3 DGS1 
patients with inactivating Tbx1 mutations ranged from 7 
to 46 years, which is in keeping with late-onset DGS1.360

In some patients, deletions of another locus on chro-
mosome 10p have been observed in association with 
DGS,379 and this is referred to as DGS type 2 (DGS2). 

The nebulette (NEBL) gene has been reported to be het-
erozygously deleted in cell lines from two female DGS2 
patients, and thus may be the responsible gene.380

Hypoparathyroidism, Deafness, and Renal Anomalies 
Syndrome
The combined inheritance of hypoparathyroidism, deaf-
ness, and renal dysplasia (HDR) as an autosomal domi-
nant trait was reported in one family in 1992.381 Patients 
had asymptomatic hypocalcemia with undetectable or 
inappropriately normal serum concentrations of PTH, 
and normal brisk increases in plasma cAMP in response 
to the infusion of PTH. The patients also had bilateral, 
symmetrical, sensorineural deafness involving all fre-
quencies. The renal abnormalities consisted mainly of 
bilateral cysts that compressed the glomeruli and tubules, 
and lead to renal impairment in some patients. Cytoge-
netic abnormalities were not detected, and abnormalities 
of the PTH gene were excluded.381 However, cytoge-
netic abnormalities involving chromosome 10p14-10pter 
were identified in two unrelated patients with features 
that were consistent with HDR. These two patients suf-
fered from hypoparathyroidism, deafness, and growth 
and mental retardation; one patient also had a solitary 
dysplastic kidney with vesico-ureteric reflux and a uterus 
bicornis unicollis, and the other patient, who had a com-
plex reciprocal, insertional translocation of chromosomes 
10p and 8q, had cartilaginous exostoses.382 Neither of 
these patients had immunodeficiency or heart defects, 
which are key features of DGS2 (see earlier), and fur-
ther studies defined two non-overlapping regions; thus, 
the DGS2 region was located on 10p13-14 and HDR on 
10p14-10pter. Deletion mapping studies in two other 
HDR patients further defined a critical 200-kb region 
that contained GATA3,382 which belongs to a family of 
zinc-finger transcription factors that are involved in verte-
brae embryonic development. DNA sequence analysis in 
other HDR patients identified mutations that resulted in 
a haploinsufficiency and loss of GATA3 function.382-385 
GATA3 has two zinc fingers, and the C-terminal finger 
(ZnF2) binds DNA, while the N-terminal finger (2n-F1) 
stabilizes this DNA binding and interacts with other zinc 
finger proteins, such as the Friends of GATA (FOG).386 
HDR-associated mutations involving GATA3 ZnF2 
or the adjacent basic amino acids were found to result 
in a loss of DNA binding, while those involving ZnF1 
either lead to a loss of interaction with FOG2 ZnFs or 
altered DNA binding affinity.384,385,387,388 These find-
ings are consistent with the proposed three-dimensional 
model of GATA3 ZnF1, which has separate DNA and 
protein-binding surfaces.384,385,388,389 Thus, the HDR-
associated GATA3 mutations can be subdivided into 
two broad classes that depend upon whether they disrupt 
ZnF1 or ZnF2, and their subsequent effects on interac-
tions with FOG2 and altered DNA binding, respectively. 
The majority (>75%) of these HDR-associated mutations 
are predicted to result in truncated forms of the GATA3 
protein. Each proband and family will generally have its 
own unique mutation, and there appears to be no cor-
relation with the underlying genetic defect and the phe-
notypic variation (e.g., the presence or absence of renal 
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dysplasia). Over 90% of patients with two or three of the 
major clinical features of the HDR syndrome (i.e., hypo-
parathyroidism, deafness, or renal abnormalities) have a 
GATA3 mutation;385 some patients may also have vagi-
nal and uterine abnormalities.390,391 The remaining 10% 
of HDR patients, who do not have a GATA3 mutation 
of the coding region, may harbor mutations in the regu-
latory sequences flanking the GATA3 gene, or else they 
may represent heterogeneity. The phenotypes of HDR 
patients with GATA3 mutations appear to be similar to 
those without GATA3 mutations.385

The HDR phenotype is consistent with the expression 
pattern of GATA3 during human and mouse embryo-
genesis in the developing kidney, otic vesicle, and para-
thyroid glands. However, GATA3 is also expressed in 
the developing central nervous system (CNS) and the 
hematopoietic organs in humans and mice, and this 
suggests that GATA3 may have a more complex role. 
Indeed, studies of mice that are deleted for a Gata3 allele 
(+/–), or both Gata3 alleles (–/–) have revealed impor-
tant roles for Gata3 in the development of the brain, spi-
nal cord, peripheral auditory system, T-cells, fetal liver 
hematopoiesis, and urogenital system.392 Gata3–/– mice 
die between 11 to 12 dpc, but Gata3 +/– mice are viable, 
appear to be normal with a normal life span, and are 
fertile.392 However, Gata3+/– mice have hearing loss that 
is associated with cochlear abnormalities, which consist 
of a significant progressive morphologic degeneration 
that starts with the outer hair cells at the apex and even-
tually involves all the inner hair cells, pillar cells, and 
nerve fibers.393,394 These studies have shown that hear-
ing loss in Gata3 haploinsufficiency commences in the 
early postnatal period and is progressive through adult-
hood, and that it is peripheral in origin and is predomi-
nantly due to malfunctioning of the outer hair cells of 
the cochlea.393,394

Gata3 loss also resulted in parathyroid abnormali-
ties. Thus, Gata3–/– and Gata3+/– embryos lacked or had 
smaller parathyroid-thymus primordia, respectively,395 
and the parathyroid glands of adult Gata3+/– mice did not 
enlarge or have an increased proliferation rate in response 
to hypocalcemia, which was induced by a low calcium/
vitamin D diet. Moreover, the adult Gata3+/– mice had 
an inadequate increase in plasma PTH in response to the 
induced hypocalcemia. These findings in the Gata3+/– 
mice are consistent with the observed hypocalcemia that 
occurs in association with inappropriately normal or low 
plasma PTH concentrations in patients who have the 
HDR syndrome due to GATA3 haploinsufficiency.382,396 
The smaller size or absence of the parathyroid glands in 
the Gata3+/– and Gata3–/– embryos, respectively, is associ-
ated with a markedly reduced number of Gcm2-express-
ing cells in the third pharyngeal pouch, and it is likely that 
GATA3 is critical to maintaining differentiation and sub-
sequent survival of parathyroid and thymus progenitor 
cells. Indeed, the gene for glial cells missing 2 (GCM2), 
which is the human homologue of mouse Gcm2, has been 
shown to be transcriptionally regulated by GATA3.382

Examination of Gata3–/– embryos revealed a variety 
of abnormalities that included massive internal bleeding, 
resulting in anemia, marked growth retardation, severe 

deformities of the brain and spinal cord, a hypopig-
mented retina, gross aberrations in fetal liver hematopoi-
esis, a total block of T-cell differentiation, and a retarded 
or missing lower jaw area.392,397 These Gata3–/– mice had 
an anatomically normal sympathetic nervous system, 
yet the sympathetic ganglia lacked tyrosine hydroxylase 
and dopamine beta-hydroxylase, which are key enzymes 
that convert tyrosine to L-DOPA and dopamine to nor-
adrenaline, respectively, in the catecholamine synthesis 
pathway. Thus, the Gata3–/– mice lacked noradrenaline 
in the sympathetic neurons, and this was contributing 
to the early embryonic lethality.397 Feeding of catechol-
amine intermediates to the pregnant dams helped to par-
tially rescue the Gata3–/– embryos to 12.5 to 16.5 dpc. 
These older, pharmacologically rescued Gata3–/– embryos 
showed abnormalities that could not be detected in the 
untreated mice.397 These late embryonic defects included 
thymic hypoplasia, a thin-walled ventricular septum, a 
poorly developed mandible, other developmental defects 
in structures derived from the cephalic neural crest cells, 
renal hypoplasia, a failure to form the metanephros, and 
an aberrant elongation of the nephric duct along the 
antero-posterior axis of the embryo.397,398 The defect 
of the nephric duct, which consisted of an abnormal 
morphogenesis and guidance in the developing kidney, 
was characterized by the loss of Ret expression that is 
an essential component of the glial-derived nerve factor 
(GDNF)-signaling pathway involved in ureteric bud for-
mation and nephric duct guidance.398 Thus, Gata3 has a 
role in the differentiation of multiple cell lineages during 
embryogenesis as well as being a key regulator of nephric 
duct morphogenesis and guidance of the nephric duct in 
its caudal extension in the pro/mesonephric kidney.397,398

It is important to note that HDR patients with 
GATA3 haploinsufficiency do not have immune defi-
ciency, and this suggests that the immune abnormalities 
observed in some patients with 10p deletions are most 
likely to be caused by other genes on 10p. Similarly, 
the facial dysmorphism, growth and developmental 
delay, commonly seen in patients with larger 10p dele-
tions were absent in the HDR patients with GATA3 
mutations, further indicating that these features were 
likely due to other genes on 10p.382 These studies of 
HDR patients clearly indicate an important role for 
GATA3 in parathyroid development and in the etiology 
of hypoparathyroidism.

Mitochondrial Disorders Associated with 
Hypoparathyroidism
Hypoparathyroidism has been reported to occur in three 
disorders associated with mitochondrial dysfunction: 
Kearns-Sayre syndrome (KSS), MELAS syndrome, and 
mitochondrial trifunctional protein deficiency syndrome 
(MTPDS). KSS is characterized by progressive external 
ophthalmoplegia and pigmentary retinopathy before  
20 years of age, and it is often associated with heart 
block or cardiomyopathy. MELAS syndrome consists of 
a childhood onset of mitochondrial encephalopathy, lac-
tic acidosis, and stroke-like episodes. In addition, vary-
ing degrees of proximal myopathy can be seen in both 
conditions. Both the KSS and MELAS syndromes have 
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been reported to occur with insulin-dependent diabetes 
mellitus and hypoparathyroidism.399,400 A point muta-
tion in the mitochondrial gene tRNA leucine (UUR) 
has been reported in one patient with the MELAS syn-
drome who also suffered from hypoparathyroidism and 
diabetes mellitus.401 Large deletions, consisting of 6741 
and 6903 base pairs and involving >38% of the mito-
chondrial genome, have been reported in other patients 
who suffered from KSS, hypoparathyroidism, and sen-
sorineural deafness.402 Rearrangements and duplication 
of mitochondrial DNA have also been reported in KSS. 
Mitochondrial trifunctional protein deficiency (MTPDS) 
is a disorder of fatty-acid oxidation that is associated 
with peripheral neuropathy, pigmentary retinopathy, 
and acute fatty liver degeneration in pregnant women 
who carry an affected fetus. Hypoparathyroidism has 
been observed in one patient with trifunctional protein 
deficiency.403 The role of these mitochondrial mutations 
in the etiology of hypoparathyroidism remains to be fur-
ther elucidated.

Kenny-Caffey Syndrome, Sanjad-Sakati Syndrome, and  
Kirk-Richardson Syndrome
Hypoparathyroidism has been reported to occur in over 
50% of patients with Kenny-Caffey syndrome, which is 
associated with short stature, osteosclerosis and cortical 
thickening of the long bones, delayed closure of the ante-
rior fontanel, basal ganglia calcification, nanophthalmos, 
and hyperopia.404 Parathyroid tissue could not be found 
in a detailed postmortem examination of one patient,405 
and this suggests that hypoparathyroidism may be due 
to an embryologic defect of parathyroid development. 
In Kirk-Richardson and Sanjad-Sakati syndromes, which 
are similar, hypoparathyroidism is associated with 
severe growth failure and dysmorphic features.406,407 
This has been reported in patients of Middle Eastern ori-
gin.406,407 Consanguinity was noted in the majority of 
the families, indicating that this syndrome is inherited 
as an autosomal recessive disorder. Homozygosity and 
linkage disequilibrium studies located this gene to chro-
mosome 1q42-q43.408 Molecular genetic investigations 
have identified that mutations of the Tubulin-specific 
chaperone (TBCE) are associated with Kenny-Caffey and 
Sanjad-Sakati syndromes.409 TBCE encodes one of sev-
eral chaperone proteins required for the proper folding 
of α-tubulin subunits and the formation of α-β tubulin 
heterodimers (see Fig. 61-3).409 Mice deleted for Tbce 
develop a progressive caudio-cranial degeneration of 
their motor axons and die by 6 weeks of age.410 Mice 
harboring a missense Tbce mutation (Trp524Gly) have 
also been reported to have motor neuronopathy, which 
had a reduced number of microtubules.411 Abnormalities 
of calcium homeostasis have not been reported in these 
mouse models.412,413

Additional Familial Syndromes
Single familial syndromes in which hypoparathyroidism 
is a component have been reported (see Table 61-1). The 
inheritance of the disorder in some instances has been 
established, and molecular genetic analysis of the PTH 
gene has revealed no abnormalities. Thus, an association 

of hypoparathyroidism, renal insufficiency, and develop-
mental delay has been reported in one Asian family in 
whom autosomal recessive inheritance of the disorder 
was established; an analysis of the PTH gene in this fam-
ily revealed no abnormalities.414 The occurrence of hypo-
parathyroidism, nerve deafness, and a steroid-resistant 
nephrosis leading to renal failure, which has been referred 
to as Barakat syndrome,415 has been reported in four 
brothers from one family, and an association of hypo-
parathyroidism with congenital lymphoedema, nephrop-
athy, mitral valve prolapse, and brachytelephalangy 
has been observed in two brothers from another fam-
ily.416 Molecular genetic studies have not been reported 
from these two families. Hypoparathyroidism has been 
reported in a patient who had features of Dubowitz syn-
drome, which is an autosomal recessive disorder charac-
terized by intrauterine growth restriction, short stature, 
microcephaly, mild mental retardation, eczema, and 
characteristic facies that included blepharophinosis, pto-
sis, and micrognathia.417

Calcium-Sensing Receptor Abnormalities
CaSR abnormalities are associated with three hypocal-
cemic disorders: autosomal dominant hypocalcemia type 
1 (ADH-1), Bartter syndrome type 5 (i.e., ADH with a 
Bartter-like syndrome), and a form of autoimmune hypo-
parathyroidism (AH) due to CaSR autoantibodies.

Autosomal Dominant Hypocalcemia Type 1
CaSR mutations that result in a loss-of-function are asso-
ciated with FHH 1.221,257-262 It was therefore postulated 
that gain-of-function mutations in CaSR lead to hypocal-
cemia with hypercalciuria, and the investigation of kin-
dreds with autosomal dominant forms of hypocalcemia 
have indeed identified such CaSR mutations.221,418-422 
The hypocalcemic individuals generally had normal 
serum intact PTH concentrations and hypomagnesemia, 
and treatment with vitamin D or its active metabolites 
to correct the hypocalcemia resulted in marked hyper-
calciuria, nephrocalcinosis, nephrolithiasis, and renal 
impairment. The majority (>80%) of CaSR mutations 
that result in a functional gain are located within the 
extracellular domain,221,418-422 which is different from 
the findings in other disorders that are the result of 
activating mutations in G protein–coupled receptors. A 
mouse model with an activating CaSR mutation, which 
was induced by use of the chemical mutagen isopropyl 
methanesulfonate (iPMS), has been established. The mis-
sense CaSR mutation, Leu723Glu, when expressed in 
HEK293 cells results in a significantly lower EC50 and 
hence is consistent with a gain of function.423 The phe-
notype of the mutant mice, designated Nuf, consisted of 
opaque flecks in the nucleus of the lens (cataracts), ecto-
pic calcification, hyperphosphatemia, and hypocalcemia, 
which occurred in association with inappropriately low 
circulating PTH concentrations.423 Homozygote (Nuf/
Nuf) mice had a more severe phenotype than heterozy-
gote (Nuf/+) mice. Thus, the Nuf mouse is a model for 
ADH-1 and may help in understanding the mechanisms 
causing hypocalcemia and its long-term effects, such as 
ectopic calcification.
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Bartter Syndrome Type 5
Bartter syndrome is a heterozygous group of autosomal 
recessive disorders of electrolyte homeostasis character-
ized by hypokalemic alkalosis, renal salt wasting that 
may lead to hypotension, hyper-reninemic hyperaldoste-
ronism, increased urinary prostaglandin excretion, and 
hypercalciuria with nephrocalcinosis.424,425 Mutations 
of several ion transporters and channels have been asso-
ciated with Bartter syndrome, and 5 types are now rec-
ognized.425 Thus, type 1 is due to mutations involving 
the bumetanide-sensitive sodium-potassium-chloride co-
transporter (NKCC2 or SLC12A2); type 2 is due to muta-
tions of the outwardly rectifying renal potassium channel 
(ROMK); type 3 is due to mutations of the voltage-gated 
chloride channel (CLC-Kb); type 4 is due to mutations 
of Barttin, which is a beta subunit that is required for 
trafficking of CLC-Kb and CLC-Ka, and this form is also 
associated with deafness as Barttin, CLC-Ka, and CLC-
Kb are also expressed in the marginal cells of the scala 
media of the inner ear that secrete potassium ion-rich 
endo lymph; and type 5 is due to activating mutations 
of the CaSR. Patients with Bartter syndrome type 5 have 
the classical features of the syndrome (i.e., hypokalemic 
metabolic alkalosis, hyperreninemia, and hyperaldoste-
ronism).64,426 In addition, they develop hypocalcemia, 
which may be symptomatic and lead to carpo-pedal 
spasm, and an elevated fractional excretion of calcium 
that may be associated with nephrocalcinosis.64,426 Such 
patients have been reported to have heterozygous gain-
of-function CaSR mutations, and in vitro functional 
expression of these mutations has revealed a more severe 
set-point abnormality for the receptor than that found in 
patients with ADH.64,426 This suggests that the additional 
features occurring in Bartter syndrome type 5, but not in 
ADH-1, are due to severe gain-of-function mutations of 
the CaSR.425

Autoimmune Acquired Hypoparathyroidism
Twenty percent of patients who had acquired hypo-
parathyroidism (AH) in association with autoimmune 
hypothyroidism were found to have autoantibodies to 
the extracellular domain of the CaSR.427-431 The CaSR 
autoantibodies did not persist for long; 72% of patients 
who had AH for less than 5 years had detectable CaSR 
autoantibodies, whereas only 14% of patients with AH 
for more than 5 years had such autoantibodies.427 The 
majority of the patients who had CaSR autoantibodies 
were females, a finding that is similar to that found in 
other autoantibody-mediated diseases. Indeed, a few AH 
patients have also had features of autoimmune polyglan-
dular syndrome type 1 (APS-1). The epitopes for the anti-
CaSR antibodies were localized to the N-terminal of the 
extracellular domain of the receptor.430 These findings 
establish that the CaSR is an autoantigen in AH.270,427

Gα11 Abnormalities and Autosomal Dominant 
Hypocalcemia Type 2
Gα11 mutations that result in loss-of-function are associ-
ated with FHH 2, and it was therefore postulated that 
gain-of-function Gα11 mutations may result in hypocal-
cemia, in a situation analogous to that observed between 

FHH 1 and ADH 1.251 Investigation of eight hypocalcemia 
patients without CaSR mutations led to the identification 
of two individuals with heterozygous Gα11 mutations.251 
These Gα11 mutations increased the sensitivity of cells 
expressing the CaSR and were thus causing a gain-of- 
function. The two patients, who had hypocalcemia with 
normal serum intact PTH concentrations, had clinical fea-
tures that were indistinguishable from those with ADH 
1 and were designated to have ADH 2. These ADH 2–
associated Gα11 mutations likely prolong the activated 
Gα-GTP state (see Fig. 61-6).251 In another study, in 
which a combination of genome-wide linkage scans and 
whole-exome sequence analyses was used, two unrelated 
families with autosomal dominant hypoparathyroidism 
were also found to have heterozygous Gα11 mutations.432 
Taken together, these studies provide further insights into 
the signaling pathway downstream of the CaSR and the 
possible structure-function relationships of G proteins 
and their likely interactions with this GPCR.

Blomstrand’s Disease
Blomstrand’s chondrodysplasia is an autosomal recessive 
human disorder characterized by early lethality, dramati-
cally advanced bone maturation, and accelerated chon-
drocyte differentiation.433 Affected infants are typically 
born to consanguineous healthy parents (only in one 
instance did unrelated healthy parents have two affected 
offspring),434-438 show pronounced hyperdensity of the 
entire skeleton (Fig. 61-11) and markedly advanced ossi-
fication, and particularly the long bones are extremely 
short and poorly modeled. Recently, PTH/PTHrP recep-
tor mutations that impair its functional properties were 
identified as the most likely cause of Blomstrand’s disease  
(see Fig. 61-9). One of these defects is caused by a 
nucleotide exchange in exon M5 of the maternal PTH/
PTHrP receptor allele, which introduces a novel splice 
acceptor site and thus leads to the synthesis of a receptor 
mutant that does not mediate, despite seemingly normal 
cell surface expression, the actions of PTH or PTHrP; 
the patient’s paternal PTH/PTHrP receptor allele is, for 
yet unknown reasons, only poorly expressed.439 In a 
second patient with Blomstrand’s disease, the product 
of a consanguineous marriage, a nucleotide exchange 
was identified that changes proline at position 132 
to leucine.440,441 The resulting PTH/PTHrP receptor 
mutant showed, despite reasonable cell surface expres-
sion, severely impaired binding of radiolabeled PTH and 
PTHrP analogues, greatly reduced agonist-stimulated 
cAMP accumulation, and no measurable inositol phos-
phate response. Additional loss-of function mutations of 
the PTH/PTHrP receptor have recently been identified in 
three unrelated patients with Blomstrand’s disease. Two 
of these mutations led to a frameshift and a truncated 
protein due either to a homozygous single nucleotide 
deletion in exon EL2442 or a 27-bp insertion between 
exon M4 and EL2.443 The other defect was a nonsense 
mutation at residue 104, and thus resulted in a truncated 
receptor protein.443 As in Jansen’s disease, the identifica-
tion of mutant PTH/PTHrP receptors provided a plausible 
explanation for the severe abnormalities in endochondral 
bone formation in patients with Blomstrand’s disease. 
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The disease is lethal, but it is likely that affected infants 
show besides the striking skeletal defects, abnormalities 
in other organs, including secondary hyperplasia of the 
parathyroid glands, presumably due to hypocalcemia. In 
addition, analysis of fetuses with Blomstrand’s disease 
have revealed abnormal breast development and tooth 
impaction, highlighting the involvement of the PTH/
PTHrP receptor in the normal development of breast and 
tooth.444 In fact, PTH/PTHrP receptor mutations were 
identified in several kindreds with primary failure of 
tooth eruption (PFE), a nonsyndromic isolated autoso-
mal-dominant condition with high penetrance and vari-
able expressivity.445 The mutations initially identified are 
truncating the mature protein and are therefore expected 
to lead to a functionless receptor. Subsequent studies 
confirmed and extended these observations,446-448 lead-
ing to the conclusion that haploinsufficiency of the PTH/
PTHrP receptor is most likely the underlying cause of 
nonsyndromic PFE.

CONCLUSION
Considerable advances have been made in identifying key 
proteins that are involved, either directly or indirectly, in 
the regulation of PTH synthesis or secretion, and in medi-
ating its hormonal actions in the different target tissues. 

The identification of mutations in several of these proteins 
furthermore provided a plausible molecular explanation 
for a variety of familial and sporadic disorders of mineral 
ion homeostasis and/or bone development. In addition to 
these advances in further defining the biological role(s) 
of known proteins, genetic loci and/or candidate genes 
have been identified for multiple inherited disorders, and 
it is likely that the molecular definition of these famil-
ial disorders, greatly aided by the rapid progress in the 
Human Genome Project and novel approaches to rapidly 
sequence the entire exomes or genomes, will continue to 
provide further important insights into the regulation of 
body calcium and phosphate.
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The identification of genetic disorders associated with 
altered phosphate handling has been essential for pro-
viding new understanding of the mechanisms control-
ling phosphate homeostasis. Elevated fibroblast growth 
factor-23 (FGF-23) is associated with syndromes mani-
fested by hypophosphatemia with paradoxically low 
or normal 1,25(OH)2 vitamin D (1,25(OH)2D) and 
include autosomal dominant hypophosphatemic rickets 
(ADHR), X-linked hypophosphatemic rickets (XLH), 
tumor-induced osteomalacia (TIO), and several forms of 
autosomal recessive hypophosphatemic rickets (ARHR). 
Heritable disorders of hyperphosphatemia and often 
elevated 1,25(OH)2D, such as tumoral calcinosis (TC) 
and hyperostosis-hyperphosphatemia syndrome (HHS), 
are associated with reduced FGF-23 activity. Hereditary 
hypophosphatemia with hypercalciuria (HHRH) results 
from mutations in the phosphate transporter NPT2c, 

which directly results in impaired Pi reabsorption in the 
nephron. These collective findings have provided unique 
insight into the activity of FGF-23 on renal Pi and vita-
min D metabolism, as well as new insight into the patho-
physiology of the various disorders. This chapter reviews 
the clinical manifestations of these disorders, their patho-
physiology, current treatment, and strategies for develop-
ing new therapies.

REGULATION OF PHOSPHATE HOMEOSTASIS
In contrast to calcium, phosphate is widely distributed 
in nonosseous tissues, both in inorganic form and as a 
component of numerous organic molecules ranging from 
nucleic acids and membrane phospholipids to small phos-
phoproteins and intermediates of carbohydrate metabo-
lism. These soft-tissue phosphates nevertheless compose 

K E Y  P O I N T S

 •  The regulation of phosphate metabolism at the tissue level occurs primarily through 
communication among the intestine, kidney, and bone.

 •  PTH, 1,25(OH)2 vitamin D, and FGF-23 are key endocrine factors that direct 
phosphate handling, and the relationships between these hormones are guided by 
established and emerging feedback loops.

 •  The study of Mendelian diseases of mineral metabolism has led to novel and important 
insights into the underlying molecular mechanisms of phosphate handling.

 •  With improved understanding of the pathways guiding the control of systemic 
phosphate, novel therapies are in development for both rare and common diseases of 
hypophosphatemia and hyperphosphatemia.
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only about 15% of the total body content, the remainder 
of which is deposited as inorganic phosphate (Pi) in the 
mineral phase of bone.

Phosphate in serum exists almost exclusively in asso-
ciation with cations. Unlike calcium, only 12% of phos-
phate is protein bound.1 Also in contrast to calcium, 
serum phosphate concentrations may vary substantially 
throughout the day. Carbohydrate ingestion may mark-
edly reduce serum phosphate by moving serum phosphate 
from the extracellular to the intracellular space. More-
over, serum phosphate undergoes diurnal variation of as 
much as 1.5 mg/dL (0.5 mmol/L), with a nadir between 
8 am and 11 am.2 Interference with the measurement of 
phosphate in serum may occur during hypertriglyceride-
mia,3 hypergammaglobulinemia,4 or mannitol therapy,5 
depending on the method of analysis.

Fasting serum phosphate remains stable throughout the 
menstrual cycle and during pregnancy.6-10 The placenta 
actively transports phosphate into the fetus, as reflected 
in the higher phosphate concentrations of newborn cord 
arterial and venous blood compared with maternal blood 
levels.8 Lactating women, who may lose 100 to 500 mg of 
phosphorus daily in milk, nevertheless maintain normal lev-
els of serum phosphate.11,12 Serum phosphate concentra-
tions are relatively high in the newborn (5 to 7 mg/dL),8,13  
decrease gradually thereafter, and then increase again 
briefly at puberty before reaching adult levels by 18 to 
20 years of age. Serum phosphate typically increases in 
women after menopause but decreases in older adults.14-16

Phosphate is a ubiquitous constituent of a vast array of 
bio-molecules. Of particular importance is the fundamen-
tal role of inorganic phosphate as a substrate for intra-
cellular enzymes involved in glycolysis and respiration 
that synthesize high-energy phosphate bonds for storage 
of chemical energy in organophosphate compounds such 
as ATP, creatine phosphate, diphosphoglycerate (DPG), 
phosphoenolpyruvate, and others. Severe phosphate 
depletion leads to a concentration-dependent inhibition 
of glycolysis, accumulation of “triose phosphates” imme-
diately proximal to glyceraldehyde 3-phosphate dehy-
drogenase, and decreased production of ATP. Adequate 
extracellular phosphate is required for normal mineral-
ization of bone and cartilage,17,18 and chronic hypophos-
phatemia of any cause may therefore lead to osteomalacia 
and, in children, rickets.

The average dietary intake of phosphate—derived 
largely from dairy products, cereals, and meats—is 
roughly twice the estimated minimum requirement of 400 
mg/day.19 Absorptive efficiency is high, averaging about 
70%, and it may increase further (90%) if the intake of 
dietary phosphate decreases to less than 2 mg/kg/day.20 
Phosphate is avidly absorbed throughout the small intes-
tine, but especially in the jejunum.21-23

In the jejunum, overall phosphate uptake consists of 
two components: a saturable, sodium-dependent process 
that is responsive to vitamin D (see later) and a non-
saturable, sodium-independent mechanism thought to 
represent paracellular diffusional transport.21,24 The sat-
urable mechanism reflects active transport via the trans-
cellular route, the energy for which is derived from the 
transmembrane sodium gradient.25,26 Sodium-dependent 

active phosphate absorption is mediated by the NPT2b 
cotransporters present in the luminal brush-border mem-
branes of enterocytes.27,28 Sodium phosphate transporter 
NPT2b is the product of a different gene from that which 
encodes the predominant forms expressed in the renal 
proximal tubule (NPT2a and NPT2c).27-29 NPT2b is fully 
saturated at intraluminal phosphate concentrations of  
1 to 2 mmol/L, which are easily achieved after most typical 
meals. Subsequent transport across the basolateral mem-
brane does not require active transport and is thought to 
proceed via facilitated diffusion, although the transporter 
or channel involved has not been characterized.30

Regulation of Phosphate Absorption
The central role of vitamin D in the regulation of intesti-
nal phosphate transport has been recognized for many 
years. Absorption of phosphate, like that of calcium, is 
strikingly augmented by 1,25(OH)2D.21,22,31-34 Basal frac-
tional phosphate absorption in the absence of 1,25(OH)2D 
is much higher than that of calcium, however. The action 
of 1,25(OH)2D on phosphate transport has been studied 
in vitro by using intact intestinal segments, isolated entero-
cytes, and brush-border membrane vesicles (BBMVs). 24,35-39 
In each case, stimulation by 1,25(OH)2D was shown to 
result from activation of the sodium-dependent active trans-
port mechanism and not the passive diffusional component. 
Specifically, 1,25(OH)2D stimulates the maximal velocity 
of sodium-dependent phosphate cotransport by increasing 
expression of NPT2b, mainly or exclusively via a posttran-
scriptional mechanism.30,40-43 Other studies have pointed 
to an additional, very rapid (minutes), nongenomic mecha-
nism of 1,25(OH)2D-dependent stimulation of intestinal 
phosphate transport, analogous to its nongenomic effect on 
duodenal calcium transport.44,45

Restriction of dietary phosphate increases intesti-
nal NPT2b expression41,43 and thus, like 1,25(OH)2D, 
enhances the Vmax of the saturable component of intes-
tinal phosphate absorption.46-48 This response also 
involves a posttranscriptional mechanism41,43 and results 
in part from augmented renal synthesis of 1,25(OH)2D,30 
but it can be seen also in vitamin D–deficient or vitamin 
D receptor–null animals.43,49-51

Phosphate Excretion
Renal tubular reabsorption is the overriding determinant 
of serum phosphate concentration and is subject to elabo-
rate regulation by a wide variety of hormonal and meta-
bolic factors. As noted earlier, the efficiency of intestinal 
phosphate absorption is high and not as closely regulated 
as is that of calcium. Consequently, urinary phosphate 
excretion is tightly correlated with phosphate intake.

Eighty percent of filtered phosphate is reabsorbed 
by the proximal tubule.52-54 Additional phosphate 
may be reabsorbed in the distal tubule or cortical col-
lecting tubule or both.55-60 Phosphate must be actively 
transported across the luminal brush-border membrane 
against a steep electrochemical gradient. Consistent with 
this, renal phosphate transport requires luminal sodium 
ions and is blocked by inhibitors of Na+/K+-ATPase.61-64 
Dibasic phosphate is preferentially transported by the rat 
proximal tubule,65-67 and studies with isolated perfused 
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tubules have shown that increased intraluminal pH and 
decreased intracellular pH accelerate phosphate reab-
sorption by the intact cell.68

The two primary transport proteins responsible for Pi 
reabsorption in the kidney are the type II sodium-phos-
phate cotransporters NPT2a and NPT2c, expressed in the 
apical membrane of the proximal tubule. In the mouse, 
NPT2a is a critical phosphate cotransporter in the renal 
proximal tubule. Ablation of the NPT2a gene in the mouse 
results in a decrease in proximal tubular sodium phosphate 
cotransport, hypophosphatemia, and loss of regulation of 
phosphate reabsorption by both parathyroid hormone 
(PTH) and dietary phosphate.29,69,70 Ablation of NPT2c in 
mice does not result in a phosphate phenotype,71 thereby 
indicating that it may play a less central role in phosphate 
transport in the mouse. However, mutations in SLC34A3, 
the gene coding NPT2c, result in hereditary hypophos-
phatemic rickets with hypercalciuria (HHRH, see later), 
indicating that this transporter plays an important role in 
maintenance of phosphate homeostasis in humans.

Measurement of Renal Phosphate Transport
For clinical purposes, a relatively convenient way of mea-
suring a patient’s ability to reabsorb phosphate is to cal-
culate the tubular maximum reabsorption of phosphate 
divided by the glomerular filtration rate (TMP/GFR). A 
simple nomogram has been developed by Walton and Bij-
voet72 that works well in most situations (Fig. 62-1).

Regulation of Phosphate Reabsorption
Parathyroid Hormone
PTH has a major effect on serum phosphate. The clini-
cal relevance of this effect is demonstrated in patients 
with hyperparathyroidism who develop phosphaturia 
and hypophosphatemia, as well as those with hypopara-
thyroidism who have increased phosphate reabsorption 
and hyperphosphatemia. PTH rapidly (15 to 60 minutes) 
reduces the number of NPT2a cotransporters on the api-
cal surface of the cells in the renal proximal tubule. The 
effect appears to result from microtubule-dependent inter-
nalization into endocytic vesicles and subsequent destruc-
tion of the transporters.73,74 This acute downregulation 
of NPT2a cotransporters does not involve reduction in 
NPT2a gene transcription,75 although transcriptional 
suppression is seen after more prolonged PTH expo-
sure.76 After parathyroidectomy, rats manifest a twofold 
to threefold increase in both protein and messenger RNA 
(mRNA) levels of NPT2a, which correlates with a strik-
ing increase in phosphate reabsorption. Evidence exists 
for involvement of both PKA and protein kinase C (PKC), 
as well as MAPK signaling via PTH/PTHrP receptors in 
bringing about these responses.77,78 Despite the fact that 
PTH clearly has a major effect on phosphate homeosta-
sis, it should be kept in mind that the primary role of 
PTH is to regulate serum calcium level and not phosphate 
homeostasis. Recent studies of the role of FGF-23 further 
illuminate this issue (see later).

Dietary Phosphate
Renal phosphate excretion is extremely sensitive to 
changes in dietary phosphate availability. Thus, dietary 
phosphate deprivation79-86 or supplementation80,82,87 
rapidly evokes a compensatory increase or decrease, 
respectively, in renal phosphate reabsorption ([Pi]Th). 
Compelling clinical and experimental evidence has estab-
lished that these adaptations to dietary phosphate occur 
quite independently of PTH.79-82,88

Increased sodium-dependent phosphate transport by 
isolated brush-border membrane vesicles occurs within 
a few hours of phosphate deprivation86,89 and reflects 
increased maximal velocity (rather than affinity) of the 
phosphate carrier,89-91 consistent with an increased num-
ber of membrane transporters. This has been corrobo-
rated by direct immunohistologic demonstration that 
institution of a low-phosphate diet causes rapid (within 
2 hours) insertion of NPT2a cotransporters into the api-
cal plasma membrane of rat proximal tubular cells by a 
microtubule-dependent mechanism.92-94 Upregulation 
of NPT2a gene transcription occurs subsequently dur-
ing more prolonged phosphate restriction (i.e., several 
days).74 Similarly, high dietary phosphate rapidly reduces 
apical membrane NPT2a protein levels, with no change in 
NPT2a gene transcription for at least several hours.74,95

FIBROBLAST GROWTH FACTOR-23
Fibroblast growth factor-23 (FGF-23), the gene identi-
fied as causative for autosomal dominant hypophos-
phatemic rickets (see later) and some forms of familial 

NOMOGRAM FOR DERIVATION OF RENAL THRESHOLD
PHOSPHATE CONCENTRATION

A
ct

ua
l p

la
sm

a 
ph

os
ph

at
e 

co
nc

. [
P

O
4]

R
enal threshold phosphate conc. (T

m
P

O
4 /G

F
R

)

0.0

1.0

2.0

3.0

4.0

5.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

5.0

4.0

3.0

2.0

1.0

0.0

0.0

1.00

0.01

0.05

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

C
PO

4 /C
creat.

TRP0.99

0.95

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

0.0

Figure 62-1 Nomogram for calculating TmP/GFR. Calculations are 
done from fasting samples obtained in the morning. The urine is collected 
for 1 to 2 hours (the time period is not critical). The CPO4/Ccreat = (UPO4 
× [Creat])/(Ucreat × [Pi]). To use the nomogram to calculate TMP/GFR, a 
straight line is passed through the appropriate plasma phosphate concen-
tration and the CPO4/Ccreat. The line will intersect with the corresponding 
TMP/GFR value. For SI units, use the inside scales. For metric (mg/dL), use 
the outside scales. (From Walton RJ, Bijvoet OL: Nomogram for deriva-
tion of renal threshold phosphate concentration. Lancet 2:309-310, 1975.)
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hyperphosphatemic tumoral calcinosis, does not appear 
to play a role in the rapid changes in phosphate reab-
sorption due to acute changes in intestinal phosphate.96 
However, there is substantial evidence that FGF-23 plays 
a role in maintenance of normal phosphate homeostasis 
over the course of days.

Fibroblast Growth Factor-23 Activity
FGF-23 has similar functions as PTH to reduce renal Pi 
reabsorption but has opposite effects on 1,25(OH)2D 
production. FGF-23 delivery leads to renal Pi wast-
ing through the downregulation of both NPT2a and 
NPT2c.97 Under normal circumstances, hypophos-
phatemia is a strong positive stimulator for increasing 
serum 1,25(OH)2D production. However, patients with 
ADHR, TIO, XLH, and ARHR manifest hypophospha-
temia with paradoxically low or inappropriately normal 
serum 1,25(OH)2D concentrations. In mice, the expres-
sion of the 1α(OH)ase enzyme and the catabolic 24(OH)
ase are reduced and elevated, respectively, when the ani-
mals are exposed to FGF-23 by injection or by transgenic 
approaches.98 Thus, the effect of FGF-23 on the renal 
vitamin D metabolic enzymes is most likely responsible 
for the reductions in 1,25(OH)2D in the setting of often 
marked hypophosphatemia in ADHR, XLH, TIO, and 
ARHR patients.

Regulation of FGF-23 Production
In humans, dietary Pi supplementation increased FGF-23, 
whereas Pi restriction and the addition of Pi binders 
suppressed serum FGF-23 (Fig. 62-2),99 indicating that 
FGF-23 plays a role in maintenance of Pi homeostasis. In 
animal studies, the FGF-23 response to serum Pi appears 

to be much more dramatic than in the human studies. 
Mice given high and low Pi diets have increased and 
decreased serum FGF-23 levels, respectively.100

Vitamin D has important regulatory effects on 
FGF-23 in vivo. In mice, injections of 20 to 200 ng of 
1,25(OH)2D led to dose-dependent increases in serum 
FGF-23 concentrations.98 These changes in FGF-23 
occurred before detectable changes in serum Pi, indicat-
ing that FGF-23 is probably directly regulated by vitamin 
D. Physiologically, this would be consistent with results 
examining the role of FGF-23 in vitamin D metabolism, 
in that FGF-23 has been shown to downregulate the 
1α(OH)ase mRNA.97,98 Thus as 1,25(OH)2D is elevated 
in the blood as a product of 1α(OH)ase activity, vitamin 
D would then increase FGF-23 production, which would 
complete the negative feedback loop and downregulate 
1α(OH)ase.

Serum Assays
FGF-23 can be measured in the bloodstream via sev-
eral assays. One widely used assay is a “C-terminal” 
FGF-23 enzyme-linked immunosorbent assay (ELISA), 
with both the capture and detection antibodies bind-
ing C-terminal to the FGF-23176RXXR179/S cleavage 
site.101 This assay thus recognizes full-length FGF-23 as 
well as C-terminal fragments that could arise through 
proteolytic processing. The C-terminal assay is quanti-
fied relative to standards composed of FGF-23–condi-
tioned media produced from stable cell lines expressing 
the human protein, and it only recognizes the human 
FGF-23 isoform. The normal mean for this assay is 55 
± 50 reference units (RU)/mL, and the upper limit of 
normal is 150 RU/mL. In a study with a large number 
of controls and TIO patients, this ELISA was used to 
examine FGF-23 concentrations in TIO and XLH101 
and showed that serum FGF-23 is detectable in normal 
individuals. The mean FGF-23 was greater than 10-fold 
elevated in TIO patients, which rapidly fell after sur-
gical removal of the tumor. Importantly, most XLH 
patients (13 of 21) had elevated FGF-23 compared to 
controls,101 and in those with “normal” FGF-23, these 
levels may be “inappropriately normal” in the setting of 
hypophosphatemia.

An “intact” FGF-23 assay has been developed that 
uses conformation-specific monoclonal antibodies that 
span the 176RXXR179/S180 SPC cleavage site (see later) 
and thus recognize N-terminal and C-terminal regions 
of the FGF-23 polypeptide.102 In normal individuals, this 
assay has a mean circulating concentration of 29 pg/mL. 
The published upper limit of normal is 54 pg/mL.102 The 
results of these two assays generally agree with regard to 
the relative ranges of FGF-23 concentrations in XLH and 
in TIO patients, and that FGF-23 is elevated in most XLH 
patients. However, in diseases such as familial hyperphos-
phatemic tumoral calcinosis and during iron deficiency, 
the intact and C-terminal ELISAs do not agree, which 
is reflective of the underlying disease mechanisms (see 
later). Based upon limited data from two TIO patients 
undergoing resection, the intact assay was used to deter-
mine that the half-life of FGF-23 is between 20 and 50 
minutes.103,104
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Figure 62-2 FGF23 levels in response to diet. Percent change in FGF-23 
during the intervention period (red diamonds, phosphate depletion inter-
vention as measured with the intact FGF23 assay; blue squares, phosphate 
loading intervention as measured with the intact FGF23 assay). The in-
tervention, dietary phosphate depletion, or loading was started after the 
day 5 samples were collected. Values are presented as mean ± SE. (Data 
from Burnett SM, Gunawardene SC, Bringhurst FR, et al: Regulation of  
C-terminal and intact FGF-23 by dietary phosphate in men and women,  
J Bone Miner Res 21:1187-1196, 2006.)
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TABLE 62-1 Heritable and Acquired Disorders Involving Fibroblast Growth Factor-23

Disorder
Gene  
Mutated

Mutation  
Consequence

Relationship to 
FGF-23

Effect on 
Serum Pi

Effect on 
Serum  
1,25D

Intact ELISA 
[FGF-23]

C-Terminal  
ELISA [FGF-23]

Respective Animal 
Models

ADHR FGF23 Gain of 
function

Stabilize full-
length, active 
FGF-23

↓ ↔ ↔ or ↑ ↔ or ↑ ADHR FGF-23 
R176Q knock-in 
mouse

XLH PHEX Loss of 
 function

Increased 
FGF-23 
production in 
osteocytes

↓ ↔ ↔ or ↑ ↔ or ↑ Hyp mouse  
(Phex-null)

ARHR-1 DMP1 Loss of 
 function

Increased 
FGF-23 
production in 
osteocytes

↓ ↔ ↔ or ↑ ↔ or ↑ Dmp1-null mouse

ARHR-2 ENPP1 Loss of 
 function

Increased FGF-
23 production

↓ ↔ ↔ or ↑ ↔ or ↑ ENPP1-null
mouse

ARHR-3
(Variant of 

Raine’s
syndrome)

Fam20c Loss of 
Function

Possible loss of 
DMP1 phos-
phorylation 
and increased 
FGF-23 
production 
(DMP1-
knock out 
phenocopy)

↓ ↔ ↔ or ↑ ↔ or ↑ Fam20c-osteoblast 
and osteocyte 
specific condi-
tional null mouse

αKlotho 
over

expression

KLOTHO Gain of 
function

Increased 
 FGF-23 
mRNA 
 production

↓ ↔ ↑ ↑ αKL overexpression 
through AAV

TIO — — FGF23 highly 
produced by 
tumor

↓ ↔ ↔ or ↑ ↔ or ↑ FGF-23 general 
and bone-specific 
transgenics

TC FGF23 Loss of 
 function

Destabilize 
 full-length, 
active FGF-23

↑ ↔ or ↑ ↓ ↑ Fgf23-null mice

TC GALNT3 Loss of 
 function

Destabilize full-
length, active 
FGF-23

↑ ↔ or ↑ ↓ ↑ Galnt3-null mouse

HHS GALNT3 Loss of 
 function

Destabilize full-
length, active 
FGF-23

↑ ↔ or ↑ ↓ ↑ Some HHS 
 mutations are 
the same as in 
GALNT3-TC

TC KL Loss of 
 function

Decreased FGF-
23–depen-
dent signaling

↑ ↔ or ↑ ↑ ↑ KL-hypomorph  
and KL-null mice

ADHR, autosomal dominant hypophosphatemic rickets; ARHR, autosomal recessive hypophosphatemic rickets; HHS, hyperostosis-hyperphospha-
temia syndrome; TC, tumoral calcinosis; TIO, tumor-induced osteomalacia; XLH, X-linked hypophosphatemic rickets.

FGF-23–ASSOCIATED SYNDROMES
FGF-23–associated syndromes, summarized in Table 
62-1, can be divided into three groups:

1. Disorders associated with increased FGF-23 
bioactivity

2. Disorders associated with reduced FGF-23 
bioactivity

3. Genetic hypophosphatemia not associated with ele-
vated FGF-23

Disorders Associated with Increased FGF-23 Bioactivity
Autosomal Dominant Hypophosphatemic Rickets (OMIM No. 
193100)
ADHR is a rare disorder characterized by low serum 
Pi concentrations due to decreased TmP/GFR and 
inappropriately low or normal circulating vitamin D 

concentrations.105 ADHR was first described in a small 
family,106 and a large ADHR kindred with many affected 
individuals was subsequently evaluated.105 This kindred 
provided an opportunity to test the phenotypic variability 
of ADHR in a large number of individuals with the same 
mutation. There was no evidence of genetic anticipation 
or imprinting. In contrast to the other genetic renal phos-
phate (Pi)-wasting disorders, ADHR displays incomplete 
penetrance and variable age of onset. Important to the 
diagnosis and clinical management of ADHR, it was 
observed that this expanded ADHR family contains two 
subgroups of affected individuals. One subgroup con-
sists of patients who presented during childhood with 
Pi wasting, rickets, and lower-extremity deformity in a 
pattern similar to the classic presentation of XLH. The 
second group consists of individuals who presented clini-
cally during adolescence or adulthood. These individuals 



109562 GENETIC DISORDERS OF PHOSPHATE HOMEOSTASIS

had bone pain, weakness, and insufficiency fractures but 
did not have lower extremity deformities.105 The patients 
with adult-onset ADHR had clinical presentations essen-
tially identical to patients who present with TIO (none 
of the ADHR patients developed tumors). To date, most 
patients that have been described with delayed onset of 
clinically evident disease are female. In addition to these 
two groups, we found unaffected individuals who are 
carriers for the ADHR mutation and two patients who 
were treated for hypophosphatemia and rickets but later 
lost the Pi-wasting defect.105 Recent studies demonstrate 
that FGF-23 concentrations vary over time in ADHR 
patients and that iron deficiency results in increased 
expression of FGF-23 mRNA and protein (see later), 
resulting in hypophosphatemia and clinical disease.

To identify the gene for ADHR, the ADHR Con-
sortium undertook a family-based positional clon-
ing approach. A genomewide linkage scan in the large 
ADHR kindred described earlier demonstrated linkage 
to chromosome 12p13.3.107 FGF23 was identified using 
exon prediction programs on genomic DNA sequence 
from the Human Genome Project.108 The FGF23 gene 
is composed of three coding exons and contains an 
open reading frame of 251 residues.108 The tissue with 
the highest FGF-23 expression is bone, where FGF-23 
mRNA is observed in osteoblasts, osteocytes, flattened 
bone-lining cells, and osteoprogenitor cells.109 Quanti-
tative RT-PCR showed that FGF-23 mRNA was most 
highly expressed in long bone, followed by thymus, 
brain, and heart.110

Western blot analysis has demonstrated that wild-type 
FGF-23 is secreted as a full-length 32-kD protein, as well 
as cleavage products of 20 kD (N-terminal) and 12 kD 
(C-terminal).110-112 Cleavage of FGF-23 occurs within 
a subtilisin-like proprotein convertase (SPC) proteo-
lytic site (176RXXR179/S180) that separates the conserved  

FGF-like N-terminal domain from the variable C-terminal  
tail (Fig. 62-3).

The ADHR mutations replace arginine (R) residues at 
FGF-23 positions 176 or 179 with glutamine (Q) or tryp-
tophan (W) within the SPC cleavage site, 176RXXR179/S180 
(Table 62-2 see Fig. 62-3).108,111-115 The SPCs are a family 
of serine proteases that process a wide variety of proteins 
including neuropeptides, peptide hormones, growth factors, 
membrane-bound receptors, blood coagulation factors, and 
plasma proteins.116 SPC substrates are cleaved C-terminal 
to the basic motif “K/R-Xn-K/R” where Xn = 2, 4, or 6 resi-
dues of any amino acid.117,118 The SPCs, such as the furin 
protease, are largely expressed in the trans-Golgi network 
and possess similar but not exact substrate specificities.

Following insertion of these mutations into wild-type 
FGF-23, FGF-23 secreted from mammalian cells was 
primarily produced as the full-length protein (32 kD) 
active polypeptide, as opposed to the cleavage products 
typically observed for wild-type FGF-23 expression.111 
Peptide sequencing demonstrated that the 32-kD FGF-23 
form corresponded to full-length FGF-23 after cleavage 

Wild-type

ADHR

R176H177T178R179 S180

Residues 25–179:
Conserved N-terminal

FGF region

162–175
*

*

Q176H177T178R179 S180
*

R176H177T178W/Q179 S180
*

199–228
*

Residues 180–251:
Variable C-terminal tail

Residues 1–24:
Signal peptide

SPC-like site

[cAg (527g>A)]

[Tgg (535c>T)]
[cAg (536c>A)]

Figure 62-3 Model of FGF-23 protein domains and effect of the ADHR mutations. FGF-23 has a 24-residue signal peptide followed by residues 
25 to 179 that compose the conserved N-terminal FGF-like domain. The SPC-like site is interrupted by the ADHR mutations at R176 and R179 and 
divides the FGF-like domain from the variable C-terminal tail region. FGF-23 undergoes glycosylation at three regions (denoted *), with the T178 
most likely being the glycosylated residue that protects the mature protein from SPC proteolysis between R179 and S180 and is therefore critical for 
maintaining intact, active FGF-23.

TABLE 62-2 Mutations in the Human Fibroblast 
Growth Factor-23 Gene

FGF23 
Mutation

Predicted 
Amino Acid 
Substitution

Demonstrated or 
Predicted Effect  
on FGF-23 Disorder Reference

527G>A R176Q Stabilized ADHR 108

535C>T R179W Stabilized ADHR 108

536G>A R179Q Stabilized ADHR 108,114,115

526C>T R176W Stabilized ADHR 113

123C>T H41Q Destabilized FTC 239

160C>A Q54K Destabilized FTC 205

211A>G S71G Destabilized FTC 202,203

287C>T M96T Destabilized FTC 206

386C>T S129F Destabilized FTC 204
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of the signal peptide (residues 25 to 251) and that the 
12-kD isoform was the C-terminal portion of FGF-23 
downstream from the SPC cleavage site after R179 (resi-
dues 180 to 251) (see Fig. 62-3).112 As further evidence 
that FGF-23 is processed intracellularly, the cleavage of 
wild-type FGF-23 between R179/S180 is inhibited by a 
nonspecific SPC competitive inhibitor, Dec-RVKR-CMK, 
at concentrations between 25 and 50 μΜ.110,119 These 
studies show that the RXXR motif in FGF-23 is central 
to its intracellular processing.

The SPC family is typically associated with the pro-
duction of the active form of their substrate polypep-
tides. However, cleavage of FGF-23 at the RXXR motif 
appears to be inactivating. In this regard, when full-length 
FGF-23 or N-terminal (residues 25 to 179) and C-termi-
nal (residues 180 to 251) fragments were injected into 
rodents, only the full-length protein lowered circulating 
phosphate concentrations.112 Since the full-length form 
of FGF-23 induces hypophosphatemia, it is likely that 
the ADHR mutations increase the biological activity of 
FGF-23 by stabilizing the full-length form and increasing 
its concentrations in the serum. Indeed, severely affected 
ADHR patients have increased circulating levels of FGF-
23.120 However, until recently it was unclear as to why 
ADHR patients weren’t able to simply reduce FGF-23 
expression. The answer to this dilemma came from an 
unexpected connection between iron and FGF-23.

Iron and FGF-23 Interactions
Studies in ADHR kindreds demonstrated that disease 
status varied with FGF-23 concentrations.120 Specifically, 
subjects with ADHR mutations who did not manifest 
hypophosphatemia had normal FGF-23 concentrations, 
while hypophosphatemic patients had elevated FGF-23 
concentrations. Subsequent cross-sectional and longitudi-
nal studies demonstrated an inverse correlation between 
serum phosphate and calcitriol concentrations in ADHR 
patients, but not in controls. In ADHR patients, low iron 
concentrations resulted in elevations in both total FGF-23 
concentrations (intact and fragments as measured by 
the C-terminal assay). However, in control individuals, 
low iron concentrations were associated with elevated 
total FGF-23 concentrations in the C-terminal assay, but 
intact FGF-23 concentrations were normal.121

Studies in the ADHR mouse provide a detailed mech-
anism for the above observations. When placed on 
an iron-deficient diet, both control and R176Q-Fgf23 
knockin mice (the animal model of ADHR) had marked 
elevations in bone Fgf23 mRNA. Wild-type mice on the 
low-iron diet maintained normal serum intact Fgf23 and 
phosphate, but displayed elevations in serum C-terminal 
Fgf23. In contrast, the ADHR mice receiving the low-iron 
diet had elevated intact, biologically active Fgf23 as well 
as C-terminal Fgf23, which resulted in hypophospha-
temic osteomalacia.122 Additionally, in vitro studies using 
the osteoblastic cell line UMR-106 demonstrated that 
iron chelation with 25 or 50 uM deferoxamine increased 
Fgf23 mRNA 12-fold and 20-fold, respectively.122 The 
mechanism appears to be mediated by increased expres-
sion of hypoxia inducible factor 1α (HIF1α).122 More 
recent studies123 demonstrate that hypoxia can also 

increase FGF-23 production. In this regard, UMR-106 
cells grown in the presence of reduced oxygen tension, 
but normal iron concentrations, increase FGF-23 mRNA 
more than threefold by 24 hours. To extend these find-
ings in vivo, Clinkenbeard and colleagues exposed normal 
Sprague-Dowley rats to hypoxia for 2 weeks. This resulted 
in a greater than sixfold increase in C-terminal Fgf23, 
compared to control rats at normal oxygen tension, with 
no change in intact Fgf23 or serum phosphate. This sup-
ported the concept that hypoxia increases Fgf23 expres-
sion, but normal individuals are able to cleave FGF-23 to 
prevent hypophosphatemia. Interestingly, studies done in 
neonatal mice whose mothers were fed an iron-deficient 
diet demonstrate increased intact FGF-23 and hypophos-
phatemia in wild-type mice, although not to the same 
extent observed in ADHR mice.123 These findings raise 
the possibility that iron deficiency during pregnancy could 
have negative effects on the FGF-23/phosphate/calcitriol/
bone axis in normal humans.

Taken together, the studies in human subjects and in ani-
mal models demonstrate that iron deficiency and hypoxia 
increase expression of FGF-23 mRNA and protein in bone. 
In normal individuals, the excess FGF-23 protein is cleaved 
into inactive fragments (at least with respect to phosphate 
and calcitriol homeostasis). However, patients and mice 
with ADHR mutations are unable to cleave the mutant 
FGF-23 and manifest elevated serum FGF-23 concentra-
tions, resulting in hypophosphatemia and inappropriately 
normal calcitriol concentrations. Thus, disease status in 
ADHR is a product of gene-environment interactions in 
which the combined presence of an FGF-23 mutation and 
iron deficiency results in the biochemical and phenotypic 
manifestations of ADHR.

Tumor-Induced Osteomalacia
TIO is an acquired disorder of renal Pi wasting that is 
associated with tumors. Patients with TIO present with 
hypophosphatemia with inappropriately suppressed 
1,25(OH)2D concentrations and elevated alkaline phos-
phatase levels.124 Osteomalacia is observed in bone biop-
sies. Clinical symptoms include gradual onset of muscle 
weakness, fatigue, and bone pain, especially from ankles, 
legs, hips, and back.124,125 Insufficiency fractures are com-
mon, and proximal muscle weakness can become severe 
enough for patients to require a wheelchair or become 
bed bound.124

The study of TIO introduced the idea for the existence 
of possible tumor-produced circulating factors, referred 
to as phosphatonins, that act upon the kidney to decrease 
Pi reabsorption.126,127 Support for these factors primarily 
comes from the knowledge that if the responsible tumor 
is surgically removed, the abnormalities in Pi wasting and 
vitamin D metabolism are rapidly corrected, as well as 
the fact that PTH, which decreases renal Pi reabsorption, 
is usually within normal ranges in TIO patients. Other 
studies have supported this hypothesis by showing that 
implantation of tumor tissue into nude mice resulted in 
increased urinary Pi excretion.128 To determine whether 
FGF-23 could be involved in TIO as phosphatonin, five 
TIO tumors and several control tissues were tested by 
Northern blot for the presence of FGF-23 transcripts, 
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and it was determined that FGF-23 mRNA was highly 
expressed in all of these tumors.129 Furthermore, FGF-23 
was present in a tumor lysate by Western blot analysis, 
with an anti–human FGF-23 antibody.129

FGF-23 was also independently identified in RNA from 
TIO tumors. Transcripts from tumors were isolated by dif-
ferential selection using comparisons to mRNAs present in 
normal bone.130 The highly expressed transcripts were then 
subcloned, and the individual mRNAs were stably expressed 
in Chinese hamster ovary (CHO) cells, then injected into 
nude mice to form tumor masses.130 The cells that pro-
duced FGF-23 recapitulated the TIO phenotype in vivo by 
causing hypophosphatemia, elevated alkaline phosphatase, 
and inappropriately low 1,25(OH)2D concentrations.130 In 
addition, the mice that received implanted cells also showed 
growth retardation, kyphosis, and osteomalacia. Further, 
there was marked decrease in the renal 1α(OH)ase. Both the 
biochemical and metabolic bone profiles were remarkably 
similar to those observed in TIO and ADHR patients. These 
experiments provided evidence that FGF-23 was a phos-
phaturic substance and had dramatic effects on enzymes 
involved in vitamin D metabolism, and that increased cir-
culating FGF-23 concentrations were consistent with the 
idea that FGF-23 was at least in part responsible for the 
TIO phenotype. Serum FGF-23 is elevated in patients with 
TIO,101,102 and tumors that cause TIO have a dramatic 
overexpression of FGF-23 mRNA.129 Surgical resection of 
the tumor results in rapid decreases in serum FGF-23.101

X-Linked Hypophosphatemic Rickets (OMIM No. 307800)
XLH is an X-linked dominant disorder and the most 
common form of heritable rickets.131 XLH is fully pen-
etrant with variable severity. XLH patients present 
with laboratory findings that include hypophosphate-
mia with normocalcemia and inappropriately normal 
or low 1,25(OH)2D concentrations.131 Skeletal defects 
include lower-extremity deformities from rickets, bone 
pain, osteomalacia, fracture, and enthesopathy (cal-
cification of the tendons and ligaments). It was deter-
mined by the Hyp Consortium that XLH is caused by 
inactivating mutations in PHEX (phosphate-regulating 
gene with homologies to endopeptidases on the X chro-
mosome).132 Based upon sequence homology, PHEX 
encodes a protein that is a member of the M13 family of 
membrane-bound metalloproteases. Other members of 
this enzyme class include neutral endopeptidase (NEP) 
and endothelin-converting enzymes 1 and 2 (ECE-1 and 
ECE-2).132,133 This family is known to cleave small pep-
tides. Over 300 inactivating PHEX mutations have been 
described in XLH patients, including genomic variations 
that cause missense, nonsense, frameshift, and splic-
ing changes (see PHEX Locus database: www.phexdb. 
mcgill.ca). Of note, although XLH is a renal Pi-wasting 
disorder, PHEX shows the highest expression in bone 
cells such as osteoblasts, osteocytes, and odontoblasts 
in teeth, as well as lower expression in the parathyroid 
glands, lung, brain, and skeletal muscle but no expression 
in kidney.134

A valuable tool for the study of the pathophysiology 
of XLH has been the Hyp mouse, which has a 3′ dele-
tion in the Phex gene from intron 15 through the 3′ 

UTR134 and does not make a stable Phex transcript.134 
This rodent model parallels the XLH phenotype, char-
acterized by hypophosphatemia with inappropriately 
normal 1,25(OH)2D levels and normal serum calcium, 
as well as growth retardation and bone mineralization 
defects.135 Parabiosis studies between the Hyp mouse and 
a normal mouse pointed to the presence of a humoral 
factor, a phosphatonin, being transferred through the cir-
culation of the Hyp mouse to the normal mouse to cause 
isolated renal Pi wasting.136 After the identification of 
PHEX/Phex, it was logically postulated that the enzyme 
may directly degrade a phosphaturic substance; however, 
studies suggest a more complex pathophysiology.

X-Linked Hypophosphatemic Rickets and Fibroblast  
Growth Factor-23
As described earlier, patients with XLH have overlapping 
phenotypes with ADHR patients. Because XLH results from 
a mutation in PHEX, which shares homology to a family of 
extracellular proteases, and ADHR arises from mutations 
in a protease cleavage site, it was logically hypothesized 
that circulating FGF-23 would be cleaved and inactivated 
by PHEX. Thus, by mutational inactivation of PHEX in 
XLH, serum FGF-23 concentrations would then elevate 
and cause renal Pi wasting. As described earlier, lending 
further support to this hypothesis were parabiosis studies 
between Hyp and normal mice, which pointed to the pres-
ence of a humoral phosphaturic factor in the Hyp mouse 
being transferred to the normal mouse. However, evidence 
to date has not supported a direct enzyme-substrate rela-
tionship between FGF-23 and PHEX. In this regard, it was 
shown that recombinant PHEX did not cleave FGF-23 but 
did cleave a positive control substrate.110 Furthermore, 
another report provided evidence that recombinant FGF-23 
was not cleaved by PHEX in cultured HEK293 cells coex-
pressing the proteins.119 This latter study expressed native 
FGF-23 that was not epitope tagged to ensure that the addi-
tional residues did not cause conformational changes within  
FGF-23 and interfere with potential PHEX activity.119

Several reports have established that FGF-23 is ele-
vated in many XLH patients.101,102,137 To understand 
the possible relationship between PHEX and FGF-23, 
quantitative real-time RT-PCR was used to test Hyp 
bone for FGF-23 mRNA concentrations versus wild-
type bone. Interestingly, FGF-23 mRNA in bone tissue 
from Hyp mice was elevated compared to levels present 
in control mice,110 and serum concentrations of FGF-
23 have been reported to be 10-fold higher in Hyp mice 
when compared to normal mice.138 This finding pro-
vides support for the idea that there is a cellular connec-
tion between inactive PHEX mutants (or lack of Phex 
expression in Hyp mice) and the upregulation of FGF-23 
mRNA in bone cells. The elevated FGF-23 mRNA lev-
els may indicate that the increase in serum FGF-23 in 
XLH patients is due to overproduction and secretion of 
FGF-23 by skeletal cells, as opposed to the alternative 
hypothesis of a decreased rate of FGF-23 degradation 
by cell surface proteases after secretion into the circu-
lation. Although the interactions between FGF-23 and 
PHEX are most likely indirect, the encoded proteins 
are coexpressed in osteoblasts and osteocytes.109,110,134  

http://www.phexdb.mcgill.ca
http://www.phexdb.mcgill.ca
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Although one report139 provides evidence that PHEX 
can cleave osteopontin, its physiologically relevant sub-
strate and the mechanisms for phosphate sensing are 
unknown.

The current therapy for XLH, ADHR, and TIO 
includes oral replacement of phosphorus in combina-
tion with high-dose 1,25(OH)2D. This regimen “treats” 
XLH by increasing serum Pi concentrations and amelio-
rates much of the metabolic bone disease, but it does not 
directly “cure” the disorder by reversing the underlying 
molecular defects in kidney and in bone. In this regard, 
several studies have attempted to reverse the XLH pheno-
type. Transgenic expression of wild-type PHEX under the 
control of the bone-specific mouse pro-alpha(I) collagen 
gene140 and the osteocalcin (OG2)141 promoters on the 
Hyp background was undertaken. Interestingly, the defec-
tive mineralization of bone and teeth in the Hyp mice was 
partially resolved with PHEX under the regulation of the 
collagen promoter, and dry ash weight increased with the 
OG2 PHEX, indicating improved mineralization. How-
ever, the hypophosphatemia was not normalized in either 
study, indicating that expression of PHEX under the 
temporal regulation of an osteoblast-specific promoter 
is not sufficient to rescue the Hyp phenotype. Further-
more, expression of PHEX to levels observed in wild-type 
animals was not obtained in all studies. Importantly, a 
report of a transgenic model overexpressing PHEX in 
the Hyp mouse using the human beta-actin promoter for 
directing expression in a wider tissue distribution (bone, 
skin, lung, muscle, heart) resulted in similar results as the 
bone-specific promoter studies,142 further demonstrating 
that proper spatial-temporal expression of Phex is critical 
for normal mineral metabolism.

Current therapy of XLH involves oral phosphate and 
calcitriol replacement (see treatment section). Interestingly, 
although normal serum phosphate concentrations are gen-
erally not attained on therapy, serum FGF-23 concentra-
tions generally rise in response to therapy.143 To explore 
this phenomenon further, Ichikawa and co-workers144 
crossed mice with Phex mutations with Galnt3-null mice. 
GALNT3/Galnt3 O-glycosylates FGF-23, protecting the 
FGF-23 protein from degradation, and GALNT3 muta-
tions lead to tumoral calcinosis.145 Humans and mice 
with these mutations have markedly decreased intact, 
biologically active FGF-23 and manifest hyperphospha-
temia and soft-tissue calcifications (see later). Hyp mice 
displayed hypophosphatemia and elevated total (intact 
plus fragments) and intact FGF-23 concentrations, 
whereas Galnt3-null mice were hyperphosphatemic with 
low intact FGF-23 concentrations, but had high FGF-23 
mRNA expression and high total FGF-23 concentrations 
(almost all inactive fragments), as previously described.146 
The Hyp/Galnt3 double mutant was hypophosphatemic 
with serum phosphate concentrations slightly, but sig-
nificantly higher than Hyp. In the absence of altered 
phosphate responsiveness, FGF-23 mRNA expression in 
the double mutant would be expected to be similar to 
the Hyp. Instead, in the presence of a slightly improved, 
but still low serum phosphate, the double mutant mark-
edly upregulated FGF23 gene expression even higher 
than the Hyp mouse (5- and 24-fold higher than 4- and 

12-week-old Hyp mice, respectively).144 These levels 
were 57- and 113-fold over 4- and 12-week-old control 
mice, and total FGF-23 protein expression was similar to 
mRNA expression.

In addition to the previously mentioned studies, it 
is well established that male and female Hyp mice and 
XLH patients have similar serum phosphate and calcitriol 
concentrations.131 Recently, Ichikawa and associates147 
generated female mice with mutations in both PHEX 
alleles and compared them to females heterozygous for 
PHEX mutations and male hemizygotes. Although female 
homozygotes were slightly more hypophosphatemic and 
hypocalcemic than heterozygotes, they had similar Fgf23 
concentrations. Of note, there were no differences in 
intact Fgf23 or phosphorus concentrations between het-
erozygous females and hemizygous males. This lack of 
a gene dosage effect on circulating Fgf23 and phosphate 
further suggests that Phex mutations may create a lower 
set point for extracellular phosphate concentrations.

Treatment of X-Linked Hypophosphatemic Rickets
The current standard of care is combination therapy with 
phosphate and 1,25(OH)2D (calcitriol) or 1-hydroxyvi-
tamin D3.148-150 Therapy is labor-intensive, and patients 
and caregivers should understand this before initiating 
treatment. As in any medical encounter, patients should 
be fully informed about potential side effects of therapy.

The objectives of therapy in children are to correct 
or prevent deformity from rickets, promote growth, 
and lessen bone pain. In some cases, marked improve-
ment in lower-extremity deformity is noted with medical 
therapy. In this regard, we frequently give a course of 
medical therapy before performing osteotomies to cor-
rect lower-extremity deformities. Most affected children 
probably should be treated if a system exists to adminis-
ter and monitor therapy. However, in some instances, it 
may be acceptable not to treat but rather to follow mildly 
affected children carefully (no less than twice per year).

The indications for treatment of adult patients are 
more controversial. There are no data to suggest that 
current treatment regimens prevent enthesopathy (calci-
fications of tendons and ligaments). Pseudofractures are 
common in moderately to severely affected adult XLH 
patients. Since pseudofractures are often painful, may 
lead to fracture, and generally respond well to treatment, 
we generally recommend medical therapy for patients 
with pseudofractures. XLH patients frequently com-
plain of bone pain,127 presumably due to osteomalacia. 
Treatment lessens osteomalacia and bone pain, and it 
is therefore reasonable to treat patients with this com-
plaint. Additionally, it is advisable to treat patients who 
have nonunion after fractures or osteotomies, because 
treatment may improve fracture healing. In light of the 
complexity of therapy, potential side effects (see later), 
and lack of increased risk for fracture in patients with-
out pseudofractures,127 therapy is not recommended in 
asymptomatic patients who do not have pseudofractures.

Once the decision is made to initiate therapy, it is 
best to start at a low dose of calcitriol and phosphate (to 
avoid diarrhea from phosphate) and gradually increase 
therapy over several months. Some clinicians maintain a 
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“high dose” phase for up to 1 year. During this phase of 
therapy, the calcitriol dose may be as high as 50 ng/kg/
day in two divided doses, but not more than 3.0 mcg/day. 
However, not all experienced clinicians use this high-
dose phase, and some will use a maximum of 25 ng/kg. 
Since calcitriol can stimulate FGF-23 expression, we have 
become more conservative in recent years. Also, 20 to  
40 mg/kg of phosphate is administered in four divided 
doses (up to a maximum of 2 g/day). Serum calcium, 
phosphorus, and creatinine levels, as well as urine cal-
cium and creatinine concentrations, are routinely moni-
tored on a monthly basis during dose escalation. The 
doses of calcitriol and phosphate are adjusted based on 
the laboratory results. Hypercalciuria may be the first sign 
of healing of osteomalacia; (theoretically, osteomalacic 
bone is capable of taking up more calcium and phosphate 
than bone that is histologically normal). Although some 
clinicians recommend administering phosphate over five 
doses per day initially, we do not ask patients to wake 
up to take medication at night for the following reasons: 
1) serum phosphate concentrations tend to rise at night 
in XLH patients;151 2) there is an exaggerated nocturnal 
rise in PTH concentrations in XLH patients; and 3) it is 
very difficult for patients to wake up to take medication 
every night for a chronic condition. After approximately 
1 year on high-dose therapy, patients are switched to a 
long-term “maintenance” phase with approximately 10 
to 20 ng/kg/day of calcitriol and no change in the dose of 
phosphate. While patients are on maintenance therapy, 
we continue to see them and monitor serum and urine 
biochemistries at least every 3 to 4 months.

Unfortunately, standard therapy has the undesirable 
effect of increasing FGF-23 concentrations. It is pos-
sible that calcitriol, phosphate, or both stimulate the 
production of FGF-23 in XLH patients despite the fact 
that they are still hypophosphatemic.143 This is cur-
rently an active area of research; however, physicians 
may want to consider not using a high-dose phase. 
There is currently no data as to whether it is useful to 
monitor FGF-23 concentrations during therapy. How-
ever, increases in FGF-23 concentrations are a possible 
unwanted side effect of standard therapy as well as any 
therapy (such as neutralizing antibody to FGF-23) that 
increases phosphate and/or calcitriol concentrations 
without correcting the potential set-point defect.

Careful follow-up is required when employing com-
bined therapy, because the two agents balance each oth-
er’s effects. Administration of phosphate alone will lead 
to secondary hyperparathyroidism, and administration 
of 1,25(OH)2D alone commonly leads to hypercalci-
uria and hypercalcemia. Hence a patient on combined 
therapy can develop hypercalciuria as a consequence of 
either too much 1,25(OH)2D or too little phosphate. 
Because of this balance, any time it becomes necessary 
to interrupt phosphate administration, it is necessary to 
discontinue 1,25(OH)2D therapy as well.

Diarrhea and gastrointestinal upset frequently develop 
from phosphate administration. To minimize diarrhea, 
the phosphate dose should be increased gradually. If 
diarrhea develops, it is best to decrease (or stop) the 
dose of phosphate (and calcitriol; see earlier) and slowly 

increase therapy as tolerated. Since hypercalcemia may 
develop from calcitriol therapy, patients should be given 
instructions on the symptoms of hypercalcemia, such 
as depression, confusion, anorexia, nausea, vomiting, 
polyuria, and dehydration. Serum biochemistries should 
be measured if a patient experiences any symptoms of 
hypercalcemia. It should not be assumed that patients 
on high-dose calcitriol who develop nausea, vomiting, 
and lethargy have food poisoning or another benign eti-
ology of their symptoms until proven otherwise.

The most common and potentially serious complica-
tion of therapy is the development of nephrocalcino-
sis.152-157 With the widespread use of renal ultrasound, 
nephrocalcinosis has been noted with increasing fre-
quency. In most cases, the nephrocalcinosis is observed 
without evident changes in glomerular filtration rate 
(GFR). Its occurrence may be related to phosphate dos-
age, and some authors assert that phosphate admin-
istration leads to hyperabsorption of oxalate, which 
results in nephrocalcinosis.158 However, this assertion 
remains unproven, and patients who received vitamin 
D2 but no phosphate can develop nephrocalcinosis.159 
Thus hypercalciuria and hypercalcemia may contribute 
to (or at least aggravate) this problem. Kidney biopsy 
specimens from three treated patients with nephrocalci-
nosis showed that renal calcifications are located mainly 
intratubularly and are composed exclusively of calcium 
phosphate.160 Of note, a report of two patients with 
nephrocalcinosis for 2 decades indicates that it was not 
associated with impaired renal function.159 Although 
these data are somewhat reassuring, the available data 
are not strong enough to completely allay concerns 
about renal complications of even carefully monitored 
therapy, and we are aware of at least one XLH patient 
with end-stage renal failure after long-term therapy.

A second less-common complication is the develop-
ment of tertiary hyperparathyroidism.161-164 Presumably, 
tertiary hyperparathyroidism results from chronic stimu-
lation of the parathyroid glands by phosphate therapy. 
Although this complication is more likely in patients who 
are getting too much phosphate, it also can occur in opti-
mally treated individuals. In tertiary hyperparathyroid-
ism, renal function may decline, necessitating a reduction 
in the dose of phosphate and calcitriol or a cessation of 
therapy. This will lead to the redevelopment or worsen-
ing of the bone disease. A small number of such patients 
have undergone total parathyroidectomy with autotrans-
plant to the forearm. In a number of these patients, the 
transplanted tissue has shown a propensity to prolifer-
ate and lead to the redevelopment of tertiary hyperpara-
thyroidism. Removal of this hyperplastic tissue from the 
forearm site leads to a reduction in serum PTH levels. 
Theoretically, total parathyroidectomy followed by 
treatment with 1,25(OH)2D and phosphate is a potential 
option. However, this approach is not recommended, 
because it results in lifelong hypoparathyroidism.

Although treatment complications cannot be pre-
vented entirely, careful monitoring may minimize treat-
ment-related problems. Serum calcium, phosphorus, and 
creatinine levels and urine calcium and creatinine con-
centrations should be monitored monthly while patients 
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are on high-dose therapy and every 3 to 4 months while 
on maintenance therapy. A 24-hour urine phosphorus 
measurement is often useful to gauge compliance with 
therapy. Serum PTH concentration should be measured 
at yearly intervals as appropriate. We have not seen 
patients with elevated urinary oxalate caused by ther-
apy. A renal ultrasound should be obtained as a baseline 
at the start of therapy and periodically thereafter.

In light of the difficulty with combined therapy and 
the complications attributable at least in part to therapy, 
additional therapeutic options are being explored. These 
include the use of human GH,165 24,25(OH)2D,166 and 
diuretics.167 None of these are alternatives to combined 
therapy, but each has been employed as adjuvant ther-
apy. More recently, short-term studies have been per-
formed in XLH patients using a neutralizing antibody 
to FGF-23 (Carpenter TO, 2014, personal communi-
cation).  Longer-term studies are needed before making 
recommendations about this potential therapy.

A continued search for better therapeutic agents is 
needed because it is increasingly clear that the present-
day combined therapy is not curative and is accompa-
nied by a high complication rate. However, if therapy 
with combined phosphate and 1,25(OH)2D is monitored 
carefully, growth rates increase, rickets is corrected, 
and bowing of the lower extremities is significantly  
reduced.148,150,157,168-171

Autosomal Recessive Hypophosphatemic Rickets  
(OMIM No. 241520)
ARHR is genetically heterogeneous, as ARHR type 1 has 
been found to be the result of inactivating Dentin matrix 
protein-1 (DMP1) mutations; ARHR type 2 caused by 
mutations in the ectonucleotide pyrophosphatase/phos-
phodiesterase 1 (ENPP1) gene, and ARHR type 3 (a vari-
ant of Raine’s syndrome) due to mutations in the family 
with sequence similarity 20, member C (FAM20C) gene. 
DMP-1 is a member of the small integrin-binding ligand, 
N-linked glycoprotein (SIBLING) family and is highly 
and specifically expressed in osteocytes. Both Dmp1-null 
mice and patients with ARHR manifest rickets and osteo-
malacia with isolated renal Pi wasting associated with 
elevated FGF-23. Mutational analyses revealed that one 
ARHR family carried a mutation that ablated the DMP1 
start codon (Met1Val), and a second family exhibited 
a deletion in the DMP1 C-terminus (1484-1490del).172 
Mutations have also been identified in DMP1 splicing 
sites, which likely result in nonfunctional protein.173

Mechanistic studies using the Dmp1-null mouse have 
demonstrated that loss of Dmp1 impairs osteocyte matu-
ration, leading to markedly elevated FGF-23 mRNA and 
protein expression. The hypophosphatemia results in 
pathologic changes in bone mineralization,172 which can 
be largely but not completely abrogated by high-phos-
phate diet in Dmp1-null mice. Importantly, Dmp1-null 
mice are biochemical phenocopies of the Hyp mouse, and 
patients with ARHR and XLH (as well as the Dmp1-null 
and Hyp mice) share a distinctive bone histology char-
acterized by periosteocytic lesions of nonmineralized 
bone.172 Thus, these findings suggest that PHEX (mutated 
in XLH) may also have a role in osteocyte maturation in a 

parallel pathway to DMP-1 that leads to overexpression 
of FGF-23.

ENPP1 encodes a type 2 transmembrane glycoprotein 
that cleaves a variety of substrates, including phospho-
diester bonds of nucleotides and nucleotide sugars and 
pyrophosphate bonds of nucleotides and nucleotide sug-
ars. ENPP1 likely functions to hydrolyze nucleoside 5’ 
triphosphates to monophosphates and also hydrolyzes 
diadenosine polyphosphates. ARHR type 2 patients due 
to ENPP1 homozygous missense mutations have modestly 
elevated intact FGF-23 and hypophosphatemia.174,175 In 
bone, ENPP1 hydrolyzes ATP to pyrophosphate (PPi), 
therefore the ENPP1 mutations could indicate that a bal-
ance of PPi to inorganic phosphate Pi may have a role 
in FGF-23 production. Mutations in this gene are also 
known to be causative for “idiopathic” infantile arterial 
calcification, and ossification of the posterior longitudinal 
ligament of the spine (OPLL).

ARHR type 3 appears to be a variant of the typically 
lethal Raine’s syndrome, due to loss-of-function mutations 
in the FAM20C gene (also known as Golgi Casein Kinase 
[G-CK]). Through exome sequencing, it was determined that 
compound heterozygous mutations in FAM20C were asso-
ciated with increases in plasma intact FGF-23, but tapering 
hypophosphatemia with age, and severe tooth decay from 
infancy, ectopic brain calcifications, and osteosclerosis.176  
Interestingly, FAM20C knockout mice are character-
ized by elevated FGF-23, hypophosphatemia with inap-
propriately normal 1,25(OH)2 vitamin D concentrations, 
severe tooth defects, and a rickets phenotype.177 Due to the 
noted similarities between the DMP1-knockout mice and 
FAM20C-knockout mice, it was discovered that DMP-1 
levels were reduced in FAM20C knockout cells, perhaps 
producing the parallel phenotypes between these murine 
models. It was determined that FAM20C is an “atypical” 
kinase localized to the Golgi apparatus that phosphorylates 
a number of secreted SIBLING family members, including 
DMP-1.178 Thus, the lack of FAM20C may reduce DMP-1 
phosphorylation and inhibit its expression or function, 
thereby producing a “DMP-1-knockout–like” phenotype 
in the FAM20C-knockout mice. Why the patients with 
ARHR type 3 and Raine’s syndrome have an osteosclerotic 
disease whereas the FAM20C-knockout mice have rickets 
is currently unclear.

Other Disorders Involving FGF-23
Fibrous Dysplasia. Fibrous dysplasia (FD) is a disorder 
caused by activating somatic mutations in the GNAS1 
gene encoding the α subunit of the stimulatory G protein, 
Gs.179,180 The skeletal defects in FD are characterized by 
fibrous lesions and co-localized mineralization defects, 
which contribute to the morbidity in these patients.181  
A significant proportion of FD patients also manifest vari-
ous degrees of renal Pi wasting and subsequent hypophos-
phatemia,182 which can lead to hypophosphatemic rickets 
and osteomalacia. Extraskeletal clinical manifestations 
of FD can occur, such as abnormal skin pigmentation, 
premature puberty, and hyperthyroidism; the disease is 
then referred to as McCune-Albright syndrome (MAS). In 
one study of FD patients, increased FGF-23 serum levels 
correlated negatively to serum Pi and 1,25(OH)2D3 but 
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positively to skeletal disease burden.109 FGF-23 mRNA 
and protein were localized to fibrous cells in the fibrous 
bone lesions of FD, as well as osteogenic and endothe-
lial cells associated with microvascular walls in bone.109 
Therefore, it is likely that FGF-23 plays an important role 
in the pathogenesis of the phosphate wasting that is often 
seen in FD/MAS.

FD patients are often treated with bisphosphonates, 
which can lead to improvement of symptoms. It was 
reported that several MAS patients significantly reduced 
their elevated FGF-23 levels after pamidronate therapy, 
further supporting a central role of FGF-23 in FD/MAS.183 
The mechanisms of action for this reduction of serum 
FGF-23 levels is unclear, but one plausible explanation 
is that osteogenic cells that overproduce FGF-23 in FD/
MAS may undergo apoptosis, thus leading to decreased 
production of FGF-23.

The reason why the bone cells associated with lesions 
in FD overexpress FGF-23 is not understood. Normally, 
FGF-23 is expressed in osteogenic cells,109,110 but it is 
possible that improperly differentiated cells of FD lesions 
may have lost regulatory mechanisms required to sup-
press FGF-23 production. Speculatively, this is analogous 
to FGF-23 overexpression in TIO tumors, which are not 
subject to normal regulatory mechanisms.184

Osteoglophonic Dysplasia (OMIM No. 166250). Activat-
ing mutations in fibroblast growth factor receptors 1 to 3 
(FGFR1-3) are responsible for a diverse group of skeletal 
disorders. In general, mutations in FGFR1-2 cause syn-
dromes involving craniosynostosis, whereas the dwarfing 
syndromes are associated with FGFR3 mutations. Osteo-
glophonic dysplasia (OGD) is a “crossover” disorder that 
has skeletal phenotypes associated with FGFR1-2 muta-
tions as well as with FGFR3 mutations. In this regard, 
OGD patients present with craniosynostosis, prominent 
supraorbital ridge, and depressed nasal bridge, as well as 
with rhizomelic dwarfism and nonossifying bone lesions 
that show some similarity on x-ray to FD lesions.185 OGD 
is an autosomal dominant disorder that is caused by mis-
sense mutations in a highly conserved residues composing 
the ligand-binding and transmembrane domain of FGFR-
1, thus defining novel roles for this receptor as a negative 
regulator of long-bone growth. Of significance, three of 
the four OGD patients studied had isolated renal Pi wast-
ing with inappropriately low 1,25(OH)2D concentra-
tions.186 In one of these patients, a sample was available 
for analysis of plasma FGF-23 concentrations, which 
were significantly elevated above control levels.186 It was 
hypothesized that the associated metaphyseal lesions, 
which may be similar to FD lesions, produce FGF-23,  
which causes renal Pi wasting. Although only a few pa-
tients have been assessed, owing to the rarity of the dis-
order, OGD may have parallels with FD, whereby the 
l esional burden of a patient is proportional to the FGF-23  
production and the extent of Pi wasting.

Linear Nevus Sebaceous Syndrome. Linear nevus seba-
ceous syndrome (LNSS) is a rare congenital disorder in-
volving cutaneous lesions characterized by papillomatous 
epidermal hyperplasia and excess sebaceous glands.187,188 

Additional aberrations are often present in LNSS patients, 
including developmental defects of the brain that are as-
sociated with seizures, as well as eye complications.189

Another rare association with LNSS is hypophospha-
temic rickets, which usually presents within the first years 
of life, often as skeletal pain and insufficiency fractures.190 
The primary cause of LNSS is currently unknown, but 
a report described elevated serum FGF-23 in a patient 
with simultaneous therapy-resistant hypophosphatemic 
rickets.191 Treatment with octreotide and excision of the 
nevus were followed by normalization of serum FGF-23 
and regression of symptoms, implying a role of FGF-23 
in the development of hypophosphatemic rickets in this 
disorder.191

αKlotho Overexpression. A case of severe hypophos-
phatemic rickets with hyperparathyroidism was identi-
fied in which the patient was negative for mutations in 
other genes responsible for heritable hypophosphate-
mias including FGF-23, DMP1, and PHEX. The patient 
was found to have a de novo translocation (t9:13) with 
a breakpoint adjacent to the αKlotho gene,192 which en-
codes a single-pass membrane-bound renal co-receptor 
for FGF-23. This chromosomal abnormality was as-
sociated with elevated circulating levels of cleaved or 
“cut” form of Klotho (cKL) that is known to result from 
proteolytic cleavage of αKlotho at its extracellular jux-
tatransmembrane domain to produce a circulating iso-
form (see later for a description of KL isoforms). The 
translocation patient had markedly elevated FGF-23 in 
the face of prevailing hypophosphatemia, and hyper-
parathyroidism that necessitated gland debulking.192 
When cKL was delivered to mice via adeno-associated 
virus (AAV-cKL), a parallel phenotype was observed in 
the murine model characterized by markedly increased 
FGF-23 despite severe hypophosphatemia. It was de-
termined that elevated blood cKL resulted in increased 
FGF-23 mRNA production in bone (150-fold), which 
would explain the high FGF-23 concentrations despite 
low blood phosphate. In vitro studies indicated that 
cKL-FGFR interactions were involved in mediating cKL 
bioactivity.193

Disorders Associated with Reduced FGF-23 Bioactivity
Tumoral Calcinosis (OMIM No. 211900)
Familial TC is a heritable autosomal recessive disorder 
characterized by ectopic calcified tumoral masses, dental 
abnormalities, and soft-tissue ectopic and vascular calci-
fication.194-196 Biochemical abnormalities include hyper-
phosphatemia, increased TmP/GFR, and inappropriately 
normal or elevated 1,25(OH)2D concentrations. Calcium 
and PTH are typically within the normal reference range, 
although suppressed PTH levels also occur.195 Biochemi-
cally, TC is the mirror image of the Pi-wasting disorder 
ADHR.105,106 HHS is a rare disorder in which patients 
present with a similar biochemical profile to TC and have 
localized hyperostosis.197,198

Tumoral Calcinosis/HHS Due to GALNT3 Mutations
The gene first identified for the heritable form of TC 
was UDP-N-acetyl-alpha-D-galactosamine: polypeptide 
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N-acetylgalactos-aminyl transferase-3 (GALNT3), in 
which potentially inactivating mutations in GALNT3 
were detected.145 GALNT3 is expressed in the trans-
Golgi network and initiates O-linked glycosylation of 
nascent proteins. In another family with a reported auto-
somal dominant TC, the clinical symptoms were, in fact, 
caused by two different bi-allelic GALNT3 mutations, 
further supporting an autosomal recessive inheritance of 
this disorder.198 The patients with TC due to GALNT3 
mutations were originally reported to have serum FGF-23 
levels approximately 30-fold above the normal mean when 
assessed with the C-terminal FGF-23 ELISA.145 Impor-
tantly, it was demonstrated that the TC patients did indeed 
have elevated C-terminal FGF-23, but the same individu-
als had low circulating FGF-23 when measured with the 
intact FGF-23 ELISA.199,200 These findings were then con-
firmed by demonstrating that loss of GALNT3 resulted 
in the production of nonfunctional FGF-23 protein due 
to intracellular degradation.197 FGF-23 is O-glycosylated 
on residues within the 176RHTR179/S180 site (specifically at 
threonine 178), thus the lack of glycosylation at this resi-
due is thought to expose the SPC site and lead to degrada-
tion and destabilization of intact, active FGF-23.197

HHS is due to inactivating mutations in GALNT3,201 
and these patients also manifest inappropriate ELISA 
ratios of C-terminal to intact FGF-23.201,198 It has been 
shown that some of the HHS mutations are the same as 
those that result in TC,198 indicating that TC and HHS 
may represent ranges of severity within the same disease.

Tumoral Calcinosis Due to FGF-23 Mutations
It was also discovered that TC syndrome is caused by 
recessive mutations in the FGF23 gene. Groups reported 
mutations giving rise to an amino acid change from a ser-
ine to a glycine at residue 71 (S71G),202,203 or from a ser-
ine to a phenylalanine at residue 129 (S129F).204 Other 
missense mutations have also been identified, including 
Q54K205 and M96T.206 These FGF-23 TC mutations (see 
Table 62-2) occur within the FGF-23 N-terminal FGF-
like domain (residues 25 to 180). The TC alterations 
apparently destabilize intact FGF-23. This is supported 
by findings that TC patients with FGF23 mutations 
have the same FGF-23 ELISA pattern as GALNT3-TC 
patients (i.e., markedly elevated C-terminal concentra-
tions in concert with low intact values)202,203 and that 
these mutants are proteolytically cleaved prior to cellular 
secretion.202-204 This cleavage is in part mediated by SPC 
proteases, inasmuch as addition of the ADHR mutations 
in tandem with the S71G TC mutations in the FGF-23 
cDNA resulted in rescue of full-length FGF-23 produc-
tion.207 Thus the common element in GALNT3-TC and 
FGF-23-TC is the lack of secretion of intact FGF-23. This 
lack of active FGF-23 then results in elevation of serum Pi 
through increased renal reabsorption, which in turn most 
likely results in elevated secretion of nonfunctional FGF-23 
fragments through a positive-feedback cycle.

Tumoral Calcinosis Due to Klotho Mutations
FGF-23 is a member of a class of FGFs including FGF-
19 and FGF-21 that are endocrine, as opposed to para-
crine/autocrine, factors. FGF-23 requires the co-receptor 

alpha-Klotho (KL) for bioactivity, whereas FGF-19 and 
FGF-21 require beta-Klotho.208-210 KL-null mice have 
severe calcifications as well as markedly elevated serum 
Pi,211 which parallels Fgf23-null mice212 and that of TC 
patients. Both the KL-null and Fgf23-null mice, how-
ever, have more severe phenotypes than that observed in 
TC patients. Importantly, the defects in the KL-null and 
Fgf23-null mice can largely be ameliorated with a low Pi 
diet to reduce serum Pi.213,214 In parallel with Fgf23-null 
mice, KL-null mice have increased NPT2a in the proxi-
mal tubule,215 indicating that the hyperphosphatemia in 
these animals is secondary to increased renal reabsorp-
tion of Pi.

KL is produced as two isoforms due to alternative 
splicing of the same gene. Membrane-bound KL (mKL) 
is a 130-kD single-pass transmembrane protein charac-
terized by a large extracellular domain and a very short 
(10-residue) intracellular domain that does not possess 
signaling capabilities.216 A secreted form of KL (sKL) 
is approximately 80 kD and arises from splicing within 
the KLOTHO gene exon 3 to result in a KL protein that 
does not contain the transmembrane domain and could 
be secreted into the circulation.216 This form of KL, how-
ever, was not detected in human or mouse blood or cere-
brospinal fluid.217 The primary circulating form of KL 
is cleaved or “cut” Klotho (cKL) that results from pro-
teolytic cleavage of mKL at its extracellular juxtatrans-
membrane domain by ADAM10/17 and BACE protease 
activity.218

The most likely mechanism for FGF-23 signaling 
through KL is the recruitment of canonical FGF recep-
tors (FGFRs) to form active signaling complexes. One 
group has identified a specific complex between FGFR1c 
and KL.208 In contrast, others demonstrated that multiple 
FGFRs (FGFR-1c, FGFR-3c, and FGFR-4) can interact 
with KL and FGF-23 and signal through mitogen-activated 
protein kinase (MAPK) cascades.219 Importantly, within 
the kidney, KL localizes to the distal tubule,215 but FGF-
23 is known to mediate its effects on NPT2a, NPT2c, and 
the vitamin D–metabolizing enzymes within the proximal 
tubule.97,130 It has been shown that p-ERK1/2 signaling 
occurs in the DCT within minutes of FGF-23 delivery, 
indicating that a potential intrarenal signaling axis occurs 
for FGF-23.220 However, the mechanisms underlying this 
local DCT-PT axis in the kidney following FGF-23 deliv-
ery remain largely unclear.

Since Klotho (KL) is a co-receptor for FGF-23, this gene 
was tested as a candidate for TC in a 13-year-old female 
with hypothesized end-organ resistance to renal FGF-23 
activity. This patient presented with hyperphosphatemia; 
hypercalcemia; elevated PTH; elevated intact and C-ter-
minal FGF-23 over 100- to 550-fold elevation of the nor-
mal means221 (in contrast to the differential C-terminal 
to intact ELISA ratios in GALNT3- and FGF-23-TC); as 
well as ectopic calcifications in the heel and brain. She 
had normal pubertal development, and her disease paral-
leled KL-null mice with regard to ectopic calcifications 
and dramatic elevation of circulating FGF-23.208 This 
patient was shown to have a recessive mutation in a highly 
conserved residue (Histidine193Arginine, or H193R) 
in the extracellular domain of KL (the “KL1” domain).  
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Figure 62-4 Genes involved in FGF23 activity. Summary of genes involved in gain of FGF-23 bioactivity (yellow boxes) through intrinsic stabiliza-
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Mutant KL expression was markedly reduced in vitro 
compared to that of wild-type KL, which resulted in a 
striking reduction in the ability of KL to mediate FGF-
23-dependent signaling.221 Thus, an inactivating H193R 
KL mutation results in a TC phenotype and demonstrates 
that KL is required for FGF-23 bioactivity.

In sum, it is clear that in human disorders of phosphate 
handling and the corresponding mouse models, increased 
FGF-23 bioactivity is associated with renal phosphate 
wasting and inappropriately normal 1,25(OH)2 vitamin 
D concentrations, and that the converse biochemical rela-
tionships exist with loss of FGF-23 bioactivity in the hor-
mone itself or in its receptor complex (Fig. 62-4).

Genetic Hypophosphatemia Not Associated  
with Elevated FGF-23
Hereditary Hypophosphatemic Rickets with Hypercalciuria
HHRH was first described in a consanguineous Bedouin 
tribe.222 Similar to the disease entities described earlier, 
HHRH is characterized by hypophosphatemia; however, 
HHRH is distinguished by elevated 1,25(OH)D concen-
trations and suppressed PTH. The distinguishing biochem-
ical characteristic of this disorder when compared to the 
FGF-23-related diseases such as ADHR and XLH is the 
notable increase in serum 1,25(OH)D as a compensatory 
response to the prevailing hypophosphatemia.222 Affected 
individuals also have markedly elevated urine calcium 
excretion, with increased intestinal absorption of phos-
phorus and calcium that can lead to nephrolithiasis. Clini-
cally, patients with HHRH have rickets and short stature.  

Additional analysis of this kindred revealed 21 members 
with “intermediate” phenotypes, which led to an ini-
tial hypothesis that HHRH was inherited through an 
autosomal codominant mode. This group of patients 
manifested hypercalciuria, mild hypophosphatemia, 
and elevated calcitriol levels but no apparent bony 
abnormalities.223

To identify the genetic defect responsible for HHRH, a 
genome wide linkage scan was performed in combination 
with homozygosity mapping in the large Bedouin kindred 
in which HHRH was first described. Using this approach, 
the disorder was mapped to a 1.6-Mb region on chromo-
some 9q34, which contains the SLC34A3 gene that encodes 
NPT2c.224,225 A recessive, single-nucleotide deletion was 
then identified in this gene (228delC). Subsequently, in 
three unrelated HHRH families, a compound heterozy-
gous deletion and missense mutations were found,224 and 
additional mutations have been identified.226-228 These are 
loss-of-function changes and most likely result in impaired 
Pi reabsorption in the kidney nephron through reduced 
plasma membrane expression of NPT2c or the uncoupling 
of Na-Pi cotransport in the proximal tubule.227,228 One 
of the key physiologic implications of identifying disease-
causing mutations in NPT2c was the fact that this trans-
porter now appears to have a significant role in renal Pi 
reabsorption throughout life and is not limited to perina-
tal Pi homeostasis as previously hypothesized. The fact 
that NPT2c mutations lead to disease in humans but not 
in mice71 may indicate that this transporter plays a more 
important role in humans than in mice.
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HHRH is clinically managed somewhat differently 
from the hypophosphatemia associated with XLH or 
ADHR. Phosphate supplementation is an effective treat-
ment, but oral calcitriol is contraindicated; calcitriol lev-
els in this disease are already elevated.

Clinical Consequences and Treatment of Hypophosphatemia
Chronic hypophosphatemia reflects ongoing renal phos-
phate wasting, either from one of the genetic disorders 
described or from diseases associated with primary or 
secondary hyperparathyroidism, vitamin D deficiency or 
resistance, elevated PTHrP, or more generalized proximal 
tubular dysfunction (i.e., Fanconi’s syndrome). Sustained 
phosphate wasting may occur also in Dent’s disease229; 
in neurofibromatosis230; with various metabolic, hor-
monal, or electrolyte disturbances (poorly controlled 
diabetes,231 hypokalemia,232 or hypomagnesemia233); or 
following exposure to certain drugs or toxins (ethanol,234 
toluene,235 heavy metals, cisplatin, or foscarnet236). The 
major clinical manifestations of sustained hypophospha-
temia relate to the skeletal complications of rickets and 
osteomalacia noted earlier. Chronic phosphate depletion 
also may predispose to the development of acute, severe 
hypophosphatemia in certain clinical settings associated 
with rapid phosphate translocation into cells, such as 
intravenous glucose administration, insulin therapy for 
diabetic ketoacidosis, acute respiratory alkalosis, treat-
ment of pernicious anemia, uncontrolled hematologic 
malignancy, or use of hematopoietic cytokines.237,238 
Management of chronic hypophosphatemia involves cor-
rection of the underlying disorder (where possible) or 
measures directed at improving the skeletal disease, as 
described earlier for XLH.

POSSIBLE FUTURE THERAPEUTIC AVENUES
As evidence accumulates supporting the role of FGF-23 
in rare as well as more common disorders of phosphate 
homeostasis, this molecule is becoming an attractive ther-
apeutic target. Using a novel approach to understanding 
the mechanisms underlying XLH, neutralizing antibod-
ies targeting FGF-23 were administered to Hyp mice.138 
After 4 weeks of treatment, injection of the monoclonal 
antibodies resulted in complete normalization of the 
serum Pi and 1,25(OH)2D concentrations. Additionally, 
the Hyp rachitic lesions were ameliorated, and bone and 
tail length increased.138 Exploring the mechanisms for 

these physiologic changes indicated that the inactivation 
of FGF-23 in the mice led to increases in NPT2a protein 
and in 1α(OH)ase mRNA in the renal proximal tubule.138 
These studies reinforce the concept that FGF-23 has a 
central role in XLH.

As described earlier, serum FGF-23 concentrations 
are elevated in ADHR, XLH, TIO, and FD. TIO tumors 
can be difficult to locate, and all of these disorders can 
be debilitating. Certainly, the inactivation of circulating 
FGF-23 in the Hyp mouse, which causes the dramatic 
reversal in disease phenotype, leads to the exciting pos-
sibility of the use of FGF-23 antibodies to treat these dis-
orders of renal Pi handling. Ameliorating the symptoms 
of TIO by using the FGF-23 antibodies until the tumor 
is found, or treating XLH early in life, could alleviate 
potentially harmful effects of long-term Pi and vitamin D 
therapy, such as hyperparathyroidism and nephrocalci-
nosis with resulting renal insufficiency.

The most direct potential application for recombinant 
FGF-23 could be in familial tumoral calcinosis. Several 
groups have demonstrated that inactivating mutations 
in FGF-23 lead to FTC;202,203 thus delivering recombi-
nant FGF-23 may completely resolve the disorder by 
directly treating the molecular defect through replace-
ment of missing or mutant FGF-23. Additional data are 
required to determine if FGF-23 would be a potential 
treatment for GALNT3-mediated TC. Whether ADHR-
mutant FGF-23 (mutant at positions 176 and/or 179) 
would provide a “longer-acting” form of therapy as 
a result of stabilization of the full-length polypeptide 
compared to the labile wild-type form remains to be 
determined.
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K E Y  P O I N T S

 •  The clinical presentation of primary hyperparathyroidism (PHPT) has evolved from a 
highly symptomatic disorder to one that is asymptomatic in the majority of patients. 
Our understanding of the disease continues to evolve, with the recent recognition of a 
new phenotype, normocalcemic primary hyperparathyroidism.

 •  Despite the rarity of overt bony complications in PHPT today, sensitive tools 
demonstrate continued evidence of skeletal involvement in both cortical and trabecular 
compartments that have implications for disease management.

 •  Surgery remains the only cure for PHPT, and there are no widely applicable medical 
alternatives to parathyroidectomy. All symptomatic patients should undergo surgery. 
New data have led to revisions in 2002, 2008, and 2013 of the original 1990 criteria 
for parathyroidectomy in asymptomatic PHPT, providing evidence-based guidelines for 
the clinician.
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Hypercalcemia and elevated parathyroid hormone (PTH) 
levels characterize primary hyperparathyroidism (PHPT). 
The disease today bears little resemblance to the severe 
disorder of “stones, bones, and groans” described by 
Fuller Albright and others in the 1930s.1-6 Osteitis fibrosa 
cystica was the hallmark of classic PHPT. Radiography 
of the skeleton showed brown tumors of the long bones, 
subperiosteal bone resorption, distal tapering of the clav-
icles and phalanges, and “salt-and-pepper”–appearing  
erosions of the skull on radiograph (Fig. 63-1).7 Neph-
rocalcinosis was present in 80% of patients, and neu-
romuscular dysfunction with muscle weakness was 
also common. With the advent of the automated serum 
chemistry autoanalyzer in the 1970s, the diagnosis of 
PHPT became much more common, with a fourfold to 
fivefold increase in incidence.8-10 Classic symptomatol-
ogy, concomitantly, became much less common. In the 
United States and elsewhere in the developed world, 
symptomatic PHPT is now the exception rather than the 
rule, with more than three fourths of patients having no 
symptoms attributable to their disease, making PHPT a 
disease that has “evolved” from its classic presentation 
(Table 63-1).11-14 Nephrolithiasis is still seen, although 
much less frequently than in the past. Now, radiologi-
cally evident bone disease is rare, but bone involvement is 
readily detected by bone mass measurement. This chapter 
describes the clinical picture of PHPT as it presents today, 
how it can be differentiated from other causes of hyper-
calcemia, and its clinical course. Issues in management, 
many of which are still unresolved, are also addressed. A 
detailed discussion of our current understanding of the 
etiology of this disease can be found in Chapter 64.

PATHOLOGY

Parathyroid Adenomas
By far the most common lesion found in patients with 
PHPT is the solitary parathyroid adenoma, occurring 
in 80% of patients.7,14,15 Several risk factors have been 
identified in the development of PHPT. These include a 
history of neck irradiation16 and prolonged use of lith-
ium therapy for affective disorders.17,18 Although in most 
cases a single adenoma is found, multiple parathyroid 
adenomas have been reported in 2% to 4% of cases.19 
These may be familial or sporadic. Parathyroid adenomas 
can be discovered in many unexpected anatomic locations 
(see Chapter 61). Embryonal migration patterns of para-
thyroid tissue account for a plethora of possible sites of 
ectopic parathyroid adenomas. The most common sites 
are within the thyroid gland, the superior mediastinum, 
and within the thymus.20 Occasionally, the adenoma may 
ultimately be identified in the retroesophageal space, the 
pharynx, the lateral neck, and even in the alimentary sub-
mucosa of the esophagus.21-23 On histologic examination, 
most parathyroid adenomas are encapsulated and are 
composed of parathyroid chief cells. Adenomas contain-
ing mainly oxyphilic or oncocytic cells are rare but can 
give rise to clinical PHPT.

Multiglandular Parathyroid Disease
In approximately 15% of patients with PHPT, all four 
parathyroid glands are involved. There are no clinical fea-
tures that differentiate single versus multiglandular dis-
ease. The etiology of four-gland parathyroid hyperplasia 
is multifactorial. In nearly half of cases, it is associated 

Figure 63-1 Radiologic represen-
tation of osteitis fibrosa cystica in 
classic primary hyperparathyroid-
ism. A, Salt-and-pepper skull. B, 
Cystic bone disease of the clavicle. 
C, Subperiosteal bone resorption 
of the digits. D, Cortical erosions.
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with a familial hereditary syndrome such as multiple 
endocrine neoplasia (MEN) type 1 or type 2a. These syn-
dromes are discussed in detail in Chapters 148 and 149, 
respectively.

CLINICAL PRESENTATION

Incidence
The incidence of PHPT has changed dramatically.8,9,24,25 
Before the advent of the multichannel autoanalyzer in the 
early 1970s, Heath et al8 reported an incidence of 7.8 
cases per 100,000 persons in Rochester, Minnesota. With 
the introduction of routine calcium measurements in the 
mid-1970s, this rate rose precipitously to 51.1 cases per 
100,000 in the same community. After prevalent cases 
were diagnosed (the “sweeping” effect), the incidence 
declined to approximately 27 per 100,000 persons per 
year. A report from Rochester, Minnesota, suggested 
that newly diagnosed cases of PHPT have been declin-
ing continuously since the mid-1970s.24 The decline in 
incidence is not explained by a change in the use of multi-
channel chemical screening because, in the United States, 
it is only in the very late 1990s that use of this technique 
became limited. Moreover, such declines in incidence 
are not apparent at other medical centers. It is possible 
that the special demographics of Rochester, Minnesota, 
combined with the rather complete discovery of PHPT in 
a population that receives virtually all of its care in one 
system (ideal epidemiologic surveillance) would naturally 
be associated with declining numbers for years thereafter. 
The analogy here might be to overfishing a small pond. 
Unrelated to the Rochester, Minnesota, experience, the 
United States may soon experience a decline in new cases 
of PHPT because multichannel screening is now more 
limited. On the other hand, greater appreciation of the 
potential of parathyroid hormone to be a catabolic force 
in postmenopausal women with osteoporosis has led to 
measurement of PTH even in subjects who do not have 
hypercalcemia. This trend has led to the emergence of a 
new entity, normocalcemic PHPT. A number of factors 
and forces are thus likely to influence the incidence of 
PHPT in the future (see later discussion).

Clinical Features
PHPT occurs predominantly in individuals in their mid-
dle years, with a peak incidence between ages 50 and 60 
years. However, the disease is seen at all ages. Women are 
affected more frequently than men, in a ratio of approxi-
mately 3:1. At the time of diagnosis, most patients with 
PHPT do not exhibit classic symptoms or signs associ-
ated with disease. Kidney stones are uncommon, and 

fractures are rare.14 Diseases associated epidemiologically 
with PHPT have included hypertension,26-28 peptic ulcer 
disease, gout, or pseudogout.29,30 Some concomitant dis-
orders such as hypertension are commonly seen, but it 
is not established that any of these associated disorders 
are etiologically linked to the disease. The only excep-
tion is the MEN syndromes, in which MEN1 is often seen 
with peptic ulcer disease, and MEN2 may be associated 
with a pheochromocytoma. Constitutional complaints 
such as weakness, easy fatigability, depression, and intel-
lectual weariness are seen with some regularity (see later 
discussion).31

The physical examination is generally unremarkable. 
Band keratopathy, a hallmark of classic PHPT, occurs 
because of deposition of calcium phosphate crystals in 
the cornea but is virtually never seen grossly. Even by slit-
lamp examination, this finding is rare. The neck shows no 
masses. The neuromuscular system is normal.

Differential Diagnosis
The diagnosis of PHPT is made when hypercalcemia and 
elevated PTH levels are present. The other major cause 
of hypercalcemia, malignancy, is readily distinguished 
from PHPT. Patients with hypercalcemia of malignancy 
typically have advanced disease that has already been 
diagnosed. An exception is multiple myeloma, in which 
hypercalcemia can be the initial manifestation. These 
diseases can be easily distinguished; PTH levels are sup-
pressed in multiple myeloma. The differential diagnosis 
of hypercalcemia, however, includes a number of other 
etiologies, including rare ones.32

Improved testing for PTH, especially immunoradio-
metric assay (IRMA) and immunochemiluminometric 
assay (ICMA), has facilitated the distinction between 
PHPT and hypercalcemia of malignancy. In recent years, 
it has become clear that the “intact” immunoradiometric 
assay for PTH (“intact” IRMA) may significantly overes-
timate the concentration of biologically active parathy-
roid hormone. In 1998, Lepage et al33 demonstrated a 
large non-(1–84) PTH fragment that comigrated with a 
large aminoterminally truncated fragment (PTH[7–84]) 
and showed substantial cross-reactivity in commercially 
available IRMAs. This large, inactive moiety constituted 
as much as 50% (20% to 90%) of immunoreactivity by 
IRMA for PTH in individuals with chronic renal failure.34 
Recognition of this molecule led to the development of 
a new IRMA using affinity-purified polyclonal antibod-
ies to PTH(39–84) and to the extreme N-terminal amino 
acid regions, PTH(1–4).35,36 This assay detects only the 
full-length PTH molecule, PTH(1–84). It does not detect 
the large inactive fragment that normally circulates. This 

TABLE 63-1 Changing Profile of Primary Hyperparathyroidism

Cope (1930-1965) Heath et al (1965-1974) Mallette et al (1965-1972) Silverberg et al (1984-2009)

Nephrolithiasis (%) 57 51 37 17
Skeletal disease (%) 23 10 14 1.4
Hypercalciuria (%) NR 36 40 39
Asymptomatic (%) 0.6 18 22 80

NR, Not reported.
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assay has clear utility in uremic patients, in whom the 
“intact” IRMA has been shown to considerably overesti-
mate elevations in biologically active hormone concentra-
tion.33,37,38,39 In PHPT (see Chapter 63), both assays seem 
equivalently discriminant.

A small percentage of patients with PHPT have PTH 
levels that are within the normal reference range as mea-
sured either by the classic IRMA or the newer PTH(1–84) 
assay. In these patients, levels tend to be in the upper 
range of normal. In PHPT, such values, although within 
the normal range, are clearly abnormal in a hypercalce-
mic setting. This is even more evident in patients younger 
than 45 years. Because PTH levels normally rise with age, 
the broad normal range for the older IRMA (10 to 65 
pg/mL) reflects values for the entire population. In the 
younger-than-45 individual, one expects a narrower, 
lower normal range (10 to 45 pg/mL), so hypercalce-
mia and a PTH level of 50 pg/mL is distinctly abnormal. 
Occasionally, in either a younger or older patient, the 
PTH level as measured by the established IRMA will not 
even be in the upper end of the normal range but as low 
as 30 pg/mL. Such unusual examples generally require a 
more careful consideration of other causes of hypercalce-
mia. But in the end, these individuals are likely to have 
PHPT also because non–PTH dependent hypercalcemia 
should suppress the PTH concentration to levels that are 
either undetectable or at the lower limits of the refer-
ence range. Souberbielle et al40 have illustrated that the 
normal range is very much a function of whether or not 
the reference population is or is not vitamin D deficient. 
When vitamin D–deficient individuals were excluded, the 
upper limit of the PTH reference interval decreased from 
65 to 46 pg/mL. When vitamin D–deficient individuals 
were excluded from the subjects used to establish a refer-
ence interval for “whole PTH,” the upper limit decreased 
from 44 to 34 ng/L.

Ninety percent of patients with hypercalcemia will 
be shown either to have PHPT or malignancy. Although 
there are many other causes of hypercalcemia (Table 
63-2), they constitute only approximately 10% of the 

hypercalcemic population. Here also, the PTH assay is 
useful. With the exception of lithium and thiazide use 
and familial hypocalciuric hypercalcemia (FHH), vir-
tually all other causes of hypercalcemia are associated 
with suppressed levels of PTH. If the patient can be 
safely withdrawn from lithium or thiazide, this should 
be attempted. Serum calcium and PTH levels are then 
reassessed 3 months later. If the serum calcium and PTH 
levels continue to be elevated, the diagnosis of PHPT is 
made. Whereas patients can generally be readily with-
drawn from a thiazide diuretic, patient safety must be the 
first consideration in any decision to withdraw lithium 
therapy. The recent emergence of a number of alterna-
tive therapeutic approaches may make this option realis-
tic. FHH is differentiated from PHPT by family history, 
markedly lowered urinary calcium excretion, and the 
specific gene abnormality (see Chapter 64).

Rarely, a patient with malignancy will be shown to 
have elevated PTH levels resulting from ectopic secretion 
of native PTH from the tumor itself.32 Much more com-
monly, the malignancy is associated with the secretion of 
parathyroid hormone–related protein (PTHrP), a mol-
ecule that does not cross-react in the IRMA and ICMA 
assays. Finally, it is possible that a malignancy is present 
in association with PHPT. When the PTH level is elevated 
in someone with a malignancy, this is more likely to be 
the case than a true ectopic PTH syndrome.

Using the third-generation assay for PTH(1-84), a 
second molecular form of PTH(1-84) that is immuno-
logically intact at both extremes has been identified. This 
molecule reacts only poorly in second-generation PTH 
assays. This molecular species represents less than 10% 
of the immunoreactivity in normal individuals and up to 
15% in renal failure patients. It has been shown as over-
expressed, however, in a limited number of patients with 
a severe form of PHPT or with parathyroid cancer.41

Occasionally a patient with PHPT has normal cal-
cium levels. Although the term “normocalcemic PHPT” 
has been in use for decades, there has been considerable 
controversy concerning the accuracy of this designation. 
In many cases, the increases in PTH levels were more 
apparent than real and were attributable to the limita-
tions of available assay technology. The midmolecule 
radioimmunoassay for PTH, previously in common use, 
measured hormone fragments in addition to the intact 
molecule. The latter are retained, leading to spuriously 
elevated PTH levels, particularly in those with renal 
insufficiency in whom clearance of hormone fragments is 
impaired. Alternative explanations for hyperparathyroid-
ism in so-called normocalcemic PHPT patients have been 
discovered, including hypercalciuria, renal insufficiency, 
and certain forms of liver and gastrointestinal disease. 
In recent years, it has become clear that many patients 
designated as having normocalcemic PHPT in fact were 
vitamin D deficient. Vitamin D deficiency with coexist-
ing PHPT can give the semblance of normal calcium lev-
els when in fact they would have been hypercalcemic if 
the vitamin D levels were normal. Furthermore, we now 
appreciate that the normal circulating physiologic range 
of 25-hydroxyvitamin D (25[OH]D) may be significantly 
higher than the levels previously used to diagnose vitamin D  

TABLE 63-2 Differential Diagnosis of Hypercalcemia

Primary hyperparathyroidism
Benign
Parathyroid carcinoma
Hypercalcemia of malignancy
Nonparathyroid endocrine causes
Thyrotoxicosis
Pheochromocytoma
Addison’s disease
Islet cell tumors
Drug-related hypercalcemia
Vitamin D
Vitamin A
Thiazide diuretics
Lithium
Estrogen and antiestrogens
Familial hypocalciuric hypercalcemia
Immobilization
Milk-alkali syndrome
Parenteral nutrition
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deficiency. The diagnosis of normocalcemic PHPT 
requires that the patient have levels of 25(OH)D within 
the normal minimum physiologic range of 30 ng/mL.

With these points in mind, elevated PTH levels and nor-
mal calcium levels have been reported in patients. These 
subjects do not experience serum calcium levels that extend 
occasionally into the abnormal range nor do they have any 
of the known secondary causes for an elevated PTH level. 
An explanation for why this entity is being seen today may 
reside in the fact that endocrinologists and other osteo-
porosis specialists currently evaluate the skeletal status of 
women at risk for osteoporosis not only with determina-
tion of bone density but also with calciotropic hormone 
measurements. These patients may represent the earliest 
manifestations of PHPT, a “forme fruste” of the disease. 
That these patients should exist is not surprising, insofar as 
clinical manifestations of PHPT are already present when 
the disorder is commonly diagnosed with hypercalce-
mia.42,43 One would expect the earliest phase of this disease 
to be characterized by elevated PTH levels in the absence 
of hypercalcemia. During this clinically silent period, the 
patient would not come to medical attention because the 
serum calcium is normal. However, if these patients were 
to have PTH levels measured, one might expect to discover 
patients with this condition. Several reports have appeared 
describing these individuals, with several patients progress-
ing to overt hypercalcemia while under observation.44-46 
Frankly low or low-normal serum calcium concentrations 
suggest an adaptive response to hypocalcemia with high 
PTH levels. Secondary hyperparathyroidism can be seen 
in patients with renal insufficiency, malabsorption, or any 
of the other vitamin D–deficiency states. Rarely, patients 
with PHPT and coexisting vitamin D deficiency will pres-
ent with low calcium concentration. PTH levels are high. 
In such patients, correction of the vitamin D deficiency is 
associated with a rise in serum calcium concentration into 
the hypercalcemic range.47

Other Biochemical Features
In PHPT, serum phosphorus tends to be in the lower 
range of normal, but frank hypophosphatemia is present 
in less than one fourth of patients. The hypophosphate-
mia, when present, represents the phosphaturic actions 
of PTH. Average total urinary calcium excretion is at the 
upper end of the normal range, with about 40% of all 
patients experiencing hypercalciuria. Serum 25(OH)D 
levels tend to be in the lower end of the normal range. 
Although mean values of 1,25(OH)2D3 are in the high-
normal range, approximately one third of patients have 
frankly elevated levels of 1,25(OH)2D3.48 This pattern is 
a result of the actions of PTH to facilitate the conver-
sion of 25(OH)D to 1,25(OH)2D. A mild hyperchloremia 
is seen occasionally, resulting from the effect of PTH on 
renal acid-base balance. A typical biochemical profile is 
shown in Table 63-3.

THE SKELETON
The classic radiologic bone disease of PHPT, osteitis 
fibrosa cystica, is rarely seen today in the United States. 
Most series place the incidence of osteitis fibrosa cystica 

at less than 2% of patients with PHPT. The absence of 
classic radiographic features (salt-and-pepper skull, taper-
ing of the distal third of the clavicle, brown tumors) does 
not mean that the skeleton is not involved in the meta-
bolic processes associated with hyperparathyroid bone 
disease. With more sensitive techniques, it has become 
clear that skeletal involvement in the hyperparathyroid 
process is actually quite common. This section reviews 
the profile of the skeleton in PHPT as it is reflected in 
assays for bone markers, bone densitometry, and bone 
histomorphometry.

Bone Markers
PTH stimulates both bone resorption and bone forma-
tion. Markers of bone turnover, which reflect those 
dynamics, provide clues to the extent of skeletal involve-
ment in PHPT.12 The study of bone markers in PHPT has 
been of considerable interest for several reasons. First, 
this inquiry sheds light on which markers accurately 
reflect skeletal activity in the patient with PHPT. Second, 
the evaluation of markers of bone turnover in PHPT has 
provided insight into the hyperparathyroid process in 
bone. Finally, markers of bone turnover might provide 
clues to the extent of postoperative improvements in bone 
mineral density (BMD).

Bone Formation Markers
Osteoblast products, including bone-specific alkaline 
phosphatase activity, osteocalcin, and type 1 procollagen 
peptide, reflect bone formation.12 Despite the availabil-
ity of these sensitive measurements of bone formation, 
the total alkaline phosphatase activity—part of the mul-
tichannel biochemical screening profile—is still widely 
assessed in PHPT. In PHPT, levels can be mildly elevated, 
but in many patients, total alkaline phosphatase values 
are within normal limits.49,50 In a small study from our 
group,51 bone-specific alkaline phosphatase activity cor-
related with PTH levels and BMD at the lumbar spine 
and femoral neck. Osteocalcin is also generally increased 
in patients with PHPT.51-53 Osteocalcin correlates with 
other indices of bone formation. Assays for procollagen 

TABLE 63-3 Biochemical Profile in Primary 
Hyperparathyroidism (n = 137)

Patients (Mean ± SEM) Normal Range

Serum calcium 10.7 ± 0.1 mg/dL 8.2-10.2 mg/dL
Serum phosphorus 2.8 ± 0.1 mg/dL 2.5-1.5 mg/dL
Total alkaline 

phosphatase
114 ± 5 IU/L <100 IU/L

Serum magnesium 2.0 ± 0.1 mg/dL 1.8-2.4 mg/dL
PTH (IRMA) 119 ± 7 pg/mL 10-65 pg/mL
25(OH)D 19 ± 1 ng/mL 30-80 ng/mL
1,25(OH)2D 54 ± 2 pg/mL 15-60 pg/mL
Urinary calcium 240 ± 11 mg/g 

 creatinine
Urine DPD 17.6 ± 1.3 nmol/

mmol creatinine
<14.6 nmol/mmol 

creatinine
Urine PYD 46.8 ± 2.7 nmol/

mmol creatinine
<51.8 nmol/mmol 

creatinine

DPD, Deoxypyridinoline; PTH (IRMA), parathyroid hormone (im-
munoradiometric assay); PYD, pyridinoline.
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extension peptides reflect osteoblast activation and bone 
formation but have not been shown to have signifi-
cant predictive or clinical utility in PHPT.53 In a small 
study of patients with PHPT, C-terminal propeptide of 
human type 1 procollagen (PICP) levels were higher than 
in control subjects,54 but distinct elevations were much 
less impressive than those seen for alkaline phosphatase, 
osteocalcin, or even hydroxyproline (see later discussion).

Bone Resorption Markers
Markers of bone resorption include the osteoclast prod-
uct, tartrate-resistant acid phosphatase (TRAP), and 
collagen breakdown products such as hydroxyproline, 
hydroxypyridinium cross-links of collagen, and N- and 
C-telopeptides of type 1 collagen.12 Urinary hydroxypro-
line, previously the only available marker of bone resorp-
tion, no longer offers sufficient sensitivity or specificity 
to make it a useful tool in the assessment of patients 
with PHPT. Although urinary hydroxyproline was 
frankly elevated in patients with osteitis fibrosa cystica, 
in mild asymptomatic PHPT it is now generally normal. 
Hydroxypyridinium cross-links of collagen, pyridino-
line (PYD), and deoxypyridinoline (DPD), on the other 
hand, are often elevated in PHPT. They return to normal 
after parathyroidectomy.55 DPD and PYD both correlate 
positively with PTH concentrations. N- and C-terminal 
peptides of type I collagen (NTX and CTX) are likely to 
have utility, but they have not been studied extensively in 
PHPT. Other markers of bone resorption have also been 
limited in their application to bone turnover in PHPT. 
For example, studies of TRAP are limited, although lev-
els have been shown to be elevated.47 In the case of the 
PYD cross-linked telopeptide domain of type I collagen 
(ICTP), pooled data from patients with high turnover dis-
eases (i.e., PHPT as well as hyperthyroidism) suggest that 
this marker may reflect calcium kinetics and histomor-
phometric indices.12 Data specifically relevant to PHPT 
are not yet available. Bone sialoprotein, a phosphorylated 
glycoprotein that makes up approximately 5% to 10% 
of the noncollagenous bone protein, appears to reflect 
processes associated with both bone formation and bone 
resorption. In PHPT, bone sialoprotein levels are elevated 
and correlate with urinary PYD and DPD.55 Thus, sensi-
tive assays of bone formation and bone resorption are 
both elevated in mild PHPT.

Longitudinal Bone Marker Studies
Studies of bone markers in the longitudinal follow-up 
of patients with PHPT are limited but indicate a reduc-
tion in these turnover markers following parathyroidec-
tomy. Information from our group,55,56 Guo et al,57 and 
Tanaka et al58 all report declining levels of bone markers 
following surgery, although the choice of markers in the 
individual studies differed. Data are also emerging con-
cerning the kinetics of change in bone resorption versus 
bone formation following parathyroidectomy. We have 
found that markers of bone resorption decline rapidly 
following cure of PHPT, whereas indices of bone forma-
tion follow a more gradual decrease.55 Urinary PYD and 
DPD decreased significantly as early as 2 weeks follow-
ing parathyroidectomy, preceding reductions in alkaline 

phosphatase. Similar data were reported from Tanaka 
et al,58 who demonstrated a discrepancy between changes 
in NTX (reflecting bone resorption) and osteocalcin 
(reflecting bone formation) following parathyroidec-
tomy, and Minisola et al,54 who reported a drop in bone 
resorptive markers and no significant change in alkaline 
phosphatase or osteocalcin. Short-term studies reported a 
brief increase in PICP immediately following parathyroid-
ectomy, whereas bone resorptive markers fell promptly. 
The persistence of elevated bone formation markers 
coupled with rapid declines in bone resorption markers 
indicate a shift in the coupling between bone formation 
and bone resorption toward an anabolic buildup of bone 
mineral postoperatively. Increases in bone density post-
operatively provide support for this idea.

Cytokines
Although studies of bone markers shed light on the skel-
etal manifestations of PHPT, other molecules have been 
studied to elucidate the mechanism underlying the effects 
of PTH excess on bone. These factors, or cytokines, 
released in response to PTH, lead to important direct and 
indirect effects on bone cells. Some, such as interleukins 
(ILs)-1, -6, and -11, transforming growth factor β (TGF-
β), epidermal growth factor (EGF), and tumor necrosis 
factor (TNF), stimulate bone resorption. Others, includ-
ing IL-4, insulin-like growth factor 1 (IGF-1), TGF-β, and 
interferons, may be anabolic for bone. Alterations in the 
levels of some or all of these cytokines may account for 
the mechanism of accelerated bone turnover and selective 
bone loss in PHPT.

IL-6 and TNF-α have been studied as possible media-
tors of bone resorption in PHPT. In vitro and in vivo data 
support an effect of PTH in stimulating production of 
IL-6, which in turn leads to increased osteoclastogene-
sis.59 Furthermore, monoclonal neutralizing antibodies to 
IL-6 prevent PTH-mediated bone resorption in a mouse 
model.60 In PHPT, serum levels of TNF-α and IL-6 are 
increased and fall following parathyroidectomy.61 Impor-
tantly, TNF and IL-6 concentrations correlate with the 
level of PTH in patients with PHPT. Bone turnover mark-
ers correlate with levels of these cytokines as well, sup-
porting an important role of the cytokines in mediating 
the skeletal effects of PTH excess in PHPT.62,63 Further-
more, IL-6 soluble receptor has recently been reported to 
predict rates of bone loss in mild PHPT. Although cyto-
kine levels did not correlate significantly with bone den-
sity measurements in the report of Grey et al,61 it should 
be noted that bone density was not assessed at the site 
containing mostly cortical bone (the radius) where the 
catabolic effects of excess PTH would be expected to be 
seen most clearly. More information is needed to confirm 
these observations, especially with appropriate control 
subjects, and to test for potential involvement of other 
bone-resorptive cytokines in PHPT.

The involvement of other factors in the anabolic effect 
of PHPT on bone is also being studied. Levels of IGF-
1, which is well documented to be a direct mediator of 
PTH action in bone, and insulin-like growth factor–bind-
ing protein 3 (IGFBP-3), the major binding protein for 
IGF-1, change following parathyroidectomy in PHPT.64 
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The alteration in the ratio of IGF-1 to IGFBP-3 supports 
enhanced delivery of IGF-1 to tissues following surgery, 
an increase that is inversely proportional to the observed 
rise in lumbar spine and femoral neck bone density. It is 
not known whether the anabolic properties of PTH at 
cancellous sites (e.g., lumbar spine) can be explained by 
IGF-1 before surgery.

Bone Densitometry
The advent of bone mineral densitometry as a major diag-
nostic tool for osteoporosis occurred at a time when the 
clinical profile of PHPT was changing from a symptom-
atic to an asymptomatic disease. This fortuitous timing 
allowed questions about skeletal involvement in PHPT to 
be addressed when specific radiologic features of PHPT 
had all but disappeared. Bone mass measurements could 
provide information about the actual state of bone min-
eral with great accuracy and precision. The known physi-
ologic proclivity of PTH to be catabolic at sites of cortical 
bone make a cortical site essential to any complete den-
sitometric study of PHPT. By convention, the distal third 
of the radius is the site used. The early densitometric stud-
ies in PHPT also showed another physiologic property of 
PTH, namely, to be anabolic at cancellous sites. The lum-
bar spine became an important site to measure not only 
because it is predominantly cancellous bone, but also 
because postmenopausal women are at risk for cancellous 
bone loss. In PHPT, bone density at the distal third of 
the radius is diminished.65,66 Bone density at the lumbar 
spine is only minimally reduced. The hip region, contain-
ing a relatively equal mixture of cortical and cancellous 
elements, shows bone density intermediate between the 
cortical and cancellous sites (Fig. 63-2). The results sup-
port not only the notion that PTH is catabolic for cortical 
bone but also the view that PTH is anabolic in cancel-
lous bone.67-69 In postmenopausal women, the same 
pattern was observed.66 Postmenopausal women with 
PHPT, therefore, show a reversal of the pattern typically 

associated with postmenopausal bone loss: preferential 
loss of cancellous bone. The reduced bone density at the 
distal radius (cortical bone) and preserved density at the 
lumbar spine (cancellous bone) suggest that PHPT helps 
protect postmenopausal women from bone loss resulting 
from estrogen deficiency.

Observations of skeletal health in PHPT made by bone 
densitometry have established the importance of this 
technology in the evaluation of all patients with PHPT. 
Without this information, the data set leading to surgical 
recommendations is incomplete. The Consensus Develop-
ment Conference on Asymptomatic Primary Hyperpara-
thyroidism in 1990 implicitly acknowledged this point 
when bone mineral densitometry was included as a sepa-
rate criterion for clinical decision making.70 Since that 
time, bone densitometry has become an indispensable 
component of both evaluating the patient and establish-
ing clinical guidelines for management and monitoring.

The bone density profile in which there is relative pres-
ervation of skeletal mass at the vertebrae and diminution 
at the more cortical distal radius is not always seen in 
PHPT. Although this pattern is evident in the vast major-
ity of patients, a small group of patients show evidence 
of vertebral osteopenia at the time of presentation. In our 
natural-history study, approximately 15% of patients 
had a lumbar spine Z score of less than –1.5 at the time of 
diagnosis.71 Only half of these patients were postmeno-
pausal women, so not all vertebral bone loss could be 
attributed entirely to estrogen deficiency. These patients 
are of interest with regard to changes in bone density fol-
lowing parathyroidectomy and are discussed in further 
detail later. The extent of vertebral bone involvement will 
vary as a function of disease severity. In the typical mild 
form of the disease, the pattern described earlier is seen. 
When PHPT is more advanced, there will be more gener-
alized involvement, and the lumbar spine will not appear 
to be protected. When PHPT is severe or more symptom-
atic, all bones can be extensively involved.

Bone Histomorphometry
Analyses of percutaneous bone biopsies from patients with 
PHPT have provided direct information that could only 
be indirectly surmised by bone densitometry and by bone 
markers. Both static and dynamic parameters present a pic-
ture of cortical thinning, maintenance of cancellous bone 
volume (Fig. 63-3), and a very dynamic process associated 
with high turnover and accelerated bone remodeling.

Cortical thinning, inferred by bone mineral densitom-
etry, is clearly documented in a quantitative manner by 
iliac crest bone biopsy.72-74 Van Doorn et al75 demon-
strated a positive correlation between PTH levels and 
cortical porosity. These findings are consistent with the 
known effect of PTH to be catabolic at endocortical 
surfaces of bone. Osteoclasts are thought to erode more 
deeply along the corticomedullary junction under the 
influence of PTH.

Histomorphometric studies have contributed most by 
elucidating the nature of cancellous bone preservation in 
PHPT.75 Again, as suggested by bone densitometry, can-
cellous bone volume is clearly well preserved in PHPT. 
This is seen as well among postmenopausal women with 
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Figure 63-2 Bone densitometry in primary hyperparathyroidism. 
Data are shown in comparison to age-matched and sex-matched nor-
mal subjects. Divergence from expected values is different at each site 
(P < .0001). (Data from Silverberg SJ, Shane E, de la Cruz L, et al: 
Skeletal disease in primary hyperparathyroidism, J Bone Miner Res. 
1989;4:283-291.)
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PHPT. Several studies have shown that cancellous bone 
is actually increased in PHPT as compared to normal 
subjects.76,77 When cancellous bone volume is compared 
among age- and sex-matched subjects with PHPT or post-
menopausal osteoporosis, a dramatic difference is evident 
(Fig. 63-4). Whereas postmenopausal women with osteo-
porosis have reduced cancellous bone volume, women 
with PHPT have higher cancellous bone volume.77 This 
observation suggests that whereas PHPT is said to be a 
risk factor for postmenopausal osteoporosis, it is a syn-
drome of bone loss. The region(s) of bone loss in PHPT 
is(are) directed toward the cortical bone compartment, 
with good maintenance of cancellous bone volume unless 
the PHPT is unusually active.

Preservation of cancellous bone volume even extends to 
comparisons with the expected losses associated with the 
effects of aging on cancellous bone physiology. In a study 
of 27 patients with PHPT (10 men and 17 women), static 
parameters of bone turnover (osteoid surface, osteoid 
volume, and eroded surface) were increased, as expected, 
in patients relative to control subjects.78 However, in 
control subjects, trabecular number varied inversely 
with age, whereas trabecular separation increased with 

advancing age. Both of these observations are expected 
concomitants of aging. In marked contrast, in the patients 
with PHPT, no such age dependency was seen. There was 
no relationship between trabecular number or separation 
and age in PHPT, suggesting that the actual plates and 
their connections were being maintained throughout time 
more effectively than one would have expected through 
the aging process. Thus, PHPT seems to retard the nor-
mal age-related processes associated with trabecular loss.

In PHPT, indices of trabecular connectivity are greater 
than expected, whereas indices of disconnectivity are 
decreased. When three matched groups of postmeno-
pausal women were assessed (a normal group, a group 
with postmenopausal osteoporosis, and a group with 
PHPT), women with PHPT were shown to have trabecu-
lae with less evidence of disconnectivity compared with 
normals, despite increased levels of bone turnover,76,78 so 
cancellous bone is preserved in PHPT through the main-
tenance of well-connected trabecular plates. To determine 
the mechanism of cancellous bone preservation in PHPT, 
static and dynamic histomorphometric indices were com-
pared between normal and hyperparathyroid postmeno-
pausal women. In normal postmenopausal women, there 
is an imbalance in bone formation and resorption, which 
favors excess bone resorption. In postmenopausal women 
with PHPT, on the other hand, the adjusted apposition 
rate is increased. Bone formation, thus favored, may 
explain the efficacy of PTH at cancellous sites in patients 
with osteoporosis.67,79-81 Assessment of bone remodel-
ing variables in patients with PHPT shows increases in 
the active bone-formation period77 (Table 63-4). The 
increased bone formation rate and total formation period 
may explain the preservation of cancellous bone seen in 
this disease.

More recently, further analysis of trabecular microar-
chitecture has taken advantage of newer technologies that 
have largely been confirmatory. In a three-dimensional 
analysis of transiliac bone biopsies using microCT tech-
nology, a highly significant correlation was observed with 
the conventional histomorphometry82 described earlier. 

Figure 63-3 Scanning electron micrographs of bone biopsy specimens 
from a normal subject (bottom) and an age- and sex-matched patient 
with primary hyperparathyroidism (top). The cortices of the hyperpara-
thyroid sample are markedly thinned, but cancellous bone and trabecu-
lar connectivity appear to be well preserved (×31.25). (From Parisien 
MV, Silverberg SJ, Shane E, et al: Bone disease in primary hyperpara-
thyroidism, Endocrinol Metab Clin North Am. 1990;19:19-34.)
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Figure 63-4 Cancellous bone volume in primary hyperparathyroidism. 
Cancellous bone volume was analyzed from bone biopsy specimens of 
the iliac crest. Comparisons are among 16 women with primary hyper-
parathyroidism, 17 women with postmenopausal osteoporosis (OP), and 
31 women with no known disorder of bone metabolism. Subjects were 
matched for age and other indices. (Data from Parisien M, Cosman F, 
Mellish RW, et al: Bone structure in postmenopausal hyperparathyroid, 
osteoporotic and normal women, J Bone Miner Res. 1995;10:1393-1399.)
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In comparison to age-matched control subjects without 
PHPT, postmenopausal women with PHPT had higher 
bone volume (BV/TV), higher bone surface area (BS/TV), 
higher connectivity density (Conn.D), and lower trabecu-
lar separation (Tb.Sp.). There were also less marked age-
related declines in BV/TV and Conn.D as compared to 
controls, with no decline in BS/TV. Using the technique of 
backscattered electron imaging (qBEI) to evaluate trabecu-
lar BMD distribution (BMDD) in iliac crest bone biopsies, 
Roschger et al83 showed reduced average mineralization 
density and an increase in the heterogeneity of the degree 
of mineralization, consistent with reduced mean age of 
bone tissue. Studies of collagen maturity using Fourier 
Transform Infrared Spectroscopy provide further sup-
port for these observations.84 Bone strength, therefore, in 
PHPT has to take into account a number of factors related 
to skeletal properties of bone besides BMD.85

Fractures
Fractures were an integral element of classic PHPT, but 
their importance in modern-day disease is unclear. In a 

case-control study published in 1975, Dauphine et al86 
suggested that back pain and vertebral crush fractures 
might be part of the presenting clinical profile of PHPT. 
Since that time, reports on fracture incidence have been 
conflicting. A retrospective review of lateral chest radio-
graphs of patients who underwent parathyroidectomy 
showed an increased incidence of vertebral fractures in 
one study,87 whereas Wilson et al88 found no increase 
in such fractures in a cohort of 174 consecutive patients 
who exhibited mild asymptomatic PHPT.

In a study that focused on hip fracture, a population-
based prospective analysis (mean of 17 years’ duration; 
23,341 person years) showed women with PHPT in 
Sweden not to be at increased risk.89 In a much smaller 
study (46 patients, 44 controls), fractures at any site were 
increased in hyperparathyroidism.90 This study is flawed 
not only by its small sample size but also by the unusually 
high fracture incidence in both patients (48%) and con-
trol subjects (28%) and by the use of thyroid medication 
in a significantly greater number of patients (28%) rela-
tive to control subjects.

The Mayo Clinic experience with PHPT and risk of 
fracture reviewed 407 cases of PHPT recognized during 
the 28-year period between 1965 and 1992.91 Fracture 
risk was assessed by comparing fractures at a number of 
sites with numbers of fractures expected on the basis of 
gender and age from the general population. The clini-
cal presentation of these patients with PHPT was typical 
of the mild form of the disease, with the serum calcium 
being only modestly elevated at 10.9 ± 0.6 mg/dL. The 
data from this retrospective epidemiologic study indicate 
that overall fracture risk was significantly increased at 
many sites such as the vertebral spine, the distal forearm, 
the ribs, and the pelvis. There was no increase in hip frac-
tures. After multivariate analysis, age and female gender 
remained significant independent predictors of fracture 
risk. These data, however, are subject to potential ascer-
tainment bias. Patients with PHPT are typically followed 
more conscientiously, and thus fractures at some of these 
sites may have been recognized by greater surveillance. 
This may certainly be true of the vertebral spine and the 
ribs but unlikely in the case of fractures of the forearm. 
One might expect to see an increased incidence of distal 
forearm fractures, because the hyperparathyroid process 
tends to lead to a reduction of cortical bone (distal fore-
arm) in preference to cancellous bone (vertebral spine). 
Unfortunately, there were no densitometric data provided 
in this study, so one could not relate bone density to frac-
ture incidence. It is difficult to know whether this study in 
fact confirms an expectation of preferential distal forearm 
fractures in PHPT or whether some other process is at 
work conferring universally greater fracture risk in these 
patients. In a more recent study, Vignali et al92 studied the 
incidence of vertebral fractures in PHPT as determined 
by DXA-based vertebral fracture assessment (VFA). In 
this case-control study, 150 consecutive patients and 300 
healthy women matched for age and menopausal age 
were studied. Vertebral fractures were detected in more 
subjects with PHPT (24.6%) than the control subjects 
(4.0%; P < .001). Among asymptomatic PHPT patients, 
only those who met surgical guidelines showed a higher 

TABLE 63-4 Wall Width and Remodeling Variables 
in PHPT and Control Groups (Mean ± SEM)

Variable PHPT (n = 19) Control (n = 34) P

Wall width (μm) 40.26 ± 0.36 34.58 ± 0.45 <.0001
Eroded  

perimeter (%)
9.00 ± 0.86 4.76 ± 0.39 <.0001

Osteoid   
perimeter (%)

26.84 ± 2.79 15.04 ± 1.09 <.0001

Osteoid width (μm) 13.39 ± 0.54 9.92 ± 0.36 <.0001
Single-labeled 

 peri meter (%)
11.56 ± 1.63 4.47 ± 0.48 <.0001

Double-labeled 
perimeter (%)

10.41 ± 1.28 4.45 ± 0.65 <.0001

Mineralizing 
 peri meter (%)

16.19 ± 1.75 6.68 ± 0.83 <.0001

Mineralizing 
perimeter/osteoid 
perimeter (%)

63.0 ± 5.0 44.04 ± 4.0 <.01

Mineral apposition 
rate (μm/day)

0.63 ± 0.03 0.63 ± 0.02 NS

Bone formation rate 
(μm 2/μm/day)

0.10 ± 0.01 0.042 ± 0.006 <.0001

Adjusted apposition 
rate (μm/day)

0.40 ± 0.04 0.29 ± 0.03 <.015

Activation 
 frequency/yr

0.95 ± 0.12 0.45 ± 0.06 <.0002

Mineralization lag 
time (days)

44.0 ± 6.5 57.0 ± 8.9 NS

Osteoid maturation 
time (days)

22.5 ± 1.8 16.6 ± 0.9 <.003

Total formation 
period (days)

129.2 ± 21.0 208.8 ± 32.5 NS

Active formation 
period (days)

67.8 ± 5.1 57.3 ± 2.3 <.05

Resorption period 
(days)

48.4 ± 7.3 84.8 ± 25.0 NS

Remodeling period 
(days)

172.5 ± 25.2 299.9 ± 55.1 NS

NS, Not significant; PHPT, primary hyperparathyroidism.
Modified from Dempster DW, Parisien M, Silverberg SJ, et al: On 

the mechanism of cancellous bone preservation in postmenopausal 
women with mild primary hyperparathyroidism, J Clin Endocrinol 
Metab. 1999;84:1562-1566.
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incidence of vertebral fractures compared with controls. 
We still lack prospective, controlled studies to determine 
fracture incidence in PHPT.

Even the expectation of an increased fracture risk at a 
cortical site, such as the forearm, in PHPT is fraught with 
uncertainties. The expectation is based on bone-density 
data and the presumption that in this disease, it is as pre-
dictive of fracture as it is in postmenopausal women who 
do not have PHPT. By analogy with osteoporosis, it is 
reasonable to consider bone density as a risk factor for 
fracture in PHPT, but other issues could lead to a differ-
ent relationship between bone density and fracture risk in 
PHPT. It is now known that bone density is only one of 
several important qualities of bone. These other qualities 
are influential in the overall assessment of fracture risk. 
Bone size, for example, influences fracture risk. From the 
clinical trials of parathyroid hormone in the treatment of 
osteoporosis, as well as in observations of PHPT per se, 
it is likely that PTH affects bone size. Cortical thinning 
through PTH-mediated endosteal resorption is compen-
sated for by PTH-mediated periosteal apposition, leading 
to bone that may be increased in cross-sectional diameter. 
This increase in bone size provides biomechanical protec-
tion for the skeleton. In PHPT, an interesting paradigm 
is set up: cortical thinning tends to increase fracture risk, 
whereas increased bone size tends to reduce fracture risk. 
In addition, as noted, microarchitecture of bone does not 
show the same kind of deterioration that is commonly 
seen in postmenopausal osteoporosis. The relative pres-
ervation of microarchitecture in PHPT is another factor 
that may protect bone. More recent reports in which 
hyperparathyroid bone has been studied with regard to 
bone mineralization density83 and collagen quality84 may 
also be relevant to this discussion (see earlier). These con-
siderations emphasize the need for prospective studies of 
site-specific fracture incidence in PHPT.85,92-94

NEPHROLITHIASIS
In the past, classic clinical descriptions of PHPT empha-
sized skeletal involvement and kidney stones as principal 
complications of the disease.95 The cause of nephrolithi-
asis in PHPT is probably multifactorial. An increase in 
the amount of calcium filtered at the glomerulus resulting 
from the hypercalcemia of hyperparathyroidism may lead 
to hypercalciuria despite the physiologic actions of PTH to 
facilitate calcium reabsorption. A component of absorp-
tive hypercalciuria exists in this disorder. The enhanced 
intestinal calcium absorption is believed to be a result of 
increased production of 1,25(OH)2D, a consequence of 
another physiologic action of PTH, namely to increase 
the synthesis of this active metabolite.96,97 Urinary cal-
cium excretion is correlated with 1,25(OH)2D levels.97,98 
In addition, increased intestinal calcium absorption seen 
in nephrolithiasis99 may also occur in PHPT. The skele-
ton provides yet another possible source for the increased 
levels of calcium in the glomerular filtrate. Hyperparathy-
roid bone resorption might contribute to hypercalciuria, 
and subsequently to nephrolithiasis, even though there 
is no convincing evidence to support this hypothesis.100 
Finally, alteration in local urinary factors, such as a 

reduction in inhibitor activity or an increase in stone-pro-
moting factors, may predispose some patients with PHPT 
to nephrolithiasis.100,101 It remains unclear whether the 
urine of patients with hyperparathyroid stone disease is 
different in this regard from that of other stone formers.

Studies in the 1970s and 1980s documented a higher 
incidence of renal stone disease than do reports of more 
recent experience. With the decreased incidence of osteitis 
fibrosa cystica, studies in the modern era have tended to 
focus on patients with kidney stones. Conflicting results 
have emerged, with one group providing evidence that 
1,25(OH)2D3 plays an etiologic role in the development 
of nephrolithiasis in PHPT and other groups remain-
ing unable to document differences in 1,25(OH)2D3 
levels between those with and without renal stone 
disease.95,100-102

Although the incidence of nephrolithiasis is much less 
common than the incidence in the classic, older presenta-
tion of PHPT, kidney stones remain the most common 
manifestation of symptomatic PHPT (see Table 63-1). 
Estimates in studies place the incidence of kidney stones 
at 15% to 20% of all patients.103 Other renal manifesta-
tions of PHPT include hypercalciuria, which is seen in 
approximately 40% of patients, and nephrocalcinosis, 
the frequency of which is unknown. It is important to 
note that in patients with PHPT who do not have renal 
stone disease, there is no relationship between extent of 
hypercalciuria and the development of kidney stones.104

In the 1930s, it was generally accepted that bone and 
stone disease did not coexist in the same patient with clas-
sic PHPT.1,6 Albright and Reifenstein1 postulated that 
low dietary calcium intake would lead to bone disease, 
whereas adequate or high dietary calcium levels would be 
associated with stone disease. Dent et al,105 who provided 
convincing evidence against this construct, proposed the 
existence of two forms of circulating PTH, one causing 
renal stones and the other causing bone disease. A host 
of mechanisms, including differences in dietary calcium, 
calcium absorption, forms of circulating PTH, and lev-
els of 1,25(OH)2D3, were proposed to account for the 
clinical distinction between bone and stone disease in 
PHPT.100,105 Today, there is no clear evidence for two 
distinct subtypes of PHPT. In our patients with PHPT, 
we could not identify a distinctive set of biochemical data 
for patients with stone disease.95 Furthermore, although 
our population did not include patients with classic 
hyperparathyroid bone disease, we found no evidence to 
support the notion that the processes affecting the skel-
eton and kidneys in hyperparathyroidism occur in dif-
ferent subsets of patients. Urinary calcium excretion per 
gram of creatinine, levels of 1,25(OH)2D, and BMD at 
all sites were indistinguishable among patients with and 
without nephrolithiasis. Cortical bone demineralization 
is as common and as extensive in those with and without 
nephrolithiasis.95,100

OTHER ORGAN INVOLVEMENT

Neurocognitive and Neuropsychologic Features
Throughout the years, PHPT has been associated with 
complaints referable to many different organ systems. 
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Perhaps the most common complaints have been those 
of weakness and easy fatigability.31 Classic PHPT was 
formerly associated with a distinct neuromuscular syn-
drome characterized by type II muscle cell atrophy.106,107 
Originally described by Vicale in 1949,108 the syndrome 
consisted of easy fatigability, symmetric proximal muscle 
weakness, and muscle atrophy. Both the clinical and elec-
tromyographic features of this disorder were reversible 
after parathyroid surgery.109,110 In the milder, less symp-
tomatic form of the disease that is common today, this 
disorder is rarely seen.111 In a group of 42 patients with 
mild disease, none had complaints consistent with the 
classic neuromuscular dysfunction described previously. 
Although more than half of all patients expressed non-
specific complaints of paresthesias and muscle cramps, 
electromyographic studies did not confirm the picture of 
past observations.

The “psychic groans” described by early observers 
of patients with classic PHPT remain a source of con-
troversy today. Patients with PHPT often report some 
degree of behavioral and/or psychiatric symptomatology. 
A retrospective look at patients with more severe disease 
showed a 23% incidence of psychiatric symptomatol-
ogy (n = 441).112 More recent studies have shown some 
abnormalities on psychological tests preoperatively, 
with no improvement after surgery.113,114 The study of 
Solomon et al115 reported psychiatric rather than neu-
ropsychologic symptoms.115 Using the SCL-90-R rating 
scale, they observed a constellation of abnormalities, 
most of which improved after successful surgery. The 
control group, who underwent neck surgery for nodular 
thyroid disease, showed similar postoperative improve-
ment. This study documented psychiatric symptoms in 
the patients with PHPT but could not distinguish the 
improvement in symptomatology to a cure of hyper-
parathyroidism or to the effects of a successful surgical 
procedure.

The surgical literature provides further data support-
ing postoperative improvements. Data from Clark116 on 
152 patients (thyroid surgery control subjects) found 
40% of patients reporting less fatigue after cure. Simi-
lar findings were reported by Pasieka and Parsons117 and 
Burney et al.118

The subject of neurocognitive and neuropsycho-
logic impairment was reviewed in detail by Silverberg 
et al.119 The more recent literature continues to be 
unclear on whether the symptomatology is specific to 
PHPT and whether it is improved following success-
ful parathyroid surgery.119-124 Silverberg et al119 have 
pointed out key limitations in experimental design in 
many of the published studies. The lack of adequate 
controls and the value of some of the quantitative 
instruments have been problematic. There are now 
three randomized, prospective trials in which this issue 
has been addressed.125-127 Despite the rigorous experi-
mental design, with control built into these more recent 
studies, there was great variability in which features 
of PHPT, if any, were or were not improved following 
successful parathyroid surgery. Some of the random-
ized clinical trials are not yet complete. It is clear that 
the issue remains unsettled.

Cardiovascular System
Interest in the effect of PHPT on cardiovascular function 
is rooted in pathophysiologic observations of the hyper-
calcemic state. Hypercalcemia has been associated with 
increases in blood pressure, left ventricular hypertrophy, 
heart muscle hypercontractility, and arrhythmias.128-130 
Furthermore, evidence of calcium deposition has been doc-
umented in the form of calcifications in the myocardium, 
heart valves, and coronary arteries. The association of overt 
cardiovascular symptomatology with modern-day PHPT is 
unclear. Hypertension, a common feature of PHPT when 
it is part of a MEN syndrome with pheochromocytoma 
or hyperaldosteronism, has also been reported as more 
prevalent in sporadic, asymptomatic PHPT than in appro-
priately matched control groups. The mechanism of this 
association is unknown, and the condition does not clearly 
remit following cure of the hyperparathyroid state.131,132

An explanation for the inconsistent results reported 
in the literature on the cardiovascular manifestations of 
PHPT relates to the fact that the clinical profile of the 
disease has changed. As a result, the cohorts that have 
been studied have varied greatly in the severity of their 
underlying disease. This is particularly true in terms of 
the serum calcium and parathyroid hormone concentra-
tions, with data from cohorts with marked hypercalcemia 
and hyperparathyroidism showing the most cardiovascu-
lar involvement. Because it is known that both calcium 
and PTH can independently affect the cardiovascular sys-
tem, such variability among cohorts can give rise to the 
inconsistent results that have been reported in the litera-
ture. Nevertheless, one can consider this topic usefully in 
the following terms: mortality, hypertension, cardiac, and 
noncardiac vascular abnormalities, as well as more subtle 
functional changes in the cardiovascular system.

Cardiovascular Mortality
There is little doubt that in very active PHPT, cardiovascular 
mortality is increased.133-136 Of some interest are the post-
operative observations in which the higher cardiovascular 
mortality rate persists for years after cure.137 These obser-
vations differ markedly from those in which asymptom-
atic PHPT has been studied. Although limited, the studies 
have not shown any increase in mortality.138,139 The Mayo 
Clinic studies help to bring these observations together. In 
the mildly hypercalcemic individuals, overall and cardiovas-
cular mortality was reduced, but in those whose serum cal-
cium was in the highest quartile, cardiovascular mortality 
was increased.139 The idea that the more common asymp-
tomatic form of PHPT is not associated with increased 
mortality is supported by data from Nilsson et al140 and by 
other studies141-142 in which more recently enrolled subjects 
had better survival than those who had been entered earlier 
and presumably had more active disease.

Hypertension
This discussion excludes subjects with MEN syndromes 
in whom a pheochromocytoma may be causative. But 
hypertension is also a frequent observation among those 
with mild disease. Most but not all studies have not 
shown that hypertension is reversed or ameliorated after 
successful parathyroid surgery for PHPT.143-146
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Cardiac Manifestations of Primary Hyperparathyroidism
Coronary Artery Disease. Both calcium and PTH have in-
dependently been shown as associated with coronary heart 
disease.147,148 Aside from autopsy studies such as those of 
Roberts and Waller,149 in which coronary atherosclerosis 
was seen in hyperparathyroid subjects with levels of calci-
um that would these days be occasioned with alarm (16.8 
to 27.4 mg/dL), the more recent literature has been con-
troversial. Even more recent studies, however, have tended 
to agree with the idea that the incidence of coronary ar-
tery disease in PHPT is more likely present as a function 
of the serum calcium level.142 Some studies have actually 
shown that in mild PHPT, there is better exercise tolerance 
as determined by the electrocardiogram.150 If valvular 
and myocardial calcifications are regarded separately, the 
level of the serum calcium again seems to be the determi-
nant.151,152 Given these differing views, it is also notewor-
thy that the risk of cardiovascular death in PHPT seems to 
be related more to traditional risk factors for cardiovascu-
lar disease than to the hyperparathyroidism per se.

Left Ventricular Hypertrophy. Left ventricular hypertro-
phy (LVH) is considered separately because it is itself a 
strong predictor of cardiovascular disease and mortality. 
Moreover, different from the parameters described ear-
lier, in which involvement seems to be a function of the 
serum calcium level, LVH has been seen across a wide 
range of calcium levels.153,154 The idea has been advanced 
that LVH is more a function of the PTH level than it is the 
serum calcium.152,155,156 If it could be shown that LVH 
is reversible when PTH is returned to normal after suc-
cessful parathyroidectomy, this observation could have 
important management implications. Unfortunately, the 
literature does not present a clear view on this point, with 
a few but by no means all studies suggesting regression of 
LVH following parathyroidectomy.152,153,155-157

Electrocardiographic Manifestations. Classically, marked 
hypercalcemia is associated with a reduced QT inter-
val.158 In most patients with mild hypercalcemia, howev-
er, abnormalities on the electrocardiogram are not seen. 
Moreover, no other conduction abnormalities or arrhyth-
mogenic potential are observed.159,160

Vascular Manifestations of Primary Hyperparathyroidism
Carotid Plaque. Calcium has been reported in a popula-
tion-based study by Rubin et al161 to be associated with 
carotid plaque thickness. Consistent abnormalities in ca-
rotid intima-medial thickness (IMT), a strong predictor of 
systemic atherosclerosis and cerebrovascular events, have 
not been confirmed in mild hyperparathyroidism.162-165

Vascular Function. The evidence implicating vascular 
dysfunction in PHPT has been focused on those with 
more severe disease than we see now.166,167 However, 
in those with lower calcium levels, Baykan et al168 also 
found impaired flow-mediated (endothelial) dilation that 
negatively correlated with calcium levels. There is a pre-
liminary report on endothelial dysfunction in PHPT,169 
and there are two studies that have reported increased 
vascular stiffness.169,170

Gastrointestinal Manifestations
Primary hyperparathyroidism has long been considered 
as associated with an increased incidence of peptic ulcer 
disease. Most recent studies suggest that the incidence 
of peptic ulcer disease in PHPT is approximately 10%, 
a figure similar to its percentage in the general popula-
tion. An increased incidence of peptic ulcer disease is seen 
in patients with PHPT resulting from MEN1, in which 
approximately 40% of patients have clinically appar-
ent gastrinomas (Zollinger-Ellison syndrome). In those 
patients, PHPT is associated with increased clinical sever-
ity of gastrinoma, and treatment of the associated PHPT 
has been reported to benefit patients with Zollinger-Elli-
son syndrome.171 Despite this, current recommendations 
(Consensus Conference Guidelines for Therapy of MEN1) 
state that the coexistence of Zollinger-Ellison syndrome 
does not represent sufficient indication for parathyroidec-
tomy, because medical therapy is so successful.172

Although hypercalcemia can underlie pancreatitis, 
most large series have not reported an increased inci-
dence of pancreatitis in patients with PHPT with serum 
calcium levels less than 12 mg/dL. The Mayo Clinic expe-
rience from 1950 to 1975 showed that only 1.5% of 
those with PHPT exhibited coexisting pancreatitis, and 
alternative explanations for pancreatitis were found for 
several patients. Regarding pancreatitis in pregnancy in 
patients with PHPT, these conditions may coexist, but 
there is no evidence for a causal relationship between the 
disorders.173

Other Systemic Involvement
Many organ systems were affected by the hyperparathy-
roid state in the past. Anemia, band keratopathy, and 
loose teeth are no longer part of the clinical syndrome of 
PHPT. Gout and pseudogout are seen infrequently, and 
their etiologic relationship to PHPT is not clear.

Vitamin D Deficiency and Symptomatic Primary 
Hyperparathyroidism
Much of this chapter has focused on asymptomatic PHPT 
as the predominating clinical profile in the modern era. 
Certainly in countries where biochemical screening tests 
are routinely used, this description is accurate. However, 
reports from other countries have revisited the older, 
more classic descriptions of PHPT as a disease of “stones, 
bones, and groans.”174-176 The lack of routine screen-
ing tests does not explain completely this older form of 
the disease in the 1990s in these other countries. Rather, 
patients from China, Brazil, India, and Saudi Arabia have 
been described as having a common underlying vitamin 
D deficiency. Years ago, PHPT and vitamin D deficiency 
were described as a potent negative combination by Lumb 
and Stanbury.177 Even in mild, asymptomatic PHPT, we 
have shown that indices of disease activity are generally 
higher among those whose 25(OH)D levels are low.47 
Mechanisms to explain this clinical observation are spec-
ulative, but it is intriguing to consider vitamin D–PTH 
gene interactions. An endogenous regulator of PTH gene 
function is 1,25(OH)2D.178 When vitamin D deficiency 
is present in PHPT, it is possible that the abnormal PTH 
cells are stimulated further to produce PTH.
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EVALUATION
The diagnosis of PHPT is confirmed by demonstrating 
an elevated or inappropriately normal PTH level in the 
face of hypercalcemia. Further biochemical assessment 
should include serum phosphorus, alkaline phosphatase, 
vitamin D metabolites, albumin, and creatinine. A morn-
ing 2-hour or 24-hour urine collection should be obtained 
for calcium and creatinine. A urinary bone resorption 
marker such as serum CTX or urinary N-telopeptide can 
be helpful. Radiographs of the skeleton are no longer rec-
ommended in view of the rarity of radiologically evident 
bone disease. Bone densitometry, on the other hand, is 
performed in all patients. It is important to obtain den-
sitometry at three sites: the lumbar spine, the hip, and 
the distal third of the radius. Because of the differing 
amounts of cortical and cancellous bone at the three sites 
and the different effects of PTH on cortical and cancel-
lous bone, measurement at all three sites allows a picture 
of the total effect of the hyperparathyroid process on the 
skeleton. Bone biopsy is not part of the routine evalua-
tion of PHPT. Although kidney stones are present in 15% 
to 20% of patients by history, clinicians who see many 
patients with asymptomatic PHPT have not routinely 
searched for occult nephrolithiasis or nephrocalcinosis. 
In newer guidelines (see below), assessment for clinically 
silent calcifications in the kidney by x-ray or ultrasound 
is recommended.

NATURAL HISTORY
Since the early 1990s, new knowledge of the natural 
history of PHPT with or without surgery has been very 
helpful in guiding decisions regarding surgery in patients 
with asymptomatic PHPT. The longest prospective 
observational trial has been conducted by the authors 
and their colleagues.179-180 This project began in 1984 in 
an effort to define the natural history of asymptomatic 
PHPT. The study included detailed analyses of patho-
physiologic, densitometric, histomorphometric, and 
other skeletal features of PHPT.179,180 Much of the infor-
mation gleaned from that study has been summarized 
already in earlier sections of this chapter. The 15-year 
follow-up to this study constitutes the longest natural-
history study of this disorder.180

Recommendations for surgery or observation were 
made based on the 1990 set of National Institutes of 
Health guidelines, but both groups included patients who 
did or did not meet surgical guidelines. This is because 
some patients opted for surgery even if they didn’t meet 
the guidelines, whereas others opted for a conservative 
approach even if they did meet guidelines for surgery. As 
will be described in the following, this imperfect design 
was followed by three studies that were truly randomized 
but were of much shorter duration.125-127 The results with 
regard to natural history from all studies are remarkably 
concordant.

Natural History with Surgery
Parathyroidectomy resulted in permanent normalization of 
the serum calcium and PTH levels. Postoperatively, there 

was a marked improvement in BMD at all sites (lumbar 
spine, femoral neck, and distal one-third radius) amount-
ing to gains greater than 10%. The improvement was 
most rapid at the lumbar spine, but all sites showed per-
sistent gains during the 15-year follow-up (Fig. 63-5). The 
improvements were seen in those who met and did not meet 
surgical criteria at study entry, confirming the salutary effect 
of parathyroidectomy in this regard on all patients.

Natural History without Surgery
In subjects who did not undergo parathyroid surgery, 
serum calcium remained stable for about 12 years, with 
a tendency for the serum calcium level to rise in years 13 
to 15. Other biochemical indices such as PTH, vitamin D 
metabolites, and urinary calcium did not change for the 
entire 15 years of follow-up in the group as a whole. Bone 
density at all three sites remained stable for the first 8 to 
10 years. However, after this period of stability, declining 
cortical BMD was seen at the hip and the distal one-third 
radius sites. Although the numbers became limiting after 
10 years of follow-up, it is noteworthy that a small major-
ity of the subjects lost more than 10% of their BMD dur-
ing the 15 years of observation. Even though this decline 
was observed in the majority of subjects, only 37% of 
subjects met one or more guidelines for surgery after the 
15 years of follow-up.

Randomized Studies of the Natural History  
of Asymptomatic Primary Hyperparathyroidism
Although the long natural history study of asymptom-
atic PHPT has added much to our knowledge about this 
disease throughout time, randomized clinical trials have 
added data with a more rigorous design that have con-
firmed the observational data. The three trials are limited 
by their short duration. In 2004, Rao et al125 reported on 
their randomized controlled trial of parathyroidectomy 
versus no surgery. The study was not completely enrolled 
and thus included only 53 subjects, assigned either to 
parathyroid surgery (n = 25) or to no surgery (n = 28). 
The follow-up lasted for at least 2 years. BMD signifi-
cantly increased at the femoral neck and total hip, along 
with normalization of the serum calcium and PTH. For 
those who did not undergo parathyroid surgery, there 
were no changes in the lumbar spine or femoral neck 
bone density, but total hip density significantly declined. 
Forearm BMD declined, which is an oddity considering 
the vulnerability of this site to the catabolic actions of 
PTH. Biochemical indices were all stable.

Bollerslev et al126 reported in 2007 the interim results 
of their randomized trial of parathyroidectomy versus no 
surgery. This study from three Scandinavian countries 
was larger, with 191 patients who were randomized to 
medical observation or to surgery. After surgery, bio-
chemical indices normalized and BMD increased. In the 
group that did not undergo parathyroid surgery, BMD 
did not change.

Also in 2007, Ambrogini et al127 reported the results of 
their randomized controlled trial of parathyroidectomy 
versus observation. Surgery was associated with a signifi-
cant increase in BMD of the lumbar spine and hip after 
1 year.
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Guidelines for Parathyroidectomy
Parathyroidectomy remains the only currently available 
option to cure PHPT. As the disease profile has changed, 
questions have arisen concerning the advisability of sur-
gery in asymptomatic patients. If asymptomatic patients 
have a benign natural history, the surgical alternative is 
not an attractive one. On the other hand, asymptomatic 
patients may display levels of hypercalcemia or hypercal-
ciuria that cause concern for the future. Similarly, bone-
mass measurements can be frankly low at cortical or 
(less commonly) cancellous sites. In an effort to address 
such issues, there have been four consensus develop-
ment conferences (in 1991, 2002, 2008, and 2013) on 
the management of asymptomatic PHPT.70,181-187 The 
2013 workshop convened a panel of international experts 
who reviewed the evidence regarding aspects of the clini-
cal profile of asymptomatic PHPT, with a few panels 
directed toward revising the guidelines for surgery. The 
most recent guidelines that emerged from that conference 
should be helpful to the clinician faced with the asymp-
tomatic hyperparathyroid patient: All symptomatic 
patients are advised to undergo parathyroidectomy. Sur-
gery is advised in asymptomatic patients with (1) serum 
calcium greater than 1 mg/dL higher than the upper lim-
its of normal; (2) renal guidelines: reduction in creatinine 
clearance to less than 60 mL/min; urinary calcium excre-
tion >400 mg/24 h with increased stone risk; or presence 

of nephrolithiasis or nephrocalcinosis on renal imaging; 
(3) skeletal guidelines: reduced bone density T-score < 
–2.5 at any site; or vertebral compression fracture on 
an imaging study; and (4) age younger than 50 years. 
The most recent guidelines are shown in Table 63-5. A 
noteworthy change in the guidelines reflects the fact that 
asymptomatic kidney stones and vertebral compression 
fractures are now considered as indications that a patient 
should be sent for parathyroidectomy. Thus imaging for 
these possibilities is now recommended as part of the 
evaluation of all patients with PHPT.

A number of points were discussed that did not lead 
to specific recommendations, including the issues of the 
neurocognitive and cardiovascular aspects of PHPT. The 
workshop panel also acknowledged a potential role of 
vitamin D deficiency in fueling processes associated with 
abnormal parathyroid glandular activity. Finally, the 
panel also reaffirmed the entity of normocalcemic PHPT, 
but noted that there are insufficient data to provide evi-
dence-based guidelines for management.

SURGERY
A large percentage of those patients who meet the surgical 
guidelines listed in Table 63-5 are asymptomatic. Some 
asymptomatic patients who meet surgical guidelines elect 
not to have surgery. Among the reasons that surgery is 
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not sought are personal choice, intercurrent medical con-
ditions, and previous unsuccessful parathyroid surgery. 
Conversely, there are patients who meet none of the NIH 
guidelines for parathyroidectomy but opt for surgery nev-
ertheless. Physician and patient input remain important 
factors in the decision regarding parathyroid surgery.

Preoperative Localization of Hyperfunctioning 
Parathyroid Tissue
A number of imaging tests have been developed and have 
been applied singly or in combination to address the chal-
lenge of preoperative localization. The rationale for locat-
ing abnormal parathyroid tissue before surgery is that the 
glands can be notoriously unpredictable in their loca-
tion. Although the majority of parathyroid adenomas are 
identified in regions proximate to their embryologically 
intended position (the four poles of the thyroid gland), 
many are not. In such situations, previous surgical expe-
rience and skill are needed to locate the ectopic parathy-
roid gland. In such hands, 95% of abnormal parathyroid 
glands will be discovered and removed at the time of 
initial parathyroid surgery. However, in the patient with 
previous neck surgery, even expert parathyroid surgeons 
do not generally achieve such high success rates. Preop-
erative localization of the abnormal parathyroid tissue 
can be extremely helpful under these circumstances. Pre-
operative imaging is also necessary for any patient will 
undergo parathyroidectomy using a minimally invasive 
approach.

Noninvasive Imaging
Noninvasive parathyroid imaging studies include tech-
netium (Tc)-99m sestamibi scintigraphy, ultrasound, 
computed tomography (CT) scanning, magnetic reso-
nance imaging (MRI), and positron emission tomography 
(PET) scanning (see also Chapter 65). Tc-99m sestamibi 
is generally regarded to be the most sensitive and spe-
cific imaging modality, especially when it is combined 
with single-photon emission CT (SPECT). For the single 
parathyroid adenoma, sensitivity has ranged from 80% 
to 100%, with a 5% to 10% false-positive rate. On the 
other hand, sestamibi scintigraphy and the other local-
ization tests have a relatively poor record in the context 

of multiglandular disease.188 The success of ultrasonog-
raphy is highly operator dependent.189 In centers where 
there is great expertise, this noninvasive approach is most 
attractive. Abnormalities identified by ultrasound as pos-
sible parathyroid tissue may prove to be a thyroid nodule 
or lymph node, which underscores the importance of the 
skill and experience of the ultrasonographer. Rapid spiral 
thin-slice CT scanning of the neck and mediastinum with 
evaluation of axial, coronal, and sagittal views can add 
much to the search for elusive parathyroid tissue, albeit 
with attendant higher radiation exposure.190 MRI can 
also identify abnormal parathyroid tissue, but it is time 
consuming and expensive. It is also less sensitive than the 
other noninvasive modalities. It can nonetheless be useful 
when the search with these other noninvasive approaches 
has been unsuccessful. PET with or without simultane-
ous CT scan (PET/CT) can be used, but like MRI, it is 
expensive and does not have the kind of experiential 
basis that make it attractive. There are also specificity 
issues because FDG, the scanning agent, accumulates in 
the thyroid, making differentiation between parathyroid 
adenoma and thyroid nodules difficult.

Invasive Imaging
Parathyroid Fine-Needle Aspiration. Fine-needle aspira-
tion (FNA) of a parathyroid gland, identified by any of 
the aforementioned modalities, can be performed and the 
aspirate analyzed for PTH. This technique is not recom-
mended for routine de novo cases.191 A theoretical con-
cern with this approach is the possibility that parathyroid 
cells could be deposited outside the parathyroid gland in 
the course of the aspiration. Autoseeding of parathyroid 
tissue would be an unwanted consequence of this proce-
dure if it were to occur.

Arteriography and Selective Venous Sampling for Parathyroid 
Hormone
In situations where the gland has not been identified by any 
of the techniques described, the combination of arteriogra-
phy and selective venous sampling can provide both ana-
tomic and functional localization of abnormal parathyroid 
tissue. This approach, however, is costly and requires an 
experienced interventional radiologist. It is also performed 

TABLE 63-5 Comparison of New and Old Guidelines for Surgery in Asymptomatic Primary Hyperparathyroidism

1990 NIH Consensus Conference 2002 NIH Workshop 2008 International Workshop 2013 International Workshop

Serum calcium 1-1.6 mg/dL elevation 1.0 mg/dL elevation 1.0 mg/dL elevation 1.0 mg/dL elevation
Renal 24-h urine calcium >400 mg

Creatinine Cl reduced by 30%
24-h urine calcium >400 mg
Creatinine Cl reduced by 

30%

No 24-h urine
Creatinine clearance: <60 

mL/min

24-h urine for FHH/stone 
risk

U Ca >400 mg/day
Creatinine clearance: <60 

mL/min
Calcification on renal 

imaging
Bone Z-score < −2.0 in forearm T-score < −2.5 at any site T-score < −2.5

Fragility fracture
T-score < −2.5
Vertebral fracture on 

imaging
Age <50 <50 <50 <50

FHH, Familial hypercalciuric hypercalcemia.
Columns 3 and 4 modified from Bilezikian JP, Brandi ML, Eastell R, et al: Guidelines for the management of asymptomatic primary hyperparathy-

roidism: summary statement from the Fourth International Workshop, J Clin Endocrinol Metab. 2014;99:3561-3569
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in only a few centers in the United States. This approach is 
reserved now only for those individuals who have under-
gone previous unsuccessful parathyroid surgery in whom 
all other localization techniques have failed.192

Surgical Approach
In the hands of an expert parathyroid surgeon, parathy-
roidectomy is a highly successful procedure with infre-
quent complications. A standard surgical approach is 
the four-gland parathyroid exploration under general or 
local anesthesia, with or without preoperative localiza-
tion. This approach has been reported to lead to surgical 
cure in more than 95% of cases (see Chapter 65).193

Several alternative approaches have emerged that focus 
on the single gland and not the total four-gland neck 
exploration that was routinely used in the past. Unilateral 
approaches are appealing for a disease in which only a 
single gland is involved, which occurs in approximately 
85% of cases. These procedures include a unilateral oper-
ation in which the gland on the same side that harbors 
the adenoma is ascertained to be normal. Because multiple 
parathyroid adenomas are unusual, a normal parathyroid 
gland is considered by some to be sufficient evidence for 
single-gland disease. Another limited surgical approach 
that has emerged in many centers as the approach of choice 
is the minimally invasive parathyroidectomy (MIP).194,195 
Preoperative parathyroid imaging is necessary, and the 
procedure is directed only to the site where the abnormal 
parathyroid gland has been visualized.196 Preoperative 
blood is obtained for comparison of the PTH concentra-
tion with an intraoperative sample obtained after removal 
of the “abnormal” parathyroid gland. The availability of 
a rapid PTH assay in or near the operating room is neces-
sary for this procedure. If the level falls by more than 50% 
following resection, into the normal range, the gland that 
has been removed is considered to be the sole source of 
overactive parathyroid tissue, and the operation is termi-
nated. If the PTH level does not fall by more than 50%, 
into the normal range, the operation is extended to a more 
traditional one in a search for other overactive parathy-
roid tissue. There is a risk (albeit small) that the minimally 
invasive procedure may miss other overactive gland(s) that 
are suppressed in the presence of a dominant gland.

In Europe, MIP is being performed with an endoscopic 
camera.197,198 Yet another variation on this theme is the use 
of preoperative sestamibi scanning with an intraoperative 
gamma probe to help locate enlarged parathyroid glands. 
The MIP procedure seems to be as successful, in the range 
of 95% to 98%, as more standard approaches.199,200

Immediate Postoperative Course
After surgery, biochemical indices return rapidly to nor-
mal.201,202 Serum calcium and PTH levels normalize, and 
urinary calcium excretion falls by as much as 50%. The 
serum calcium no longer tends to become abnormally low, 
a situation characteristic of an earlier time when PHPT 
was a symptomatic disease with overt skeletal involve-
ment. The acute reversal of hyperparathyroidism was 
associated with a robust deposition of calcium into the 
skeleton at a pace that could not be compensated for by 
supplemental calcium. Thus, postoperative hypocalcemia 

was routine and was sometimes a serious short-term 
complication (“hungry bone syndrome”). Occasionally, 
postoperative hypocalcemia still occurs, especially if pre-
operative bone turnover markers are very elevated. More 
typically, however, the early postoperative course is not 
complicated by symptomatic hypocalcemia.

Postoperative course after successful parathyroid sur-
gery leads to normalization of the biochemical indices 
of the disease and improvements in BMD, as mentioned 
(Fig. 63-6). The capacity of the skeleton to restore itself 
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is seen dramatically in young patients with severe PHPT. 
Kulak et al203 reported two patients with osteitis fibrosa 
cystica who experienced increases in bone density that 
ranged from 260% to 430% in a period of 3 to 4 years 
following surgery. Tritos and Hartzband204 and DiGre-
gorio205 have made similar observations.

MEDICAL MANAGEMENT
Patients who do not meet any surgical guidelines are often 
followed without intervention. The most recent guidelines 
for management of asymptomatic PHPT restated the posi-
tion that it is reasonable to pursue a nonsurgical course of 
management for those who do not meet criteria for sur-
gery, at least for a period of years. In those patients who are 
not going to have parathyroid surgery, the Workshop183 
suggested a set of monitoring steps that are summarized 
in Table 63-6. This includes annual measurements of the 
serum calcium concentration, a calculated creatinine clear-
ance, and regular monitoring of BMD. Nonoperative man-
agement does not typically include a medication. However, 
in those patients who cannot or chose not to undergo sur-
gery, there are medications that may be helpful in specific 
circumstances. These are reviewed in the following section.

General Measures
Patients should be instructed to remain well hydrated and 
to avoid thiazide diuretics. Prolonged immobilization, 
which can increase hypercalcemia and hypercalciuria, 
should also be avoided.

Diet
Dietary management of PHPT has long been an area 
of controversy. Many patients are advised to limit their 
dietary calcium intake because of the hypercalcemia. 
However, it is well known that low dietary calcium can 
lead to increased PTH levels in normal individuals.206-208 
In patients with PHPT, even though the abnormal PTH 
tissue is not as sensitive to slight perturbations in the cir-
culating calcium concentration, it is still possible that PTH 
levels will rise when dietary calcium is tightly restricted. 
Conversely, diets enriched in calcium could suppress PTH 

levels in PHPT, as shown by Insogna et al.209 Dietary 
calcium could also be variably influenced by ambient 
levels of 1,25(OH)2D. In patients with normal levels of 
1,25(OH)2D3, Locker et al210 noted no difference in uri-
nary calcium excretion between those on high (1000 mg/
day) and low (500 mg/day) calcium intake diets. On the 
other hand, in those with elevated levels of 1,25(OH)2D3, 
high calcium diets were associated with worsening hyper-
calciuria. This observation suggests that dietary calcium 
intake in patients can be liberalized to 1000 mg/day if 
1,25(OH)2D3 levels are not increased but should be more 
tightly controlled if 1,25(OH)2D3 levels are elevated.

Pharmaceuticals
Phosphate
Oral phosphate can lower the serum calcium by up to 1 
mg/dL.211,212 A complex interplay of mechanisms leads 
to this moderating effect of oral phosphate. First, calcium 
absorption falls in the presence of intestinal phospho-
rus. Second, concomitant increases in serum phospho-
rus will tend to reduce circulating 1,25(OH)2D3 levels. 
Third, phosphate can be an antiresorptive agent. Finally, 
increased serum phosphorus reciprocally lowers serum 
calcium. Problems with oral phosphate include limited 
gastrointestinal tolerance, possible further increase in 
PTH levels, and the possibility of soft-tissue calcifications 
after long-term use. It is essentially not used any longer in 
the management of PHPT.

Bisphosphonates
Bisphosphonates are conceptually attractive in PHPT 
because they are antiresorptive agents with an overall 
effect of reducing bone turnover. Although they do not 
affect PTH secretion directly, bisphosphonates could 
reduce serum and urinary calcium levels. Early studies 
with the first-generation bisphosphonates were disap-
pointing. Etidronate has no effect.213 Clodronate use was 
associated in several studies with a reduction in serum 
and urinary calcium,214 but the effect was transient.

Alendronate has been studied most extensively in 
PHPT. Studies by Rossini et al215 and Hassani et al216 
were followed by those of Chow et al,217 Parker et al,218 
and Kahn et al.219 These studies were all characterized 
by a randomized, controlled design. Typically, BMD of 
the lumbar spine and hip regions increases along with 
reductions in bone turnover markers. Except for the 
study of Chow et al,217 serum calcium was unchanged. 
These results suggest that a bisphosphonate-like alendro-
nate might be useful in patients with low bone density in 
whom parathyroid surgery is not to be performed.

Estrogens and Selective Estrogen-Receptor Modulators
The earliest studies on the use of estrogen replacement 
therapy in PHPT date back to the early 1970s. A 0.5 
to 1.0 mg/dL reduction in total serum calcium levels in 
postmenopausal women with PHPT who receive estro-
gen replacement therapy is generally seen. Gallagher and 
Nordin220 first reported a calcium-lowering effect in 10 
postmenopausal women to whom ethinyl estradiol was 
administered. A prompt lowering of both serum and uri-
nary calcium excretion was noted after 1 week of therapy, 

TABLE 63-6 Comparison of New and Old 
Management Guidelines for Patients with Asymptomatic  
Primary Hyperparathyroidism Who Do Not Undergo 
Parathyroid Surgery

Measurement Older Guidelines Newer Guidelines

Serum calcium Semiannually Annually
24-h urinary 

calcium
Annually Not recommended

Creatinine  
clearance

Annually Not recommended

Serum creatinine Annually Annually
Bone density Annually Annually or biannually
Abdominal x-ray Annually Not recommended

From Bilezikian JP, Brandi ML, Eastell R, et al: Guidelines for the 
management of asymptomatic primary hyperparathyroidism: sum-
mary statement from the Fourth International Workshop, J Clin 
Endocrinol Metab. 2014;99:3561-3569.
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with continued reductions at 4 weeks (mean serum cal-
cium [normal range, 8.9 to 10.2 mg/dL]: 12.0 to 11.6 to 
11.3 mg/dL; P < .0025; and mean urinary calcium, 402 to 
291 to 283 mg/g creatinine; P < .0005). Subsequent stud-
ies have reported similar declines in serum and urinary 
calcium in response to both ethinyl estradiol and conju-
gated equine estrogens.221 Although levels of PTH were 
not measured in the earlier studies, Marcus et al221 and 
Selby and Peacock222 reported no change in PTH as mea-
sured by a C-terminal radioimmunoassay. Grey et al223 
also found no changes in intact PTH levels.

Various approaches to skeletal dynamics have been 
used in studies of metabolic and skeletal responses to 
estrogen replacement therapy in women with PHPT. Gal-
lagher and Wilkinson224 demonstrated normalization of 
calcium balance, with a decrease in output relative to 
intake. Studies of BMD in estrogen-treated patients with 
PHPT have documented a salutary effect of treatment on 
BMD at the femoral neck and lumbar spine.223

The role of cytokines in the skeletal response to estro-
gen therapy in PHPT is unknown. Although the local 
anabolic actions of PTH may be mediated in part by 
IGF-1, estrogens play an important independent role in 
regulating the synthesis of this cytokine. Moreover, post-
menopausal women have lower levels of IGF-1 than their 
premenopausal counterparts. A further decrease is found 
in osteoporotic postmenopausal women, arguing against 
a simple age-related effect. The precise role of IGF-1 in 
mediating the response to estrogen replacement in PHPT 
remains unclear, with decreased (with oral administra-
tion of ethinyl estradiol, conjugated equine estrogen, or 
estradiol valerate) or slightly increased (with transdermal 
estrogen) levels reported. In view of concerns expressed 
about chronic estrogen use in the Women’s Health Study, 
estrogen use is no longer recommended for medical man-
agement of hyperparathyroidism.

Raloxifene, a selective estrogen-receptor modulator, 
has been studied in PHPT, but the data are sparse. In a 
short-term (8-week) trial of 18 postmenopausal women, 
raloxifene (60 mg/day) was associated with a statistically 
significant although small (0.5 mg/dL) reduction in the 
serum calcium concentration and in markers of bone 
turnover.225 No long-term data or data on bone density 
are available.

Inhibition of Parathyroid Hormone
The most specific pharmacologic approach to PHPT is 
to inhibit the synthesis and secretion of PTH from the 
parathyroid glands. Interest is now focused on com-
pounds that act on the parathyroid cell calcium-sensing 
receptor. This G protein–coupled receptor recognizes 
calcium as its cognate ligand.226-228 When activated 
by increased extracellular calcium, the calcium-sensing 
receptor signals the cell via a G protein–transducing 
pathway to raise the intracellular calcium concentration, 
which inhibits PTH secretion. Molecules that mimic the 
effect of extracellular calcium by altering the affinity of 
calcium for the receptor could activate this receptor and 
inhibit parathyroid cell function. The phenylalkylamine 
(R)-N(3-methoxy-a-phenylethyl)-3-(2-chlorophenyl)-
1-propylamine (R-568) is one such calcimimetic 

compound. R-568 was found to increase cytoplasmic 
calcium and to reduce PTH secretion in vitro, as well as 
in normal postmenopausal women.229,230 This drug was 
also shown to inhibit PTH secretion in postmenopausal 
women with PHPT.231 A second-generation ligand, cina-
calcet, has been the subject of more extensive investiga-
tions in PHPT. Studies conducted by the authors and 
their colleagues232-234 indicate that this drug can reduce 
the serum calcium concentration to normal in PHPT 
(Fig. 63-7), but despite normalization of the serum cal-
cium concentration, PTH levels do not return to normal; 
they do fall by 35% to 50% after administration of the 
drug. Urinary calcium excretion does not change; serum 
phosphorus levels increase but are maintained in the 
lower range of normal; and 1,25(OH)2D3 levels do not 
change. The average BMD does not change, even after 3 
years of administration of cinacalcet. Marcocci et al235 
have shown that cinacalcet is effective in subjects with 
intractable PHPT. Silverberg et al236 have shown that 
cinacalcet reduces calcium levels effectively in inoper-
able parathyroid carcinoma.

UNUSUAL PRESENTATIONS

Neonatal Primary Hyperparathyroidism
Neonatal PHPT is a rare form of the disorder caused by 
homozygous inactivation of the calcium-sensing recep-
tor.237 When present in a heterozygous form, it is a 
benign hypercalcemic state known as familial hypercalci-
uric hypercalcemia (FHH). However, in the homozygous 
neonatal form, hypercalcemia is severe and the outcome 
is fatal unless recognized early. The treatment of choice is 
early subtotal parathyroidectomy to remove the majority 
of hyperplastic parathyroid tissue.

Primary Hyperparathyroidism in Pregnancy
Primary hyperparathyroidism in pregnancy is primar-
ily of concern for its potential effect on the fetus and 
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neonate.238,239 Complications of PHPT in pregnancy 
include spontaneous abortion, low birth weight, supra-
valvular aortic stenosis, and neonatal tetany. The last con-
dition is a result of fetal parathyroid gland suppression by 
high levels of maternal calcium, which readily crosses the 
placenta during pregnancy. These infants, accustomed 
to hypercalcemia in utero, have functional hypopara-
thyroidism after birth, and can develop hypocalcemia 
and tetany in the first few days of life. Today, with most 
patients (pregnant or not) presenting with a mild form 
of PHPT, an individualized approach to the management 
of the pregnant patient with PHPT is advised. Many of 
those with very mild disease can be followed safely, with 
successful neonatal outcomes without surgery. However, 
parathyroidectomy during the second trimester remains 
the traditional recommendation for this condition.

Acute Primary Hyperparathyroidism
Acute PHPT is known variously as parathyroid crisis, 
parathyroid poisoning, parathyroid intoxication, and 
parathyroid storm. Acute PHPT describes an episode 
of life-threatening hypercalcemia of sudden onset in a 
patient with PHPT.240-243 Clinical manifestations of acute 
PHPT are mainly those associated with severe hypercal-
cemia. Nephrocalcinosis or nephrolithiasis is frequently 
seen. Radiologic evidence of subperiosteal bone resorp-
tion is also commonly present. Laboratory evaluation is 
remarkable not only for very high serum calcium levels 
but also for extreme elevations in PTH to approximately 
20 times normal.242 In this way, acute PHPT resembles 
parathyroid carcinoma. A history of persistent mild 
hypercalcemia has been reported in 25% of patients. 
However, given the rarity of this condition, the risk of 
developing acute PHPT in a patient with mild asymptom-
atic PHPT is very low. Intercurrent medical illness with 
immobilization may precipitate acute PHPT. Early diag-
nosis, with aggressive medical management followed by 
surgical cure, is essential for a successful outcome.

Parathyroid Cancer
An indolent yet potentially fatal disease, parathyroid car-
cinoma accounts for less than 0.5% of cases of PHPT.244 
The cause of the disease is unknown, and no clear risk 
factors have been identified. There is no evidence to sup-
port the malignant degeneration of previously benign 
parathyroid adenomas.245 Manifestations of hypercalce-
mia are the primary effects of parathyroid cancer. The 
disease tends not to have a bulk tumor effect, spreading 
slowly in the neck. Metastatic disease is a late finding, 
with lung (40%), liver (10%), and lymph node (30%) 
involvement seen most commonly.

The clinical profile of parathyroid cancer differs from 
that of benign PHPT in several important ways.244 First, 
no female predominance is seen among patients with car-
cinoma. Second, elevations in serum calcium and PTH 
are far greater. As a consequence, the hyperparathyroid 
disease tends to be much more severe, with the classic tar-
gets of PTH excess involved in most cases. Nephrolithia-
sis or nephrocalcinosis is seen in up to 60% of patients; 
overt radiologic evidence of skeletal involvement is seen in 
35% to 90% of patients. A palpable neck mass, distinctly 

unusual in benign PHPT, has been reported in 30% to 
76% of patients with parathyroid cancer.246

Grossly, malignant glands are large, often exceeding 
12 g. They tend to be adherent to adjacent structures. 
Microscopically, thick, fibrous bands divide the trabecu-
lar arrangement of the tumor cells. Capsular and blood 
vessel invasion is common by these cells, which often con-
tain mitotic figures.246

Parathyroid carcinoma has also been reported in 
hereditary syndromes of hyperparathyroidism,247-250 par-
ticularly in hyperparathyroidism-jaw tumor (HPT-JT) 
syndrome,251 a rare autosomal disorder in which as many 
as 15% of patients will have malignant parathyroid dis-
ease. Because cystic changes are common, this disorder 
has also been referred to as cystic parathyroid adeno-
matosis.252 In HPT-JT, ossifying fibromas of the maxilla 
and mandible are seen in 30% of cases. Less commonly, 
kidney lesions, including cysts, polycystic disease, ham-
artomas, or Wilms’ tumors, can be present.253 Parathy-
roid carcinoma has also been reported in familial isolated 
hyperparathyroidism.248,254 Parathyroid carcinoma, as 
defined pathologically, has been reported in MEN1 syn-
drome and with somatic MEN1 mutations.255-257 How-
ever, recurrent parathyroid disease in MEN1 may mimic 
but might not actually be a result of malignancy. Only 
one case of parathyroid carcinoma has been reported in 
the MEN2A syndrome.258

Loss of the retinoblastoma tumor suppressor gene 
was formerly considered a marker for parathyroid can-
cer,210 but more recent studies do not unequivocally sup-
port this impression.259 Work by Shattuck et al260,261 has 
provided new insights into the molecular pathogenesis 
of parathyroid cancer. Parathyroid carcinomas from 10 
of 15 patients with sporadic parathyroid cancer carried 
a mutation in the HRPT2 gene. The HRPT2 gene that 
encodes for the parafibromin protein was shown to be 
mutated in a substantial number of patients with parathy-
roid cancer. Marcocci et al244 have reviewed this topic, 
pointing out a potential role for parafibromin in parathy-
roid cancer. In 3 of 15 patients with parathyroid cancer, 
Shattuck et al261 showed that the mutation was in the 
germline. The presence of the mutation in the germline 
suggests that this disease might be related in some way to 
the HPT-JT syndrome, in which this gene has been impli-
cated.261 In addition, there is an increased risk of para-
thyroid cancer in the HPT-JT syndrome. In fact, certain 
clinical features in patients with a germline mutation and 
in their relatives are indicative of the HPT-JT syndrome 
or phenotypic variants.262-264

Surgery is the only effective therapy currently avail-
able for this disease. The greatest chance for cure occurs 
with the first operation. After the disease recurs, cure 
is unlikely, although the disease may smolder for many 
years thereafter. The tumor is not radiosensitive, although 
there are isolated reports of tumor regression with local-
ized radiation therapy. Traditional chemotherapeutic 
agents have not been useful. When metastasis occurs, iso-
lated removal is an option, especially if only one or two 
nodules are found in the lung. Such isolated metastasec-
tomies are never curative but they can lead to prolonged 
remissions, sometimes lasting for several years. Similarly, 
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local debulking of tumor tissue in the neck can be pallia-
tive, although malignant tissue is invariably left behind.

Chemotherapy has had a very limited role in this dis-
ease. Bradwell and Harvey265 have attempted an immu-
notherapeutic approach by injecting a patient who had 
severe hypercalcemia resulting from parathyroid cancer 
with antibodies raised to their own circulating PTH. 
Coincident with a rise in antibody titer to PTH, previously 
refractory hypercalcemia fell impressively. A more recent 
report266 provided evidence of the antitumor effect in a 
single case of PTH immunization in metastatic parathy-
roid cancer. Attention has been focused instead on control 
of hypercalcemia in this devastating disease. The intrave-
nous bisphosphonates have been used in their capacity as 
agents that treat severe hypercalcemia. Although effica-
cious in the short term for treating severe hypercalcemia, 
they do not provide an approach that allows long-term 
outpatient normalization of serum calcium levels. The 
calcimimetic agents hold promise for offering calcium-
lowering effects on an outpatient basis. Our group267 
reported on a single patient treated with the calcimimetic, 
R-568; despite widely metastatic disease, the patient 
showed serum calcium levels that were maintained within 
a range that allowed him to return to normal function-
ing for nearly 2 years. A wider experience by Silverberg 
et al236 provides even more evidence that cinacalcet is 
useful in the management of parathyroid cancer. The 
U.S. Food and Drug Administration approved this cal-
cimimetic for the treatment of hypercalcemia in patients 
with parathyroid cancer. Based on extensive studies,268 
cinacalcet was also approved for use in patients with 
secondary hyperparathyroidism on hemodialysis. Use 
of this agent in parathyroid cancer led to improvement 
in serum calcium levels and a decrease in symptoms of 
nausea, vomiting, and mental lethargy, which are com-
mon concomitants of marked hypercalcemia. There are 
no data on the effect of cinacalcet on tumor growth in 
parathyroid cancer. Similarly, there are no data on the 

use of a combination of cinacalcet and bisphosphonates 
in parathyroid cancer, the former used to decrease PTH 
secretion from the cancer, and the latter used to decrease 
release of calcium from the skeleton. Although many 
questions remain, cinacalcet does offer an option for con-
trol of intractable hypercalcemia when surgical removal 
of cancerous tissue is no longer an option.

SUMMARY
This chapter has presented a comprehensive summary 
of the modern-day presentation of PHPT. As an asymp-
tomatic disorder in countries that are economically more 
developed, the disorder’s presentation has raised issues 
regarding the extent to which patients who are asymp-
tomatic may nevertheless show involvement in target 
organs, those patients who should be recommended for 
parathyroid surgery, those patients who can be safely 
followed without surgical intervention, and it has also 
raised issues regarding newer pharmacologic approaches 
to management. Questions about the natural history and 
pathophysiology of the disorder continue to be of great 
interest. Inasmuch as this disorder appears to be evolving 
in several different ways, it is clear that additional careful 
studies are required continually to gain new insights into 
this disease.
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HISTORICAL INTRODUCTION

Hypercalcemia is a frequent complication of cancer and 
can occur in 20% to 30% of patients during the course 
of their malignant disease.1 It has been estimated that 
patients with this disorder have a 30-day mortality of 
50%.2 The first reported case of malignancy-associated 
hypercalcemia (MAHC) was in the 1920s, coinciding 
with the development of an assay to measure serum cal-
cium.3 In 1936, the first series of cases was published on 
patients with MAHC.4 The reported patients suffered 
from myeloma and breast cancer with skeletal involve-
ment, and their hypercalcemia was attributed to skeletal 
destruction caused by local tumor invasion.

In 1941, Fuller Albright suggested an alternative mech-
anism: that a circulating humoral factor might cause some 
cases of MAHC.5 Studies published in the 1950s and 

1960s supported this hypothesis by describing patients 
with hypercalcemia who lacked bony metastases.6,7 These 
patients had squamous, renal, and genitourinary cancers as 
opposed to breast cancer or myeloma. Lafferty concluded 
that these tumors must secrete parathyroid hormone and 
named this process pseudohyperparathyroidism.8

At that point, it was thought that tumors could cause 
hypercalcemia through direct skeletal involvement or by 
acting on the skeleton in a humoral fashion. We now 
refer to these conditions as two subtypes of MAHC. The 
first is local osteolytic hypercalcemia (LOH), and the sec-
ond is humoral hypercalcemia of malignancy (HHM). 
The humoral type generally predominates in clinical 
practice.9,10

As discussed later, in the 1980s investigators made 
great strides in understanding the pathophysiology of both 

K E Y  P O I N T S

 •  Hypercalcemia is a common complication of malignancy.
 •  Humoral hypercalcemia of malignancy is frequently caused by elevations in circulating 

parathyroid hormone–related protein secreted by tumors not in the skeleton.
 •  Local osteolytic hypercalcemia is caused by local cytokine production by tumor cells 

located within the bone microenvironment.
 •  Bone resorption is the key pathophysiologic mechanism by which excess calcium is 

released into the circulation.
 •  Hypercalcemia of malignancy can be effectively treated by lowering bone resorption 

and by treating the underlying malignancy if possible.
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LOC and HHM. First, it was appreciated that tumor cells 
could make cytokines that stimulated the local produc-
tion and activity of bone-resorbing osteoclasts within the 
bone microenvironment surrounding tumor cells. Second, 
investigations into HHM led to the discovery of a new 
hormone, parathyroid hormone-related peptide (PTHrP), 
which is evolutionarily related to parathyroid hormone 
and uses the same receptor. As a result, when tumors 
secrete PTHrP into the circulation, it acts like PTH to 
increase osteoclast differentiation and activity throughout 
the skeleton. It has also become clear that two additional 
types of MAHC exist: 1,25(OH)2–vitamin D-induced 
hypercalcemia in patients with lymphomas and true ecto-
pic production of parathyroid hormone. These will be 
discussed further in this chapter.

NORMAL PHYSIOLOGY OF CALCIUM METABOLISM
Calcium can be found in the body in two predominant 
forms. First, calcium salts are key components of bone 
hydroxyapatite, which provides structural integrity to 
the skeleton so that this organ can bear weight, support 
locomotion, and protect internal organs. Second, soluble 
calcium ions in the extracellular fluid (ECF) and cytosol 
contribute to a multitude of biochemical reactions, signal-
ing cascades, and electrical systems. In the adult human, 
there are about 1000 g of calcium, of which 99% is found 
in bone.11 Thus, only 1% of calcium is found in the ECF 
and soft tissues. Skeletal and ECF calcium are exchange-
able allowing bone to provide calcium to the ECF, when 
calcium concentrations are low and also to store excess 
calcium when needed. Ionized or free calcium represents 
approximately 50% of the circulating pool, and the 
remaining fraction is bound to serum proteins. Calcium 
is largely bound to albumin in the circulation, but can 
also be complexed with citrate or sulfate.11 The ionized 
fraction is the physiologically important one, but it is dif-
ficult to measure, as it requires anaerobic conditions for 
collection and handling. Therefore, clinically total serum 
calcium is most commonly used as an indirect measure-
ment of the ionized fraction, although some medical cen-
ters now routinely measure the ionized fraction.

The parathyroid glands, kidneys, skeleton, and gut are 
the organs involved in calcium homeostasis through the 
action of parathyroid hormone (PTH), vitamin D, and 
PTH-related protein (PTHrP). These interactions will be 
described in further detail.

Parathyroid Hormone and  
the Calcium-Sensing Receptor
PTH is produced from the four parathyroid glands 
located near the upper and lower poles of the thyroid 
gland. These glands are derived from the fourth and third 
branchial pouches, respectively, and can be found any-
where along the path of embryologic migration.

PTH is an 84–amino acid protein synthesized as a 
single-chain, pre-pro parathyroid peptide. This peptide is 
cleaved twice to generate the biologically active form of 
the hormone, PTH 1-84.12 PTH has a very short half-
life (minutes) and is degraded by the liver and kidney. 
The C-terminal fragment of PTH is released into the 

circulation upon degradation and is excreted by the kid-
ney. Parathyroid secretory granules also digest the amino-
terminal portion of PTH and release the C- terminal 
portion into the circulation during hypercalcemic condi-
tions.13 PTH secretion is regulated by extracellular ion-
ized calcium concentrations, and small changes in ionized 
calcium concentrations can result in large changes in PTH 
secretion.14-16

Parathyroid cells regulate PTH secretion by detect-
ing changes in extracellular calcium concentrations 
through a G-protein–coupled-receptor known as the 
calcium- sensing receptor (CaSR).17-21 Calcium binds to 
the calcium-sensing receptor and activates a downstream 
signaling cascade that suppresses PTH synthesis and sub-
sequent secretion.18,19,22 Persistently elevated calcium 
levels can result in degradation of PTH within parathy-
roid cells.23 The CaSR is also expressed in the kidney, 
where it regulates calcium handling by the renal tubules.  
Hypercalcemia activates the CaSR, resulting in suppres-
sion of renal calcium reabsorption24 and excretion of 
excess calcium in the urine.

The actions of PTH are mediated through a G- protein–
coupled-receptor known as the type 1 PTH/PTHrP 
receptor (PTH1R), because it responds to both PTH 
and PTHrP. Activation of the receptor by PTH activates 
several signaling cascades, but the best documented has 
been the adenylyl cyclase pathway. In the kidney, PTH 
acts on proximal tubular cells to inhibit reabsorption 
of phosphate through removal and degradation of the 
sodium-phosphate co-transporters 2a and 2c (NPT2a 
and NPT2c) from the luminal membranes.25 It also stim-
ulates the activity of renal 1α hydroxylase in proximal 
tubular cells and inhibits 24-hydroxylase, which results 
in an increase in the biologically active 1,25 (OH)2 vita-
min D.26 PTH increases the reabsorption of calcium in 
the kidney through reclaiming calcium from the glo-
merular filtrate. There is also a PTH-independent para-
cellular process linked to the reabsorption of sodium. By 
increasing the positive charges on the luminal side of the 
tubule, PTH promotes calcium reabsorption in the corti-
cal thick ascending loop of Henle. In the distal tubule, 
calcium channels are inserted into apical membranes to 
stimulate the basolateral sodium-calcium exchanges.27 In 
the skeleton, PTH activates bone turnover and releases 
stored calcium. It does this by stimulating transport of 
calcium across bone lining cells from a pool of calcium at 
the surface of bone. It also stimulates both bone resorp-
tion and bone formation. PTH increases the number and 
activity of bone-forming osteoblasts and bone-resorbing 
osteoclasts, increases the size of the osteoblast precur-
sor pool,28 increases the bone-forming activity of mature 
osteoblasts, and promotes the release of colony-stimulat-
ing factor 1 and receptor activator of nuclear factor κB 
(NF-κB) ligand (RANKL), which stimulate the formation 
of new osteoclasts and activate mature osteoclasts.29 PTH 
inhibits osteoblast production of osteoprotegerin, which 
is a soluble decoy receptor for RANKL that inhibits 
osteoclast development. The ultimate effects of PTH on 
bone turnover depend on the pattern of PTH exposure. 
Continued long-term elevations in PTH stimulate net 
bone resorption while intermittent PTH stimulation can 
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result in net bone formation. See Chapter 56 for further 
discussion on PTH.

Vitamin D
In the skin, keratinocytes absorb ultraviolet light and 
convert 7-dehydrocholesterol to vitamin D3.30 This is 
the biologically inert form of vitamin D, and it must be 
hydroxylated in the liver by vitamin D 25-hydroxylase 
to 25-hydroxyvitamin D3.31 The second hydroxylation 
occurs in the kidney, when 25-hydroxyvitamin D3 is 
converted to 1,25 (OH)2 vitamin D3, by 25 (OH)D-1α 
hydroxylase (1α hydroxylase).31 This enzymatic pro-
cess in the kidney is stimulated by PTH and phosphate 
and inhibited by hypercalcemia and FGF23. The 1α 
hydroxylase enzyme is also expressed in immune cells, 
especially activated macrophages. Therefore, 1,25(OH)2  
vitamin D3 can be produced by macrophages, classically 
in granulomas.

Vitamin D is a steroid hormone that interacts with 
specific nuclear receptors to regulate gene expression. 
The vitamin D receptor (VDR) is a member of the steroid 
hormone receptor family of ligand-binding transcription 
factors.31-33 When 1,25(OH)2 vitamin D is present, the 
vitamin D receptor heterodimerizes with the retinoid acid 
x receptor and binds to specific DNA sequences within the 
target gene.34,35 1,25(OH)2 vitamin D stimulates calcium 
absorption from the diet by stimulating expression of 
TRPV6, an apical membrane calcium channel that allows 
calcium influx into intestinal epithelial cells by enhanc-
ing production of mediators, such as calbindin D. This 
facilitates calcium movement through the cytoplasm by 
stimulating the calcium pump, Ca ATPase 1b (PMCA1b), 
which moves calcium across the basolateral membrane of 
gut enterocytes, and by enhancing paracellular calcium 
absorption through a change in charge selectivity of the 
tight junctions, possibly through changes in Claudin 2 
and 12 levels.34 At pathologic levels, 1,25 (OH)2 Vitamin 
D can increase bone resorption by binding to the VDR 
on osteoblasts and stimulating osteoblastic production 
of RANKL, leading to osteoclast activation and bone 
resorption.36,37 See Chapter 59 for detailed treatment of 
vitamin D chemistry and biology.

Parathyroid Hormone–Related Protein
Parathyroid hormone-related protein (PTHrP) is a 
“cousin” of PTH; both peptides are derived from related 
genes that together with TIP-39 define a small gene fam-
ily. PTHrP was initially identified as a cause of MAHC. 
Much research has now shown that PTHrP is a widely 
expressed cytokine that is involved in a variety of physi-
ologic functions. PTHrP is discussed in greater length 
in Chapter 57. What follows here is a short discussion 
enabling the reader to appreciate its pathophysiologic 
role in humoral hypercalcemia of malignancy (see later).

In humans, PTHrP is encoded by a single-copy gene 
containing 8 exons and at least 3 promoters located on 
the short arm of chromosome 12.38-40 Alternative splic-
ing at the 3′ end of the gene gives rise to three different 
classes of mRNAs coding for specific translation prod-
ucts of 139, 141, or 173 amino acids. PTHrP mRNA has 
been found in almost every organ at some time during 

its development or functioning. Many different hormones 
and growth factors regulate the transcription and/or 
stability of PTHrP mRNA. As with PTH, the CaSR has 
been found to regulate PTHrP gene expression in many 
cells.41,42

The amino terminus of PTHrP is remarkably similar to 
that of PTH. The two peptides share 8 of the first 13 amino 
acids and a high degree of predicted secondary structure 
over the next 21 amino acids. These common sequences 
allow both proteins to bind and activate the same PTH/
PTHrP receptor (PTH1R). The vast majority of studies 
in vitro suggest that this receptor binds PTHrP and PTH 
with equal affinity and that both activate the receptor in 
an identical manner. However, the human PTH1R may 
respond slightly differently to PTH and PTHrP. There 
appear to be physical differences in the binding of the two 
peptides to different conformational states of the recep-
tor, so that the duration of cAMP production is shorter 
for PTHrP 1 to 36 than for PTH 1 to 34.43 Nevertheless, 
when PTHrP enters the systemic circulation, it can mimic 
the effects of PTH and cause hypercalcemia in HHM.44

PTHrP has been found in at least some cells of almost 
all organs, and a variety of functions have been ascribed 
to PTHrP. The best documented are its roles in the 
growth plate during the development of endochondral 
bone, the development of the mammary gland, its ability 
to relax smooth muscle in the vasculature and uterus, and 
its stimulation of pancreatic islet cell proliferation. These 
functions are discussed at greater length in Chapter 57. 
Pertinent to its role in causing hypercalcemia in cancer, it 
is worth highlighting PTHrP’s function during lactation. 
Milk production requires a great deal of calcium, much of 
which comes from the maternal skeleton. As a result, lac-
tating women lose 5% to 8% of their bone mass over the 
first 6 months of full-time nursing, and lactating rodents 
can lose 25% to 30% of their skeletal mass in as little 
as 12 to 14 days. Bone loss during this time is mediated, 
in part, by the secretion of PTHrP from breast epithelial 
cells into the systemic circulation. This is the only time 
that PTHrP circulates in normal individuals in apprecia-
ble amounts and, like PTH, during lactation it increases 
bone resorption to liberate skeletal calcium stores. This 
PTH-like function during reproductive cycles is probably 
the principal evolutionary pressure that helped to main-
tain PTHrP’s ability to share the same receptor with PTH, 
even though, in every other aspect, the two peptides func-
tion much differently. Since HHM exists because PTHrP 
and PTH share the same receptor, ultimately, this evolu-
tionary pressure also explains why hypercalcemia occurs 
in many malignancies.45

MALIGNANCY-ASSOCIATED HYPERCALCEMIA
Historically, MAHC has been subdivided into two main 
categories. The first occurs in patients with few or no bone 
metastases but a diffuse upregulation of bone resorption. 
These tumors produce a humoral factor(s) (usually PTHrP) 
that circulates and causes increased osteoclast numbers 
and activity. This type of MAHC has been referred to as 
humoral hypercalcemia of malignancy (HHM). The second 
main category includes tumors with extensive osteolytic 
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bone metastases. In these tumors, the metastatic cells 
within the skeleton produce local paracrine factors that 
increase osteoclastic bone resorption around the tumor 
deposits, but not systemically. These tumors require an 
extensive skeletal tumor burden to cause hypercalcemia.

Humoral Hypercalcemia of Malignancy
HHM is the more common of the two types of MAHC, 
representing 75% to 80% of cases in consecutive series of 
patients with MAHC.9,10 Classically, it occurs most com-
monly in squamous, renal, and genitourinary malignan-
cies, some breast cancers, and human T-cell leukemia virus 
(HTLV) 1–associated adult T-cell leukemia/lymphomas.46 
However, almost all tumor types have been reported to 
occasionally cause HHM. It is difficult to determine the 
exact incidence of HHM in patients with different types of 
cancer as the frequency generally increases as cancer pro-
gresses. For instance, approximately 15% of patients with 
renal cell carcinoma were shown to have hypercalcemia 
prior to treatment.47 In contrast, up to 50% of patients 
with squamous cell tumors of the head and neck followed 
for several years eventually developed HHM.48 In fact, 
hypercalcemia is typically a complication of advanced can-
cer, and the prognosis is poor in patients with HHM, with 
reports suggesting a median survival of 2 to 3 months.49,50

HHM is most commonly caused by a tumor, distant 
from the skeleton, releasing PTHrP into the systemic circu-
lation. PTHrP is often a normal product of the cells of ori-
gin of the tumor, but in the setting of malignancy, PTHrP 
production is upregulated by tumor cells, and the tumors 
evade the normal barriers that usually keep PTHrP within 
the local tissue environment. As a result, PTHrP enters the 
systemic circulation and gains access to the PTHR1 pool in 
the skeleton and kidney that are normally reserved for PTH. 
This is associated with a characteristic pattern of biochemi-
cal abnormalities first defined by Stewart and colleagues in 
1980.9 Patients typically demonstrate elevated serum cal-
cium levels associated with suppressed PTH levels and low 
1,25 (OH)2 vitamin D levels. As a result, calcium clear-
ance in the kidneys is increased and gut calcium absorp-
tion is decreased, contributing to a profound negative 
calcium balance. Serum phosphorus levels are low-normal 
or low with a decreased TmP/GFR. Nephrogenous cAMP 
(NcAMP) excretion rates are elevated, reflecting activation 
of the renal proximal tubular PTH receptor despite the 
reduction in circulating PTH levels. The elevated NcAMP 
levels in HHM formed the basis for biochemical assays 
that resulted in the purification of PTHrP from tumors and 
the cloning of the PTHrP gene in the 1980s.

Hypercalcemia in HHM results from the release of cal-
cium from the skeleton at a rate that exceeds the kidney’s 
ability to excrete the excess load (Fig. 64-1). Patients ini-
tially develop hypercalciuria but eventually develop dehy-
dration due to an osmotic diuresis combined with the effects 
of calcium to induce a form of nephrogenic diabetes insipi-
dus due to activation of the CaSR on the distal tubule and 
collecting duct. Once patients become dehydrated, serum 
calcium levels typically rise rapidly and patients develop 
symptoms of lethargy, anorexia, and confusion from the 
elevated ionized calcium levels that only worsen the dehy-
dration and accelerate the rise in serum calcium levels.

Although PTH and PTHrP act on the same receptor, 
several biochemical aspects of HHM differ from changes 
seen in primary hyperparathyroidism. First, as noted ear-
lier, renal calcium clearance is higher in HHM than it is 
in hyperparathyroidism. Second, although PTHrP levels 
are elevated, 1,25(OH)2 vitamin D levels are suppressed 
in HHM, whereas the elevations in PTH in primary hyper-
parathyroidism result in increased 1,25(OH)2 vitamin D 
levels. Finally, bone histomorphometric studies in patients 
with HHM demonstrate very elevated rates of bone resorp-
tion but suppressed bone formation rates.51 In contrast, 
typically in primary hyperparathyroidism, rates of both 
bone formation and bone resorption are elevated. Similar 
differences in bone formation rates in HHM as compared to 
hyperparathyroidism are noted when biochemical markers 
of bone turnover such as total deoxypyridinoline (Dpyd), 
pyridinoline cross-linked carboxyterminal telopeptide of 
type 1 collagen (ICTP), serum osteocalcin (OC), and serum 
bone type alkaline phosphatase (B-ALP) were measured.52 
It is still not entirely clear why elevations in PTHrP produce 
different effects on the kidney and bone cells if both pep-
tides act on the same receptor. Nonetheless, studies by Hor-
witz and colleagues revealed that infusions of PTHrP are 
less effective at stimulating 1,25(OH)2 vitamin D produc-
tion than are infusions of PTH.53 Interestingly, in the same 
studies PTH and PTHrP stimulated renal tubular reabsorp-
tion of calcium equivalently.53-55 As for the uncoupling of 
bone formation from bone resorption, tumor production 
of IL-6 has been implicated in human squamous carcinoma 
cells that also secrete PTHrP, and this cytokine may accel-
erate osteoclastic bone resorption and suppress osteoblastic 
function.56 Finally, although PTHrP and PTH appear to act 
equivalently in many experimental systems, recent studies 
have documented differences in the way the two peptides 
bind to the PTH1R, thus providing a potential mechanism 
through which the two proteins might have tissue-specific 
differences in signaling that would explain their divergent 
effects on 1,25 vitamin D production and the stimulation 
of bone formation by osteoblasts.43,44,57,58

Ectopic Production of Parathyroid Hormone
Although HHM was originally thought to be secondary to 
ectopic PTH production, it is quite rare that MAHC is actu-
ally caused by ectopic production of PTH. Approximately 
18 cases exist in the literature of ectopic hyperparathy-
roidism caused by a nonparathyroid tumor. These tumors 
include neuroendocrine tumors, hepatocellular carcinoma, 
medullary thyroid cancer, ovarian carcinoma, small-cell 
lung carcinoma, squamous carcinoma, rhabdoid tumor of 
the kidney, endometrial adenosquamous carcinoma, and 
thymoma.59-73 Immunoradiometric two-site assays for 
intact PTH and PTHrP allow for the determination as to 
whether PTH or PTHrP is causing hypercalcemia in malig-
nancy. There is no cross-reactivity between PTH and PTHrP 
in these assays.59 Nussbaum and coworkers described a 
patient with ovarian carcinoma, in which genetic evaluation 
of the tumor cells revealed DNA amplification and rear-
rangement in the upstream regulatory region of the PTH 
gene. This resulted in increased PTH expression.59 Van-
Houten and associates described a patient with a high-grade 
neuroendocrine carcinoma of the pancreas found to have 
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ectopic PTH production. Genetic evaluation of these tumor 
cells revealed transactivation of the PTH gene promoter 
associated with hypomethylation of the PTH gene locus, 
indicative of re-activation of PTH gene transcription in the 
tumor cells.70

Overproduction of 1,25-Dihydroxyvitamin D
Another rare cause of HHM is the overproduction of 
1,25(OH)2 vitamin D by lymphomas, both Hodgkin’s 
and non-Hodgkin’s types.74-78 In this setting, local acti-
vation of 1α-hydroxylase activity within or around the 
tumor results in the overproduction of the active form of 
vitamin D. In at least one carefully studied patient, the 

source of the 1α-hydroxylase was the tumor-associated 
macrophages and not the lymphoma cells themselves. 
This would suggest that the tumor cells make some para-
crine factor that upregulates 1α-hydroxylase expression in 
macrophages, although it is not clear whether lymphoma 
cells can also sometimes express 1α-hydroxylase. Unlike 
the kidney, there is no systemic feedback inhibition of the 
tumor-associated 1α-hydroxylase activity, but 1,25(OH)2 
vitamin D production is responsive to 25 vitamin D levels. 
Hypercalcemia in these patients is largely secondary to 
the hyperabsorption of calcium in the intestine, although 
high 1,25 vitamin D levels can also directly cause bone 
resorption (see Fig. 64-1). Patients typically have normal 
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Figure 64-1 Comparison of normal calcium fluxes with MAHC. A, The central box represents extracellular fluid (ECF), which contains approxi-
mately 1000 mg of calcium. This compartment interfaces with the gastrointestinal tract, the kidney, and the skeleton. The fluxes into and out of the 
ECF are measured in milligrams per day. There is a zero calcium balance under homeostatic conditions. B, In humoral hypercalcemia of malignancy, 
elevated circulating PTHrP levels result in an uncoupling of bone resorption from bone formation and a net output of calcium from bone. There is 
decreased intestinal absorption of calcium secondary to reduced 1,25 vitamin D levels. The kidney filters an increased load of calcium, and PTHrP 
acts on the kidney to enhance renal retention of calcium. However, this is insufficient to reduce serum calcium concentrations to normal levels. 

Continued
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serum phosphate levels and increased renal calcium excre-
tion. PTH levels are appropriately suppressed in the face 
of hypercalcemia, and PTHrP concentrations are unmea-
sureable.77 However, hypercalcemia can also be caused 
by lymphomas that secrete PTHrP. Therefore, measuring 
PTHrP levels is clinically important in this setting.

Local Osteolytic Hypercalcemia
Local osteolytic hypercalcemia (LOH) is the second most 
common form of MAHC composing approximately 20% 
to 30% of patients in consecutive series of patients with 
MAHC.9,10,79 In patients with LOH, the hypercalcemia 
is caused by tumor growth within bone, which leads to 

the stimulation of osteolysis around the bone metastases 
with release of calcium into the systemic circulation. In 
order to develop hypercalcemia, patients usually must 
have extensive skeletal metastases. Classically, the most 
common tumors presenting with this syndrome include 
myeloma, breast cancer, and lymphoma.

The biochemical findings in the disorder are hypercal-
cemia with reduced PTH and 1,25(OH)2 vitamin D lev-
els, similar to HHM. However, in this condition, patients 
have normal serum phosphorus concentrations and a 
normal renal phosphate threshold. In contrast to HHM, 
PTHrP levels are undetectable, so nephrogeneous cAMP 
(NcAMP) levels are reduced secondary to the suppressed 
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Figure 64-1, cont’d C, In local osteolytic hypercalcemia, local release of factors from skeletal metastases leads to the local uncoupling of bone 
resorption from formation. If there are enough metastases, there is a net output of calcium from bone. There is decreased intestinal absorption of 
calcium secondary to reduced 1,25 vitamin D levels. The kidney filters an increased load of calcium, but this is insufficient to reduce serum calcium 
concentrations to normal levels. D, In 1,25 vitamin D-mediated hypercalcemia, there is a marked increase in intestinal calcium absorption, and there 
also may be an increase in bone resorption. The kidney filters an increased load of calcium, but this is insufficient to reduce serum calcium concentra-
tions to normal levels. (A, Adapted from Stewart AF. Normal physiology of bone and mineral homeostasis. In Andreoli TE, et al. (eds.). Andreoli and 
Carpenter’s Cecil essentials of medicine. Philadelphia: Elsevier Saunders; 2010.)
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PTH levels. Urinary calcium excretion is increased as a 
result of an increased filtered load of calcium found in 
hypercalcemic conditions and a decreased distal tubular 
calcium reabsorption in the setting of lower PTH levels. 
Intestinal absorption of calcium is also reduced because of 
the decreased circulating 1,25(OH)2 vitamin D levels. As 
with HHM, this results in a net negative calcium balance.

The pathophysiology of LOH is an extension of the patho-
physiology of osteolytic bone metastases. In order for tumor 
cells to survive and grow in bone, they influence the behavior 
of normal bone cells to remodel the bone microenvironment, 
often activating bone resorption and causing osteolysis. This 
leads to the release of factors from the bone matrix that, 
in turn, stimulate further growth of the tumor cells, causing 
more osteolysis. This vicious cycle of peri-tumor osteolysis 
and tumor growth has been the focus of many studies. In 
short, it appears that tumor cells produce soluble factors 
that lead to increased osteoclast recruitment, differentiation, 
and activity.80-83 Some tumors also elaborate factors that 
inhibit osteoblast-mediated bone formation. As a result, the 
tumors cause progressive bone destruction, allowing them 
to expand within the skeleton. If the number and size of the 
osteolytic metastases is great enough, then the release of cal-
cium from the skeleton will exceed the kidney’s ability to 
excrete the filtered load, and patients will develop clinical 
hypercalcemia, usually associated with renal insufficiency 
(see Fig. 64-1). As opposed to HHM, bone resorption does 
not happen throughout the skeleton in LOH, just around the 
individual tumor deposits. The general pathophysiology of 
bone metastases has been reviewed in great detail previously. 
In this setting, we will only briefly review some of the main 
cytokines that have been implicated in driving the vicious 
cycle of osteolysis, but the reader is referred to other reviews 
for a more complete discussion of this topic.84-86

One of the tumors that frequently causes extensive 
bone destruction and hypercalcemia is myeloma. Forty 
years ago, Mundy described an osteoclast-activating fac-
tor (OAF) that was produced by myeloma cells.87 Many 
subsequent studies have identified a series of cytokines 
produced by myeloma cells that have the ability to cause 
osteolysis. These include interleukin 1α (IL-1α), IL-1β, 
tumor necrosis factor α (TNF-α), TNF-β (lymphotoxin), 
transforming growth factor (TGF-α), MIP-1α (macrophage 
inflammatory protein-1α), IL-3, IL-6, and CD-47.88 Many 
of these cytokines increase osteoclast differentiation and 
activity by increasing the production of receptor activator 
of NF-κB ligand (RANKL) by osteoblasts.89-91 RANKL is 
the dominant factor produced by osteoblasts to regulate 
the production and activity of osteoclasts, and this factor 
acts through a receptor, RANK, found on osteoclast pro-
genitors and mature osteoclasts. In recent years, it has also 
become clear that suppression of bone formation is also 
important in the pathogenesis of myeloma bone disease. 
This appears to be related to the secretion of Dickkopf1 
(DKK-1), an inhibitor of the WNT signaling pathway, 
by myeloma cells. Inhibition of Wnt signaling suppresses 
osteoblast activity and bone formation, augmenting the 
local osteolysis and release of calcium from the bone.92-94

Breast cancer is the second tumor type classically asso-
ciated with LOH. Bone metastases are common in breast 
cancer, occurring in up to 70% of patients with advanced 
disease. As in myeloma, bone metastases from breast cancers 

are typically osteolytic, and if the skeletal burden is great 
enough, enough calcium can be released from the skeleton 
to overwhelm the body’s adaptive mechanisms, resulting in 
hypercalcemia. It is difficult to ascertain the current inci-
dence of hypercalcemia in patients with breast cancer and 
bone metastases. Older studies suggested that 10% to 15% 
of all patients with breast cancer developed hypercalcemia, 
the majority of whom had bone metastases. More recent 
studies (usually drug trials) group together hypercalcemia, 
pathologic fracture, radiation treatment for impending frac-
ture, and bone pain under the term skeletal-related events 
(SRE) and do not often report the incidence of hypercalce-
mia separately. In these trials, the control group of patients 
with bone metastases had an SRE rate of approximately 
60%. The use of prophylactic bisphosphonates is associated 
with an aggregate 15% reduction in SREs, so it is likely 
that the widespread use of these medications in patients 
with breast cancer and bone metastases has reduced the 
incidence of hypercalcemia by at least a similar amount.95

Like myeloma cells, breast cancer cells have been shown 
to produce a variety of factors that induce local bone resorp-
tion (Fig. 64-2). One of the best studied of these factors is 
PTHrP. It is well documented that PTHrP is produced by a 
number of primary breast carcinomas and that this some-
times leads to classical HHM.96 However, animal models 
have suggested that localized PTHrP production by breast 
tumor cells contributes to the osteolysis associated with 
skeletal metastases.97,98 These studies have suggested that, in 
response to the bone microenvironment, breast cancer cells 
metastatic to the skeleton produce more PTHrP than cells 
in the primary tumor.98,99 TGF-β, released at sites of bone 
resorption, has been shown to upregulate PTHrP produc-
tion through a signaling pathway involving the transcription 
factor Gli2.100 PTHrP, in turn, increases the production of 
RANKL and decreases the production of OPG, increasing 
osteoclast numbers and activity.99 This sets up a feedforward 
loop between PTHrP production and bone resorption, con-
tributing to a vicious cycle of osteolysis. In addition, unlike 
in normal breast cells, CaSR signaling in breast cancer cells 
stimulates PTHrP production and can synergize with the 
effects of TGF-β.101,102 Finally, the mechanical stiffness of 
bone tissue may also increase PTHrP production.103 Thus, 
several aspects of the bone microenvironment conspire to 
increase PTHrP production in skeletal metastases. How-
ever, PTHrP is not the only factor important in this pro-
cess. Breast cancer cells have been shown to produce other 
osteolytic factors, such as IL-6, IL-11, prostaglandin E2, 
Jagged 1, macrophage colony-stimulating factor (MCSF), 
and macrophage-stimulating protein (MSP).83 MCSF and 
MSP may act directly to stimulate osteoclast production and 
activity, while the other factors act with PTHrP to stimulate 
RANKL production by osteoblasts.83,104,105 As depicted in 
Figure 64-2, the growth of osteolytic metastases depends 
on a vicious cycle of bone resorption and tumor cell prolif-
eration that is fed by the release of growth factors from the 
bone matrix, the breast cancer cells, and normal bone cells.

TREATMENT

Hydration
Hypercalcemia is associated with polyuria. In addition, 
hypercalcemic patients also suffer from reduced oral intake, 
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due to anorexia, nausea, and vomiting. These factors lead 
to dehydration and a reduction in GFR.106 An impair-
ment in renal function, in turn, limits the ability to excrete 
the increased calcium load coming usually from bone and 
accelerates the development of hypercalcemia. As a result, 
the first goal of therapy is to correct volume depletion 
(Fig. 64-3). It has typically been recommended to hydrate 
patients with 0.9% NS (normal saline) at 200 to 500 mL/
hour intravenously. The initial rate and duration of fluid 
administration should be determined by clinical signs of 
dehydration, the duration and severity of hypercalcemia, 
and underlying medical conditions, especially cardiovascu-
lar disease. After initial volume repletion and establishment 
of adequate urine output, fluids can be continued at >100 
mL/hour, but it is important to carefully monitor vital signs 
and watch for signs of fluid overload, especially in cases 
with existing comorbidities such as congestive heart failure 
(CHF).106,107 While intravenous fluid administration can 
transiently lower serum calcium concentrations on the order 
of 1 to 1.5 mg/dL, additional therapies are required to lower 
calcium further and to maintain the lower calcium levels.

It has been common practice to add loop diuretics, such 
as furosemide at a dose of 20 to 40 mg intravenously, after 
rehydration has been achieved to promote calcium excre-
tion through a forced saline diuresis. The concept is to take 
advantage of the fact that sodium delivery to the distal tubule 
promotes urinary calcium excretion and helps to accelerate 
calcium clearance by the kidneys.1,106 However, LeGrand 

and colleagues reviewed the literature on this topic and 
argued that routine use of loop diuretics in the treatment 
of MAHC was not helpful.108 Clearly, if loop diuretics are 
given before adequate volume repletion, they run the risk of 
prolonging dehydration and may actually impair the excre-
tion of a calcium load on this basis. Therefore, if diuretics 
are to be used, their administration must be delayed until 
volume status has been fully restored. In addition, they are 
valuable in managing hypercalcemic patients who develop 
fluid overload after aggressive fluid resuscitation.108

Inhibition of Bone Resorption
The majority of patients with MAHC are hypercalcemic 
because of excessive bone resorption. Therefore, the main-
stay of therapy is the administration of powerful antiresorp-
tive agents, primarily bisphosphonates and denosumab. 
However other agents, such as calcitonin, gallium nitrate, 
and mithramycin have also been described to be helpful in 
lowering calcium levels. In the sections that follow, we will 
discuss the available agents for inhibiting bone resorption, 
concentrating on the most clinically useful and available 
agents, pamidronate, zolendronic acid, and Denosumab.

Calcitonin
Calcitonin is a peptide hormone secreted by the parafol-
licular cells of the thyroid gland that acts to inhibit osteo-
clast activity. It has been utilized as an antiresorptive 
therapy for both hypercalcemia of malignancy and Paget’s 
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Figure 64-2 Osteolytic bone metastasis in breast cancer. In skeletal metastases, the tumor cells make factors, including PTHrP, that upregulate 
osteoclastic bone resorption. This results in the release of TGF-β from the bone matrix, which acts on cancer cells to further stimulate the production 
of osteolytic factors, such as PTHrP, connective tissue growth factor (CTGF), IL-6, and IL-11. These factors increase the RANKL/OPG expression 
ratio in bone stromal cells such as osteoblasts, resulting in osteoclastogenesis. Moreover, active TGF-β stimulates Jagged 1 expression in cancer cells, 
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and bone cells. (Reproduced with permission from Buijs JT, Stayrook KR, Guise TA. The role of TGF-beta in bone metastasis: novel therapeutic 
perspectives. Bonekey Rep. 2012 1:96.)
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disease.106,107 It also has been shown to decrease the renal 
tubular resorption of calcium, thus promoting renal cal-
cium excretion.109,110 The benefits of calcitonin are its rapid 
action, but its limitations have been the rapid development 
of tachyphylaxis and its relatively modest calcium-lowering 
actions. Salmon calcitonin has a longer half-life in the cir-
culation than human calcitonin, and it is given as a subcu-
taneous or intramuscular injection at a dose of 4 to 8 IU 
per kilogram every 12 hours.1 Administration of calcitonin 
results in a rapid reduction in serum calcium concentrations 
with a maximal response within 12 to 24 hours. However, 
the reductions are small (approximately 1 mg/dL), and the 
effects are usually lost within 48 to 96 hours, probably due 
to the downregulation of calcitonin receptors.111 Neverthe-
less, it can be a valuable temporizing agent that can rap-
idly lower calcium levels acutely while waiting for the more 
prolonged onset of other antiresorptive agents. This can be 
an important initial therapy for patients in danger of dying 
from extreme elevations in serum calcium levels.

Gallium Nitrate
Gallium nitrate was initially evaluated as a cancer chemo-
therapeutic, and patients receiving this treatment devel-
oped a positive calcium balance with reduced urinary 
calcium excretion.112 The hypocalcemic effects result 
from the inhibition of bone resorption.113 It is given as a 
continuous intravenous infusion of 100 to 200 mg/m2 of 
body surface area over a 24-hour period for 5 consecutive 
days.1,106 Gallium nitrate can cause nephrotoxicity, and it 
is important that adequate urine output be maintained on 
this therapy.114 In one study comparing gallium nitrate 
treatment to treatment with calcitonin, 18 of 24 patients 
receiving gallium nitrate achieved normocalcemia, and 
the median duration of normocalcemia was 6 days.114 
In another study comparing gallium nitrate therapy to 

treatment with etidronate, 28 of 34 patients (82%) who 
received gallium nitrate achieved normocalcemia, and the 
median duration of normocalcemia was 8 days.113

Mithramycin
Mithramycin, otherwise known as plicamycin, is an antibi-
otic agent that was initially used to treat testicular neoplasms 
and was found to lower serum calcium levels.115 It was 
utilized for the treatment of hypercalcemia of malignancy 
prior to the introduction of bisphosphonates. It interferes 
with osteoclastic function and can reduce serum calcium 
levels within 24 hours.116 It is given as a single dose of 25 
mcg/kg of body weight over a 4- to 6-hour period in saline.1 
Its side effects include thrombocytopenia, platelet defects 
resulting in bleeding diathesis, azotemia, proteinuria, and 
hepatic toxicity.117 It is rarely, if ever, used currently.

Bisphosphonates
Bisphosphonates are the most commonly used medica-
tions to treat MAHC in the United States. These drugs 
are analogues of pyrophosphates, which resist enzymatic 
hydrolysis and have a high affinity for hydroxyapatite.118 
Bisphosphonates concentrate at areas of high bone turn-
over and inhibit osteoclast function. Most patients are 
treated either with pamidronate (aminohydroxy-propyl-
idene bisphosphonate) or zoledronate (zolendronic acid), 
both potent nitrogen-containing bisphosphonates that 
interfere with protein prenylation through the inhibition 
of the mevalonate pathway enzyme, farnesyl disphosphate 
synthase, which is downstream of HMG-CoA reductase. 
These medications inhibit osteoclast function by inducing 
apoptosis.118 The standard dose of pamidronate is 60 to 90 
mg given intravenously over a 2-hour period in a solution 
of 50 to 200 mL of saline or 5% dextrose in water.1,119 
Zoledronate is given as a 4-mg intravenous infusion over 

Figure 64-3 Suggested treatment for 
malignancy-associated hypercalcemia.
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15 minutes in a solution of 50 mL of saline or 5% dex-
trose in water.1 The serum calcium level normalizes in 
most patients, but the response can take 3 to 7 days and 
last from 1 to 3 weeks. In one study examining the dose-
response to treatment with pamidronate in patients with 
MAHC, corrected serum calcium normalized in 61% of 
patients receiving 60 mg and 100% of patients receiving 
90 mg.119 The mean duration of normalization in these two 
groups was 13.3 and 10.8 days in the 60-mg and 90-mg 
treatment groups, respectively.119 One study, which was 
a pooled analysis from two randomized, double-blind, 
parallel-group trials, showed that zolendronate was more 
effective at normalizing serum calcium levels in patients 
with HCM, with a significantly longer time to relapse than 
pamidronate.120,121

In this study, two treatment doses of zoledronic acid, 4 
mg and 8 mg, were compared to 90 mg of pamidronate. The 
complete response rates were 88.4%, 86.7%, and 69.7%, 
respectively.121 The corrected serum calcium normalized 
by day 4 in 50% of the zoledronic acid-treated patients and 
33.3% of the pamidronate-treated patients.121 The median 
duration of complete response was 32 and 43 days in those 
treated with 4 mg or 8 mg of zoledronic acid, respectively, 
and 18 days in those treated with pamidronate.121

The dosing interval is every 3 to 4 weeks, depending on 
the recurrence of hypercalcemia. There may be a reduction 
in efficacy with repeated dosing. The intravenous bisphos-
phonates are excreted unchanged by the kidneys and must 
be adjusted for impaired renal function. The most com-
mon adverse effects are renal failure and 24 to 48 hours 
of transient flulike symptoms, including fever, aches, and 
chills precipitated by the initial infusion. The fever is often 
mild and usually occurs only with the first infusion.

In addition to the acute treatment of MAHC, bisphos-
phonates are now routinely given to patients with 
myeloma and breast cancer in order to prevent the occur-
rence of SREs, including hypercalcemia. A recent com-
prehensive meta-analaysis demonstrated that treatment 
of women with breast cancer and bone metastases with 
regular infusions of bisphosphonates reduced the over-
all rate of SRE’s by 15% in randomized trials and also 
delayed the onset of the first SRE in patients.95 However, 
this treatment did not prolong survival, and adjuvant 
treatment of breast cancer without bone metastases was 
not associated with enhanced survival.122

Denosumab
Denosumab is the most recent antiresorptive therapy to be 
approved for the treatment of MAHC. It is a humanized 
monoclonal antibody that binds to RANKL and prevents it 
from binding to the receptor RANK on osteoclast precur-
sors and mature osteoclasts. This leads to the inhibition of 
the differentiation, activation, and function of osteoclasts 
which, in turn, leads to a reduction in bone resorption.123 It 
has a profound suppressive effect on biochemical markers 
of bone resorption and is the most powerful antiresorptive 
agent currently available.124 Denosumab is cleared through 
the reticuloendothelial system, independent from the kid-
neys.123 The lack of renal toxicity makes it an attractive 

treatment option in patients with impaired renal function, 
who cannot tolerate bisphosphonates. Hypocalcemia is 
one of the main adverse effects of denosumab. Patients in 
the Freedom trial also had a slightly increased incidence of 
skin infections as compared to patients treated with pla-
cebo.125 In the denosumab group, 0.3% reported serious 
adverse events of cellulitis, as compared with <0.1% in the 
placebo group (P = .002).125

Denosumab has been shown to prevent SREs or hyper-
calcemia of malignancy in phase III studies of advanced 
malignancies.126-128 Compared with monthly infusions of 
zolendronate, administration of denosumab was associ-
ated with an 18% reduction in the risk for SREs127 and a 
70% success rate in normalization of serum calcium levels 
in a small study.129 It also appears that Denosumab may 
be useful in patients with MAHC who do not respond to 
bisphosphonates. In a recent study by Hu and coworkers, 
patients with hypercalcemia of malignancy refractory to 
bisphosphonate treatment received subcutaneous deno-
sumab on days 1, 8, 15, and 29, and then every 4 weeks 
at a dose of 120 mg given as a subcutaneous injection.130 
In this study, by day 10, 12/15 patients had responded 
with albumin-corrected serum calcium levels (CSC) <11.5 
mg/dL, and the median duration of response was 26 days. 
In 10 of 15 patients, the CSC was <10.8 mg/dL.130

Glucocorticoids
Glucocorticoids can be an effective treatment for hyper-
calcemia associated with an overproduction of 1,25(OH)2 
vitamin D in patients with lymphoma.106 This is likely 
due to the ability of glucocorticoids to suppress local 
cytokine production resulting in the suppression of 1,25 
vitamin D production through a reduction in vitamin D 
1α-hydroxylase activity.107 Treatment can consist of 60 mg/
day of prednisone for 10 days.1 This treatment can interfere 
with some chemotherapeutic agents, and treatment can be 
associated with hypokalemia, hyperglycemia, hyperten-
sion, Cushing’s syndrome, and immunosuppression.1

Dialysis
Patients with hypercalcemia and acute kidney injury with 
oliguria may require dialysis to lower their calcium lev-
els. In these patients, a saline diuresis is not possible and 
could lead to significant fluid overload. Hemodialysis or 
peritoneal dialysis utilizing a very low calcium or cal-
cium-free dialysate is implemented in such situations.106 
It can result in a rapid decrease in serum total calcium 
levels.131
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The most common form of hyperparathyroidism is 
primary hyperparathyroidism (PHPT). Thus, PHPT is 
the principal focus of this chapter, although secondary 
and tertiary hyperparathyroidism are also discussed. 
Hyperparathyroidism in all its forms was once consid-
ered to be a rare disorder. In the Western world today, 
with ever-increasing numbers of patients diagnosed 
with PHPT because of routine screening serum calcium 
measurements, and greater numbers of patients with 
end-stage renal disease managed long-term with dialy-
sis and renal transplantation, all forms of hyperpara-
thyroidism are observed. Medical management plays a 
critical role, but cure is ultimately only obtained with 
surgery.

PRIMARY HYPERPARATHYROIDISM
PHPT results from the excess secretion of parathyroid 
hormone (PTH) from one or more parathyroid glands. 
The diagnosis is made by the presence of elevated serum 
calcium, together with an inappropriately elevated intact 
PTH level. Causes of secondary hyperparathyroidism, 
including renal insufficiency, vitamin D deficiency, and 
intestinal absorptive abnormalities must be excluded.

Clinical Presentation
Prior to the mid-1960s, PHPT was rare. Patients typi-
cally presented with nephrolithiasis or bone disease 
(osteitis fibrosa cystica) and were subsequently evaluated 

K E Y  P O I N T S

 •  Hyperparathyroidism requires careful diagnosis and thoughtful medical and surgical 
management.

 •  Parathyroidectomy achieves cure in nearly all patients managed in a high-volume 
center.

 •  High-quality imaging and reliable intraoperative adjuncts permit minimally-invasive 
approaches to parathyroid surgery.

 •  Patients with persistent or recurrent hyperparathyroidism, inherited syndromes, 
parathyroid carcinoma, or who are children require special attention and expertise.
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biochemically. Automated laboratory equipment devel-
oped in the 1960s permitted inexpensive and rapid 
measurement of serum calcium, and by the 1970s, most 
patients were diagnosed because of incidentally-discov-
ered hypercalcemia.1 PHPT is now a relatively common 
disorder, affecting 1% of the general population and 2% 
of postmenopausal women.2-4

PHPT classically gives rise to a clinical syndrome that 
includes “bones, stones, moans, groans, and psychiatric over-
tones”—fractures, nephrolithiasis, bone pain, myopathy, 
and neuropsychiatric impairment. However, in the United 
States today, more than 80% of patients with PHPT do not 
present with classic symptoms and are diagnosed because of 
incidentally discovered hypercalcemia. Only 15% to 20% 
of patients with PHPT present with nephrolithiasis, and less 
than 3% present with osteitis fibrosa cystica.5-7

Indications for Surgery
Surgery is the only cure for PHPT, and parathyroidec-
tomy was historically the standard recommendation for 
all patients with PHPT. However, as the clinical presen-
tation has changed, experts have questioned whether all 
patients with PHPT require surgery. Since many patients 
have incidentally discovered disease that may never lead 
to overt symptoms, do they still require surgery? This 
controversy led to three consecutive workshops in 1990, 
2002, and 2008 and yielded summary statements and 
guidelines that are widely used to manage patients with 
“asymptomatic” PHPT8-10 A fourth international work-
shop convened in Florence in the summer of 2013, and 
updated guidelines were recently published.

The most recent guidelines 201311 indicate that 
patients with biochemically-confirmed PHPT who mani-
fest the symptoms and signs traditionally associated with 
the disease should undergo surgery. “Asymptomatic” 
PHPT is defined as biochemically-confirmed PHPT in 
patients who lack overt symptoms and signs. In asymp-
tomatic patients, the guidelines recommend surgery for 
patients with specific markers of more severe disease, or 
disease that is more likely to progress such as young age 
(<50 years), marked hypercalcemia, substantial bone loss, 
and renal insufficiency (Table 65-1).11 In patients who do 
not meet these criteria, observation is considered accept-
able, as long as they are willing and able to comply with 
medical surveillance. The guidelines also state that sur-
gery is virtually always appropriate, even in patients who 
do not have another specific indication for surgery.

Although the guidelines may appear straightforward, 
their interpretation is complex, largely because the dis-
tinction between symptomatic and asymptomatic PHPT 
is not always clear. In addition to the obvious and classic 
symptoms, PHPT is associated with a variety of symp-
toms that are subtle, nonspecific, common in the general 
population, and therefore difficult to definitively attri-
bute to PHPT: fatigue, exhaustion, weakness, polydipsia, 
polyuria, nocturia, constipation, bone pain, back pain, 
joint pain, depression, memory loss, loss of appetite, 
nausea, heartburn, pruritus.12 Although such symptoms 
are difficult to quantify, they often reduce the patient’s 
quality of life. When preoperative and postoperative 
symptoms are carefully studied in patients with PHPT, 

truly asymptomatic disease is present in only 2% to 5% 
of patients.12,13 Many patients do not realize the severity 
of their symptoms until they undergo parathyroidectomy 
and experience symptomatic relief, because they had 
attributed their symptoms to advancing age, menopause, 
or stress.12,14-17 Although the guidelines state that patients 
who are asymptomatic and do not meet guideline criteria 
for having markers of more severe disease may be safely 
observed without surgery, many physicians interpret the 
guidelines to say that surgery should not be offered to or 
recommended for patients who are asymptomatic and do 
not meet guideline criteria. Thus, many “asymptomatic” 
patients are denied the opportunity to consider surgery, 
when in fact they might benefit from surgery.

Natural history studies of patients with asymptom-
atic PHPT have shown that, although rapidly progressive 
disease is rare, 25% to 33% of patients develop disease 
progression and ultimately meet criteria for surgery.18-21 
Although it appears safe to follow asymptomatic patients 
with medical surveillance and to operate when disease pro-
gression develops, data increasingly show that bone loss, 
renal dysfunction, and cardiovascular risk can be prevented 
by early parathyroidectomy. In addition, many studies 
have documented that the neurocognitive symptoms of 
PHPT are real, affect the quality of life, and are alleviated 
by successful surgery. Thus, every patient diagnosed with 
PHPT should have the opportunity to meet with an endo-
crine surgeon to discuss the risks and benefits of surgery. 
Patients who have symptoms or who are asymptomatic 
and meet guideline criteria should receive a strong recom-
mendation for surgery. Patients who are asymptomatic 
and do not meet guideline criteria should be informed that 
surgery is an option that might offer greater benefit than 
observation. Even if a patient chooses observation, he or 
she will have been fully informed of his or her options.

Preoperative Preparation
The first step in the preoperative preparation of a patient 
with PHPT is to confirm the diagnosis. The diagnosis of 
PHPT is biochemical and includes measurement of serum 

TABLE 65-1 2013 Guidelines for 
Parathyroid Surgery in Asymptomatic Primary 
Hyperparathyroidism11

Measurement Indication for Surgery*

Age Younger than 50 years
Serum calcium >1 mg/dL (>0.25 mmol/L) above upper 

limit of normal
Skeletal  a.  T-score of ≤2.5 (osteoporosis) or 

fragility fracture
 b.  Vertebral fracture by x-ray, CT, 

MRI, or VFA
Renal  a.  Creatinine clearance reduced below 

60 ml/min
 b.  24-hr urine for calcium >400 mg/d 

(>10 mmol/d) and increased stone 
risk by biochemical stone risk analysis

 c.  Presence of nephrolithiasis or nephro-
calcinosis by x-ray, ultrasound, or CT

*Surgery is also indicated in patients who are unwilling or unable to 
undergo medical surveillance.
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calcium, intact PTH, creatinine, 25-hydroxy-vitamin D, 
and a 24-hour urine collection of calcium. A baseline bone 
mineral density examination should also be obtained.

Imaging studies for localization do not play a role in 
the diagnosis of PHPT. They should only be performed 
once a decision for surgery has been made. Historically, 
bilateral neck exploration with examination of all four 
parathyroid glands was the standard option. However, 
a single parathyroid adenoma is the cause of disease in 
approximately 85% of patients with PHPT, and resec-
tion of the adenoma imparts durable cure. The remain-
ing patients have four-gland hyperplasia (10% to 15%) 
or double adenomas (3% to 5%) and are not cured by 
resection of a single gland. Parathyroid localization stud-
ies that identify a target adenoma allow the surgeon to 
perform a focused parathyroidectomy, obviating bilateral 
neck exploration. This approach has become the proce-
dure of choice for PHPT in select centers.

Noninvasive preoperative localization studies include 
ultrasound, sestamibi-technetium-99m scintigraphy (usu-
ally with single-photon emission computed tomography 
[SPECT]), 4-dimensional parathyroid computed tomog-
raphy (4DCT) and magnetic resonance imaging (MRI). 
In a patient who has not had prior thyroid or parathyroid 
surgery, localization studies are used to determine whether 
the patient is a candidate for focused parathyroidectomy 
or whether bilateral neck exploration should be planned 
from the outset (Fig. 65-1). An algorithm for patients who 
require reoperative parathyroid surgery is discussed in a 
later section. Each imaging technique has advantages and 
disadvantages, and the selection of localization studies is 

tailored to a particular patient’s clinical scenario, and the 
availability and quality of imaging equipment and inter-
preters. However, the most commonly-utilized protocols 
are 1) ultrasound and sestamibi-SPECT and 2) ultrasound 
and 4DCT.

Ultrasound is noninvasive, inexpensive, and the study 
of choice to screen for concomitant thyroid disease that 
should be addressed during parathyroid surgery. Ultra-
sound has a 50% to 75% true-positive rate by itself, but 
when combined with sestamibi, the true-positive rate 
approaches 90%.22-24 An enlarged parathyroid gland 
appears as a hypoechoic homogeneous extrathyroidal 
mass, often with a polar feeding blood vessel visible  
(Fig. 65-2). A normal parathyroid gland is typically too 
small to be visualized by ultrasound. However, even 
enlarged glands may be missed by ultrasound if they are 
located posteriorly in the neck or in the mediastinum, or 
if the disease is mild (presumably a small gland) or the 
patient is obese.25 The quality of ultrasound is particu-
larly dependent on the skill of the ultrasonographer.

Sestamibi-SPECT is the most commonly used localiza-
tion study for parathyroid disease. Sestamibi-technitium-
99m is taken up by the large number of mitochondria 
in parathyroid tissue, and it accumulates in parathyroid 
adenomas (Fig. 65-3). However, lymph nodes and thy-
roid nodules also take up the isotope, leading to a false 
positive study, and unless fusion with standard CT is 
performed, sestamibi-SPECT does not provide detailed 
anatomy. The sensitivity of sestamibi-SPECT is limited in 
multigland disease (62%) and in adenomas smaller than 
500 mg (53% to 92%).26-28 Sestamibi-SPECT is superior 

Patient with biochemically confirmed
PHPT who meets criteria for initial surgery

No contraindication to
imaging studies

Pregnant or other
contraindication to

sestamibi, CT, or MRI

Ultrasound and/or sestamibi Ultrasound only

Positive imaging Negative imaging MIP Bilateral neck
exploration

MIP

Consider 4DCT
or MRl

Consider bilateral
neck exploration without

additional imaging

MIP Bilateral neck
exploration

+

+

–

–

Figure 65-1 Imaging algorithm for parathyroid localization in patients without prior parathyroid or thyroid surgery.
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to ultrasound in visualizing ectopic glands, particularly in 
the mediastinum.

The technique of 4DCT adds the dimension of time to 
the three dimensions of space. Imaging is performed prior 
to and sequentially after intravenous contrast administra-
tion to identify enlarged parathyroid glands and other 
structures in the neck and mediastinum. Hyperfunction-
ing parathyroid glands typically display rapid uptake and 
washout of contrast, and fine cuts through the neck allow 
for detailed images that provide anatomic and functional 
information (Fig. 65-4). The sensitivity of 4DCT is bet-
ter than sestamibi and ultrasound (88% vs. 65% and 
57%, respectively) and predicts multigland disease better 
than sestamibi (85% vs. 25% to 45%, respectively).29-31 
Although 4DCT is less expensive than sestamibi, its 
disadvantages include ionizing radiation exposure and 
the requirement for intravenous contrast that contains 
iodine; therefore, it should be used judiciously in patients 
younger than 30 years of age, and in patients with renal 

insufficiency, contrast allergy, or concomitant differenti-
ated thyroid carcinoma in whom radioactive iodine treat-
ment may be anticipated.32

Since the development of 4DCT, MRI is rarely used 
for preoperative parathyroid localization. Because it does 
not involve radiation or iodine contrast, it remains useful 
in select situations. Parathyroid adenomas are typically 
bright on T2-weighted MRI images (Fig. 65-5).

A common misconception is that negative imaging means 
that a patient is not a candidate for surgery. This is not the 
case. The biochemical diagnosis of PHPT and the decision 
for parathyroid surgery are made before any imaging is per-
formed. Imaging allows the surgeon to plan the operation, 
specifically to decide whether the patient is a candidate for a 
minimally invasive focused parathyroidectomy, or whether 
bilateral neck exploration should be anticipated.

Operative Approaches
Minimally invasive parathyroidectomy (MIP) is a focused 
approach in which a unilateral cervical exploration is 
planned. Preoperative identification of a target enlarged 

T

P

Figure 65-2 An enlarged parathyroid gland appears as a hypoechoic 
homogeneous extrathyroidal mass by ultrasound. P, Parathyroid ad-
enoma; T, thyroid lobe.

Figure 65-3 Sestamibi-SPECT demonstrates uptake consistent with a 
parathyroid adenoma (arrow).

Figure 65-4 Arterially-enhancing parathyroid adenomas on 4DCT 
(arrows).

Figure 65-5 Parathyroid adenoma is bright on T2-weighted MRI  
(arrow).
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gland (presumably the incident parathyroid adenoma) 
allows the surgeon to perform a limited exploration with 
resection of the target gland only. An adjunct such as 
intraoperative PTH measurement provides biochemical 
confirmation of adequate resection.

Although the majority of MIPs worldwide are per-
formed under general anesthesia, they can be performed 
under regional anesthesia. Well-localized initial parathy-
roidectomies and select reoperative parathyroidectomies 
are routinely performed with the patient awake. Suc-
cess requires an experienced anesthesia team to precisely 
titrate sedation and a superficial cervical block using a 
local anesthetic. Patient positioning is critical: a com-
fortable semi-Fowler (“recumbent chair”) position is 
employed with both arms tucked and an inflatable pil-
low under the shoulder blades to allow neck extension. 
An ether screen elevates the drapes off the patient’s face, 
and a fan helps to minimize claustrophobia. The patient 
wears protective eyewear, and oxygen is administered by 
nasal cannula. Suction tubing is positioned to scavenge 
excess oxygen from the operative field to minimize fire 
hazard. A large-bore peripheral IV is used to administer 
fluids and medication, and to draw blood samples for 
PTH measurement during the procedure (Fig. 65-6).33

Even when imaging demonstrates findings sugges-
tive of a single parathyroid adenoma, an intraoperative 
adjunct is used to confirm intraoperative cure after resec-
tion of the target gland. Some centers employ a radio-
guided technique in which sestamibi is injected prior 
to the procedure, and gamma probe readings revealing 
radioactive counts of the resected target gland >20% of 
background suggest single-gland disease and intraopera-
tive cure.34,35 However, intraoperative PTH measurement 
is the best indicator of intraoperative biochemical cure. A 
baseline PTH level is drawn prior to manipulation of the 
neck, and additional samples are obtained at the time of 
resection of the target gland, and then every 5 minutes 
until the surgeon is convinced that the patient is cured.33

Interpretation of intraoperative PTH measurements 
can be complex and requires experience. According to the 
“Miami” criteria developed by Irvin and colleagues, a drop 
in intraoperative PTH levels of >50% of baseline 10 to  
15 minutes after target gland resection is indicative of bio-
chemical cure.36 Many centers also require that the postre-
section PTH level drop into the normal range.37 However, 
the slope of the curve generated by sequential intraopera-
tive PTH measurements yields much greater information 
than an arbitrary cutoff. Resection of the correct target 

Air is directed
to patient’s face
to minimize
claustrophobia

Oxygen from
nasal cannula
is removed
from field

Parathyroid
hormone
is sampled
intraoperatively

Fan

Figure 65-6 Patient positioning for minimally invasive parathyroidectomy under regional anesthesia. (Reprinted with permission from Carling 
T, Udelsman R. Minimally invasive parathyroidectomy. In: Oertli D, Udelsman R [eds.]. Surgery of the thyroid and parathyroid glands. Berlin: 
Springer-Verlag; 2012:477-479.)
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gland in the setting of a single adenoma typically results 
in a steep slope that begins to plateau toward the lower 
end of the normal range. A plateau at levels that are still 
elevated, or at the upper end of the normal range usually 
indicates multigland disease, and additional exploration 
and resection are required (Fig. 65-7). A computerized 
mathematical model was recently developed that utilizes 
intraoperative PTH data to predict the percent chance of 
cure for an individual patient.38 Such a model might be 
appropriate as a tool to aid in interpreting intraoperative 
PTH levels, particularly for challenging cases.

Bilateral neck exploration is planned from the outset 
if imaging studies are negative or suggestive of multi-
gland disease. All four glands are examined, and enlarged 
glands are resected, with care to leave a sufficient volume 
of viable parathyroid tissue at a single site in situ (usu-
ally 30 to 50 mg). Exploration of both sides of the neck 
ultimately may not be required, however, if exploration 
of the first side reveals an enlarged and a normal gland. 
In this situation, a single adenoma is likely, and resection 
of the enlarged gland with subsequent measurement of 
intraoperative PTH levels may indicate biochemical cure. 
In the event of four-gland hyperplasia, intraoperative 
PTH measurement is still useful, ideally demonstrating a 
drop into the 20 to 30 pg/mL range, confirming adequate 
parathyroid debulking.

As is the case for many surgical procedures, there exists 
a constant drive toward ever more “minimally invasive” 
surgical approaches. The video-assisted endoscopic 
technique for parathyroidectomy developed by Miccoli 
utilizes a 1.5-cm incision in the neck, with excellent cos-
mesis.39 Endoscopic and robotic techniques for parathy-
roidectomy have also been developed in an attempt to 
improve cosmesis by avoiding an incision on the neck: 

these include trans-axillary, breast, and postauricular 
incisions.40-44 A novel “natural orifice” approach is tran-
soral parathyroidectomy, requiring no skin incision.45 
However, robotic or endoscopic approaches are expen-
sive, time-consuming, and demand sophisticated tech-
nology that is not uniformly available. In addition, these 
approaches may be associated with increased morbidity. 
Most parathyroidectomies can be performed through an 
abbreviated Kocher incision 2.5 to 3.5 cm in length.46 By 
placing the incision parallel to or within an existing skin 
crease, the incisions are nearly invisible once fully healed.

Postoperative Management
On the day of surgery, the disposition of the patient is 
determined by the extent of surgery. If only one side of the 
neck is explored (no risk for permanent hypoparathyroid-
ism) and the patients meet criteria, he or she may be dis-
charged with prophylactic oral calcium supplementation 
and instructions about the signs and symptoms of hypo-
calcemia. It is critical that accessible telephone contacts 
for the patient, family, and surgical team are available. 
If both sides of the neck are explored or in the setting of 
reoperative parathyroid surgery (the risk for postopera-
tive hypoparathyroidism is significant), the patient should 
be considered for admission to the hospital so that serum 
calcium levels can be checked. Hypocalcemia is treated 
with oral or intravenous calcium supplementation (and 
possibly calcitriol), and serum calcium levels should be 
stable prior to discharge.

A postoperative visit is scheduled 1 to 2 weeks after 
surgery so that the incision can be evaluated, and serum 
calcium and intact PTH are measured. Patients with per-
sistent PHPT (failure of cure) should be followed by the 
surgeon so that reoperation may be considered, and spe-
cialized localization studies can be performed prior to 
reoperation.

A follow-up visit with the endocrinologist should be 
scheduled 6 months after surgery. At this visit, serum cal-
cium and intact PTH levels are measured; surgical cure is 
defined as normocalcemia at 6 months after parathyroid-
ectomy. Patients with persistent PHPT (failure of cure) at 
6 months or patients who subsequently develop recurrent 
PHPT should be evaluated for reoperation.

Outcomes of Parathyroid Surgery
Parathyroid surgery is extremely safe and effective. 
Complications include recurrent laryngeal nerve injury, 
hypocalcemia, and neck hematoma. Much less common 
complications include pneumothorax, stroke, and the 
need for tracheostomy (from bilateral recurrent laryngeal 
nerve injury). Recurrent laryngeal nerve injury occurs in 
0.5% to 1% of cases and usually results in hoarseness.46 
Additional interventions may be necessary, such as vocal 
cord injection or medialization thyroplasty.

Hypocalcemia after parathyroid surgery is the result 
of hypoparathyroidism. If only one side of the neck is 
explored, mild, temporary hypocalcemia is expected, but 
permanent hypoparathyroidism is rare. Bilateral neck 
exploration results in long-term hypoparathyroidism and 
hypocalcemia in 0.1% of cases and is managed with oral 
calcium and calcitriol supplementation.46
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Neck hematoma occurs in 0.2% of cases.46 This poten-
tial surgical emergency may require immediate return 
to the operating room for evacuation and hemostasis. 
Opening the incision at the bedside may be necessary to 
manage acute airway distress. Patients with a neck hema-
toma present a difficult anesthetic challenge, even in the 
absence of stridor or overt compression of the airway, 
because laryngeal edema from venous hypertension can 
render the airway impossible to visualize for a standard 
intubation. It is preferable to decompress the hematoma 
prior to endotracheal intubation. In addition, an awake, 
upright, fiber-optic intubation by the most experienced 
anesthesiologist may be required.

The expected biochemical outcome after parathyroid-
ectomy is usually excellent, but it depends on the experi-
ence of the surgeon and center. A recent study including 
1650 consecutive parathyroidectomies with 1037 patients 
who underwent MIP and 613 patients treated with tradi-
tional bilateral neck exploration demonstrated that the 
cure rate was 99.4% for the minimally invasive group 
and 97.1% for the bilateral exploration group.46 Other 
large studies reported excellent results, but it is impor-
tant to note that they were performed by high-volume, 
expert surgeons in centers where parathyroid disease is 
well-understood and high-quality parathyroid imaging 
and intraoperative adjuncts are available.

The vast majority of parathyroid surgery in the United 
States is not performed by a high-volume endocrine sur-
geon, and it is likely that outcomes from surgeons who 
perform a low volume of cases are not as good. A study 
using data from the National Inpatient Sample reported 
that from 1988 through 2000, only 5% of the parathyroid 
procedures in the United States were performed by a sur-
geon with an endocrine case volume (thyroid, parathyroid, 
and adrenal) composing more than 75% of their practice; 
surgeons with an endocrine case volume composing 25% 
or less of their practice performed 78% of parathyroidec-
tomies.47 Although there have been no American studies 
directly comparing cure and complication rates between 
high- and low-volume parathyroid surgeons, two studies 
found that 77% to 89% of operative failures from low-
volume centers, but only 13% to 22% of failures from 
high-volume centers, were potentially “preventable” (a 
missed parathyroid gland was subsequently identified in a 
normal anatomic position at reoperation).48,49 A Scandi-
navian study using data from 1971 through 1980 directly 
compared high- and low-volume centers and reported 
that the cure rate in endocrine surgery centers was 90% 
versus 76% in general surgery clinics and 70% in centers 
that performed less than 10 parathyroid operations each 
year.50 A more recent Scandinavian quality register report 
did not categorize data based on surgeon or center vol-
ume; however, the overall cure rate was 91.9%, and post-
operative hypocalcemia occurred in 11.4% of patients.51 
These results are not nearly as excellent as those reported 
by high-volume American centers and reflect that a sub-
stantial proportion of parathyroid surgery in Scandinavia 
is not performed at a high-volume center.

Controversy has developed regarding the superior-
ity of image-guided, MIP versus planned bilateral neck 
exploration, which was considered the “gold standard” 

approach to parathyroidectomy. To synthesize the data 
addressing this question, a formal review of the level 1 
evidence was performed. A PubMed search using the 
terms parathyroidectomy randomized trial yielded 94 
results; of these, 8 reported the results of randomized 
trials comparing MIP versus bilateral neck exploration  
(7 randomized trials, one with a second report of long-
term follow-up).52-59 The results of these seven random-
ized trials are summarized in Table 65-2. Short-term 
results (up to 1 year) consistently demonstrate that MIP 
is associated with shorter operative times and length of 
hospital stay, less postoperative pain, less hypocalcemia, 
and better cosmesis than bilateral neck exploration. Two 
studies reported higher cost in the MIP group, related to 
imaging studies and intraoperative adjuncts that were not 
performed in the bilateral neck exploration group.56,59 
Cure rates were equivalent, including in the single study 
reporting long-term follow-up at 5 years.58 Overall, the 
results from existing randomized trials offer strong evi-
dence that MIP should be considered for patients with 
PHPT undergoing initial parathyroidectomy.

SPECIAL CIRCUMSTANCES IN THE SURGICAL  
MANAGEMENT OF PRIMARY 
HYPERPARATHYROIDISM

Hypercalcemic Crisis
Hypercalcemic crisis is a life-threatening, progressive, 
severe manifestation of PHPT that occurs in less than 1% 
of patients.19 It is characterized by severe hypercalcemia 
with dehydration, vomiting, renal failure, mental status 
deterioration, and ultimately coma and death. Hypercalce-
mic crisis is a medical emergency that requires immediate 
hydration and reduction of hypercalcemia. Large-volume 
intravenous fluid administration followed by furosemide 
is the initial therapy. If hypercalcemia cannot be con-
trolled with these measures, treatment with calcitonin, 
cinacalcet, or bisphosphonates may be necessary. Once 
the patient has been stabilized, surgery should be per-
formed without delay. It is ideal if a surgical consult can 
be obtained early in the hospital course because pharma-
cologic treatments, particularly long-acting bisphospho-
nates, can make postoperative management challenging.

Reoperative Parathyroid Surgery
Reoperative parathyroid surgery is performed for persis-
tent disease (failure of cure at the initial procedure), recur-
rent disease (initial cure followed by recurrent disease 
more than 6 months after initial surgery), or in patients 
who have undergone prior cervical surgery, particularly 
thyroid surgery. Reoperative parathyroid surgery is com-
plex, and should be performed in a high-volume center by 
an experienced parathyroid surgeon.

The first steps are to review the prior records, confirm 
the diagnosis, and ensure that an absolute indication for 
surgery exists. Although patients with “asymptomatic” 
PHPT are likely to benefit from initial parathyroidectomy, 
the same may not be true for reoperative parathyroid sur-
gery, because higher complication and lower cure rates 
may not provide the same risk-benefit ratio. Reoperative 
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parathyroid surgery is typically reserved for patients with 
clear-cut bone and kidney disease, or significant neuro-
cognitive symptoms. The possibility that the patient has 
syndromic disease predisposing to recurrence should also 
be considered, and an appropriate workup performed.

The next step in reoperative candidates is to localize 
the missed glands. This can be challenging, because the 
location of missed parathyroid glands is highly variable  
(Fig. 65-8). Thorough knowledge of the embryologic 
development of the parathyroid glands is essential: inferior 

TABLE 65-2 Randomized Trials Comparing Minimally Invasive Parathyroidectomy to Bilateral Neck Exploration

Reference N Randomized Group (N) Results

Miccoli et al, 199952 38 Video-assisted MIP (20)
BNE (18)

Favoring MIP: shorter OR time, less pain, better cosmesis
Favoring BNE: no complications (vs. RLN palsy in MIP group)
Equivalent: cure rate (100% in both arms)

Bergenfelz et al, 200253

Westerdahl et al, 200758
91 At initial study:

MIP (47)
BNE (44)
At 5-year follow-up:
MIP (38)
BNE (33)

Favoring MIP: shorter OR time, less short-term hypocalcemia, less early 
severe symptomatic hypocalcemia, less long-term hypocalcemia (one BNE 
patient with single adenoma still dependent on calcium/calcitriol at 5 
years)

Favoring BNE: N/A
Equivalent: cost, temporary nerve palsy (2 MIP, 1 BNE), short-term cure 

rate (98% in both arms); long-term cure rate at 5 years (89% MIP, 94% 
BNE)

Bergenfelz et al, 200554 50 MIP (25)
BNE (25)

Favoring MIP: shorter OR time, less short-term hypocalcemia
Favoring BNE: N/A
Equivalent: cure rate (96% MIP, 100% BNE, no statistically significant 

difference)
Sozio et al, 200555 69 Radio-guided MIP (34)

BNE (35)
Favoring MIP: shorter OR time, shorter LOS, shorter recovery time
Favoring BNE: N/A
Equivalent: cure rate (100% in both arms)

Aarum et al, 200756 100 MIP (50)
BNE (50)

Favoring MIP: N/A
Favoring BNE: cost 21% higher for MIP; >50% of MIP group actually 

underwent bilateral exploration
Equivalent: cure rate (96% MIP, 94% BNE, no statistically significant 

 difference)
Miccoli et al, 200857 40 Video-assisted MIP (20)

Endoscopic BNE (20)
Favoring MIP: 3 BNE patients with single adenoma had additional 

“ unnecessary” glands removed
Favoring BNE: N/A
Equivalent: OR time, no complications, cure rate (95% MIP, 100% BNE)

Slepavicius et al, 200859 48 MIP (24)
BNE (24)

Favoring MIP: less pain, better cosmesis at <1 year
Favoring BNE: lower cost
Equivalent: OR time, cosmesis at ≥1 year, cure rate (100% in both arms)

MIP, Minimally invasive parathyroidectomy; BNE, bilateral neck exploration; OR, operating room; RLN, recurrent laryngeal nerve; LOS, length 
of stay.

A B
Figure 65-8 Locations of parathyroid glands found during reoperative parathyroid surgery. A, Anterior-posterior view. B, Lateral view. (Reprinted with 
permission from Udelsman R, Donovan PI. Remedial parathyroid surgery: changing trends in 130 consecutive cases. Ann Surg. 2006;244:471–479.)
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glands migrate with the thymus and typically come to rest 
anterior/medial to the recurrent laryngeal nerve, including 
within the anterior mediastinum, whereas superior glands 
migrate with the thyroid anlagen and C-cells, typically 
coming to rest posterior/lateral to the recurrent laryngeal 
nerve, including within the posterior mediastinum. Initial 
noninvasive imaging using ultrasound, sestamibi-SPECT, 
4DCT, or MRI is performed; a concordant positive find-
ing on two studies is ideal prior to re-exploration. Fail-
ure to localize a target enlarged parathyroid gland with 
noninvasive imaging studies means that invasive imaging 
studies are necessary. This may include PTH measurement 
of a fine-needle aspirate of a putative target lesion seen 
on ultrasound, or parathyroid angiography with selective 
venous sampling (preferably with on-site PTH measure-
ment to guide the radiologist). Blind re-exploration is 
only performed in a severely symptomatic patient after 
localization has failed. In this situation, adjuncts such 
as intraoperative PTH measurement and intraoperative 
ultrasound can be extremely helpful. Figure 65-9 depicts 
an algorithm for the management of patients requiring 
reoperative parathyroid surgery.60,61

In a high-volume center, the outcome of reoperative 
parathyroid surgery is excellent, with cure rates as high 
as 94% to 98% reported.62,63 Recurrent laryngeal nerve 
injury occurred in 2.3% of patients in a series of 130 
patients undergoing reoperative parathyroid surgery.62 
Concern for permanent hypoparathyroidism must be at 
the forefront of the surgeon’s mind, because of the possi-
bility that the target gland is the patient’s only remaining 

functioning parathyroid tissue. Immediate parathyroid 
autotransplantation (usually into the brachioradialis 
muscle in the forearm) or cryopreservation of parathy-
roid tissue may be necessary.

Inherited Syndromes
Although the vast majority of cases of PHPT are spo-
radic, PHPT is part of several inherited syndromes. Inher-
ited syndromes that include PHPT occur in up to 10% of 
young patients with apparent sporadic disease, and their 
surgical management differs considerably from those 
with sporadic PHPT.64 Therefore, it is essential to obtain 
a thorough family history for every patient with PHPT.

Multiple endocrine neoplasia type 1 (MEN 1) is an 
autosomal-dominant inherited syndrome that results from 
mutations in the MEN1 gene, and it predisposes affected 
individuals to PHPT, anterior pituitary tumors, pancre-
atic neuroendocrine tumors, foregut carcinoids (thymic, 
bronchial, or gastric), adrenal adenomas, and a variety of 
skin lesions (skin tags, benign facial angiofibromas, col-
lagenomas) and other benign tumors (lipomas, thyroid 
adenomas, uterine or esophageal leiomyomas, meningio-
mas, spinal ependymomas). The hallmark of the syndrome 
is relentless multigland PHPT, and virtually all MEN  
1 patients are affected by parathyroid tumors by 50 years  
of age.65 Parathyroidectomy is the cornerstone of the 
management of PHPT in patients with MEN 1. Accord-
ing to the 2013 National Comprehensive Cancer Network 
guidelines, two options exist for the initial surgical treat-
ment of MEN 1 patients: 1) subtotal parathyroidectomy 
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Figure 65-9 Imaging algorithm for parathyroid localization in patients undergoing reoperative parathyroid surgery.
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(leaving 30 to 50 mg of the most normal parathyroid gland 
in situ) along with transcervical thymectomy; or 2) total 
parathyroidectomy with immediate autotransplantation of 
parathyroid tissue into the nondominant forearm, along 
with transcervical thymectomy.66 Controversy exists as 
to which of these two approaches is optimal. In a patient 
with MEN 1, all parathyroid tissue is abnormal, and either 
strategy is associated with a 30% to 40% risk for recur-
rent disease; leaving a remnant in situ (subtotal parathy-
roidectomy) often necessitates cervical reoperation.67,68 
However, total parathyroidectomy with autotransplan-
tation results in permanent hypoparathyroidism in up 
to one-third of patients due to autograft failure.68,69 The 
approach that balances the need to avoid cervical reopera-
tion with the morbidity of permanent hypoparathyroidism 
is to perform subtotal parathyroidectomy and transcervi-
cal thymectomy at the initial operation, and then if PHPT 
recurs, perform a complete total parathyroidectomy with 
autotransplantation.70 Recurrent PHPT in the autotrans-
planted tissue can be managed by debulking, often under 
local anesthesia. Transcervical thymectomy should always 
be performed during the first neck operation to reduce the 
risk for thymic carcinoid tumors, and because patients 
with MEN 1 often have supernumerary parathyroid glands 
located in the thyrothymic ligament and thymus.

Multiple endocrine neoplasia type 2A (MEN 2A) is an 
autosomal-dominant inherited syndrome that results from 
mutations in the RET proto-oncogene and predisposes to 
medullary thyroid carcinoma (MTC), PHPT, and pheo-
chromocytoma. Unlike MEN 1, the hallmark of MEN 
2A is MTC, which affects virtually every patient, and 
PHPT occurs in only 20% to 30% of patients, although 
all the parathyroid tissue is generically abnormal.71 PHPT 
in MEN 2A is similar to PHPT in sporadic patients. The 
cause is single-gland disease in most patients, although 
multigland disease is present in some. However, the sur-
gical management of PHPT in MEN 2A is challenging 
because most patients undergo prophylactic or therapeu-
tic thyroidectomy for MTC, often at an early age, before 
PHPT has developed. Even if such patients are eucalcemic, 
enlarged parathyroid glands should be resected at the time 
of thyroidectomy. Most endocrine surgeons leave normal 
parathyroid glands in situ at the time of initial thyroidec-
tomy; very few centers recommend total parathyroidec-
tomy with autotransplantation at the time of initial surgery 
to reduce the risk that PHPT will develop in parathyroid 
tissue left in the neck, requiring cervical reoperation.72 If 
normal parathyroid glands are inadvertently devascular-
ized or removed during thyroidectomy, they should be 
autotransplanted into the forearm musculature, and not 
into the neck, as they are at risk for developing PHPT.73

The hyperparathyroid-jaw tumor syndrome (HPT-JT) is 
a rare autosomal-dominant disease that results from muta-
tions in the HRPT2 gene, and predisposes to PHPT, ossify-
ing fibromas of the maxilla or mandible, and kidney lesions. 
PHPT is the most common feature, occurring in 80% of 
patients. As in patients with sporadic PHPT, the disease 
often results from a single “adenoma.” It is critical to note 
that 15% of patients with HPT-JT present with parathy-
roid carcinoma, and, therefore, the surgeon must have a 
high index of suspicion, and a low threshold for performing 

an appropriate oncologic resection (see the section entitled 
“Parathyroid Carcinoma” later in this chapter).74-77

Familial isolated primary hyperparathyroidism 
(FIHPTH) does not appear to be associated with other 
endocrinopathies. However, although 75% to 80% of 
patients with FIHPTH do not have an identifiable muta-
tion, some families with apparently isolated PHPT have 
germ line mutations in MEN1, HRPT2, or CASR—the 
gene encoding the calcium-sensing receptor (CaSR).78,79 
Surgical management is the same as for sporadic PHPT, 
but if a specific mutation is identified, surgical manage-
ment should be tailored to the underlying disease.

Autosomal dominant mild hyperparathyroidism 
(ADMH), familial hypocalciuric hypercalcemia (FHH), 
and neonatal severe primary hyperparathyroidism 
(NSPHPT) are a spectrum of autosomal dominant disor-
ders that result from mutations in the CASR gene. ADMH 
typically presents as relatively mild PHPT, but because 
all parathyroid tissue carries the mutated CaSR, subtotal 
parathyroidectomy is usually the best surgical manage-
ment strategy.80-82 FHH creates biochemical derange-
ments (mild hypercalcemia) but usually does not result 
in overt disease, and surgery is rarely indicated, although 
some individuals with FHH may develop symptomatic 
PHPT (from a “second hit”). NSPHPT is a rare autosomal 
dominant disease associated with an inactivating homo-
zygous mutation of the CASR gene.83 Infants present with 
life-threatening hypercalcemia at birth or shortly thereaf-
ter. Treatment requires hydration and immediate surgery, 
with removal of all parathyroid tissue from the neck and 
parathyroid autotransplantation into the forearm muscu-
lature. Several small series have reported temporization of 
symptoms or relief of symptoms with hydration, diuret-
ics, oral bisphosphonates, and cinacalcet.83,84

Parathyroid Carcinoma
Parathyroid carcinoma is very rare, accounting for less 
than 1% of cases of PHPT in the Western world.85 
Approximately 20% of cases occur in the setting of germ 
line mutations in HRPT2, even without a family history 
of HPT-JT syndrome.86 Virtually all cases are hormon-
ally-active and difficult to distinguish from benign PHPT 
based on biochemical features alone, although serum cal-
cium and intact PTH levels are typically more elevated 
in cases of parathyroid carcinoma. On physical examina-
tion, parathyroid carcinoma presents as a palpable mass 
in up to 45% of cases, and because it is usually impos-
sible to palpate benign enlarged parathyroid glands, this 
finding on physical examination should raise the strong 
possibility of parathyroid carcinoma.87 At the time of sur-
gery, parathyroid carcinoma typically appears as a gray 
or white firm mass that is adherent to surrounding struc-
tures. An en bloc oncologic resection should be performed. 
This usually includes resection of the strap muscles and 
ipsilateral thyroid lobe. Regional lymph node metastases 
are present in less than 10% of cases; there are no data to 
support prophylactic ipsilateral central neck dissection, 
but resection of pathologically involved lymph nodes is 
recommended.88 Resection of the ipsilateral parathyroid 
gland may be considered to clear parathyroid tissue from 
the affected side of the neck.
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Even after optimal surgical therapy, locoregional 
recurrence occurs in up to 67% of patients with parathy-
roid carcinoma.87 Distant metastasis is unusual, but the 
lungs and liver are the most common sites. Surgery for 
recurrent disease is rarely curative, but can provide relief 
of symptoms. Despite the aggressive rates of locoregional 
recurrence, overall survival rates are 77% to 85% at  
5 years and 49% to 77% at 10 years.87,88

Pediatric Parathyroid Surgery
PHPT is a far rarer occurrence in the pediatric popula-
tion. The estimated incidence in children is 2 to 5 per 
100,000, with a female:male ratio of 3:2, compared to 36 
to 120 per 100,000 in women and 13 to 36 per 100,000 
in men.89-92 A recent review of the English literature 
identified 230 cases of PHPT reported since 1987, with 
etiologies proportionate to the adult population. Single 
adenomas (SA) composed 80% of cases, with four-gland 
hyperplasia responsible for 16.5% and double adenomas 
accounting for 0.9%; the remaining 2.6% of patients 
were explored and found to have no identifiable parathy-
roid abnormality, calling into question the original diag-
nosis.93 Only 8 cases of pediatric parathyroid carcinoma 
have been reported.94 Approximately half of multigland 
cases are associated with MEN 1, MEN 2A, or with 
familial non-MEN PHPT syndromes.89,94 Interestingly, 
no large series has demonstrated a relationship between 
childhood radiation exposure and parathyroid disease.95

As there is rarely cause to test serum calcium levels 
in children, asymptomatic PHPT is not often diagnosed, 
and 77% to 94% of children are symptomatic upon pre-
sentation.95,96 This contrasts with the adult population in 
which the majority of cases are identified on the basis of 
routine laboratory screening and only 20% present have 
overt symptoms.46,97 In the pediatric population, non-
specific symptoms such as fatigue, depression, anorexia, 
weight loss, polydipsia, polyuria, and hypertension 
should prompt the pediatrician to screen for PHPT with 
measurement of serum calcium and intact PTH. Probably 
as a result of this typical delay in diagnosis, children are 
more likely to present with end-organ damage, including 
nephrocalcinosis, nephrolithiasis, pancreatitis, or bone 
disease.98 As many as 61% of pediatric patients present 
with major signs and symptoms, including renal stones 
(42%), bone disease (27%), and pancreatitis (3%).96,99

Because the majority of pediatric PHPT results from 
single adenomas, the operative approach should mirror 
that of adults.100 Historical concerns that young age or 
more significant symptoms signify the presence of mul-
tigland disease have not been substantiated. Outside of 
suspected cases of multigland disease (very young age, 
known familial syndromes, secondary and tertiary hyper-
parathyroidism), routine bilateral neck exploration may 
not be warranted. Ultrasonography, thallium-technetium 
dual isotope scintigraphy, technetium-99m-sestimibi, 
MRI, and 4DCT are all available imaging modalities in 
the pediatric population, with most modern series using 
sestamibi and ultrasound as primary modalities and 
reserving 4DCT or MRI for situations in which the for-
mer studies fail to localize a lesion.93,99 Although there 
has been recent enthusiasm for 4DCT due to its greater 

sensitivity and specificity than either ultrasound or sesta-
mibi, it is associated with a 57-fold greater dose of radia-
tion to the thyroid bed than sestamibi and should be used 
judiciously in pediatric patients with PHPT.101

Because of the rarity of pediatric parathyroid disease, 
the literature is limited with respect to the sensitivities of 
ultrasound and sestamibi in the adolescent population. 
However, several studies have suggested that image-guided 
MIP results in equivalent cure rates to those reported in 
the adult population (98% to 100%).102,103 The incidence 
of ectopic glands is greater in the pediatric population, 
ranging from 10% to 37%, with most ectopic glands 
located in the thymus.89,90,102 As in adults, the reduction 
of intraoperative PTH levels to less than 50% of baseline 
and into the normal range is considered the minimum cri-
teria necessary for intraoperative biochemical cure.103,104

Pediatric patients with syndromic causes of multigland 
disease are at high risk for recurrence (10% to 30%) if any 
parathyroid tissue is left in situ.105 The surgical approach 
to these patients is contingent upon pubertal status. In the 
postpubertal population, four-gland parathyroidectomy is 
performed with autotransplantation of parathyroid tissue 
into the forearm. The reimplanted tissue is marked with a 
metallic clip to facilitate future exploration. However, this 
technique is associated with at least a 3- to 4-week period 
of hypoparathyroidism during which the reimplanted tissue 
undergoes revascularization, and there is a reported 25% 
to 50% risk for permanent hypoparathyroidism.102,105 In 
patients who have not yet completed puberty, it may be 
advantageous to leave approximately 30 to 50 mg of para-
thyroid tissue in situ in the neck to avoid this complication.102

Large database studies of children undergoing para-
thyroidectomy have found that the pediatric population 
has significantly higher general and endocrine-specific 
complication rates than adults.106 Kollars and colleagues 
reported a 56% rate of temporary hypocalcemia and a 4% 
rate of permanent hypocalcemia in children undergoing 
parathyroidectomy.89 At least some data suggest that one 
contributing factor to intraoperative and postoperative 
complications is surgeon experience. In a recent review 
of the Healthcare Cost and Utilization Project Nation-
wide Inpatient Sample (HCUP-NIS), the largest all-payer 
inpatient database in the United States, high-volume sur-
geons (defined as performing greater than 30 cervical 
endocrine cases per year, with at least 2 performed on 
pediatric patients) had shorter lengths of stay and fewer 
costs and complications than low-volume surgeons.103 
Because PHPT is rare in the pediatric population, refer-
ral to a high-volume endocrine center for collaboration 
between pediatric and endocrine surgeons is strongly rec-
ommended for pediatric patients with PHPT.103,107

SECONDARY HYPERPARATHYROIDISM
Secondary hyperparathyroidism (SHPT) is caused by 
chronic hypocalcemia that results in persistent stimula-
tion of the parathyroid glands to hypertrophy. It is most 
commonly seen with end-stage renal failure (uremic 
hyperparathyroidism), but can also be seen in a variety of 
bone and metabolic conditions (e.g. malnutrition, malab-
sorption, vitamin D deficiency, lithium use, and chronic 
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cholestasis). The recent increase in bariatric surgery has 
created an emerging population of patients with malab-
sorptive syndromes that may eventually require parathy-
roid surgery; 20% to 30% of patients who have undergone 
gastric bypass have SHPT.108,109 In patients with renal 
failure, the biochemical profile includes low serum cal-
cium and 1,25-hydroxy-vitamin D levels, and markedly 
elevated serum phosphate and intact PTH levels.

Although up to 75% of patients with renal failure have 
clinically apparent SHPT, only 5% ultimately require 
parathyroid surgery. Initial treatment is medical, with 
calcitriol and calcimimetics, and surgery is indicated for 
failure of medical therapy. Specific indications for surgery 
include uncontrollable hyperphosphatemia, development 
of bone erosions or osteitis fibrosa cystica, worsening 
pain and fractures, and calciphylaxis.

Three main options exist for the surgical management 
of SHPT: 1) total parathyroidectomy with autotrans-
plantation; 2) total parathyroidectomy without auto-
transplantation; and 3) subtotal parathyroidectomy.110 
Total parathyroidectomy without autotransplantation 
is generally undesirable, because the resulting severe 
hypoparathyroidism is difficult to manage. If a patient is 
considered unlikely to ever be a candidate for renal trans-
plantation, total parathyroidectomy with parathyroid 
autotransplantation into the forearm musculature may be 
considered, because all parathyroid tissue will be stimu-
lated over time, and cervical reoperation may be avoided 
with this approach. In a patient who may be a candidate 
for renal transplantation, subtotal parathyroidectomy 
is preferred. A small remnant of approximately 30 mg 
of parathyroid tissue is left in situ in the neck; this will 
be sufficient to provide normal parathyroid function if 
the patient undergoes renal transplantation. By leaving 
only a minimal amount of parathyroid tissue at one loca-
tion in the neck, cervical reoperation can be expedited. 
Regardless of the surgical approach, a thorough parathy-
roid exploration by an experienced endocrine surgeon is 
essential, because 15% to 30% of patients with SHPT 
harbor supernumerary glands.111,112 Patients invariably 
experience significant postoperative hypocalcemia and 
usually require hospital admission to the hospital for sev-
eral days, with intravenous and oral calcium supplemen-
tation, and calcitriol.

The role of preoperative imaging (localization studies) 
in SHPT is controversial. Because a four-gland explora-
tion is performed, imaging is not necessary to limit the 
extent of surgery. However, ultrasound is useful to screen 
for coexisting thyroid pathology that should be addressed 
during parathyroidectomy. In addition, other imaging 
studies such as sestamibi may be useful to evaluate for 
ectopic parathyroid glands that would be missed with a 
standard cervical exploration.110

Transcervical thymectomy should be a standard part of 
the surgical management of SHPT because of the high inci-
dence of supernumerary parathyroid glands (often located 
within the thyrothymic ligament or within the thymus), and 
because chronically stimulated intrathymic glands may result 
in disease recurrence. A study of 161 patients with renal 
SHPT undergoing reoperative parathyroidectomy demon-
strated that 28.4% of patients had intrathymic parathyroid 

glands removed at reoperation, suggesting that initial tran-
scervical thymectomy would have prevented recurrence.113

The utility of intraoperative PTH measurement during 
surgery for SHPT is controversial, but it can be used to 
confirm biochemical cure while still in the operating room. 
Because PTH is cleared renally, reduction into the normal 
range generally does not occur within a time frame that 
is reasonable to wait in the operating room. However, a 
recent study of 86 patients who underwent total para-
thyroidectomy with autotransplantation for SHPT or ter-
tiary hyperparathyroidism demonstrated that a decrease 
in PTH from baseline by 80% or more 20 minutes after 
parathyroidectomy was associated with a 100% cure rate 
over an average of 26.5 months of follow-up.114

TERTIARY HYPERPARATHYROIDISM
Tertiary hyperparathyroidism (THPT) occurs when pro-
longed parathyroid stimulation from a secondary cause 
results in autonomous parathyroid hyperfunction. This 
almost exclusively occurs after the chronic stimulation from 
uremic SHPT, as well as in SHPT patients who undergo 
renal transplantation. Although mild hypercalcemia is not 
uncommon after renal transplantation, it resolves in 85% of 
patients within the first year.115 Persistence beyond 2 years, 
or the development of new hypercalcemia after a period of 
posttransplant normocalcemia is indicative of THPT.

Surgery is indicated in virtually all patients with THPT 
because of hypercalcemic toxicity to the transplanted 
kidney and the severe bone disease. At the time of para-
thyroid exploration, all four glands will be enlarged, and 
subtotal parathyroidectomy is the procedure of choice, 
although more limited (image-guided) parathyroidec-
tomy is performed in some centers.116 Because bilateral 
neck exploration will be performed, localization imaging 
studies are not necessary, although some advocate their 
use for identifying ectopic glands. In addition, intraop-
erative PTH measurement may not be necessary, but can 
be used to confirm the intraoperative likelihood of bio-
chemical cure.114

SUMMARY
Hyperparathyroidism represents a complex array of 
disease that requires careful diagnosis and thoughtful 
medical and surgical management. However, parathy-
roidectomy achieves cure in nearly all patients who are 
managed in a high-volume center. High-quality imaging 
and reliable intraoperative adjuncts permit minimally-
invasive approaches. Patients with persistent or recurrent 
hyperparathyroidism, inherited syndromes, parathyroid 
carcinoma, or who are children require special attention 
and expertise.
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In 1942, Albright and colleagues1 described a group 
of patients who displayed certain physical features, 
including obesity, short stature, brachydactyly, and 
cognitive impairment, combined with hypocalcemia 
and hyperphosphatemia. In these patients, exoge-
nous, biologically active parathyroid hormone (PTH) 
extracts failed to result in a full phosphaturic response; 
hence, the term pseudohypoparathyroidism (PHP) 
was introduced, indicating that hypocalcemia and 

hyperphosphatemia in these patients resulted from 
target-organ resistance to, rather than deficiency of, 
PTH. Consistent with resistance to the actions of this 
hormone, it was later shown that patients affected by 
PHP have elevated concentrations of immunoreac-
tive PTH.2 Subsequently, it was also shown that some 
patients affected by PHP have resistance toward other 
hormones; however, PTH resistance is the most promi-
nent feature of the disease.

K E Y  P O I N T S

 •  GNAS is a complex imprinted gene giving rise to Gsα and several other coding and 
noncoding transcripts.

 •  Inactivating mutations of GNAS that affect Gsα lead to Albright’s hereditary 
osteodystrophy, as well as resistance to PTH and other hormones.

 •  Tissue-specific silencing of the paternal Gsα allele plays an important role in the genetic 
mechanisms underlying hormone resistance.

 •  Defects downstream of Gsα in the cAMP signaling pathway can also lead to 
hormone resistance and skeletal defects similar to those seen in Albright’s hereditary 
osteodystrophy.
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The primary site of PTH resistance in PHP is the renal 
proximal tubule, as the actions of PTH in bone and the 
distal tubule appear normal.3-5 Patients with PHP have 
reduced serum concentrations of 1,25-dihydroxyvitamin 
D [1,25(OH)2D], which is the main cause of hypocal-
cemia.6-9 Both low serum 1,25(OH)2D and hyperphos-
phatemia are the direct results of PTH resistance at the 
proximal tubule. Hyperphosphatemia is typically wors-
ened by the elevation of PTH in the circulation and the 
absence of resistance to the bone resorptive actions of 
this hormone; on the other hand, the increase in serum 
PTH can prevent symptomatic hypocalcemia in some 
PHP patients due largely to its unimpaired actions on the 
bone and the renal distal tubule,10-14 and thus calcium 
release from bone and enhanced calcium reabsorption, 
respectively. However, at some point in their lives, most 
patients manifest hypocalcemia and, therefore, present 
with associated clinical findings.

DIAGNOSIS AND PROGRESSION OF PTH RESISTANCE
PTH exerts its actions by binding to a seven-transmem-
brane, G protein–coupled receptor (the PTH/PTH-related 
protein receptor, PTHR1)15. Although the PTHR1 can 
couple to several different G proteins,16 most PTH actions 
are mediated primarily through the stimulatory G protein, 
which acts on adenylyl cyclases, thereby increasing the for-
mation of intracellular second-messenger cyclic adenosine 
monophosphate (cAMP).15,17 PTH-induced cAMP forma-
tion is used as an important indicator of renal tubular PTH 
function, since most PHP patients display an inadequate or 
absent increase of urinary cAMP in response to exogenous, 
biologically active PTH (Fig. 66-1).18 In fact, the nephrog-
enous cAMP response to the exogenously administered 
PTH is utilized as a test for establishing the diagnosis of 
PHP, which is more sensitive than measuring the increase 
in urinary phosphate excretion used in the original Ells-
worth-Howard test. However, currently used high-sensi-
tivity PTH assays often suffice to make the diagnosis when 
serum PTH is elevated in the presence of hypocalcemia and 
hyperphosphatemia. Nonetheless, depending on the nature 
of the nephrogenous response to exogenous PTH, PHP is 
subdivided into two main types. PHP type 1 is defined by 
blunted urinary excretion of both cAMP and phosphate, 
and PHP type 2 is defined by blunted urinary excretion of 
phosphate only.1,18,19

Signs and symptoms of decreased serum calcium level 
often reflect secondary prolongation of the QT interval 
on EKG and increased neuromuscular excitability lead-
ing to Trousseau’s and Chvostek’s signs as well as bron-
chospasm. Although the most common manifestations 
of hypocalcemia include muscle tetany and spasms, find-
ings vary markedly among patients. In more severe cases, 
patients present with seizures. Other neurologic symp-
toms can also arise from hypocalcemia, and some patients 
with PHP have initially been diagnosed with movement 
disorders.20-24 In one report, two sisters with PHP type 
1b (see later) presented with paroxysmal kinesigenic 
choreoathetosis, and the diagnosis of PTH resistance in 
one sister was made after approximately 4 years of oral 
antiepileptic treatment when biochemical evaluation and 

genetic testing was performed.25 Some patients present-
ing with seizures demonstrate epileptiform EEG changes 
and, because this activity typically responds to antiepilep-
tic treatment, the diagnosis of PHP can be delayed.26,27 
As another complication of the changes in serum calcium 
and phosphorous, brain imaging studies frequently show 
intracranial calcifications in PHP patients.20,28-34

PHP is a congenital disorder, but only few reports 
describe findings consistent with PTH resistance during 
the neonatal period.35,36 Clinical manifestation of hypo-
calcemia typically occurs only later in childhood, suggest-
ing that PTH resistance and the resultant changes in serum 
calcium and phosphorous develop only gradually.37-40 In a 
longitudinal study of a child with PHP 1a (see later), cAMP 
response to PTH was found to be normal at 3 months of 
age, whereas it was blunted at 2.6 years of age.38 In another 
PHP 1a case, a gradual decline of serum calcium, preceded 
by increasing serum phosphorous and PTH levels, was 
demonstrated.37 In addition, a PHP 1b patient diagnosed 
by genetic analysis at birth (see later) was shown to have 
normal serum PTH levels until 18 months of age, when 
an elevation of PTH was first detected despite normal 
serum calcium and phosphorous.39 It thus appears that 
PTH responses are intact during the early postnatal period 
despite the existence of the molecular defect underlying 
PHP. The mechanisms that allow normal PTH signaling 
during this developmental stage remain unknown.

PSEUDOHYPOPARATHYROIDISM TYPE 1a
Of the two main PHP types, PHP type 1 is much more 
common. Various clinical variants of PHP type 1 have 
been described based on the presence or absence of 
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Figure 66-1 Time-course of urinary cAMP levels in response to PTH 
infusion. Upon injection of PTH, normal subjects (blue triangles) ex-
hibit a 50- to 100-fold peak over the basal, while patients with PHP 1a 
(open green circles) or PHP 1b (solid red circles) demonstrate a blunted 
response. (Adapted from Levine MA, Jap TS, Mauseth RS, et al. Activ-
ity of the stimulatory guanine nucleotide-binding protein is reduced in 
erythrocytes from patients with pseudohypoparathyroidism and pseudop-
seudohypoparathyroidism: Biochemical, endocrine, and genetic analysis 
of Albright’s hereditary osteodystrophy in six kindreds. J Clin Endocrinol 
Metab 62:497-502, 1986).
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clinical manifestations that coexist with PTH resistance, 
diminished stimulatory G protein activity in easily acces-
sible cells, and silenced expression of the GNAS-derived 
α-subunit of the stimulatory G protein (Gsα) (Table 66-1).

As described originally by Albright and colleagues,1 
PHP patients often exhibit characteristic physical fea-
tures that may include obesity, round facies, short 
stature, brachydactyly, ectopic ossification, and men-
tal impairment (Fig. 66-2). These features are termed 
Albright’s hereditary osteodystrophy (AHO) and occur 
primarily in PHP patients who are now classified as hav-
ing pseudohypoparathyroidism type 1a (PHP 1a). The 
brachydactyly observed in patients with AHO typically 
involves the metacarpal and/or metatarsal bones and, 
thus, the pattern of shortening of the hand bones dif-
fers from other disorders with brachydactyly, such as 
familial brachydactyly and Turner’s syndrome.41 Due 
to shortened metacarpals, dimpling over the knuckles 
of a clenched fist (Archibald sign) is often observed.42 
The shortening of the distal phalanx of the thumb, 
however, is the most common skeletal abnormality 
(called murderer’s thumb or potter’s thumb), and some 
patients have shortening of all digits.43 Mental impair-
ment is mild, often presenting as cognitive defects. It 
is possible that the cause of mental impairment is the 
deficiency of Gsα signaling in the brain. While hypocal-
cemia and/or hypothyroidism may also play a role in 
this phenotype, correction of these biochemical defects 
does not prevent mental impairment in all cases. There 
is remarkable patient-to-patient variability in AHO, 
even among patients that carry the same genetic muta-
tion and belong to the same family (see later for a dis-
cussion of the underlying genetic defect). Some patients 
may exhibit a single AHO feature only, such as obesity, 
while others may present with multiple AHO features. 

Furthermore, the severity of each feature differs vastly 
among the patients. In addition, individual AHO fea-
tures are not unique to PHP, as they can be observed 
in other unrelated disorders, for example, acrodysos-
tosis caused by PDE4D mutations44,45 or brachydac-
tyly–mental retardation syndrome caused by HDAC4 
mutations.46 The variable expressivity and the lack of 
specificity of individual features can make the AHO 
diagnosis challenging. While the coexistence of hor-
mone resistance in PHP 1a patients is often helpful, it 
can also be misleading. This is particularly important 
for the differential diagnosis of different PHP forms 
characterized by the presence of AHO features alone 
or hormone resistance alone (see later).

In addition to having PTH resistance and AHO, 
patients with PHP 1a show clinical evidence that is consis-
tent with target-organ resistance to other hormones. The 
most common additional hormone resistance involves the 
actions of TSH, leading to hypothyroidism.47,48 In fact, 

TABLE 66-1 Clinical and Molecular Features of 
the Different PHP Forms and ADOHR

PTH  
Resistance

Additional 
Hormone 
Resistance

Typical 
AHO  
Features Genetic Defect

PHP 
1a/1c

Yes Yes Yes Coding GNAS 
mutations

PPHP No No Yes Coding GNAS 
mutations

POH* No No No Coding GNAS 
mutations

PHP 1b Yes Some 
cases

No† Microdeletions 
affecting GNAS 
imprinting , 
patUPD20q, or 
unknown defects.

PHP 2 Yes No No Unknown
ADOHR Yes Yes Yes Coding PRKAR1A 

mutations

ADOHR, Acrodysostosis with hormonal resistance; AHO, Albright’s 
hereditary osteodystrophy; PHP, pseudohypoparathyroidism; POH, 
progressive osseous heteroplasia; PTH, parathyroid hormone.

*Note that POH-like severe heterotopic ossifications have been 
 reported in some patients with multiple hormone resistance.

†Some recent studies have demonstrated coexistence of AHO features 
and GNAS imprinting defects.

B

A

C

Figure 66-2 Albright’s hereditary osteodystrophy (AHO). A, Short 
stature and obesity are among the typical features of AHO. B, Hand 
radiograph of a child with AHO demonstrating short fourth and fifth 
metacarpals at 5 11/12 years of age. C, The same patient’s hand radio-
graph at 8 10/12 years of age. (A, Adapted from Albright F, Burnett 
CH, Smith PH, Parson W. Pseudohypoparathyroidism—an example of 
“Seabright-Bantam syndrome.” Endocrinology 30:922-932, 1942.)
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unlike PTH resistance, which typically develops later in 
life, TSH resistance can be present at birth.49-52 Resis-
tance to gonadotropins and growth hormone–releasing 
factor has been reported,53-55 whereas resistance to other 
peptide hormones that also mediate their actions through 
Gsα-coupled receptors, such as vasopressin or ACTH, 
does not appear to become clinically overt.54,56-60

The genetic mutation that causes PHP 1a is located 
within the Gsα-coding GNAS exons.61,62 A protein that is 
essential for the actions of many hormones, Gsα primar-
ily mediates agonist-induced generation of intracellular 
cAMP. Activation of a stimulatory G protein–coupled 
receptor by its agonist, such as PTH, leads to a GDP-
GTP exchange on Gsα, causing dissociation of the latter 
from Gβγ subunits (Fig. 66-3). This allows both Gsα and 
Gβγ to stimulate their respective effectors. In its GTP-
bound state, Gsα can directly activate several different 
effectors, such as Src tyrosine kinase,63 and certain Ca-
channels.64,65 Apart from these effectors, however, ade-
nylyl cyclase is by far the most ubiquitous and the most 
extensively investigated effector molecule stimulated by 
Gsα. An integral membrane protein, adenylyl cyclase cat-
alyzes the synthesis of the ubiquitous cAMP, which then 
triggers various cell-specific responses. The activation of 
adenylyl cyclase and other effectors by Gsα is regulated 
by the intrinsic GTP hydrolase (GTPase) activity of Gsα. 
Conversion of GTP into GDP results in the re-assembly of 
the G protein heterotrimer and, thereby, prevents further 
effector stimulation (see Fig. 66-3).

Mutations identified in PHP 1a patients are heterozy-
gous and scattered throughout all of the 13 GNAS exons 
encoding Gsα and the intervening sequences, including 
missense and nonsense amino acid changes, insertions/
deletions that cause frameshift, and nucleotide alterations 

that disrupt pre-mRNA splicing (an extensive list of these 
mutations can be found online at OMIM entry #139320 
at http://www.ncbi.nlm.nih.gov). Constitutional dele-
tions of the chromosomal arm containing GNAS have 
also been identified.66 Consistent with this mutational 
spectrum, Gsα level/activity is reduced by approximately 
50% in easily accessible tissues from PHP 1a patients, 
such as erythrocytes, skin fibroblasts, and platelets.48,67-80 
Deficiency of Gsα has also been demonstrated in renal 
membranes from a patient with PHP.81 A complementa-
tion assay is typically used for examining Gsα activity, 
involving patient-derived erythrocyte membranes and 
membranes from turkey erythrocyte that lack endogenous 
Gsα (Fig. 66-4). Gsα hypofunction can also be detected in 
patient-derived platelets by using a functional test that 
examines the ability of prostaglandin E1 or prostacyclin 
to inhibit platelet aggregation.82 The detection of reduced 
Gsα activity is important for the establishment of PHP 1a 
diagnosis, particularly for cases in which genetic analysis 
fails to reveal a GNAS mutation. Reduction of Gsα activ-
ity in PHP 1a is consistent with the fact that PTH and the 
other hormones with impaired actions in this disorder act 
via cAMP-mediated signaling pathways.

Among the many different inactivating GNAS muta-
tions, a 4-bp deletion in exon 7 has been identified in 
numerous families, representing a genetic “hot-spot.” 
In addition, two different mutations are associated with 
additional phenotypes. A missense mutation in exon 13 
(A366S) was identified in two unrelated boys, who pre-
sented with PHP 1a and precocious puberty.83,84 This 
mutant Gsα protein is temperature-sensitive and thus rap-
idly degraded at normal body temperature. The amino acid 
substitution, however, renders the protein constitutively 
active, resulting in elevated cAMP signaling in the cooler 
temperature of the testis. More recently, another mutant 
Gsα protein has been described in a unique case of familial 
PHP 1a and transient neonatal diarrhea.85 The mutation, 
which entails a repeated AVDT sequence at residues 366 
to 369, generates an unstable but constitutively active Gsα 

βγ

βγ

βγ

α

α

α

α

GDP

GDP GTP

GDP

R

A

GTP

+

Figure 66-3 Heterotrimeric G protein activation cycle. The heterotri-
meric complex is assembled at the basal state, with the α-subunit being 
associated with a GDP molecule. Upon binding of an agonist (A) to its 
Gs-coupled receptor (R), the GDP molecule bound to the α-subunit is 
replaced with a GTP molecule, that is, the activated receptor acts as a 
guanine nucleotide exchange factor for the α-subunit. The GTP-bound 
form of the α-subunit dissociates from the βγ subunits and thereby 
stimulates its downstream effectors, which, in the case of Gsα, includes 
adenylyl cyclase. Note that the free Gβγ dimer can also stimulate differ-
ent downstream effectors. The intrinsic GTP hydrolase activity of the 
α-subunit converts the GTP into GDP, resulting in the re-association 
of the heterotrimer and, therefore, termination of effector stimulation.
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Figure 66-4 Gsα erythrocyte activity in PHP 1a, PPHP, and PHP 
1b patients. The measurement is conducted by complementation of 
patient-derived erythrocyte membranes with membranes from S49cyc– 
lymphoma cells, which genetically lack Gsα but retain all other com-
ponents necessary for hormone-activated adenylyl cyclase response. 
(Adapted from Levine MA. Hypoparathyroidism and pseudohypopara-
thyroidism. In De Groot LJ, Jameson J, eds. Endocrinology, 4th ed. 
Philadelphia: Saunders, 2000, pp. 1133-1153.).
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mutant due to enhanced GDP-GTP exchange and reduced 
GTPase activity. While hormone resistance results from 
the instability of the Gsα-AVDT mutant, the diarrhea is 
attributed to increased plasma membrane localization 
of the mutant protein in the small intestine epithelium. 
Another pediatric case has been described in whom a de 
novo missense mutation (R231C) on the paternal allele 
was found together with a maternally inherited combina-
tion of three C-to-T substitutions, resulting in aberrant 
GNAS splicing.86 The patient with these compound het-
erozygous mutations had morbid obesity, TSH and PTH 
resistance, and a prothrombotic state due to marked Gsα 
hypofunction in platelets.

PHP 1c has been described as a distinct variant of PHP 
1a,70, but the clinical and laboratory features of patients 
with PHP 1c are identical to those with PHP 1a, as they 
have both AHO and multihormone resistance. In contrast 
to PHP 1a, however, biochemical assays demonstrate no 
reduction in Gsα activity in erythrocytes obtained from 
PHP 1c patients, suggesting the absence of mutations 
within the Gsα gene. Nevertheless, recent molecular 
characterizations have revealed Gsα mutations at least in 
some PHP 1c patients. However, the Gsα mutants show 
only impaired coupling to different G protein–coupled 
receptors, yet show normal Gsα activity in complementa-
tion assays that use non-hydrolyzable GTP analogues for 
stimulation of Gsα activity rather than a receptor ago-
nist.43,87 Thus, the mutant Gsα protein causing PHP 1c 

allows basal cAMP formation but is unable to trigger an 
increase in response to hormones. Hence, at least some 
PHP 1c cases are allelic variants of PHP 1a. Although 
it remains possible that some patients who match the 
description of PHP 1c develop hormone resistance and 
AHO due to a novel gene mutation that affects cAMP 
production without functionally impairing Gsα itself 
(e.g., inactivating mutations affecting one of the adeny-
lyl cyclases or activating mutations in the phosphodies-
terase), it appears unlikely that such putative mutations 
affect only few G protein–coupled receptors and thus 
cause limited hormonal resistance as observed in PHP 
1a and PHP 1c, but instead dictate the phenotype by the 
tissue-specificity of their expression levels.

THE COMPLEX GNAS LOCUS
GNAS is a complex locus giving rise to multiple different 
coding and noncoding transcripts that show monoallelic, 
parent-of-origin–specific expression profiles (Fig. 66-5). 
GNAS maps to the telomeric end of the long arm of chro-
mosome 20 (20q13.2-20q13.3).88-90 Gsα is encoded by 
13 exons,91 but due to alternative pre-mRNA splicing, 
the Gsα transcript has several variants. The long and the 
short Gsα variants (Gsα-L and Gsα-S, respectively) differ 
from each other by the inclusion or exclusion of exon 
3;91-93 these Gsα variants are typically detected as 52- and 
45-kD protein bands on Western blots. Showing further 
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Figure 66-5 The GNAS locus. The complex GNAS locus gives rise to multiple transcripts. Boxes and connecting lines indicate exons and introns, 
respectively. Arrows show the direction of transcription for each transcript. The main transcriptions derived from GNAS and the utilized exons are 
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transcripts are methylated on the silenced allele, as indicated by CH3 (methylated CpGs) and - (unmethylated CpGs).
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complexity, each Gsα form either includes or excludes a 
CAG trinucleotide (encoding serine) at the start of exon 
4. Small, but potentially important, differences have been 
reported between the activities of Gsα-L and Gsα-S. For 
example, Gsα-L has been shown to display greater abil-
ity to mediate receptor signaling than Gsα-S when par-
tially purified proteins from rabbit liver were examined,94 
although the opposite finding was reported upon the use 
of cultured pancreatic islet cells.95 Furthermore, the GDP 
release rate from Gsα-L appears to be approximately 
twofold higher than Gsα-S,96 and, accordingly, fusion 
proteins involving the β2-adrenergic receptor and Gsα-L 
have shown higher constitutive activity than those involv-
ing the receptor and Gsα-S.97 Moreover, differences in 
the subcellular targeting of these two Gsα variants have 
been reported.98-100 Currently, it remains unclear whether 
these differences translate into biologically significant 
effects, such as divergence in the variety of effectors and/
or the efficiency of effector activation. Nonetheless, a 
single nucleotide insertion in exon 3 leading to frameshift 
and early termination has been recently identified in two 
siblings affected by a mild form of PHP 1a.101 The mild-
ness of the phenotype is consistent with generation of 
one of the two main Gsα variants (i.e., Gsα-S). It remains 
unknown whether this exon 3 mutation impairs agonist 
responses in an effector- and tissue-specific manner, and 
this possibility depends on the putative effector selectivity 
and relative expression levels of Gsα-L and Gsα-S in dif-
ferent tissues.

Recent studies have revealed that GNAS gives rise to 
multiple additional gene products that show parent-of-
origin–specific, monoallelic expression. Besides Gsα, at 
least two translated GNAS transcripts exist, using distinct 
upstream promoters and alternative first exons that splice 
onto exons 2 to 13 encoding Gsα. The most upstream 
promoter relative to the Gsα promoter drives expression 
of a neuroendocrine secretory protein with an apparent 
molecular mass of 55,000 (NESP55).102 The paternal 
NESP55 promoter is methylated, and the transcription 
occurs from the maternal allele.103,104 In humans, NESP55 
protein is encoded by a single exon, so that Gsα exons 2 
to 13 compose the 3′ untranslated region.103,104 Expressed 
in neuroendocrine tissues, peripheral and central nervous 
system, and some endocrine tissues,102,105-108 NESP55 
is a chromogranin-like protein associated with the con-
stitutive secretory pathway.109 Loss of the expression of 
NESP55 protein does not seem to have an overt clinical 
outcome in humans, as evidenced from patients with 
PHP type 1b (see later). However, its disruption in mice 
result in a subtle behavioral phenotype characterized by 
increased reactivity to novel environments.110 Transcrip-
tion from the NESP55 promoter is likely to play a role in 
the regulation of GNAS imprinting (see later).

Another GNAS product is XLαs, which is expressed 
from the paternal allele.104,111,112 XLαs is expressed abun-
dantly in various parts of the brain and neuroendocrine 
tissues, and its expression can be readily detected in a 
variety of other fetal and postnatal tissues.111,113-120 XLαs 
also uses a distinct upstream promoter and a unique first 
exon that splices onto Gsα exons 2 to 13.104,112 Unlike 
in the NESP55 transcript, however, the latter portion of 

the XLαs transcript is included in the translated product, 
resulting in a protein that is partially identical to Gsα.111 
Consistent with its structural similarity to Gsα, XLαs can 
mediate receptor-activated adenylyl cyclase stimulation 
in transfected cells and in transgenic mice.43,115,121,122 In 
fact, it appears to be basally more potent than Gsα when 
expressed at levels comparable to the latter and is able to 
prolong PTH signaling in transfected cells.120,123 How-
ever, the phenotype of mice with targeted ablation of XLαs 
suggests that XLαs has unique, albeit as-yet-undefined, 
cellular functions. These mice show high early postnatal 
mortality due to poor adaptation to feeding and impair-
ment in the glucose and energy metabolism,118 in contrast 
to Gsα knockout mice, which to a large extent recapitu-
late the findings in patients with PHP 1a.124,125 Findings 
from adult mice with disrupted XLαs expression indicate 
that this protein is a negative regulator of increased sym-
pathetic nervous system activity in mice.126,127

The paternal GNAS also gives rise to two additional 
transcripts. From the sense strand originates the A/B tran-
script (also termed 1A or 1′), which, similar to NESP55 
and XLαs, utilizes an upstream promoter and an alter-
native first exon (exon A/B) that splices onto Gsα exons 
2 to 13.128,129 Exon A/B does not comprise an in-frame 
translation initiation codon but, as demonstrated in vitro, 
the translation can be started through the use of an AUG 
located within exon 2, thereby giving rise to an N-termi-
nally truncated protein that localizes to the plasma mem-
brane when transiently expressed in cell lines.129 Until 
recently, no evidence has supported the existence of an 
endogenous A/B protein, and therefore, it was thought 
that the A/B transcript was a noncoding RNA. Endo-
genous A/B protein has recently been detected, however, 
in human fetal kidney by Western blot using an antibody 
against the C-terminal end of Gsα.130 It remains possible 
that A/B has functions both as a protein and as a tran-
script regulating the expression within the GNAS locus 
(see later). Another paternal GNAS transcript is derived 
from the antisense strand.131,132 The GNAS antisense 
transcript (GNAS-AS1), which is formed in humans by 
at least six primary exons that show multiple alternative 
splicing patterns,131,133 is also considered to be noncod-
ing. Data from mouse models indicate that GNAS-AS1 
plays a critical role in silencing the paternal NESP55 pro-
moter in cis.134 The promoter of GNAS antisense tran-
script is immediately upstream of the promoter of XLαs. 
Although the promoters of XLαs and antisense tran-
script are located together within a large differentially 
methylated region (DMR), the female germ line–specific 
imprint is established at the antisense promoter only.135 
The A/B promoter is likewise methylated in the female 
germ line, but not in the male germ line.136 Thus, the two 
germ line imprint marks at the GNAS locus include the 
promoters of the antisense and A/B transcripts. Accord-
ingly, data from different genetically manipulated mouse 
models show that these noncoding transcripts are essen-
tial for the regulation of imprinted gene expression 
from GNAS.134,137,138 Imprinted A/B transcription (i.e., 
expression from only the non-methylated maternal allele) 
is particularly important for the development of hormone 
resistance seen in patients with PHP 1b (see later).
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Unlike the promoters of NESP55, antisense, XLαs, and 
A/B transcripts, the promoter of Gsα is not differentially 
methylated and, accordingly, Gsα expression is biallelic 
in most tissues.103,112,139,140 Biallelic Gsα expression has 
been specifically shown in human bone and adipose tis-
sue.141 However, paternal Gsα expression is silenced in a 
small subset of tissues through as-yet-undefined mecha-
nisms, so that the maternal allele is the predominant 
source of Gsα expression. These tissues include the renal 
proximal tubule, thyroid, pituitary, and gonads.125,142-144 
Although devoid of differential methylation, the Gsα pro-
moter exhibits parent-of-origin–specific histone modifica-
tions in those tissues where it is monoallelic. The active 
maternal Gsα promoter shows a greater ratio of tri- to 
di-methylated histone-3 Lys4 compared to the silenced 
paternal promoter in the proximal tubule, whereas the 
amount of methylated histones is similar in maternal and 
paternal Gsα promoters in liver, a tissue in which Gsα is 
biallelic.145 As discussed later, the tissue-specific, paternal 
Gsα silencing has a key role in the development of PTH 
resistance in patients with PHP 1a and PHP 1b.

CLINICALLY DISTINCT, GENETICALLY RELATED PHP 
1a VARIANTS

Pseudopseudohypoparathyroidism
Physical abnormalities similar to those observed in patients 
with PHP 1a but without evidence for an abnormal 
regulation of calcium and phosphate homeostasis were  
first reported in 1952.146 Because of the lack of an abnor-
mal regulation of mineral ion homeostasis, the name 
pseudopseudohypoparathyroidism (PPHP) was coined 
to describe this disorder.146 Interestingly, patients with 
PPHP also carry GNAS mutations that lead to dimin-
ished Gsα function, and these mutations can be found in 
the same kindred as those with PHP 1a. However, both 
disorders are never seen in the same sibling kinship, and 
a careful analysis of multiple families has revealed that 
the mode of inheritance of each disorder depends on the 
gender of the parent transmitting the Gsα mutations.147 
Thus, an inactivating Gsα mutation causes PHP 1a (i.e., 
hormone resistance and AHO) after maternal inheritance, 
whereas the same mutation on the paternal allele results 
in PPHP (AHO only). Most AHO features, except obesity 
and mental retardation, appear to develop regardless of 
the parent of origin, and it is therefore primarily hormone 
resistance that displays an imprinted mode of inheritance. 
Recent studies have furthermore revealed that most PPHP 
patients are considerably smaller at birth, particularly if 
their inactivating Gsα mutation is located in GNAS exons 
2 to 13 of the paternal allele.148-150

The tissue-specific imprinting of Gsα expression can 
explain the parent-of-origin–specific inheritance of hor-
mone resistance. In those tissues where Gsα expression is 
paternally silenced (i.e., Gsα is expressed exclusively or 
predominantly from the maternal allele), an inactivating 
mutation located on the paternal allele is not predicted to 
alter Gsα function, whereas the same mutation located 
on the maternal allele is predicted to abolish Gsα func-
tion completely (Fig. 66-6). The tissue-specific imprint-
ing of Gsα expression also explains why the target organ 

resistance involves only a small subset of tissues despite 
the involvement of Gsα signaling in a multitude of physi-
ologic responses. Hormone resistance is observed in those 
tissues where Gsα is imprinted, such as the proximal renal 
tubule and the thyroid gland, while hormone responses 
are unimpaired in those tissues where Gsα is biallelic, such 
as the distal renal tubules. The role of tissue-specific Gsα 
imprinting in the development of PTH resistance has been 
demonstrated through the generation of mice heterozy-
gous for maternal or paternal disruption of GNAS.142 A 
recent study furthermore showed that the silencing of the 
paternal Gsα allele in the renal proximal tubule develops 
after the early postnatal period in mice, thus providing 
a plausible explanation for the finding that the manifes-
tation of PTH resistance occurs mostly after infancy in 
patients with PHP 1a and PHP 1b.151

The finding that most AHO features develop regardless 
of the parent transmitting a Gsα mutation has led to the 
hypothesis that the inheritance of AHO is due to Gsα hap-
loinsufficiency in various tissues, which appears to be true 
in certain settings. PTHrP-induced cAMP generation is 
critical for proper control of hypertrophic differentiation 
of growth plate chondrocytes,152 and Gsα haploinsuffi-
ciency has been demonstrated in this tissue through the 
study of mice chimeric for wild-type cells and mutant cells 
heterozygous for disruption of GNAS exon 2.153 Regard-
less of the parental origin of the GNAS exon 2 disruption, 
the mutant cells displayed premature hypertrophy com-
pared to their wild-type neighbors, although the paternal 
disruption (i.e., loss of one Gsα allele combined with a 
complete loss of XLαs) resulted in significantly more pre-
mature hypertrophy than the maternal disruption (loss of 
one Gsα allele only). Thus, the brachydactyly and/or short 
stature observed in the context of AHO likely result from 
diminished Gsα signaling in growth plate chondrocytes. 
While these data correlate well with the notion that AHO 
develops after both maternal and paternal inheritance of 
a Gsα mutation, recent evidence suggests that individual 
AHO features can also be subject to imprinting. A care-
ful analysis of multiple patients with PHP 1a and PPHP 

hormone resistance and
AHO, i.e., PHP 1a

p

m

p

m AHO only, i.e., PPHP

Figure 66-6 The effect of paternal Gsα silencing in the development 
of hormone resistance. Gsα is biallelic in most tissues, and a heterozy-
gous inactivating Gsα mutation therefore causes an approximately 50% 
reduction in Gsα activity/expression regardless of the parent of origin 
of the mutation. However, in some tissues, such as the proximal tubule 
and thyroid gland, paternally inherited Gsα transcript is silenced (X). 
Thus, if a Gsα mutation (black square) is inherited from a female indi-
vidual, this mutation nearly abolishes the expression or the activity of 
Gsα in those tissues, thus leading to hormone resistance (PHP 1a). In 
contrast, upon paternal inheritance, the same mutation Gsα does not 
lead to a significant change in the expression/activity, and thus, the hor-
mone responses are unimpaired. Paternal and maternal Gsα alleles are 
depicted by white or grey rectangles.
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revealed that obesity is primarily a feature of PHP 1a 
patients, developing after maternal inheritance.154 Con-
sidering that Gsα is biallelic in the white adipose tissue,141 
it was proposed that Gsα may also be imprinted (pre-
dominantly maternal expression) in areas of the central 
nervous system that control satiety and body weight.154  
A recent report has also demonstrated that cognitive 
impairment is more prevalent in PHP 1a than in PPHP, 
thus indicating that tissue-specific Gsα imprinting may 
involve additional brain regions.155 On the other hand, 
imprinted inheritance has not been reported regarding 
short stature, despite the finding that Gsα is maternally 
expressed in the pituitary gland143,144 and that PHP 1a 
patients display GHRH resistance that results in growth 
hormone (GH) deficiency.54,55 Conversely, as outlined ear-
lier, the small for gestational age phenotype is associated 
more strongly with Gsα mutations on the paternal allele 
than with Gsα mutations on the maternal allele.148,150 
A single study also showed that PPHP patients carrying 
mutations within exons 2 to 13 are born smaller than 
those carrying mutations within exon 1,150 thus impli-
cating both Gsα haploinsufficiency and the deficiency of 
a paternally expressed GNAS product, such as XLαs, in 
the pathogenesis. Future analyses of patients with PHP 
1a and PPHP will be helpful in determining the relative 
roles of genomic imprinting and haploinsufficiency in the 
development of individual AHO features.

Progressive Osseous Heteroplasia
A disorder termed progressive osseous heteropla-
sia (POH) has been described in patients with severe 

extraskeletal ossifications that involve deep connective 
tissue and skeletal muscle156,157 (Fig. 66-7). In POH, the 
ectopic bone is primarily intramembranous, as opposed 
to a similar disease termed fibrodysplasia ossificans pro-
gressiva (FOP) in which extraskeletal bone formation 
occurs via endochondral mechanisms, and is accompa-
nied by skeletal malformations.158,159 Few patients with 
POH demonstrate AHO features and, consistent with 
the occasional coexistence of these two sets of clinical 
defects, heterozygous inactivating Gsα mutations have 
been identified as a cause of POH.160-162 Several of the 
identified mutations are identical to those found in PHP 
1a/PPHP kindreds.161,162 Gsα activity and downstream 
signaling has been implicated in the control of osteo-
genic differentiation. Patients who are mosaic for hetero-
zygous GNAS mutations that result in constitutive Gsα 
activity develop fibrous dysplasia of bone characterized 
by irregular woven bone disrupted by fibrous tissue.163 
Moreover, in human mesenchymal stem cells, reduction 
of Gsα protein levels has been shown to cause osteo-
genic differentiation, while inhibiting the formation of 
adipocytes.164,165 In addition, Runx2, a key regulator 
of osteoblast-specific gene expression, appears to sup-
press Gsα expression.166 Thus, osteoprogenitor forma-
tion and the early stages of osteoblastic differentiation 
require reduced levels of cAMP signaling, consistent 
with the association of inactivating Gsα mutations with 
the severe ectopic bone formation observed in POH.

Because of the presence of GNAS mutations in both 
AHO and POH, it appears that additional factors, such as 
genetic background, epigenetic events, or environmental 

Figure 66-7 Clinical and radio-
graphic appearance of progressive 
osseous heteroplasia. A, Posterior 
view of the legs and feet of a 5-year-
old girl with POH showing severe 
maculopapular lesions caused by 
extensive dermal and subcutaneous 
ossification. B, Lateral radiogram 
of the right leg of an 11-year-old 
girl with POH demonstrating se-
vere heterotopic ossification of the 
soft tissues. C, Computed tomo-
graphic image of the thighs of a 
10-year-old boy with POH show-
ing atrophied soft tissues in the 
left leg and extensive ossification 
of the skin, subcutaneous fat, and 
quadricep muscles. (Adapted from 
Shore EM, Ahn J, Jan de Beur S, 
et al. Paternally inherited inactivat-
ing mutations of the GNAS1 gene 
in progressive osseous heteroplasia. 
N Engl J Med 346:99-106, 2002).
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factors may determine the penetrance and severity of the 
ectopic ossifications in these patients that show approxi-
mately 50% loss of Gsα activity. Nevertheless, clinical 
and genetic data demonstrate several important differ-
ences between patients with AHO and those with POH. 
First, the ectopic bone in AHO is limited to subcutane-
ous tissue. In addition, in nearly all patients with POH, 
the severe ectopic bone formation is isolated (i.e., other 
typical AHO features are not manifest).162,167 Moreover, 
mutations leading to isolated POH are inherited from 
male obligate gene carriers only (i.e., inheritance pattern 
is exclusively paternal).162 In fact, in one large kindred, 
paternal inheritance of a GNAS mutation caused POH, 
while maternal inheritance of the same mutation caused 
typical AHO findings (without severe heterotopic ossifi-
cation).162 These findings indicate that the disease mecha-
nism underlying POH is significantly different from that 
underlying AHO and that deficiency of a GNAS product 
with exclusive paternal expression, such as XLαs, contrib-
utes to the molecular pathogenesis of POH. In addition, a 
recent study analyzing 12 patients with POH has revealed 
that the lesions follow a predominantly dermomyotomal 
distribution that often shows a lateralization bias.168 
Based on these findings, which redefine the clinical defini-
tion of this disorder, it was hypothesized that the patho-
genesis involves progenitor cells of somitic origin, which 
may undergo loss of heterozygosity at the GNAS locus 
and thereby cause severe or complete Gsα deficiency.168

PSEUDOHYPOPARATHYROIDISM TYPE 1b
Another form of PHP was described by Peterman and 
Garvey169 and by Reynolds and associates.170 Now 
known as pseudohypoparathyroidism type 1b (PHP 
1b), this PHP form is characterized by the presence of 
PTH-resistant hypocalcemia and hyperphosphatemia, 
but without evidence of AHO in most cases. In addition 
to increased serum PTH, patients with PHP 1b can dem-
onstrate elevated serum alkaline phosphatase activity, 
which suggests normal PTH-dependent bone turnover.171 
In fact, hyperparathyroid bone disease can be observed 
in association with PHP 1b, especially in patients with 
sporadic PHP 1b or in the index cases of the autosomal 
dominant form of PHP 1b (AD-PHP 1b). This occurs 
less frequently, however, in PHP 1a since this variant is 
associated with AHO features and is therefore diagnosed 
earlier in life. The intact PTH response in the bone is con-
sistent with the lack of Gsα imprinting in bone141 and led 
to the introduction of the term pseudohypo-hyperpara-
thyroidism (PHP-HPT).172-174

The hormone resistance observed in PHP 1b patients 
develops only after maternal inheritance of the genetic 
defect175 (i.e., the mode of inheritance is identical to 
the hormone resistance in PHP 1a). PTH resistance and 
related changes in calcium and phosphate homeostasis 
are the major laboratory findings in PHP 1b, but some 
PHP 1b patients also display mild hypothyroidism with 
slightly elevated TSH levels26,176-178 as well as some eleva-
tion in calcitonin level.176 Hypothyroidism, as in patients 
with PHP 1a, likely results from mild TSH resistance 
and is consistent with the predominantly maternal Gsα 

expression in the thyroid gland.144,177 Nevertheless, evi-
dence for resistance to other hormones, such as gonado-
tropins, whose actions also involve tissues in which Gsα 
is imprinted, has not been reported for PHP 1b patients. 
A study assessed growth hormone response to GHRH 
plus arginine stimulation in PHP 1b, revealing a normal 
response in 9 of 10 patients.178 On the other hand, in 
addition to PTH and mild TSH resistance, hypourice-
mia due to increased fractional excretion of uric acid has 
been reported in the affected individuals of two unrelated 
PHP 1b kindreds.27,179 This finding implicates impaired 
PTH actions in the development of hypouricemia in these 
patients, an interpretation that is consistent with two 
previous reports describing hyperuricemia in association 
with hyperparathyroidism.180,181 However, hypouricemia 
resolved in one of the PHP 1b kindreds following treat-
ment with calcium and calcitriol.27

Patients with PHP 1b display normal Gsα bioactivity/
levels in easily accessible tissues. Accordingly, coding Gsα 
mutations are ruled out in these patients. In one family, 
however, a mutation located in exon 13 (in-frame deletion 
of Ile,382 del382Ile) was reported, leading to the uncoup-
ling of Gsα from the PTHR-1 but not other receptors that 
were expressed in LLCPK cells, including the TSHR, LHR, 
and β-adrenergic receptor,182 which are of renal origin and 
express endogenous Gsα. These findings suggested an iso-
lated PTH resistance as seen in PHP 1b, leading to the con-
clusion that the del382Ile mutation in Gsα represents a rare 
cause of PHP 1b. However, this conclusion has been ques-
tioned, as the use of transfected mouse embryonic fibroblasts 
null for endogenous Gsα showed that del382Ile leads to 
uncoupling from not only PTHR-1 but also the β-adrenergic 
receptor.43 Because of a lack of Gsα mutations and because 
Gsα activity/levels in easily accessible tissues are normal 
in PHP 1b patients, inactivating mutations that affect the 
gene encoding PTHR-1 was considered in the past.183 How-
ever, several different studies have excluded such mutations 
as the cause of this disease.184-187 Instead, homozygous or 
compound heterozygous, inactivating mutations of PTHR-1 
have been revealed as the cause of Blomstrand’s chondro-
dysplasia, an embryonic lethal disorder with severe skeletal 
abnormalities.188 A homozygous PTHR-1 mutation was 
furthermore identified in patients with Eiken syndrome, an 
autosomal recessive skeletal dysplasia,189 and heterozygous 
inactivating PTHR-1 mutations were observed in several 
families with an autosomal dominant form of delayed tooth 
eruption190-193 (i.e., disorders without evidence for hypocal-
cemia and hyperphosphatemia because of impaired actions 
of PTH).

Based on genomewide linkage analysis, the genetic 
defect underlying PHP 1b maps to a region of chromo-
some 20q13.3 that comprises the GNAS locus,175 but 
the critical interval excludes all the coding GNAS exons, 
including those that encode Gsα.26,175 On the other hand, 
patients with PHP 1b display epigenetic abnormalities 
within the GNAS locus.26,194 The most consistent epi-
genetic defect is a loss of imprinting at exon A/B (also 
termed exon 1A), which is primarily found as an iso-
lated defect in familial PHP 1b cases.26,194 In addition, 
many sporadic and some familial PHP 1b cases show 
additional loss of imprinting at the DMR comprising the 
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XLαs and antisense promoters and a gain of imprint-
ing at the DMR composing exon NESP55.13,194 These 
abnormalities are associated with biallelic expression 
of A/B, XLαs, and antisense transcripts and silencing of 
the NESP55 transcript. Together with the genetic link-
age data, these imprinting defects suggested that the 
mutation causing PHP 1b disrupts a regulatory element 
that controls GNAS imprinting. However, evidence for 
incomplete penetrance regarding the GNAS imprinting 
defects has been reported in one kindred, in whom some 
individuals lacked loss of imprinting and were healthy 
despite maternally inheriting the disease-associated hap-
lotype.195 Thus, the imprinting abnormalities of GNAS 
appear to be required for the development of PHP 1b. 
Consistent with the importance of imprinting in the dis-
ease mechanism, several patients with PHP 1b have been 
reported to have paternal uniparental isodisomy involv-
ing whole or parts of chromosome 20 that comprise the 
GNAS locus.176,196-199

In multiple familial PHP 1b cases with isolated exon 
A/B loss of imprinting, a unique 3-kb microdeletion 
at the centromeric neighboring STX16 locus has been 
identified200 (Fig. 66-8). The deleted region comprises 
STX16 exons 4 to 6 and is flanked by two direct repeats, 
which may underlie the mechanism whereby this dele-
tion occurs. This is consistent with the presence of the 
same microdeletion in many unrelated families with dif-
ferent ethnic and racial origin.13,25,27,178,179,201,202 In a 
single kindred, a different microdeletion within STX16 
has been reported, removing exons 2 to 4 and overlap-
ping with the 3-kb microdeletion by approximately 1.3 

kb.39 Recently, a maternally inherited 24.6-kb deletion 
composing STX16 exons 2 to 8 has also been discov-
ered in another family with this disorder.203 Thus, the 
disruption of STX16 appears to be the common genetic 
defect in cases with isolated loss of exon A/B imprint-
ing. The parental origin of these STX16 deletions cor-
relates well with the mode of inheritance of PHP 1b. It 
is maternally inherited in affected individuals and pater-
nally inherited in unaffected carriers. This gene encodes 
syntaxin-16, a member of the SNARE family proteins. 
However, STX16 does not appear to be imprinted,39,200 
and it is therefore unlikely that the loss of one STX16 
copy leads to PHP 1b. Instead, since the maternal inheri-
tance is associated with loss of exon A/B imprinting on 
the same allele, these deletions are presumed to disrupt 
a cis-acting element controlling the establishment or 
maintenance of exon A/B imprinting. Other than genetic 
evidence, however, no currently available data corrobo-
rate this prediction. A mouse model carrying a deletion 
equivalent to the 3-kb STX16 deletion in humans has 
been generated, but neither maternal nor paternal inher-
itance of this genetic alteration causes PTH resistance 
or any alterations in GNAS imprinting204; animals with 
the homozygous Stx16 deletion are also healthy. It thus 
appears plausible that the imprinting control element of 
GNAS located within STX16 in the human is not pre-
cisely at the same location in the mouse. Nonetheless, 
the absence of a phenotype in the Stx16 deletion mice 
argues against a model in which syntaxin 16, the prod-
uct of this gene, is required in the oocyte for proper exon 
A/B imprinting.
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Figure 66-8 Mutations identified in AD-PHP 1b patients and their effects on GNAS imprinting. The most frequent mutation is a 3-kb deletion 
within STX16, a gene located more than 200 kb upstream of GNAS. This deletion and another overlapping deletion in the same gene are predicted 
to disrupt a cis-acting control element of GNAS that is required for the imprint mark located at exon A/B. The same prediction is also true for a 19-
kb deletion of NESP55 and upstream genomic regions, which was identified in affected individuals of an AD-PHP 1b kindred with isolated loss of 
A/B methylation. Deletions of the NESP55 DMR including exons 3 and 4 of the antisense transcript and a more recently identified deletion that only 
includes antisense transcript exons 3 and 4 have been identified in some AD-PHP 1b kindreds. These reveal a cis-acting element controlling imprinting 
of the entire maternal GNAS allele. Boxes and connecting lines indicate exons and introns, respectively. STX16 exons and GNAS exons 2 to 13 are 
shown as single rectangles for simplicity. Paternal (pat) and maternal (mat) methylation (CH3), and parental origin of transcription (arrows) are indi-
cated. Tissue-specific silencing of the paternal Gsα transcription is depicted by a dotted arrow. The identified deletions are shown by horizontal bars.
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In two unrelated familial cases of PHP 1b in whom 
the affected individuals carried broad GNAS imprint-
ing defects, maternally inherited deletions of the entire 
NESP55 DMR, including exons 3 and 4 of the antisense 
transcript, have been identified (see Fig. 66-8).133 The 
deletions are 4 kb and 4.7 kb large and have breakpoints 
located in similar locations. The unaffected carriers in 
these families display an apparent loss of NESP55 methy-
lation due to the loss of this region from the normally 
methylated paternal allele but do not show other imprint-
ing GNAS defects. The affected individuals show a loss 
of imprinting in the entire maternal allele. The presence 
of similarly large deletions at the NESP55 DMR has been 
excluded in a number of sporadic PHP 1b cases.13,133 
However, a different 4.2-kb deletion has been identified 
in the affected individuals of a different PHP 1b kindred 
who displayed broad GNAS imprinting defects (see Fig. 
66-8).205 This new deletion also includes antisense exons 
3 and 4 but spares exon NESP55, overlapping with the 
previously identified two deletions by about 1.5 kb.205 
Thus, these identified deletions reveal the putative loca-
tion of another control element required for the imprint-
ing of the entire maternal GNAS allele.

A more recent study revealed a 19-kb genomic deletion 
removing exon NESP55 and a large portion of the intron 
between NESP55 and antisense exon 4 in a kindred with 
AD-PHP 1b with isolated loss of A/B methylation.206 
Since these patients lacked broad GNAS methylation 
abnormalities, the identified deletion points to the exis-
tence of another control element of A/B methylation, 
without effects on other DMRs. The study of a mouse 
model in which Nesp55 transcription was prematurely 
truncated revealed loss of imprinting at exon 1A (the 
equivalent of human exon A/B) and, less consistently, the 
antisense promoter and exon XL.207 Taken together with 
the genetic findings in PHP 1b patients, it appears that the 
establishment of methylation imprints on the maternal 
GNAS allele is essential for allowing expression of Gsα 
in the proximal renal tubule and other tissues, including 
the thyroid gland, in which this GNAS product is derived 
only from the maternal allele. Furthermore, the evidence 
that exon A/B methylation requires transcription from the 
NESP55 promoter207 raises the possibility that even small 
deletions or even point mutations can prevent the genera-
tion of NESP55 pre-mRNA, thus leading to PHP 1b.

Sporadic disease appears to be the most frequent cause 
of PHP 1b. These cases all show broad GNAS methyla-
tion defects. However, the maternal allele is frequently 
shared between affected and unaffected siblings, suggest-
ing that these cases may carry small de novo mutations in 
this region. However, in some families the affected female 
passed either allele #1 or allele #2 to their children, who 
are all unaffected by PHP 1b and show no methylation 
abnormality at the GNAS locus.208,209 It is therefore possi-
ble that some of the sporadic PHP 1b cases carry homozy-
gous or compound heterozygous mutations in an entirely 
different genomic location resulting in a putative auto-
somal recessive mode of inheritance.208 Consistent with 
this conclusion, few patients affected by imprinting disor-
ders without obvious PTH-resistance show GNAS meth-
ylation changes.210,211 Moreover, methylation changes  

in some other imprinted genomic loci have been revealed 
in a study of sporadic PHP 1b cases.212 It has also been 
suggested that the broad GNAS imprinting defects 
observed in sporadic PHP 1b patients result from stochas-
tic defects in the regulation of imprinting.201

Despite having distinct epigenetic abnormalities at the 
GNAS locus (i.e., isolated A/B loss of imprinting versus 
broad imprinting defects that involve exon A/B and at 
least one other GNAS DMR), PHP 1b patients seem to 
have similar clinical findings with respect to serum cal-
cium, phosphate, and PTH levels.13 Analysis of 20 fami-
lies in which the affected individuals show an isolated 
loss of A/B imprinting reveals that a significant portion 
of such familial cases are asymptomatic at the time of 
diagnosis. In some of these cases, the diagnosis was made 
only based on elevated serum PTH. Comparison of male 
and female patients among sporadic PHP 1b cases who 
exhibit GNAS imprinting defects at two or more GNAS 
DMRs also reveals that female patients have significantly 
higher serum PTH levels than male patients, suggesting 
that hormone resistance is more severe in females.13

By definition, PHP 1b patients do not show AHO fea-
tures. However, some recent reports identified patients 
who carry genetic and epigenetic defects associated with 
PHP 1b yet present with mild AHO features, particularly 
the shortness of metacarpal bones.27,202,213-215 This may 
suggest that Gsα imprinting occurs in more tissues than 
currently recognized, though there are alternative expla-
nations. Considering that individual AHO features can 
be observed in other disorders, the presence of AHO fea-
tures may be unrelated to the molecular genetic defects 
underlying PHP 1b in these cases. In one case, the mother 
of two affected siblings with short metacarpals and loss 
of A/B methylation also exhibited short metacarpals 
despite lacking any GNAS epigenetic abnormalities,202 
suggesting that the finding of short metacarpals is unre-
lated to the epigenetic defect in that family. In addition, 
the observed coexistence of GNAS imprinting defects and 
AHO can result from a large genomic deletion compris-
ing at least the promoter of Gsα and one or more differ-
entially methylated regions. In fact, such a large deletion 
leading to misdiagnosis of PHP 1b has been discovered in 
a case with apparent loss of A/B methylation and AHO 
features.216

PSEUDOHYPOPARATHYROIDISM TYPE 2
Dissociation regarding the impairment of PTH-induced 
nephrogenous cAMP formation and phosphaturia (i.e., 
PHP 2) appears to be the least common form of PHP. 
Although typically sporadic, a case with familial form 
of PHP 2 type has been reported,217 and several reports 
describe evidence for a self-limited form of this disease 
in newborns, which could indicate that it is transient in 
nature.35,218-220 The molecular defect and pathophysi-
ologic mechanisms underlying this PHP variant remain 
to be discovered. Because the defect underlying PHP 2 
is associated with normal cAMP generation in response 
to exogenous PTH, it was postulated that it is caused 
by molecular defects that involve downstream of cAMP 
generation, such as protein kinase A.19 In fact, mutations 
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in the regulatory subunit of protein kinase A have been 
identified in some patients who show, in association with 
characteristic skeletal abnormalities, biochemical defects 
similar to those seen in PHP 2 (see later). Alternatively, 
the PTH signaling pathways that utilize other G proteins, 
such as Gq or G11, may be defective in patients with 
PHP 2. The signaling mediated by the Gq/G11 pathway 
involves activation of phospholipase C, which in turn 
leads to the formation of second messengers inositol 1,4,5 
tris-phosphate (IP3) and diacylglycerol (DAG). This sig-
naling pathway, which results in the stimulation of PKC 
and an increase in intracellular calcium ions, was shown 
to be important in sustaining the phosphaturic actions on 
PTH, as recently shown for mice expressing a PTHR-1 
mutant that fails to activate IP3/PKC signaling.221,222 
Serum calcium levels, which may affect the efficient utili-
zation of intracellular calcium signaling pathways, appear 
to be important for restoring PTH responsiveness in 
PHP 2, as shown in some patients who normalized their 
phosphaturic response to PTH following normalization 
of serum calcium.223 It is also possible that the sodium-
phosphate transporters in the proximal renal tubule are 
nonresponsive to PTH, thereby resulting in a defective 
phosphaturic, but not cAMP, response to exogenous 
PTH. Such a defect, however, should preserve the action 
of PTH on 25(OH)D-1-α-hydroxylase and lead to normal 
serum 1,25(OH)2D, unless it is combined with vitamin D 
deficiency. Hypocalcemia as a result of vitamin D defi-
ciency has also been associated with PTH resistance that 
entailed the phosphaturic effect of this hormone without 
altering its potential to raise urinary cAMP,224 suggest-
ing that some PHP 2 cases may in fact reflect vitamin D 
deficiency.225,226

ACRODYSOSTOSIS WITH HORMONAL RESISTANCE
A recent report has described three patients who had 
resistance to PTH and some other hormones but showed 
unimpaired urinary cAMP excretion in response to exog-
enously administered recombinant PTH.227 Consistent 
with resistance to the actions of PTH downstream of 
cAMP/PKA, PTH-induced urinary phosphate excretion 
was lost, and PTH-induced inhibition of urinary fractional 
calcium excretion was impaired. These unrelated patients, 
who could thus be classified as having a variant of PHP 2 
based on their renal PTH responsiveness, also displayed 
acrodysostosis, a skeletal dysplasia that resembles, but is 
more severe than, the skeletal defects observed in AHO. 
Acrodysostosis, also known as Maroteaux-Malamut syn-
drome, includes severe bradydactyly, peripheral dysosto-
sis, and nasal hypoplasia.228-230 This disorder is termed 
acrodysostosis with hormonal resistance (ADOHR). 
Analysis of DNA from these patients revealed a recur-
rent heterozygous nonsense mutation of the gene encod-
ing cAMP-dependent protein kinase (PKA) type 1 alpha 
regulatory subunit (PRKAR1A; p.Arg368X). This muta-
tion leads to a mutant PRKAR1A protein missing the last 
14 C-terminal amino acids. Accordingly, cAMP cannot 
induce dissociation of this mutant regulatory subunit 
from the catalytic subunit, thereby keeping PKA in its 
inactive form. Several other patients with ADOHR have 

been described in more recent studies in which additional 
PRKAR1A mutations have been documented.44,45,231-233 
Note that the distal tubular actions of PTH appear to be 
impaired in patients with ADOHR, unlike in patients with 
PHP 1a and PHP 1b, consistent with the normal biallelic 
expression of Gsα in the distal renal tubule. Neverthe-
less, the similarity between this disorder and PHP 1a with 
respect to the repertoire of hormone resistance is quite 
striking and highlights the critical nature of the cAMP 
signaling pathway in the actions of these hormones (Fig. 
66-9).234

Genetic defects in another protein within the cAMP 
signaling pathway, cAMP phosphodiesterase type 4D 
(PDE4D), have also been identified upon exome sequenc-
ing of DNA from some patients with acrodysostosis.44,45 
These heterozygous missense mutations in PDE4D are 
associated with acrodysostosis, but the patients usually 
lack endocrine abnormalities. Other missense mutations 
of PDE4D have been identified in additional patients who 
also show acrodysostosis in the absence of hormone resis-
tance (termed acrodysostosis without hormonal resis-
tance [ADOP4]).232,235 Thus, PDE4D mutations are not 
associated with renal PTH resistance, and accordingly, 
unlike patients with PRKAR1A mutations, who demon-
strate elevated basal urinary cAMP levels, patients with 
PDE4D mutations show normal basal and PTH-induced 
urinary cAMP level.232 The biochemical mechanisms 
underlying ADOP4 have yet to be elucidated. It is pre-
dicted, however, that the PDE4D mutations are gain-of-
function, given that PDE4D limits the intracellular level 
of cAMP.236

TREATMENT
The primary goal of treatment entails correction of 
abnormal serum biochemistries that result from PTH 
and, in some cases, other hormone resistance, such as 
TSH resistance leading to hypothyroidism, which can be 
treated by thyroid hormone replacement. GH deficiency 
can also be treated with recombinant human GH (rhGH) 
and is found to be efficacious in prepubertal patients with 
PHP 1a.237 PPHP patients who carry de novo mutations 
on the paternal GNAS allele are often diagnosed late in 
life (often when the children of female PPHP are diag-
nosed with PHP 1a), making it difficult to assess GH 
deficiency and thus the benefits of rhGH treatment in 
PPHP patients. Clinical management of hypocalcemia in 
patients with PHP is less difficult than in patients with 
hypoparathyroidism, because the distal tubular actions 
of PTH in PHP patients are not impaired, providing 
sufficient calcium reabsorption from the glomerular fil-
trate. The treatment involves oral calcium supplements 
and activated vitamin D analogues, such as 1,25(OH)2D 
(calcitriol). Note that the active form of vitamin D is 
required because of the lowered capacity of the proximal 
tubule to convert 25(OH)D into the biologically active 
1,25(OH)2D. In addition, treatment of patients with 
PTH resistance should aim at keeping the serum PTH 
level within or close to the normal range rather than sim-
ply avoiding symptomatic hypocalcemia, since persistent 
elevation of serum PTH will increase bone resorption 
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and may eventually lead to hyperparathyroid bone dis-
ease.238,239 Due to intact PTH actions in the distal tubule, 
urinary calcium levels are usually low, and affected 
individuals do not have a significant risk for developing 
kidney stones and nephrocalcinosis. In fact, during the 
course of treatment, elevation of urinary calcium typi-
cally does not occur. Nevertheless, blood chemistries and 
urinary calcium excretion in patients undergoing treat-
ment should be monitored annually, but more frequently 
during pubertal development and once skeletal growth is 
completed, as the requirements for treatment with cal-
cium and 1,25(OH)2D may need to be reduced.

SUMMARY
PHP refers to a group of disorders characterized by PTH 
resistance associated with hypocalcemia, hyperphospha-
temia, and elevated serum PTH. Proximal tubular resis-
tance to PTH is the most prominent hormonal defect but, 
depending on the underlying genetic defect, resistance to 
other hormones is also observed. PTH and these other 
hormones all exert their actions via receptors that couple 
to Gsα. The primary genetic cause of PHP 1 and related 
disorders is mutations that affect the complex GNAS 
locus, the gene encoding Gsα. These mutations result in 
decreased expression/activity of Gsα but also affect some 

of the other gene products derived from GNAS. The 
nature and the parental origin of the GNAS mutation is 
an important determinant of the clinical manifestations. 
Mutations that affect coding Gsα exons lead to broader 
clinical abnormalities than mutations that disrupt GNAS 
imprinting. Due to the tissue-specific imprinting of Gsα, 
hormone resistance develops only after maternal inheri-
tance. AHO typically occurs after both maternal and 
paternal inheritance of coding Gsα mutations, although 
the repertoire of some AHO features also follows an 
imprinted mode of inheritance. PPHP is used to describe 
those patients with AHO who lack hormone resistance. 
AHO features vary markedly. An extreme manifesta-
tion of AHO is progressive osseous heteroplasia, which 
appears to develop when Gsα mutations are present on 
the paternal allele, possibly in combination with another 
mutation. PHP 2 is rare, and the molecular determinants 
of at least one variant with skeletal dysplasia involve the 
regulatory subunit of PKA.
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Figure 66-9 Mutated components of the cAMP signaling pathway in PHP and acrodysostosis. Gsα is essential for stimulation of cAMP genera-
tion, which binds to the regulatory subunits of PKA and thereby renders the catalytic subunits active. cAMP-specific phosphodiesterase 4D (PDE4D) 
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Heterozygous mutations in PRKAR1A also lead to resistance to multiple hormones and are the cause of acrodysostosis with hormonal resistance 
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Vitamin D is a key regulator of mineral homeostasis1,2 and 
bone development,3 and perturbation of the vitamin D 
endocrine system leads to impaired calcium regulation 
that can lead to rickets and/or osteomalacia. In order to 
gain a complete perspective of the clinical manifestations 
of genetic anomalies involving vitamin D endocrine func-
tion, this chapter will first present a short overview of the 
salient aspects of the vitamin D metabolic pathway. These 
notions will lay the groundwork for the discussion of the 
clinical, pathophysiologic, and molecular aspects of hered-
itary diseases involving the vitamin D endocrine system.

OVERVIEW OF VITAMIN D METABOLISM
Following exposure to sunlight, both plants and animals 
are able to synthesize vitamin D. Vitamin D2 is generated 

in yeast and plants; vitamin D3 is produced in fish and 
mammals. The slight difference in the chemical structure 
of the two compounds does not affect function or metab-
olism. The generic term of vitamin D (without subscript) 
will be used hereafter.

In humans, a sizeable proportion of vitamin D require-
ments can be produced endogenously in the skin upon 
exposure to ultraviolet light (sunlight). It has been shown, 
however, that at latitudes where vitamin D synthesis is 
reduced or absent during winter months, there is a sea-
sonal variation in the photosynthesis of vitamin D.4 Peo-
ple who receive an ample supply of sunlight during the 
rest of the year are not at risk for developing vitamin D 
deficiency because excess cutaneously produced vitamin D 
is stored in fat and muscle and released at times of need.5 
Dietary sources such as fish, plants, and grains can help 

K E Y  P O I N T S

 •  Disease-causing mutations have been identified in all components of the vitamin D 
metabolic cascade: CYP2R1, CYP27B1, CYP24A1, and VDR.

 •  The treatment of choice for pseudo vitamin D–deficient rickets (CYP27B1 mutations) is 
replacement therapy with 1,25(OH)2D3.

 •  The treatment of choice for hereditary vitamin D–resistant rickets (VDR mutations) is 
intensive calcium therapy.

 •  Complete loss-of-function of the CYP24A1 activity causes idiopathic infantile 
hypercalcemia; therapeutic intervention is to limit calcium and vitamin D intake.
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meet vitamin D requirements. In the absence of any expo-
sure to sunlight, however, such as in older adults, a daily 
multivitamin that contains 600 to 800 IU of vitamin D is 
indicated (based on age).6

Ultraviolet B photons penetrate the epidermis and pho-
tolize 7-dehydrocholesterol into previtamin D, which rap-
idly becomes a more thermodynamically stable molecule, 
vitamin D. Vitamin D then exits the keratinocyte cells and 
enters the dermal capillary bed, where it becomes bound 
to the vitamin D–binding protein, DBP. Once associated 
with DBP in the circulation, vitamin D is transported to 
the liver where cytochrome P450 25-hydroxylase enzymes 
(CYP27A1 and/or CYP2R1) add a hydroxyl group on 
carbon 25 to produce 25-hydroxyvitamin D [25(OH)D]. 
Early studies using perfused rat liver revealed kinetics of 
vitamin D metabolism that supported two 25-hydroxylase 
activities: a microsomal high-affinity, low-capacity enzyme 
and a mitochondrial low-affinity, high-capacity form.7 
The mitochondrial enzyme is the bifunctional CYP27A1 
sterol 27-hydroxylase that derives its name for its ability to 
both 27-hydroxylate the side-chains of cholesterol-derived 
intermediates involved in bile acid biosynthesis and 
25-hydroxylate vitamin D.8 The microsomal, high-affinity 
vitamin D 25-hydroxylase was identified as CYP2R1 using 
an elegant expression-based screening strategy.9 Based 
on specific activity determination, it is estimated that the 
microsomal enzyme is responsible for about 30% of the 
total 25-hydroxylation activity, while the mitochondrial 
enzyme is responsible for the remaining 70%.10

The 25(OH)D metabolite also circulates in the bloodstream 
bound to DBP. It is an abundant, but relatively inactive, vita-
min D metabolite. Its circulating concentration provides the 
most readily available evaluation of the vitamin D status in 
a given individual. 25(OH)D must be further hydroxylated 
at a different site in the convoluted and straight portions of 
the proximal kidney tubule to gain hormonal bioactivity. 
Hydroxylation at position 1α by the mitochondrial cyto-
chrome P450 enzyme 25-hydroxyvitamin D-1α-hydroxylase 
(CYP 27B1) converts 25(OH)D to 1α,25-dihydroxyvitamin 
D [1,25(OH)2D], the active, hormonal form of vitamin D 
that plays an essential role in mineral homeostasis, bone 
growth, and cellular differentiation.11-13

Upon reaching a target tissue, 1,25(OH)2D binds 
a specific receptor (vitamin D receptor or VDR) that is 
a member of the nuclear hormone receptor superfam-
ily.14 The VDR is considered a class II nuclear hormone 
receptor because it needs to form a heterodimer with 
the retinoid X receptor (RXR) in order to bind specific 
DNA sequence elements with high affinity. These tar-
get sequences are termed vitamin D response elements 
(VDREs), and the best characterized of these binding 
sites consist of two tandemly repeated hexanucleotide 
sequences separated by three base pairs.14 Transcriptional 
coactivators and components of the basal transcrip-
tional machinery interact with the liganded, DNA-bound 
VDR-RXR heterodimer to activate the transcription of 
vitamin D target genes responsible for carrying out the 
physiologic actions of 1,25(OH)2D.12,14 Among sev-
eral target genes, the 1,25(OH)2D hormone induces in 
target cells the expression of the gene encoding the key 
effector of its catabolic breakdown: 25-hydroxyvitamin 

D-24-hydroxylase (CYP24A1).15,16 This ensures attenu-
ation of the 1,25(OH)2D biological signal inside target 
cells and helps regulate vitamin D homeostasis.

As detailed in this chapter, disease-causing mutations 
have been identified in all components of this metabolic 
cascade: CYP2R1, CYP27B1, CYP24A1, and VDR.

RICKETS AND OSTEOMALACIA
The term rickets is often used to describe all of the skele-
tal abnormalities associated with defective mineralization 
in the growing skeleton, but it is more precise to restrict 
the term to changes in the growth plate and adjacent 
meta physis. When mineralization is impaired, the accu-
mulation of unmineralized osteoid at sites other than the 
growing metaphysis should be referred to as osteomala-
cia, not as rickets. Thus, defective mineralization can lead 
to both rickets and osteomalacia in the growing skeleton 
but only to osteomalacia in the mature skeleton.

Rickets is characterized by the inadequate calcification 
of the growth plate and adjacent metaphysis. The impaired 
mineralization of the growth plate cartilage in the zone 
of provisional calcification prevents this zone from being 
resorbed. As the cartilage continues to be formed, but not 
resorbed, the growth plate begins to widen. Simultane-
ously, the trabecular bone directly underneath the carti-
lage fails to mineralize properly, and vascularization of 
this tissue becomes aberrant. These defects are accompa-
nied by similar abnormalities in cortical bone leading to 
the full spectrum of skeletal symptoms associated with 
the pathology (see later).

VITAMIN D–DEFICIENCY RICKETS
It is evident from the overview presented earlier in the chap-
ter that vitamin D metabolism can be affected at several 
levels: inadequate exposure to sunlight; inadequate dietary 
intake; malabsorption of dietary vitamin D; impaired hepatic 
25-hydroxylation; defects in renal 1α-hydroxylation; or 
defects in receptor function (Fig. 67-1). Reviews on the 
nonhereditary disorders of the vitamin D endocrine system 
have been published previously.17

The prime metabolic consequence of vitamin D defi-
ciency is reduced net intestinal absorption of calcium.1,2 
Calcium malabsorption leads to a fall in plasma calcium, 
secondary hyperparathyroidism, reduced renal tubular 
reabsorption of phosphate, hypophosphatemia, and thus 
a reduction in the calcium X phosphate product. Eventu-
ally, deposition of mineral in osteoid is impaired because 
the supply of the relevant ions is reduced. The impaired 
mineralization triggers the development of the rachitic 
and/or osteomalacic phenotype.

Clinical Features of Pseudo Vitamin D–Deficient  
Rickets
The clinical symptoms of pseudo vitamin D–deficient 
rickets (PDDR) (also referred to as vitamin D depen-
dency type I or VDD-I, are similar to those of common 
vitamin D–deficiency rickets, including failure to thrive, 
hypotonia, and growth retardation. Affected babies lay 
supine because of severe muscle weakness and bone pain. 



1162 PART 6 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

At this age, gross skeletal deformities are rare; however, 
if diagnosis and treatment are delayed, severe deformities 
of the spine and long bones occur, together with general-
ized muscle weakness simulating myopathy. Motor prob-
lems translate into regression in head control and ability 
to stand. In some patients, the initial event is generalized 
convulsions, tremulations, and Bravais-Jackson fits or tet-
any. Pathologic fractures may occur (Fig. 67-2). The onset 
in most cases occurs early during the third trimester of life; 
the patients look healthy at birth.

Physical examination reveals a small, hypotonic child 
with wide anterior fontanel, frontal bossing, and frequent 
craniotabes (easy depression of the softened parieto-occip-
ital region). Tooth eruption is delayed, and erupted teeth 
show evidence of enamel hypoplasia. A rachitic rosary 
is either visible or palpable. In limbs, widening of the 
metaphyseal areas is evidenced by enlargement of wrists 
and ankles, and there is a variable degree of deformity 
(bowing) of long bones diaphyses. Deformities of the tho-
rax may interfere with ventilation and predispose to pul-
monary infection; infant death by pulmonary infections 

Figure 67-1 Schematic representation of the main steps of the vitamin D biosynthetic pathway, where genetic aberrations may lead to rickets and 
osteomalacia. The renal defect in vitamin D–dependent rickets type I is indicated by the break in the 1,25-dihydroxyvitamin D3 arrow arising in the 
kidney. The mutation leads to insufficient synthesis of 1,25-dihydroxyvitamin D. The left part of the figure represents a target cell where schematic 
coupling of the ligand to its receptor (VDR) takes place in the cytosol or, more likely, in the nucleus. The VDR then heterodimerizes with the RXR 
 receptor. For ease of representation, the RXR ligand (9-cis retinoic acid) is not depicted. The complex then binds to DNA to regulate gene transcrip-
tion. Various mutations affecting either of the two VDR domains (DBD, DNA-binding domain; LBD, ligand-binding domain), depicted by the 
stippled X over the receptor complex, cause hereditary vitamin D–resistant rickets (HVDRR).

Figure 67-2 Radiograph of the wrist of a 19-month-old boy with 
Pseudo vitamin D–deficient rickets at diagnosis. Severe rickets and de-
mineralization are evident. Pronounced hypocalcemia and secondary 
hyperparathyroidism were documented, the latter causing a metaphy-
seal pseudo-fracture clearly seen on the lateral view.
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was not infrequent in the past when the diagnosis was 
either missed (confused with a neurologic or respiratory 
condition) or made too late. Chvostek’s sign (twitching of 
the upper lip upon light finger tapping of the facial nerve) 
reflects nerve irritability, a consequence of a rapid fall in 
serum calcium.

X-ray features include diffuse osteopenia (mild to 
severe hypomineralization of the skeleton) and classic 
rachitic metaphyseal changes: fraying, cupping, widen-
ing, and fuzziness of the zone of provisional calcifica-
tion immediately under the growth plate (see Fig. 67-2). 
These changes are seen better and detected earlier in the 
most active growth plates, namely, the distal ulna and 
femur and the proximal and distal tibia. Changes in the 
diaphyses may not be evident when metaphyseal changes 
are first detected. However, they will appear a few weeks 
later as rarefaction, coarse trabeculation, cortical thin-
ning, and subperiosteal erosion. Looser-Milkman’s pseu-
dofractures and curvature of the shafts of long bones may 
be observed, especially in children older than 1 to 2 years 
of age.

Hypocalcemia is the main biochemical feature in 
Pseudo vitamin D–deficient rickets. A rapid decrease in 
serum calcium concentration may give rise to tetany and 
convulsions, which may occur prior to any radiologic 
evidence of rickets. Prolonged hypocalcemia triggers sec-
ondary hyperparathyroidism and hyperaminoaciduria.18 
Urinary calcium excretion is very low, whereas fecal 
calcium is high as a consequence of impaired intestinal 
calcium absorption. Elevated urinary cAMP is not a con-
sistent finding, and normal values have been measured in 
vitamin D–dependent rickets type I patients despite high 
circulating parathyroid hormone (PTH) levels.19

Serum phosphate concentrations may be normal or 
low. When reduced, the hypophosphatemia is usually of 
a lesser degree than that measured in X-linked hypophos-
phatemic rickets.20 It results from the combination of 
impaired intestinal absorption and increased urinary loss 
induced by the secondary hyperparathyroidism. Serum 
alkaline phosphatase activity is consistently elevated, and 
its increase precedes the appearance of clinical symptoms.

Patients with Pseudo vitamin D–deficient rickets have 
normal serum levels of 25(OH)D after exposure to sun-
light or oral intake of small doses of vitamin D; the con-
centrations increase if higher doses are given.19 Circulating 
levels of 24,25-dihydroxyvitamin D [24,25(OH)2D] are 
normal and correlate with those of 25(OH)D.21 Serum 
levels of 1,25(OH)2D are low in untreated patients.19,22 
This is evident immediately after birth, months before any 
clinical evidence of rickets appears. Even when patients 
are treated with high doses of vitamin D, causing major 
increases in circulating levels of 25(OH)D, the blood 
concentration of 1,25(OH)2D does not reach the normal 
range. These characteristic features of serum vitamin D 
metabolites have provided key insight into the pathogen-
esis of Pseudo vitamin D–deficient rickets.

Clinical Features of Hereditary  
Vitamin D–Resistant Rickets
Many of the clinical findings in patients with heredi-
tary vitamin D–resistant rickets (HVDRR; also termed 

vitamin D–dependent rickets type II) are identical to 
those described for PDDR, including bone pain, mus-
cle weakness, hypotonia, and occasional convulsions.23 
Children are often growth retarded, and hypoplasia of 
the teeth is observed. The radiologic features of rickets 
are present. A major difference is that many children 
with HVDRR have sparse body hair, and some have 
total scalp and body alopecia, sometimes even includ-
ing eyebrows and eyelashes. Hair loss may be evident 
at birth or occur during the first months of life. Patients 
with alopecia generally have more severe resistance to 
vitamin D. In families with a prior history of the disease, 
the absence of scalp hair in newborns can provide initial 
diagnostic clues for HVDRR. A defect in epithelial-mes-
enchymal communication that is required for normal 
hair cycling has been shown to be the cause of the alope-
cia in an animal model of HVDRR.24

Serum biochemistry includes low concentrations of 
calcium and phosphate and elevated alkaline phospha-
tase activity. Secondary hyperparathyroidism with ele-
vated circulating PTH is measurable. The key difference 
concerns circulating levels of vitamin D metabolites. 
The 25(OH)D values are normal and in the cases in 
which it has been measured, 24,25(OH)2D levels have 
been low. Importantly, serum levels of 1,25(OH)2D 
are elevated. This clinical feature clearly distinguishes 
HVDRR from PDDR, in which circulating concen-
trations of 1,25(OH)2D are depressed. Additionally, 
patients with HVDRR are resistant to supraphysiologic 
doses of all forms of vitamin D therapy. Table 67-1 
outlines the similarities and differences between the 
two forms of hereditary rickets involving the vitamin D 
endocrine system.

TABLE 67-1 Comparison of Pseudo Vitamin  
D–Deficient Rickets and Hereditary Vitamin  
D–Resistant Rickets*

Feature PDDR HVDRR

Mutations CYP27B1 
[25(OH)D-1α-
hydroxylase]

VDR (vitamin D 
receptor)

Genetic inheritance Autosomal recessive Autosomal recessive
Age of onset Early Early
Rickets Yes Yes
Hypocalcemia Yes Yes
Serum alkaline 

phosphatase
Elevated Elevated

Secondary hyper-
parathyroidism

Yes Yes

Alopecia No Yes
Serum 25(OH)D Normal Normal
Serum 

1,25(OH)2D
Low Elevated

Response to 
1,25(OH)2D 
therapy

Yes No

*HVDRR; also known as vitamin D–dependent rickets type II.
Reference range, serum biochemistry (child): calcemia (total calcium), 

2.2 to 2.7 mmol/L; alkaline phosphatase, 20 to 150 U/L; 25(OH)D, 
35 to 200 nmol/L; 1,25(OH)2D, 12 to 46 μmol/L. (From Favus MJ: 
Primer on the metabolic bone diseases and disorders of mineral me-
tabolism, 3rd ed. Philadelphia, Lippincott-Raven, 1996, pp. 451-452.)
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Molecular Etiology of Pseudo Vitamin D Deficient 
Rickets
There are rare reports25,26 of mutations in both alleles of 
CYP2R1, encoding the microsomal hepatic 25-hydroxy-
lase,9 in patients with low serum calcium concentrations, 
low circulating levels of 25(OH)D, and rickets.25,27 These 
findings confirm CYP2R1 as a physiologically relevant 
vitamin D 25-hydroxylase and demonstrates that selec-
tive 25-hydroxylase deficiency can also cause a hereditary 
defect in vitamin D metabolism (vitamin D–dependent 
rickets type Ia). The biological importance of CYP2R1 
as a contributor to 25(OH)D production in vivo has also 
been confirmed in genetically modified animal models.28

Serum levels of 25(OH)D are normal in untreated 
patients with PDDR, and elevated in patients receiving 
large daily amounts of vitamin D.19 These results indicate 
that intestinal absorption of vitamin D and its hydroxyl-
ation in the liver are not impaired in PDDR. Circulating 
levels of 24,25(OH)2D are also normal and highly cor-
related with those of 25(OH)D, indicating a fully func-
tional 25-hydroxyvitamin D-24-hydroxylase enzyme.21 
However, serum concentrations of 1,25(OH)2D are low 
in untreated patients, and remain low even when they are 
treated with high doses of vitamin D.19,22 This clearly 
identifies defective activity of the 25-hydroxyvitamin 
D-1α-hydroxylase enzyme (CYP27B1) as the basic abnor-
mality in PDDR and differentiates it from HVDRR.

PDDR is inherited as a simple autosomal recessive 
trait.29 No phenotypic abnormalities are observed in 
heterozygotes.18 By taking advantage of the unusual 
frequency of PDDR in the French-Canadian popula-
tion and the availability of sample material from rela-
tively large kindreds, the PDDR locus was mapped to 
the region of band 14 on the long arm of chromosome  
12 (12q 13-14).30,31

Tremendous progress has been achieved in the study 
of the molecular etiology of PDDR through the cloning 
of the cDNA encoding for the CYP27B1 enzyme.32-35 
The human gene has also been cloned, sequenced, and 
mapped to 12q13.1-13.3 by fluorescence in situ hybrid-
ization,34,36,37 consistent with the earlier mapping of the 
disease to this locus by linkage analysis.

The ultimate proof that mutations in the CYP27B1 
gene were responsible for the PDDR phenotype required 
the identification of such mutations in PDDR patients 
and carriers of the disease. The first identified muta-
tion was reported by Fu and associates32; several addi-
tional mutations in various ethnic groups have since 
been published.36-42 These findings unequivocally estab-
lish the molecular genetic basis of PDDR as inactivating 
mutation(s) in the CYP27B1 gene. Further proof was 
provided by developing valid animal models of the dis-
ease using targeted inactivation of the Cyp27b1 gene in 
mice.43,44

25-Hydroxyvitamin D-1α-Hydroxylase (CYP27B1): 
Characteristics
The CYP27B1 enzyme catalyzes the addition of a 
hydroxyl group at position 1α of the secosteroid back-
bone of 25(OH)D. The 1α-hydroxylase is a mitochon-
drial cytochrome P450 enzyme that requires electrons 

from NADPH to promote catalysis. These are delivered to 
the P450 moiety by the flavoprotein NADPH-ferredoxin 
reductase45 and the nonheme iron protein ferredoxin.46 
The expression of these cofactors is ubiquitous, and their 
genes were mapped to chromosomes 17 and 11,45,46 
respectively, excluding them rapidly in the search for the 
PDDR mutations since the disease locus was mapped early 
on to chromosome 12.31

The main site for the 1α-hydroxylation of 25(OH)D is 
the proximal tubule of the renal cortex.47 In the kidney, 
the expression of the CYP27B1 gene is subject to complex 
regulation by parathyroid hormone, calcitonin, calcium, 
phosphorus, and 1,25(OH)2D itself.48-50 The CYP27B1 
gene exists in a single copy in the human genome and 
contains nine exons spanning 5 kb of sequence. The ferre-
doxin-binding domain is encoded by sequences contained 
in exons 6 and 7, while the heme-binding domain is con-
tained in exon 8.51,52

Mutations
Different CYP27B1 mutations have been described 
in PDDR patients and their parents (Table 67-2). All 
patients have mutations on both alleles, but a high fre-
quency of compound heterozygosity (a different mutation 
on each allele) has been observed. Splice site mutations, 
nucleotide deletions and duplications, and missense and 
nonsense mutations have been reported (see Table 67-2). 
The mutations are dispersed throughout the CYP27B1 
sequence, affecting all exons (Fig. 67-3).

The mutations detected at the highest frequency are 
958ΔG, common among French Canadian patients due to 
a founder effect,30,37,39 and a mutation located at codons 
438 to 442 in exon 8. These codons are composed of 
the duplicated 7–base pair (bp) sequence 5′-CCCACCC 
CCCACCC-3′. In 11 families described to date,37,39,40,42 
three rather than two copies of the 7-bp sequence are 
present, which alters the downstream reading frame (Fig. 
67-4). Careful analysis of the correlation between ethnic 
origin, microsatellite haplotyping, and the presence of the 
7-bp duplication mutation suggested that the mutation 
has arisen by several independent de novo events.37,39

Structure/Function Relationships
An important aspect of the identification of mutations in 
the CYP27B1 gene was to correlate the genotype of the 
patients with their phenotype, i.e., the severity of the dis-
ease and the circulating levels of 1,25(OH)2D. In several 
cases, although 1,25(OH)2D serum levels are low, they 
are not undetectable,19,22,38,41,53 suggesting some degree of 
residual CYP27B1 activity. Presumably, some CYP27B1 
mutations affect the structural integrity of the enzyme, 
resulting in a modification of its kinetics. This reasoning 
cannot apply to the frameshift (deletions, insertions, and 
duplications) and nonsense mutations. All such mutations 
eliminate the heme-binding site of the protein and thus 
completely abolish the 1α-hydroxylase enzymatic activity. 
The apparent residual CYP27B1 activity observed in some 
patients could be attributable to missense mutations. Most 
of these missense mutations were entirely devoid of enzy-
matic activity in the assays used,39,41 except for the L343F 
mutation, that retained 2.3% of wild-type activity,38 and 
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the E189G mutation that retained 22% of wild-type activ-
ity.38 Thus some missense mutations contribute to the 
variable phenotype observed in patients with PDDR.

Modeling based on the crystal structure of a eukaryotic 
cytochrome P450,54 combined with extensive structure-
function analysis of recombinant CYP27B1 proteins, iden-
tified the functions of many residues mutated in PDDR 
patients (see Table 67-2).55-57 Most mutations affect fold-
ing and conformation.55,56 Residue T321 is involved in 
oxygen activation, while amino acid R389 is essential for 
heme binding.55,56 Spectroscopic analysis of wild-type and 
mutant CYP27B1 proteins identified residue T409 as criti-
cal for binding of the 25(OH)D substrate.57

Treatment of Pseudo Vitamin D–Deficient Rickets
The treatment of choice is long-term (lifelong) replace-
ment therapy with 1,25(OH)2D3.19,58 This results in 
rapid and complete correction of the abnormal pheno-
type, eliminating hypocalcemia, secondary hyperparathy-
roidism, and radiographic evidence of rickets. Strikingly, 
the myopathy disappears within days after initiation 
of therapy. The restoration of bone mineral content is 
equally rapid, and histological evidence of healing of the 
bone structure has been reported.19 Correction of tooth 
enamel hypoplasia is only partial. An important aspect 
of treatment is to ensure adequate calcium intake during 
the bone healing phase. Needs can be monitored by fre-
quent assessment of urinary calcium excretion. It should 
be noted that hypercalciuria is common during treatment 
with 1,25(OH)2D3, particularly during the first year of 
administration. Its close monitoring is used to adjust the 
needs in 1,25(OH)2D3. While the initial dose will be 1 to 
2 mcg/day, maintenance dose will vary between 0.5 to  
1 mcg/day. High levels of calcium excretion may amplify 
the pattern of calcium deposition in the kidney, thus fre-
quent renal imaging and assessment of renal function are 
essential during the course of treatment.

Before 1,25(OH)2D3 became available from commercial 
sources, several investigators used the monohydroxylated 
analogue 1α(OH)D3,59 which only requires liver hydrox-
ylation at position 25 to be activated to the hormonally 
active metabolite. Remember that the PDDR mutation 
does not affect the 25-hydroxylation step. Response to 
treatment with 1α(OH)D3 is rapid with healing of rickets 
in 7 to 9 weeks, and this compound is still used in several 
countries. On a weight basis, 1α(OH)D3 is about half as 
potent as 1,25(OH)2D3, nullifying any possible economic 
advantage in favor of the monohydroxylated compound.

Molecular Etiology of Hereditary  
Vitamin D–Resistant Rickets
Patients with molecular etiology of hereditary vitamin 
D–resistant rickets (HVDRR) have normal 25(OH)D and 
low, but measurable, 24,25(OH)2D serum values. The cir-
culating levels of 1,25(OH)2D are elevated from three to 
five times the normal values. These biochemical findings 
demonstrate that all of the vitamin D metabolic enzymes 
(25-hydroxylase, 24-hydroxylase, and 1α-hydroxylase) 
are active in patients with HVDRR. Most patients with 
the disease are resistant to all forms of vitamin D therapy. 
This lack of response to vitamin D treatment led Albright 

TABLE 67-2 CYP27B1 Gene Mutations in 
Patients with PDDR

Mutation Residue Function Ethnic Group Reference

212ΔG  
(codon 46)

N/A Hispanic 39

Q65H H-bond with 
substrate 
(inferred)

Chinese 39,56

gggcg →cttcgg N/A African American 38
958ΔG  

(codon 88)
N/A White American, 

French Canadian
37,39

R107H Folding Japanese 36,55
P112L Undetermined Argentinian 42
G125E Folding Japanese 36,55
IVS2+1g →a N/A Pakistani 38
P143L Folding  

(inferred)
Japanese 41,56

D164N Folding Japanese 41,55
E189L Folding  

(inferred)
Polish 39,56

E189G Folding  
(inferred)

Swiss 38,56

IVS3+1g →a N/A Japanese 41
1921ΔG  

(codon 211)
N/A White American 32,39

1984ΔC  
(codon 231)

N/A White American 32,39

W241X N/A Polish 39
T321R Oxygen  

activation
Japanese 41,55

S323Y Folding  
(inferred)

British 40,56

W328X N/A Korean 42
R335P Folding Japanese 36,56
L343F Undetermined Belgian 38
P382S Folding  

(inferred)
Japanese 36,56

R389H Heme-
propionate 
binding

White American, 
French Canadian,

African American, 
Belgian

38,39,55

R389C Heme-
propionate 
binding

Japanese 41,55

R389G Heme-
propionate 
binding

Chilean 38,55

IVS7+1g →a N/A African-American 42
T409I H-bond with 

substrate
Filipino, Chilean 38,39,57

R429P Folding  
(inferred)

African American 39,56

W433X N/A Japanese 41
7-bp 

duplication 
(codons 
438-442)

N/A Filipino, Polish, 
Chinese, British,

White American, 
Hispanic

African American, 
Acadian,

French Canadian

37,39,40, 
herein

2 bp 
duplication 
(codon 442)

N/A White American 39

R453C Heme-
propionate 
binding

Haitian 39,55

V478G Folding  
(inferred)

British 40,56

P497R Folding Polish 39,55
3922ΔA N/A Moroccan 42

The one-letter amino acid code is used; Δ, deletion; IVS, intervening 
sequence (intron); X, premature stop codon; bp, base pairs.
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and co-workers60 to introduce the concept of hormonal 
resistance. The molecular basis of vitamin D end organ 
resistance became clearer as the mechanism of action of 
the hormonal form of vitamin D was elucidated.

Ligand-binding studies first established that the 
1,25(OH)2D hormone, like other sex steroid hormones 
studied at the time, binds to a high-affinity receptor 
located in the nucleus.61 It was later discovered that 
this receptor could bind to DNA.62 This property was 

utilized to purify sufficient quantities of the VDR to raise 
antibodies.63,64

The observation that binding sites for 1,25(OH)2D 
could be detected in many tissues in addition to the clas-
sical vitamin D target tissues helped to define the etiol-
ogy of HVDRR. Investigators began to study the VDR 
from cultured fibroblasts of patients and relatives, using 
ligand-binding assays, radioimmunoassays, and DNA-
cellulose chromatography. Other fibroblast responses 
measured included induction of the 24-hydroxylase 
enzyme activity, and vitamin D–mediated growth arrest. 
These methodologies led to several milestone observa-
tions. In the first studies reported, [3H]-1,25(OH)2D3 
binding was undetectable in fibroblasts from HVDRR 
patients, and high doses of 1,25(OH)2D failed to induce 
the 24-hydroxylase biomarker.65 The diminished hor-
mone binding provided a clear rationale for the end organ 
resistance reported in patients. Subsequent reports con-
tinued to describe a lack of response of the patients’ cells 
to 1,25(OH)2D, but some patients’ fibroblasts exhibited 
normal [3H]-1,25(OH)2D3 binding.66 From these early 
reports, it was concluded that at least two classes of 
HVDRR patients could be recognized: receptor-negative 
patients and receptor-positive patients. The development 
of a sensitive radioimmunoassay for the VDR protein67 
demonstrated that these semantic differences were incor-
rect. Using this assay, it was shown that fibroblasts from 
receptor-negative patients expressed normal levels of 
receptor protein. Pike and colleagues68 hypothesized that 
the VDR defect in the patients’ cells was due to a struc-
tural abnormality in the ligand-binding domain prevent-
ing [3H]-1,25(OH)2D3 from binding to the receptor and 
not from defective synthesis of the VDR protein. The two 
classes of HVDRR were more adequately described by the 
terminology ligand-binding positive and ligand-binding 
negative.

A second type of VDR structural abnormality was 
identified in cultured cells from patients displaying the 
ligand-binding positive HVDRR phenotype. The VDR 
from these cells showed reduced affinity for heterologous 
DNA as measured by DNA-cellulose chromatography.69 
It was suspected that the defect in those patients would 
likely be a point mutation in the DNA binding domain of 
the VDR. Interestingly, measurements of DNA-binding 
affinities of the VDR from parents of ligand-binding posi-
tive patients clearly identified two forms of the VDR mol-
ecule: one with normal, wild-type affinity for DNA, and 
the second with reduced, defective DNA binding.69 This 

Figure 67-3 Mutations in pseudo vitamin D–deficient 
rickets patients. A schematic representation of the CY-
P27B1 gene is shown. Exons are numbered from one 
to nine with darker shaded regions representing 5′- and 
3′-nontranslated regions. Mutations are presented above 
and below the gene map. Numbers refer to amino acid 
residue; the one-letter amino acid code is used. Δ, dele-
tion; gggcg → cttcg: deletion of gggcg and substitution of 
cttcgg beginning at nucleotide 897 in exon 2; IVS2, IVS3, 
or IVS7+1 g → a: splice site mutation in intron (interven-
ing sequence) 2, 3, or 7; 7bp dupl: 7 base pairs duplica-
tion; 2 bp dupl: 2 base pairs duplication.
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Figure 67-4 Identification of the molecular defect in a pseudo vitamin 
D–deficient rickets pedigree. Upper panel, The heterozygote parents are 
identified by half-filled boxes (male parent, square symbol, no. 86; fe-
male parent, round symbol, no. 87). The affected patient (male, no. 88)  
is identified by a filled square symbol with an arrow. Lower panel, DNA 
sequence analysis of the mutation within the heme-binding domain of 
the CYP27B1 gene. The 7–base pair duplication is bracketed. The ami-
no acid sequence (one-letter code) is highlighted in the center of the 
figure. Note the change of reading frame leading to an aberrant protein 
sequence and premature termination in the affected patient.
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was the first clear evidence establishing the heterozygous 
state of HVDRR parents. Binding and antibody-based 
assays had failed to reconcile genotype and phenotype of 
carriers in the past.

Eventually, the purified receptor was used to obtain 
monoclonal antibodies that led to the cloning of the 
VDR cDNA from various species.70-72 In turn, the VDR 
genomic structure was analyzed. Eight exons compose 
the entire coding region, spanning approximately 50 kb 
of genomic DNA.73 The translation start site is contained 
within exon 2.

Analysis of the VDR cDNA sequence soon established 
that the VDR is a member of the nuclear hormone recep-
tor superfamily, and its mechanism of action was sub-
sequently unraveled.14 The ligand-bound receptor forms 
a heterodimer with the retinoid X receptor (RXR), and 
the dimer contacts specific sites within the regulatory 
domains of responsive genes. This results in positive or 
negative modulation of the transcription of target genes. 
The VDR is essential to transduce the biological effects of 
1,25(OH)2D, such as promoting calcium and phosphate 
transport across the small intestine and maintaining cal-
cium homeostasis. The underlying molecular basis of the 
hormone resistance described in patients with HVDRR is 
mutations in the VDR that render the receptor nonfunc-
tional or less functional than the wild-type VDR. Several 
laboratories have independently engineered valid animal 
models of HVDRR by inactivating the Vdr gene through 
gene targeting (reviewed in reference 74).

HVDRR follows an autosomal recessive pattern of 
inheritance. Parents of patients, who are heterozygous 
for the mutation, show no symptoms and have normal 
bone development. In many cases, parental consanguinity 
is associated with the disease. Families often have sev-
eral affected children, and males and females are affected 
equally.

Vitamin D Receptor (VDR): Characteristics
Structure/function analysis, sequence comparison align-
ments, and recent crystallographic studies have contributed 

to our understanding of the domain structure of the mem-
bers of the nuclear hormone receptor superfamily, to 
whom the VDR belongs. The different domains of nuclear 
receptors have been labeled A to F (Fig. 67-5). Some of 
these domains exhibit high sequence similarity between 
individual family members, while others vary considerably 
or are altogether absent. This diversity is manifested most 
strongly in domains A/B, D, and F. Domain A/B includes 
all residues that are N-terminal to the receptor’s DNA 
binding domain (DBD). The size of this domain is highly 
variable, ranging from hundreds of residues in the proges-
terone receptor, for example, to only 24 amino acids in 
the VDR. The function of the A/B domain remains some-
what uncertain, but results suggest that polymorphisms in 
the VDR A/B segment could modulate its transcriptional 
activity.75 Domain C comprises the highly conserved 
zinc finger DNA-binding domain, the hallmark feature 
of nuclear receptor family members. Region D serves as 
a flexible hinge domain between the DBD and domain 
E, and is the least conserved among nuclear receptors. 
Interestingly, the D segment of the VDR is longer by  
50 amino acids when compared to classical steroid 
receptors, due to the splicing-in of an additional exon.76 
Residues within the D domain of the VDR are subject to 
posttranslational modification in the form of reversible 
serine phosphorylation.77,78 This regulation provides 
an additional degree of control of the VDR activity.14 
The E region encodes the ligand-binding domain (LBD) 
of ligand-activated receptors and also contributes to 
transactivation and dimerization. The small F domain 
is not highly conserved between nuclear receptor family 
members.

Structure/Function
The VDR DNA Binding Domain (DBD). The DNA bind-
ing domain of the VDR consists of two zinc finger motifs 
located between residues 24 and 90. The zinc fingers are 
of the C2C2 type, with two zinc atoms tetrahedrally coor-
dinated through four cysteine residues, each which serve 
to stabilize the finger structure itself. The alpha-helical 

Figure 67-5 Natural mutations in hereditary vitamin D–resistant rickets (HVDRR). A schematic view of the vitamin D receptor is presented. The 
427 amino acids protein can be separated into domains, designated A/B, C, D, and E/F. The white regions represent helices within the E/F domain that 
are important for transcriptional activation. Point mutations in human patients with the HVDRR syndrome are indicated below (one-letter amino 
acid code). X, premature stop codon; f, frameshift mutation, ins, insertion.
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motifs residing on the C-terminal side of each zinc finger 
constitute the DNA-recognition and phosphate backbone 
binding helices, respectively.14 The region immediately  
C-terminal to the second zinc finger, covering residues  
91 to 115, also forms an alpha-helical structure that could 
contribute to DNA contacts. The functional importance 
of those helical domains is confirmed by the analysis of 
the HVDRR mutations described later.

The VDR exhibits a unique characteristic when com-
pared to other nuclear receptors: a cluster of five basic 
amino acids is located at residues 49 to 55, in the inter-
vening sequence between the two zinc fingers. This 
domain is predicted to make DNA contact79 and regulate 
the nuclear localization of the receptor.80 Interestingly, 
this cluster contains residue serine-51, a site of post-trans-
lational modification through phosphorylation by protein 
kinase C.81,82

Besides their well-characterized role in the binding of 
the DNA response element, residues within the zinc finger 
motifs of the VDR also contribute to association with the 
partner receptor, RXR, to form the functional heterodi-
mer (see Fig. 67-1).83,84 The alpha-helical domain imme-
diately C-terminal to the second zinc finger also provides 
interactions with partner proteins.84 These specific con-
tact sites in the DNA-binding domain of the VDR facili-
tate weak heterodimerization between VDR and RXR, 
while the stronger, ligand-dependent heterodimerization 
interactions are provided by residues located within the 
ligand-binding domain.

The VDR Ligand-Binding Domain. The E/F region of the 
VDR (see Fig. 67-5) represents a complex multifunctional 
domain involved in binding of the 1,25(OH)2D ligand, 
heterodimerization with RXR, and transactivation. The 
structure of the LBD of the VDR has been modeled fol-
lowing x-ray crystallographic analysis.85 It consists of  
13 alpha-helices and several short β-strands organized 
as a “sandwich” around a lipophilic hormone-binding 
pocket. The LBD of the VDR is bordered by helices H3, 
H5, H7, H11, and residues Ser275 (loop H5-β), Trp286 
(β-1), and Leu233 (helix H3). Once the ligand enters the 
pocket, a “lid” formed by H12 closes over the pocket. 
Several of the mutations characterized in HVDRR coin-
cide with hormone contact sites.

It is hypothesized that ligand binding leads to confor-
mational changes that expose, enhance, or produce novel 
dimerization and/or transactivation interfaces. Proteo-
lytic digestion assays have provided indirect evidence that 
binding of 1,25(OH)2D induces changes in the conforma-
tion of the VDR.86,87 Interestingly, different vitamin D 
analogues induce different conformational changes.85,86,88

Two regions within the LBD of the VDR are involved 
in strong, ligand-dependent heterodimerization with 
RXR. These have been identified following mutagenesis 
experiments and by analogy to the RXR homodimer 
 crystal.89 These two subdomains consist of residues 244 to 
263,90-92 and amino acids 317 to 395,92,93 corresponding 
to portions of helices 3 to 4 and 7 to 10, respectively. 
Thus the ligand-binding and heterodimerization func-
tions of the VDR are interrelated within the context of 
the tertiary structure of the molecule, presumably through 

allosteric effects that ultimately generate an active recep-
tor conformation.

Transactivation
The regulation of gene transcription requires three classes 
of proteins. The first composes the basal transcriptional 
machinery utilized to transcribe genes in every cell: RNA 
polymerase II and a series of basal factors that serve to 
ensure transcription of protein-coding genes. The pre-
cise control of the transcription of particular genes then 
requires sequence-specific DNA-binding transcription 
factors. The VDR is such a factor, and its activity is fur-
ther regulated through ligand binding. Finally, recent 
progress in our understanding of the molecular control 
of gene expression has unveiled a third class of proteins, 
generally known as transcriptional coactivators, that pro-
vide protein-protein contacts between the basal factors 
and the sequence-specific DNA-binding factors. Several 
players involved in this tightly orchestrated choreography 
have been identified for VDR-mediated transcription.

As previously mentioned, ligand binding probably 
serves to induce conformational changes that allow the 
VDR to contact pertinent partners. Mutagenesis experi-
ments have identified some of the key residues involved in 
these contacts. Two regions of the receptor are required 
exclusively for transcriptional activation. One of these 
regions is located between residues 244 and 263, a domain 
also involved in heterodimerization with RXR.90-92  
But residue lysine-246 is not involved in contacts with 
the RXR partner, and its alteration severely compromises 
transactivation.91 This residue, highly conserved among 
nuclear receptors, must form part of the binding interface 
with transcriptional coactivators.91,94

The second region is known as activation function 2 or 
AF-2 and corresponds to helix 12 (residues 416 to 422).95-97  
Alteration of residues leucine-417 and glutamic acid-420 
does not affect hormone binding or heterodimeric DNA 
binding, but completely abrogates transactivation.96,97 
These residues also function to stimulate transcription 
by a mechanism involving coactivators. Some of the pro-
teins interacting with the VDR to allow ligand-activated 
transcription have been identified. Within the basal tran-
scriptional machinery, the VDR interacts with transcrip-
tion factor TFIIB.98,99 This contact involves the AF-2 
domain of the VDR, but also requires the wild-type resi-
due  arginine-391, located N-terminal to the AF-2 region 
within helix 10/11.97

Three categories of multicomponent transcriptional 
coactivator complexes that are involved in nuclear 
receptor-mediated transcription have been identified:  
1) those involved in ATP-dependent chromatin remodeling,  
2) those that physically interact with general transcription 
factors and RNA polymerase II, and 3) complexes that 
modify histone tails covalently.100 For VDR-mediated 
activation, the WINAC chromatin remodeling complex 
has been biochemically characterized.101 The DRIP/
TRAP complex that physically interacts with compo-
nents of the general transcriptional machinery has been 
shown to be involved in ligand-dependent transcription 
by the VDR.102,103 Finally, complexes that include his-
tone acetyltransferase enzymes of the p160 family have 
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been described to co-activate the VDR.104,105 Structure-
function analysis of the AF-2 domain of the VDR identi-
fied residues that abolished interaction with p160 family 
members and DRIP components, but that retained ligand-
dependent transcriptional activation. This suggests that 
yet uncharacterized coactivator complexes may partici-
pate in VDR-mediated transcription.106 All of those cat-
egories of complexes transiently associate with the VDR, 
and their recruitment is thought to be cyclic and highly 
regulated.104

HVDRR Mutations
Our understanding of the structural and functional con-
sequences of HVDRR-causing mutations in the VDR 
has followed the introduction of molecular biological 
techniques as routine detection methods. For example, 
the amplification of mRNA by RT-PCR (reverse tran-
scription–coupled polymerase chain reaction) has been 
of tremendous help for analysis of mutations (Fig. 67-6). 
Similarly, the functional consequences of particular 
mutations, first analyzed using ligand-binding assays 
and nonspecific binding to calf thymus DNA, can now 
be analyzed routinely using transient transfection assays 
on bona fide vitamin D–responsive promoter elements. 
Some laboratories have begun to test VDR protein-
protein interactions. Finally, the availability of crystal 
structures for nuclear receptors allows to understand 
the consequences of particular mutations at the tertiary 
structure level.

A number of different VDR mutations have been 
described in HVDRR patients (see Fig. 67-5 and Table 67-3).  
Some of these genetic alterations are nonsense (X) or 
frameshift (fs) mutations that introduce premature stop 
codons in the receptor: R30X (see Fig. 67-6), R73X, 
E92fs, Q152X, R154fs, L233fs, Y295X, Q317X, and 

Y401X. The premature translation termination codons 
lead to truncated VDRs that lack the DNA-binding 
domain (R30X and R73X), the ligand-binding domain 
(E92fs, Q152X, R154fs, L233fs, Y295X, and Q317X), 
or the AF-2 activation domain (Y401X); in most cases, 
the mRNAs for these truncated receptors are unstable.107 
The mutations involving amino acid substitutions (mis-
sense mutations) have been more revealing in terms of 
structure/function relationships.

DBD Mutations
The first VDR mutation ever reported was described by 
Hughes and colleagues73 and affected the DNA-binding 
domain of the receptor. The mutation substitutes a polar 
uncharged glutamine for a positively charged arginine at 
position 73 (R73Q) within the second zinc finger of the 
DBD. The VDR mutation identified by Hughes and asso-
ciates73 was the first natural disease-causing mutation 
reported for the entire steroid-thyroid-retinoid receptor 
gene superfamily.

Several additional missense mutations affecting the 
DBD have been reported since then (see Table 67-3). Based 
on the crystal structure of the related GR, RXR, and TR 
molecules,89,108,109 the H35Q, K45E, R50Q, R73Q, and 
R80Q mutations are thought to affect residues that con-
tact DNA.14,23,110 The conversion of residue glycine-46 
to aspartic acid (G46D) introduces a bulky, charged 

C A M F

Figure 67-6 Prenatal diagnosis in a family where a first child had 
 hereditary vitamin D–resistant rickets (HVDRR) caused by an R30X 
mutation. This mutation in the VDR gene (C to T substitution in exon 
2) has introduced a recognition site for the restriction endonuclease 
DdeI. Using primers internal to the affected exon, an 89–base pair DNA 
fragment was amplified using PCR with 100 ng of genomic DNA pre-
pared from amniotic cells (A), or from whole blood of an unrelated 
control (C), the mother (M), or the father (F). An aliquot of each am-
plimer was incubated with the restriction endonuclease DdeI. The di-
gested fragments were visualized on a 2.5% agarose gel. The data show 
unambiguous homozygosity for the R30X mutation in the fetus, with 
both parents carriers for the mutation.

TABLE 67-3 VDR Mutations in Patients with 
HVDRR

Mutation VDR Domain Ligand Binding Reference

R30X DBD – 155,156, herein
G33D DBD + 73
H35Q DBD + 157
K45E DBD + 110
G46D DBD + 158
F47I DBD + 110
R50Q DBD + 159
R73Q DBD + 73
R73X DBD – 111,114
R80Q DBD + 160,161
E92fs hinge – 162
H141insLWA hinge – 115
Q152X hinge – 163
R154fs hinge – 164
L233fs LBD – 111
F251C LBD – 116
Q259P LBD + 111
L263R LBD – 165
I268T LBD +/– 166
R274L LBD + 163
W286R LBD – 167
Y295X LBD – 107,112-114
H305Q LBD + 123
I314S LBD, dimer + 122
Q317X LBD – 168
R391C LBD, dimer + 122
R391S LBD, dimer – 165
Y401X LBD, AF-2 +/– 169
E420K LBD, AF-2 + 117

The one-letter amino acid code is used; X, premature stop codon; 
fs, Frameshift; ins, insertion; DBD, DNA-binding domain; LBD, 
ligand-binding domain; dimer, domains involved in heterodimeriza-
tion; AF-2, activating function-2.
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amino acid that would create unfavorable electrostatic 
interactions with the negatively charged phosphate back-
bone of the DNA helix.111 The G33D mutation would be 
expected to have the same effect.110 The F47I mutation 
is a relatively conserved substitution, but the loss of the 
phenylalanine ring structure may disrupt the hydropho-
bic core of the DBD and affect the proposed alpha-helical 
structure at the base of the first zinc finger.110

LBD Mutations
The first identified mutation affecting the LBD was the 
Y295X mutation reported by Ritchie and co-workers.112 
This mutation truncates 132 amino acids from the car-
boxy terminus of the VDR, which results in the dele-
tion of a major portion of the LBD. This mutation has 
been described in seven families forming a large kindred 
in which consanguineous marriages occurred.107 The 
mutation was also identified in three additional fami-
lies unrelated to the extended kindred.113,114 As previ-
ously mentioned, the mutant mRNA is unstable and the 
truncated VDR is undetectable using immunology-based 
assays.107

The VDR crystallographic data85 can be used to under-
stand the structural consequences of the missense muta-
tions in the VDR LBD described in HVDRR patients. 
The Q259P mutation (helix H4), the L263R and I268T 
mutations (H4/5), the R274L mutation (H5), the W286R 
mutation (loop H5 to H6), the H305Q mutation (loop 
H6 to H7), the I314S mutation (H7) and the R391C or 
R391S mutations (positioned within H10) should perturb 
ligand binding and/or dimerization. Mutation H141in-
sLWA consists of a unique 5-bp deletion combined with 
an 8-bp insertion in exon 4, leading to deletion of resi-
dues H141 and T142, and their substitution by mutant 
residues L141, W142, and A143 in helix H1.115 The 
resulting mutant VDR does not bind ligand.115

Mutation F251C is located in the E1 region (amino 
acids 244 to 263), which overlaps helices 3 and 4 and 
loop 3 to 4 between them.116 The mutation of residue 
F251 thus likely disrupts the ligand-binding pocket and 
perturbs optimal function of the VDR. Mutation E420K 
modifies a residue in helix H12 that provides coactiva-
tor dimerization interfaces, and thus results in loss of 
transactivation.117

Treatment
Therapies with pharmacologic doses of vitamin D metab-
olites, including vitamin D itself, 25(OH)D, 1α(OH)D, 
and 1,25(OH)2D have been used to attempt to overcome 
the target organ resistance to vitamin D associated with 
HVDRR. Patients with HVDRR without alopecia are 
generally more responsive to treatment with high doses 
of vitamin D preparations than patients with alopecia.118 
Doses reported effective range from 5000 to 40,000 IU/
day for vitamin D, 20 to 200 mcg/day for 25(OH)D, 
and 17-20 mcg/day for 1,25(OH)2D.119-121 The efficacy 
of treatment with high doses of vitamin D metabolites 
can be reconciled with the molecular cause of HVDRR. 
When the resistance to vitamin D is caused by muta-
tions in the VDR that moderately decrease the affin-
ity of the receptor for its ligand, such as the H305Q or 

I314S mutations,122,123 high doses of the hormone can 
apparently overcome the low affinity–binding defect 
and achieve adequate VDR occupancy to mediate nor-
mal 1,25(OH)2D responses. A few patients with HVDRR 
with alopecia have also been treated successfully using 
vitamin D metabolites.66,73,124-128

When vitamin D therapy is proven ineffective, 
intensive calcium therapy is the alternative treatment 
of choice. Some success has been achieved with high-
dose oral calcium (Fig. 67-7).129 To bypass the calcium 
absorption defect in the intestine caused by the mutant 
VDR, long-term intravenous (IV) calcium infusions 
should be considered (see Fig. 67-7). High doses of 
calcium are infused IV during the night over a several-
month period. Rapid disappearance of bone pain has 
been documented, and gradual improvement of calce-
mia and parathyroid function, followed by improve-
ment of rickets (Fig. 67-8), and weight and height 
gains ensue.130-133 The syndrome can recur when the 
IV infusions are discontinued.130 After the serum cal-
cium normalizes and radiologic control of the rickets 
has been achieved with IV calcium infusions, high-dose 
oral calcium therapy is effective in maintaining normo-
calcemia.132 For HVDRR patients who do not respond 
to high doses vitamin D therapy, the two-step calcium 
protocol (IV infusions followed by high oral doses) 
appears to be the preferred therapeutic approach.

It is interesting to note that there have been several 
reports of spontaneous improvement in the disease of 
HVDRR patients.66,134,135 This spontaneous healing of 
rickets usually occurs between 7 and 15 years of age, 
and has not been consistently associated with the onset 
of puberty. Spontaneous recovery does not appear to be 
related to treatment, as therapy was often ineffective and 
improvement occurred after the treatment was discon-
tinued. The patients appear to remain normocalcemic 
without therapy and show no evidence of rickets or osteo-
malacia. Spontaneous improvement has been reported 

Figure 67-7 Bone mineral density (BMD) response in a patient with 
hereditary vitamin D-resistant rickets (HVDRR) treated with oral and 
intravenous calcium. BMD of the lumbar spine was measured by dual 
energy X-ray absorptiometry (DXA). Patient received oral calcium  
(Ca PO, 2 grams/day) for 17 months before treatment with intravenous 
calcium (Ca IV). The shaded area represents the reference values for the 
corresponding ages. Note the rapid correction of the BMD upon initia-
tion of intravenous calcium therapy.
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for both ligand-binding–positive and ligand-binding–
negative HVDRR patients.66,134,135 The alopecia persists 
despite healing of the rickets.66,134,135 It is not uncom-
mon for children to “outgrow” genetic diseases and the 
organism appears able to compensate for the loss of VDR 
function after skeletal growth has been completed. This 
apparent functional redundancy does not apply to the 
hair follicle, however, a situation analogous to what has 
been described in the VDR-ablated animal model of the 
disease.136

IDIOPATHIC INFANTILE HYPERCALCEMIA
It is now recognized that loss-of-function mutations 
in the gene for 25-hydroxyvitamin D-24-hydroxylase 
(CYP24A1) result in idiopathic infantile hypercalcemia 
(IIH, OMIM 1438880). IIH is an orphan disease with 
an incidence of ∼1 in 47, 000.137-139 It typically causes 
hypercalcemia and hypercalciuria in young infants. 
Those affected present with failure to gain weight and 
irritability and nephrocalcinosis.140-142 If undiagnosed, 
infants may die or remain stunted; they are also at risk 
for renal sequelae, including renal failure. Prompt inter-
vention reduces these sequelae.140-142 Since the under-
lying etiology is likely caused by enhanced intestinal 
calcium absorption due to hypervitaminosis D compli-
cated by hypercalcemia and hypercalcuria, traditional 
therapeutic interventions limit calcium and vitamin D 
intake.140-142 However, hypercalciuria and the renal 
stone risk continue in most subjects throughout adult 
life.140-142 Familial forms have been described; infant 
siblings of probands may be equally hypercalcemic 
without symptoms and are only detected by screen-
ing.143,144 Moreover, the disorder may first manifest as 

hypercalciuria and painful kidney stones in adults, with-
out childhood symptoms.145-149

Molecular Etiology of Idiopathic Infantile Hypercalcemia
Schlingmann and colleagues144 recently demonstrated 
biallelic mutations causing complete loss of function of 
the CYP24A1 activity in European children with IIH. 
This leads to the symptoms of hypervitaminosis D: 
increased intestinal absorption of calcium and symp-
tomatic hypercalcemia. Interestingly, not all cases of 
IIH are due to CYP24A1 mutations. The Schlingmann 
group reports that ∼1 in 3 children with IIH have inac-
tivating mutations, while another team reported only 
1 mutation in CYP24A1 in 27 North American chil-
dren with IIH.144 Table 67-4 details the mutations in 
CYP24A1 compiled to date revealing that mutations 
can affect multiple domains within the CYP24A1 struc-
ture.148 Worldwide, more than 50 individuals have 
been diagnosed with CYP24A1 mutations causing IIH 
or adult-onset nephrolithiasis; the mutations are exonic 
or at canonical splice sites.144-146,150 Functional stud-
ies have been key to establishing reduced CYP24A1 
activity as the etiology of these phenotypes.144 Affected 
individuals also have very low or undetectable serum 
24,25-(OH)2D3 levels, suggesting that CYP24A1 is the 
only cytochrome P450 responsible for the production of 
24-hydroxylated metabolites, reinforcing similar find-
ings from the Cyp24a1-knockout mouse.151-153

Idiopathic Infantile Hypercalcemia, Nephrocalcinosis, 
and Nephrolithiasis
Since the initial description of CYP24A1 mutations in 
children with IIH, there have been several reports of 
adult patients presenting with mild/moderate degrees 

A B C D

Figure 67-8 Radiographic analysis of response to calcium therapy in a patient with hereditary vitamin D–resistant rickets (HVDRR). From left to 
right. A, At referral, the patient had been treated for 3 months with 1,25(OH)2D3 (15 mcg/day). Rickets is still active, and the bone is demineralized. 
B, After 6 months on 1,25(OH)2D3 (30 mcg/day) and oral calcium (2 grams/day), there is no significant improvement. C, After 2 months of continu-
ous IV calcium (without 1,25(OH)2D3), mineralization is improved. D, Following 11 months of continuous infusion, mineralization is adequate, but 
the growth plate remains irregular. Clinical status is satisfactory and maintained with oral calcium (2 grams/day).
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of hypercalcemia but recurrent nephrolithiasis or neph-
rocalcinosis.145-147,149,150 Based upon gene frequency 
studies, Nesterova and colleagues estimate that the 
frequency of kidney stones in the general population 
due to CYP24A1 mutations might be as high as 4% to 
20%.149

PERSPECTIVES
Conceptually, because the signal transduction path-
way of 1,25(OH)2D involves accessory molecules such 

as RXR, the coactivators, and components of the basic 
transcriptional machinery, it is possible that target organ 
resistance to 1,25(OH)2D may be due to mutations in 
other proteins involved in the transactivation process. 
When the proteins interact with numerous partners, like 
RXR, the phenotype associated with mutations would 
be expected to be broader than the clinical symptoms 
of HVDRR. The recent identification of transcriptional 
coactivators with specificity toward the VDR widens 
the range of putative targets for mutations that could 
cause HVDRR. It is interesting to note that Hewison and 
associates154 described a case of HVDRR in an English 
patient in whom a mutation could not be found in the 
VDR. The patient exhibited all of the clinical features 
of HVDRR including alopecia. The patient’s fibroblasts 
expressed wild-type VDR mRNA and the receptor-bound 
ligand with normal affinity. Ligand-dependent transcrip-
tional activation by the VDR was deficient in the patient’s 
cells, but normal when the patient’s VDR was expressed 
in heterologous cells. These results clearly demonstrate 
that the patient’s VDR was normal and suggest that the 
vitamin D resistance is the result of a mutation affecting 
an accessory protein specific for 1,25(OH)2D-dependent 
transcriptional activation. The characterization of the 
molecular cause of these types of clinical manifestations 
will further enhance our understanding of vitamin D 
biology.
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TABLE 67-4 Mutations of CYP24A1 Resulting in IIH

Type of Mutation Mutation
CYP24A1 
Domain1 Reference

Missense L148P B’/C loop 149
Missense R159Q C helix 144
Missense W210R E helix 170
Missense E322K I helix 144
Missense R396W β-3a sheet 144,170
Missense L409S β-4 sheet 147,149
Missense A510V β-5 sheet 148
In frame deletion E143del B helix 144-147,149
Stop codon E151X C helix 144
Stop codon W268X G-helix 147
Frame shift A475f-

sX490
L helix 144

Domain structure based upon CYP24A1 structure described in Jones 
G, Prosser DE, Kaufmann M: 25-Hydroxyvitamin D-24-hydrox-
ylase (CYP24A1): its important role in the degradation of vitamin 
D. Arch Biochem Biophys 523:9-18, 2012.

Adapted from Meusburger E, Mündlein A, Zitt E, et al: Medul-
lary nephrocalcinosis in an adult patient with idiopathic infantile 
hypercalcaemia and a novel CYP24A1 mutation. Clin Kidney J 
6:211-215, 2013.
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Hereditary Disorders  
of the Skeleton*

Michael P. Whyte

*Chapter titles shaded in green indicate chapters dedicated predominantly to pediatric endocrinology content.

Endocrinologists can encounter a great diversity of 
heritable disorders of the skeleton.1-5 Some are clini-
cal curiosities; some are lethal3,5 Some cause focal bony 
abnormalities; some feature generalized disturbances of 
skeletal growth, modeling (shaping), and remodeling 
(turnover).3 Several manifest overt derangements in min-
eral homeostasis.2 Cumulatively, the number of affected 
individuals is substantial.1 All are important because they 
harbor clues concerning specific genes and their prod-
ucts that influence skeletal biology.2 As these disorders 
become understood molecularly, the patients are increas-
ingly referred to endocrinologists. This chapter describes 
a number of the more common or instructive hereditary 
disorders of the skeleton, most affecting the pediatric 
population.

SCLEROSING BONE DISORDERS
Increased skeletal mass is caused by many rare, often 
heritable, osteochondrodysplasias,1,2,6-8 and by a variety 

of endocrine, metabolic, dietary, hematologic, infectious, 
and neoplastic diseases (Table 68-1).6 Osteosclerosis and 
hyperostosis refer to trabecular versus cortical bone thick-
ening, respectively.9 A radiographic skeletal survey may 
be needed to show where and sometimes how bone mass 
became increased, and often provides sufficient clues to 
establish the diagnosis.4-7

Osteopetrosis
Osteopetrosis (OPT, or “marble bone disease”) was iden-
tified by Albers-Schönberg in 1904.10 Traditionally, two 
principal forms are encountered11: the autosomal reces-
sive, infantile (malignant) type that if untreated is typically 
fatal during the first decade of life,12 and the autosomal 
dominant, adult (benign) type with distinctly less severe 
manifestations.13 Especially rare, autosomal recessive, 
childhood (“intermediate”) OPT has a poorly understood 
prognosis.14 Now, the genes involved in nearly all OPTs 
are known, and a molecular nosology largely supersedes 
the above classification.15
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K E Y  P O I N T S

 •  Although individually rare, the many heritable disorders of the skeleton represent a 
sizable patient population.

 •  With the recent revelation of the genetic defects for many of these disorders, the 
pathogeneses are becoming better understood.

 •  Endocrinologists will be increasingly expected to diagnose and treat these disorders.
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Although there is considerable clinical and genetic het-
erogeneity for OPT, all true forms result from failure of 
osteoclasts to resorb skeletal tissue.11,16 Consequently, 
the manifestations are largely predictable. Accumulation 
of primary spongiosa (calcified cartilage deposited during 
endochondral bone formation) represents the histopatho-
logic hallmark.16 Nevertheless, the term osteopetrosis 
continues to be used generically for radiodense skeletons. 
Now, “osteopetrosis” should be applied with precision 
based upon pathogenesis, in part because the treatments 
may be inappropriate or harmful for other sclerosing 
bone disorders.15

Clinical Features
Infantile OPT from a variety of gene defects15 mani-
fests in babies.11 Nasal stuffiness due to underdeveloped 
sinuses can be an early symptom. Cranial foramina do 
not widen, often compressing auditory, oculomotor, 
facial, and optic nerves. Blindness can follow retinal 
degeneration or raised intracranial pressure.11 Some 
patients develop hydrocephalus or sleep apnea. Erup-
tion of the dentition is delayed. There is failure to 
thrive. Recurrent infections, spontaneous bruising, and  
bleeding are common and explained by myelophthi-
sis from excessive bone tissue, osteoclasts, and fibrosis 
crowding marrow spaces. The skeleton is fragile. There 

is a large head, frontal bossing, “adenoid” appear-
ance, nystagmus, hepatosplenomegaly, short stature, 
and genu valgum. Extramedullary hematopoiesis with 
hypersplenism and hemolysis may exacerbate already 
severe anemia. Untreated patients succumb, usually dur-
ing the first decade of life, to pneumonia, severe anemia, 
hemorrhage, or sepsis.11,12

Intermediate OPT causes macrocephaly and short stat-
ure, sometimes with cranial nerve palsies, ankylosed teeth 
leading to osteomyelitis of the jaw, fractures, and mild or 
occasionally moderately severe anemia.11,14

Adult OPT (Albers-Schönberg disease) can cause frac-
tures within the axial as well as the appendicular skele-
ton, and sometimes compromised vision or hearing, facial 
nerve palsy, mandibular osteomyelitis,13 psychomotor 
delay, carpal tunnel syndrome, slipped capital femoral 
epiphysis, or osteoarthritis.17 Some individuals carrying 
a mutation in the associated chloride channel 7 gene are 
asymptomatic,13 and rarely some show no radiographic 
abnormalities.17

Carbonic anhydrase II (CA II) deficiency, the first 
form of OPT to be understood molecularly, features 
either proximal or distal renal tubular acidosis (RTA)18 
and cerebral calcification.19 Severity varies among 
affected families.20 In infancy or early childhood, frac-
tures, failure to thrive, developmental delay, and short 
stature can manifest. Mental subnormality is common. 
Compression of the optic nerves and dental malocclu-
sion are further complications. Metabolic acidosis pres-
ents as early as birth. Distal (type 1) RTA seems better 
documented, and may explain any hypotonia, apathy, 
and muscle weakness. Periodic hypokalemic paraly-
sis can occur. Life expectancy is unknown. The oldest 
reported patients were young adults.21

Additional types of OPT have involved severe skele-
tal manifestations associated with neuronal storage dis-
ease causing epilepsy and neurodegenerative disease.22 
Transient infantile OPT of unknown cause inexplicably 
resolves after the first months of life. OPT, lymphedema, 
anhydrotic ectodermal dysplasia, and immunodefi-
ciency (OL-EDA-ID) is an X-linked recessive condition 
of boys.23 In 2010, dysosteosclerosis was found to be an 
“osteoclast-poor” type of OPT.24

Radiographic Findings
Generalized, symmetrical increase in bone mass is the 
principal radiographic finding of OPT.25 Cortical and 
trabecular bone are thickened. In severe OPT, all major 
components of skeletal development are compromised: 
bone growth, modeling, and remodeling. Furthermore, 
rachitic changes in growth plates may occur if there is 
hypocalcemia.26 The skull is thickened and dense, espe-
cially at its base, and the paranasal and mastoid sinuses 
are underpneumatized. Vertebrae may show a “bone-in-
bone” (endobone) configuration.25

In CA II deficiency, skeletal radiographs are typically 
abnormal at diagnosis, although findings can be subtle 
at birth. Remarkably, the osteosclerosis and defective 
skeletal modeling may then diminish over years.19 Cere-
bral calcification appears on computed tomography 
(CT) between 2 and 5 years of age, and increases during 

TABLE 68-1 Disorders That Cause Increased 
Bone Mass

Dysplasias Metabolic

Central osteosclerosis with  
ectodermal dysplasia

Craniodiaphyseal dysplasia
Craniometaphyseal dysplasia
Dysosteosclerosis
Endosteal hyperostosis
 Van Buchem disease
 Sclerosteosis
Frontometaphyseal dysplasia
Hyperphosphatasia
 (juvenile Paget’s disease)
Infantile cortical hyperostosis
 (Caffey disease)
Lenz-Majewski syndrome
Melorheostosis
Metaphyseal dysplasia  

(Pyle disease)
Mixed-sclerosing bone dystrophy
Oculodento-osseous dysplasia
Osteodysplasia of Melnick and
 Needles
Osteopathia striata
Osteopetrosis
Osteopoikilosis
Progressive diaphyseal dysplasia
 (Camurati-Engelmann disease)
Pycnodysostosis

Carbonic anhydrase II 
deficiency

Fluorosis
Heavy metal poisoning
Hepatitis C–associated 

osteosclerosis
Hypervitaminosis A, D
Hyper-, hypo-, and
pseudohypoparathyroidism
Hypophosphatemic 

 osteomalacia
Milk-alkali syndrome
Renal osteodystrophy

Other

Axial osteomalacia
Fibrogenesis imperfecta 

ossium
Ionizing radiation
Lymphoma
Mastocytosis
Multiple myeloma
Myelofibrosis
Osteomyelitis
Osteonecrosis
Paget’s disease of bone
Sarcoidosis
Skeletal metastases
Tuberous sclerosis

Modified from Whyte MP. Sclerosing bone disorders. In: Rosen CJ, 
ed. Primer on the metabolic bone diseases and disorders of mineral 
metabolism, 8th ed. Ames, IA: The American Society for Bone and 
Mineral Research, Wiley-Blackwell; 2013: 770.
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childhood affecting gray matter of the cortex and basal 
ganglia.20

In Albers-Schönberg disease, abnormalities appear 
during childhood that include an especially dense skull 
base, “rugger-jersey” spine, and sometimes enigmatic 
alternating sclerotic and lucent horizontal bands in the 
metaphyses of major long bones (Fig. 68-1). Defective 
modeling causes wide metaphyses that may have a club 
shape or “Erlenmeyer flask” appearance.9 Rarely, distal 
phalanges in the hands appear eroded (more common 
in pycnodysostosis). Pathologic “chalk-stick” fractures 
occur in major long bones.25

Skeletal scintigraphy can reveal fractures and osteomy-
elitis.27 Magnetic resonance imaging (MRI) helps assess 
hematopoietic stem cell transplantation, because engraft-
ment restores medullary spaces and signals.28

Laboratory Findings
In infantile OPT, the serum calcium concentration 
depends largely on gastrointestinal calcium absorption 
because bone resorption is impaired.29 Hypocalcemia can 
occur, especially if there is achlorhydria, and may cause 
rickets.26 Secondary hyperparathyroidism with elevated 
serum levels of calcitriol is common.29

In adult OPT, biochemical indices of mineral homeo-
stasis are usually unremarkable, although the serum PTH 
level can be increased.30

Excessive and dysfunctional osteoclasts seem to 
explain why acid phosphatase and the brain isoenzyme of 
creatine kinase are often elevated in serum.31

Histopathologic Findings
Failure of osteoclast action provides a pathognomonic 
finding in genuine forms of OPT11,16 —primary spon-
giosa synthesized during endochondral bone formation 

persists as “islands” or “bars” of calcified cartilage 
encased within trabeculae. Osteoclast numbers are usu-
ally increased, but sometimes unremarkable, and rarely 
decreased or absent. In infantile OPT, osteoclasts are 
usually abundant.32 Their nuclei are especially numer-
ous, but one sees no “ruffled borders” or “clear zones” 
that characterize osteoclasts when they are functioning.33 
Fibrosis often crowds marrow spaces. Adult OPT shows 
increased amounts of osteoid, and osteoclasts can be few 
and lack ruffled borders, or they can be especially numer-
ous and large.34

Etiology and Pathogenesis
Most OPT patients would seem to have diminished 
osteoclast-mediated acidification at sites of bone resorp-
tion because they carry loss-of-function mutations 
of either the α3 subunit of the vacuolar proton pump 
encoded by TCIRG1, or chloride channel 7 encoded by 
CLCN7.15 Heterozygous deactivating mutations within 
CLCN7 cause Albers-Schönberg disease.35 Homozygous 
or compound heterozygous CLCN7 mutations lead to 
severe or intermediate OPT.35 Malignant OPT is usually 
caused by deactivating mutations in TCIRG1 (ATP6i).36 
Defects in the OSTM1 (“grey-lethal”) gene cause espe-
cially severe OPT.37 Autosomal recessive SNX10 muta-
tions lead to OPT with variable clinical severity.38 
OL-EDA-ID follows disruption of an essential modu-
lator of NF-κB.23 Autosomal recessive loss-of-function 
mutations within the genes that encode receptor activa-
tor of nuclear factor-ĸB (RANK) or its ligand (RANKL) 
cause particularly rare “osteoclast poor” forms of 
OPT.39,40 Loss-of-function mutations in SLC29A3 cause 
dysosteosclerosis.41

Now, antiresorptive pharmaceuticals have become so 
potent that prolonged administration of excessive doses 
to a growing child can cause OPT.42

Ultimately, impaired skeletal resorption and thereby 
bone remodeling in OPT causes both myelophthisis and 
bone fragility. The skeleton is brittle because calcified 
cartilage accumulates, fewer collagen fibrils interconnect 
osteons, and perhaps microfractures do not heal.11

Treatment
Because the etiology and pathogenesis, pattern of inheri-
tance, and prognosis for the various forms of OPT differ, 
a precise diagnosis is crucial before therapy is attempted. 
For example, infants or young children with CA II defi-
ciency can have radiographic features of malignant OPT, 
yet sequential studies can show gradual resolution of 
bony sclerosis.19 Until recently, investigation of OPT 
severity and progression and the patient’s family were 
the principal considerations. Now, diagnosis is greatly 
advanced by mutation analysis that is available in com-
mercial laboratories.15

Because severely crowded medullary spaces seem less 
likely to engraft, rapid molecular diagnosis and early 
intervention is best.43 Use of marrow from HLA-noniden-
tical donors warrants continued study. Purified progeni-
tor cells in blood from HLA-haploidentical parents have 
been useful.44 Marked hypercalcemia can occur as osteo-
clast function begins.45

Figure 68-1 Osteopetrosis. This teenage girl with Albers-Schönberg 
disease has a “rugger-jersey” spine typical of adult (“benign”) osteope-
trosis. The vertebral endplates are markedly thickened.
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Some success has been reported using a calcium defi-
cient diet. Conversely, calcium supplementation may be 
necessary for symptomatic hypocalcemia or rickets.26 
Large oral doses of calcitriol together with dietary cal-
cium restriction (to prevent absorptive hypercalciuria/
hypercalcemia) sometimes improves infantile OPT.46 
Calcitriol may stimulate defective osteoclasts, but resis-
tance can occur.46 Long-term infusion of PTH helped 
one infant,47 perhaps by enhancing calcitriol synthesis. 
Diminished leukocyte production of superoxide in OPT 
has been the basis for recombinant human interferon γ-1b 
treatment for severely affected children.46

High-dose glucocorticoid treatment stabilizes pan-
cytopenia and hepatomegaly. One case report describes 
inexplicable reversal of malignant OPT after prednisone 
therapy alone.48 Prednisone and a low-calcium/high-
phosphate diet may be effective.49

Bone marrow transplantation from HLA-identical 
donors has remarkably improved patients with infantile 
OPT, and cured some.50 However, this procedure is not 
always appropriate7 (e.g., RANKL deficiency),39 because 
the pathogenetic defect must be correctable by donor 
hematopoietic cells entering the osteoclast lineage.50

In CA II deficiency, the RTA has been treated with 
bicarbonate supplementation, but the long-term impact 
is unknown. Bone marrow transplantation corrects the 
OPT and slows the cerebral calcification, but does not 
alter the RTA.51

Hyperbaric oxygenation can be important for osteo-
myelitis of the jaw.11 Surgical decompression of the 
optic and facial nerves may benefit some patients.52 Joint 
replacement can be helpful.53 Internal fixation may be 
necessary for femoral fractures.54

Early prenatal diagnosis of OPT by ultrasound has 
generally been unsuccessful. Conventional radiographs 
occasionally reveal malignant OPT late in pregnancy. 
Now mutation analysis is available, including in com-
mercial laboratories, and can be used to detect OPT in 
utero.15

Pycnodysostosis
Pycnodysostosis was discovered in 1962.55 Most reports 
have been from the United States or Europe, but its preva-
lence seems greatest in Japan.56 Parental consanguinity 
with autosomal recessive inheritance explains approxi-
mately 30% of cases. In 1996, loss-of-function mutation 
of the gene that encodes cathepsin K was identified.57 In 
2011, an overview of pycnodysostosis summarized the 
known CTSK mutations.58

Clinical Features
Pycnodysostosis is diagnosed during infancy or early child-
hood because of disproportionate short stature and a rel-
atively large cranium with fronto-occipital prominence, 
small facies and chin, beaked nose, high-arched palate, 
obtuse mandibular angle, dental malocclusion with retained 
deciduous teeth, proptosis, and bluish sclera.59 The anterior 
fontanel and cranial sutures remain open. Approximately 
10% of patients have mental retardation.59 Hands are small 
and square, and fingers are short and clubbed from acro-
osteolysis or aplasia of terminal phalanges. There may be 

pectus excavatum. Adult height ranges from 4 feet 3 inches 
to 4 feet 11 inches. Recurrent fractures typically involve the 
lower limbs and cause genu valgum deformity, although 
patients usually walk independently. Respiratory infections 
and right heart failure can occur from upper airway obstruc-
tion caused by micrognathia.

Radiographic Findings
Pycnodysostosis shares many features with OPT.25 Both 
cause generalized osteosclerosis and recurrent fractures. 
The osteosclerosis first appears in childhood, is uniform, 
and increases with age. The calvarium and skull base 
are sclerotic, and the orbital ridges are dense. Although 
long bones have narrow medullary canals, the striking 
modeling defects of OPT do not occur. Endobones and 
radiodense striations are absent.25 Other distinguish-
ing findings in pycnodysostosis include delayed closure 
of cranial sutures and fontanels (prominently the ante-
rior), obtuse mandibular angle, wormian bones, gracile 
clavicles that are hypoplastic laterally, and hypoplasia 
or aplasia of the distal phalanges and ribs.60 Hypoplasia 
of facial bones, sinuses, and terminal phalanges is char-
acteristic. Vertebral bodies are dense with anterior and 
posterior concavities, but transverse processes are unin-
volved. Lumbosacral spondylolithesis is not uncommon, 
and there can be lack of segmentation of the atlas and 
axis.25

Laboratory Findings
Anemia is not anticipated. Serum calcium, inorganic 
phosphate, and alkaline phosphatase levels are usu-
ally normal. Histologic examination of cortical bone is 
unremarkable except for diminished osteoblastic and 
osteoclastic activity.61 Abnormal inclusions have been 
described in chondrocytes. Electron microscopy suggests 
that degradation of collagen is defective.61

Cause and Pathogenesis
Deactivating mutations in the gene that encodes cathep-
sin K cause pycnodysostosis.57 Cathepsin K is a lyso-
somal cysteine protease that is highly expressed in 
osteoclasts.62 Impaired collagen degradation is a fun-
damental defect. Accordingly, pycnodysostosis can be 
thought of as a form of OPT. The rate of bone accre-
tion and the size of the exchangeable calcium pool seem 
reduced. Bone remodeling, and therefore quality, is 
compromised.63

Additionally, killing activity and interleukin-1 secre-
tion by circulating monocytes is compromised.64 Virus-
like inclusions have been reported in osteoclasts.65 
Defective growth hormone secretion and low serum insu-
lin-like growth factor 1 levels have been described.66

Treatment
There is no recognized medical therapy. Bone marrow 
transplantation has not been reported. The orthopedic 
challenges have been briefly reviewed.67 Long bone frac-
tures are typically transverse and heal at a satisfactory 
rate, but delayed union and massive callus formation can 
occur. Intramedullary fixation of long bones is formida-
ble because of their hardness.
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Extraction of teeth is difficult, and mandibular frac-
ture has occurred.59 Osteomyelitis of the mandible may 
require antibiotic and surgical treatment. Severe obstruc-
tive sleep apnea may be treated with a combination of 
upper airway surgery and positive pressure ventilation.68

Kenny-Caffey Syndrome
Kenny-Caffey syndrome features short stature, delayed 
closure of fontanels, defective dentition, small eyes, frontal 
bossing, triangular face, dense bones, and often recurrent 
hypocalcemia with inappropriately low serum PTH levels.69 
In 2013, the genetic basis was found to be heterozygous 
mutations in the FAM111A gene of unknown function.69

Progressive Diaphyseal Dysplasia  
(Camurati-Engelmann Disease)
Progressive diaphyseal dysplasia (PDD) was first described 
by Cockayne in 1920.70 It is an autosomal dominant 
disorder that affects all races. Camurati discovered its 
heritable nature.71 Engelmann characterized the severe, 
typical form in 1929.71 In 2001, activating mutations 
were identified in the gene that encodes TGF-β1.72

Characteristically in PDD, painful hyperostosis occurs 
gradually on both the periosteal and endosteal surfaces 
of long bones.25 However, the clinical and radiographic 
expression is variable.73 In severe cases, osteosclerosis is 
widespread, including the skull and axial skeleton. Some 
carriers have no radiographic changes, but bone scintig-
raphy is abnormal.

Clinical Presentation
PDD typically presents during childhood with limping or a 
broad-based and waddling gait, leg pain, muscle wasting, 
and diminished subcutaneous fat in the extremities mim-
icking muscular dystrophy.74 However, severely affected 
patients also have a characteristic body habitus that 
includes an enlarged head with prominent forehead, pro-
ptosis, and thin limbs with thickened bones. Some PDD 
mutations in TGF-β1 are, instead, associated with obe-
sity.75 Cranial nerve palsies can develop when the skull is 
affected. Puberty is sometimes delayed. Raised intracranial 
pressure may occur. There is palpable bony thickening, 
skeletal tenderness, and sometimes hepatosplenomegaly 
as well as Raynaud’s phenomenon and other findings sug-
gestive of vasculitis.76 Radiologic studies of PDD typically 
show progressive disease, but the course is variable and 
symptom remission sometimes occurs during adult life.

Radiologic Features
Hyperostosis of major long bone diaphyses is the princi-
pal finding of PDD, and represents proliferation of new 
bone on both the periosteal and the endosteal surfaces.25 
Shafts of long bones gradually widen and develop irregu-
lar surfaces. Sclerosis is fairly symmetrical and spreads to 
involve metaphyses, but the epiphyses are characteristi-
cally spared (Fig. 68-2). Tibias and femurs are most often 
involved; less frequently the radii, ulnae, humeri and, 
occasionally, the short tubular bones. Clavicles, scapulae, 
and the pelvis may also become thickened. Age of onset, 
rate of progression, and degree of bony involvement are 
highly variable. In mild PDD, scintigraphic abnormalities 

may be confined to the lower limbs. Maturation of 
the new bone increases the hyperostosis. However, in 
severely affected children, some skeletal areas can appear 
osteopenic.

Clinical, radiographic, and scintigraphic findings are 
generally concordant.77 Occasionally, however, bone 
scans are unremarkable despite marked radiographic 
changes. This seems to reflect advanced but quiescent dis-
ease. Increased radioisotope accumulation with few radio-
graphic alterations can represent early skeletal involvement.

Laboratory Findings
Routine biochemical parameters of bone and mineral 
homeostasis are typically normal in PDD, although 
serum alkaline phosphatase levels can be elevated. Mild 
hypocalcemia and significant hypocalciuria may occur in 
severe disease, likely reflecting positive calcium balance.78 
Mild anemia and leukopenia and an elevated erythrocyte 
sedimentation rate seem to reflect the poorly character-
ized systemic disturbances.76

Histopathology shows new bone formation along 
diaphyses. Disorganized woven bone undergoes matu-
ration and then incorporation into the cortex. Electron 
microscopy of muscle has revealed myopathic changes 
and vascular abnormalities.74

Etiology and Pathogenesis
The clinical and laboratory features of severe PDD and 
its responsiveness to glucocorticoid treatment revealed an 
inflammatory connective tissue disease.74 Now, the dis-
order is known to involve mutations in a specific region 

Figure 68-2 Progressive diaphyseal dysplasia. This man with 
 Camurati-Engelmann disease has irregular hyperostosis (cortical thick-
ening) of the proximal femur that characteristically does not extend to 
the end of the long bone.



1178 PART 6 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

of the gene that encodes TGF-β1. Consequently, there is 
disruption of dimerization and reduced stability of the 
latent TGF-β1 complex,79 keeping this enhancer of bone 
formation active.72 Aberrant differentiation of precursor 
cells to osteoblasts has been discussed as a pathogenetic 
mechanism.80 High levels of active TGF-β1 in the bone 
marrow microenvironment, released in response to osteo-
clastic bone resorption, may induce migration of osteo-
genic stem cells.81

Treatment
PDD is a chronic and somewhat unpredictable disorder. 
Symptoms may remit during adolescence or adult life. Glu-
cocorticoid therapy (typically small doses of prednisone 
on alternate days) can relieve bone pain and improve his-
tologic abnormalities in bone.82 Bisphosphonate therapy 
may increase skeletal pain.83 Pain control has been reported 
with salmon calcitonin nasal spray.84 The management of 
the cranial base hyperostosis was reviewed in 2010.85

Infantile Cortical Hyperostosis (Caffey Disease)
Infantile cortical hyperostosis features self-limiting, mas-
sive, subperiosteal new bone formation, typically of 
the long bones, mandible, or clavicles associated with 
fever, soft tissue swelling, and irritability.86 A heterozy-
gous mutation has been found in the COL1A1 gene that 
encodes type 1 collagen fibrils.87

Endosteal Hyperostosis
In 1976, van Buchem and associates88 described hyper-
ostosis corticalis generalisata. Subsequently, additional 
forms of endosteal hyperostosis were characterized.89 
The hallmark is thickening of cortical bone primarily on 
endosteal surfaces.25

Van Buchem disease is an autosomal recessive condi-
tion,88 considerably rarer than the number of case reports 
might suggest.90 The principal clinical feature is progres-
sive asymmetrical enlargement of the jaw during puberty. 
The mandible becomes markedly thickened with a wide 
angle, but there is no prognathism. Dental malocclusion 
is uncommon. Affected individuals may be symptom 
free, but cranial sclerosis also occurs and recurrent facial 
nerve palsy, deafness, and optic atrophy from narrowing 
of cranial foramina are common and can develop dur-
ing infancy. Long bones may hurt with applied pressure, 
but are strong.88 Endosteal cortical thickening leads to 
homogeneously dense diaphyses with narrowed medul-
lary canals. However, long bones are properly shaped. 
Osteosclerosis also affects the skull base, facial bones, 
vertebrae, pelvis, and ribs.25 Alkaline phosphatase from 
bone may be increased in serum, but calcium and inor-
ganic phosphate levels are unremarkable. Glucocorticoid 
therapy may be useful.91

Sclerosteosis, like van Buchem disease, is an autoso-
mal recessive disorder that occurs primarily in people 
of Dutch ancestry.89 However, sclerosteosis differs from 
van Buchem disease because patients are excessively tall 
and have syndactyly.89 At birth, only fused fingers may 
be noted.92 Syndactyly reflects either cutaneous or bony 
fusion of the middle and index fingers. During early 
childhood, skeletal overgrowth involves especially the 

skull and causes facial disfigurement. Progressive bone 
thickening widens the jaw resulting in prognathism.93 
Patients become tall and heavy. Deafness and facial palsy 
are prominent problems. A small skull vault may increase 
intracranial pressure and cause headaches and compress 
the brainstem.94 Intelligence is normal. Life expectancy 
can be shortened.95 Long bones become widened as 
cortices thicken. Vertebral pedicles, ribs, and the pelvis 
may become dense. There can be fusion of ossicles and 
narrowing of the internal auditory canals and cochlear 
aqueducts.89 Enhanced osteoblast activity with failure 
of osteoclasts to compensate explains the dense bone of 
sclerosteosis.94 No abnormality of calcium homeostasis 
or of pituitary function has been documented.96 There is 
no specific medical treatment. Surgical correction of syn-
dactyly is difficult if there is bony fusion. Management of 
the neurologic dysfunction has been reviewed.94

Deactivating mutations in the gene that encodes sclerostin 
(SOST) cause sclerosteosis,97,98 whereas van Buchem disease 
results from a 52-kb deletion that diminishes a downstream 
enhancer of SOST.99 In 2011, mutations in the secretion 
signal of SOST were identified in autosomal dominant cra-
niodiaphyseal dysplasia.100 Sclerostin binds to LRP5/6 and 
antagonizes canonical Wnt signaling,101 and it promotes 
the apoptosis of osteoblasts.102 Accordingly, sclerostin defi-
ciency in these disorders enhances bone formation.

An autosomal dominant (Worth type)103 endosteal 
hyperostosis is relatively benign, and was renamed the 
“high bone mass phenotype”104 when certain domain-
specific, gain-of-function mutations of LRP5 encoding 
low-density lipoprotein receptor–related protein 5 were 
discovered to be its cause.105 In one view, LRP5 activa-
tion enhances signaling that decreases the biosynthesis 
of systemic serotonin, leading to enhanced bone forma-
tion.106 Another group has published data that LRP5 acts 
locally in bone.107 Despite excesses of good quality bone, 
the condition is not always benign as cranial nerve palsies, 
skeletal pain, and oropharyngeal exostoses may occur.108 
Some affected individuals have torus palatines.109 LRP4 
inhibits SOST, and loss-of-function mutations in LRP4 
cause a bone overgrowth syndrome.110

Osteopoikilosis
Osteopoikilosis (spotted bones) is usually a radiographic 
curiosity transmitted as an autosomal dominant trait 
with a high degree of penetrance.111 However, joint 
contractions and limb length inequality can occur, espe-
cially if there are accompanying radiographic changes of 
melorheostosis. When connective tissue nevi called der-
matofibrosis lenticularis disseminata are present, this is 
Buschke-Ollendorff syndrome.112 The osteopoikilosis is 
asymptomatic, but if misunderstood can lead to stud-
ies for metastatic disease, and so on.113 Hence, family 
members at risk should be counseled. Radiographs show 
numerous small foci of usually round or oval osteoscle-
rosis25 involving the ends of the short tubular bones, the 
metaepiphyseal regions of the long bones, and the tarsal, 
carpal, and pelvic bones (Fig. 68-3). These are thickened 
trabeculae or islands of cortical bone, and do not change 
appearance over decades. Radionuclide accumulation is 
not increased on bone scanning.113
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The nevi usually appear before puberty, involve the 
lower trunk or extremities, and are small asymptomatic 
papules or yellow or white discs or plaques, deep nodules, 
or streaks.112 They represent excessive, unusually broad, 
and markedly branched elastin fibers in the dermis.112 Typ-
ically, heterozygous deactivating mutations in the LEMD3 
gene cause osteopoikilosis and the Buschke-Ollendorff syn-
drome,114 but there seems to be genetic heterogeneity.115 
LEMD3 is an inner nuclear membrane protein that antago-
nizes TGF-β1 and bone morphogenetic protein signaling.

Osteopathia Striata
Osteopathia striata features linear striations at the ends 
of long bones and in the ileum,25 and is a curiosity when 
the skeletal findings occur alone as an autosomal domi-
nant trait. However, osteopathia striata also appears 
in clinically important syndromes. These include osteo-
pathia striata with cranial sclerosis116 due to WTX gene 
mutations,117,118 where cranial nerve palsies are com-
mon.116 Osteopathia striata with focal dermal hypoplasia 
(Goltz syndrome) is a serious X-linked dominant disorder 
featuring widespread linear areas of dermal hypoplasia 
through which adipose tissue herniates, together with 
bony defects in the limbs.119

Gracile striations affect trabecular bone, especially 
the metaepiphyses of major long bones and the periph-
ery of the iliac bones.25 Lesions are unchanged for years. 
Radionuclide accumulation is not increased during bone 
scanning.113

Pachydermoperiostosis
Pachydermoperiostosis (hypertrophic osteoarthropa-
thy: primary or idiopathic) causes clubbing of the dig-
its, hyperhidrosis, and thickening of the skin, especially 
involving the face and forehead (cutis verticis gyrata). 
These constitute the classic triad of features. However, 
some patients have just one or two of these findings. 
Radiographs reveal periosteal new bone formation espe-
cially in the distal limbs. Autosomal dominant inheritance 
with variable expression is established,120 and autosomal 
recessive transmission also occurs.121-124

Blacks seem to be affected more often than whites, 
and men more severely than women. Presentation is typi-
cally during adolescence, but variable.120,121 Symptoms 
emerge over a decade, but can then abate.125 Progressive 
enlargement of the hands and feet may cause a “pawlike” 
appearance. Palms may be wet. Arthralgias of the elbows, 
wrists, knees, and ankles are common. Acro-osteolysis 
has been reported. Stiffness of the appendicular and axial 
skeleton can develop. Compression of cranial or spinal 
nerves has been described. Cutaneous changes include 
coarsening, thickening, furrowing, pitting, and oiliness 
of especially the scalp and face, with some affected indi-
viduals described as “acromegalic.” Fatigue is common. 
Myelofibrosis, myelophthisic anemia with extramedul-
lary hematopoiesis, and renal amyloidosis may occur.126

Radiologic Features
Severe periostitis thickens the distal portions of tubular 
bones—especially the radius, ulna, tibia, and fibula. Club-
bing is obvious, and acro-osteolysis can occur. Ankylosis 
of joints, especially in the hands and in the feet, may trou-
ble older patients.25 The principal diagnostic challenge is 
secondary hypertrophic osteoarthropathy (pulmonary or 
otherwise), but this presents a smooth, undulating perios-
titis.127 In pachydermoperiostosis, periosteal proliferation 
is more exuberant, irregular, and often involves epiphy-
ses. Bone scanning in either condition reveals symmetri-
cal, diffuse, regular uptake along the cortical margins 
of long bones, especially in the legs, causing a “double 
stripe” sign.

Laboratory Findings
Periosteal new bone roughens the surface of cortical 
bone.128 On histopathologic examination, the new osse-
ous tissue undergoes cancellous compaction, render-
ing it difficult to distinguish from the original cortex.128 
Osteopenia of trabeculae reflects quiescent bone forma-
tion.25 Mild cellular hyperplasia and thickening of sub-
synovial blood vessels occur near synovial membranes.129 
Increased circulating levels of prostaglandin E2 may be 
detected.130

Cause and Pathogenesis
In 2008, a cause of pachydermoperiostosis was discov-
ered to be mutations in HPGD, the gene that encodes 
15-hydroxyprostaglandin dehydrogenase, the principal 
enzyme of prostaglandin degradation.131 In 2012, muta-
tion of SLC02A1, which encodes solute carrier organic 
anion transporter family member 2A1 involved in prosta-
glandin transport, was identified as a further cause.123,124

Figure 68-3 Osteopoikilosis. Faint, round or oval areas of osteosclero-
sis (arrows) are present in the metaphysis of the distal femur and proxi-
mal tibia.
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Treatment
There is no specific medical treatment for pachydermo-
periostosis, but identification of the gene defect will likely 
target prostaglandin excess.122 Painful synovial effusions 
may respond to nonsteroidal antiinflammatory drugs.131 
Associated myelofibrosis can respond to prednisolone.132 
Contractures or neurovascular compression may require 
surgical intervention.

THE OSTEOPOROSES

Osteogenesis Imperfecta
Osteogenesis imperfecta (OI), often called “brittle bone 
disease,” seems to be the most common heritable disor-
der of connective tissue.2 The nosology for OI devised 
by Sillence and colleagues in 1979,133 according to clini-
cal features and apparent modes of inheritance, has been 
the framework for prognostication and biochemical/
molecular studies. However, DNA-based findings have 
subsequently provided critical information concerning 
the genetic transmission patterns, especially for the severe 
forms, by revealing that autosomal dominant inheritance 
explains most OI patients.134 Also, the clinical hetero-
geneity of OI is now better understood because a great 
number of mutations are recognized within the two large 
genes that encode the protein strands (the pro-α1 and 
pro-α2, chains) that combine to form the type 1 collagen 
heterotrimer.134 The major clinical forms of OI represent 
quantitative and often qualitative abnormalities of this 
most abundant protein in bone.2 Recently, the genetic 
and biochemical bases of especially rare forms of OI 
have been revealed.135 Nevertheless, the clinical hallmark 
remains an osteoporosis that typically leads to fractures 
and skeletal deformity.135 However, type 1 collagen also 
occurs in teeth, skin, ligaments, sclerae, and elsewhere, 
and many OI patients have dental disease caused by defec-
tive formation of dentin (dentinogenesis imperfecta) and 
abnormalities of other tissues that contain this fibrillar 
protein.4 Understandably, the severity of OI is extremely 
broad-ranging and spans stillbirth to perhaps lifelong 
absence of symptoms.

Clinical Presentation
The differential diagnosis for OI in infants and children 
includes idiopathic juvenile osteoporosis, Cushing’s 
syndrome, homocystinuria, congenital indifference to 
pain, and child abuse. However, OI usually has distinc-
tive signs and symptoms that enable diagnosis from the 
medical history, physical features, and radiographic find-
ings.134,135 A positive family history is especially helpful, 
but many patients represent sporadic disease.134 Affected 
individuals can manifest ligamentous laxity with joint 
hypermobility, diaphoresis, bruising, fragile and discol-
ored teeth, and hearing loss (∼50% of those <30 years, 
and in nearly all who are older).136 Deafness typically 
has a conductive or mixed pathogenesis, but sometimes 
results from sensorineural defects.136 Scleral discolor-
ation ranges from a blue or gray tint that may be subtle or 
striking. In severe OI, there is also a high-pitched voice, 
short stature, scoliosis, herniae, disproportionately large 
head compared with body size, triangular face, and chest 

deformity. Mitral valve “clicks” are not uncommon, but 
cardiac disease is unusual. Patients generally have normal 
intelligence. The severity of OI can, however, be variable 
even within families.135

Type 1 OI features sclerae with bluish discoloration 
(especially apparent during childhood), relatively mild 
osteopenia with infrequent fractures (deformity is uncom-
mon or slight), and deafness that manifests during early 
adult life. Approximately one third of patients represent 
new mutations. Older adult women with type 1 OI can 
be mistaken as having postmenopausal osteoporosis. 
Type 1 OI has been subclassified into 1-A and 1-B disease 
depending on the absence or (more rarely) the presence, 
respectively, of dentinogenesis imperfecta.134

Type 2 OI is often fatal within the first weeks of life 
from respiratory complications. Affected newborns are 
often born prematurely, small for gestational age, and 
have short, bowed limbs, numerous fractures, markedly 
soft skulls, and small thoraces.

Type 3 OI features recurrent fractures, including of 
long bone growth plates, leading to progressive skeletal 
deformity and short stature during childhood. Dentino-
genesis imperfecta is common. Thoracic distortion pre-
disposes to pneumonia.

Type 4 OI frequently explains multigeneration dis-
ease.134 The sclerae appear normal, but skeletal defor-
mity, dental disease, and hearing loss are typical.

Additional, especially rare types of autosomal domi-
nant, autosomal recessive, and X-linked OI have been 
reported, including severe forms now understood at the 
gene level to involve enzymatic defects in collagen cross-
linking.137 Some might be better considered heritable 
osteoporoses.138,139

Radiographic Features
Characteristic radiographic findings manifest in severe 
OI patients25 including generalized osteopenia, model-
ing defects featuring gracile long bones, and deformities 
from recurrent fractures. The modeling abnormalities 
reflect impaired periosteal bone formation, perhaps from 
weakness or non–weight-bearing, that retards circum-
ferential widening of long bones and their cortices. 
Multiple, recurrent fractures distort vertebrae as well as 
tubular bones.25 In some severely affected infants, how-
ever, micromelia occurs where major long bones appear 
wide. Wormian bones in the skull of significant number 
and size represent a common, but not pathognomonic, 
feature of OI.140 Excessive pneumatization of the frontal 
and mastoid sinuses and platybasia that can progress to 
basilar impression are common with severe disease.140

Radiographic abnormalities may worsen markedly 
during growth, a feature that helps to define progressively 
deforming, type 3 OI. Here, “popcorn calcification” 
within metaphyses is characteristic. This finding appears 
in childhood in major long bones,141 likely from traumatic 
fragmentation of growth-plate cartilage. The complica-
tion impairs long bone growth and contributes impor-
tantly to short stature. Popcorn calcification appears to 
resolve when endochondral cartilage becomes fully min-
eralized at skeletal maturity and is replaced by bone. 
When fractures occur in OI, they often heal at normal 
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rates. Occasionally, hypertrophic callus formation has 
been mistaken for skeletal malignancy, but instead rep-
resents the hallmark of type 5 OI discovered in 2012 to 
be from a heterozygous mutation in the IFITM5 gene.142

Osteoarthritis is a frequent problem for ambulatory 
adults with OI deformity.25

Laboratory Findings
Routine biochemical parameters of mineral metabolism 
are essentially unremarkable in OI, except hypercalciuria 
is common in severely affected children.143 Although their 
renal function is intact,143 nephrolithiasis may be a compli-
cation in adult life. Elevations in serum and urinary mark-
ers of bone turnover occur in severely affected patients.

Bone histology usually reflects the abnormal skeletal 
matrix, especially in severely affected patients. Polarized-
light microscopy often shows an abundance of disorga-
nized (woven) bone, or abnormally thin collagen bundles in 
lamellar osseous tissue. Numerous osteocytes are found in 
the cortical bone of some patients.144 This feature seems to 
reflect decreased amounts of bone produced by individual 
osteoblasts, yet many cells that are active simultaneously. 
Hence, the overall rate of skeletal turnover can be rapid, as 
assessed by in vivo tetracycline labeling before biopsy.145

Cause and Pathogenesis
The biochemical hallmark of the principal types of OI is 
a low level of type 1 collagen synthesis that is detectable 
using skin fibroblasts in culture.134 Often, the collagen 
itself is defective. Various and many heterozygous muta-
tions occur within either the pro-α1 or pro-α2 type 1 col-
lagen genes.134 The large size and complex nature of type 
1 collagen is such that most OI families have a unique  
(“private”) mutation in either of these two genes.134,142

Treatment
Support groups (e.g., the Osteogenesis Imperfecta Foun-
dation in the United States) are important sources of com-
fort and lay-language information for OI patients and 
their families.

Bisphosphonate treatment has become commonplace 
for pediatric patients with OI, but few trials have been 
blinded or placebo controlled.146 The utility of bisphos-
phonates or teriparatide is less certain in adults with 
OI.142 Increasing numbers of mouse models for OI are 
improving ways to test potential therapies.142 Patient 
management also requires expert orthopedic, rehabilita-
tive, and dental care. Rodding of long bones and brac-
ing of the lower limbs has enabled some severely affected 
children to walk. Stapes surgery in specialty centers has 
been helpful for hearing loss.147 The management of OI 
was comprehensively reviewed in 2014.142

Genetic counseling for OI can increasingly involve 
gene mutation analysis. Especially rare OI patients with 
severe autosomal recessive disease137 can be diagnosed, 
but most sporadic cases result from new dominant muta-
tions or reflect germ line mosaicism for defects in the 
genes that encode type 1 collagen. The recurrence risk for 
severe type 2 OI is 5% to 10%148 due to germ line mosa-
icism. Some mildly affected individuals are mosaic, with 
a severely affected child.

Prenatal detection of severe OI is possible by ultra-
sound examination at 14 to 18 weeks gestation.148 Now, 
mutation analysis is increasingly available for definitive 
diagnosis.142,148

PAGET’S DISEASE OF BONE
Paget’s disease of bone (PDB) is common in the United 
States (i.e., prevalence at least 1%, and perhaps 2%).149 
The principal feature is focally increased skeletal remodel-
ing within the axial or appendicular skeleton in adults.150 
Initially, a “wave” of osteoclast-mediated osteolysis moves 
slowly but relentlessly through a bone, and is then followed 
by disorganized skeletal repair leading to bony expansion 
as well as to hyperostosis and osteosclerosis. Pagetic bone 
is unsound and can cause pain, fracture, and deformity. 
Deafness of multifactorial pathogenesis is common,151 
and dental problems include loosening and migration of 
teeth.152 Rarely, there is malignant transformation of pag-
etic lesions to osteosarcoma or chondrosarcoma.150

Although the precise cause of PDB remains unknown, 
environmental factors acting upon a genetic predisposi-
tion seem important.153 Evidence is accumulating for 
past paramyxovirus infection activating osteoclasts and 
their precursor cells within PDB lesions. Here, the mar-
row microenvironment is especially osteoclastogenic and 
contains measles virus transcripts and proteins, perhaps 
explaining inclusion bodies in PDB osteoclasts.153 Increas-
ing evidence indicates that PDB can be heritable. Its preva-
lence in first-degree relatives is now appreciated to be 12% 
to 40%, representing a sevenfold enhanced risk.149 In fact, 
despite its classic focal appearance, PDB can manifest gen-
eralized acceleration in skeletal remodeling that years ago 
was surmised from elevated circulating PTH levels.154

Clinical characterization of familial expansile osteol-
ysis (FEO) with its considerable similarity to PDB and 
obvious autosomal dominant inheritance (see below) res-
urrected earlier interest in a genetic basis for PDB.155 Now, 
predisposition to PDB is understood to be genetically 
heterogeneous.156 In 2001, PDB was mapped to chromo-
some 5 in French-Canadian families, leading to discov-
ery in 2002 of a heterozygous loss-of-function mutation 
in the gene that encodes sequestosome (SQSTM1).157 
Then, SQSTM1 defects were identified worldwide in a 
large number of familial and some sporadic PDB cases.158 
In 2004, the cause of the rare autosomal dominant syn-
drome called inclusion body myopathy with early-onset 
PDB and frontotemporal dementia was shown to be loss 
of function of the gene that encodes valosin-containing 
protein.159 SQSTM1 and valosin-containing protein both 
seem to participate in the intracellular process of ubiqui-
nation.160 Other genes may also be involved in PDB.

DISORDERS OF RANK/OPG/RANKL/NF-ĸB 
SIGNALING
Several extremely rare, but highly informative, heritable 
disorders feature osteoporosis from accelerated bone 
remodeling due to genetic defects within the receptor acti-
vator of nuclear factor-ĸB (RANK)/osteoprotegerin (OPG)/
RANK ligand (RANKL)/NF-ĸB signaling pathway.161
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Discovery of this principal regulatory system for 
osteoclast formation and action began with identifica-
tion of new ligands and receptors in the tumor necrosis 
factor (TNF) superfamily, and then characterization of 
knockout and transgenic mouse models.162 However, full 
appreciation came from revelation of the genetic bases 
for several exceptional Mendelian skeletal disorders that 
involve constitutive activation of RANK or deactivation 
of OPG.163

In 2000, heterozygous, gain-of-function, 18-bp and 
27-bp tandem duplications in the gene that encodes 
RANK (TNFRSF11A) were discovered to cause famil-
ial expansile osteolysis (FEO) and early-onset PDB in 
Japan,164 respectively. In 2002 and 2014, similar 15-bp 
and 12-bp RANK duplications explained expansile skel-
etal hyperphosphatasia165 and panostotic expansile bone 
disease,166 respectively. In 2002, homozygous selective 
deletion of the gene that encodes OPG (TNFRSF11B) 
was discovered to cause juvenile Paget’s disease (JPD).167

Familial Expansile Osteolysis
FEO can manifest with deafness early in life followed by 
focal, lytic expansion of one or more major appendicular 
bones, causing pain, fracture, deformity, and sometimes 
osteosarcoma.156 A tibia is most often involved.168 As in 
PDB, these lesions usually start near the end of a long 
bone and slowly advance.160,169 Conductive deafness 
presents as young as 4 years of age, but more commonly 
in the second decade, and ultimately becomes mixed-
type.170 In FEO teeth, there is extensive root resorption 
and reduction in the size of pulp chambers and root 
canals.170 Loosening and fracture of adult dentition can 
occur. However, the most remarkable finding is “idio-
pathic external resorption” that destroys teeth.171 The 
skeletal lesions initially have the clinical, radiographic, 
and histopathologic appearance of PDB in its early osteo-
lytic phase,150 but affected expanded bones eventually 
instead become shell-like and fat-filled, rather than exhib-
iting the hyperostosis and osteosclerosis of advanced 
PDB.172 Furthermore, generalized osteopenia featuring a 
coarse trabecular pattern is present in adult life, revealing 
the systemic nature of FEO bone disease.169 Elevation in 
serum alkaline phosphatase activity and other biochemi-
cal markers of bone remodeling are partly due to diffuse 
acceleration in skeletal turnover.163 Light microscopy 
of FEO lesions early on shows filigree-like trabeculae of 
woven bone, abundant osteoclasts and osteoblasts lin-
ing trabeculae, giant osteoclasts with bizarre shapes and 
numerous nuclei, and fibrous marrow.170 On electron 
microscopy, microcylindrical nuclear inclusion bodies 
with ultrastructure like paramyxoviridae can resemble 
PDB.170,173 However, “mosaic bone,” the hallmark of 
advanced PDB, is rare, perhaps reflecting the extreme 
of remodeling. Instead, woven bone seems unable to 
mature or remodel into cortical bone.169 Advanced FEO 
shows almost total loss of cortical and trabecular bone 
and fat-occupied medullary spaces, perhaps because the 
mesenchymal stem cell pool differentiated excessively to 
adipocytes.155,170,173 The molecular defect causing FEO 
was discovered in 2000.164 In three kindreds, an in-frame, 
18-bp tandem duplication was identified within exon 1 

of the TNFRSF11A gene encoding RANK. Initial trans-
fection studies suggested that the RANK signal peptide 
extension trapped this receptor intracellularly and caused 
increased NF-ĸB activity,164 but more recent studies 
render unexplained the mechanism for the activation of 
osteoclastogenesis.

Perhaps skeletal injury partly explains the focal nature 
of the bone lesions.169 Similar changes can appear in the 
other disorders of RANK excess with enhanced RANK/
OPG/RANKL signaling (see below). Understandably, 
advanced expansile lesions are unresponsive to otherwise 
effective antiresorptive therapy given early on.169

Osteoprotegerin Deficiency
Juvenile Paget’s disease (JPD), also called idiopathic or 
hereditary hyperphosphatasia, is usually diagnosed in 
infants or young children.174 A relatively mild form of 
JPD is associated with mental retardation.174 Unlike the 
autosomal dominant RANK-activation disorders, all 
forms of JPD are considered to be an autosomal recessive 
trait.156

JPD affects the entire skeleton.175 Early on, this 
prompted objection to it being called a type of Paget’s dis-
ease, however, JPD increasingly seems to share features 
with PDB, which is emerging as a genetic disorder.

JPD causes bone pain, fracture, and deformity.173 Pre-
mature loss of teeth and deafness are typical. Radiographs 
show marked undertubulation of long bones with thin 
cortices (Fig. 68-4).176 Rapid skeletal remodeling, con-
firmed by histopathologic findings, leads to substantially 
elevated biochemical markers of bone turnover.167,174 In 
fact, the mosaic pattern of bone characteristic of advanced 
PDB is not found in JPD or in the disorders of constitutive 
RANK activation.

Figure 68-4 Osteoprotegerin deficiency. The femurs of this boy with 
juvenile Paget’s disease are widened, and thin cortices and irregular os-
sifications are evident. Marked angular deformity is present proximally.
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Relatively mild JPD features fewer fractures and less 
bony deformity, diffuse acquired hyperostosis and osteo-
sclerosis seen radiographically, and less remarkable bio-
chemical and histologic evidence of accelerated skeletal 
turnover.167,174

In 2002, OPG deficiency from autosomal recessive 
loss-of-function mutation within TNFRSF11B provided 
an obvious mechanism for this osteopathy.167 OPG is 
normally released into the marrow space from preosteo-
blasts and osteoblasts, and it acts as a decoy receptor for 
RANKL.162 Thus, OPG deficiency engenders high levels 
of RANKL that markedly accelerate osteoclastogenesis 
and bone turnover.162

Observations in JPD reveal a role for OPG in prevent-
ing vascular calcification, in turn complemented by find-
ings in TNFRSF11B knockout mouse. These mice have 
microscopic calcification of the aorta, renal artery, and 
elsewhere.177 Although such calcification is not observed in 
JPD patients using radiographs or CT, the JPD literature 

documents “calcifying arteriopathy” on histopathologic 
analysis.178 Furthermore, striking changes consistent with 
pseudoxanthoma elasticum, including granular and coarse 
deposits of calcium in the membranes and intima of the mus-
cular arteries and arterioles, were reported in all autopsy tis-
sues from a young man with JPD.179 In fact, patients with 
OPG deficiency develop blindness from a retinopathy that 
seems to derive from microvascular calcification.180

Antiresorptive treatment using calcitonin or bisphos-
phonates has been beneficial for JPD,153,157 but hypo-
calcemia may develop rapidly. Recombinant OPG was 
effective for two affected adult siblings.181 Denosumab, 
the anti-RANKL antibody, could help the skeletal dis-
ease, but not slow the vascular calcification.
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K E Y  P O I N T S

 •  Osteoporosis is a public health issue worldwide, with an increasing number of severe 
fractures related to the aging population.

 •  Screening of individuals at risk for fracture includes the use of clinical risk factors and 
bone mineral density measurement.

 •  A systematic biology work-up is necessary to rule out secondary causes of osteoporosis.
 •  Efficient therapies include SERMs, bisphosphonates, teriparatide, and denosumab.
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Osteoporosis is defined as a systemic skeletal disease char-
acterized by low bone mass and microarchitectural deteri-
oration of bone tissue, leading to enhanced bone fragility 
and consequent increase in fracture risk. A National Insti-
tutes of Health conference has expressed the definition as 
a “skeletal disorder characterized by compromised bone 
strength predisposing a person to an increased risk for 
fracture. Bone strength primarily reflects the integration 
of bone density and bone quality.”1 Bone density cor-
responds to the amount of mineral within an area or a 
volume, and bone quality depends on architecture, bone 
turnover, bone matrix composition, damage accumula-
tion, and mineralization. Compromised bone strength 
(bone fragility) increases the risk for fractures resulting 
from moderate trauma, defined as a fall from standing 
height or less, which has led to the concept of “fragility 
fracture.” So, osteoporosis is a risk factor for fracture.

The concept of osteoporosis has progressively evolved 
from criteria based on histology, to the occurrence 
of fractures, then to the assessment of bone mass, and 
currently to the individual assessment of fracture risk, 
including someone’s history of fracture, clinical risk fac-
tors for fracture, and bone mass evaluation. Indeed, a 
fracture-based–only diagnosis unacceptably delays inter-
vention in a condition for which prevention of fracture 
is essential. Changes encountered in osteoporosis can 
be assessed by noninvasive techniques measuring bone 
mineral density (BMD), such as dual x-ray absorptiom-
etry. BMD accounts for 75% to 85% of the variance in 
ultimate strength of bone tissue2 and is well correlated 
with the load-bearing capacity of the skeleton in vitro.3 
Prospective studies demonstrate that the risk for fragil-
ity fractures increases as BMD declines, with a 1.5- to 
3-fold increased risk for fracture for each standard devia-
tion (SD) fall in BMD.4 The main advantage of a density-
based diagnosis is the possibility of an early intervention, 
before fractures.

This approach has been carried out by the World 
Health Organization (WHO) in its definition of osteopo-
rosis in 1994.5 In women, osteoporosis can be diagnosed 
if the BMD or the bone mineral content at the femoral 
neck is 2.5 SD or more below the mean value of a refer-
ence population of young healthy premenopausal women, 
with the following categories:
  

 1.  Normal: BMD higher than 1 SD below the young 
adult mean

 2.  Osteopenia, or low bone mass: BMD between 1 
and 2.5 SD below the young adult mean

 3.  Osteoporosis: BMD lower than 2.5 SD below the 
young adult mean

 4.  Established (or severe) osteoporosis: BMD lower 
than 2.5 SD below the young adult mean and the 
presence of one or more fragility fractures

  
The osteopenia category is not used in clinical prac-

tice, because most clinical guidelines retain the –2.5 
T-score as the relevant threshold for treatment. In this 
context, osteoporosis is defined in practice by a surrogate 
marker (i.e., BMD), not a health outcome (fracture), even 
if other factors can influence the likelihood of fractures. 

The relationship between BMD and fractures is similar 
to that between hypertension and stroke and stronger 
than that between serum cholesterol and coronary heart 
disease (Fig. 69-1). The gradient of the risk for fracture 
with decreasing BMD is as steep as that between diastolic 
blood pressure and stroke.

It is estimated that with this 2.5-SD threshold, 30% 
of white women older than 50 years of age have osteo-
porosis,6 a fraction that is similar to the lifetime risk for 
fracture at the hip, spine, and forearm for a 50-year-old 
woman.7 By this definition, about 0.6% of young adult 
women have osteoporosis, and 16% have low bone mass. 
The prevalence of osteoporosis increases with age because 
of the decline in bone mass. Not all women who have 
osteoporosis by the WHO criteria (T-score at the femoral 
neck <–2.5) will sustain fractures, and, conversely, many 
women who do not have osteoporosis by this definition 
may deserve treatment because of other risk factors that 
will increase their risk for fracture, including a fragil-
ity fracture. Thus this operational WHO definition of 
osteoporosis provided the concept of osteoporosis as a 
risk factor for fracture, which is important for assessing 
the number of affected individuals, but patient diagnosis 
must include other risk factors for fracture. This is the 
role of the individual fracture risk assessment of fracture.

Therefore, a WHO Scientific Group has issued a tech-
nical report including hierarchical levels of evidence for 
the ability of risk factors to identify individuals at risk 
for fracture.8 Those risk factors were validated by meta-
analyses of population-based cohorts from Asia, Aus-
tralia, Europe, and North America. Those risk factors 
were BMD at the femoral neck, low body mass index, a 
prior fragility fracture, glucocorticoid exposure, a paren-
tal history of hip fracture, smoking, excessive intake of 
alcohol, the notion of secondary cause of osteoporosis, 
and rheumatoid arthritis. The combination of those risk 
factors allowed for building fracture probability models 
(the FRAX score), providing individual probabilities of 
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Figure 69-1 Hip fracture incidence as a function of BMD measured 
at the hip, spine, and forearm in postmenopausal women. (Data from 
Cummings SR, Black DM, Nevitt MC, et al: Bone density at various 
sites for prediction of hip fractures, Lancet 341:72-75, 1993.)
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fracture. The use of this web-based score is included in 
most therapeutic guidelines around the world.

HISTORY
The etymology is descriptive of the alteration in bone tis-
sue: osteoporosis is derived from the Greek osteon, or 
bone, and poros, or small hole. The term osteoporosis 
was first used in France and Germany in the nineteenth 
century to describe bone of older adults, thus emphasiz-
ing its visible porosity.

EPIDEMIOLOGY

Magnitude of the Problem
In women, osteoporosis is rare before the menopause. 
With aging, more and more women are affected by osteo-
porosis: by 80 years of age, 27% have low bone mass, 
and 70% have osteoporosis at the hip, spine, or forearm. 
Sixty percent of osteoporotic women will experience one 
or more fragility fractures. In the United States, it is esti-
mated that 10 million Americans older than 50 years of 
age have osteoporosis, and around 1.5 million fragility 
fractures occur in these patients each year. An additional 
34 million Americans are at risk for the disease.7 These 
rates of prevalence are lower in nonwhite women and in 
men. NHANES III (Third National Health and Nutri-
tional Examination Survey) data indicate that 10,103,000 
Americans (8,021,000 women and 2,082,000 men) have 
osteoporosis and that 18,557,000 (15,434,000 women 
and 3,123,000 men) have low bone mass and thus an 
increased risk for osteoporosis in comparison to those 
who do not have low bone mass.8 The prevalence of ver-
tebral fractures can vary according to the definition of 
fracture used. Thus 10% to 25% of women older than 50 
years of age are estimated to have vertebral fractures.9,10 
In 1990, 1.66 million hip fractures were estimated world-
wide in those older than 35 years of age, 1.19 among 
women and 463,000 among men.11

Osteoporosis results in high rates of morbidity. In 2005 
in the United States, 2 million fractures were observed.12 
Osteoporosis-related fractures also significantly con-
tribute to the economic burden of health care. In 2005, 
costs for osteoporotic fractures in the United States were 
an estimated $19 billion.12 Being older adults, patients 
with hip fractures often have other medical conditions, 
thus increasing their risk for complications such as pres-
sure sores, thromboembolism, or infections. Hip frac-
tures often result in admission to nursing homes.14 The 
number of hip fractures and their associated costs are 
expected to rise by 50% by 2025.12 Indeed, the number 
of older adults increases quickly, and fracture incidence 
rates increase with age.15 This phenomenon is observed 
in developed countries, but the projected rapid expan-
sion of the older adult populations of Latin America and 
Asia could lead to an increase in hip fractures from 1.66 
million worldwide in 1990 to 6.26 million in 2050, with 
only 25% occurring in North America and Europe.11 
Osteoporosis is also associated with mortality. For each 
standard deviation decrease in bone mineral density, the 
mortality risk is increased 1.5-fold.

The lifetime risk for fractures can be estimated, given 
the probability of fracture and the odds of reaching a 
given age. Most data have been generated in white popu-
lations of western countries. The lifetime risk for sustain-
ing an osteoporotic fracture has been estimated in the 
United States to be close to 40% for women and 13% for 
men. For vertebral fractures, the estimated risk is 15.6% 
for women and 5% for men. The risk for hip fracture is 
17.5% for women and 6% for men, and it is 16% for 
women and 2.5% for men for wrist fracture.7

Site-Specific Fractures
Hip Fracture
Hip fracture is the most serious complication of osteo-
porosis. It results in high morbidity and sometimes mor-
tality. The most striking characteristic of hip fractures is 
that they are associated with a 12% to 20% reduction in 
expected survival.16 Many of the deaths after hip frac-
tures are related to other diseases,17 and few deaths are 
actually due to or hastened by the fracture, but the risk 
for dying of another disease is sometimes increased by 
the hip fracture. About 5% of women sustaining a hip 
fracture die during the following year as a consequence 
of fracture. The residual mortality may stem from coex-
isting morbidity from underlying diseases, although, in 
the Dubbo Osteoporosis Epidemiology Study, the main 
predictors of higher mortality were male sex, increasing 
age, quadriceps weakness, and subsequent fracture, but 
not the presence of comorbidities. Smoking, low BMD, 
and body sway were also predictors of postfracture mor-
tality in women, as was a lower level of physical activity 
in men.16 Also, a substantial share of excess mortality fol-
lowing osteoporotic fracture is a consequence of re-frac-
ture.18 In women living in nursing homes, 36% of those 
having a hip fracture will die within 1 year. In institu-
tionalized older adults, hip fracture causes hip fracture 
mortality due to cardiovascular and infectious disease.19 
In this particular setting, the excess mortality has been 
observed in the first 9 months. About 30% to 50% of hip 
fracture patients are unable to regain the level of function 
that they had before the hip fracture. The patient’s physi-
cal condition before the fracture may be the best predic-
tor of postfracture functional outcome.

The incidence of hip fracture increases exponentially 
with age in both genders. In the United States, the inci-
dence is 2 per 100,000 person-years in women younger 
than 35 years of age, whereas it is 3032 per 100,000 
person-years in women older than 85 years of age.7 
In men, the rates are 4 and 1909 per 100,000 person-
years, respectively. Most hip fractures occur in older 
adults; 52% occur after 80 years of age (and 90% after 
50 years of age) and in women (80%) because there are 
more elderly women than men.7 The decline in BMD 
and the increase in frequency of falls in older adults are 
responsible for this high incidence of hip fracture. Only 
1% of falls lead to a hip fracture, but 90% of hip frac-
tures are related to a fall from standing height or less. 
Hip fractures tend to be the consequence of falls on hard 
surfaces, the fall not being stopped by protective reflexes 
of upper limbs.20 Fifty percent of the falls leading to hip 
fractures result from slipping or tripping, 20% from loss 
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of consciousness, and 20% to 30% from loss of balance 
and other factors. The direction of the fall is important: 
a sideways fall onto the hip is more likely to cause a frac-
ture than is falling forward.21

Vertebral Fracture
The epidemiology of vertebral fractures is less well char-
acterized than that for hip fractures because symptoms 
after vertebral fracture are unidentified in up to 70% of 
cases. In addition, we lack standardized radiographic 
diagnostic criteria for vertebral fractures. Less than one 
third of patients with vertebral deformities seek medical 
assistance, and 2% to 8% need hospital admission.23 In 
women, 90% of vertebral deformities are a consequence 
of mild to moderate trauma, whereas this proportion is 
only 50% in men.24

In elderly women, most vertebral fractures occur as 
a result of everyday activities (e.g., lifting) rather than 
falling. The incidence of clinical vertebral fractures 
increases gradually with age in both genders. The age-
adjusted prevalence is thought to be between 8% and 
25% in women older than 50 years of age. The differ-
ence in prevalence figures is due to the definition used.24 
Early definitions of vertebral fracture were based on the 
type of deformity and thus had poor precision. New 
techniques using vertebral morphometry give more reli-
able results.25 Vertebral deformities are mostly noted 
in women, with a ratio of 2:1, but this ratio becomes 
narrower in adults older than 80 years of age. It has 
been suggested in a large epidemiologic study involving 
15,570 European men and women that the incidence of 
vertebral deformities might be equal in both genders. In 
the same cohort, vertebral fracture incidence in women 
older than 50 years of age was estimated at 10.7 per 1000 
person-years in women and 5.7 per 1000 person-years in 
men.26 Changes in the gross appearance of the vertebral 
body encompass a wide range of morphologic charac-
teristics, from increased end plate concavity to complete 
destruction of the vertebral anatomy in vertebral crush 
fractures.27 It must be kept in mind that vertebral defor-
mity is not synonymous with vertebral fracture; for 
example, Scheuermann’s disease is frequently discussed 
as a differential diagnosis.28

New vertebral fractures, even those not recognized 
clinically, are associated with substantial increases in 
back pain and functional limitation because of back pain, 
at least in elderly women.29 Ten percent to 20% of elderly 
women with worsening of their functional status because 
of back pain have had a vertebral fracture. Common com-
plications of vertebral deformities are chronic back pain, 
back disability, height loss, limitations in activity, emo-
tional difficulties stemming from physical appearance, 
and more medical consumption. Kyphosis from vertebral 
fractures adds to the overall back pain. For instance, after 
adjustment for age, a 15% increase in kyphosis increases 
the odds ratio of severe upper back pain 2.1-fold. How-
ever, no association has been found between the number 
of fractures and impairment in quality of life. The occur-
rence of vertebral fracture is predictive of new fracture, 
with RR = 5 to 11. Vertebral fractures are associated with 
increased mortality at 5 years, as for hip fracture. The 

increase in mortality is progressive over this period, as 
opposed to hip fracture, for which mortality risk tends to 
decline. The risk for death appears to be much higher for 
clinically apparent vertebral fractures (which are gener-
ally the most anatomically severe), and the presence of 
multiple vertebral fractures further increases this risk.30,31

Wrist Fracture
Wrist fractures, also called distal forearm fractures or 
Colles fractures, are very common. The incidence of 
wrist fracture is hard to calculate because only a minority 
of patients is hospitalized. A Norwegian study showed 
that it was the most common fracture responsible for 
admission to a local university hospital.32 Incidence var-
ies among different ethnic groups. Wrist fracture risk is 
lower in black individuals than in white individuals.33

The pattern of incidence of wrist fracture is different 
from that of hip or vertebral fractures. The age-adjusted 
female-to-male ratio is 4:1, with a linear increase in 
incidence in women from 40 to 60 years of age, fol-
lowed by a plateau.35 In men, the incidence is almost 
constant between 20 and 80 years of age. Wrist frac-
tures are not associated with an increase in mortality 
and are usually thought to be free of long-term poor 
outcome.36 Other data, however, suggest that half of 
the patients do not report good functional status at 6 
months because of complications such as type 1 com-
plex regional pain syndrome, neuropathies, and post-
traumatic osteoarthritis.37

Wrist fractures must be considered as an important 
predictor of subsequent vertebral and hip fractures. 
Indeed, it has been shown that men and women with dis-
tal forearm fractures have on average a twofold increase 
in the risk for sustaining a hip fracture.38 Previous wrist 
fractures are also significant predictors of overall osteo-
porotic fractures, with a doubled risk. In younger women, 
the predictive value of a previous wrist fracture for subse-
quent osteoporotic fractures seems even more important, 
with a relative risk of 2.67 (1.02 to 6.94) for women 40 
to 49 years of age. This predictive value is of the same 
magnitude as that provided by a 1-SD decrease in BMD 
measured by bone densitometry.39 Thus, the occurrence 
of a wrist fracture after a low- energy trauma in an early 
postmenopausal woman is suggestive of bone fragility 
and should trigger appropriate investigation, such as 
BMD measurement.

Other Fractures
Other fractures include proximal humerus, pelvis, proxi-
mal tibia, and rib fractures. An excess of these fractures 
is noted in postmenopausal women, their rates increase 
with aging, and they are often a consequence of minimal 
trauma. These fractures are related to low bone mass, 
similar to hip and vertebral fracture, and they should also 
motivate BMD measurement because any of them could 
be the first symptom of osteoporosis.

Many of these fractures can be considered as severe, 
because they are associated with increased subsequent 
mortality. These severe fractures include hip, vertebral, 
humerus, proximal leg, three concomitant ribs, and 
pelvis.16 Re-fracture is also a significant problem with 
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various types of fractures, especially hip and vertebral 
fracture,18,40 because they account for a portion of the 
increased mortality following fracture.

Variability in Fracture Incidence
The incidence of hip fracture is markedly lower in black 
and Asian individuals.34 The incidence of hip fracture 
varies among different countries and populations. Rates 
are higher in Scandinavia than in Western Europe, North 
America, and Oceania.21 A north-south gradient in age-
standardized risk is found in Europe and the United 
States, with a higher rate in the north. There is a marked 
heterogeneity in hip fracture risk between countries.22 In 
women, the lowest annual age-standardized incidences 
were found in Nigeria (2/100,000), South Africa (20), 
Tunisia (58), and Ecuador (73). The highest rates were 
observed in Denmark (574/100,000), Norway (563), 
Sweden (539) and Austria (501). The incidence of hip 
fracture in men is highly correlated to that of women, 
roughly half of that of women. The incidence increases 
with socioeconomic difficulties, decreased winter sun-
light, and water fluoridation. Fractures are more frequent 
in winter months. This seasonal trend could be due to 
altered neuromuscular coordination and vitamin D defi-
ciency in winter months, because most fractures occur 
indoors and thus cannot be explained only by slippery 
winter conditions.22 About 80% of hip fractures occur in 
women, because the age-adjusted incidence in men is two 
times lower than in women, and more elderly women are 
alive than are elderly men.

Secular changes in incidence of osteoporotic fracture 
have been observed in recent decades. Studies in west-
ern populations, whether in North America, Europe, or 
Oceania, have generally reported increases in hip fracture 
incidence through the second half of the twentieth cen-
tury, but those continuing to follow trends over the last 2 
decades have found that rates stabilize, with age-adjusted 
decreases being observed in certain countries.23 In con-
trast, some studies suggest that the rate is rising in Asia. 
The proportion of all hip fractures that occur in men 
should rise in the next 20 years (because the age-adjusted 
incidence is declining in women, whereas it is stable in 
men) with their life expectancy, which seems to progress 
more quickly than that of women.35 In parallel of the 
decline in incidence of hip fractures, a rise in incidence 
of vertebral and pelvis fracture has also been reported.13 
Some of these vertebral fractures may be accounted for by 
the increased attention to osteoporosis leading to report 
more vertebral deformities.

Costs
Two thirds of costs are accounted for by hip fracture 
alone. Age is an important determinant of cost, which 
rises with age. The estimate of cost for care during the 
first year after a hip fracture is $21,000 per person and is 
much higher in women older than 80 years of age. If the 
cost of the subsequent nursing home is attributed to the 
hip fracture, the cost of care for those who stay in nurs-
ing homes after 1 year is $93,378 per person. The average 
cost for vertebral fracture during the first year is $1200 
per patient, and it is $800 for Colles fracture. The costs 

are expected to double in 2050, due to the increasing 
number of fractures resulting from the aging population.

Clinical Fractures: The Care Gap
In the 1990s, it was shown that, even after marketing of 
several effective therapies for osteoporosis, most patients 
who have sustained an osteoporotic fracture (forearm, 
vertebral, and even hip fracture) did not receive adequate 
secondary prevention for future fractures, whereas the 
risk for repeated fractures is markedly increased, includ-
ing that of vertebral and second hip fracture. Despite 
increased attention to this issue, the situation has not 
improved. For example, in Canada in 2007-2008, fewer 
than 20% of individuals with a low-trauma fracture 
received secondary prevention of fracture.41

PATHOGENESIS
Osteoporosis is a multifactorial disease. Most, but not all 
risk factors influence the level of bone mass. Some may 
have an impact on bone structure (the so-called quality 
of bone), and some increase the risk for fragility fracture 
through extraskeletal mechanisms, so one should dis-
tinguish risk factors for falls and risk factors for bone 
fragility.

Clinical Risk Factors
Clinical risk factors can shed light on the pathophysiol-
ogy of fragility fractures. Bone mineral density is a key 
risk factor for fracture,42 but numerous studies have 
evaluated the other risk factors for fractures.43-50 The use 
of such factors (Table 69-1) to identify high-risk subjects 
is frequently advocated. Different types of fractures have 
different risk factor profiles.44

Estrogen Deficiency
Estrogen deficiency has been associated with osteoporosis 
since first suggested by Fuller Albright in the 1940s. It is 
the main cause of bone loss in women after menopause. 
Premature menopause—natural or surgically induced—
extends the period during which a woman is exposed to 
a hypogonadal state, thus increasing the total duration 
of bone loss occurring after menopause.48 Similarly, late 
menarche and primary or secondary amenorrhea also 
increase the risk for osteoporosis.49 Luteal deficiency in 
premenopausal women has been suggested to be associ-
ated with bone loss,50 but the evidence is still controver-
sial. Estrogen deficiency is also associated with bone loss 
during the 3 to 4 years preceding the actual menopause, 
the perimenopause, with a rate similar to that observed in 
the early postmenopausal years.51 It is likely that women 
with the lowest concentrations of residual estrogen have 
more rapid bone loss and fracture more often, although 
this might be confounded by the effect of body weight or 
other sex steroids.52-54 Also, women receiving aromatase 
inhibitors as adjuvant therapy for breast cancer lose bone 
more rapidly and sustain an increased rate of fragility 
fracture.55

Estrogen receptor-α (ERα) in osteoblasts and osteoclasts 
mediates the protective effects of estrogen in cortical and 
cancellous bone, respectively. ERα in osteoblasts stimulates 
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cortical bone accrual in response to mechanical strain, 
independently of estrogens.56 Estrogens prolong osteoblast 
and osteocyte survival by attenuating apoptosis,57 whereas 
they shorten the lifespan of osteoclasts.58 They also influ-
ence the survival of osteocytes, long-lived cells that are 
entombed within the mineralized matrix and mediate the 
homeostatic adaptation of bone to mechanical forces.

Other Factors
Many factors increase the risk for fracture. For instance, 
the Study of Osteoporotic Fractures46 identified 16 inde-
pendent risk factors for hip fracture in addition to low 
BMD (see Table 69-1). Numerous studies have described 
risk factors such as female gender, white or Asian race, 
age, previous fractures, thinness, rheumatoid arthritis, 
cigarette smoking, family history of hip fracture, use of 
sedative hypnotics, and impairment in visual and neu-
romuscular function. Lack of physical activity may also 
be an important cause of bone loss,59,60 and it has been 
hypothesized that some of the age-related bone loss and 
the burden of skeletal fragility resulted from a decline in 
physical activity, in particular in Western societies. Black 
individuals have less osteoporosis and fewer fractures 
than white and Asian individuals do. Excessive alcohol 
consumption increases the risk for fractures, whereas 
moderate intake might exert a protective effect. Under-
nutrition in older adults may contribute to bone loss, the 

risk for falling, or the response to injury.61 It is widely 
believed that inadequate calcium intake throughout life 
is a significant risk factor, but the optimal daily intake 
remains uncertain.62

In a cohort of 7575 French women 75 years of age 
or older, the risk for subsequent hip fracture was signifi-
cantly increased, even after adjustment for femoral hip 
BMD, in women with a slow gait speed, in women who 
had difficulty performing a tandem (heel-to-toe) walk 
(i.e., corresponding to neuromuscular impairment), and 
in women with visual acuity less than 2/10.63 The inci-
dence of hip fracture among women classified as being at 
high risk because of both a high fall risk status and a low 
BMD was found to be 29 per 1000 women-years; it was 
11 per 1000 in women at risk because of either a high fall 
risk status or low BMD, and the risk was 5.4 per 1000 
women-years in those at low risk according to both crite-
ria. Even with this combined approach, about one third 
of women with a hip fracture had not been identified as 
being at high risk, thus indicating that other factors are 
important in the pathogenesis of hip fracture. Although 
the clinical risk factors can be easily assessed with a rapid 
questionnaire and physical examination, they are prob-
ably of limited value in younger women. A personal his-
tory of hip fracture is still predictive, but its prevalence 
is much lower in women younger than 65 years of age. 
Fall-related factors have not been tested but are likely to 
be poorly predictive in younger and healthier women.

Candidate risk factors have been examined by a WHO 
working group in individual data meta-analyses of 12 
prospective population-based cohorts. Data were col-
lected from 60,000 men and women participating in the 
Rotterdam study in the Netherlands, the European Ver-
tebral Osteoporosis Study and the European Prospective 
Osteoporosis Study, the Canadian Multicenter Osteopo-
rosis Study, the Dubbo Osteoporosis Epidemiology Study 
in Australia, the EPIDOS and OFELY cohorts in France, 
and cohorts from Rochester in the United States, Sheffield 
in the United Kingdom, Kuopio in Finland, Hiroshima 
in Japan, and Gothenburg in Sweden. Several risk fac-
tors have been selected on the basis of the possibility to 
modify them and an easy use in clinical practice: BMD at 
the femoral neck, low body mass index, a prior fragility 
fracture, glucocorticoid exposure, a parental history of 
hip fracture, smoking, excessive intake of alcohol, and 
rheumatoid arthritis.64-68 These factors are modeled to 
provide individual probabilities of fracture that can be 
easily calculated on a specific website, called FRAX.69 
The use of the FRAX score has been implemented in most 
clinical guidelines on osteoporosis management around 
the world.

Peak Bone Mass
Peak bone mass is the amount of bone acquired at the 
end of skeletal growth, and it is followed by bone loss 
throughout the rest of life (Fig. 69-2). Bone mass at a 
given age is a function of the achieved peak bone mass 
and of the amount of bone lost later as a consequence of 
menopause and aging; so the level that can be achieved 
at the end of bone growth is critical for the future risk 
for fracture. Peak bone mass, which is reached in early 

TABLE 69-1 Risk Factors for Hip Fracture with 
and without Adjustment for Calcaneal Bone Density 
and History of Prior Fracture

Relative Risk (95% Confidence 
Interval)

Factor Base Model
Adjustment for  
Fracture and BMD

Age (per 5 years) 1.5 (1.3-1.7) 1.4 (1.2-1.6)
History of maternal hip 

fracture
2.0 (1.4-2.9) 1.8 (1.2-2.7)

Increase in weight since 25 
years of age

0.6 (0.5-0.7) 0.8 (0.6-0.9)

Height at 25 years of age 1.2 (1.1-1.4) 1.3 (1.1-1.5)
Self-rated health 1.7 (1.3-2.2) 1.6 (1.2-2.1)
Previous hyperthyroidism 1.8 (1.2-2.6) 1.7 (1.2-2.5)
Current use of long-acting 

benzodiazepines
1.6 (1.1-2.4) 1.6 (1.1-2.4)

Current use of anticonvulsant 
drugs

2.8 (1.2-6.3) 2.0 (0.8-4.9)

Current caffeine intake 1.3 (1.0-1.5) 2.0 (0.8-4.9)
Walking for exercise 0.7 (0.5-0.9) 1.2 (1.0-1.5)
On feet <4 hours/day 1.7 (1.2-2.4) 0.7 (0.5-1.0)
Inability to rise from chair 2.1 (1.3-3.2) 1.7 (1.2-2.4)
Lowest quartile for distant 

depth perception
1.5 (1.1-2.0) 1.4 (2.0-1.9)

Low-frequency contrast 
sensibility

1.2 (1.0-1.5) 1.2 (1.0-1.5)

Resting pulse rate >80 beats/min 1.8 (1.3-2.5) 1.7 (1.2-2.4)
Any fracture since 50 years 

of age
1.5 (1.1-2.0)

Calcaneal bone density (per 
1-SD decrease)

1.6 (1.3-1.9)

BMD, Bone mineral density; SD, standard deviation.
Data from Cummings SR, Nevitt MC, Browner WS, et al. Risk factors 

for hip fracture in white women. N Engl J Med. 1995;332:767–773.
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adult life, primarily depends on genetic factors. It is also 
influenced by dietary calcium intake during adolescence, 
possible toxic factors such as smoking, drugs and alcohol 
consumption, as well as by physical activity.

Black individuals achieve higher peak bone mass than 
white individuals do, who have greater peak bone mass 
than Asians, particularly Japanese. Twin studies have 
shown a strong correspondence of peak bone mass in 
monozygotic twins, who have closer concordance in BMD 
than dizygotic twins do.70 Twin and family studies have 
consistently found that genetic factors account for up to 
80% of BMD interindividual variance.71 The first genetic 
association that was reported concerned polymorphisms 
of a noncoding sequence of the vitamin D receptor gene, 
found to be associated with peak bone mass variance in 
monozygotic twins. Although this finding has not been 
confirmed by most subsequent studies,72–74 it has initiated 
searches for other candidate genes, including the estro-
gen receptor, interleukin-6 (IL-6), transforming growth 
factor-β (TGF-β), and type 1 collagen. For example, the 
collagen Iα1 Sp1 polymorphism is moderately associated 
with BMD and fracture, as shown in a meta-analysis 
of 13 studies involving 3642 patients.75 More recently, 
some variants of LRP5 have been found associated 
with BMD and fracture.76-78 After the candidate gene 
approach, Genome-Wide Association Studies (GWAS) 
have helped with identifying genes involved in the regula-
tion of bone strength.77-79 Current results from GWAS 
indicate that genes involved in the RANK-RANKL-OPG 
pathway (TNFRSF11B, TNFRSF11A, and TNFSF11), 
the Wnt–β-catenin pathway (LRP5, LRP4, and SOST), 
the estrogen endocrine pathway (ESR1), and the 1p36 
region (ZBTB40) are those most strongly associated with 
osteoporosis. These genetic variants, however, have mod-
est effect sizes, so that we need to better understand the 
interactions between genes and the environment before 
they can be tested routinely to assess fracture risk. Build-
ing genetic risk scores combining a number of genes to 
predict fracture may a sensible approach.

Dietary calcium intake may be important for attaining 
optimal peak bone mass. A few placebo-controlled tri-
als in children or in adolescents, including one performed 

in twins, have shown a modest, but significant increase 
in BMD in those receiving calcium supplementation.80-82 
Children with very low calcium intake are more likely to 
benefit from an increase in calcium intake, preferably a 
dietary source. A combination of increased physical activ-
ity and calcium intake may be more efficient than any fac-
tor alone to optimize bone gain during growth.

Other factors may be important, such as those influ-
encing the progression of puberty. Exercise during growth 
may contribute to the level of peak bone mass. It has been 
shown that intensive exercise before puberty may enhance 
bone acquisition, which might persist in adulthood,83 but 
the role of exercise in the normal physiologic range is 
unknown. Areal BMD (aBMD) gains stop at around 16 
to 20 years of age in girls, and at around 20 to 22 years of 
age in boys. Bone width, however, continues to increase 
throughout life, even after linear growth cessation, to 
maintain bending strength despite aBMD decline.84 Diet, 
physical activity, and toxic substance exposure, including 
cigarette smoking, during pregnancy (programming) may 
also influence the level of peak bone mass.85,86

Bone as an Endocrine Organ
It has been shown in animal models that there is coordi-
nated regulation of bone mass, energy metabolism, and 
fertility, at least in males.87 Bone produces at least two 
hormones: FGF-23 regulates phosphate metabolism, and 
osteocalcin is involved in insulin sensitivity and energy 
expenditure and stimulates testosterone synthesis. By its 
biological connections with the brain, gut, and pancreas, 
bone physiology is linked to several chronic diseases that, 
in turn, also influence the skeleton.

Bone Loss with Aging
Changes in bone mass as a function of age are presented 
in Figure 69-1. Throughout life, women lose 35% to 
50% of their bone mass, depending on the skeletal site. 
Although osteoporosis is a systemic disease affecting the 
whole skeleton (with the exception of the bones of the 
skull and face), the pattern of bone loss differs slightly and 
depends on the type of bone. It has been generally believed 
that bone loss starts around menopause. In fact, there is 
some evidence that trabecular bone loss—as assessed at 
the distal forearm with high-resolution peripheral quan-
titative computed tomography (HR-pQCT)—started in 
young adults of both sexes, accounting for one third of 
the total trabecular bone loss over the entire life.88 Meno-
pause induces accelerated bone loss within 5 to 8 years, 
followed by a linear rate of bone loss that may acceler-
ate after 75 years of age. Because of a much slower rate 
of bone remodeling, cortical bone loss may start later, 
but the total amount of cortical bone mass that is lost in 
women in their 80s is probably similar to the amount of 
cancellous bone lost. The proportion of overall bone loss 
related to menopause and to the estrogen-independent 
aging process is debated, but bone loss in elderly women 
is still under the influence of estrogen deficiency because 
it can be prevented by hormone replacement therapy 
(HRT).89

Two major mechanisms underlie bone loss in women. 
First, an age-related decrease in osteoblast activity occurs 
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Figure 69-2 Bone loss during adult life.
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and leads to an imbalance between the amount of bone 
resorbed and the amount of bone formed within a remod-
eling unit (BMU). Reactive oxygen species (ROS) inhibit 
osteoblastogenesis and shorten the life span of osteoblasts 
and osteocytes. They also increase osteoclast generation 
and activation. Second, menopause induces a marked 
increase in the number of remodeling units activated 
within the cancellous and cortical bone envelopes per unit 
of time, which will amplify the small deficits observed at 
each BMU. This overall increase in bone turnover peaks 
within the first 2 to 3 years after menopause but persists 
throughout life, even in women in their 80s, as shown 
by the sustained increase in bone markers of resorp-
tion and formation in elderly postmenopausal women. 
The mechanism by which estrogen deficiency results in 
increased bone resorption and bone loss is not yet com-
pletely understood, but evidence indicates that estrogens 
act indirectly through cytokines and growth factors such 
as IL-1α, IL-1 receptor antagonist, tumor necrosis factor 
α (TNF-α), IL-7, and TGF-β. Estrogen also stimulates 
production of osteoprotegerin (a decoy receptor that is 
a potent inhibitor of osteoclast activity) in osteoblastic 
cells, and it is also an inhibitor of RANK-L and RANK-
L–stimulated osteoclastogenesis, thus explaining a large 
part of the antiresorptive action of estrogen in bone.90-92 
Estrogen results in an increase in IL-7 in target organs 
such as bone, thymus, and spleen, at least in part through 
decreases in TGF-β and increased IGF-1 production, lead-
ing to a first wave of T cell activation.93 The activated 
T cells release IFNγ, increasing antigen presentation by 
dendritic cells and macrophages, due to upregulation 
of MHCII expression through the transcription factor 
CIIA.94 Estrogen deficiency also amplifies osteoclastogen-
esis and T cell activation by downregulating antioxidant 
pathways,95 resulting in an upswing in ROS, which, in 
turn, stimulates antigen presentation and TNF produc-
tion by mature osteoclasts. As a result, T cell activation 
is again amplified and promotes release of the osteo-
clastogenic factors RANKL and TNF. In addition, TNF 
stimulates osteoblastic RANKL and M-CSF production, 
in part by upregulating IL-1, thus leading to osteoclas-
tic formation.96 TNF and IL-7 also directly blunt bone 
formation through their effects on osteoblasts. By com-
paring two groups of estrogen-replete women (premeno-
pausal women and postmenopausal women treated with 
transdermal estradiol patches), it was found that estro-
gen therapy exactly mimics the regulation of RANKL by 
natural estradiol.92

Bone turnover in osteoporosis, however, varies widely 
with patients with high, normal, and low bone turn-
over.97 In osteoporosis, trabecular plates are perforated 
and transform into rods, leading to thinning of trabeculae 
and loss of connectivity, with increased risk for fracture 
as a result. Cortices also thin because of reduced perios-
teal apposition failing to compensate for bone loss at the 
endosteal surfaces. Modifications in collagen matrix (e.g., 
variations in the proportions of various cross-links and 
isomerization of C-telopeptide) and the degree of miner-
alization may also influence bone strength.

Serum intact parathyroid hormone (PTH) lev-
els increase with advanced age in both genders. This 

hyperparathyroidism is secondary to the calcium and/
or vitamin D deficiency commonly found in older adults, 
especially in those who are institutionalized, and may 
contribute to bone loss in both women and men. A clas-
sification of osteoporotic fractures based on clinical fea-
tures and underlying mechanisms has been used. Type 
1 osteoporosis includes mainly wrist and vertebral frac-
tures, occurring mostly in women younger than 70 years 
of age, and is predominantly due to loss of cancellous 
bone because of estrogen deficiency. Type 2 osteoporosis 
includes mainly hip fractures that occur in both elderly 
men and women as a result of cancellous and cortical 
bone loss driven primarily by secondary hyperparathy-
roidism. It has been proposed that this model should be 
unitary, with bone loss caused by estrogen deficiency in 
both phases and in both genders.43 In this model, the 
accelerated phase of bone loss after menopause involves 
a disproportionate loss of cancellous bone, mainly due to 
estrogen deficiency. Osteoporotic women seem to have 
impaired responsiveness to postmenopausal low levels of 
estrogen, compared to normal postmenopausal women. 
The subsequent phase of slow bone loss involves propor-
tionate losses of cancellous and cortical bone and is asso-
ciated with secondary hyperparathyroidism.

In aging men, low testosterone and estrogen levels 
contribute to bone loss. In older adults, decreased bone 
formation also contributes to bone loss, probably due to 
stem cells that tend to differentiate toward the adipocyte 
lineage rather than the osteoblastic lineage.

Bone Quality
Bone strength is determined by its material composition 
and structure.98 Bone must be stiff to resist deformation, 
thereby making loading possible, and it must also be flex-
ible to absorb energy by deforming. Bones shorten and 
widen when compressed, and lengthen and narrow in 
tension. When bone is brittle (i.e., too stiff and unable to 
deform a little), the energy imposed during loading leads to 
structural failure—initially by the development of micro-
cracks and then by complete fracture. When bone is too 
flexible and deforms beyond its peak strain, it breaks. Long 
bones are mainly made of cortical bone, favoring rigidity 
over flexibility, whereas mainly trabecular vertebrae can 
absorb more energy by deforming more before breaking. 
Differences in bone dimensions explain the better tolerance 
to load in men compared with women and in some races 
compared with others. Men and women generally have 
similar vertebral trabecular volumetric density and simi-
lar vertebral heights. The larger vertebral cross-sectional 
area in men contributes to sex-based differences in bone 
strength. Black individuals tend to have wider but shorter 
vertebral bodies and higher trabecular volumetric density 
than do white individuals owing to thicker trabeculae. 
Asian women have lower rates of hip and forearm frac-
tures compared to other racial groups despite lower areal 
BMD. Premenopausal Chinese-American versus white 
women had greater cortical thickness, cortical BMD, and 
cortical tissue mineral density at both the radius and tibia 
and also decreased cortical porosity. A similar pattern has 
been observed between postmenopausal Chinese-American 
and white women.99 Thicker and preserved cortical bone 
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structure in Chinese-American women may contribute to 
greater resistance to fracture compared to white women.

The geometry of the hip (hip axis length) influences the 
risk for hip fractures. Femoral neck length is a predictor 
of future fracture, and individuals with particularly long 
femoral necks are more likely to have hip fractures. This 
feature has been noted in white women from the United 
States100 and France.101 The increase in height over the 
second part of the twentieth century could partly explain 
the increase in the incidence of hip fracture during this 
period.102

Bone modeling (construction) produces a change in 
size and shape of bone when new bone is deposited with-
out previous bone resorption. During bone remodeling 
(reconstruction), resorption by osteoclasts precedes bone 
formation by osteoblasts. Bone modeling and remodel-
ing modify the external size and contours of bone and 
its internal architecture by the deposition or removal of 
bone from the surface of bone. They result in cortical and 
trabecular thickening during growth and thinning during 
aging (Fig. 69-3). Bone loss occurring with menopause 
and aging is associated with disturbances in bone micro-
architecture.103 Osteoclastic resorption leads to focal 
perforations in cancellous bone plates, which results in 
loss of connection of the horizontal plates, along with 
detachment of vertical bars throughout the bone marrow 
cavity. Thus the probability of crush fracture is increased 
in bones rich in cancellous bone, such as vertebrae. The 
thickness of cancellous bone plates is about 100 to 150 
μm, and osteoclasts dig resorption defects of 50 to 100 
μm during normal remodeling. Perforations in cancellous 
plates can be a consequence of increased osteoclast activ-
ity and lead to impairment in bone mechanical proper-
ties and therefore to an increased risk for fracture. With 
continued remodeling, trabeculae perforate and some 
disappear completely. Active endocortical and intra-
cortical remodeling “trabecularizes” cortical bone (i.e., 
creates cortical bone with more surface area).104 Older, 
more densely mineralized interstitial bone, distant from 
surface remodeling, has a reduced number of osteocytes 
and accumulates microdamage.105 Both cortical thinning 
and cortical porosity reduce the resistance of bone to the 
propagation of cracks, leading to complete fracture in case 
of a fall. The loss of bone strength due to cortical thin-
ning and porosity is partially offset by deposition of new 

bone on the external surface (periosteal apposition), so 
cortical thickness is better maintained than would occur 
without periosteal apposition.106,107 However, details of 
changes in periosteal apposition with aging —along with 
the effects of site, sex, and race—are difficult to evalu-
ate prospectively, given the small magnitude of periosteal 
apposition throughout adult life. The notion that perios-
teal apposition is greater in men than in women remains 
controversial.108 Some studies suggest that sex-based dif-
ferences may occur at some, but not all, sites.99 Sex-based 
differences may also vary across races.

Osteocytes, the most abundant type of bone cell, is a 
key regulator of bone quality. They are responsible for 
sensing mechanical strain and signaling bone (re)model-
ing, making them the primary mechanosensors within 
bone. The osteocyte network enhances bone resorption 
and inhibits bone formation under physiologic condi-
tions. Under aging and osteoporotic conditions, bone is 
known to be less responsive to loading (exercise), maybe 
due to the decline in sex steroid concentration. The levels 
of mechanical strain required to initiate these biological 
events may not be perceived by the osteocytes embedded 
within the bone tissue. Osteocytes can remodel their peri-
lacunar and pericanalicular matrix to release skeletal cal-
cium stores during reproductive cycles. This phenomenon 
may be regulated by sclerostin under carbonic anhydrase 
2 induction.109 More importantly, sclerostin is an osteo-
cyte-secreted glycoprotein that is a key regulator of bone 
formation. By inhibiting the Wnt and BMPs pathways, 
it decreases bone formation; it also stimulates RANKL 
secretion so it increases bone resorption. In humans and 
animal models, the inhibition of sclerostin is associ-
ated with increased bone formation and decreased bone 
resorption.110

Role of Falls and Sarcopenia
Skeletal determinants of bone strength do not reflect all 
of the factors related to fracture risk. For any given bone 
density, the risk for fracture is greater in older adults. The 
increased frequency of falling, the type of fall that occurs 
among older adults, and the loss of protective soft tissue 
may all explain the larger contribution of age and the less 
important role of bone mass in older adults. Among post-
menopausal women in the United States, the frequency of 
at least one annual fall rises from about one in five at 60 
to 64 years of age to one in three at 80 to 84 years of age. 
Propensity for falling has been assessed in several studies48 
with parameters such as gait speed, inability to rise from 
a chair without using one’s arms, and of course, visual 
impairment. These parameters are associated with a risk 
for falling. The increase in falling is nevertheless not suf-
ficient to account for the increasing incidence of fractures 
because only 5% to 6% of falls result in a fracture (1% of 
hip fractures and 4% to 5% for other fractures). Fracture 
risk is also related to the seriousness of the trauma on the 
femur and the direction of the fall. Indeed, the risk for hip 
fracture is 13 times higher when the impact is delivered 
directly over the hip. A great amount of force can be dis-
sipated by the thickness of soft tissue over the femur, and 
patients with low fat mass may be at higher risk for hip 
fracture.
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Figure 69-3 Bone morphology as a function of age and gender.
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Sarcopenia is considered as a reduction in muscle mass 
and muscle strength due to age. It is mainly a condition 
of older adults, but may also be encountered in individu-
als with cachexia, cancer, inflammatory diseases, and 
malnutrition. Muscle weakness is one of the causes of 
falls, so it also determines part of the risk for fracture. 
Bone and muscle are also tightly associated, because they 
both develop from the somatic mesoderm and changes in 
muscle and bone mass are generally correlated. Bone and 
muscle mass are influenced by the genetic background, 
sex steroids, various growth factors, and mechanical 
forces. Both muscle and bone mass may be synchronized, 
under predominantly muscle influence. The communica-
tion between the two tissues probably relies on various 
paracrine/endocrine factors such as the myokines, which 
secretion may be triggered by mechanical signals.111

CLINICAL FEATURES

Postmenopausal Osteoporosis
The most common clinical form of osteoporosis is post-
menopausal. Typically, women sustain a wrist fracture 
about 10 years after menopause, a vertebral fracture 
15 to 20 years after menopause, and eventually, after  
75 years of age, a hip fracture.

Wrist fractures, or distal forearm fractures, are mainly 
of two types: a Colles fracture is a consequence of dorsal 
angulation, and the less frequent type, a Smith fracture, 
results from volar angulation. These fractures usually 
have a favorable outcome, but some patients suffer from 
type 1 regional complex pain syndrome, osteoarthritis, or 
neuropathies.36

The two types of hip fracture are cervical and trochan-
teric. The femoral trochanter is composed of more can-
cellous bone than the femoral neck is. It seems that the 
predictive value of BMD may be higher for trochanteric 
fracture than for cervical fracture. Hip fractures are asso-
ciated with more morbidity and mortality, and the pre-
fracture functional state is restored in less than half of the 
patients (see the section entitled “Epidemiology” earlier 
in the chapter).

Vertebral fracture requires separate consideration. Ver-
tebral fracture results in back pain, which often appears 
after some strain on the back, such as lifting a suitcase or 
working in the garden. The pain is commonly severe and 
often confines the patient to bed. This pain localizes to 
the back and rarely radiates to the legs; cord compression 
is exceptional, and in this latter case, one must consider 
other diagnoses such as metastases or myeloma. Pain 
from the fracture usually eases over a period of 6 to 8 
weeks and disappears. Nevertheless, it has been estimated 
that about two third of vertebral fractures are not diag-
nosed at the time they occur, because they are considered 
by patients or physicians as nonspecific back pain. Loss 
of height is another main feature of vertebral fracture, but 
often patients do not report it spontaneously, so it needs 
to be sought by asking about the individual’s height in 
early adulthood and measuring the current height. There-
fore, it is worthwhile to record the patient’s height at each 
clinical visit. Height loss of 3 cm or more should alert 
the clinician to the possibility of a new vertebral fracture. 

Detection of asymptomatic vertebral fractures is clinically 
relevant because they are associated with a threefold to 
fivefold increased risk for new vertebral fractures, inde-
pendent of the level of BMD. In addition, the incidence 
of new vertebral fracture in the year following a vertebral 
fracture has been estimated to 20%.112 Kyphosis is gen-
erally a consequence of vertebral crush fractures in the 
thoracic spine and sometimes results in decreased lung 
capacity. Vertebral fractures in the lumbar spine result in 
decreased abdominal volume, which causes protrusion of 
the abdomen, and in impingement of the costal margin on 
the iliac crest. This iliocostal contact provokes pain and a 
grating sensation.

Other types of fractures are common and may be 
severe because they result in impaired quality of life 
and are associated with increased mortality, including 
humerus, pelvic, distal femur, and several simultaneous 
rib fractures.

Diseases and Treatments Contributing to Osteoporosis
A variety of disorders are associated with an increased 
risk for osteoporosis (Table 69-2). In most of these cases, 
osteoporosis appears to be multifactorial and cannot be 
attributed to only a specific disease (“secondary osteopo-
rosis”). We will discuss only the most common disorders 
associated with osteoporosis.

Glucocorticoid-Induced Osteoporosis
Consistent evidence indicates that glucocorticoids impair 
bone formation113 by directly inhibiting osteoblas-
tic activity. Osteoblastic synthesis of type I collagen, 
osteocalcin, and alkaline phosphatase is decreased; the 
production of insulin-like growth factor-1 (IGF-1) and 
IGF-2 is also inhibited by glucocorticoids. Glucocorti-
coids also increase ROS. Measurement of serum osteo-
calcin provides a good index of this osteoblast inhibition 
by glucocorticoids. The effect of corticosteroids on bone 
resorption is less clear. High doses have been associated 
in some, but not all, studies with an increased rate of 
bone resorption, resulting from decreased calcium intes-
tinal absorption, increased urine calcium excretion, 
decreased osteoprotegerin levels, and hypogonadism. 
Glucocorticoids contribute to adrenal and gonadal defi-
ciency because of inhibition of pituitary hormone secre-
tion, with a dose-dependent reduction in free testosterone 
in men. Consequently, exposure to supraphysiologic 
doses of glucocorticoids leads to substantial and rapid 
bone loss in most individuals, especially in the first year 
of therapy and with doses above 7.5 mg of prednisone. 
Thus fractures are very common, especially vertebral 
fractures, which occur in 30% to 50% of corticosteroid-
treated patients; the risk for vertebral and hip fractures 
is generally more than doubled.114 Patients undergoing 
organ transplantation may have a higher fracture risk 
than other steroid-treated patients, perhaps because of 
the preexisting condition and the osteopenic effect of 
other immunosuppressive drugs.

One of the main problems with corticosteroid treat-
ment is the minimal effective dose to avoid side effects. 
Some evidence suggests that corticosteroid-induced inhi-
bition of bone formation occurs even with low doses of 
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inhaled corticosteroids, with a marked decrease in serum 
osteocalcin, although the effect of fracture risk is likely 
to be minimal.115 With oral corticosteroids, the increase 
in fracture risk starts as low as 2.5 mg/day.116 Data from 
cross-sectional and prospective studies suggest that the 
bone mass of asthmatic patients treated with inhaled 
corticosteroids is lower than that of controls, in a dose-
dependent fashion.117 The increased fracture risk rapidly 
offsets on cessation of therapy.118 BMD values are not 

good predictors of fracture risk in patients on cortico-
steroids, as the risks starts to rise with a T-score around 
0.0.119

Endocrine Diseases
Sex hormone deficiency in both genders results in bone 
loss. All diseases and drugs that reduce sex hormone levels 
are associated with bone loss, and the list includes athletic 
amenorrhea, anorexia nervosa, hemochromatosis, Turn-
er’s syndrome, Klinefelter’s syndrome, numerous che-
motherapeutic regimens, hypopituitarism, or treatment 
with luteinizing hormone–releasing hormone analogues 
for endometriosis, as well as the widely used aromatase 
inhibitors used as adjuvant therapy for breast cancer. In 
type 1 diabetes mellitus, small and variable decreases in 
bone density have been reported. In type 2 diabetes, BMD 
seems to be increased, perhaps because of increased body 
weight and hyperinsulinemia, but fracture risk seems to 
rise, perhaps due to impairment in bone quality due to 
advanced glycation end products. Cushing’s syndrome 
leads to bone loss that is reversible after treatment of the 
disease. Thyroid hormones are major activators of bone 
remodeling.

Patients with hyperthyroidism are subject to high-
turnover osteoporosis with or without mild hypercalce-
mia, and they have an increased risk for fracture.49 The 
decrease in BMD in thyrotoxic patients is reversible after 
treatment of the hyperthyroidism.120 The deleterious 
effects of supraphysiologic doses of thyroid hormone on 
bone may also occur, but to a lesser extent, in patients 
who receive suppressive doses of thyroxin for the treat-
ment of thyroid carcinomas and nontoxic goiter. Con-
versely, hypothyroidism does not seem to significantly 
affect BMD.

Studies by dual x-ray absorptiometry (DXA) in mild 
primary hyperparathyroidism have shown that bone den-
sity is reduced in regions of cortical bone but is normal in 
areas of cancellous bone. This decrease in BMD is likely 
to increase the risk for fracture. Skeletal recovery after 
surgical treatment of parathyroid adenoma is very signifi-
cant, with an increased BMD of about 6% at the femoral 
neck and 8% at the spine 1 year after surgery.121 This 
improvement is sustained 10 years after surgery. These 
patients were the more severely affected patients whose 
surgery was dictated by the guidelines of the National 
Institutes of Health.

Gastrointestinal Diseases
All diseases associated with impairment in calcium and/or 
vitamin D absorption may induce bone loss and include 
disorders such as celiac disease, inflammatory bowel syn-
dromes, jejuno-ileal bypasses, pancreatic insufficiency, 
gastrectomy, chronic liver diseases, or prolonged total 
parenteral nutrition. The decrease in bone density is 
sometimes due to osteomalacia rather than osteoporosis 
per se. Bariatric surgery may also affect bone turnover, 
but its effects will depend on the type of surgery and the 
measurement of BMD being confounded by the mor-
bid obesity; the clinical significance of this observation 
remains unclear. The origin of gastrointestinal-induced 
osteoporosis can be multifactorial and could include, for 

TABLE 69-2 Diseases and Treatments 
Contributing to Osteoporosis

Endocrine Disorders

Hyperthyroidism
Hyperparathyroidism
Type I diabetes mellitus

Conditions Associated with Hypogonadism

Hemochromatosis
Turner’s syndrome
Klinefelter’s syndrome
Postchemotherapy
Hypopituitarism
Anorexia nervosa

Inflammatory Disorders

Rheumatoid arthritis
Ankylosing spondyloarthritis
Lupus erythematosus

Disorders Associated with Malabsorption

Celiac disease
Gastrectomy
Chronic liver diseases
Total parenteral nutrition
Inflammatory bowel disease

Conditions Associated with Immobilization

Parkinson’s disease
Poliomyelitis
Cerebral palsy
Paraplegia

Bone Marrow Disorders

Multiple myeloma
Mastocytosis
Leukemia

Disorders of Connective Tissues

Osteogenesis imperfecta
Marfan’s syndrome
Homocystinuria

Drugs

Corticosteroids
Medroxyprogesterone acetate
Anticonvulsants
Methotrexate
Heparin
Cyclosporine

Miscellaneous

Pregnancy/lactation
Hypercalciuria
Alcohol
Caffeine
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example, the role of corticosteroid therapy in the case of 
inflammatory bowel diseases.

Bone Marrow Diseases
Multiple myeloma is generally characterized by osteolytic 
lesions but often induces generalized bone loss. Vertebral 
crush fractures are also very common. Histomorpho-
metric studies of bone have shown a marked uncoupling 
between increased resorption and decreased formation 
that may be due to the secretion of IL-1, IL-6, Dkk1, and 
TNF-β by plasma cells and other cells of the marrow envi-
ronment. Corticosteroid therapy and immobilization can 
also contribute to this bone loss. Acute leukemia in chil-
dren and adolescents, rather than lymphomas, is some-
times associated with generalized osteoporosis with or 
without osteolytic lesions.

Systemic mastocytosis is a rare disease caused by the 
proliferation of mast cells infiltrating the skin, bone mar-
row, spleen, liver, and lymph nodes. Skeletal involvement 
may be focal or generalized, and about 70% of patients 
have radiographic abnormalities, including osteosclerotic 
lesions but also generalized osteopenia and vertebral frac-
tures. In the absence of typical skin lesions, bone biopsy is 
often the only way to diagnose mastocytosis.

Other Conditions
Rheumatologic conditions such as rheumatoid arthritis 
and ankylosing spondylitis are associated with osteopo-
rosis and with an increased rate of fracture. Pregnancy 
is very uncommonly associated with bone loss, but that 
may result in multiple vertebral fractures, probably due 
to markedly exaggerated secretion of PTHrp by the pla-
centa and the breast tissue. At intakes higher than 40 g of 
ethanol per day, alcoholism increases the risk for osteo-
porotic fractures, particularly in men. In addition to the 
direct effect of alcohol on osteoblasts, the role of hypogo-
nadism and liver disease may be of importance. Caffeine 
consumption has also been associated with reduced bone 
mass and hip fracture risk in some studies.49,59

Drugs Associated with Bone Loss
Corticosteroids are the most classical triggers of osteo-
porosis. Medroxyprogesterone acetate is a progestational 
agent that suppresses gonadotropin, thus causing anovu-
lation and hypoestrogenemia. Its prolonged use is associ-
ated with decreased spinal bone density in about 10%. 
Other drugs, such as some anticonvulsants, heparin, 
and cyclosporine, may increase the risk for osteoporosis. 
More recently, aromatase inhibitors58 and the thiazoli-
dinediones used in the treatment of type 2 diabetes have 
been found to increase fracture risk.122

Osteoporosis in Young Adults
A few young adults have osteoporotic fractures cor-
responding to either mild osteogenesis imperfecta or 
idiopathic osteoporosis. Osteogenesis imperfecta is an 
inherited syndrome characterized by fragile bones and 
recurrent fractures that can lead to skeletal deformities.123 
Inheritance and phenotypic expression are very hetero-
geneous. Clinical features of osteogenesis imperfecta 
also include short stature, blue sclerae, dentinogenesis 

imperfecta, hearing loss, scoliosis, and joint laxity. Osteo-
genesis imperfecta generally results from mutations of 
type 1 collagen.

Idiopathic juvenile osteoporosis is a very rare condi-
tion123 of children and adolescents before puberty. This 
disease does not seem to be of familial origin. Vertebral 
fractures usually occur over a 2- to 4-year period. In 
severe cases, patients may have deformities of the extrem-
ities and kyphoscoliosis.

Idiopathic adult osteoporosis is more often recognized 
because bone densitometry is more widely available. 
Although the condition may resemble mild osteogenesis 
imperfecta, these patients do not have dentinogenesis 
imperfecta, blue sclerae, or hearing loss. They do, how-
ever, have joint laxity and mild scoliosis, and a familial 
history is sometimes found.123

Osteoporosis in Men
Fractures are more prevalent in men than in women from 
childhood to mid-life, probably because of a higher inci-
dence of trauma. After 40 years of age, fractures are less 
common in men than in women, but the incidence of frac-
ture as a result of mild trauma increases with aging. The 
incidence of hip fracture in men rises exponentially with 
age, as in women. The sex ratio (female to male) is about 
2:1 in northern Europe, but it may vary in other areas 
and reflects the lower life expectancy of men. Mortality 
related to hip fracture is significantly higher in men than 
in women. Although vertebral deformities are common 
in men, many of them are unrelated to osteoporosis. Ver-
tebral fractures in men are associated with height loss, 
kyphosis, and increased disability, as in women. The inci-
dence of osteoporotic vertebral fractures seems to be half 
that in women.23 Vertebral fracture in men is associated 
with lower BMD than in controls.124 The incidence of 
limb fracture begins to rise at a later age in men than in 
women.

As in women, osteoporosis in men can result from an 
inadequate peak bone mass and/or accelerated bone loss. 
As discussed later, gonadal status may be critical for the 
achievement of peak bone mass in the male. Age-related 
bone loss is less pronounced in men than in women, 
around 15% to 20% from 30 to 80 years of age. The 
mechanisms underlying bone loss with aging in men are 
unknown, but some evidence indicates decreased osteo-
blastic activity in males with idiopathic osteoporosis.125 
In elderly men, secondary hyperparathyroidism may con-
tribute to bone loss.

The same risk factors for fragility fractures have been 
described in men and women and include smoking and 
excessive alcohol intake, and these factors are often com-
bined in a man with osteoporosis. About 50% of men 
with osteoporosis are considered to have secondary osteo-
porosis. The most common causes are chronic glucocor-
ticoid therapy, hypogonadism, alcoholism, gastrectomy, 
and other gastrointestinal disorders. Male hypogonadism 
has a major influence on the occurrence of osteoporosis. 
Peak bone mass may be impaired by disorders of puberty, 
and men with abnormal or delayed puberty have reduced 
bone mass.126 Estrogen status is believed to be critical 
for the acquisition of peak bone mass in men since the 
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observation that aromatase deficiency in a man, result-
ing in estrogen deficiency, led to the absence of epiphy-
seal closure and to osteopenia, abnormalities that can be 
successfully treated with estrogen.127 Androgens are also 
essential for the maintenance of bone mass in adult men 
inasmuch as hypogonadism in men is associated with low 
bone mass. Osteoporosis is encountered in many forms of 
hypogonadism, such as hyperprolactinemia, castration, 
anorexia, hemochromatosis, and Klinefelter’s syndrome. 
Prolonged abuse of alcohol has detrimental effects on the 
skeleton, with reduced bone mass resulting mainly from 
impaired osteoblast activity, nutritional deficiencies, and 
hypogonadism. Gastrointestinal disorders, particularly 
gastrectomy, are also associated with osteoporosis in 
men. Some, but not all, studies have linked nephrolithia-
sis or hypercalciuria with reduced bone mass, but their 
impact on the mechanisms of bone loss remains unclear.

The absolute risk for various osteoporotic fractures is 
similar in men and women with the same BMD level, but 
fewer men than women have a low BMD, and men are 
generally older if they reach such low levels.128 This dif-
ference in age, and biomechanical factors such as bone 
size, may also modulate the influence of BMD on frac-
ture risk. There is currently no consensus on T-scores 
that may be used as thresholds for therapeutic decision-
making in men. The –2.5 cutoff T-score is often used (if 
the reference values are obtained from a male popula-
tion), given the similar relationship between BMD and 
fracture in men and women. The FRAX calculator69 can 
also be used in men to assess the individual probability of 
fracture, but the T-score to enter in the software must be 
calculated using a reference curve obtained with women 
data (NHANES III database).

PATHOLOGY

Histomorphometry
Bone histomorphometry of the iliac crest allows an assess-
ment of bone structure and turnover and is usually per-
formed on transiliac bone biopsy samples. The specimen 
is processed without prior decalcification and analyzed 
with standardized histomorphometric methods. Histo-
morphometry is the only method to differentiate the cell 
and tissue level of remodeling. Nowadays, noninvasive 
techniques such as DXA and bone markers are sufficient 
for most clinical situations involving osteoporosis, and 
very few indications for bone biopsy still remain. Histo-
morphometry should be restricted to patients whose his-
tory, examination, radiographs, or biochemical profile 
suggests the possibility of atypical osteomalacia, mast 
cell bone disease, nonsecreting myeloma, sarcoidosis, or 
other rare conditions.

DIAGNOSIS
Investigation of patients with osteoporosis is intended to 
fulfill the following purposes:
  
 •  To establish the diagnosis and eliminate the possibil-

ity of conditions mimicking osteoporosis
 •  To identify factors contributing to osteoporosis

 •  To determine the prognosis of the disease, with 
quantification of bone mass, identification of previ-
ous fractures, identification of factors that influence 
the risk for fractures independently of bone mass, 
and assessment of the rate of bone loss with bio-
chemical markers

 •  To select the most appropriate treatment
 •  To obtain baseline measurements that can be useful 

for monitoring treatment efficacy
  

Differential Diagnosis and Causes of Osteoporosis
Evaluation of a patient suspected of having osteoporosis 
includes an adequate history and physical examination, 
and it must assess the potential causes of secondary osteo-
porosis and diseases mimicking osteoporosis. Biologi-
cal abnormalities are commonly found in osteoporotic 
women, but few major medical problems are identified 
with screening,129 and routine laboratory testing may 
not be cost-effective.130 However, a biochemical profile 
is necessary in patients with vertebral fractures, including 
assays of serum calcium, phosphate, creatinine, 25OHD, 
and alkaline phosphatase; serum protein electrophoresis; 
test for proteinuria; urine calcium; and, in some cases, 
urine protein immunoelectrophoresis and blood cell 
count. Thyroid-stimulating hormone measurement and, 
in men, total and bioavailable testosterone and prolac-
tin assays may be useful in some cases. In older adults, 
25-hydroxycholecalciferol (25-OHD) and PTH assays 
are appropriate when vitamin D deficiency is suspected. 
Assessment is guided by the clinical findings because some 
patients with apparent primary osteoporosis turn out to 
have mild hyperparathyroidism, osteomalacia, systemic 
mastocytosis, or late appearance of atypical osteogenesis 
imperfecta.

A complete examination of the spine is often necessary 
in patients with osteoporosis and includes height mea-
surement and assessment of pain, paraspinal muscle con-
traction, thoracic kyphosis and lumbar lordosis, scoliosis, 
and the gap between the costal margin and the iliac crest, 
as well as the abdomen protrusion that can result from 
multiple vertebral fractures. Blue sclerae, joint hyperelas-
ticity, and signs in favor of hyperthyroidism or hyperadre-
nocorticism should be looked for. A general examination 
is also important to rule out a neoplasm (e.g., lymph node 
and breast palpation) or other conditions.

RADIOLOGIC EVALUATION OF OSTEOPOROSIS AND 
DIFFERENTIAL DIAGNOSIS
The estimation of spine BMD on conventional radiographs 
is insensitive and inaccurate because the subjective assess-
ment is dependent on radiographic exposure, patient size, 
and film-processing techniques. BMD has to decline by as 
much as one third before it can be detected on plain radio-
graphs. The radiographic manifestation of osteopenia of 
the axial skeleton includes increased radiolucency of the 
vertebrae, sometimes vertical striation, framed appearance 
of the vertebrae (“empty box” or “picture framing”), and 
increased concavity of the vertebral endplates resulting 
from protrusion of the intervertebral disk into the weakened 
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vertebral body (Fig. 69-4).131 Those signs of osteopenia, 
however, do not reflect the bone mineral status accurately, 
so they have been replaced by bone densitometry.

Radiographs are important tools to confirm frac-
tures and their potential etiology. Plain radiographs with 
anteroposterior and lateral views are required for both 
the thoracic and lumbar spine. Vertebral fractures include 
wedge deformities, end-plate (“biconcave”) deformities, 
and compression (or crush) fractures (Fig. 69-5). Some 
vertebral deformities unrelated to osteoporosis include 
Scheuermann’s disease, malignancies, and osteomalacia. 
The diagnosis of mild vertebral fracture can be difficult 
because of the overlap with the normal range of vertebral 
body shape. Algorithms to define vertebral fractures that 
were developed for epidemiologic studies and clinical tri-
als have led to a consensus proposal for the radiologic 
diagnosis of vertebral fractures.132

Vertebral fracture evaluation, however, may be chal-
lenging, because of a considerable variability in fracture 
identification if clinicians or radiologists interpret radio-
graphs without specific training. Several qualitative and 
quantitative methods have been developed to standardize 
visual vertebral fracture evaluation, but the most widely 
used currently is a semi-quantitative assessment.133 Ver-
tebral fractures are distinguished from other non-fracture 
deformities, and the severity of the vertebral fracture is 
assessed by visual determination of the magnitude of 
vertebral height reduction and morphologic change. The 
type of deformity (wedge, biconcave, compression) is not 
linked to the extent of vertebral height reduction (i.e., 
the grading of the fracture). Vertebrae from T4 to L4 are 
graded on visual inspection, as normal (grade 0), mildly 

deformed (grade 1, 20% to 25% in anterior, middle, and/
or posterior height), moderately deformed (grade 2, 25% 
to 40% in anterior, middle, and/or posterior height), and 
severely deformed (grade 3, >40% in anterior, middle, 
and/or posterior height). Semi-quantitative interpreta-
tion has excellent intra- and inter-observer precision, 
provided careful training and standardization have been 
applied.133,134

The axial skeleton is not the only site where changes 
due to osteoporosis can be observed. Widening of the 
medullary canal and thinning of the cortices is commonly 
described in older adults as a result of endosteal bone 
resorption. Conventional radiographs can also be used to 
assess the bone structure with image procedures relying 
on fractal analysis.135 This type of analysis, however, is 
not conventional clinical practice.

A variety of diseases and medications are associated 
with bone loss, but some differences can be seen in the 
appearance of those secondary osteoporoses compared 
with postmenopausal or senile osteoporosis. Primary 
hyperparathyroidism may affect all bone surfaces and 
result in subperiosteal, intracortical, endosteal, sub-
chondral, and trabecular bone resorption (Fig. 69-6). 
These signs, however, are seldom encountered because 
most patients with primary hyperparathyroidism have 
mild forms of the disease. In osteomalacia, radiographic 
abnormalities include osteopenia, non-sharp delinea-
tion of cortical bone, deformities, stress fractures, and 
true fractures. Hyperparathyroidism secondary to renal 
insufficiency may be associated with vertebral osteoscle-
rosis, amyloid deposits, avascular necrosis, and vascular 
calcifications. The typical radiographic appearance of 

Figure 69-4 Reinforcement of the vertical 
primary trabeculae and loss of the horizon-
tal trabeculae in postmenopausal osteoporo-
sis led to vertical striations on a radiograph 
of the lumbar and thoracic spine, combined 
with an overall radiolucency and “empty 
box” appearance.
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steroid-induced osteoporosis consists of a marginal con-
densation of the fractured vertebral bodies resulting from 
exuberant callus formation.

Additional imaging techniques, such as CT, magnetic 
resonance imaging (MRI), and bone scintigraphy may 

be useful in the differential diagnosis of the various con-
ditions associated with osteoporosis, such as multiple 
myeloma (Figs. 69-7 and 69-8), storage diseases, leu-
kemia, sickle-cell anemia, and thalassemia. MRI is very 
useful to display sacral stress fractures, which are usually 
invisible on plain radiographs (Fig. 69-9).

BONE MASS MEASUREMENTS
Measurement of bone mass is a critical step in the investi-
gation of an osteoporotic patient to (1) confirm the reduc-
tion in bone mass, and (2) assess the magnitude of bone 
loss and therefore the risk for further fracture. Some of 
the terms may be confusing, so they need to be defined. 
What is measured with the various densitometric tech-
niques is an apparent density, including the bone itself 
and the bone marrow (i.e., the term bone mineral density 
is related to the mass of bone tissue). The true bone min-
eral density—the mass of bone per unit volume, exclud-
ing the marrow and nonbone tissue—is not determined. 
Dual x-ray absorptiometry provides an areal apparent 
bone density because of a two-dimensional image, so the 
density is expressed as the bone density per unit area, 
not per volume, in g/cm2. Even if quantitative computed 
tomography provides a volumetric bone density, usu-
ally expressed in mg/cm3, it is also an apparent density, 
because it includes the marrow spaces of vertebrae.

Dual X-Ray Absorptiometry
Technical Principles
The physical principle of dual x-ray absorptiometry (DXA) 
is to measure the attenuation of x-rays with two different 
energies through the body, thus accounting for variable 

Figure 69-5 Progressive evolu-
tion of spinal osteoporosis in a 
postmenopausal woman with ver-
tebral fracture cascade, at baseline, 
10, and 20 years.

Figure 69-6 Posterior-anterior radiograph of the fingers shows tuft 
and subperiosteal resorption and vascular calcification.
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soft-tissue thickness and composition, at sites like the axial 
skeleton, the hip, and the whole body. The dual x-ray can 
be generated by either K-edge filters or kVp switching. The 
preferred anatomic sites for BMD measurement are the 
lumbar spine (L1 to L4), the proximal femur (Fig. 69-10), 
and the whole body; peripheral sites can also be scanned 

(calcaneus, distal forearm). Measurement of attenuation 
of the x-ray photons of two distinct energies also allows 
accurate assessment of body fat content. The aBMD that 
is measured by DXA is an integral of both cortical and 
trabecular BMC normalized to the size of the projected 
area. Scan times have been shortened from about 5 to 

Figure 69-7 Changes in the spine 
in multiple myeloma (A), seen here 
with increased radiolucency and 
vertebral deformities, may eas-
ily be confused with osteoporotic 
changes. However, additional typi-
cal lesions at other sites (besides 
clinical features and relatively 
typical laboratory values) may re-
veal the nature of the underlying 
disease. In this example, multiple 
osteolytic lesions in the skull (B) 
support the diagnosis of multiple 
myeloma.

A B

Figure 69-8 MRI of the spine in patients with multiple 
myeloma may give information on the infiltration of spi-
nal bone marrow. In this patient, a diffuse infiltration 
pattern may be seen on Tl-weighted spin echo (A) and 
gradient echo (B) images. In addition, the patient has a 
pathologic fracture of the first lumbar vertebra.

A B
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10 minutes for pencil-beam scanners to 10 to 30 seconds 
for the fan-beam systems, which perform a single sweep 
across the patient instead of a two-dimensional raster scan. 
Fan-beam systems also allow for easier identification of 
vertebral structures and artifacts because of better image 
resolution, but at the expense of greater x-ray exposure.

The x-ray tube, the detectors, and the hardware are 
never perfectly stable, so there is a need to compensate 
for day-to-day variations in measurements. A set of sta-
ble calibration standards are acquired each day, before 
assessing patient data; some machines have internal cali-
bration systems to monitor the densitometer performance 
continuously.

The radiation dose to patients is small (0.08 to 4.6 μSv) 
compared with other techniques using ionizing radiation. 
Fan-beam technology has increased the dose (6.7 to 31 
μSv), which is still acceptable. Measuring vertebral mor-
phometry by DXA also delivers less radiation (<60 μSv) 
than do lateral radiographs. The greater scatter dose from 
fan-beam DXA systems approaches limits set by regula-
tory bodies for occupational exposure.

Diagnostic Use
Several sites can be measured with DXA. The spine mea-
surement is limited to the lumbar spine because the thoracic 

spine evaluation would be compounded by the air in the 
lungs, and ribs and sternum overlying the scan field. The 
scan usually includes L1 to L4 (sometimes L2 to L4). The 
spine should be centered in the scan field and properly 
aligned. One should remain alert to artifacts such as those 
induced by patient movement. The presence of vertebral 
fracture, deformities, osteoarthritis, aortic calcification, 
or curvature such as scoliosis modifies BMD.136 So, in 
individuals older than 65 to 70 years of age, commonly 
affected by osteoarthritis, the spine measurement is often 
of limited clinical utility. On the DXA report, large differ-
ences in vertebral height, area, BMC, and/or BMD suggest 
fracture or degenerative changes. Affected vertebral bod-
ies should be excluded from the analysis, and the entire 
spine scan is often discarded because of those kinds of 
artifacts. The hip DXA scan includes the proximal end of 
the femur and a portion of the pelvis. Only the proximal 
femur bone is assessed. Small changes in femur rotation 
can induce significant changes in hip BMD,137 so special 
positioning devices are usually used to position the mea-
sured limb at 15 to 30 degrees inward rotation. This way, 
the femoral neck is visible because it is aligned to the table 
and perpendicular to the x-ray beam. The right and left 
hips being similar within an individual, one can choose 
either side, and repeat measurements on the same side. 

Figure 69-9 Coronal Tl- weighted 
and T2-weighted images of the 
 sacrum show bilateral sacral insuf-
ficiency fractures in an elderly os-
teoporotic woman.

Figure 69-10 Fan-beam dual x-ray absorp-
tiometry (DXA) scan of (A) the hip (oblong 
box, femoral neck; box, Ward’s area; trochan-
ter, shaft, and total) and (B) regions of interest 
analyzed in the spine (L1 to L4).

A B

L1

L2

L3

L4
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If degenerative changes, previous fracture, or localized 
bone disease (e.g., hip osteonecrosis or Paget’s disease of 
bone) affect only one hip, the scan is performed on the 
opposite side. On the report image, the lesser trochanter 
should be only slightly visible, indicating an appropriate 
rotation. Machines evaluate different regions of the hip, 
including the femoral neck, the trochanteric region, the 
ward’s triangle, and the total region. The diagnosis relies 
on the femoral neck and total region’s values. The fore-
arm can also be measured, on the nondominant side. The 
radial shaft is a good indicator of cortical bone density. 
Total body scans mainly reflect the cortical bone and are 
very precise. They are generally performed to assess body 
composition parameters, such as lean and fat mass.

Several prospective studies have shown that BMD 
measured by DXA at various skeletal sites (spine, hip, 
forearm, calcaneus, total body) predicts the risk for fra-
gility fractures, with a relative risk of 1.5 to 3.0 for each 
1-SD decrease in BMD.4 The prediction of fracture is 
higher when BMD is measured at the site of fracture, for 
example, measuring hip BMD for hip fracture. Measuring 
both the spine and hip BMD has been advocated in most 
clinical guidelines, to improve the number of individuals 
at risk that would be detected. Evaluating multiples sites, 
while increasing sensitivity of the diagnostic test, may do 
so at the expense of reducing specificity.

The most convenient way to describe BMD is by 
T-scores and Z-scores. The T-score is the number of 
standard deviations above or below the mean for young 
adults. The WHO definition of osteoporosis is based on 
the T-score (see earlier). The T-score declines with aging. 
The Z-score is the number of standard deviations above 
or below the mean for individuals of the same age. The 
Z-score permits a comparison of patients with a reference 
population of the same age and therefore allows detection 
of bone loss that is excessive for age. The high prevalence 
of osteoporosis in older adults, however, as well as the 
difficulty in selecting a population adequate to establish 
a reference range of values in older adults, limits use of 
the Z-score. From a practical perspective, the diagnostic 
thresholds proposed by the WHO can be applied effec-
tively to spine and hip DXA measurement. Therapeutic 
thresholds should include not only the BMD T-score but 
also age and risk factors that predict the risk for fracture 
independently of BMD. Therefore, the T-score set at –2.5 
at the femoral neck by the WHO to define osteoporosis is 
not tantamount to a therapeutic threshold.

Observed changes on follow-up should not be due to 
precision errors. The bone content and area should be 
checked for consistency. The precision error—generally 
expressed in clinical practice as a coefficient of variation 
(CV)—is usually around 1% at the spine and 1.5% to 
2% at the hip. This precision error should be evaluated 
in a group of subjects representative of the clinic popu-
lation setting. The precision error can be estimated by 
measuring a group of 14 individuals each at least three 
times, with interim repositioning.138 The least signifi-
cant change—the minimal BMD variation that is consid-
ered as statistically significant within an individual—is 
calculated as 2×√2×CV. So, the least significant change 
in BMD is generally around 3% at the spine and 5% 

to 6% at the femoral neck. In fact, the precision error 
should be expressed as an absolute BMD value differ-
ence, which is more accurate for extreme BMD values 
(low or high). This least significant change is generally 
around 0.03 g/cm2.

Limitations
First, measurement of the spine is often more difficult to 
interpret in individuals older than 65 years of age because 
of the high prevalence of degenerative osteoarthritic 
lesions, which will increase the apparent BMD reading 
without accurately measuring trabecular bone. Second, 
the accuracy of the technique is reduced in obese sub-
jects. Third, repeated measurements may have limited 
value in assessing the rate of change in BMD because the 
expected percent change in BMD is of the same magni-
tude as the precision error of the technique. Variations in 
clinician performance will adversely affect the precision 
of the exam. The same scan mode and parameters should 
be used at follow-up as those for the baseline examina-
tion. A 3- to 5-year interval between two measurements 
may be necessary in untreated postmenopausal women 
to detect fast BMD losers. In patients treated with antire-
sorptive therapy, a 2-year interval is usually necessary to 
detect a significant increase in BMD.

Contraindications
Pregnancy, recent administration of oral contrast media 
or radioisotopes, spinal deformity, and orthopedic hard-
ware contraindicate DXA. BMD results can also be 
affected by metal objects such as belts and buttons. Severe 
obesity and small stature also undermine the interpreta-
tion of BMD results.

Other Techniques
Quantitative computed tomography measures the volu-
metric BMD of the lumbar spine vertebral bodies and 
the hip, also allowing differentiation between cortical 
and trabecular BMD (Fig. 69-11); however, it has several 
drawbacks, including relatively high radiation exposure 
and a higher precision error than that of DXA.

HR-pQCT allows for three-dimensional evaluation 
of BMD and quantification of microarchitecture (Fig. 
69-12). These devices were introduced more than 10 
years ago, but their performance has improved recently, 
with machines assessing trabecular architecture and volu-
metric BMD at the distal radius and tibia with a nominal 
isotropic voxel size of 82 μm.139 Precision of HR-pQCT 
measurements was 0.7% to 1.5% for total, trabecular, 
and cortical densities and 2.5% to 4.4% for trabecular 
architecture.

In cross-sectional analyses of population-based 
cohorts, HR-pQCT substantial age-related differences 
in volumetric bone mineral density (vBMD), trabecular 
structure, and cortical thickness in premenopausal and 
postmenopausal women have been identified.390-141 In 
these studies, lower trabecular vBMD was accompanied 
by lower trabecular number and thickness, together with 
higher trabecular separation, paralleled by an age-related 
decrease in cortical thickness consistent with higher corti-
cal porosity, both at the distal radius and distal tibia.142 
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These alterations accelerated after menopause, but dif-
fered at the two distal sites: the bone volume fraction 
in the trabecular region tended to remain stable up to 
menopause and to be lower thereafter at the distal radius, 
whereas it decreased from early adulthood at the distal 
tibia.142 The pattern of bone impairment with increasing 
age also differed between the cortical and the trabecular 
compartments.141 Cortical BMD at the radius remained 
relatively stable until the menopausal transition and 
declined thereafter.

As aBMD determined by DXA predicts only half of 
fragility fractures that are observed mainly in women 
with aBMD in the osteopenic range, studying microarchi-
tecture with HR-pQCT might avoid some of the intrinsic 

limitations of DXA. Indeed, in a case-control analysis 
of HR-pQCT in the French population-based OFELY 
cohort, osteopenic women with fragility fractures had 
lower trabecular density and more heterogeneous tra-
becular distribution than women without fractures who 
had the same aBMD at the spine and hip.139 Moreover, 
vertebral fractures in postmenopausal women have been 
associated with low vBMD and architectural alterations 
of both trabecular and cortical bone.143 Severe and mul-
tiple vertebral fractures were also associated with more 
extensive alterations of cortical bone, after adjustment 
for aBMD.

With HR-pQCT, one can estimate bone stiffness (resis-
tance to deformation) and bone strength (the breaking 

Figure 69-11 Volumetric quantitative computed tomography of the spine (top) and hip (bottom) may be used to analyze bone mineral density 
(BMD) in various bone compartments and to accurately measure BMD and geometry. Top left, Segmented vertebral body selected for analysis with 
removed processes. Top center and right, Integral and trabecular and peeled trabecular volumes of interest along with the traditional elliptical and 
Pacman volumes of interest (VOIs). Bottom left, Segmented proximal femur. Bottom center and right, Analysis VOIs in the hip.

Figure 69-12 Micro-CT of the 
distal radial metaphysic at nominal 
isotropic spatial resolution of 90 
microns.
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capacity) by using micro-finite element analysis (μFEA). 
Thus, in a case control study among postmenopausal 
women, the proportion of load carried by cortical bone 
compared with trabecular bone was associated with wrist 
fracture independently of aBMD and microarchitec-
ture.144 In another cross-sectional analysis, μFEA param-
eters evaluated at distal sites such as the tibia and radius 
were also associated with all types of prevalent fractures, 
including vertebral fractures, and the magnitude of the 
association was similar at the tibia and radius.145 So, 
mechanical properties of the tibia and radius seem to be 
reasonably representative of those of distant bone sites.

The compartment-specific analyses that can be con-
ducted with HR-pQCT are helpful for clarifying discrep-
ancies between fracture prevalence and risk prediction 
based on aBMD. Indeed, in individuals with smaller 
bones, aBMD underestimates the bone density. Further-
more, bone geometry and microarchitecture can be quite 
different at the same level of aBMD, and thus these varia-
tions are not captured by the evaluation of aBMD. For 
instance, Asian individuals have lower aBMD but none-
theless sustain fewer fractures than white individuals with 
lower aBMD. Using HR-pQCT, Wang and colleagues 
observed that premenopausal Chinese-American women 
have thicker cortices and thicker but fewer trabeculae 
than white women.146 Higher estimates of bone stiffness 
and strength in μFEA could thus explain why Asian indi-
viduals sustain fewer fractures than expected given they 
have smaller bones.

HR-pQCT has also been used to address bone fragil-
ity in men and sex-related differences in bone microar-
chitecture. Khosla and co-workers found that trabecular 
bone volume fraction and thickness were significantly 
higher in young men than in young women.140 The rate 
of age-related decline in trabecular bone volume fraction 
seemed to be independent of sex; however, in healthy 
aging men, trabecular thinning seemed to predomi-
nate over actual loss of trabeculae, in contrast to what 
is observed in women. In addition, μFEA estimates of 
bone strength at the distal radius and tibia in men with 
prevalent fracture and controls have been associated 
with prevalent fracture risk at distant sites,147 which is 
reminiscent of the findings in postmenopausal women. 
However, men seem to experience a lesser increase in 
cortical porosity and more periosteal expansion at the 
radius than women.142

APPRECIATION OF BONE TEXTURE
Another way to explore bone microarchitecture is to use 
simple imaging procedures like radiographs or DXA to 
perform texture analysis. For example, the trabecular 
bone score (TBS) is a gray-level texture measurement 
that is derived from the exploitation of experimental 
variograms of two-dimensional projection images. TBS 
measures the mean rate of local variation of gray levels 
in two-dimensional projection images, by re-analyzing 
a DXA exam. Significant relationships have been found 
between human vertebrae microarchitecture assessed 
by three-dimensional μCT and either TBS calculated on 
two-dimensional simulated projection images from those 

three-dimensional reconstructions or TBS evaluated from 
DXA images. Low TBS was indicative of degraded micro-
architecture, such as low connectivity, reduced trabecu-
lar number, and high trabecular spacing, and it was also 
associated with impaired mechanical properties.148 The 
TBS score predicts incident fracture, so it might be of 
value to help reclassification of women at moderate risk 
for fracture based on aBMD only.149

WHO SHOULD BE SCREENED WITH DXA?
Even if BMD is an important predictor of fracture risk, 
it is too insensitive to be used solely as an indication for 
treatment. So, targeted BMD testing of postmenopausal 
women who have clinical risk factors for fracture or low 
BMD is generally recommended, rather than universal 
testing. The U.S. Preventive Services Task Force has con-
cluded that the benefits of BMD testing are clear for all 
women 65 years of age and older. The use of other risk 
factors such as smoking, family history, race, decreased 
physical activity, alcohol or caffeine use, or low cal-
cium intake could not be used to identify women at high 
risk. So, most North American guidelines consider that 
BMD testing is appropriate in all women 65 years of 
age and older. In younger women, BMD testing should 
be limited to those with BMD-independent risk factors. 
In other regions of the world, specifically in Europe, 
a case finding strategy is often adopted, so that BMD 
testing is proposed in women who have risk factors for 
low bone mass, such as low BMI, smoking, excessive 
alcohol consumption, history of steroid use, personal 
or familial history of fragility fracture, diseases associ-
ated with accelerated bone loss (hyperparathyroidism, 
uncontrolled hyperthyroidism, osteogenesis imperfecta, 
malabsorption), or premature menopause, regardless of 
their age.

According to the latest recommendations of the 
National Osteoporosis Foundation in the United States 
(NOF), the decision to perform bone density assessment 
should be based on an individual’s fracture risk profile 
and skeletal health assessment. The results of the test 
must be able to influence the treatment decision. NOF 
recommends testing of all women 65 years of age and 
older and of men 70 years of age and older, regardless of 
clinical risk factors. BMB testing may also be performed 
in younger postmenopausal women and men aged 50 to 
69 with clinical risk factors; adults who sustain fracture 
after age 50; and adults with a condition (e.g., rheumatoid 
arthritis) or taking a medication (e.g., gluco corticoids in a 
daily dose ≥5 mg prednisone or equivalent for ≥3 months) 
associated with low bone mass or bone loss. BMD mea-
surement is not recommended in children or adolescents 
and is not routinely indicated in healthy young men or 
premenopausal women. In patients treated for osteoporo-
sis, BMD may be used to monitor treatment effect.

VERTEBRAL FRACTURE ASSESSMENT
With most recent DXA systems, it is possible to scan the 
entire thoracic and lumbar spine to evaluate vertebral 
height.150 The patient is scanned in supine position if the 



1204 PART 6 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM

machine has a rotating arm, or in lateral position. Ver-
tebral bodies can be assessed qualitatively to screen for 
vertebral deformities. These deformities can be quantified 
with a software that measures vertebral bodies height. 
The computer or better, the clinician, places three points 
on the posterior, mid- and anterior margins of both end-
plate of each vertebra from T4 to L4, to calculate the 
vertebral heights. Significant changes in vertebral height 
are indicative of vertebral fracture. VFA is mainly used, 
however, using a qualitative analysis followed by a semi-
quantitative analysis, comparable to the analysis of sim-
ple radiographs.

This technique is attractive because evaluation of ver-
tebral fracture prevalence can be performed without a 
conventional radiograph at the same time as the BMD 
measurement, thus saving time, irradiation and cost. 
This is an important advantage because vertebral frac-
tures are often overlooked. The interpretation must be 
cautious, however, because the image quality is variable 
across individuals, so the observation of deformities may 
not be paramount to vertebral fracture and should lead 
to radiographs for confirmation. In addition, the upper 
thoracic spine may be difficult to visualize, especially 
among older individuals, with false negative readings 
as a result. The specificity and the negative predictive 
value remain high despite these limitations because most 
vertebral fractures occur at lumbar and thoracic levels 
where the image quality is still acceptable.150 It has also 
been shown that VFA can reclassify patients needing 
radiographs and treatment, to reduce radiograph pre-
scription in some patients and reduce prescription in 
others.151 VFA is now widely used as a screening tool 
for vertebral fracture.

Biochemical Markers
Different Types of Markers
Bone markers are usually classified as markers of bone 
formation and markers of bone resorption (Table 69-3), 
but in diseases in which both processes are coupled and 
disclose similar variation, markers reflect the overall rate 
of bone turnover. Markers cannot distinguish between 
bone turnover changes originating in the cortical or in the 
trabecular envelopes.

Markers of bone formation are serum total and bone 
measurements of alkaline phosphatase, osteocalcin, and 
procollagen 1 extension peptides.

Alkaline Phosphatase
Serum alkaline phosphatase is the most commonly used 
marker of bone formation but lacks sensitivity and speci-
ficity. Assays have been developed to improve specificity 
in order to separate the bone and the liver isoenzymes. 
Immunoassays using monoclonal antibodies have a 
cross-reactivity of only 15% to 20%. Thus bone alkaline 
phosphatase is a sensitive marker of increased turnover 
in postmenopausal women. As it is an enzyme activity 
and not a protein that is cleared by the kidney, it is also 
a marker of choice in the evaluation of bone turnover in 
chronic kidney failure.

Osteocalcin
Serum osteocalcin, is a small (49 amino acids) noncol-
lagenous protein that is specific for bone tissue and den-
tin and produced only by osteoblasts and odontoblasts. 
Serum osteocalcin levels correlate with skeletal growth 
during puberty, as well as with increase in bone forma-
tion rate in conditions characterized by increased bone 
turnover, such as primary and secondary hyperparathy-
roidism, hyperthyroidism, or acromegaly. Conversely, 
osteocalcin is decreased in hypothyroidism, hypoparathy-
roidism, and glucocorticoid-treated patients, conditions 
associated with a decreased rate of bone formation. When 
resorption and formation are coupled, serum osteocalcin 
is a good marker of bone turnover. The most robust and 
sensitive assays measure both the intact molecule and the 
N-midfragment (which is the largest product of degrada-
tion of osteocalcin). Osteocalcin is involved in the regu-
lation of energy metabolism, its action depending on its 
degree of gamma-carboxylation,152 but also in the regula-
tion of male fertility.153

Propeptides of Type 1 Procollagen
N-terminal and C-terminal extension peptides of type 1 
collagen (PINP and PICP, respectively) are cleaved dur-
ing the extracellular processing of collagen. They also 
reflect bone formation because type 1 collagen is the 
most abundant organic component of bone matrix. PICP 
exhibits smaller variations in postmenopausal osteopo-
rosis than other markers, so it is probably less useful. 
However, it seems valuable in the monitoring of growth 
hormone treatment.154 After menopause, PINP augments 
to a similar extent as osteocalcin and bone alkaline phos-
phatase. It is the most sensitive marker to monitor PTH 
treatment.155

Markers of bone resorption are plasma tartrate-resis-
tant acid phosphatase (TRAP) and collagen pyridinium 
cross-links.

Plasma Tartrate-Resistant Acid Phosphatase. The most 
specific of the osteoclasts fraction of TRAP is the b sub-
form of the isoenzyme 5 (TRAP5b). It is the only available 
marker of osteoclast metabolic activity. Several draw-
backs (e.g., influence of clotting, temperature instabil-
ity) may limit its practical use, but it has the  potential of 

TABLE 69-3 Biochemical Markers of Bone 
Turnover

Formation Resorption

Serum Plasma or serum
Osteocalcin Tartrate-resistant acid 

 phosphatase
Bone alkaline phosphatase 

(total and bone-specific)
Free deoxypyridinoline
Type 1 collagen N- and  

C-telopeptide breakdown 
 products (NTX and CTX)

Procollagen N-terminal 
 extension peptides (PINPs)

Urine
Free deoxypyridinoline
Type 1 collagen N- and  

C-telopeptide breakdown 
 products (NTX and CTX)
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being an accurate marker of bone resorption in  patients 
with renal failure, because cross-links (see later) are ar-
tificially increased due to reduced glomerular  filtration.

Collagen Pyridinium Cross-links and Associated Type 1 
Collagen Peptides. Pyridinoline (Pyr) and deoxypyridino-
line (D-Pyr) are nonreducible pyridinium cross-links in 
the mature form of collagen (Fig. 69-13). This posttrans-
lational covalent cross-linking creates interchain bonds 
stabilizing the molecule of collagen. Concentration of 
Pyr and D-Pyr in biologic fluids is derived predominantly 
from bone. Pyr and D-Pyr are released from bone matrix 
during osteoclastic bone resorption. They are excreted in 
urine in a free form (around 40%) and in a peptide-bound 
form (60%). Enzyme-linked immunosorbent assays have 
been developed against the N-telopeptide (NTX) and 
against breakdown products of type 1 collagen C-telo-
peptide (CTX), in urine and serum. These cross-links are 
markedly increased at the time of menopause and return 
to premenopausal levels with estrogen and bisphospho-
nate therapy.

Clinical Use of Bone Markers
Bone Markers for Assessment of Bone Loss
A sharp increase in bone markers occurs after menopause. 
This increase is sustained long after the start of meno-
pause, even in elderly women, and markers are negatively 
correlated with bone mass assessed by DXA,156 which 
suggests that a high bone turnover rate is associated with 
increased bone loss. The rate of bone loss measured over 
12 years by densitometry is increased in women classified 
as rapid losers at baseline and significantly higher than 
that of slow losers.157 A combination of markers and 

BMD measurement could be useful in assessment of the 
risk for osteoporosis.158

Bone Markers for Assessment of Fracture Risk
Women classified as fast losers have a vertebral and wrist 
fracture risk doubled compared with that of those classi-
fied as normal or slow losers.159 Large prospective studies 
have shown that increased bone resorption (i.e., above 
the premenopausal values) is associated with an increased 
risk in vertebral and peripheral fractures, independent of 
BMD.160,161 Women with both a low BMD and increased 
bone resorption had a fourfold to fivefold increase in the 
risk for hip fracture. Measurements of bone resorption 
markers may be combined with other risk factors for 
fracture to calculate individual probability of fracture, 
but markers do not enter in the calculation of individual 
probabilities of fracture in the FRAX calculator, because 
data were not available in most cohorts used in model 
building.

Bone Markers for Monitoring Treatment of Osteoporosis
Antiresorptive therapies such as estrogen and bisphos-
phonates induce a significant decrease in markers, which 
return to the premenopausal range within 3 to 6 months 
for resorption markers and within 6 to 9 months for for-
mation markers. The significant decrease in bone turn-
over seen after treatment of osteoporotic women with a 
bisphosphonate significantly correlates with an increase 
in BMD at the lumbar spine after 2 years, with a low 
rate of false-positive and false-negative results.162 There 
is also an association between the decrease in bone turn-
over markers in response to antiresorptive agents such as 
bisphosphonates or raloxifene and the degree of reduction 

Figure 69-13 Degradation of type 1 
collagen and excretion of type 1 collagen 
cross-links.
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in fracture risk.163,164 Given the precision of bone mass 
measurement with DXA and the expected change induced 
by antiresorptive treatment, it is usually necessary to wait 
for 2 years to determine whether the treatment is effec-
tive in an individual patient. Determination of markers 
after a few months of treatment is likely to provide useful 
information on efficacy and may improve compliance.165 
Therapies stimulating bone formation, such as teripara-
tide, may be monitored using bone formation markers 
(e.g., PINP).

TREATMENT

Nonpharmacologic Intervention
Lifestyle
Patients who have sustained vertebral fractures need spe-
cific guidelines in their daily activities to prevent addi-
tional fractures. They should avoid weight lifting and 
learn how to bend to avoid excessive strain on their spine. 
All lifestyle factors that might be deleterious to bone 
metabolism should be corrected. Thus patients should 
not smoke, they should consume only moderate amounts 
of alcohol, and conditions predisposing to osteoporosis 
should be treated. Although no controlled trial has shown 
that cessation of smoking increases BMD or reduces the 
risk for osteoporotic fractures, sufficient evidence indi-
cates that smoking is a risk factor for vertebral and hip 
fractures.46 Drugs predisposing to osteoporosis should be 
avoided as much as possible.

Nutrition
No universal consensus has been reached on the daily cal-
cium requirement by age, but according to the Dietary 
Reference Intake (DRI) published in 2011, 1300 mg/day 
are recommended for adolescents, 1000 to 1200 mg/day 
for adults up to 70 years of age, and 1200 mg/day after 
70 years of age.166 Although most studies have shown a 
beneficial effect of calcium supplementation as discussed 
later, the long-term effect of a high dietary calcium intake 
on bone health is unknown. Conversely, there seems to 
be a threshold of calcium intake—around 400 mg/day—
under which increasing calcium intake appears to be 
beneficial and necessary, both in children and in women 
older than 60 years of age.

Several nutritional factors influence the calcium 
requirement, such as sodium, protein, caffeine, fiber, and 
vitamin D status. The effect of fiber and caffeine is rela-
tively small, whereas sodium and protein intake may be 
more relevant because they increase urinary excretion 
of calcium. A sodium-rich diet has been associated with 
increased incidence of kidney stones. The effects of phos-
phorus and fat intake do not substantially influence bone 
metabolism. Vitamin D promotes calcium absorption 
and thereby influences calcium requirements. Vitamin D 
status commonly deteriorates in older adults, with serum 
levels of 25-hydroxyvitamin D lower than those in young 
adults because of low vitamin D intake and decreased 
sunlight exposure. NOF recommends an intake of 800 
to 1000 international units (IU) of vitamin D per day for 
adults 50 years of age and older. This intake will bring 
the average adult’s serum 25(OH)D concentration to the 

desired level of 30 ng/ml (75 nmol/L) or higher.166-169 The 
low levels of 25-OHD commonly seen in older adults, 
especially those institutionalized, contribute to secondary 
hyperparathyroidism, which may play a role in bone loss 
in older adults.

Exercise
Immobilization induces bone loss, as documented after 
prolonged bed rest, space flight, paralysis from spinal 
cord injury, and casting of limbs. The beneficial effect of 
exercise on bone mass and bone strength in normal and 
osteoporotic individuals, however, is still unclear. Several 
controlled trials have examined the effect of various exer-
cise programs on BMD, including walking, weight train-
ing, aerobics, and high-impact and low-impact exercise. 
Most of them show a small (1% to 2%) increase in BMD 
in comparison to either baseline or the control group at 
some but not all skeletal sites; the increase is not sus-
tained once the exercise program is stopped. Both clinical 
trials and observational studies suggest that load-bearing 
exercise is more effective in preserving or increasing bone 
mass than other types of exercise are. The dominant arm 
of tennis players or the limbs of gymnasts usually have 
higher bone mass than other sites do.170 Skeletal sites 
must be directly strained to be affected by exercise. In 
addition, it is likely that fitness might indirectly preserve 
individuals from fractures by improving mobility and 
reducing the risk for falls. No randomized, controlled 
trial has been conducted to assess the effect of exercise 
on fracture risk. Because of the many nonskeletal benefits 
of exercise, it seems appropriate to recommend regular 
and moderate exercise in postmenopausal women, but 
it cannot replace pharmacologic prevention. After verte-
bral fracture, a supervised exercise program to maintain 
strength and flexibility of the thoracic and lumbar spine 
is recommended in older adults.

It is critical to develop specific interventions aimed at 
preventing falls and their consequences in older adults. 
So far, few studies have shown that specific strategies 
prevent falls. For example, one trial has shown that 
older men and women trained to practice tai chi regu-
larly (they had better balance training) were less prone 
to fall than untrained counterparts.171 Similarly, in 
a randomized, controlled trial conducted in commu-
nity-dwelling older adults at increased risk for falling, 
a 6-month music-based multitask exercise program 
improved gait under dual-task condition, improved 
balance, and reduced both the rate of falls and the risk 
for falling.172

Given the multifactorial etiology of falls, interven-
tions have to be multidimensional. An adequate exercise 
program may decrease the risk for falling in older adults, 
who should be encouraged to walk at least one half hour 
per day. Indeed, a sedentary lifestyle leads to low muscle 
mass, postural alterations, and deconditioning of lower 
limbs and increases the incidence of falls. Visual impair-
ment is a risk factor for falls and fractures because it 
results in tripping or slipping accidents and decreases pos-
tural stability. Therefore, glasses should be checked regu-
larly and cataracts detected early. Whenever possible, the 
use of drugs that increase the risk for falling should be 
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reduced; such drugs include benzodiazepines, hypnotics, 
antidepressant agents, and medications that can induce 
hypotension. Patients should be instructed to avoid slip-
pery floors and to have adequate lights and handrails in 
bathrooms and on stairs at home.

Experimental studies have shown that the soft tissues 
covering the hip may have an impact on energy absorp-
tion of the fall. Some clinical trials have shown that hip 
protectors substantially decrease the risk for hip fracture 
in older adults living in an institution (up to 80%), but 
those results were not found in all trials, and poor com-
pliance remains an issue in all studies.173,174

Pharmacologic Intervention
Evaluation of Drug Efficacy
The goal of therapy is to prevent fragility fractures, and 
so far, drugs for osteoporosis had to demonstrate their 
ability to significantly decrease the incidence of fractures 
in adequately powered, prospective randomized placebo-
controlled studies. Conducting such placebo-controlled tri-
als has been debated and has remained the cornerstone of 
sound drug evaluation, so all drugs marketed so far were 
tested this way.175 In the current phase III trials under way, 
however, the new drugs are being compared to reference 
drugs, such as oral bisphosphonates. Ethically, it now 
appears that given the wide availability of efficient anti-
osteoporosis drugs, conducting placebo-controlled trials 
has become challenging. In addition, to be cost-effective, 
new drugs, which are often biologics with a sizeable cost, 
have to be superior to currently marketed drugs, which 
justifies superiority trials. These superiority trials are more 
difficult to conduct because of the large sample size that is 
implied by design. Only drugs that are assumed to have a 
substantial advantage over existent therapies can be tested 
in trials in which recruitment is feasible.

The diagnosis of nonvertebral fractures is easy, whereas 
the diagnosis of existing and new vertebral fractures 
requires adequate morphometric evaluation of spinal 
radiographs to exclude vertebral deformities unrelated to 
osteoporosis. Changes in BMD are commonly monitored 
and are usually seen as a surrogate marker of treatment 
efficacy. Actually, most drugs that inhibit bone turnover 
induce a small increase in BMD (i.e., 2% to 10% accord-
ing to the skeletal site of measurement) that does not 
account for their marked reduction in fracture rate (i.e., 
30% to 50% for vertebral fractures). The only drug with 
a substantial association between the increase in BMD 
and the further reduction of fracture is denosumab. In 
addition, some drugs—such as fluoride in the past—may 
induce a marked increase in BMD without decreasing the 
fracture rate. Bone turnover markers are another surro-
gate for treatment efficacy of antiresorptive drugs. Their 
diminution in response to antiresorptive therapies is asso-
ciated with the decreased fracture rate. High bone turn-
over is associated with an increased risk for fractures that 
is independent of the level of BMD,160 and antiresorptive 
therapy such as raloxifene and bisphosphonates induces 
a dose-dependent decrease in bone markers that is sus-
tained throughout treatment. Anabolic therapies such as 
PTH induce a substantial increase in markers of bone for-
mation (e.g., PINP).

Anticatabolic Agents
Estrogen. Several controlled trials have shown that es-
trogen stops bone loss in early and late postmenopaus-
al women by inhibiting bone resorption resulting in a 
small increment in BMD (5% to 10% over a period of 
1 to 3 years). Estrogen reduces bone turnover and in-
creases bone density in postmenopausal women of all 
ages, as well as improving calcium homeostasis. Results 
from observational studies and randomized placebo-
controlled trials176-178 show that estrogen decreases the 
risk for hip fracture by about 30% and the risk for spine 
fracture by 30% to 50%. So, HRT has been a standard 
treatment for prevention and treatment of postmeno-
pausal osteoporosis for years, up to the early 2000s. 
The reduction in fracture risk exceeds that expected by 
BMD alone. Calcium supplements enhance the effect 
of estrogen on BMD.179 When HRT is stopped, bone 
loss resumes at the same rate as after menopause. In 
the Study of Osteoporotic Fractures, the relative risk for 
non-spinal fracture was 0.66 in postmenopausal women 
currently taking HRT as compared with those not tak-
ing HRT,180 but it was not decreased in previous users 
regardless of the duration of treatment. This positive ef-
fect was not affected by age and was more significant for 
women who started HRT soon after menopause (within 
5 years).

The long-term risks of HRT, however, outweigh the 
benefits, as has been shown in a large randomized placebo-
controlled trial, the Women’s Health Initiative (WHI) 
randomized trial.181 Indeed, among more than 16,000 
women 50 to 79 years of age (followed for an average of 
5.2 years) treated using conjugated equine estrogen and 
medroxyprogesterone acetate, although hip fracture and 
colon cancer risks were reduced,181 increased risks for cor-
onary heart disease (CHD) (nonfatal myocardial infarc-
tion or death due to CHD),182 stroke,183 breast cancer184 
and dementia185 were observed. In addition, in this trial, 
estrogen plus progestin did not have clinically meaning-
ful effect on health-related quality of life, such as sleep 
disturbance or vasomotor symptoms.186 Those results in 
primary prevention are consistent with those obtained in 
secondary CHD prevention in a well-conducted random-
ized, placebo-controlled trial.187 More recent subgroup 
analyses from the WHI trial have suggested that women 
who initiated hormone therapy closer to menopause  
(<10 years) tended to have reduced CHD risk compared 
with the increase in CHD risk among women more dis-
tant from menopause,188 but this trend did not meet 
strict criteria for statistical significance. A similar non-
significant trend was observed for total mortality, but 
the risk for stroke was elevated regardless of years since 
menopause. These data should be considered in regard 
to the short-term treatment of menopausal symptoms.189 
The fall in HRT prescription observed after the release 
of the WHI results have been associated with a decline 
in new breast cancer incidence in several countries.190 
Thus, estrogen replacement is no longer recommended 
as a first-line therapy for prevention and treatment of 
osteoporosis. It should be used only to relieve meno-
pausal symptoms, as short a time and at the lowest dose 
as possible.
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Bisphosphonates. Bisphosphonates are stable analogues 
of pyrophosphate characterized by two P-C-P bonds. 
By substituting for hydrogens on the carbon atom, a 
variety of bisphosphonates have been synthesized, the 
potency of which depends on the length and structure 
of the side chain. Bisphosphonates have a strong affin-
ity for bone apatite, both in vitro and in vivo, which 
is the basis for their clinical use. Bisphosphonates are 
potent inhibitors of bone resorption and produce their 
effect by reducing the recruitment and activity of osteo-
clasts and increasing their apoptosis. This activity varies 
greatly from compound to compound and ranges from 
1 to 10,000. The mechanism of action on osteoclasts in-
cludes inhibition of the proton vacuolar ATPase of some 
phosphatases and alteration of the cytoskeleton and the 
ruffled border. Aminobisphosphonates also inhibit sev-
eral steps of the mevalonate pathway, thereby modifying 
the isoprenylation of guanosine triphosphatate–binding 
proteins.191

Oral bioavailability is low, between 1% and 3% of 
the dose ingested, and is impaired by food, calcium, 
iron, coffee, tea, and orange juice. Bisphosphonates are 
quickly cleared from plasma, about 50% being deposited 
in bone and the remainder excreted in urine. Their half-
life in bone is very prolonged. Aminobisphosphonates 
can induce a 24- to 48-hour period of fever when admin-
istered intravenously and, rarely, esophagitis when given 
orally. They also increase the risk for osteonecrosis of the 
jaw (1/30,000/person/year) and of atypical subtrochan-
teric fracture.

Alendronate at 5 mg/day is effective in preventing bone 
loss in postmenopausal women to nearly the same extent 
as HRT.192 In women with vertebral fractures, alendro-
nate given for 3 years resulted in an 8.8% increase in 
BMD at the lumbar spine and at the hip193 (Fig. 69-14). 
This treatment reduced the incidence of new vertebral, 
wrist, and hip fractures by half and prevented height loss. 
Alendronate also reduces fracture risk in postmenopausal 
women at the highest risk for fracture (i.e., those older 
than 75 years of age or those with very low BMD).194 In 

women without preexisting vertebral fracture but with a 
hip T-score lower than 2.5, alendronate is able to decrease 
clinical fractures of all types.195 Alendronate is approved 
in most countries for the treatment of osteoporosis at the 
10-mg/day dose and for the prevention of osteoporosis 
at the 5-mg/day dose in the United States. Alendronate 
is safe but can induce mild upper gastrointestinal tract 
disturbances and heartburn; on rare occasion these side 
effects are related to the esophagitis sometimes caused by 
inappropriate administration of the drug. The antifrac-
ture efficacy of another oral nitrogen-containing bisphos-
phonate (risedronate) has been established in randomized 
placebo-controlled trials. This compound has been able 
to halve the rate of vertebral fracture in postmenopausal 
women in two studies,196, 197 and a trial in elderly women 
has shown a reduction of about one third of the incidence 
of hip fracture in women with hip BMD in the osteopo-
rosis range, whereas women selected using clinical risk 
factors for fracture—and who generally were not osteo-
porotic—did not benefit from the treatment.198 Although 
these drugs have been developed with daily dosages, 
alendronate is now prescribed only on a weekly basis (70 
mg) and risedronate can be prescribed weekly (35 mg) or 
monthly (150 mg),199 which have improved moderately 
persistence to therapy.

Ibandronate, given either daily (2.5 mg) or intermit-
tently (20 mg every other day for the first 24 days, fol-
lowed by 9 weeks without treatment) has reduced the 
incidence in vertebral fracture of about 50% in a ran-
domized trial involving postmenopausal osteoporotic 
women.200 It has been marketed with a 150-mg monthly 
regimen, after bridging studies showed that this regimen 
was not different from the one in the phase III trial.

Intravenous zoledronate (e.g., 4 mg once a year, or 1 
mg every 3 months) has been shown to decrease bone 
turnover and increase BMD with the same magnitude as 
alendronate in a randomized phase II trial.201 Two phase 
III trials have been published on the anti-fracture efficacy 
of annual IV zoledronic acid 5 mg. In the HORIZON 
Prevention Fracture Trial, the rate of vertebral fracture 

Figure 69-14 Effects of alendronate (aln) on 
the risk for fragility fracture. (Data from Black 
DM, Cummings SR, Karpf DB, et al: Randomised 
trial of effect of alendronate on risk of fracture in 
women with existing vertebral fractures, Lancet 
348:1535-1541, 1996.)
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at 3 years was reduced by 65%, hip fracture by 40%, 
and nonvertebral fracture by 25%.202 In the Recurrent 
Fracture Trial, men and women with a recent hip fracture 
who received annual 5-mg zoledronic acid had a 35% 
reduction in clinical fractures and a 28% reduction in all-
cause mortality.203

Other bisphosphonates have been studied in the treat-
ment of osteoporosis. Pamidronate can increase BMD, 
but no valuable data on its antifracture efficacy have 
been presented. Clodronate may have an anti-fracture 
efficacy, but no adequate data has been published so 
far.204 It has been shown in a meta-analysis that mortal-
ity may be reduced by about 10% by treatments with 
established efficacy on vertebral and nonvertebral frac-
ture, in older frailer individuals.205 Bisphosphonates 
are the most widely used drugs to treat osteoporosis, 
because of their efficacy and tolerability; they are also 
cost-effective, in particular because they are all generic 
drugs.

Bisphosphonates can also be used in secondary osteo-
porosis, such as corticosteroid-induced osteoporosis. At a 
dose of 5 or 10 mg/day, alendronate is an effective ther-
apy for preventing and treating glucocorticoid-induced 
osteoporosis, preventing bone loss at all skeletal sites 
in men and women, and reducing the rate of new ver-
tebral fractures in postmenopausal women.206 Risedro-
nate (5 mg/day) also increases BMD in patients receiving 
long-term treatments with corticosteroids and may have 
favorable effects on fracture rate.207 Annual intravenous 
zoledronic acid has also shown favorable effects in pre-
vention and treatment of steroid-induced osteoporosis, 
with increases in BMD that were greater than that pro-
duced by risedronate.208

Selective Estrogen Receptor Modulators. These com-
pounds, also called estrogen analogues, act as estrogen 
agonists or antagonists, depending on the target tissue. 
Tamoxifen, which has long been used for the adjuvant 
treatment of breast cancer, is an estrogen antagonist in 
breast tissue but a partial agonist on bone, cholesterol 
metabolism, and endometrium. Tamoxifen does not en-
tirely prevent bone loss in postmenopausal women and 
increases the risk for endometrial cancer, which pre-
cludes its use in healthy postmenopausal women. Ral-
oxifene is a benzothiophene that competitively inhibits 
the action of estrogen in the breast and the endometrium 
and also acts as an estrogen agonist of bone and lipid 
metabolism. In a large 2-year randomized, placebo-con-
trolled trial of raloxifene in postmenopausal women,209 
raloxifene increased lumbar spine (2.4%), total hip 
(2.4%), and total body (2.0%) BMD and significantly 
reduced markers of bone turnover. Serum cholesterol 
concentrations and its low-density lipoprotein (LDL) 
fraction were reduced without stimulation of the endo-
metrium. Results of the Multiple Outcomes of Raloxi-
fene Evaluation (MORE) trial, performed in 7705 osteo-
porotic women randomized to receive either raloxifene 
or placebo, show that the incidence of breast cancer is 
reduced by half in postmenopausal women.210 In this 
study, raloxifene also lowered the incidence of vertebral 
fractures in osteoporotic women with or without exist-

ing fracture but had no significant effect on nonvertebral 
fractures.211 In the RUTH trial, which primary endpoint 
was cardiovascular events, raloxifene did not reduce 
cardiovascular events or mortality in a high-risk popu-
lation of postmenopausal women.212 In addition, two 
trials with incidence of breast cancer as the primary end 
point have confirmed the reduction in receptor-positive 
breast cancer incidence that was suggested in the MORE 
trial.212,213

In a 3-year randomized trial, arzoxifene was compared 
to placebo and raloxifene among 6847 postmenopausal 
osteoporotic women.214 A vertebral fracture risk reduc-
tion of 42% was obtained with arzoxifene compared to 
placebo, which was similar to that observed with raloxi-
fene. It is only in a subgroup analysis of patients at high 
risk that nonvertebral fractures were diminished. The 
adverse events profile was comparable to that of raloxi-
fene. In some countries, bazedoxifene is available in com-
bination with conjugated equine estrogen, to decrease 
postmenopausal symptoms.

Denosumab. Denosumab is a human monoclonal anti-
RANKL antibody. It is a potent antiresorptive agent, 
which is administered by a 60-mg subcutaneous injection 
every 6 months. In a phase II trial, postmenopausal wom-
en with low BMD were randomized to denosumab every 
3 months (Q3M; 6, 14, or 30 mg) or every 6 months 
(Q6M; 14, 60, 100, or 210 mg); placebo; or open-label 
oral alendronate weekly.215After 24 months, patients re-
ceiving denosumab either continued treatment at 60 mg 
Q6M for an additional 24 months, discontinued therapy, 
or discontinued treatment for 12 months then re-initiated 
denosumab (60 mg Q6M) for 12 months. The placebo 
cohort was maintained. Alendronate-treated patients dis-
continued alendronate and were followed. The effects on 
bone turnover were fully reversible with discontinuation 
and restored with subsequent retreatment. In a large ran-
domized, placebo-controlled trial involving postmeno-
pausal women with osteoporosis, denosumab has been 
shown to reduce the risk for vertebral fracture by 68% 
at 3 years.216 The risk for hip fracture was diminished 
by 40% and nonvertebral fractures by 20%. The com-
pound was well tolerated. In a trial among 1189 post-
menopausal osteoporotic women randomized to receive 
either weekly alendronate or denosumab 60 mg every 6 
months, the increase in BMD and the decrease in markers 
of bone resorption was larger in the denosumab group.217 
In a trial conducted in 252 women at high risk for rapid 
loss because of an antiaromatase inhibitor therapy pre-
scribed for nonmetastatic breast cancer over 24 months, 
twice-yearly administration of denosumab led to signifi-
cant increases in BMD over 24 months at trabecular and 
cortical bone, with overall AE rates similar to those of 
placebo.218

In the long-term, denosumab continues to increase 
BMD and maintain a low rate of fracture, after 6 years 
of therapy.219 The safety profile also remained favorable. 
Of note, denosumab use is associated with osteonecro-
sis of the jaw and atypical subtrochanteric fracture, with 
an incidence that is comparable to that observed with 
bisphosphonates.
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Odanacatib. Odanacatib is a cathepsin K inhibitor cur-
rently being developed for the treatment of postmeno-
pausal osteoporosis.220 It is a bone resorption inhibitor, 
but it preserves some degree of bone formation, which 
differentiates this new family of drugs from existing 
antiresorptive therapies. Odanacatib increases bone 
mineral density at the spine and hip, and it improves 
estimated bone strength using finite element analysis 
at the spine and hip as well as at the distal tibia and 
radius. The safety profile has been satisfactory so far. 
A substantial antifracture efficacy has been announced 
when the phase III pivotal trial was ended after interim 
analysis, but we do not yet have access to the complete 
results.

Anabolic Agents
Parathyroid Hormone. PTH stimulates bone formation 
when it is administered intermittently. It can be adminis-
tered as the intact hormone (1-84) or as the 1-34 fragment 
(teriparatide). Teriparatide increases osteoblast birth rate 
and prevents osteoblasts apoptosis, thereby increasing 
the number of osteoblasts and the rate of new bone for-
mation. When given once daily subcutaneously, teripa-
ratide increases BMD and improves trabecular architec-
ture, cortical geometry, and strength. In a randomized 
placebo-controlled trial involving 1637 postmenopausal 
women with severe osteoporosis, the risk for vertebral 
fracture was reduced 65% in those receiving 20 mcg/day 
compared to those on placebo, and their reduction in pe-
ripheral fracture risk was 53%, after a median duration 
of treatment of 21 months.221 Treatment was well toler-
ated, with a transient rise in serum calcium in fewer than 
10% of patients.

The efficacy of intact PTH (1-84) has also been tested. 
In a trial among 2,532 postmenopausal women with 
mildly severe osteoporosis, PTH could reduce the risk for 
vertebral fracture by 40%, but not that of nonvertebral 
fracture. Study results interpretation was hampered by a 
high dropout rate. The incidence of hypercalcemia among 
patients on PTH was 23%.222 This form of PTH is mar-
keted in some European countries, but not in the United 
States.

Abaloparatide. Abaloparatide is a synthetic analogue 
of 1-34 PTH-rp. According to studies presented only in 
abstract form so far, its bone anabolic potential may be 
comparable to that of teriparatide, but it may increase 
bone resorption to a lesser extent, with better bone mass 
improvement as a result. Abaloparatide is currently test-
ed in a phase III trial to demonstrate its antifracture 
efficacy.

Anti-Sclerostin Antibodies. Romosozumab is a human-
ized monoclonal anti-sclerostin antibody, stimulating 
bone formation and decreasing bone resorption. In a 
phase II trial, the BMD gains at the hip and spine were 
greater than with alendronate and teriparatide.223 Phase 
III trials are under way. Blosozumab, another monoclo-
nal antibody against sclerostin, is under investigation in 
phase III.

Other Medications
Calcium. Calcium partially decreases the rate of bone 
loss, especially in women in late postmenopause. It is 
generally prescribed as an adjunct to other drugs such as 
bisphosphonates, and in most clinical trials both the ac-
tive and placebo groups receive calcium supplements.

Calcium is likely to be partially effective in preventing 
bone loss, particularly in older women and those with low 
calcium intake. In the trials reporting all types of fracture 
as an outcome, calcium supplements can reduce the risk 
for fracture by about 10%.224 Calcium supplements also 
reduce bone loss. The supplements are probably more 
efficacious at doses above 1200 mg/day and in associa-
tion with vitamin D doses of at least 800 IU/day. Nev-
ertheless, the effect of calcium supplements on a specific 
type of fracture—the hip fracture—remains controversial 
because some studies suggest a deleterious effect.225

Bioavailability is greater during meals and varies with 
different calcium salts, but this factor is probably of little 
clinical significance. Mild gastrointestinal disturbances 
such as constipation are commonly reported and are 
probably responsible for the poor compliance with pre-
scribed calcium supplements. The risk for kidney stone 
disease related to hypercalciuria appears to be minimally 
increased. In a meta-analysis of 11 randomized, placebo-
controlled trials of calcium supplements approaching 
12,000 individuals, calcium increased the risk for myo-
cardial infarction by about 30%.226 There is no evidence 
that the increased cardiovascular risk may differ across 
varying subpopulations that have been analyzed in large 
pooled datasets.227 There is no evidence, however, that 
the supplements used at low doses around 500 mg/day in 
association with anti-osteoporotic drugs may be associ-
ated with cardiovascular adverse events.

Vitamin D. In a French study of 3270 institutionalized 
women with a mean age of 84 years who were treated 
with calcium (1200 mg/day) and vitamin D (800 IU/day) 
for 1.5 years, the risk for hip fracture and other nonverte-
bral fractures was decreased 43% and 32%, respectively, 
when compared with the placebo group.168 Treatment 
increased serum 25-OHD, decreased serum PTH, and in-
creased femoral neck BMD. However, in a Dutch study 
of 2578 women of similar age treated with 400 IU of vita-
min D or placebo for 3.5 years but without supplemental 
calcium because of higher dietary calcium intake, the rate 
of hip fracture was the same in the two groups.228 These 
women were healthier and more ambulatory, and the hip 
fracture rate was much lower than in the French study. In 
a more recent smaller study, 389 men and women older 
than 63 years of age were treated with vitamin D (700 IU/
day) and calcium (500 mg/day); the study noted a trend 
toward a decrease in nonvertebral fractures.229 Another 
study showed a decrease in nonvertebral fractures when 
vitamin D was given annually by intramuscular injec-
tion.230 These studies show the utility of adequate cal-
cium (500 to 1500 mg/day) and vitamin D (700 IU or 
equivalent) in calcium- and vitamin D–deficient elderly 
women and probably men. A reduction of about 25% has 
also been found in men and women 65 years of age and 
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older living in the community, receiving 100,000 IU of vi-
tamin D every 4 months, for 5 years.231 In elderly women 
recovering from a first hip fracture, a supplement in vita-
min D has been able to increase BMD and to reduce the 
incidence of falls, these effects being more marked with 
the addition of calcium.232 Of note, it has been shown in 
a recent pooled analysis of numerous trials that the ef-
fect of vitamin D is dose-dependent, so it is important to 
prescribe an adequate dose of vitamin D, because the pre-
vention of hip and other nonvertebral fractures requires 
at least 800 IU/day.233

Vitamin D should be used routinely in institutional-
ized patients because they have low vitamin D intake, low 
sunshine exposure, and impaired vitamin D synthesis in 
the skin. When compliance is reduced, oral or intramus-
cular dosing of 100,000 to 200,000 IU can be admin-
istered intermittently, on a monthly or trice monthly 
basis. This way, vitamin D is safe and does not require 
monitoring. The utility of calcium and vitamin D supple-
mentation in healthy older adults with adequate intake 
and normal BMD has not been established. Also, vitamin 
D supplementation in community-dwelling individuals 
without specific risk factors for vitamin D deficiency is 
probably not warranted because there is no substantial 
benefit on BMD.234

Tibolone is a synthetic analogue of anabolic steroids 
with estrogen-like, androgen-like, and progestin-like 
properties, which is marketed in some countries and gen-
erally used as a hormone replacement therapy in post-
menopausal women. It prevents postmenopausal bone 
loss and has positive effects on hot flashes. In the ran-
domized LIFT study, 4538 women between 60 and 85 
years of age with a BMD T-score of –2.5 or less at the 
hip or spine or a T-score of –2.0 or less and radiologic 
evidence of a vertebral fracture, were assigned to receive 
once-daily tibolone (at a dose of 1.25 mg/day) or pla-
cebo. Tibolone reduced the risk for vertebral fracture 
(45%), nonvertebral fracture (26%), invasive breast can-
cer (68%), and possibly colon cancer, but increased the 
risk for stroke.235

Thiazide diuretics reduce tubular resorption of calcium 
and slow cortical bone loss in normal postmenopausal 
women, without proof of antifracture efficacy, so they 
should not be used as a monotherapy in the treatment of 
postmenopausal osteoporosis.236

THE PLACE OF COMBINATION THERAPIES
There is no rationale to combine antiresorptive agents. 
One can speculate that combining an antiresorptive and 
an anabolic agent might improve the bone mass and frac-
ture benefit. PTH is prescribed mostly in patients with 
severe osteoporosis. Those women, however, have often 
received other therapies for osteoporosis (e.g., raloxifene 
or bisphosphonates) before PTH may be started, because 
they continue to fracture. In an observational prospec-
tive study, Ettinger and colleagues treated osteoporotic 
women who had been either on raloxifene or alendronate 
for 18 to 36 months with teriparatide 20 mcg/day for 18 
months.237 They found that teriparatide stimulated bone 

turnover in patients pretreated with raloxifene and alen-
dronate, but the increase in markers of bone formation 
was blunted during the first months among those on prior 
alendronate. Moreover, among those on prior raloxifene, 
the teriparatide-induced increase in BMD was compara-
ble to that reported in treatment-naïve patients, whereas 
prior treatment with alendronate delayed increase in 
BMD, particularly during the first 6 months. One may 
think that activated bone resorption is a prerequisite for 
an effect of PTH on bone formation. Thus, in old female 
sheep treated with the bisphosphonate tiludronate, PTH, 
or PTH and tiludronate, it has been shown that in the 
combined therapy PTH plus tiludronate group, the ana-
bolic effect of PTH—as assessed using biochemical mark-
ers of bone formation and bone histomorphometry—was 
abolished.238 Comparable findings have been made in 
clinical trials in humans. In postmenopausal women 
treated with alendronate and PTH 1-84, the increase in 
volumetric density was comparable to that observed in 
those receiving alendronate alone and significantly lower 
to that of women taking PTH alone, suggesting that con-
current use of alendronate and PTH may reduce the ana-
bolic effects of PTH.239 Similar findings have been made 
in women on the association of teriparatide and alendro-
nate240 and also in men taking alendronate, PTH 1-34, or 
PTH 1-34 plus alendronate.241

These results suggest that PTH and bisphosphonates 
should not be prescribed simultaneously, as the bisphos-
phonate reduces the anabolic effect of the PTH. In con-
trast, in patients who have taken raloxifene before, the 
effect of PTH does not appear to be modified, and in 
those who have taken a bisphosphonate before, the ana-
bolic effect of PTH is still obtained but delayed. This ini-
tial blunting of anabolic effect seemed to depend on the 
potency of the antiresorptive agent preceding the PTH 
treatment, as the increase in markers of bone formation 
is greater in patients who have taken risedronate previ-
ously compared to those who have taken alendronate,242 
and because there is no blunting after raloxifene, which is 
weaker antiresorptive.237,243

Another way to conceive an association of anabolic 
and antiresorptive agents may be to start the drugs not 
simultaneously. Based on the premise that the most 
important anabolic effect of teriparatide is obtained dur-
ing the first months of therapy because the increased bone 
resorption occurring after a few months of treatment off-
sets the bone-forming effect, Muschitz and associates244 
have designed a clinical trial to answer this specific ques-
tion. To this end, postmenopausal women who had been 
on teriparatide for 9 months have been randomized to 
receive raloxifene, alendronate 70 mg, or no medication. 
They found that adding alendronate produced signifi-
cantly greater improvements in BMD—including volu-
metric BMD—at the various sites.

In another trial, the bisphophonate zoledronic acid 
was administered concomitantly to teriparatide, but 
once per year.245 The combination of teripatide and zole-
dronic acid was associated with greater and more rapid 
increases in aBMD at the hip and spine than zoledronic 
acid alone and teriparatide alone. The magnitude of this 
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better increment compared with teriparatide alone, how-
ever, was small; also the antifracture benefit of such an 
improvement in aBMD remains uncertain.

The combination of denosumab and teriparatide has 
also been attempted. In a randomized trial testing the 
variation in aBMD in response to teriparatide, deno-
sumab, and the combination of the two drugs, Tsai 
and co-workers246 found that the combination therapy 
improved aBMD at the spine and hip better than either 
drug alone. At 2 years, this combination of drugs also 
increased BMD at all sites more than each individual 
agent, and the magnitude of the increases were signifi-
cantly greater than that achieved by any currently avail-
able agent.247 There was an unprecedented 6.8% 2-year 
increase in femoral neck BMD and a 12.9% gain at the 
spine. In addition, using HRpQCT, Tsai and co-workers  
showed that the combination increased distal tibial 
cortical thickness and density more than each indi-
vidual medication and that denosumab completely 
inhibited the increase in cortical porosity observed 
with teriparatide monotherapy.248 The antifracture 
influence and the cost-effectiveness of this kind of regi-
men remains to be studied. Of note, the stark differ-
ence that is observed in this trial compared with prior 
studies examining the value of the combination of PTH 
and oral bisphosphonates may stem from the unique 
mechanism of action of denosumab. Bisphosphonate 
exposure may inhibit protein prenylation in preosteo-
blasts, therefore reducing the transformation of lining 
cells into bone-forming osteoblasts, which is not the 
case with denosumab.

Who Should Be Treated?
Indications
Therapeutic recommendations for women rely on results 
of clinical trials in which the main end point was the 
reduction in fracture risk. In men, only zoledronic acid 
has proven efficacy to reduce fracture risk,249 although all 
bisphosphonates increase BMD and reduce levels of bio-
chemical markers to the same extent as that in women. 
The decision-making process should be based on an 
analysis of the patient’s individual risk for fracture and 
the efficacy and tolerance of the drugs to be prescribed. 
This decision should rely on age, the existence of clinical 
risk factors, the magnitude of bone loss as assessed by the 
level of BMD, and the presence or not of previous fragil-
ity fractures.

The most recent therapeutic recommendations rely at 
least partly on the use of the FRAX algorithm. Each country 
can adapt the available models to its public health priori-
ties. For example, in the United Kingdom, a cost-effective-
ness analysis using the probabilities of fracture calculated 
with the FRAX algorithm at various ages and the cost of 
medications in the United Kingdom found that treatment 
is cost-effective at all ages when the 10-year probability of 
a major fracture exceeds 7%.250 The intervention thresh-
old at 50 years of age corresponds to a 10-year probability 
of a major osteoporotic fracture of 7.5% and rises pro-
gressively with age up to 30% at 80 years of age, so that 
intervention is cost-effective at all ages. The use of these 
thresholds in a case-finding strategy would identify 23% to 

46% as eligible for treatment, depending on age. The same 
threshold can be used in men.

In a United States–specific cost-effectiveness analy-
sis, osteoporosis treatment was cost-effective when the 
10-year hip fracture probability reached approximately 
3%.251 Although the relative risk at which treatment 
became cost-effective varied markedly between genders 
and by race/ethnicity, the absolute 10-year hip fracture 
probability at which intervention became cost-effective 
was similar across race/ethnicity groups, and it tended 
to be slightly higher for men than for women. The new 
WHO fracture prediction algorithm has been combined 
with an updated economic analysis to evaluate existing 
NOF guidance for osteoporosis prevention and treat-
ment.252 The WHO fracture prediction algorithm was 
calibrated to the U.S. population using national age-, sex- 
and race-specific death rates and age- and sex-specific 
hip fracture incidence rates. It is cost-effective to treat 
patients with a fragility fracture and those with osteo-
porosis by WHO criteria, as well as older individuals at 
average risk and osteopenic patients with additional risk 
factors. However, the estimated 10-year fracture prob-
ability was lower in men and nonwhite women compared 
to postmenopausal white women. This analysis generally 
endorsed existing clinical practice recommendations and 
concluded that specific treatment decisions must be indi-
vidualized. So, in the latest NOF recommendations, post-
menopausal women and men 50 years of age and older 
presenting with the following should be considered for 
treatment:
  
 •  A hip or vertebral (clinical or morphometric) fracture
 •  T-score ≤–2.5 at the femoral neck or spine after 

appropriate evaluation to exclude secondary causes
 •  Low bone mass (T-score between –1.0 and –2.5 at 

the femoral neck or spine) and 10-year probability 
of a hip fracture ≥3% or 10-year probability of a 
major osteoporosis-related fracture ≥20% based on 
the U.S.-adapted WHO algorithm

  

Which Drug for Which Patient?
Patients with Previous Fragility Fractures
The existence of a previous fragility fracture requires as an 
initial diagnostic step investigation of the differential diag-
nosis and measurement of BMD. The first-line treatment, 
based on the current evidence for antifracture efficacy, 
may be a second-generation bisphosphonate (alendronate, 
risedronate, ibandronate, zoledronic acid), denosumab, or 
raloxifene. In patients with severe osteoporosis (low bone 
mass and prevalent fractures) teriparatide may be indicated. 
General measures including fall prevention and adequate 
nutrition should be implemented. The potential benefits of 
osteoporosis therapy may be limited if life expectancy is 
short, and the decision may be to not treat in very elderly 
women. Whatever the treatment option, adequate calcium 
and vitamin D intake is warranted.

Patients without Fractures
Women with a T-score lower than –2.5 at the spine and 
hip have osteoporosis and should be treated as indicated 
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earlier, unless their life expectancy is short and therefore 
their lifetime risk for fracture is low. For example, women 
older than 80 years of age with no additional risk factor 
for fractures may be treated with calcium and vitamin 
D alone if they have inadequate intake. Women with a 
T-score above –1 have normal BMD and should not be 
treated.

Management of women with a low bone mass, that 
is, with a T-score ranging between –1 and –2.5, is more 
complex. The decision to treat or not is based on the indi-
vidual’s probability of fracture, which depends on the 
magnitude of the deficit in BMD (risk for fracture at a 
T-score of –2 is double the risk for fracture at a T-score 
of –1) and on additive risk factors such as age, maternal 
history of hip fracture, low body weight, and increased 
bone resorption as assessed by a biochemical marker. The 
individual probability of fracture will be quantified with 
the FRAX calculator to help the decision. Although treat-
ing elderly women with low bone mass might be more 
cost-effective than treating younger ones, treating women 
in their late fifties and sixties who have a high lifetime 
risk for fracture may be clinically relevant. Raloxifene or 
bisphosphonates may be proposed.

MODELS OF CARE IN SECONDARY PREVENTION
The majority of patients sustaining a fragility fracture 
are neither assessed for osteoporosis nor correctly man-
aged to prevent further fracture. This has been observed 
in various countries with different health care systems for 
the last 15 years, without real improvement over time. 
Fracture liaison services, however, have been shown to be 
effective in improving the rate of DXA measurements and 
osteoporosis drug use after fracture. It seems that the best 
model of care currently tested is an integrated electronic 
health care network overseen by a coordinator linked to a 
dedicated database measuring performance.253

TREATMENT MONITORING

Monitoring of Treatment with Densitometry
Whether the long-term antifracture efficacy of anti-
osteoporotic drugs will depend on the extent to which 
treatment can increase or maintain BMD is contro-
versial. In one meta-analysis, 16% of vertebral frac-
ture risk reduction after treatment with alendronate 

was attributed to an increase in BMD at the lumbar 
spine.254 For patients treated with risedronate or ral-
oxifene, changes in BMD predict even more poorly the 
degree of reduction in vertebral (raloxifene) or nonver-
tebral (risedronate) fractures. In women taking alen-
dronate and losing BMD (0 to –4%) at the spine during 
the first or second year of treatment, the effect of alen-
dronate on vertebral fracture risk reduction is similar 
to that observed in those women who gained BMD.255 
The relationship between increase in BMD and further 
reduction of fracture risk seems stronger with deno-
sumab, the increment in hip BMD being responsible for 
one third of the reduction in vertebral fracture risk and 
three quarters of the reduction in nonvertebral fracture 
risk.256

For bone-forming agents, increases in BMD account 
for approximately one-third of the vertebral fracture risk 
reduction with teriparatide.257

Monitoring of Treatment with Biochemical Markers of 
Bone Turnover
Antiresorptive therapies such as estrogen, SERMs, deno-
sumab, and bisphosphonates induce a significant decrease 
in bone markers that return to the premenopausal range 
within 3 to 6 months for the resorption markers and 
within 6 to 9 months for the formation markers. A sig-
nificant association has been reported between the short-
term decrease and the absolute level of markers of bone 
turnover with the use of antiresorptive agents (raloxifene 
and bisphosphonates) on the one hand, and the magni-
tude of the risk reduction for vertebral and nonvertebral 
fractures on the other hand.163,164,258 In addition, a large 
prospective study suggests that the use of markers of bone 
turnover in the monitoring of bisphosphonate therapy is 
associated with a greater persistence with therapy than 
in those not monitored.165 Thus, measurement of mark-
ers of bone turnover after a few months of treatment 
may provide useful information on efficacy and improve 
persistence.
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K E Y  P O I N T S

 •  Evaluation of skeletal histology by bone histomorphometry provides a method for 
understanding the pathophysiology of renal bone disease and a guide to its proper 
management. As recently recommended by the Kidney Disease Improving Global 
Outcomes (KDIGO) workgroup, three areas of bone histology are examined: bone 
turnover, mineralization, and volume, all of which may be altered in patients with 
CKD. Furthermore, recent studies examining changes in bone protein expression in 
CKD have yielded insights into the pathogenesis of ROD (renal osetodystrophy) which 
may have future implications for diagnosis and treatment.

 •  Cardiovascular disease is the most common cause of mortality in patients with all 
stages of CKD, with young (i.e., 20- and 30-year -old) dialysis patients displaying 
the same rates of mortality from cardiovascular disease as 80-year-old individuals 
in the general population. Cardiovascular disease is not limited to adults but is also 
common in children with CKD. In addition to traditional risk factors for cardiovascular 
disease (e.g., hypertension, smoking) found in the general population, risk factors 
for vascular disease in pre-dialysis CKD and dialysis patients include hypercalcemia, 
hyperphosphatemia, FGF23, elevated levels of the calcium x phosphorus product, 
and treatment with high doses of calcium salts and vitamin D sterols. However, 40% 
of adult patients with stage 3 CKD, without these risk factors, show evidence of 
calcification, and changes in carotid artery wall thickness are apparent in children as 
early as CKD stage 2, suggesting that additional factors associated with CKD play a 
critical role in accelerating the process of vascular calcification.

 •  To minimize complications in the skeleton and prevent extraskeletal calcifications, 
particular attention must be given to alterations of bone and mineral metabolism in 
CKD. The specific aims of management of CKD-MBD are to (1) maintain blood levels 
of serum calcium and phosphorus within normal limits, (2) prevent hyperplasia of the 
parathyroid glands and maintain serum PTH at levels appropriate for the stage of CKD, 
(3) avoid the development of extraskeletal calcifications, and (4) prevent or reverse the 
accumulation of toxic substances such as aluminum, β2-microglobulin, and FGF23.
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The kidney plays a major role in bone and mineral homeo-
stasis by regulating calcium, phosphorous, parathyroid 
hormone (PTH), fibroblast growth factor 23 (FGF23), and 
calcitriol [1,25-dihydroxyvitamin D3 or 1,25(OH)2D3] 
metabolism. Disordered regulation of mineral metabolism 
occurs early in the course of chronic kidney disease (CKD) 
and results in alterations in bone modeling and remodeling. 
A growing body of evidence demonstrates that cardiovas-
cular calcifications accompany CKD, that cardiovascular 
disease is the leading cause of mortality in patients with 
CKD, and that therapies designed to treat the skeletal 
consequences of CKD affect the progression of vascular 
pathology; this has led to reclassification of the mineral, 
skeletal, and vascular complications associated with pro-
gressive kidney disease. Together, these alterations are 
termed CKD mineral and bone disorder (CKD-MBD).1

CKD-MBD is defined as a systemic disorder of mineral 
and bone metabolism due to CKD that is manifested by 
one or a combination of the following: (1) abnormalities of 
calcium, phosphorous, PTH, or vitamin D metabolism; (2) 
abnormalities in bone histology, linear growth, or strength; 
or (3) vascular or other soft-tissue calcification. Renal osteo-
dystrophy is the specific term used to describe the bone 
pathology that occurs as a complication of CKD and there-
fore is one aspect of CKD-MBD. Traditionally, such lesions 
have been defined according to alterations in bone turnover, 
ranging from high bone turnover (secondary hyperparathy-
roidism, osteitis fibrosa) to low bone turnover (adynamic 
bone disease and osteomalacia). However, alterations in 
skeletal mineralization and volume are common in patients 
in CKD1 and are associated with changes in bone cell biol-
ogy, which may contribute to such outcomes as fractures 
and skeletal deformities that persist despite normalization of 
bone turnover.2 Bone histomorphometry continues to be the 
gold standard for the assessment of three essential aspects 
of bone histology: turnover, mineralization, and volume.1 
This chapter summarizes major aspects of the pathogenesis, 
clinical manifestations, histologic features, and therapeutic 
interventions currently used in the management of CKD-
MBD. Clinical and histologic features of bone disease after 
successful kidney transplantation are also described.

PATHOGENESIS OF CKD-MBD
Historically, the evaluation of abnormal mineral metabolism 
in CKD has focused on the development of secondary hyper-
parathyroidism. While increases in circulating PTH levels 
and the consequences of these values on the skeleton remain 
important complications of CKD, recent advances in the field 
of bone and mineral metabolism suggest that the parathy-
roid gland is not the only endocrine organ whose physiology 
is altered by kidney dysfunction. Indeed, osteocytes in bone 
produce a circulating hormone, fibroblast growth factor 23 
(FGF23), increased levels of which may be the initial indica-
tor of altered mineral metabolism in early CKD.3 In addition 
to their role in the development of secondary hyperpara-
thyroidism, elevated values of FGF23 have systemic “off-
target” effects, including the promotion of left ventricular 
hypertrophy,4 increased mortality rates,5 and faster deterio-
ration of renal function.6 Since circulating FGF23 values are 
influenced by therapies used to treat secondary hyperpara-
thyroidism,7-9 the effects of different therapeutic paradigms 

on FGF23 have important implications for mineral metabo-
lism as well as for morbidity and mortality.

Abnormalities of Calcium, Phosphorous, FGF23,  
Vitamin D, and PTH Metabolism and Assessment of 
Parathyroid Hormone Levels

FGF23
The decline in circulating levels of 1,25(OH)2D3 that occurs 
in early CKD has traditionally been attributed to a decrease 
in functional renal tissue. The concept of declining renal 
mass as the primary determinant of reduced 1,25(OH)2D3 
levels in early CKD changed in 2005 when Gutierrez and 
colleagues described a significantly higher prevalence of 
1,25(OH)2D3 deficiency than of anemia (i.e., erythropoi-
etin deficiency) in adult patients with early CKD.10 This 
finding, combined with earlier studies demonstrating that 
levels of FGF23 were increased in patients with various 
degrees of renal dysfunction,11 suggested that suppression 
of renal 1-α hydroxylase, rather than loss of renal mass 
(which would be expected to affect renal 1α-hydroxylase 
and erythropoietin to a similar degree), results in decreased 
values of 1,25(OH)2D3, particularly in early stages of CKD, 
and that this suppression may be mediated by increasing 
circulating FGF23 levels (Fig. 70-1).

FGF23 is a skeletal hormone that binds to one or sev-
eral FGF receptors12-14 along with its co-receptor, Klotho, 
to inhibit the expression of the types IIa and IIc sodium-
phosphate co-transporters on the apical membrane of renal 
proximal tubular cells, thus inducing phosphaturia.15,16 In 
contrast to PTH, which also induces phosphaturia while 
increasing renal 1α-hydroxylase activity, FGF23 both 
suppresses renal 1α-hydroxylase and stimulates renal 
24-hydroxylase activity,15,16 thus suppressing the produc-
tion of calcitriol and increasing degradation of both 25(OH)
D3 and 1,25(OH)2D3. In addition to regulating phosphate 
and vitamin D levels, FGF23 is itself regulated by phospho-
rus, 1,25(OH)2D3, serum calcium levels,17 and probably 
also by PTH.18,19 Sustained increases in dietary phosphorus 
and the administration of 1,25(OH)2D3 increase circulat-
ing FGF23 levels,20 while dietary phosphorus restriction 
reverses this trend.21 In patients with CKD, circulating levels 
of FGF23 rise progressively as renal function declines. Con-
troversy exists as to the etiology of increased FGF23 values 
in early CKD, with some studies suggesting a role for early, 
possibly intermittent increases in enteral phosphate burden 
and others suggesting that PTH levels increase first and 
result in elevated FGF23 concentrations. Studies in humans 
and animals have shown that low-phosphate diets, ablation 
of intestinal transporter NPT2b, or inactivating mutations 
in kidney transporter NPT2a and NPT2c lead to reduced 
FGF23 levels. Other phosphate-independent mechanisms 
may also contribute to the increase in FGF23 in CKD, such 
as a decrease in circulating and membrane-bound Klotho 
levels22; iron deficiency that stimulates FGF23 transcription 
in osteocytes,23 increased levels of cleaved αKlotho (cKL) 
that regulates phosphate homeostasis by inducing FGF23 
production,24 and inflammation.

Regardless of etiology, current data demonstrate that 
increased FGF23 expression in ostoecytes occurs early in 
the course of CKD and that circulating FGF23 levels are 
increased in 30% to 40% of adult and pediatric patients 
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with an estimated GFR of 70 to 90 mL/min/1.73m2, while 
PTH concentrations are above the normal range in only 
10% of these same individuals.3,25 Thus, it appears that 
an early increase in FGF23 is the first detectable biochem-
ical evidence for an abnormal regulation of mineral ion 
homeostasis in early CKD, while serum calcium, phos-
phorus, and PTH are within the normal range, leading to 
the early decline in 1,25(OH)2D3 levels and the develop-
ment of secondary hyperparathyroidism.

1,25(OH)2Vitamin D
Following increases in FGF23, a decline in 1,25(OH)2D3 
levels leads both to impaired intestinal calcium absorption 
as well as to increased serum parathyroid hormone (PTH) 
levels.2 Increased PTH levels maintain normocalcemia in the 
face of impaired intestinal calcium absorption by increasing 
calcium release from bone and by stimulating 1,25(OH)2D3. 
In addition, increases in PTH increase the amount of phos-
phate that must be excreted by a declining number of func-
tional nephrons. When renal function becomes severely 
impaired, phosphate levels rise, further suppressing renal 
1α-hydroxylase activity and increasing PTH levels.3 Thus, 
in late stages of CKD, hypocalcemia, hyperphosphatemia, 
and low circulating 1,25(OH)2D3 values all contribute to 
the development of secondary hyperparathyroidism.4

Low circulating levels of 1,25(OH)2D3 have conse-
quences for many tissues. Aside from its effect on intestinal 
calcium absorption, 1,25(OH)2D3 plays a direct role in the 
suppression of PTH gene transcription (see later). Animal 
studies also indicate that 1,25(OH)2D3 is essential for nor-
mal skeletal physiology—particularly in growing animals—
and that this effect may not be mediated by the vitamin D 
receptor (VDR). Mice who lack the VDR [i.e., mice unable 
to respond to the actions of 1,25(OH)2D3 through its clas-
sical receptor] are phenotypically similar to those lacking 
the 1 α-hydroxylase gene itself (i.e., mice unable to gener-
ate 1,25(OH)2 D3); both sets of mice are hypocalcemic with 
markedly elevated serum PTH levels, parathyroid gland 
hyperplasia, and rickets.26 However, a diet replete in cal-
cium, phosphorus, and lactate is sufficient to normalize 
serum calcium, phosphorous, and PTH levels and to prevent 

the development of rickets in VDR-deficient animals.26 By 
contrast, this “rescue diet” is unable to completely reverse 
growth plate abnormalities in 1α-hydroxylase–deficient 
mice, suggesting that 1,25(OH)2D3, acting through a recep-
tor other than the classical VDR, may be essential for proper 
growth plate development.26 1,25(OH)2 D3 has been shown 
to regulate the renin-angiotensin system; 1α-hydroxylase–
deficient mice demonstrate cardiac hypertrophy and dysfunc-
tion, which are reversed with angiotensin-converting enzyme 
blockade.27,28 In addition, recently Ito and associates showed 
that 1,25(OH)2D3 attenuates renal fibrosis by inhibiting 
TGF-β-SMAD signal transduction.29 Thus, 1,25(OH)2D3 
may be essential for cardiac health and progressive renal 
dysfunction—a finding that could explain observational data 
suggesting that active vitamin D sterol therapy improves sur-
vival in patients treated with maintenance dialysis.30,31 How-
ever, a recent prospective randomized trial demonstrated 
that therapy with paricalcitrol did not affect left ventricular 
mass index in patients with CKD stages 3 to 4.32

Native 25-hydroxyvitamin D [25(OH)D] deficiency is 
prevalent in patients with CKD; low levels of this form of 
the hormone also contribute to altered mineral metabolism. 
Vitamin D may be made in the skin or ingested from the 
diet.33,34 Ultraviolet B (UVB) (290 to 315 nm) photons pen-
etrate the skin and are absorbed by 7-dehydrocholesterol  
to form previtamin D3, which then spontaneously con-
verts to vitamin D3. Vitamin D3 is extruded from the skin 
cell into the extracellular space, where it binds vitamin D–
binding protein.35 Although vitamin D created in the skin 
is exclusively of the D3 form, dietary sources of vitamin 
D and food supplements may contain vitamin D2 (cre-
ated through UV irradiation of ergosterol in yeast) or D3 
(from animal sources, particularly fish). Vitamin D (both 
D2 and D3) undergoes hydroxylation by the liver, forming 
25(OH)D.36 Subsequently, 25(OH)D is taken up by renal 
tubular cells through a megalin-dependent process and 
undergoes a second hydroxylation, facilitated by renal 
1α-hydroxylase, to 1,25(OH)2D3, a more potent stimula-
tor of gut calcium absorption. Conversion of 25(OH)D 
to 1,25(OH)2D3 is independent of 25(OH)D stores in the 
general population but becomes a substrate-dependent 
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Figure 70-1 A, Median levels of calcium, phosphorus, and parathyroid hormone (PTH) per stage of chronic kidney disease (CKD). Median serum levels 
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PTH, calcium, and phosphorus in patients with chronic kidney disease: results of the study to evaluate early kidney disease. Kidney Int. 2007; 71, 31-38.)
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process in patients with CKD.37 Although the actions of 
25(OH)D have been underemphasized in CKD, extrarenal 
1α-hydroxylase activity may significantly contribute to 
1,25(OH)2D3 production, even in anephric patients.38-40 
Thus low levels of the precursor, 25(OH)D, exacerbate 
1,25(OH)2D3 deficiency in the context of CKD.

Although there is controversy as to its definition, with 
the Institute of Medicine using a value of <20 ng/mL41 and 
the National Kidney Foundation a cutoff of 30 ng/mL,42  
vitamin D deficiency is common in the CKD popula-
tion. Levels of 25(OH)D below 32 ng/mL are associated 
with increased PTH levels, reduced bone mineral density 
(BMD),43 and increased rates of hip fracture44 in the gen-
eral population and therefore represent insufficient vitamin 
D storage. Regardless of whether a cutoff value of 20 ng/
mL or 30 ng/mL is used, it is interesting to note that 25(OH)
D deficiency is prevalent in the general population, and a 
large percentage—as many as 57% in one series of medi-
cal inpatients45—have serum levels <15 ng/mL. Prevalence 
is higher in individuals with darker skin pigmentation, with 
52% of Hispanic and black  adolescents from the same 
cohort meeting the criteria for vitamin D deficiency.46 Sev-
eral studies have documented a high prevalence of 25(OH)
D deficiency in patients with CKD.47,48 Patients with CKD 
are at increased risk for vitamin D deficiency for several rea-
sons. Many are chronically ill with little outdoor (sunlight) 
exposure, and CKD dietary restrictions, particularly of dairy 
products, curtail the intake of vitamin D–rich food.49 When 
compared with individuals with normal kidney function, 
patients with CKD display decreased skin synthesis of vita-
min D3 in response to sunlight.50 This is exacerbated in indi-
viduals with darker skin.51 Proteinuria also contributes to D 
deficiency in the CKD population; 25(OH)D, in combina-
tion with vitamin D–binding protein, is lost in the urine.52,53

Calcium and Phosphorus
1,25(OH)2D3, the most active form of vitamin D, regu-
lates serum calcium levels by increasing intestinal cal-
cium absorption. The kidney generates most circulating 
1,25(OH)2D3, converting 25(OH)D to 1,25(OH)2D3 by 
means of the enzyme 1α-hydroxylase. As kidney disease 
progresses, calcitriol levels and intestinal calcium absorp-
tion decline. However, at the same time, rising PTH lev-
els increase 1α-hydroxylase activity, release calcium and 
phosphorus from bone, and promote renal conservation 
of calcium, thus maintaining serum calcium levels within 
the normal range until late in the course of CKD.54 Indeed, 
calcium balance is positive in patients with CKD stages 3 
and 4 who receive 1500 mg/day of calcium supplement.55

Likewise, serum phosphorous levels usually are main-
tained in the normal range throughout mild to moder-
ate CKD. Elevated serum PTH and FGF23 levels increase 
phosphate excretion, thus maintaining overall phosphate 
balance until the glomerular filtration rate (GFR) declines 
to 25% to 30% of normal.56,57 Indeed, phosphate bal-
ance is neutral in patients with CKD stages 3 and 4.55 In 
late (stage 4) CKD, hyperphosphatemia ensues and con-
tributes to secondary hyperparathyroidism.3,54

Parathyroid Hormone
The human PTH gene is located on chromosome 11 and 
contains two introns that separate three exons encoding 

the 5′ untranslated region (UTR), the prepro region and 
PTH, and the 3′ untranslated region. The initial transla-
tional product of the mRNA is prepro-PTH, a 115–amino 
acid single-chain polypeptide, which undergoes conver-
sion to pro-PTH (90 amino acids) in the rough endo-
plasmic reticulum. Six additional residues are removed 
from the N-terminal of pro-PTH in the Golgi appara-
tus to form the biologically active 1-84 PTH. PTH then 
is stored in secretory granules prior to release into the 
bloodstream.58,59 Sustained increases in PTH secretion 
occur with progression of CKD. This prolonged stimula-
tion leads to high turnover bone disease and to the devel-
opment of parathyroid gland hyperplasia.

PTH levels increase in response to alterations in metab-
olism of calcium, 1,25(OH)2 D3, phosphorus, 25(OH)D, 
and FGF23 (Fig. 70-2). With the progression of CKD, 
additional factors develop that sustain high produc-
tion of PTH. Among these factors are alterations in the 
regulation of prepro-PTH gene transcription, posttran-
scriptional modifications of PTH mRNA, reductions in 
calcium-sensing receptor (CaSR) and vitamin D receptor 
expression in the parathyroid glands, autonomous activ-
ity of adenomatous parathyroid glands, and skeletal resis-
tance to the calcemic actions of PTH.

Calcium is the primary stimulus for PTH release. Cal-
cium directly regulates PTH release via activation of the 
CaSR. Activation of the CaSR decreases PTH release; 
deactivation increases PTH secretion. Serum calcium 
levels also regulate pre-pro PTH transcription via two 
negative calcium-response elements (nCaRE) located far 
upstream (–2.4 kbp and –3.5 kbp) of the PTH gene,60 and 
low serum calcium levels increase the stability of PTH 
mRNA by increasing levels of cytosolic parathyroid pro-
teins, including AUF1,61 which binds to the 3′ UTR of 
the PTH mRNA. Thus, low levels of serum calcium pres-
ent in CKD increase the amount of PTH release and the 
longevity of the PTH transcript. However, serum calcium 
levels are maintained within the normal range until late 
in the course of CKD, but serum PTH levels begin to rise 
much earlier, before any changes in serum calcium are 
evident.3,54 This suggests that declining 1,25(OH)2 D3 
values may contribute to increasing PTH values in mod-
erate stages of CKD.62,63

Figure 70-2 Pathogenesis of disordered mineral metabolism in chronic  
kidney disease (CKD). Dark arrows indicate effects of altered para-
thyroid hormone regulation; open arrows depict changes in FGF23 
 metabolism.
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Apart from its effects on serum calcium levels, 1,25(OH)2 
D directly suppresses PTH levels. In conjunction with the 
VDR, 1,25(OH)2D3 binds negative vitamin D response 
elements in the promoter region of the PTH gene, thus 
inhibiting prepro-PTH gene transcription.64,65 In a posi-
tive-feedback loop, 1,25(OH)2D3 itself increases VDR gene 
expression in the parathyroid glands, further suppressing 
PTH gene transcription. 1,25(OH)2D3 also increases the 
expression of the CaSR, the expression of which is reduced 
in hyperplastic parathyroid tissues obtained from patients 
with secondary hyperparathyroidism.66 Vitamin D defi-
ciency in animals is associated with decreased expression of 
CaSR mRNA in parathyroid tissue; 1,25(OH)2D3 therapy 
increases CaSR mRNA levels in a dose-dependent man-
ner.67 Because 1,25(OH)2D3 is a potent inhibitor of cell pro-
liferation, disturbances in renal calcitriol production and/or 
changes in VDR expression may be particularly important 
determinants of the degree of parathyroid hyperplasia and 
the extent of parathyroid gland enlargement in CKD.68

Phosphorous retention and hyperphosphatemia have 
been recognized for many years as important factors in 
the pathogenesis of secondary hyperparathyroidism. 
Phosphorous retention and hyperphosphatemia indi-
rectly increase the production of PTH in several ways. 
Hyperphosphatemia lowers blood ionized calcium levels 
as free calcium ions complex with excess inorganic phos-
phate. The ensuing hypocalcemia stimulates PTH release. 
Increased phosphorus also impairs renal 1 α-hydroxylase 
activity, which diminishes the conversion of 25(OH)D to 
1,25(OH)2D3.69 Finally, phosphorus can directly enhance 
PTH synthesis. High serum phosphorous levels decrease 
cytosolic phospholipase A2 (normally increased by CaSR 
activation), leading to a decrease in arachidonic acid 
production with a subsequent increase in PTH produc-
tion.70 Hypophosphatemia also decreases PTH mRNA 
transcript stability in vitro,71 suggesting that phosphorus 
itself affects serum PTH levels, probably by increasing the 
stability of the PTH mRNA transcript.

Although the actions of 25(OH)D have been underem-
phasized in dialyzed patients, evidence suggests that levels 
of this so-called “storage” form of vitamin D have both 
indirect and direct effects on PTH secretion. Extrarenal 
1 α-hydroxylase activity may contribute significantly 
to calcitriol production, even in anephric patients.38,39 
Furthermore, recent evidence suggests the presence of 1 
α-hydroxylase in the parathyroid glands. 25(OH)D is con-
verted inside the gland to 1,25(OH)2D, thereby suppress-
ing PTH.72 25(OH)D administration suppresses PTH 
synthesis, even when parathyroid gland 1 α-hydroxylase 
is inhibited, indicating that 25(OH)D contributes to PTH 
suppression independent of its conversion to calcitriol.72 
Indeed, recent studies have demonstrated that supplemen-
tation with ergocalciferol decreases serum PTH levels in 
patients with CKD.73-75 Such findings suggest that assess-
ment of vitamin D status should be routinely performed 
in this patient population.42

Altered FGF23 synthesis and secretion may contribute 
to increasing PTH levels through both indirect and direct 
mechanisms. Levels of FGF23 rise as CKD progresses3 
and contribute to declining 1,25(OH)2D levels. Lower 
1,25(OH)2D levels, in turn, result in increasing PTH 

release. FGF23 levels have been implicated in direct regu-
lation of parathyroid gland function. In vitro and in vivo 
analysis of parathyroid glands from animals with normal 
renal function demonstrates that FGF23 suppresses PTH 
secretion through a mechanism independent of its actions 
on vitamin D metabolism.18,19

Alterations in parathyroid gland CaSR expression also 
occur in secondary hyperparathyroidism and may contrib-
ute to parathyroid gland hyperplasia. The CaSR is a seven-
transmembrane G protein–coupled receptor with a large 
extracellular N-terminus, which binds acidic amino acids 
and divalent cations.76 Low extracellular calcium levels 
result in decreased calcium binding to the receptor, confor-
mational relaxation of the receptor, and a resultant increase 
in PTH secretion,77 while activation of the receptor by high 
levels of serum calcium decreases PTH secretion.78 Expres-
sion of the CaSR is reduced by 30% to 70%, as judged 
by immunohistochemical methods in hyperplastic parathy-
roid tissue obtained from human subjects with renal fail-
ure.66,79 Decreased expression and activity of CaSR have 
been linked to decreased responsiveness in PTH secretion 
due to altered calcium levels.80 This decreased expression 
of the CaSR results in insensitivity to serum calcium levels 
with subsequent uncontrolled secretion of PTH. Increased 
stimulation of the CaSR by calcimimetics has been shown 
to decrease PTH cell proliferation, implicating the CaSR as 
a regulator of cell proliferation and PTH secretion.81

The link between the CaSR and vitamin D in cell 
cycling in the parathyroid gland is incompletely under-
stood. However, some evidence suggests that vitamin D 
may decrease parathyroid hyperplasia by activating the 
CaSR. CaSR gene transcription is regulated by vitamin D  
through two distinct vitamin D response elements in the 
gene’s promoter region,82 suggesting that alterations in 
vitamin D metabolism in renal failure could account for 
changes in calcium sensing by the parathyroid glands, 
and that vitamin D may act upstream of the CaSR in pre-
venting parathyroid cell hyperplasia.83

Once established, parathyroid enlargement is difficult 
to reverse because the rate of apoptosis in parathyroid 
glands is low, and the half-life of parathyroid cells is 
approximately 30 years.84 Chronic stimulation of para-
thyroid glands may lead to chromosomal changes that 
ultimately result in autonomous, unregulated growth and 
hormone release.85 Hyperplastic parathyroid tissue has 
been shown to develop inactivation of tumor suppressor 
genes MEN1, the retinoblastoma protein,86,87 and/or acti-
vating mutations of the RET proto-oncogene (MEN2a).88 
Chromosomal translocations resulting in the parathyroid 
promoter driving cell cycle proteins (particularly cyclin D1)  
have been shown to be present in parathyroid adeno-
mas.89 Even in the absence of somatic mutations, PTH 
secretion from enlarged parathyroid glands may become 
uncontrollable owing to the nonsuppressible component 
of PTH release from a large number of parathyroid cells. 
This alone may be sufficient to produce hypercalcemia 
and progressive bone disease in patients with end-stage 
renal disease (see Fig. 70-2).

The assessment of serum PTH levels in CKD is compli-
cated by the development of skeletal resistance to the calce-
mic actions of the hormone with progressive kidney disease. 
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Indeed, PTH values that are two to nine times the normal 
range are associated with normal bone turnover in patients 
treated with maintenance dialysis,1 while similar PTH values 
in patients with mild to moderate kidney disease are asso-
ciated with high turnover osteodystrophy.90,91 Although 
the precise mechanisms are poorly understood, uremia has 
been associated with this “skeletal resistance” to the actions 
of PTH, due to multiple factors including, although likely 
not limited to, the accumulation of circulating PTH frag-
ments92 and changes in osteocyte biology.93,94 Indeed, in 
2004 Lund and associates demonstrated that renal ablation 
in mice resulted in low bone turnover if circulating levels 
of calcium, phosphate, 1,25(OH)2D3, and PTH were kept 
constant, suggesting that some changes in bone turnover, 
particularly in early CKD, are independent of measurable 
changes in mineral ion homeostasis.95 Uremic animals dis-
play decreased PTH/PTHrP receptor mRNA expression 
in bone and growth plate.96,97 Hyperphosphatemia and 
alterations in vitamin D metabolism, among other factors, 
have been implicated in these changes, and calcitriol admin-
istration has been shown to partially restore the calcemic 
response to PTH in both experimental animals and patients 
with moderate CKD.98 Sabbagh and coworkers also dem-
onstrated an increase in osteocytic sclerostin expression—an 
inhibitor of Wnt signaling–mediated bone turnover—that is 
related to changes in bone turnover with progressive CKD.93 
Despite this “skeletal resistance” to PTH, many patients 
with  end-stage kidney disease display bone biopsy evidence 
of PTH excess.

Assessment of PTH levels is also complicated by the 
accumulation of fragments. PTH levels determined by 
first-generation PTH-IMAs (immunometric assays) over-
estimate the concentration of PTH(1-84) by 40% to 50% 
in healthy individuals and in those with varying degrees 
of CKD. In vitro and in vivo experimental data indicate 
that one or more aminoterminally truncated PTH(1-84) 
fragments antagonize the calcemic actions of PTH(1-84) 
and diminish bone cell activity, and therefore may modu-
late bone metabolism. Indeed, PTH(7-84) has hypocalce-
mic properties in vivo.92,99 Although Monier-Faugere and 
colleagues suggested that second-generation PTH-IMAs, 
which measure exclusively the full-length PTH(1-84) 
molecule, and the ratio between PTH(1-84) and amino-
truncated PTH fragments (calculated from the differ-
ences in PTH levels determined between first and second 

PTH-IMAs) could be better predictors of bone turnover 
than first-generation PTH-IMA,100 these findings were not 
confirmed by subsequent investigations.101,102 When the 
crucial role of serum PTH concentrations in the diagnosis 
and treatment of renal osteodystrophy is considered, sec-
ond-generation PTH-IMA may provide important new 
insights into the physiology of parathyroid gland func-
tion, although not in the prediction of different subtypes 
of renal osteodystrophy. At present, measurements of 
PTH using first- or second-generation PTH-IMAs have 
shown similar accuracy for predicting bone turnover in 
patients undergoing maintenance dialysis. Current data 
do not yet support the claim that second-generation PTH-
IMAs provide an advantage over first-generation PTH-
IMAs in the diagnosis of different subtypes of renal bone 
disease. More recently, discrimination of nonoxidized 
from oxidized forms of PTH has been shown not only 
to discriminate between active and inactive forms of the 
molecule but also to predict adverse outcomes in dialysis 
patients103; these assays are not currently available for 
clinical practice, however1 (Fig. 70-3).

PATHOGENESIS OF RENAL BONE DISEASES

Abnormalities in Bone Turnover, Mineralization,  
and Volume
Evaluation of skeletal histology by bone histomorphom-
etry provides a method for understanding the patho-
physiology of renal bone disease and a guide to its proper 
management. As recently recommended by the Kidney 
Disease Improving Global Outcomes (KDIGO) work-
group, three areas of bone histology are examined: bone 
turnover, mineralization, and volume, all of which may 
be altered in patients with CKD.1 Furthermore, recent 
studies examining changes in bone protein expression in 
CKD have yielded insights into the pathogenesis of ROD 
(renal osteodystrophy)93 which may have future implica-
tions for diagnosis and treatment.

Turnover
The bone in secondary hyperparathyroidism exhibits 
a marked increase in turnover with increased numbers 
of osteoblasts and osteoclasts and variable degrees of 
peritrabecular fibrosis (Figs. 70-4). Activation of osteo-
clasts is mediated through PTH104; the result is increased 

A B

Figure 70-3 Bone histology, osteitis fibrosa. A, Under light microscopy, an increase in cellular activity, osteoid accumulation, erosion, and fibrosis 
are visible. B, An increase in double tetracycline labeling signifies an increase in bone turnover rate.
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resorption of both mineral and matrix along the tra-
becular surface and within the haversian canals of cor-
tical bone.105 Such increased cellular activity can occur 
secondary to a nonspecific reaction to local factors, 
such as insulin-like growth factor-1 (IGF-1), cytokines, 
or fracture, or as the result of systemic stimuli, such as 
increased thyroxine or PTH. One characteristic of high 
bone turnover is increased quantities of woven osteoid, 
exhibiting haphazard arrangements of collagen fibers in 
contrast to the usual lamellar pattern of osteoid in normal 
bone. Woven osteoid can become mineralized in patients 
with advanced kidney disease in the absence of vitamin 
D; however, the calcium may be deposited as amorphous 
calcium phosphate rather than hydroxyapatite.106

At the other end of the spectrum of bone turnover, over-
suppression of PTH secretion can result in adynamic renal 
osteodystrophy (Fig. 70-5). Approximately 40% of those 
treated with hemodialysis and more than half of adult 
patients undergoing peritoneal dialysis have serum PTH 
levels that are only minimally elevated or that fall within 
the normal range; such values are typically associated 

with normal or reduced rates of bone formation and turn-
over.107 Prolonged treatment with calcium- containing 
phosphate-binding medications, therapy with active vita-
min D sterols, and the use of high-dialysate calcium con-
centrations are the most common factors contributing to 
low bone turnover.108 Calcitriol may directly suppress 
osteoblastic activity when given intermittently in large 
doses to patients receiving regular dialysis.109 Adynamic 
bone disease is characterized by normal osteoid volume, 
an absence of fibrosis, and a reduced bone formation rate, 
as indicated by a reduced or absent double tetracycline 
label on bone histomorphometry (see Fig. 70-5). A paucity 
of osteoblasts and osteoclasts is observed.110 Adynamic 
bone is associated with low PTH levels, low alkaline phos-
phatase levels, high serum calcium levels, and a propensity 
for increased vascular calcification.111 The long-term con-
sequences of adynamic renal osteodystrophy remain to be 
determined, but concerns have been raised about increases 
in the risk for skeletal fracture and delayed fracture healing 
due to low rates of bone remodeling. The development of 
soft-tissue and vascular calcifications has been associated 
with adynamic bone disease in cross-sectional studies.111 
In prepubertal children, adynamic renal osteodystrophy 
has been associated with a reduction in linear growth.112

Mineralization
Although renal osteodystrophy has traditionally been 
defined by lesions in bone turnover, abnormalities in skel-
etal mineralization have been observed in both adults113 
and children with CKD.91 Until recently, bone histology 
data in early CKD from humans were limited; however, 
current bone biopsy data have filled some of this infor-
mation gap and have identified a skeletal mineraliza-
tion defect in as many as 30% to 40% of children with 
early CKD (a glomerular filtration rate of 60 to 90 mL/
min/1.73 m2). Although the prevalence of the mineral-
ization defect in adults remains controversial, data from 
Brazil suggest that it may also be common in the adult 
predialysis CKD population, particularly in those indi-
viduals with low bone mineral density.113 The prevalence 
of defective mineralization increases with progressive 
renal dysfunction, and a startlingly high (50% to 80%) 
incidence of mineralization has been described in pediat-
ric dialysis patients both before and during therapy with 
active vitamin D sterols for secondary hyperparathyroid-
ism.9 While the clinical implications of defective miner-
alization in patients with CKD remain to be established, 
increased fracture rates, bone deformities, and growth 
retardation—common features of children with rickets—
are common in the pediatric CKD population,2 and these 
lesions persist despite adequate suppression of secondary 
hyperparathyroidism.9 Defective mineralization associ-
ated with low to normal bone turnover is termed osteo-
malacia, while abnormal mineralization in the presence 
of high bone turnover is termed mixed disease.1 Histo-
morphometric characteristics of defective mineralization 
include the presence of wide osteoid seams, an increased 
number of osteoid lamellae, and an increase in the tra-
becular surface covered with osteoid.115

Although the mechanisms of skeletal mineralization 
are incompletely understood, factors such as 25(OH)D  

Figure 70-4 Bone histology, adynamic bone. Under light microscopy, 
decreased cellular activity occurs with minimal osteoid accumulation.
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Figure 70-5 Coronary artery calcification scores in 39 children and 
young adults with end-stage renal disease who were treated by dialysis, 
according to age. Coronary artery calcification was assessed by electron 
beam computed tomography. The scale on the y-axis is logarithmic. 
(Data from Goodman WG, Goldin J, Kuizon BD, et al: Coronary artery 
calcification in young adults with end-stage renal disease who are under-
going dialysis, N Engl J Med. 2000; 342:1478-1483.)
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deficiency and altered FGF23 metabolism have been 
implicated in their pathogenesis. In the general popula-
tion, nutritional 25(OH)D deficiency results in osteo-
malacia, and a similar phenotype may occur in patients 
with CKD. Altered osteocyte biology may also contrib-
ute. Indeed, skeletal expression FGF23 is already mark-
edly upregulated in osteocytes in very early CKD,94 
occurring as early as CKD stage 2, at a time when serum 
PTH, vitamin D, calcium, and phosphorus concentra-
tions are still within the normal range,54 but when 
circulating values of FGF23 are elevated.3 Increased 
plasma FGF23 levels may be secondary to defects in 
regulatory proteins, including the osteocytic proteins 
dentin matrix protein 1 (DMP1) and ecto-nucleotide 
pyrophosphatase/phosphodiesterase (ENPP1), as doc-
umented in patients with normal renal function who 
develop different forms of hypophosphatemic rick-
ets.116 These findings have suggested that DMP1 and 
ENPP1 are negative regulators of FGF23 synthesis 
and secretion. However, the early increases in FGF23 
in pediatric patients with CKD are associated with an 
increase, rather than a decrease, in osteocytic DMP1 
expression.94 In the context of CKD, osteocytic expres-
sion of both FGF23 and DMP1 correlates with histo-
morphometric parameters of skeletal mineralization.94 
It appears that osteocytes, which are presumably the 
source of increased circulating FGF23 values early in 
the course of CKD, are unable to generate sufficiently 
high levels of a biologically active DMP1 to suppress 
osteocytic FGF23 production; abnormalities in osteo-
cyte function thus occur even with only mild decreases in 
kidney function. Although the ramifications of defective 
mineralization remain to be established, increased frac-
ture rates and bone deformities are prevalent in patients 
with CKD despite adequate control of bone turnover. 
These complications may be due, in part, to alterations 
in bone mineralization. Moreover, the osteocyte, previ-
ously thought to be a relatively quiescent cell with a role 
limited to skeletal mechanosensation, is now considered 
an endocrine cell, disruption of whose normal biology 
triggers alterations in parathyroid gland biology, min-
eral metabolism, and skeletal mineralization in patients 
with all stages of CKD.

Treatment with anticonvulsant therapy may con-
tribute to the development of osteomalacia in patients 
with kidney disease. Long-term ingestion of phenytoin 
and/or phenobarbital is associated with a high inci-
dence of osteomalacia in nonuremic patients.117 These 
findings may be due in part to alterations in vitamin D 
metabolism.118

Volume
Because PTH is anabolic at the level of trabecular bone, 
high levels of serum PTH are typically associated with 
increases in bone volume, trabecular volume, and tra-
becular width. However, bone volume may also be low 
(termed osteoporosis), particularly in individuals with 
underlying age-related bone loss and in those treated 
with corticosteroids. Osteoporosis in the general popula-
tion is associated with increased risk for hip fractures and 
mortality.119 Thus, bone volume is considered a critically 

important parameter of bone histology. The impact of 
osteoporosis on morbidity and mortality in the CKD 
population, however, remains to be defined.

CLINICAL MANIFESTATIONS
The symptoms and signs of renal osteodystrophy are usu-
ally nonspecific, and laboratory and radiographic abnor-
malities generally pre-date clinical manifestations. Some 
specific symptoms and syndromes do occur, however.

Musculoskeletal Symptoms
Bone pain is a common manifestation of severe bone 
disease in patients with advanced kidney disease. It usu-
ally is insidious in appearance and often is aggravated 
by weight bearing or a change in posture. Physical find-
ings are often absent. Pain is most common in the lower 
part of the back, hips, and legs but may occur in the 
peripheral skeleton. Occasionally, sudden appearance of 
pain around the knee, ankle, or heel can suggest acute 
arthritis; such pain is not usually relieved by massage 
or local heat. In patients on long-term dialysis, carpal 
tunnel syndrome and chronic arthralgias often occur 
in association with the deposition of β2-microglobulin 
amyloid in articular and periarticular structures.120 
Arthralgias usually are bilateral and most commonly 
affect the shoulders, knees, wrists, and small joints of 
the hand; symptoms typically are worse with inactivity 
and at night.121,122

Proximal myopathy can be marked in patients with 
advanced kidney disease. Symptoms appear slowly. 
Patients may note difficulty climbing stairs or rising 
from a low chair, or they may have difficulty raising 
their arms to comb their hair. This proximal muscle 
weakness resembles that found in 25(OH)D deficiency 
and in primary hyperparathyroidism. Plasma levels of 
muscle enzymes usually are normal, and electromyo-
graphic changes are nonspecific. The pathogenesis of this 
myopathy is not clear, and several different mechanisms, 
including secondary hyperparathyroidism, phosphate 
depletion,123 abnormal vitamin D metabolism, and alu-
minum intoxication, have been implicated.124 Improve-
ment in gait posture has been reported in children with 
moderate renal failure after treatment with 1,25(OH)2D3, 
and muscle weakness improves rapidly in affected adult 
patients with end-stage kidney disease.125 Improvement 
in muscular strength has been observed after treatment 
with 25(OH)D3, 1,25(OH)2D3, after subtotal parathy-
roidectomy, after successful renal transplantation, and 
after chelation therapy with deferoxamine for aluminum 
intoxication.

Bone deformities are common in uremic children 
because their bones undergo growth, modeling, and 
remodeling. In adult patients, skeletal deformities also 
arise from abnormal remodeling or recurrent fractures.126 
In children, bone deformities of the femur and wrists arise 
from slipped epiphyses.127 This problem is most common 
during the preadolescent period and is most frequent in 
patients with long-standing congenital kidney disease. In 
adults with kidney disease, particularly those with alu-
minum-related bone disease, skeletal deformities may be 
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characterized by lumbar scoliosis, kyphosis, and deformi-
ties of the thoracic cage.126

Growth Retardation
Growth retardation is the hallmark of CKD in children. 
Growth failure worsens as renal function declines; the 
average height of children with even mild CKD (GFR 50 
to 70 mL/min/1.73 m2) is 1 standard deviation (SD) below 
the average for healthy children. Moderate CKD (GFR 25 
to 49 mL/min/1.73 m2) is associated with a height SD of 
–1.5, and, at the time of initiation of dialysis, the mean 
height SD is –1.8. Boys, younger patients, and those with 
prior renal transplants are at greatest risk for growth fail-
ure.128 Acidosis has been linked to delayed linear growth 
in patients with renal tubular acidosis and normal renal 
function, and correction of metabolic acidosis often leads 
to acceleration in growth velocity.129 Acidotic rats have 
been found to have decreased growth hormone (GH) 
secretion, serum insulin-like growth factor 1 (IGF-1), and 
hepatic IGF-1 mRNA expression. Moreover, metabolic 
acidosis has been shown to inhibit the effects of GH in 
rats with normal and decreased renal function.130,131 
Growth plate mRNA levels of GH receptor, IGF-1 recep-
tor, and IGF-1 expression are downregulated, and IGF-
binding proteins are upregulated.132 Calcitriol deficiency 
and secondary hyperparathyroidism also contribute to 
growth retardation, although optimal target values for 
PTH in children at all stages of CKD remain controver-
sial. In children with moderate CKD, some data indicate 
that normal growth velocity is achieved when PTH levels 
are maintained within or close to the normal range;133 
others have demonstrated a linear correlation between 
growth and PTH levels in the same patient population, 
with those with the highest PTH values displaying the 
highest growth velocity.134 Treatment for secondary 
hyperparathyroidism with large, intermittent doses of 
calcitriol and calcium-based phosphate binders has been 
shown to significantly reduce bone formation and sup-
press osteoblastic activity in both adults and children.9,135 
However, adynamic bone disease may develop and linear 
bone growth may decrease, despite serum PTH levels in 
the K/DOQI42,136 recommended range during intermittent 
vitamin D sterol therapy. Maintaining serum PTH levels 
at between 300 and 500 pg/mL reduces the frequency of 
these complications.9 The mechanisms by which calcitriol 
inhibits epiphyseal growth plate cartilage remain poorly 
understood. However, it is well known that calcitriol 
exerts dose-dependent inhibitory effects on cell prolif-
eration of chondrocytes and osteoblasts in vitro. In addi-
tion, vitamin D sterols increase expression of a number of 
IGF-binding proteins (IGFBPs). IGFBP-2, -3, -4, and -5 
sequester IGF-1 and may exert IGF-1–independent antip-
roliferative effects through their own receptors.137

GH resistance contributes to impaired linear growth 
in renal failure. In CKD, poor growth develops despite 
normal or increased serum GH levels.138 Uremia has 
been associated with diminished hepatic GH receptor 
and IGF-1 mRNA expression, defects in postrecep-
tor GH-mediated signal transduction,139 reductions in 
serum GH-binding protein levels,140 and increased syn-
thesis and reduced clearance of IGF-binding proteins.140 

Improved growth velocity during recombinant human 
GH (rhGH) therapy has been ascribed to increased bio-
availability of IGF-1 to target tissues. Children who are 
treated with maintenance dialysis respond less well to 
rhGH therapy than do children with less severe CKD; 
the mechanisms for differences in response to GH 
therapy remain to be determined. Notably, also, bone 
formation rate increases out of proportion to changes 
in PTH values during treatment with rhGH, complicat-
ing the noninvasive assessment of renal osteodystrophy 
during therapy.141

Cardiovascular Disease
Cardiovascular disease is the most common cause of mor-
tality in patients with all stages of CKD, with young (i.e. 
20- and 30-year-old) dialysis patients displaying the same 
rates of mortality from cardiovascular disease as 80-year-
old individuals in the general population.142 Cardiovascu-
lar disease is not limited to the adults, but is also common 
in children with CKD.143 In addition to traditional risk 
factors for cardiovascular disease (i.e., hypertension and 
smoking) found in the general population, risk factors for 
vascular disease in predialysis CKD and dialysis patients 
include hypercalcemia, hyperphosphatemia, FGF23, ele-
vated levels of the calcium x phosphorus product, and 
treatment with high doses of calcium salts and vitamin D 
sterols.144-146 However, 40% of adult patients with stage 3  
CKD, without these risk factors, show evidence of calci-
fication147 and changes in carotid artery wall thickness 
are apparent in children as early as CKD stage 2,143,148 
suggesting that additional factors associated with CKD 
play a critical role in accelerating the process of vascular 
calcification. In contrast to the calcified atherosclerotic 
plaques that develop in the vascular intima of aging indi-
viduals with normal kidney function, uremia facilitates 
calcification of the tunica media. This form of calcifica-
tion is associated with decreased distensibility of blood 
vessels, causing a rigid “lead pipe” pathology that is asso-
ciated with increased risk for congestive heart failure.149 
Electron beam computed tomography (EBCT) is used in 
assessment of vascular calcifications in the adult popula-
tion, and measurements in young adults who were treated 
with maintenance dialysis as children demonstrated that 
a significant proportion of this population has evidence of 
vascular calcification146 (Fig. 70-6). Carotid ultrasound 
measurement of intima medial thickness (IMT) has been 
validated for the assessment of cardiovascular pathology 
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in children, with increased thickness associated with 
worsening disease.143 The prevalence of vascular changes 
in children with early CKD—patients who not only lack 
the mineral metabolism-associated risk factors common 
in the dialysis population but who also lack traditional 
adult risk factors such as diabetes, hypertension, and 
smoking143—suggest that factors unique to CKD and 
independent of circulating mineral content contribute to 
vascular disease.

The pathophysiology of calcification in patients with 
CKD clearly differs from that observed in the general 
population, although the mechanisms by which vascular 
calcification develop remain to be fully elucidated. Indeed, 
calcium deposition is observed primarily in intimal ath-
erosclerotic plaques in individuals with preserved kidney 
function, while deposition of mineral occurs primarily in 
the tunica media in the presence of CKD.149 In patients 
with compromised renal function, the entire smooth mus-
cle layer surrounding arteries may be replaced not only 
by calcium deposits, but by tissue that resembles bone. 
Indeed, osteoblasts and vascular smooth muscle cells 
have a common mesenchymal origin and, in patients with 
CKD, core binding factor-1 (Cbfa1) is thought to trig-
ger mesenchymal cell to osteoblast transformation. Mice 
deficient in Cbfa1 fail to mineralize bone,150 and arteries 
obtained from patients undergoing renal transplantation 
show increased levels of the protein.151 Expression of 
the sodium-dependent phosphate transporters PIT-1 and 
PIT-2 likely contributes to the increased calcification149 
and upregulation of pro-mineralization factors such as 
osteopontin, bone sialoprotein, osteonectin, alkaline 
phosphatase, and type I collagen, and bone morphogenic 
protein-2 (BMP-2) is potentiated by the uremic milieu, 
while expression of calcification inhibitors, such as fetuin 
A and matrix Gla protein, is suppressed.149

Throughout the past several years, elevated circulat-
ing values of FGF23 have been linked to cardiovascular 
disease in patients with all stages of CKD, and recent 
experimental data have defined a direct role for FGF23, 
independent of changes in mineral metabolism, on patho-
logic changes in cardiac myocytes.152 Although the effects 
of circulating FGF23 on mineral metabolism require 
the presence of Klotho as the co-receptor of FGF recep-
tors,153 some of the effects on the cardiovascular sys-
tem appear to be Klotho-independent. FGF23 levels are 
often hundreds- to thousands-fold higher in patients with 
renal failure as compared to those detected in individuals 
with normal kidney function, and these values have been 
associated with an increased prevalence of left ventricu-
lar hypertrophy4 and with premature mortality in adults 
with all stages of CKD.154 Recent experimental data have 
demonstrated that these associations may reflect a direct 
effect of FGF23 on the myocardium that induces myocyte 
hypertrophy in a Klotho-independent manner.152 How-
ever, it is important to note that Klotho is expressed in 
arteries, although not in myocardium, and decreases in 
vascular Klotho, as occur with progressive CKD, have 
been linked to loss of vascular elasticity156 in some data. 
Other data have suggested that FGF23 and Klotho do not 
affect vascular calcification, however,157 and recent data 
suggest that FGF23 and Klotho are strongly expressed 

in calcified areas of human arteries, rather than in the 
smooth muscle cells themselves, likely reflecting the trans-
formation of these areas to an osteocytic phenotype.158

Calciphylaxis
Calciphylaxis is a unique syndrome that is character-
ized by ischemic necrosis of the skin, subcutaneous 
fat, and muscles, which can develop in patients with 
advanced renal failure not yet treated by dialysis, in 
those treated with regular dialysis, and in patients with 
well-functioning kidney transplants.159 Two distinct 
types of the syndrome are recognized: proximal calci-
phylaxis, which affects the thighs, abdomen, and chest 
wall, and acral calciphylaxis, which involves sites distal 
to the knees and elbows, such as the toes, fingers, and 
ankles.160 The former has a very poor prognosis, with 
death occurring in more than 80% to 90% of affected 
patients. This syndrome is often accompanied by mor-
bid obesity and hypoalbuminemia. Many patients have 
severe secondary hyperparathyroidism, and most have 
a history of severe and uncontrolled hyperphosphate-
mia.160 Some patients may have defective regulation 
of coagulation.161 The appearance of this syndrome 
in renal transplant recipients receiving glucocorticoids 
suggests that steroids may also play a role. Patients with 
calciphylaxis frequently die of secondary infection.

A significant number of patients improve after para-
thyroidectomy, and a few have healed after substantial 
reductions in levels of serum phosphorus. Parathyroid-
ectomy and aggressive control of serum phosphate levels 
therefore are indicated in those with evidence of severe 
secondary hyperparathyroidism. However, although 
ischemic lesions and medial vascular calcifications are 
common in uremic patients with diabetes, such lesions 
rarely improve after parathyroidectomy. Calcimimet-
ics,162 as well as sodium-thiosulfate (a calcium chelating 
agent) and pamidronate,163 have been used effectively in 
some individuals. Hyperbaric oxygen therapy also has 
been advocated.163

Dialysis-Related Amyloidosis
Several clinical syndromes that arise as a consequence of 
dialysis-related amyloidosis can mimic the clinical fea-
tures of renal osteodystrophy, or amyloidosis can occur 
concurrently with uremic bone disease. Dialysis-related 
amyloidosis arises from the deposition in bone and periar-
ticular structures of a specific type of amyloid composed 
of β2-microglobulin.164 In addition to β2-microglobulin, 
the amyloid deposits contain advanced glycosylation end 
products, which may account for their uptake by certain 
collagen-rich structures.165,166 The frequency of its clini-
cal manifestation rises markedly in patients treated with 
regular dialysis for longer than 5 to 10 years, and it is 
much more common in patients who start dialysis when 
older than 50 years of age.167 The recent adoption of 
high-flux hemodialysis filters for routine use has reduced 
the incidence of amyloidosis by as much as 50%, how-
ever.168 Clinical manifestations of amyloidosis include  
(1) carpal tunnel syndrome; (2) destructive or erosive 
arthropathy involving the large and medium-sized 
joints, with shoulder, knee, hip, or back pain being 
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common manifestations; (3) spondyloarthropathy, most 
commonly affecting the cervical spine; and (4) subchon-
dral, thin-walled cysts of bone, most commonly affect-
ing the carpal bones, the humoral and femoral heads, 
the distal end of the radius, the acetabulum, and the 
tibial plateau. These subchondral cysts at times are 
confused with brown tumors of secondary hyperpara-
thyroidism, although their location and occurrence in 
multiple sites make them quite different from brown 
tumors. Nonetheless, in a patient who has undergone 
long-term dialysis, this syndrome may be a potential 
cause of neuromuscular and periarticular symptoms 
usually considered to be due to secondary hyperpara-
thyroidism or aluminum accumulation. Parathyroid sur-
gery should be avoided in dialysis patients whose severe 
musculoskeletal symptoms have not improved with cal-
citriol therapy; symptoms in these patients actually may 
be due to dialysis-related amyloidosis. Specific diagno-
sis of the latter is made from the biopsy demonstration 
of amyloid composed of β2-microglobulin; however, 
the diagnosis can be strongly suspected from the clini-
cal features, the presence of multiple thin-walled cysts, 
or the demonstration in periarticular sites of presumed 
amyloid tissue on ultrasonography.169 Its management is 
difficult and largely unsatisfactory, but successful renal 
transplantation leads to rapid disappearance of symp-
toms and no further progression of the bone lesions on 
radiographs.170 In patients who remain on maintenance 
dialysis, the use of high-flux dialyzer membranes may 
decrease amyloid accumulation.171

Aluminum
Aluminum toxicity used to develop in dialysis patients or 
patients with CKD with GFR less than 30 mL/min/1.73 m2  
because aluminum that is absorbed from the gut, from 
the dialysate, or from parenteral infusions is not ade-
quately excreted or cleared. Although the development 
of aluminum intoxication is currently very rare in most 
developed countries, it remains a problem in some areas 
of the developing world.

Accumulation occurs in various tissues, including 
bone, liver, brain, and parathyroid glands, and can pro-
duce toxicity such as dialysis encephalopathy, osteo-
malacia, and microcytic anemia. Intestinal aluminum 
absorption is specifically enhanced by citrate and not by 
sodium bicarbonate; therefore, it is critical that patients 
are not treated with concomitant therapy of aluminum 
hydroxide and citrate compounds, which are commonly 
used to correct metabolic acidosis.172 The gold standard 
for the diagnosis of aluminum bone disease is a bone 
biopsy demonstrating increased aluminum staining of the 
bone surface (>15% to 25%) with histologic evidence 
of adynamic bone or osteomalacia. The presence of alu-
minum deposits in the bone and liver does not correlate 
with plasma levels;173 however, plasma aluminum levels 
are useful for monitoring patients who are undergoing 
long-term dialysis therapy and receiving aluminum-con-
taining phosphate-binding agents for prolonged periods. 
DFO (desferoxamine) should be administered to symp-
tomatic patients with aluminum levels between 60 and 
200 μg/L or a positive DFO test. The DFO infusion test 

is performed by infusing 5 mg/kg of DFO during the last 
hour of the dialysis session. Serum aluminum is measured 
before DFO infusion and 2 days later, before the next 
dialysis session. To prevent DFO-induced neurotoxicity, 
DFO should not be administered if serum aluminum con-
centrations are greater than 200 μg/L.

Bone Biopsy
Although not routinely performed in the clinical setting, 
a bone biopsy should be considered in all patients with 
CKD who have fractures with minimal trauma (patho-
logic fractures), suspected aluminum bone disease, or per-
sistent hypercalcemia despite serum PTH levels between 
400 and 600 pg/mL or in the presence of elevated PTH 
levels and relative low alkaline phosphate concentra-
tion.42 For bone labeling, a 2-day course of tetracycline 
is administered at 15 mg/kg/day (divided into twice- or 
thrice-daily doses). Phosphate binders should be held dur-
ing labeling because they may interfere with gut absorp-
tion of tetracycline. Fourteen days later, the 2-day course 
is repeated. For children younger than 8 years of age, 
tetracycline dosage usually is kept below 10 mg/kg/day 
to avoid toxicity. Additional staining procedures dem-
onstrate the deposition of abnormal components such as 
iron, aluminum, and oxalate within bone.174

TREATMENT OF CKD-MBD
To minimize complications in the skeleton and to prevent 
extraskeletal calcifications, particular attention must be 
made to alterations of bone and mineral metabolism in 
CKD. The specific aims of management of CKD-MBD 
are (1) to maintain blood levels of serum calcium and 
phosphorus within normal limits, (2) to prevent hyper-
plasia of the parathyroid glands and to maintain serum 
PTH at levels appropriate for stage of CKD, (3) to avoid 
the development of extraskeletal calcifications, and (4) to 
prevent or reverse the accumulation of toxic substances 
such as aluminum β2-microglobulin, and FGF23.

Dietary Manipulation of Calcium and Phosphorus
As active vitamin D levels fall during the progression of 
kidney disease, calcium absorption in the gut and kid-
ney diminishes and hypocalcemia often develops. Patients 
with untreated CKD commonly ingest as little as 400 to 
700 mg/day of elemental calcium in their diet. Calcium-
rich foods such as dairy products, unfortunately, also are 
high in phosphorus. Thus, increasing dietary consump-
tion of calcium to meet daily needs is accompanied by 
excessive intake of phosphorus, which cannot be excreted 
in the face of renal failure. As a result, calcium supple-
mentation in the form of calcium-containing salts is often 
required. The total amount of calcium supplementation 
provided, however, must be monitored carefully, because 
overly aggressive supplementation (as is common when 
calcium-containing salts are used as the sole means of 
binding phosphorus) may lead to hypercalcemia and vas-
cular calcification. Indeed, recent data have demonstrated 
that even patients with CKD stages 3 to 4 are in positive 
calcium balance while ingesting as little as 1500 mg/day 
of calcium.55
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The development of hyperphosphatemia occurs in the 
vast majority of patients with advanced kidney disease, 
including those treated with dialysis. Hyperphosphatemia 
and an elevated calcium-phosphorous ion product have 
been reported as independent risk factors for vascular cal-
cification and mortality in adult dialysis patients.175,176 
Thus, treatment goals include maintaining serum phos-
phorous levels within normal limits for age and avoiding 
a calcium-phosphorous ion product above 55 mg2/dL2.  
The average phosphorous intake of both adults and chil-
dren in the U.S. population is approximately 1500 to 2000 
mg/day, and 60% to 70% of the dietary intake is absorbed. 
In moderate stages of kidney disease, dietary phosphate 
restriction may be sufficient in preventing hyperphospha-
temia. However, strict adherence to dietary phosphate 
restriction is often difficult because low-phosphate diets 
are unpalatable, especially to older children and adults, 
and because phosphorous intake is directly linked to pro-
tein intake, with 10 to 12 mg of phosphorus accompa-
nying each gram of protein. Adequate protein intake is 
necessary for growth in children and for maintenance of 
lean body mass in adults. Current dietary recommenda-
tions suggest that adults with CKD ingest 0.8 to 1 g/kg/
day of protein, and that children, depending on age, ingest 
1 to 2.5 g/kg/day.42,134 This translates to a minimum phos-
phate ingestion of 800 mg/day in an 80-kg person.

Patients treated with dialysis require dietary phospho-
rous restriction, in addition to phosphate-binder therapy, 
because standard prescription peritoneal dialysis and 
hemodialysis remove insufficient amounts of phosphate 
(300 to 400 mg/day for peritoneal dialysis and 800 mg/
treatment for hemodialysis) to maintain normal serum 
phosphorous levels. The use of daily, slow, continuous 
hemodialysis in some centers has been associated with 
excellent control of serum phosphorous levels, often allow-
ing phosphate-binding agents to be discontinued.177,178 
Indeed, some patients have developed hypophosphate-
mia and have required the addition of phosphorus to the 
dialysate solution to prevent the long-term consequences 
of hypophosphatemia.177,178

Phosphate-Binding Agents
Phosphate-binding agents reduce intestinal phosphate 
absorption by forming poorly soluble complexes with 
phosphorus in the intestinal tract. Aluminum-containing 
phosphate binders were used frequently in the past, but 
long-term treatment led to bone disease, encephalopa-
thy, and anemia.179 The use of aluminum-containing 
phosphate binders, therefore, should be restricted to the 
treatment of patients with severe hyperphosphatemia  
(>7 mg/dL) associated with hypercalcemia or an elevated 
calcium-phosphorous ion product, because both condi-
tions will be aggravated by calcium-containing com-
pounds. In such cases, the dose of aluminum hydroxide 
should not exceed 30 mg/kg/day, and the lowest possible 
dose should be given only for a limited period of approxi-
mately 4 to 6 weeks.180 Plasma aluminum levels should 
be monitored regularly. Concomitant intake of citrate-
containing compounds should be avoided, because citrate 
increases intestinal aluminum absorption181 and increases 
the risk for acute aluminum intoxication. Constipation 

is a common adverse effect and can be relieved by stool 
softeners.

To avoid aluminum-related bone disease and encepha-
lopathy, the use of aluminum-free phosphate binders has 
been advocated. Among these, calcium-containing salts 
are used worldwide for control of hyperphosphatemia and 
serve as a source of supplemental calcium. Several calcium 
salts, including calcium carbonate, calcium acetate, and 
calcium citrate, are commercially available. Calcium car-
bonate is the most commonly used compound, and studies 
in adults and children have shown its efficacy in control-
ling serum phosphorous levels.182 The recommended dose 
is proportional to the phosphorous content of the meal 
and is adjusted to achieve acceptable serum levels of cal-
cium and phosphorus. Large doses of calcium carbonate 
may lead to hypercalcemia, particularly in patients treated 
with vitamin D or those with adynamic bone.183 Hyper-
calcemia usually is reversible with reductions in the dose 
of oral calcium salts, dose of vitamin D sterol, and dialy-
sate calcium concentrations. To avoid the development 
and progression of cardiovascular calcifications, it is cur-
rently recommended that elemental calcium intake should 
not exceed 2 g/day, with less than 1500 mg of calcium 
given as calcium-containing phosphorous binders.1,42,136

Comparison studies between calcium carbonate and 
calcium acetate have demonstrated that an equivalent 
dose of calcium acetate binds twice as much phosphorus, 
but the relative incidence of hypercalcemia varies among 
studies.184 Calcium citrate is an effective phosphate-bind-
ing agent but should be used with caution in patients with 
renal failure because of enhanced intestinal aluminum 
absorption when given in combination with aluminum-
containing phosphate binders.185 Calcium ketoglutarate 
is less calcemic than calcium carbonate and has anabolic 
benefits, but gastrointestinal side effects and high cost of 
therapy often limit its use.186

To limit the vascular calcification risks associated with 
the use of calcium salts and the bone and neurologic 
toxicity associated with aluminum hydroxide, alterna-
tive phosphate binders have been developed. Sevelamer 
hydrochloride (RenaGel), a calcium- and aluminum-free 
hydrogel of cross-linked poly-allylamine, has been shown 
to lower serum phosphorus, the calcium-phosphorous 
ion product, and PTH without inducing hypercalcemia 
in adult and pediatric patients treated with dialysis.175 
Sevelamer also halts the progression of vascular calcifica-
tion, although calcified lesions increase during calcium-
containing binder therapy in adult hemodialysis patients 
and in patients with CKD stages 3 to 4.175,187 In addition 
to its effects on serum phosphorous levels, sevelamer has 
been shown to decrease concentrations of total serum 
cholesterol and low-density lipoprotein cholesterol, but 
to increase high-density lipoprotein levels.188 In addition, 
several studies have suggested that FGF23 values may 
be lowered by sevelamer therapy.7,187,189 These effects 
may offer additional benefits in reducing cardiovascular 
complications in patients with end-stage renal disease. 
Acidosis may occur in patients treated with sevelamer; 
thus, a new form of sevelamer, sevelamer carbonate, has 
been introduced recently. This new compound is as effec-
tive a phosphate binder as sevelamer hydrochloride, with 
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less potential to induce acidosis in adult and pediatric 
patients.190

Other alternative phosphate-binding agents include 
magnesium, iron (polynuclear iron(III)-oxyhydroxide), 
niacin, and lanthanum compounds. Magnesium carbon-
ate lowers serum phosphorous levels, but magnesium-
free dialysate solutions should be used in those treated 
with dialysis.191 Large doses, however, result in diarrhea, 
limiting the use of this compound as a single agent. Iron 
compounds, such as stabilized polynuclear iron hydrox-
ide and ferric polymaltose complex, have proved to be 
effective phosphate binders in short-term studies in adults 
with CKD.192 Clinical trials have demonstrated that lan-
thanum carbonate also effectively controls serum phos-
phorous and PTH levels without increasing serum calcium 
values. Lanthanum carbonate lowers serum phosphorous 
and PTH levels without causing hypercalcemia, adynamic 
bone disease, or osteomalacia.193 However, lanthanum is 
a heavy metal that accumulates in animal livers.194 Lan-
thanum also accumulates in the bone of dialysis patients, 
where its presence persists despite discontinuation for as 
long as 2 years.193 More recent studies suggest that niacin, 
which reduces intestinal phosphate absorption by blocking 
NPT2b, may be a potential additional phosphate binder. 
Indeed, Ix and colleagues examined the effect of niacin 
versus placebo on phosphorus levels in 261 patients with 
stage 3 CKD and demonstrated a change of –0.40 mg/dL 
in patients receiving niacin as compared to no changes in 
the placebo group.195 Side effects may include vasodila-
tion and flushing. Polynuclear iron(III)-oxyhydroxide has 
also been shown to be an effective iron-containing phos-
phate binder in hemodialysis patients.196

Vitamin D Therapy
Despite dietary phosphate restriction, the intake of phos-
phate-binding agents, the use of an appropriate level of 
calcium in dialysate solution, and an adequate intake of 
calcium, progressive osteitis fibrosa cystica due to hyper-
parathyroidism develops in a significant number of uremic 
patients. Treatment with vitamin D is aimed at controlling 
serum PTH levels and the resultant high turnover bone 
disease. Current evidence indicates that two main issues 
exist in vitamin D therapy. First, treatment for 25(OH)D 
deficiency, a common finding in patients with renal dis-
ease, in itself may reverse hyperparathyroidism. Second, 
treatment with active vitamin D sterols, by inhibiting the 
formation of prepro-PTH and by activating the CaSR, is 
useful in pharmacologically reducing PTH levels.

Assessment and Treatment of 25(OH)D Deficiency
Measurement of 25(OH)D levels and treatment of vita-
min D deficiency are an important part of the manage-
ment of hyperparathyroidism in patients with CKD. 
Considerable controversy exists as to which level of cir-
culating 25(OH)vitamin D qualifies as vitamin D defi-
ciency, with the Institute of Medicine considering values 
of ≥20 ng/mL as sufficient while the National Kidney 
Foundation recommends values be maintained above  
30 ng/mL.42 Under the KDOQI classification system, vita-
min D deficiency is stratified into three categories:42 (1) 
severe deficiency, defined as a serum level <5 ng/mL; (2) mild  

deficiency, equivalent to serum concentrations of 5 to 15 
ng/mL; and (3) vitamin D insufficiency, with levels of 16 
to 30 ng/mL. Thus, ergocalciferol treatment should be 
initiated in patients with CKD when 25(OH)D levels fall 
below 30 ng/mL. Severe deficiency (<5 ng/mL) should be 
treated with 50,000 IU orally, once a week for 12 weeks, 
and then 50,000 IU orally once a month for a total of 
6 months. Alternatively, 500,000 IU may be given as a 
single intramuscular dose if such route of administration 
is available. Serum 25(OH)D levels in the range of 5 to 
15 ng/mL (so-called mild deficiency) should be treated 
with 50,000 IU of ergocalciferol orally once a week for  
4 weeks, followed by 50,000 IU orally once a month for 
a total of 6 months. Vitamin D insufficiency (serum levels 
of 16 to 30 ng/mL) should be treated with 50,000 IU of 
ergocalciferol orally once a month for 6 months. In vita-
min D–deficient patients, serum 25(OH)D levels should 
be rechecked after completion of the 6-month course of 
therapy.

Treatment with Active Vitamin D Sterols
As mentioned previously, active vitamin D sterols act 
through a variety of pathways to decrease PTH produc-
tion—by increasing calcium absorption in the gut and 
kidney, by binding to the CaSR, by increasing skeletal sen-
sitivity to PTH, and by altering prepro-PTH transcription. 
Calcitriol (Rocaltrol) has been widely used for many years to 
control secondary hyperparathyroidism in both adults and 
children. The efficacy of daily oral doses of calcitriol for the 
treatment of patients with symptomatic renal osteodystro-
phy has been documented in several clinical trials.101,197,198 
Bone pain diminishes, muscle strength and gait-posture 
improve, and osteitis fibrosa frequently resolves partially 
or completely. Doses of oral calcitriol in most clinical tri-
als have ranged from 0.25 to 1.5 mcg/day. In patients with 
CKD, initial doses are determined by target PTH levels and 
specific stage of kidney disease.42,136 In dialysis patients, 
1,25(OH)2D3 given three times weekly by IV injection or 
by oral pulse therapy is effective in reducing serum PTH 
levels.200 Dosage regimens range from 0.5 to 1.0 mcg  
to 3.5 to 4.0 mcg three times weekly or 2.0 to 5.0 mcg  
twice weekly. Low doses should be used initially, and dos-
age adjustments should be based on frequent measure-
ments of serum calcium, phosphorous, and PTH levels.

Oral 1α-(OH)D3 (alfacalcidol) undergoes 25-hydrox-
ylation in the liver to form calcitriol,201 and this agent 
is used widely in Europe, Japan, and Canada. Calcitriol 
and 1α-(OH)D3 are similarly effective for the treatment 
of secondary hyperparathyroidism in patients with CKD.

Although calcitriol and alfacalcidol are effective in 
decreasing PTH levels and preventing osteitis fibrosis 
cystica, treatment with these sterols in combination with 
calcium-based binders often results in hypercalcemia and 
hyperphosphatemia, which limits their use and contrib-
utes to the development of soft-tissue calcification. Thus, 
new vitamin D analogues have been developed to prevent 
or minimize intestinal calcium and phosphorous absorp-
tion, while suppressing PTH levels as effectively as cal-
citriol. Three of these new vitamin D analogues are already 
on the market for use in patients with CKD: 22-oxacal-
citriol (maxacalcitol) in Japan and 19-nor-1,25-(OH)2D2 



122770 CHRONIC KIDNEY DISEASE MINERAL AND BONE DISORDER

(paricalcitol) and 1 α-(OH)D2 (doxercalciferol) in the 
United States.

19-Nor-1 a,25(OH)2D2 (paricalcitol) is effective in con-
trolling serum PTH levels in adult and pediatric patients 
with stages 3 and 4 CKD,202,203 as well as in dialysis 
patients. The long-term consequences of therapy with pari-
calcitol in conjunction with the use of calcium-containing 
binders for vascular calcification and cardiovascular com-
plications remain to be determined. However, in a large 
cohort of patients undergoing hemodialysis, higher survival 
rates were observed in dialyzed patients treated with pari-
calcitol when compared with those receiving calcitriol.204 A 
similar beneficial effect was found subsequently with doxer-
calciferol as compared to calcitriol;205 however, prospective 
randomized trials are still needed to confirm these findings.

Another vitamin analogue, 1 α-(OH)D2 (1 α-D2, dox-
ercalciferol), is equipotent to 1 α-(OH)D3 in intestinal 
calcium absorption and bone calcium mobilization in 
rats.206 A comparative trial of calcitriol and doxercal-
ciferol in the control of secondary hyperparathyroidism 
in pediatric patients revealed no differences between the 
two vitamin D sterols in the control of secondary hyper-
parathyroidism or the development of hypercalcemia. 
Doxercalciferol also effectively controls secondary hyper-
parathyroidism in adult patients with stable CKD.207 
Similar to paricalcitol, a survival advantage has been 
observed in adult hemodialysis patients receiving parical-
citol over those treated with calcitriol.31

Active vitamin D therapy has been associated with pro-
tective effects on both the heart and the kidney. Active vita-
min D sterols ameliorate cardiac hypertrophy in animals,27 
and calcitriol therapy improves cardiac systolic function 
in hemodialysis patients.208 However, a prospective trial 
failed to confirm a beneficial effect of paracalcitrol on left 
ventricular mass in patients with CKD stages 3 to 4.32

Administration of active vitamin D sterols reduces 
proteinuria, fibrosis, and podocyte hypertrophy in sub-
totally nephrectomized rats,209 and paricalcitol treatment 
decreases proteinuria in CKD patients.210 These effects 
may be mediated by suppression of the renin-angioten-
sin system; indeed in vitro studies have demonstrated 
that calcitriol, paricalcitol, and doxercalciferol all sup-
press the renin-angiotensin system to a similar degree.211 
However, all activated vitamin D analogues may also 
increase FGF23 secretion. Although the consequences 
of these increased levels in dialyzed patients remain to 
be completely determined, current evidence suggests that 
excessive circulating FGF23 is associated with increased 
mortality rates and cardiovascular disease.152

A growing body of evidence suggests additional health 
benefits of 25(OH)D therapy, primarily due to its immune 
regulatory role. Current observations also suggest a role 
for 25(OH)D in improving survival in patients treated 
with maintenance dialysis.212

Calcimimetics
Cinacalcet, an allosteric activator of the calcium-sens-
ing receptor, is available for the treatment of second-
ary hyperparathyroidism. This small organic molecule 
reduces serum PTH levels and has been shown to decrease 
the calcium-phosphorous ion product in adult patients 

treated with maintenance dialysis, regardless of the spe-
cific phosphate-binding agent.213 Experiments have also 
demonstrated that calcimimetics are able to halt the pro-
gression of parathyroid cell hyperplasia;213 the antiprolif-
erative effect of this agent shows promise for use of the 
molecule as a “medical parathyroidectomy.” Calcimi-
metic therapy may provide an additional option for the 
reduction of both PTH levels and cardiovascular disease; 
indeed, a decrease in parathyroid gland hyperplasia, bone 
disease, and vascular calcification was found in rodents 
with renal failure who were treated with calcimimet-
ics.214-216 Early case reports suggested that calcimimetic 
therapy could also reduce vascular calcification burden 
in dialysis patients;217 however, a recent prospective trial 
in 3883 adults with secondary hyperparathyroidism (the 
EVOLVE trial) failed to demonstrate a beneficial effect of 
calcimimetics on either cardiovascular events or on mortal-
ity.218 Owing to the presence of the calcium-sensing recep-
tor on the growth plate, these agents are not approved and 
should be used with caution in growing children.

Parathyroidectomy
In many cases when parathyroid surgery is needed and 
undertaken, the tumor has become monoclonal and 
growth autonomous.85 Patients with severe hyperpara-
thyroidism often are unresponsive to vitamin D therapy, 
developing hypercalcemia and hyperphosphatemia with-
out reduction in PTH values or parathyroid gland size.219 
Clinical features that indicate the need for parathyroid-
ectomy are as follows: the presence of hyperplasia and/
or hypertrophy of the parathyroid glands (as documented 
by the presence of biochemical and radiographic features 
and, if necessary, the findings of osteitis fibrosa cystica on 
bone biopsy), elevated serum PTH levels unresponsive to 
vitamin D sterol therapy, persistent hypercalcemia, pru-
ritus unresponsive to dialysis or other medical treatment, 
progressive extraskeletal calcification, severe skeletal pain 
or fractures, and calciphylaxis. Aluminum-related bone 
disease must be ruled out first in patients receiving low-
dose calcitriol with persistent hypercalcemia.220 Other 
causes of hypercalcemia, such as sarcoidosis, malignancy-
related hypercalcemia, intake of calcium supplements, 
and the presence of adynamic/aplastic bone lesions not 
related to aluminum, should also be considered.221

When the decision has been made to perform parathy-
roid surgery, it is essential to avoid a marked postopera-
tive fall in serum calcium levels caused by the “hungry 
bone” syndrome. Because of the severity of the bone dis-
ease, this fall can be much more marked and prolonged 
than after parathyroidectomy for primary hyperparathy-
roidism. Renal patients should receive daily oral calcitriol 
(0.5 to 1.0 mcg) or some sort of intravenous active vita-
min D sterol for 2 to 6 days before parathyroid surgery 
and during the postoperative period to stimulate intes-
tinal calcium absorption and to maximize the effective-
ness of oral calcium salts. Within 24 to 36 hours after 
surgery, marked hypocalcemia with serum calcium levels 
below 7 to 8 mg/dL may develop. This condition may 
be associated with serious symptoms, including seizures 
resulting in fractures and tendon avulsion. For reasons 
that are still not clear, these seizures most often occur 
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during the last 1 to 2 hours of a hemodialysis procedure 
or immediately thereafter. To reduce the risk for convul-
sions, an infusion containing calcium gluconate should 
be started in the operating room, upon removal of the 
parathyroid glands. Calcium gluconate should be initi-
ated at a rate of 100 mg of calcium ion per hour. Serum 
calcium should be measured every 4 to 6 hours, and the 
calcium gluconate infusion rate should be increased if the 
serum calcium level continues to fall. The infusion rate 
may exceed 200 mg/hour. Enteral calcium carbonate is 
initiated once the patient is able to tolerate oral intake, 
and doses as high as 1.0 g (elemental calcium) given four 
to six times daily, along with vitamin D sterol in excess of 
1.0 to 2.0 μg/day (for calcitriol, doses of other agents vary 
according to their potency), are often needed for patients 
with marked hypocalcemia. The intravenous calcium drip 
is weaned as soon as the oral intake of calcium salts is 
able to maintain normal serum calcium levels. The dura-
tion of intravenous calcium requirements varies greatly 
between patients—most patients require IV therapy for 
2 to 3 days, but severe hypocalcemia may persist for sev-
eral weeks or months, necessitating permanent central 
catheter access for daily home infusions of 800 to 1000 
mg of calcium ion. Serum phosphorous levels may fall 
to subnormal levels postoperatively; phosphate treatment 
will markedly aggravate the hypocalcemia, and patients 
should not be treated with phosphate unless serum phos-
phorus falls to below 2.0 mg/dL.222

Hyperplastic parathyroid glands may be infiltrated 
with ethanol or calcitriol to cause sclerosis of the para-
thyroid tissue. This technique has been used at some cen-
ters223,224 with variable efficacy in reducing hyperplastic 
tissue. This technique is used currently by only a few cen-
ters worldwide.

Growth Hormone Therapy
Recombinant human growth hormone (rhGH) should be 
considered in children with growth failure that does not 
respond to optimization of nutrition, correction of acido-
sis, and control of renal osteodystrophy. Serum phospho-
rous and PTH levels should be well controlled prior to the 
initiation of rhGH in children with CKD. Serum phospho-
rous levels should be less than 1.5 times the upper limit for 
age, and PTH-IMA-1 levels should be less than 1.5 times 
the upper target values for the CKD stage before rhGH 
therapy is begun.225 GH therapy will increase serum PTH 
levels during the first months of therapy; therefore, serum 
PTH levels should be monitored monthly. Current recom-
mendations suggest that GH therapy should be discontin-
ued temporarily if PTH levels exceed three times the upper 
target value for the CKD stage;225 however, it is important 
to note that growth hormone also directly increases bone 
formation rate, independent of PTH values, thus distorting 
the relationship between PTH and bone formation rate.141

BONE DISEASE AFTER SUCCESSFUL KIDNEY 
TRANSPLANTATION
Successful kidney transplantation corrects many of the 
abnormalities associated with renal osteodystrophy, but 
disorders of bone and mineral metabolism remain a major 

problem in such patients. Several factors, including persis-
tent secondary hyperparathyroidism, prolonged immobili-
zation, graft function, and, most important, use of different 
immunosuppressive agents, have been implicated in the 
development of bone disease after organ transplantation.

Hypercalcemia is not uncommon after renal transplanta-
tion. During the first several months, it can be quite severe, 
and patients with severe secondary hyperparathyroidism 
before renal transplantation are at greatest risk. More often, 
hypercalcemia may be less severe, with serum calcium levels 
between 10.5 and 12.0 mg/dL, and usually resolves within 
the first 12 months.224 Parathyroidectomy should be con-
sidered when serum calcium levels are persistently above 
12.5 mg/dL for longer than 1 year after transplantation.226 
Calcimimetic agents may be useful in preventing the need 
for parathyroidectomy in these patients;227 however, it is 
important to note that adynamic bone disease may be pres-
ent in hypercalcemic renal transplant recipients, despite 
apparently increased PTH values.228

Hypophosphatemia may occur early in the posttrans-
plant period, mainly in patients with severe secondary 
hyperparathyroidism, although persistent posttransplant 
elevation of serum FGF23 levels also may contrib-
ute.229,230 The clinical manifestations are variable; some 
patients complain of malaise, fatigue, and muscle weak-
ness.231,232 Phosphorous supplementation is required 
when values are persistently below 2.0 mg/dL, primarily 
in pediatric patients.

Persistent elevation in FGF23 levels are observed in 
both adult and pediatric renal transplant recipients, and 
values correlate with 1,25D levels posttransplantation.233 
FGF23 values also predict CKD progression and rejec-
tion episodes in the posttransplant period.234,235 Elevated 
FGF23 values have also been associated with cardio-
vascular disease and mortality in a large cohort of renal 
transplant recipients.235

Significant bone loss has been shown to occur as early as 
3 to 6 months after kidney transplantation.236,237 Several 
factors, including persistent alterations in mineral metab-
olism, prolonged immobilization, and the use of immu-
nosuppressive agents required to maintain graft function, 
have been implicated in the development of bone disease 
after transplantation. Osteonecrosis, or avascular necro-
sis, is by far the most debilitating skeletal complication 
associated with organ transplantation. In approximately 
15% of patients, osteonecrosis will develop within 3 years 
of renal transplantation.238,239 The occurrence of osteone-
crosis in inpatients after cardiac, hepatic, and bone mar-
row transplantation suggests that glucocorticoids play a 
critical role in the pathogenesis of this disorder.240,241

In both adult and pediatric kidney recipients, bone 
histologic changes associated with secondary hyperpara-
thyroidism have been shown to resolve within 6 months 
after kidney transplantation.237 However, some patients 
have persistently elevated rates of bone turnover, and oth-
ers develop adynamic lesions, despite moderately elevated 
serum PTH levels.242 Bone biopsy data from pediatric kid-
ney recipients indicate that 67% of patients with stable 
graft function have features of normal bone formation; 
10% have adynamic bone lesion, and 23% have bone 
lesions characteristic of secondary hyperparathyroidism.243 
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Bone resorption typically is increased,244 leading to a net 
loss of bone mass over time. Serum PTH levels are unable 
to discriminate between adynamic, normal, and increased 
bone turnover in the pediatric transplant population.243 
The use of maintenance corticosteroids has been impli-
cated in these alterations; steroids decrease intestinal 
calcium absorption, enhance urinary calcium excretion, 
inhibit osteoblastic activity, decrease bone formation, and 
increase osteoclastic activity and bone resorption.245-247 
Likewise, cyclosporine has been reported to increase both 
bone formation and bone resorption and to reduce cancel-
lous bone volume in the rat.248,249 The role of other immu-
nosuppressive agents, such as mycophenolate mofetil, as 
potential modifiers of bone formation and bone resorption 
has not been evaluated.

Although bone turnover may return to normal, defec-
tive skeletal mineralization is present in many pediatric 
transplant recipients.243 Osteoid volume is increased, and 
mineral apposition rate is markedly reduced.243 Although 
the factors responsible for the persistent increase in oste-
oid formation remain to be fully explained, corticosteroid 
use may contribute, as may persistent imbalances in PTH, 
vitamin D, and FGF23 metabolism.230

After successful kidney transplantation with standard 
immunosuppressive regimens (daily corticosteroids, cal-
cineurin inhibitor, and anti-metabolite), growth may be 
accelerated by an improvement in kidney function, but 
catch-up growth may not be observed, even in children 
who undergo transplantation very early in life.250 More-
over, height deceleration occurs in approximately 75% of 

patients who undergo transplantation before 15 years of 
age.251 The cause of persistent growth retardation is not 
completely understood, but immunosuppressive agents, 
persistent secondary hyperparathyroidism, altered vita-
min D and FGF23 metabolism, and the persistence of 
defective skeletal mineralization all may contribute. 
Used in children with significant height deficit after kid-
ney transplantation, rhGH has produced a substantial 
increase in linear growth within the first year of ther-
apy, but the magnitude of growth response may decline 
thereafter.252

Cardiovascular disease continues to be the leading 
cause of death after renal transplantation in both the 
adult and pediatric populations. In the posttransplant 
period, the presence of hypertension is strongly linked to 
increased IMT (intimal medial thickness) and poor vessel 
distensibility in children.253 Alterations in bone and min-
eral metabolism also may contribute, as impaired kidney 
function persists in most patients during the posttrans-
plant period. Indeed, EBCT data indicate that vascular 
calcifications do not regress posttransplantation and do 
contribute to the burden of cardiovascular disease in this 
population.254
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Osteomalacia and rickets are disorders of mineralization. 
Osteomalacia is a failure to mineralize the newly formed 
organic matrix (osteoid) of bone. Rickets, a disease of chil-
dren, is characterized by a delay in maturation and apopto-
sis of chondrocytes in the epiphyseal growth plates, resulting 
in disorganization of these chondrocytes and expansion of 
the growth plate. While rickets is associated with impaired 
mineralization of cartilage matrix, hypophosphatemia is 
thought to play a predominant role in the etiology of rick-
ets.1 A number of disorders are associated with osteoma-
lacia in adults and rickets in children. The pathogenesis of 
the mineralization defect, the biochemical alterations, the 
clinical manifestations, and the therapeutic approaches dif-
fer in these conditions, thus a systematic approach to the 
diagnosis and treatment of these disorders is essential.

MINERALIZATION
Mineralization of bone is a complex process in which 
the calcium-phosphate inorganic mineral phase is depos-
ited in relation to the organic matrix in a highly ordered 

fashion. Optimal mineralization requires synthesis of nor-
mal matrix at a normal rate by osteoblasts; an adequate 
supply of calcium and inorganic phosphate (Pi) from the 
extracellular fluid; an appropriate pH (approximately 
7.6) at sites of mineralization; and physiologic amounts 
of inhibitors of mineralization, notably, elevation in 
the pyrophosphate:phosphate ratio inhibits mineral-
ized matrix formation. Clinical disorders of mineraliza-
tion can be attributed to defects at several of these steps, 
examples of which are shown in Table 71-1.

What determines the deposition of the mineral phase in 
cartilage, bone, and teeth and the precise mechanisms that 
govern the process of biologic mineralization has yet to be 
elucidated. It is thought that early mineralization occurs in 
matrix vesicles that accumulate calcium and Pi, initiating 
the formation of hydroxyapatite crystals.2 PHOSPHO1 
(Phosphatase orphan 1), a potent phosphohydrolase 
whose substrates include phosphoethanolamine and phos-
phocholine, is thought to release phosphate from the mem-
brane phospholipids of matrix vesicles, thus providing 
phosphate for formation of crystals within matrix vesicles. 

K E Y  P O I N T S

 •  Impaired skeletal mineralization can result from nutritional, intestinal, renal, or genetic 
abnormalities. These disorders are associated with a decrease in bone mineral density 
and decreased biomechanical integrity of the skeleton.

 •  Most disorders that lead to impaired mineralization are associated with 
hypophosphatemia and/or hypocalcemia. However, acidosis and increased levels of 
mineralization inhibitors can also impair skeletal mineralization.

 •  Disorders of osteoclast function lead to increased bone, known as osteopetrosis.
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Ablation of PHOSPHO1 in mice markedly impairs min-
eralization, supporting an important in vivo role for this 
protein.3 Upon release of vesicle contents, hydroxyapatite 
is deposited within the collagen fibrils in the gap formed by 
the packing of the trimeric type 1 collagen molecules, the 
most abundant organic component of bone.4 The earliest 
calcium-phosphate (Ca-P) mineral phase is composed of 
small apatite crystals that are thought to form complexes 
with phosphoproteins of the organic matrix.5 The ultimate 
size and shape of the Ca-P crystals are also influenced by 
anionic electrolytes in the environment.6

The major driving force for mineralization is the con-
centration of Pi, which at normal sites of mineralization is 
derived predominantly from the plasma. Therefore, con-
trol of Pi reabsorption in the renal tubular lumen is a crit-
ical process regulating mineralization. Tissue- nonspecific 
alkaline phosphatase (TNAP) generates additional Pi to 
drive mineralization.7 Loss of function of TNAP results 
in accumulation of phosphorylated osteopontin, a known 
inhibitor of matrix mineralization8 as well as accumula-
tion of inorganic pyrophosphate (PPi), a potent inhibi-
tor of mineralization,7,9 both of which contribute to 
osteomalacia. Ectonucleoside triphosphate/diphospho-
hydrolase (Entpd5) has also been shown to hydrolyze 
extracellular diphosphates into monophosphates and Pi. 
Mutations of this gene impairs skeletal mineralization in 
zebrafish.10 PPi is generated by osteoblasts and chondro-
cytes through the action of two enzymes: the ectonucleo-
side pyrophosphatase phosphodiesterase 1 (NNP1/PC-1), 
which releases PPi from nucleoside triphosphates, and 
the transmembrane protein, ANK, which shuttles PPi 
between intracellular and extracellular compartments.9,11

In cartilage, matrix vesicles (MVs) formed from chon-
drocyte plasma membranes are thought to play a role in 
the initial mineralization of growth plate cartilage matrix 
by exposing preformed apatite crystals to the extracellular 
fluid, where further crystal growth can occur. The specific-
ity of normal mineralization of bone is in part explained by 
the exclusive co-expression of the genes encoding the pre-
dominant organic matrix protein, type 1 collagen, and the 
enzyme that hydrolyzes the inhibitor, PPi. Furthermore, 
the protein mineralization inhibitor, matrix GLA protein 
(MGP), is expressed in several tissues but not in bone.12,13

The mechanism of defective mineralization varies in 
disorders associated with osteomalacia and rickets, and 

biochemical indices such as serum levels of calcium and 
phosphorus also differ. The relative imbalance in matrix 
synthesis and its mineralization depend upon the under-
lying disease mechanism. Estimates from tetracycline 
labeling indicate that the appositional growth rate in 
normal bone is about 1 μm/day.14 It has also been sug-
gested that complete mineralization of osteoid in normal 

TABLE 71-1 Examples of Disorders with Different  
Causes of Impaired Mineralization

Disorder Mechanism

Postoperative hyperpara-
thyroidism

Rate of matrix synthesis exceeds 
rate of mineralization

Fibrogenesis imperfecta 
ossium

Defective collagenous matrix

Renal tubular phosphate 
leak

Deficient phosphate concentration 
at mineralization sites

Vitamin D deficiency Insufficient calcium and phosphate
Systemic acidosis Inadequate pH for mineralization
Hypophosphatasia Excess inhibitor (? inorganic pyro-

phosphate)

A

O

O

O

F

M

M

M

M

M

O

B

C

Figure 71-1 Undecalcified sections of a bone biopsy from a patient 
with adult-onset renal phosphate leak. A, Unstained. B, Microradio-
graph. C, Ultraviolet photomicrograph demonstrating fluorescence (F) 
of tetracycline administered 14 days prior to biopsy. Mineralized bone 
(M) and osteoid (O) are noted. (From Jaworski ZFG, Kloswvych S, 
Cameron E: Proceedings of the First Workshop on Bone Morphometry. 
Ottawa: University of Ottawa Press; 1973).



1232 PART 6 PARATHYROID GLAND, CALCIOTROPIC HORMONES, AND BONE METABOLISM 

bone requires approximately 10 to 21 days.15 Thus, the 
thickness of the osteoid seam normally does not exceed 
15 to 20 μm. The major histologic criteria for the diagno-
sis of osteomalacia are an increased osteoid surface and 
increased osteoid thickness (Fig. 71-1). A detailed consid-
eration of the kinetics of remodeling as specifically appli-
cable to osteomalacia is found in a review by Parfitt.16

The architecture of the cells and matrix in osteoma-
lacic bone is usually normal. The collagen of the oste-
oid is largely lamellar, although foci of woven bone are 
occasionally seen. Hypomineralized periosteocytic lesions 
have been observed in X-linked hypophosphatemic rick-
ets.17 The persistence of this defect in patients in whom 
bone mineralization is corrected supports the hypothesis 
that osteocyte function may be abnormal. In contrast, 
there are clear abnormalities in the cells of the rachitic 
growth plate. Whereas the resting and proliferative zones 
show normal histologic features (Fig. 71-2), the number 
of cells per column in the hypertrophic chondrocyte layer 
is increased, and the cells are irregularly aligned. This is 
also accompanied by an increase in the transverse diame-
ter, resulting in characteristic cupping or flaring. In exper-
imental rickets, the water content of the growth plate is 
increased, and a number of metabolic abnormalities have 
been observed, including decreased glycogen content and 
an altered pattern of glycolysis.18 When bone is examined 
histologically, it is essential that undermineralized sections 
be used. In usual practice, however, with classic clinical, 
radiologic, and biochemical findings, bone biopsy is not 
necessary to arrive at the diagnosis of osteomalacia. The 
most commonly biopsied site is the iliac crest; sample size 
ranges from 5 to 10 mm in diameter and should include 
both inner and outer cortices. Growth plates from long 
bones in children are usually not biopsied, although an 
open-wedge biopsy of growth cartilage of the iliac apoph-
ysis may occasionally be obtained without the risk for 
altering growth of long bones. Mineralized specimens of 

bone are most satisfactorily embedded in plastic media, 
which provide preservation of tissue architecture with-
out decalcification of the specimen. Special staining tech-
niques can then be used to demonstrate osteoid and apply 
quantitative morphometric analysis. In normal bone, the 
mineralization front is seen at the junction of the oste-
oid seam and newly mineralized bone. This region can 
be identified by an intense fluorescence of tetracycline, 
deposited in this zone when administered prior to obtain-
ing the biopsy (see Fig. 71-1). In normal bone, the oste-
oid seam/bone junctions fluoresce intensely, whereas in 
osteomalacia, the fluorescence is diffuse or even absent. 
In addition to impaired matrix mineralization, matrix 
biosynthesis may be abnormal in osteomalacia. Osteo-
blast function is impaired in many forms of human rickets 
and osteomalacia, leading to abnormal matrix formation; 
notably, the hydroxylation of certain collagen lysyl resi-
dues is increased in vitamin D– deficient bone, as well as 
in other experimental hypocalcemic states.19,20

CLINICAL FEATURES OF RICKETS  
AND OSTEOMALACIA
The clinical manifestations of rickets are mainly related 
to skeletal pain and deformity, slippage of epiphyses, 
disturbances in growth, and fracture of the osteomalacic 
bones. Hypocalcemia, when it occurs, may be symptom-
atic. Depending on the degree of hypophosphatemia, 
muscular weakness and hypotonia may be prominent fea-
tures. Dent has indicated nine factors that underlie the 
clinical manifestations of rickets and osteomalacia21; they 
are modified here as follows:
  

 1.  Failure of mineralization affects predominantly 
those parts of the skeleton whose growth is most 
rapid.

 2.  Endochondral bone is more affected than intra-
membranous bone, possibly because of the more 
rapid growth of the former.

 3.  Proximal and distal ends of bones do not grow at 
the same rate, and rickets affects the most rapidly 
growing area.

 4.  Because different bones grow at different rates at 
different stages of development, the time when rick-
ets is active determines the clinical expression. For 
example, the skull is growing rapidly at birth, there-
fore, craniotabes is a manifestation of congenital 
rickets. During the first year, the upper limbs and 
rib cage grow rapidly; thus, abnormalities at these 
sites are prominent (e.g., rachitic rosary). Signs of 
rickets at the wrist are usually seen at the ulnar side, 
because the growth rate of the distal ulnar epiphy-
sis is greater than that of the distal radial epiphysis.

 5.  Deformities in mild chronic rickets are most often 
due to disordered growth at the epiphysial plate 
rather than to bending at the shafts.

 6.  In some forms of rickets, the radiologic changes 
include those of secondary hyperparathyroidism 
(subperiosteal resorption, most commonly at the 
metaphyses).

Figure 71-2 Histology of the growth plate in a mouse model of renal 
phosphate wasting (left) and control normal mouse (right). The extent 
of the hypertrophic chondrocyte layer is indicated by the white bar.
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 7.  Deformities that occur before 4 years of age cor-
rect themselves if the rickets is cured; if rickets per-
sists to a later age, the deformities are permanent 
(dwarfism, bowleg, and knock-knee).

 8.  “Late” rickets, which occurs at the time of the 
pubescent growth spurt, produces dramatic distur-
bances and results in knock-knee.

 9.  Adult manifestations of osteomalacia, such as 
Looser’s zones and increased bioconcavity of ver-
tebral bodies, are seen in young children only when 
the rickets is very severe.

  
In infants and young children with severe rickets, list-

lessness and irritability are common. In infants, myopathy 
is characteristic and is manifested by hypotonia. In older 
children, the weakness may present as a proximal myopa-
thy similar to that observed in the adult. Other findings 
in infants include parietal flattening or frontal bossing, 
softening of the calvarium (craniotabes), and widening of 
the sutures. The expanded growth plates may be evident 
clinically as the rachitic rosary at the sterno-costal junc-
tion. Indentation of the lower ribs at the site of attach-
ment of the diaphragm is known as Harrison’s groove or 
sulcus. Pelvic deformities also occur, and the skeleton is 
more prone to fractures. Pain, when present, is greater in 
weight-bearing joints. Dental eruption may be delayed, 
and enamel defects are common. In contrast, osteomala-
cia in adults may be difficult to detect on clinical grounds 
alone. Diffuse skeletal pain and muscular weakness may 
be present. Pain is often prominent about the hips and in 
association with hypophosphatemic myopathy, may pro-
duce a waddling or antalgic gait. Fractures occur in the 

ribs and vertebral bodies, as well as in the long bones, 
leading to progressive deformities. Affected individu-
als may also have localized pain and swelling in one or 
more joints. Synovial fluid is noninflammatory and free of 
crystals. Symmetric polyarthralgias resembling those of 
rheumatoid arthritis or polymyalgia rheumatica are occa-
sionally observed.22 Proximal muscular weakness, often 
associated with a waddling gait and hypotonia despite 
preservation of brisk reflexes, is thought to be a conse-
quence of hypophosphatemia.23 The molecular basis 
remains elusive, with no difference observed in the rela-
tive concentrations of skeletal muscle phosphocreatine, 
adenosine triphosphate, or inorganic phosphate esti-
mated by phosphorus nuclear magnetic resonance (MR) 
spectroscopy.24 Thus, the etiology of the neuromuscular 
features of osteomalacia is not clearly defined; however, 
therapy of the underlying disorder, such as vitamin D in 
nutritional osteomalacia, alkalinization in acidosis, and 
phosphate repletion in hypophosphatemic osteomalacia, 
results in resolution of these features.

RADIOLOGIC FEATURES
Radiologic features of rickets and osteomalacia reflect the 
histopathologic changes. In rickets, the epiphyseal growth 
plate is widened in the context of a cupped metaphysis 
and an ill-defined diaphyseal border due to decreased 
mineralization (Fig. 71-3). Variation in the pattern of 
rachitic changes is influenced by differences in the rates 
of growth of individual bones. The trabecular pattern of 
the metaphyses is poorly defined, and the cortices of the 
diaphyses may be thinned and bowed.

A B

Figure 71-3 A, Rickets in a child with Fanconi’s syndrome showing typical cupping of distal femoral epiphyses. B, Osteomalacia in an 80-year-old 
woman who had a history compatible with hypophosphatemic rickets dating to early childhood. Note multiple pseudofractures (arrows).
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Osteomalacia is due to decreased mineralization and 
therefore is associated with a decrease in bone density, 
loss of trabecular patterning, and variable degrees of thin-
ning of the cortices. In some patients, radiologic changes 
are indistinguishable from those seen in osteoporosis. 
The characteristic finding that specifically suggests osteo-
malacia is the presence of radiolucent bands, known as 
pseudofractures or Looser’s zones, ranging from a few 
millimeters to several centimeters in length and usu-
ally oriented perpendicularly to the surface of the bone  
(Fig. 71-4). They occur symmetrically and are common at 
the inner aspects of the femur near the femoral neck, in 
the pelvis, in the outer edge of the scapula, in the upper 
fibula, and in the metatarsals. Pseudofractures are most 
often seen at sites where major arteries cross the bones, 
and arteriography in some, but not all, cases, suggests 
that the origins of the pseudofractures correspond to the 
location of major arteries (Fig. 71-5). Trauma of some 

sort, whether related to arterial pulsation or other fac-
tors, such as weight-bearing stress, is likely responsible 
for the symmetry of the lesions and their predilection for 
the described sites. These pseudofractures are often mul-
tiple, occasionally occurring at 10 to 15 sites in a single 
individual. Multiple symmetric pseudofractures in osteo-
malacic individuals have been referred to as Milkman’s 
syndrome.25 The histology of Looser’s zones is that of 
premalacic lamellar bone, some of which is surrounded 
by lamellar osteoid at the edge of the defect.26 In addi-
tion, there are foci of woven bone with variable miner-
alization, accounting for the lower radiologic density of 
the pseudofracture relative to the surrounding bone. Sub-
periosteal erosions along the cortices may be seen when 
secondary hyperparathyroidism is present. Widening (or 
pseudowidening) of the sacroiliac joints with hazy mar-
gins has also been observed.

In some patients with osteomalacia, increased radio-
opacity of bones may be observed.27 This is seen par-
ticularly in patients with renal tubular phosphate leaks, 
but not in vitamin D deficiency (Fig. 71-6) or generalized 
defects in proximal renal tubular reabsorption. Despite 
the increase in mass of bone per unit volume, micro-
scopically the trabeculae are covered with abnormally 
thickened osteoid seams typical of osteomalacia. Similar 
findings may be noted in patients with chronic renal fail-
ure. The reason for the hyperostosis is unknown; the bone 
is still architecturally abnormal and subject to fracture 
with relatively minimal trauma. In patients with X-linked 
hypophosphatemia, an additional finding has been the 
presence of a generalized involvement of the entheses with 
mineralization of tendon and ligament insertions.28,29 
The absence of inflammatory cells, as well as other clini-
cal features, differentiates this disorder from degenerative 
joint disease and the seronegative spondyloarthropathies.

A comprehensive classification of rickets and osteoma-
lacia is shown in Table 71-2.

NUTRITIONAL OSTEOMALACIA AND RICKETS
In seventeenth century Scotland and England, the associa-
tion of poverty and malnutrition with the occurrence of 
infantile rickets was vividly documented. The link between 
rickets, dietary deficiency of vitamin D, and correction of 

Figure 71-4 Radiograph of the pelvis and proximal femora in an adult 
with renal phosphate wasting. Note pseudofractures, also known as 
Looser’s zones (arrows). (From Jaworski ZFG, Kloswvych S, Cameron 
E: Proceedings of the First Workshop on Bone Morphometry. Ottawa: 
University of Ottawa Press; 1973).

A
r a r a

B

Figure 71-5 Radiograph (r) and corresponding arteriograms (a) of a patient with adult-onset renal phosphate wasting. A, Pelvis. B, Femur. Note 
that the origin of Looser’s zones (arrows) corresponds with the crossing of major vessels. (From Jaworski ZFG, Kloswvych S, Cameron E. Proceed-
ings of the First Workshop on Bone Morphometry. Ottawa: University of Ottawa Press; 1973).
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Figure 71-6 Increased bone mass in patients with osteomalacia. A, Radiographs of femora of a 15-year-old boy with X-linked hypophosphatemia. 
Note the thick tibial cortex (c) and Looser’s zone (arrow). B, Radiograph of pelvis and femora of a 38-year-old woman with hypophosphatemia 
present since childhood. Note Looser’s zones (arrows).

Nutritional

Vitamin D Deficiency

 1.  Dietary deficiency
 2.  Deficient endogenous synthesis

Calcium Lack

 1.  Dietary deficiency

Gastrointestinal Diseases

Intestinal

 1.  Small intestine diseases with malabsorption
 2.  Partial or total gastrectomy
 3.  Obesity and intestinal bypass

Hepatobiliary

 1.  Cirrhosis
 2.  Biliary fistula
 3.  Biliary atresia

Pancreatic

 1.  Chronic pancreatic insufficiency

Phosphate Depletion

Dietary

 1.  Low phosphate intake with GI disease
 2.  Aluminum hydroxide ingestion (or other nonabsorbable 

hydroxides)
 3.  Alcoholism

Impaired Renal Tubular Phosphate Reabsorption (Not due to Renal Disease)

 1.  Hereditary
 a.  FGF23-dependent
 b.  FGF23-independent
 2.  Acquired
 a.  FGF23-dependent

Acidosis

Distal Renal Tubular Acidosis

 1.  Primary
 2.  Secondary
 a.  Ureterosigmoidostomy
 b.  Chronic acetazolamide administration
 c.  Chronic kidney disease

General Renal Tubular Disorders (Fanconi’s Syndrome)

Primary Renal Disorders

 1.  Idiopathic
 2.  Inherited

Systemic Disorder with Associated Tubular Dysfunction

 1.  Hereditary
 2.  Acquired

Disorders of Vitamin D Metabolism

Hereditary

 1.  Isolated 25-hydroxyvitamin D deficiency
 2.  Pseudovitamin D deficiency rickets
 3.  Hereditary vitamin D–resistant rickets
 4.  FGF23 excess

Acquired

 1.  Hypoparathyroidism
 2.  Anticonvulsants
 3.  Renal insufficiency
 4.  FGF23 excess

Miscellaneous Causes of Impaired Mineralization

 1.  Chronic kidney disease and aluminum intoxication
 2.  Hypophosphatasia
 3.  Osteopetrosis
 4.  Fibrogenesis imperfecta ossium

TABLE 71-2 Classification of Rickets and Osteomalacia
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vitamin D deficiency by solar radiation was established 
in 1923 by the work of the Vienna Council. Following 
this discovery, fortification of certain foods with vitamin 
D reduced the incidence of nutritional rickets in Europe 
and the United States to negligible levels, so that by the 
1940s, deficiency of vitamin D was no longer regarded as 
an important cause of osteomalacia and rickets.

Studies in Glasgow and London documented the reap-
pearance of nutritional osteomalacia and rickets as a 
public health problem in Britain.30-32 Since the 1950s, 
the new population at risk primarily involved immigrants 
from East Asia, most commonly neonates, infants, and 
adolescents during pubertal growth.33 Multiple factors 
have been implicated in the development of bone disease, 
including insufficient intake of calcium and vitamin D; 
skin pigmentation, which attenuates ultraviolet transmis-
sion through the epidermis; genetic factors; and social 
customs, such as avoidance of sun exposure and con-
sumption of chapatis, a dietary staple that is high in phy-
tate, which binds calcium in the gut and interferes with 
its absorption.34-36 Based on studies in rats demonstrating 
that a calcium-restricted diet accelerates the rate of inac-
tivation of vitamin D in the liver, calcium deficiency in 
this population can also exacerbate vitamin D deficiency.

Analogous increases in nutritional rickets have been 
reported in North America. Studies from the Mayo clinic 
demonstrate a dramatic increase in nutritional rickets 
in Olmsted county from 2.2 to 24.1 per 100,000 chil-
dren between 1980 and 2000.37 Associated risk factors 
included breast feeding, low birth weight, and African-
American heritage. Low birth weight infants are par-
ticularly at risk for rickets, with the reported incidence 
ranging from 13% to 32%. The condition should be 
detected early since prompt nutritional supplementation 
is required.38 Infants of vitamin D–deficient mothers are 
at greatest risk for neonatal rickets, which can be averted 
by maternal vitamin D supplementation during preg-
nancy.39 Special consideration should be given to screen-
ing for vitamin D deficiency during pregnancy in women 
whose social and dietary history reveal inadequate sun 
exposure and food sources of vitamin D. Infants who are 
entirely breastfed and have inadequate sunlight exposure 
also are at risk for rickets because the amount of vitamin 
D and 25(OH)D in human milk is inadequate.40

Vitamin D sources include dietary supplementation 
with ergocalciferol (vitamin D2), a plant-based pro-vita-
min and cholecalciferol (vitamin D3), produced in skin 
by the action of ultraviolet light on the physiologic pre-
cursor, 7-dehydrocholesterol. Because most foods (with 
the exception of fatty fish) contain only small amounts of 
vitamin D3, individuals must rely on either adequate sun-
light exposure or dietary supplements to avoid vitamin D 
deficiency. There is marked seasonal variation in plasma 
25(OH)D independent of age and sex.41 These variations 
parallel changes in duration and intensity of sun expo-
sure, with higher values in late summer months in the 
northern hemisphere. Plasma 25(OH)D is almost twice 
as high in American women of Caucasian descent than 
in those of African descent during winter months, and 
the increment during summer months is also greater.42 
Plasma 25(OH)D and parathyroid hormone (PTH) are 

inversely correlated, implying that the changes in circulat-
ing 25(OH)D are metabolically significant.43 In a study 
of patients who were hospitalized in a general medical 
ward, plasma 25(OH)D was low in over half of the sub-
jects, consistent with a high prevalence of vitamin D defi-
ciency.44 Thus, adequate vitamin D supplementation is 
essential when exposure to sunlight is marginal.

In addition to housebound and older adult subjects, 
those on vegetarian or fat-free diets45-47 are susceptible to 
vitamin D deficiency. Vitamin D requirements are greater 
in older adults than in young adults. This difference is 
attributed to an age-related decline in dermal produc-
tion of 7-dehydrocholesterol, the precursor for vitamin 
D3,48 diminished renal production of 1,25(OH)2D,49 
and diminished intestinal absorption of calcium caused 
by lower levels of the vitamin D receptor in the intes-
tine.50 Other contributing factors include previous gastric 
surgery and occult malabsorption in addition to altered 
vitamin D metabolism. An unexpectedly high prevalence 
of osteomalacia was also observed in older adult women 
with rheumatoid arthritis who were housebound and had 
poor nutritional status.47 How much vitamin D supple-
mentation is necessary varies widely based on dietary fac-
tors and solar exposure. Guidelines from the Institute of 
Medicine51 and the Endocrine Society52 differ. The for-
mer suggests ingestion of approximately 800 IU/day of 
vitamin D in healthy adults and a level of 25-hydroxyvi-
tamin D of >20 ng/mL (50 mmol), and the latter favors a 
level >30 mg/mL. The major limitation of the recommen-
dations of both these guidelines with respect to skeletal 
health is the absence of concurrent recommended calcium 
intake, since calcium deficiency per se can result in rickets 
and osteomalacia.53

In summary, rickets and osteomalacia are being recog-
nized with increasing frequency in selected populations. 
Serum 1,25(OH)2D is not a reliable indicator of vitamin 
D nutrition since values may be normal in individuals 
with vitamin D deficiency.54 The availability of serum 
25(OH)D assays has also permitted detection of those at 
risk, prior to the development of overt clinical disease.

Nutritional rickets caused by calcium deficiency was 
first reported in 1978 by Pettifor and colleagues55 who 
described findings in children of African descent in rural 
South Africa. Although they had spent extensive time 
outdoors, the children showed clinical features of rick-
ets, including progressive bone deformities, decreased 
growth, and typical radiographic changes in the setting of 
normal serum 25(OH)D and serum 1,25(OH)2D values. 
Calcium balance studies showed that calcium absorption 
was not impaired. The biochemical and radiographic 
changes of rickets were entirely corrected by treatment 
with calcium alone.

In a prospective, randomized, double-blind study of 
123 Nigerian children with nutritional rickets, Thacher 
and coworkers compared treatment with calcium alone, 
vitamin D alone, and the combination of calcium and vita-
min D together. Treatment with calcium alone or calcium 
and vitamin D together was more effective than treatment 
with vitamin D alone. Calcium deficiency is also preva-
lent in children in North America and can contribute to 
nutritional rickets.56 A review of the records of 43 infants 
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and toddlers who presented with rickets in New Haven, 
Connecticut (86% of whom were of African, Hispanic, 
or Middle Eastern descent and more than 93% of whom 
had been breastfed), revealed serum 25(OH)D levels  
<15 ng/mL in only 22%. However, 86% of those with 
a food history had been weaned to diets with minimal 
calcium content.57

GASTROINTESTINAL DISEASES
Malabsorption associated with diseases of the small 
intestine, hepatobiliary tree, and pancreas is the most 
common cause of severe vitamin D deficiency in the 
United States. Disorders of the small intestine that can 
cause malabsorption of vitamin D and resultant osteo-
malacia include celiac disease or sprue, regional enteritis, 
scleroderma, multiple jejunal diverticula, and blind-loop 
syndrome. Impaired absorption of calcium per se also 
contributes to the development of rickets and osteo-
malacia.53 Rickets occurs in infants and children with 
cholestatic liver disease.58 Children with biliary atresia 
exhibit markedly impaired vitamin D absorption.59 In 
adults, osteomalacia is most common in patients with 
cholestasis (particularly primary biliary cirrhosis), but is 
also observed in patients with alcoholic liver disease and 
other forms of cirrhosis. In most patients, the serum lev-
els of 25(OH)D are low, attributable to impaired intesti-
nal absorption of vitamin D; however, reduced exposure 
to ultraviolet light and reduced dietary intake also con-
tribute.60 Treatment with vitamin D metabolites can heal 
hepatic osteomalacia.

Another population at risk for development of nutri-
tional osteomalacia is the morbidly obese and those who 
have undergone intestinal bypass surgery for treatment 
of severe obesity.61-64 In one bypass surgery series, iliac 
bone biopsies revealed the presence of osteomalacia in 
nearly one third of 21 patients.64 Treatment with vita-
min D2 (36,000 IU/day), as well as supplemental calcium 
(27 mmol/day), was required to promote a more posi-
tive calcium balance in some individuals.62 An increased 
frequency of osteomalacia was also observed in patients 
after gastrectomy, the severity of the mineralization defect 
being positively correlated with serum 25(OH)D but not 
serum 1,25(OH)2D levels.65,66

PHOSPHATE DEPLETION
It is difficult to produce selective deficiency of phospho-
rus by dietary means alone because most foods contain 
this element in concentrations that are sufficient to pre-
vent hypophosphatemia and bone disease. However, it 
has been reported in patients who ingest large quantities 
of nonabsorbable antacids. These individuals also have 
increased levels of serum 1,25(OH)2D, since the vitamin 
D 1-alpha hydroxylase is induced by low phosphate. As 
a result, many also have hypercalciuria. Clinically signifi-
cant bone disease is rare, suggesting that an ample sup-
ply of dietary phosphorus compensates for the absorptive 
defect. A similar syndrome of phosphate depletion has 
been described in patients with renal failure receiving large 
quantities of aluminum hydroxide gel, but osteomalacia 

in these patients may be related to aluminum intoxication 
and/or renal insufficiency.

Hypophosphatemia has also been observed in both 
chronic and acute alcoholism.67,68 Bone densitometry and 
tetracycline-labeled bone biopsies obtained from chronic 
alcoholic patients have revealed changes consistent with 
mixtures of osteoporosis, osteomalacia, and osteitis 
fibrosa.69 Multiple factors, including hypomagnesemia, 
metabolic alkalosis or acidosis, and renal tubular phos-
phate wasting, contribute to the hypophosphatemia and 
bone disease.

Impaired tubular reabsorption of phosphate is the 
underlying pathogenesis of hypophosphatemia in many 
disorders. In 1937, Albright and associates reported their 
studies of a 16-year-old boy with long-standing rickets 
in whom standard doses of vitamin D failed to produce 
clinical improvement.70 Healing of the bone disease was 
observed after administration of extremely high doses 
of vitamin D, which led to the introduction of the con-
cept of “vitamin D resistance” in certain types of rickets. 
Subsequently, vitamin D–resistant rickets has been clas-
sified into several clinical and biochemical subtypes, the 
most common of which is X-linked hypophosphatemia. 
Affected individuals usually present with clinical and 
radiographic evidence of rickets during early childhood. 
Hypophosphatemia is due to elevated levels of FGF23 
that result in renal phosphate wasting.71

A positional cloning approach was utilized by a con-
sortium of investigators to identify the gene for X-linked 
hypophosphatemia.72 The gene was structurally similar to 
a group of membrane-bound metalloendopeptidases and 
was termed PEX, but renamed PHEX to avoid confusion 
with other genes. Several inactivating mutations have 
been shown in the PHEX genes of patients with X-linked 
hypophosphatemia as well as in the murine Phex gene 
in the Hyp mouse.73-75 It is still not clear how the muta-
tions in the PHEX gene account for the increased levels 
of FGF23.

Another disorder with isolated renal tubular phosphate 
wasting and inappropriately normal plasma 1,25(OH)2D 
levels has been termed autosomal dominant hypophos-
phatemic rickets (ADHR). Positional cloning was used 
to identify fibroblast growth factor 23 (FGF-23) as the 
abnormal gene associated with ADHR.76 In individuals 
with ADHR, mutations in FGF-23 that are localized to 
a subtilisin-like proprotein convertase cleavage site lead 
to elevated levels of FGF-23, which results in increased 
renal phosphate clearance. In contrast to X-linked hypo-
phosphatemia, ADHR displays variable and incomplete 
penetrance, perhaps related to iron stores. Iron deficiency 
increases FGF23 mRNA expression, thus iron chelation 
can result in hypophosphatemia in normal individuals, as 
well as in ADHR where the resultant peptide is resistant 
to proteolytic cleavage.77

Two forms of autosomal recessive hypophosphatemic 
rickets (ARHR) have been described. The genetic basis 
for ARHR1 is a mutation in Dentin Matrix Protein 1 
(DMP1), which, like FGF23, is expressed in osteocytes. 
The clinical features are similar to those seen in XLH, 
including hypophosphatemia, inappropriately normal 
or low 1,25-dihydroxyvitamin D, and high circulating 
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FGF23.78,79 ARHR2 is secondary to mutations in ectonu-
cleotide pyrophosphatase/phosphodiesterase1 (ENPP1), 
which cleaves ATP to release the mineralization inhibi-
tor PPi. Clinical characteristics are similar to ADHR1; 
however, FGF23 levels are not always elevated. Loss-
of-function mutations of ENPP1 are the molecular basis 
for generalized arterial calcification of infancy, an often 
fatal disorder.80 Mutations in FAM20c, a kinase that can 
phosphorylate osteopontin and DMP1, have been asso-
ciated with an FGF-23–related hypophosphatemic syn-
drome, characterized by dental abnormalities and ectopic 
mineralization.81

A mutation in the phosphate transporter SLC34A3 
(NptIIc) is the genetic basis for hereditary hypophospha-
temic rickets with hypercalciuria (HHRH). Renal phos-
phate loss leads to rickets, muscle weakness, and bone 
pain. Hypercalciuria secondary to increased 1,25(OH)2D 
(which leads to increased intestinal calcium absorption) 
and serum FGF23 levels distinguish it from the FGF23-
related hypophosphatemic rickets.82 Similarly, homozy-
gous mutations in SLC34A1 (NptIIa) are associated with 
hypophosphatemic rickets and Fanconi’s syndrome.83 
Treatment of these and other rare inherited disorders of 
phosphate homeostasis are discussed in Chapter 62.

Tumor-induced osteomalacia is an acquired hypo-
phosphatemic syndrome secondary to tumor secretion of 
phosphaturic factors, including FGF23. In 1959, Prader 
and colleagues described the case of an 11-year-old girl 
who, over the course of 1 year, developed severe symp-
tomatic rickets accompanied by hypophosphatemia, 
increased renal phosphate clearance, and mild hypocalce-
mia.84 The child was found to have a large tumor in the 
left chest that on biopsy was interpreted as a reparative 
giant cell granuloma of a rib. Following excision of the 
tumor, the rickets healed without any specific therapy. It 
was postulated that the giant cell reparative granuloma 
may have produced a “rachitogenic substance.” Since 
that time, numerous patients have been described with 
tumor-induced osteomalacia. One review reported that 
of 72 tumors, 40 were localized to bone and 31 to soft 
tissues; two thirds of the tumors occurred in the extremi-
ties.85 More than one third of the tumors were classified 
as vascular tumors, and half of these were hemangio-
pericytomas. Other common pathologic diagnoses were 
nonossifiying fibromas, mesenchymal tumors, and giant 
cell tumors. All of the tumors exhibited prominent vas-
cularity, multinucleated giant cells, and primitive stro-
mal cells. Ten of the tumors were classified as malignant. 
Whereas most neoplasms associated with this syndrome 
have been of mesenchymal origin, cases associated with 
prostate carcinoma and pheochromocytoma have been 
reported. In most of the reported cases, the removal of 
the tumor results in clinical cure of the osteomalacia or 
rickets; however, the size of the tumors is usually small 
and often is not identified until years after development of 
clinical osteomalacia. Recurrence of the tumor or inade-
quate removal of the malignancy may prevent a complete 
clinical response.

Patients with tumor-induced osteomalacia exhibit 
hypophosphatemia, high renal phosphate clearance, and 
normal serum calcium levels. Serum immunoreactive PTH 

levels have been variable. As in X-linked hypophospha-
temia, inappropriately low levels of serum 1,25(OH)2D 
are observed due to expression of FGF2386,87 and other 
phosphaturic factors including dentin matrix protein 1, 
secreted frizzled-related protein 4 (sFRP-4), and matrix 
extracellular phosphoglycoprotein (MEPE). sFRP-4 
decreases sodium-dependent phosphate transport in 
kidney cells, and infusion of sFRP-4 into mice produces 
renal phosphate excretion.88 These results suggest that 
other factors in addition to FGF-23 may participate in the 
pathogenesis of oncogenic osteomalacia. Tumor resection 
may result in a dramatic increase in 1,25(OH)2D result-
ing in transient hypercalcemia.

Dent and Gertner also described three patients with 
fibrous dysplasia who had concomitant hypophospha-
temic osteomalacia or rickets.89 PTH levels were not 
elevated, leading the authors to postulate that the hypo-
phosphatemia and resultant osteomalacia in patients 
with fibrous dysplasia was analogous to other forms 
of oncogenic osteomalacia. Subsequent investigations 
revealed that dysplastic tissue produces FGF23, impli-
cating this hormone in the pathogenesis of the renal 
phosphate leak.90

ACIDOSIS
The mechanism of bone loss and the mineralization 
defects seen with acidosis are complex and not com-
pletely understood. Acidosis produces slow dissolution of 
the mineral phase of bone in an attempt to buffer retained 
hydrogen ion. On the basis of measurements in normal 
subjects in whom metabolic acidosis is induced, it has 
been proposed that excess retained hydrogen ion is bal-
anced by bone buffering and loss of bone calcium in the 
urine.91-93 Since the hypercalciuria and increased bone 
resorption that accompany most acidotic states do not 
directly result in osteomalacia, other mechanisms must 
be invoked to explain the occurrence of clinically signifi-
cant skeletal mineralization defects. Osteoclasts function 
optimally at a pH of approximately 6.9 and are inactive 
at a pH >7.3, thus, calcium release from bone induced 
by acidosis may be due to increased osteoclast activity.94 
Chronic acidosis activates vacuolar hydrogen ion pumps 
in isolated osteoclasts and stimulates osteoclastic bone 
resorption. In addition, activation of the voltage-gated H+ 
channel through protein kinase C in osteoclasts can sense 
changes in pH.95 In parallel, metabolic acidosis inhibits 
the function of osteoblasts: in osteoblast culture systems, 
lowering pH to 6.9 decreases formation of mineralized 
nodules.96 Acidosis increases expression of osteoblastic 
RANK-L via a cyclooxygenase-dependent mechanism, 
leading to enhanced osteoclastogenesis.97 Acidosis can 
also affect phosphate metabolism by altering renal tubu-
lar handling of the anion.

Alkali treatment of patients with chronic acidosis 
often normalizes serum phosphate98,99 by increasing 
renal tubular phosphate reabsorption. Acidosis impairs 
both intestinal calcium absorption in response to vitamin 
D and activation of 25(OH)D,100 thus leading to second-
ary hyperparathyroidism, which may further compro-
mise renal tubular phosphate reabsorption. Rickets and 
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osteomalacia secondary to acidosis are most frequently 
a complication of inherited distal renal tubular acido-
sis (RTA).101 Distal or type 1 RTA is characterized by 
impaired secretion of hydrogen ions from the distal 
nephron that results in metabolic acidosis, nephrocal-
cinosis, hypokalemia, rickets, and osteomalacia. Auto-
somal dominant distal RTA is caused by mutations in 
the SLC4A1 gene that encodes a chloride-bicarbonate 
exchanger.102,103 Rarely, mutations in the SLC4A1 gene 
occur in recessive RTA as well. Autosomal recessive dis-
tal RTA is caused by mutations in the ATP6VB1 and 
ATP6V0A4 genes that encode the B1 and A4 subunits 
of the collecting duct apical proton pump, vacuolar H+/
ATPase, and may be associated with progressive bilateral 
sensorineural hearing loss.104 Autosomal dominant RTA 
is usually diagnosed in adults who present with nephro-
lithiasis and acidosis. Osteomalacia occurs infrequently. 
In contrast, autosomal recessive RTA presents in infancy 
or early childhood, and is often accompanied by rickets. 
Healing of the bone disease is observed with correction 
of the acidosis by sodium bicarbonate (5 to 10 g/day). 
Nevertheless, healing is slow, and the response may be 
hastened by the addition of vitamin D or 1,25(OH)2D3. 
Occasionally, vitamin D toxicity can develop, therefore 
patients must be monitored carefully. Although chronic 
treatment with vitamin D is not necessary once the osteo-
malacia is cured, continued use of activated vitamin D 
metabolites may be required to complete healing in those 
individuals with CKD.

Another form of inherited mixed distal/proximal 
RTA is associated with osteopetrosis and cerebral calci-
fications. The osteopetrosis is due to impaired osteoclast 
function secondary to a mutation in carbonic anhydrase II 
(CAII)105-107 that impairs acidification required for bone 
resorption. The RTA is a consequence of impaired CAII 
activity in the proximal and distal segments of the neph-
ron. It is of interest that bone marrow transplantation 
does not affect the acidosis, but reverses the osteopetrosis 
because osteoclasts are of hematopoietic origin.108 Some 
patients with renal tubular phosphate leaks may also have 
mild acidosis. Osteomalacia may be a complication of the 
acidosis produced by ureterosigmoidostomy,98 a proce-
dure that was formerly used in the treatment of patients 
with carcinoma of the bladder. Reabsorption of chloride 
and hydrogen ions from urine in the colon is responsible 
for the acidosis.

GENERAL RENAL TUBULAR DISORDERS
Renal Fanconi’s syndrome is characterized by general-
ized dysfunction of the proximal renal tubules with loss 
of amino acids, glucose, phosphate, uric acid, and bicar-
bonate in the absence of abnormal glomerular function. 
This results in systemic acidosis, hypophosphatemia, 
and dehydration, which leads to growth disturbance, 
rickets, and osteomalacia. The disorders with features 
of Fanconi’s syndrome may be further classified into 
primary renal abnormalities, in which the underlying 
defect is located within the renal tubular cells, and prer-
enal disorders, in which metabolic substances from out-
side the kidney lead to derangements in tubular function 

(see Table 71-2). These disorders occur in adults as well 
as children.

The abnormal gene(s) that cause(s) autosomal domi-
nant renal Fanconi’s syndrome has not been identified. 
However, genetic and physical mapping studies have iden-
tified a locus at chromosome 15q15.3.109 Dent’s disease is 
an X-linked renal tubular disorder characterized by low–
molecular-weight proteinuria, hypercalciuria, nephrocal-
cinosis, nephrolithiasis, rickets, and renal failure and may 
include other features of Fanconi’s syndrome. The disease 
results from mutations of the X-linked CLCN5 gene that 
encodes a 746–amino acid protein chloride channel with 
12 to 13 transmembrane domains.110,111 Patients usually 
present at 40 years of age with signs and symptoms of 
hypokalemia and osteomalacia. Healing of the bone dis-
ease has occurred with vitamin D, alkali, and potassium 
treatment. Sporadic idiopathic Fanconi’s syndrome may 
also present with muscle weakness and bone pain attrib-
utable to osteomalacia.112

Fanconi’s syndrome associated with systemic meta-
bolic processes is seen in Lowe syndrome, a rare X-linked 
disorder that involves the eyes, kidney, and nervous sys-
tem and is manifested by congenital cataracts, mental 
retardation, and renal tubular dysfunction. The disorder 
results from mutations of the OCRL gene113 which leads 
to abnormalities in the actin cytoskeleton, thought to 
impair tight and adherens junction formation, resulting 
in tubular dysfunction.114

Nephropathic cystinosis is an autosomal recessive 
lysosomal storage disease characterized by renal fail-
ure and other complications including Fanconi syn-
drome. The disease is caused by mutation of the CTNS 
gene that encodes a transmembrane protein thought to 
transport cystine out of lysosomes.115 Cystine accumu-
lates in many tissues, including the kidneys, resulting in 
tubular dysfunction and later in glomerular failure.116 
Fanconi-Bickel syndrome, characterized by renal tubular 
phosphate wasting and hepatorenal glycogen accumula-
tion, is a result of homozygous mutations in the SLC2A2 
(GLUT2) glucose transporter.117

Inborn errors of metabolism can also cause Fanconi’s 
syndrome, most notably, Wilson’s disease and heredi-
tary tyrosinemia. Wilson’s disease is an autosomal reces-
sive disease caused by mutations in the Wilson’s disease 
gene ATP7B that encodes a copper-transporting P-type 
ATPase that localizes to the trans-Golgi network of hepa-
tocytes and is required for incorporation of this metal into 
ceruloplasmin. Clinical and pathologic manifestations 
in Wilson’s disease are attributed to the toxic effects of 
accumulation of copper in liver, kidney, brain, and cor-
nea. Most patients present with liver disease, hemolytic 
anemia, or neurologic disease. Fanconi’s syndrome and 
associated rickets and osteomalacia may predominate 
or be the presenting feature. Although the bone disease 
responds to vitamin D supplementation, renal tubular 
dysfunction persists including aminoaciduria, glucosuria, 
uricosuria, hypercalciuria, and RTA.118 The presence of 
hypercalciuria and the frequent occurrence of nephroli-
thiasis are consistent with studies demonstrating that the 
defect in acidification is related to a distal rather than a 
proximal tubular defect. Treatment of Wilson’s disease 
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with D-penicillamine and zinc salts significantly attenu-
ates the phenotype.119,120 Hereditary tyrosinemia type 1 is 
an autosomal recessive disease caused by mutations in the 
fumarylacetoacetate hydrolase (FAH) gene that encodes 
an enzyme involved in the last step of tyrosine degrada-
tion.121 Tyrosine accumulates in the kidney, peripheral 
nerves, and liver leading to the development of cirrhosis 
and hepatoma.

In addition to other rare inherited causes of Fanco-
ni’s syndrome, the development of Fanconi’s syndrome 
in plasma cell myeloma has been attributed to the toxic 
effects of monoclonal light chains on the proximal renal 
tubule.122 Although extremely rare, osteomalacia may 
develop in patients with multiple myeloma as a conse-
quence of the renal phosphate wasting and hypophos-
phatemia. Osteomalacia associated with RTA has also 
been reported in patients with Sjögren’s syndrome123 
and in patients with heavy metal poisoning, particularly 
cadmium124 and lead.125 Pharmacologic agents including 
valproate,125 tenofovir,126,127 adefovir,128 ifosfamide,129 
and outdated tetracycline130 have been reported to cause 
Fanconi’s syndrome as well. The bone disease in these 
settings is attributed to hypophosphatemia and systemic 
acidosis produced by impaired tubular function.

DISORDERS OF VITAMIN D METABOLISM
Rickets or osteomalacia can be caused by gene mutations 
of enzymes responsible for 25-hydroxylation of vitamin 
D, mutations of enzymes responsible for 1α-hydroxylation 
of 25(OH)D, or mutations of the vitamin D receptor (see 
Chapter 67). Isolated deficiency of 25(OH)D is a rare auto-
somal recessive disorder with rickets caused by impaired 
hepatic production of 25(OH)D. It is attributed to defi-
ciency of the 25(OH)D-hydroxylase, the enzyme that 
modulates conversion of vitamin D to 25(OH)D.131-133  
The disease is characterized by a low serum 25(OH)D, 
a normal serum 1,25(OH)2D, hypocalcemia, increases 
in serum alkaline phosphatase, secondary hyperparathy-
roidism, and early onset of rickets. A homozygous L99P 
inactivating mutation of the CYP2R1 gene was found to 
be the cause of 25(OH)D deficiency and rickets in a Nige-
rian boy with the disorder.134 These findings provide evi-
dence that CYP2R1 is a key vitamin D 25-hydroxylase.

Pseudovitamin D–deficiency rickets is an autosomal 
recessive disorder caused by impaired renal produc-
tion of 1,25(OH)2D. The disease is caused by muta-
tions of the CYP27B1 gene that encodes the 25(OH)D 
1α-hydroxylase, the mitochondrial enzyme that is respon-
sible for conversion of 25(OH)D to 1,25(OH)2D.135-137 
Affected individuals appear normal at birth and develop 
the clinical and biochemical changes of rickets during 
the first year of life. Hypocalcemia, hypophosphatemia, 
elevated serum immunoreactive PTH, and alkaline phos-
phatase are consistent findings. The diagnosis is made by 
genetic analyses and/or demonstration of a normal serum 
25(OH)D and low or undetectable serum 1,25(OH)2D in 
a patient with rickets who responds to physiologic doses 
of 1,25(OH)2D3.

Hereditary vitamin D–resistant rickets is a rare inher-
ited disorder characterized by resistance of target organs 

to 1,25(OH)2D. The disease is caused by mutations of 
the vitamin D receptor (VDR) gene,138 is transmitted as 
an autosomal recessive trait, and is often associated with 
consanguineous parentage. Onset of symptoms can occur 
at any age from infancy to adolescence. Patients exhibit 
hypocalcemia, hypophosphatemia, elevation of serum 
alkaline phosphatase and immunoreactive PTH, normal 
or increased serum 25(OH)D, and marked elevation of 
serum 1,25(OH)2D. Patients may also develop alopecia. 
Because the pathophysiologic abnormality underlying 
this disorder is a receptor defect, no treatment has been 
uniformly successful. Therapeutic responses to pharma-
cologic doses of vitamin D metabolites and oral calcium 
supplements vary. Because the main physiologic effect of 
1,25(OH)2D is thought to be the promotion of intesti-
nal calcium absorption, treatment with parenteral cal-
cium infusions, circumventing the intestinal resistance to 
1,25-dihydroxyvitamin D, can normalize the biochemical 
abnormalities and lead to clinical and radiologic remis-
sion of the osteomalacic lesions.139 These disorders are 
discussed in greater detail in Chapter 67.

In individuals with primary hyperparathyroidism who 
have excessive bone resorption and high rates of bone 
formation, thick osteoid seams may be seen. This may 
present clinically as hungry bone syndrome following sur-
gical cure of the hyperparathyroidism. However, frank 
vitamin D deficiency and osteomalacia may coexist with 
primary hyperparathyroidism.

Hypoparathyroidism is a rare cause of osteomala-
cia.140,141 The bone disease is attributed to a decrease 
in formation of 1,25(OH)2D and hypocalcemia, both a 
consequence of lack of PTH, thus appropriate therapy 
of hypoparathyroidism should prevent the mineraliza-
tion defect. Osteomalacia occurs infrequently in pseudo-
hypoparathyroidism, due to decreased 1,25(OH)2D, a 
consequence of impaired renal response to PTH-induced 
formation of cAMP as well as hypocalcemia.142,143 These 
parathyroid-related disorders are discussed in greater 
detail in Chapters 63 and 66.

MISCELLANEOUS CAUSES OF IMPAIRED 
MINERALIZATION

Chronic Kidney Disease and Aluminum Intoxication
Renal osteodystrophy comprises a heterogeneous group of 
skeletal disorders associated with chronic kidney disease. 
Prior to the introduction of hemodialysis for the therapy 
of chronic renal failure, the major accompanying skeletal 
disorder was a high turnover state, ascribable to second-
ary hyperparathyroidism. Bone formation rates were very 
high, and the bone surfaces covered by osteoid were also 
increased. Following the introduction of hemodialysis for 
treatment of chronic renal failure and the widespread use 
of aluminum-containing gels as phosphate binders, two 
patterns of osteomalacia were described. The first (type 1) 
was associated with high turnover bone disease, and the 
second (type 2) was associated with “adynamic” bone dis-
ease. In osteomalacia type 1, there were increased osteoid 
seams accompanied by low circulating calcium and phos-
phorus levels. In osteomalacia type 2, the osteoid seams 
were thinner, and there was often a dramatic reduction in 
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tetracycline-labeled double surfaces, reflecting a low min-
eralization rate.144-146 In contrast to patients with osteo-
malacia type 1, patients with osteomalacia type 2 tended 
to have normal or slightly elevated circulating concentra-
tions of calcium and phosphorus and clinically manifested 
a high frequency of skeletal pain and fractures.

The presence of true osteomalacia (type 1) with high 
turnover was ascribed to factors such as accompanying 
acidosis and functional vitamin D deficiency with low 
circulating levels of 1,25(OH)2D. However, although 
1,25(OH)2D can modulate bone cell function, the skel-
etal consequences of vitamin D deficiency and even the 
absence of vitamin D receptors in receptor-null mice can 
be reversed by maintaining sufficient extracellular con-
centrations of calcium and phosphate.147 Therefore, in 
CKD where serum levels of phosphate are usually high 
and calcium levels only slightly reduced or normal, it is 
difficult to ascribe mineralization defects to vitamin D 
deficiency alone. Circulating mineralization inhibitors—
for example, inorganic pyrophosphate and others not yet 
identified—may have a role. In the past, most cases of 
osteomalacia type 2 described in patients with chronic 
renal failure were associated with aluminum deposition 
in bone at osteoid-bone interfaces. Renal osteodystrophy 
is discussed in greater detail in Chapter 70.

Hypophosphatasia
Hypophosphatasia is a heritable disorder characterized 
by deficiency in the tissue-nonspecific (bone/liver/kidney) 
isoenzyme of alkaline phosphatase (TNSALP), increased 
urinary excretion of phosphorylethanolamine, and skel-
etal disease.148 The disease may present in infancy with 
hypercalcemia, renal failure, and increased intracranial 
pressure. Skeletal features include enlarged sutures in the 
skull, craniostenosis, delayed dentition, enlarged epiphy-
ses, and prominent costochondral junctions. Due to the 
absence of TNSALP, inorganic pyrophosphate accumu-
lates, impairing mineralization. Bone marrow transplants 
have been performed for life-threatening disease.149 More 
recently, enzyme replacement therapy has been shown 
to improve outcomes in infants and young children with 
life-threatening hypophosphatasia.150

When hypophosphatasia presents in older children, 
it is less severe. In this group, serum calcium and phos-
phorus levels are usually normal. In the infantile forms, 
the disorder is inherited as an autosomal recessive trait. 
The disorder in the adult, however, is probably distinct 
from the infantile and childhood forms and is inherited 
as an autosomal dominant trait with variable penetrance. 
In adults, even though impaired bone mineralization may 
be seen, the disorder tends to be mild. By definition, in 
hypophosphatasia, enzymatic activity of TNSALP in 
blood and tissues is reduced. TNSALP has broad sub-
strate activity, thus in patients with hypophosphatasia, 
phosphorylated molecules, such as phosphorylethanol-
amine and phosphorylcholine, are excreted in excessive 
amounts in the urine, and circulating levels of pyridoxal-
5′-phosphate, another TNSALP substrate, are markedly 
elevated.151,152 Serum phosphorus levels are usually nor-
mal. TNSALP generates Pi locally by cleaving various 
substrates including PPi into Pi to drive mineralization. 

PPi is also a potent inhibitor of mineralization, thus in the 
absence of TNAP, accumulation of PPi inhibits mineral-
ization at sites of bone formation.153,154 Since the alkaline 
phosphatase cDNA was cloned, it has been possible to 
study the defects in the TNSALP gene in patients with 
hypophosphatasia. Characterization of the patterns of 
clinical expression with the specific mutation in humans 
has provided insight into the molecular basis for the high 
degree of phenotypic heterogeneity in this disorder. The 
results indicate that the extreme heterogeneity in phe-
notype among patients with hypophosphatasia is due to 
residual enzyme activity in some individuals.155

Osteopetrosis
Rickets also may occur in the severe (recessive) form of 
osteopetrosis. Affected children may have low levels of 
serum phosphorus and calcium and increased alkaline 
phosphatase activity.156 In addition to rickets, decreased 
osteoclastic resorption and abnormal-appearing osteo-
clasts are observed. This disorder is heterogeneous, and 
several different cellular or biochemical defects may lead 
to similar clinical manifestations. Osteopetrosis is dis-
cussed in greater detail in Chapter 69.

Fibrogenesis Imperfecta Ossium
Fibrogenesis imperfecta ossium is a rare disorder char-
acterized by progressively disabling skeletal pain and 
tenderness, forced immobilization, muscular weakness, 
atrophy, and contractures.157 It has been described in 
men older than 50 years of age. Levels of calcium and 
phosphorus in the serum are normal, but alkaline phos-
phatase activity is increased. The radiographic abnor-
malities include thickened and amorphous-appearing 
trabeculae with spotty increases in density, reduced cor-
tical thicknesses, and occasional pseudofractures. The 
abnormal “fishnet” trabecular pattern seen on conven-
tional radiographs, combined with MR imaging of low 
signal intensity bone marrow on T1- and T2-weighted 
images, is helpful in diagnosis.158 Histologically, there is 
an increase in thickness of “osteoid,” which occurs dif-
fusely on bone surfaces. Its appearance is distinctive in 
that this “osteoid” lacks the lamellar structure and typical 
birefringence that is characteristic of the other osteoma-
lacic states. Electron microscopic studies reveal immature 
small-diameter collagen fibers that are arranged in loops, 
as well as dense areas that have been termed whorls. 
Of interest are observations that among the 17 cases of 
fibrogenesis imperfecta ossium reported by 1996, 5 had 
associated monoclonal gammopathy.159 Melphalan and 
calcitriol were ineffective therapy.

TREATMENT
Vitamin D deficiency leads to impaired intestinal calcium 
absorption, secondary hyperparathyroidism, and bone 
loss, as well as osteomalacia and rickets in the growing 
skeleton (see Chapter 59). Guidelines from the Institute 
of Medicine suggest that for over 97.5% of the popula-
tion, the recommended vitamin D intake from 1 to 70 
years of age should be 600 IU with an increase to 800 
IU for those older than 70 years of age.51 While this 
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recommended intake is an increase from previous guide-
lines, there remains controversy as to whether or not 
these recommendations are sufficient.52 Higher doses are 
required to treat rickets and osteomalacia. The goals of 
treatment for patients with osteomalacia or rickets are 
to correct hypocalcemia if it exists, to reverse skeletal 
deformities and secondary hyperparathyroidism, and to 
prevent vitamin D intoxication, which may lead to hyper-
calcemia, hypercalciuria, nephrocalcinosis, and nephroli-
thiasis. The requirements vary from patient to patient, so 
the dose must be tailored for a given individual. Vitamin 
D is marketed in 50,000-IU (1.25-mg) capsules of vita-
min D2 for oral administration and in propylene glycol 
(250 IU or 6.25 mcg per drop) for oral administration. 
The advantages of vitamin D are its low cost and the 
endogenous regulation of activation to 1,25(OH)2D. The 
disadvantages of its use are that an optimal therapeutic 
response may take several weeks and, in cases of toxic-
ity, its biologic activity persists for several weeks after it 
is discontinued because it is stored in fat and has a long 
half-life.

1,25(OH)2D3 is available in 0.25-mcg and 0.50-mcg 
capsules and in oral and intravenous preparations con-
taining 1 mcg/mL. The advantages of calcitriol are its 
rapid onset and offset of action. The half-life of the drug 
is less than 6 hours.160 One disadvantage is that hyper-
calcemia may occur, even long after an apparently opti-
mal dose has been established. Since the occurrence of 
hypercalcemia during treatment with 1,25(OH)2D3 can-
not be predicted, patients must be monitored closely. 1α 
(OH)D2 is approved for use in the treatment of secondary 
hyperparathyroidism in patients with kidney failure.161 
It is marketed in 2.5-mcg capsules and 1-mL solutions 
containing 2 mcg/mL. After administration, it undergoes 
conversion to 1,25(OH)2D2.162

In children with nutritional rickets caused by calcium 
deficiency, increasing the calcium intake to between 800 
and 1500 mg/day was shown to heal the bone disease.56,163 
Several protocols are recommended for treatment of vita-
min D–deficient bone disease; however, most of these 
have reversal of rickets and osteomalacia as a goal. They 
do not have the achievement of 25(OH)D levels that are  
“optimal” for bone mass accrual and fracture prevention 
as a goal. Daily oral doses of vitamin D, 50 mcg (2000 IU) 
for 3 to 12 weeks may result in a biochemical response 
in classic rickets and osteomalacia resulting from simple 
vitamin D deficiency. However, this dose is insufficient 
to treat the metabolic forms of rickets that are associated 
with renal insufficiency, malabsorption, and vitamin D 
resistance or dependency. Alternative recommendations 
include treatment with 50,000 to 500,000 IU over 1 to 
3 months, followed by maintenance doses of 600 IU/day, 
to achieve a normal circulating 25(OH)D level. Patients 
on chronic anticonvulsant therapy may require higher 
maintenance doses.164 Unlike adults in whom the effects 
of anticonvulsant drugs in producing osteomalacia may 
be self-limited, children may require persistent therapy 
because long-term anticonvulsant therapy has a greater 
effect on the skeleton of growing children than that of 
adults. Administration of vitamin D to patients with 
vitamin D– deficiency rickets or osteomalacia invariably 

results in healing of the bone disease, although the pat-
terns of response, particularly with regard to changes in 
serum calcium, phosphorus, alkaline phosphatase, and 
immunoreactive PTH, show marked variation. There may 
be an initial increase in serum alkaline phosphatase, indic-
ative of healing of the osteomalacic lesions, followed by a 
gradual fall in both alkaline phosphatase and immunore-
active PTH.

1,25(OH)2D3 is often most useful in treatment of 
diseases in which renal synthesis of the metabolite is 
diminished or impaired (hypoparathyroidism, pseu-
dohypoparathyroidism, renal insufficiency, vitamin 
D–dependent rickets type 1, tumor-induced osteomala-
cia, hypophosphatemic rickets) or there is resistance to 
its effects at the cellular level. Sometimes osteomalacia 
or rickets associated with hereditary vitamin D–resis-
tant rickets responds to treatment with vitamin D.165 
However, in instances of a more profound resistance, 
1,25(OH)2D3 may be beneficial. Doses as high as 15 to 
20 mcg/day are sometimes required and even so may not 
be effective. Under these circumstances, long-term par-
enteral administration of calcium can be used to heal the 
bone disease.139

Hypercalcemia and hypercalciuria are potential 
complications of treatment with vitamin D. Hypercal-
cemia resulting from vitamin D intoxication is caused 
by a combination of increased intestinal absorption 
of calcium and increased osteoclastic bone resorption. 
Impairment in kidney function may develop and lead 
to nephrocalcinosis, nephrolithiasis, and even death.139 
Patients may be asymptomatic or have anorexia, nausea, 
vomiting, weight loss, headache, constipation, polyuria, 
polydipsia, and altered mental status. Treatment with 
intravenous fluids is sometimes effective, but elevated 
serum 25(OH)D and serum calcium values may persist. 
In addition to hydration, glucocorticoids may be effec-
tive in lowering serum calcium levels, and additional 
benefit may be obtained by impairing osteoclastic bone 
resorption with intravenous bisphosphonates. Patients 
on long-term treatment with vitamin D should be care-
fully followed with measurement of serum and urinary 
calcium and serum creatinine. This is critical, since there 
is no way of predicting when or in whom vitamin D 
intoxication will develop and/or recur.

Treatment of hypophosphatemia, not associated with 
vitamin D deficiency, involves oral supplementation with 
neutral phosphate salts, including sodium or potassium 
salts (see Chapter 62). The rise in serum phosphorus 
after a single oral dose of phosphate is transient, there-
fore, phosphate supplements must be administered at fre-
quent intervals. The precise amount of phosphate must 
be individualized for each patient and is a reflection of 
the degree of renal loss. In individuals with severe leaks, 
as much as 1000 mg of elemental phosphorus is required 
every 4 to 6 hours to effect sustained elevations of serum 
phosphorus values. Optimal treatment of tumor-induced 
osteomalacia requires removal of the tumor. The efficacy 
of therapy cannot be assessed with a single fasting deter-
mination of serum phosphorus; multiple measurements 
of serum values at various times after each dose are 
required. Emptying the capsules and dissolving the salt 
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in water or other liquid may improve intestinal absorp-
tion. When therapy is initiated, most patients experi-
ence some degree of gastrointestinal distress, including 
cramps and diarrhea. Therefore, initial doses should be 
low, and increments should be gradually introduced as 
tolerated. Simultaneous use of phosphate and vitamin 
D metabolites accelerates healing in those with FGF23- 
mediated hypophosphatemia. Whether the improved 
serum phosphorus values that are seen with vitamin D 
or 1,25(OH)2D3 are accounted for by increased intesti-
nal absorption of phosphate or decreased renal loss due 
to reductions in PTH has not been established. How-
ever, the use of a calcimimetic to decrease PTH secretion 
has been used as adjuvant treatment for hereditary and 
acquired hypophosphatemia associated with impaired 
tubular reabsorption.166,167 In the various types of pre-
renal Fanconi’s syndrome, the specific treatment of the 
underlying disorder often results in disappearance of 
or improvement in the renal tubular dysfunction, thus 
allowing healing of the associated bone disease. In sev-
eral of these disorders, improvement in the bone dis-
ease can also be achieved by correcting the acidosis and 

hypophosphatemia (i.e., supplementation with alkali, 
oral phosphate, and vitamin D).

Hypophosphatasia presents a treatment challenge. 
Unless there is deficiency of vitamin D, treatment with 
vitamin D metabolites and calcium is contraindicated, 
since serum calcium, phosphorus, 25(OH)D, and 
1,25(OH)2D are usually normal and such treatment may 
exaggerate any tendency to develop hypercalcemia and 
hypercalciuria. Enzyme replacement150 and bone mar-
row transplantation149 have been reported to improve 
the bone disease in the infantile form. Similarly, in osteo-
malacia associated with osteopetrosis, the most effective 
treatment is bone marrow or stem cell transplant to pro-
vide normally functioning osteoclasts.168
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Paget’s disease of bone (osteitis deformans) is a common dis-
order of a focal nature that is an example of physiology gone 
awry. The primary disturbance appears to be an exaggera-
tion of osteoclastic bone resorption that initially produces 
localized loss of bone. Usually, the disorder is not appreci-
ated until secondary bone formation becomes so pronounced 
that it results in one or more enlarged and deformed bones. 
The clinical findings depend on which bones are affected and 
vary from discovery of an incidental radiologic or biochemi-
cal abnormality to devastating musculoskeletal disabilities 
with a variety of neurologic and systemic complications. 
Great progress has been made in our ability to treat this dis-
order, and knowledge of its pathogenesis is increasing.

INCIDENCE AND EPIDEMIOLOGY
Studies of the incidence of Paget’s disease are inher-
ently imprecise because many affected individuals are 

asymptomatic and have normal serum total alkaline 
phosphatase levels.1 On the basis of autopsy studies2,3 
and review of radiographs, the prevalence of the disease is 
believed to be 3% or greater in individuals older than 40 
years of age in countries where the disease is common.4

A striking feature of the epidemiology of Paget’s disease 
is the great variability in prevalence estimates in different 
regions of the world and even within a single country. A 
survey of hospital radiographs in patients older than 55 
years of age in 31 British towns revealed a prevalence of 
Paget’s disease ranging from 2.3% in Aberdeen, Scotland, 
to 8.3% in Lancaster, England.5 A similar survey done 
throughout Europe found that only in France did the 
prevalence equal the lowest prevalence rates in Britain.6 
Australia, New Zealand, and the United States7have a rel-
atively high prevalence, perhaps because of British migra-
tion. The disease appears to be rare in Asia. In Japan, 
the prevalence has been estimated to be 2.8 per million 

K E Y  P O I N T S

 •  The primary underlying pathology of Paget’s disease is a localized increase in 
osteoclastic bone resorption.

 •  A significant proportion of patients have neither symptoms nor signs of the disease.
 •  If bone pain is present or if there is skeletal involvement likely to produce significant 

complications, a single 5-mg infusion of zoledronic acid can suppress disease activity 
for up to 6.5 years.
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of the population.8 In most studies, the prevalence of 
Paget’s disease in men slightly exceeds that in women.2-7  
A meta-analysis of the temporal changes in prevalence 
of Paget’s disease in a variety of countries indicates that 
there has been a decrease in the populations studied but 
that this is heterogeneous, even in the same country.9 The 
explanation for these observations is not known.

Much emphasis has been placed on the increase in prev-
alence of Paget’s disease with aging. It has been estimated 
that the prevalence is nearly 10% by the ninth decade.2-4 
Conversely, the disease has rarely been reported in indi-
viduals younger than 20 years of age. Although Paget’s 
disease is most often recognized after 50 years of age, it 
is probably misleading to conclude that the disease is rare 
in younger individuals. As is discussed later, the obvi-
ous manifestations, such as skeletal deformity, probably 
evolve over decades. Failure to diagnose the earlier phases 
of the disease is no doubt due to lack of symptoms and 
minimal use of the radiologic and biochemical tests that 
would lead to an early diagnosis in younger individuals.

Since 1883, it has been appreciated that Paget’s disease 
may affect more than one member of a family.10 In large 
studies, a family history of the disease has been obtained 
in 12.3% of 788 cases11 (United States), 13.8% of 407 
cases12 (Great Britain), and 22.8% of 658 cases13 (Austra-
lia). In the former two studies, a 7- to 10-fold increase in 
Paget’s disease was noted in relatives of patients in com-
parison with control groups. In a small study in Spain in 
which relatives of patients were screened with bone scans, 
40% of patients had at least one first-degree relative with 
Paget’s disease.14 Examination of the overall pattern of 
apparent transmission suggests an autosomal dominant 
mode of inheritance.10

The search for potential environmental factors in the 
pathogenesis of Paget’s disease has led to consideration of 
whether past ownership of dogs might be a risk factor,15 
but this has not been confirmed by subsequent studies. 
Occupational exposure to lead has been proposed as a 
possible factor in Paget’s disease.16 In one study, levels of 
cortical bone lead were higher than those in control sub-
jects, but trabecular bone lead was lower.17 The relevance 
of these findings is unknown.

PATHOPHYSIOLOGY
Consideration of the radiologic and pathologic evolution 
of the lesions of Paget’s disease strongly suggests that the 
primary disturbance is localized acceleration of osteoclas-
tic bone resorption. At the interface of normal bone and 
an advancing lesion, numerous osteoclasts are found in 
Howship’s lacunae in cortical or trabecular bone.2 Many 
of the osteoclasts are larger than normal (Fig. 72-1) and 
may have up to 100 nuclei in cross-section rather than 
the several found in normal osteoclasts.18 Examination 
of the ultrastructure of osteoclasts in specimens of Paget’s 
disease reveals a striking and characteristic feature: the 
presence of microfilaments in the nucleus and, less fre-
quently, in the cytoplasm.19,20 These structures have not 
been observed in osteoclasts from normal subjects or in 
the bone of patients with primary or secondary hyper-
parathyroidism, osteoporosis, or osteomalacia. They also 

have not been observed in osteoblasts, osteocytes, or bone 
marrow cells in the lesions of Paget’s disease. The inclu-
sions have been found in a small percentage of the multi-
nucleated giant cells (osteoclasts) in giant-cell tumors of 
bone and in the osteoclasts of some patients with osteope-
trosis and pyknodysostosis.21 The structure of the micro-
filaments most closely resembles the nucleocapsids of 
viruses of the Paramyxoviridae family, a group of RNA 
viruses known to cause common childhood infections. 
Evidence of Paramyxoviridae nucleocapsid proteins22,23 
and messenger RNA (mRNA)24,25 has been found in pag-
etic lesions. The full-length sequence of the measles virus 
nucleocapsid (MVNP) gene has been sequenced from a 
pagetic lesion of one patient.26 The relevance of these 
findings to the cause of Paget’s disease is discussed later.

As osteoclastic resorption progresses in the cortex, indi-
vidual osteons widen and become confluent with adjacent 
osteons. The resorptive area thereby may extend to the 
endosteal and periosteal surfaces. In trabecular bone of 
the medullary cavities, the osteolytic process results in a 
marked reduction in bone volume. Associated with both 
early cortical and trabecular lesions is a remarkable pro-
liferation of fibrous tissue that replaces normal fatty or 
hematopoietic bone marrow. The fibrous stroma is highly 
vascular, and although arteriovenous shunts were previ-
ously thought to be present, this feature has not been con-
firmed with radiolabeled albumin microspheres.28

The earliest recognizable radiologic feature of Paget’s 
disease is a focal osteolytic lesion. The skull was first 
appreciated to be affected by circumscribed osteolytic 
lesions, and Schuller28 applied the term osteoporosis cir-
cumscripta to this finding. One or more osteolytic foci 
may be present, most often in the frontal and occipital 
regions, and may be observed to coalesce slowly over a 
period of years (Fig. 72-2). Pure osteolytic lesions also 
may be detected in other regions of the skeleton, but less 
frequently. They are seldom observed in the vertebral col-
umn or pelvis. In the long bones, osteolytic lesions usually 
develop at either end of the bone, less often in the diaphy-
sis.29 Occasionally, osteolytic foci can be observed simul-
taneously at both ends of a bone. The junction of normal 
bone and the osteolytic lesion shows a characteristic 

Figure 72-1 Bone biopsy of Paget’s disease with large multinucleated 
osteoclasts in Howship’s lacunae with adjacent plump osteoblasts in 
previously resorbed sites. H&E stain.
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radiologic appearance that is nearly diagnostic of Paget’s 
disease. The edge of the lesion usually assumes the shape 
of a flame or an inverted V (Fig. 72-3). Serial radiologic 
follow-up of untreated lesions has documented an aver-
age rate of extension of about 1 cm annually.29 Bone 
biopsies taken during this earliest phase of Paget’s disease 
not unexpectedly reveal a marked increase in osteoclas-
tic activity and thinning of the trabeculae.30 Other strik-
ing features include a fibrovascular marrow, numerous 
osteoblasts lining the trabeculae, and prominent woven 
bone. Thus, a discrepancy is found in the results of radio-
logic and pathologic examination of an osteolytic lesion. 
Although focal density is decreased on radiographs, his-
tology demonstrates very active bone formation, but not 
sufficient to overcome the remarkable degree of osteo-
clastic bone resorption.

A more commonly observed stage of Paget’s disease 
is the mixed phase, in which osteoblastic (or osteoscle-
rotic) features are intermixed with osteolytic features in 
an individual bone. This phase is best appreciated in long 
bones, in which one may observe the advancing osteolytic 
front adjacent to normal bone and, trailing this front, a 
heterogeneous region of osteosclerosis superimposed on 
the region that had previously been dominated by the 
osteolytic process (see Fig. 72-3). Biopsies of the mixed 
phase reveal a characteristic abnormality of lamellar bone 
in both cortical and trabecular bone. The matrix is trans-
formed into a bizarre “mosaic” pattern of irregularly 
juxtaposed pieces of lamellar bone separated by cement 
lines that have a scalloped outline. The irregularity prob-
ably reflects areas of previous osteoclastic resorption. The 
structure of the involved cortex is so disordered that com-
plete osteons are rare, and the outer and inner circumfer-
ential lamellae and the interstitial lamella may be totally 
disrupted.

The same disordered matrix structure is seen in tra-
becular bone. Interspersed among the chaotic lamellae are 
patches of woven bone characterized by a random pattern 

of deposition of collagen fibers and a larger number of 
osteocytes per unit area of matrix. It has been suggested 
that the lacunae surrounding the osteocytes are larger 
than normal and that this finding represents osteocytic 
osteolysis.31 However, it is more likely that the increased 
size of the periosteocytic lacunae is simply a characteris-
tic of woven bone and not a second type of bone resorp-
tion in Paget’s disease. At the surfaces of bone formation, 
plump osteoblasts are found in great number adjacent to 
abundant osteoid. This type of bone is seldom found in 
adults except when associated with rapid remodeling of 
bone, such as occurs after a fracture or in response to 
tumor invasion of bone. Studies using quantitative histo-
morphometry of bone documented the marked degree of 
cellular activity underlying the dramatic changes in bone 
structure in Paget’s disease.32 The total amount of osteoid 
and the percentage of the bone surface covered by oste-
oid may be increased fourfold to fivefold. The increase in 
osteoid is not associated with an increase in osteoid seam 
width because the rate of calcification also is increased, 
as established by double labeling of bone-forming sur-
faces with tetracycline. No dynamic means of defining the 
rate of bone resorption is available, but the extent of the 
total bone surface exhibiting evidence of bone resorption 
averages about sixfold that of normal individuals, and 
the number of osteoclasts may be increased as much as 
10-fold. In the medullary cavities, the intense resorptive 
process may produce hemorrhagic cysts with encircling 
fibrous marrow containing macrophages filled with hemo-
siderin. These cysts are believed to result from rupture of 
multiple dilated vessels and ensuing microinfarctions.33  

Figure 72-2 Radiograph demonstrating osteoporosis circumscripta of 
the skull affecting the frontal and temporal regions.

Figure 72-3 Radiograph of a tibia exhibiting a distal advancing osteo-
lytic front with proximal sclerotic bone. A partially healed pathologic 
fracture is present proximally.
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In the mixed phase of Paget’s disease, not only does patchy 
sclerosis of bone become apparent on radiography, but 
a bone also may be enlarged. If the osteolytic process 
extends to the subperiosteal layer, bone formation may be 
stimulated to such an extent that the thickness and circum-
ference of the bone are increased as a result of periosteal 
new bone formation. When the skull is affected, this pro-
cess can produce as much as a fourfold thickening of the 
calvarium, as was reported by Paget.34 A patchy form of 
sclerosis is often of a “cotton-wool” character (Fig. 72-4). 
The skull may be so severely affected that platybasia, or 
basilar impression, may be a complication. Long bones 
may be shortened due to lateral bowing of the femur or 
anterior bowing of the tibia, or both. Later in the course 
of the disease, the tibia may exhibit severe lateral bowing. 
The pathogenesis of the slowly progressive deformity is 
not known but must be related to the state of abnormal 
remodeling of the bone. Frequently, fissure fractures are 
associated with the bowing deformity. These fractures are 
linear transverse radiolucencies that usually are present 
in the cortex of the convex aspect of the deformed bone. 
They often are multiple and may remain stable in appear-
ance for years. They can be found in either osteopenic 
or osteosclerotic cortices and may be present even in the 
absence of deformity. Histologic examination of these 
lesions suggests that they are incomplete fractures.2 Only 
a small percentage of these lesions progress to a complete 
transverse fracture, which has been seen more often in 
patients with a sclerotic cortex.

Even after osteosclerotic bone has invaded the pre-
viously osteolytic regions of affected bone, evidence of 
ongoing abnormal bone resorption can be seen in the 
form of secondary resorption fronts. These secondary 
fronts are commonly seen as clefts in the cortex of long 
bones and trail in the path of the primary front.

In the final stage of Paget’s disease, termed osteoblastic 
or sclerotic, the affected bone remains dense and retains 
the “mosaic” matrix pattern characteristic of Paget’s dis-
ease. Tubular bones show a loss of differentiation between 
cortical and trabecular bone, even with enlargement of 
the bone as a result of periosteal new bone formation, 

because the new bone is no longer compact bone. Much 
less cellular activity is present in sclerotic lesions. Osteo-
clasts are few or absent, but osteoblasts may still be seen 
to line bone surfaces. The marrow may remain fibrous, 
but the number of blood vessels is greatly reduced. Scat-
tered chronic inflammatory cells may be present. Occa-
sionally, parts of lesions are totally devoid of bone cells, 
and for this reason, the concept of “burned-out” Paget’s 
disease has arisen. However, it is very unlikely that exten-
sive lesions of Paget’s disease ever achieve an entirely 
burned-out state. On the contrary, the presence of all 
stages of the disease in a single bone is much more likely.

The evolution of Paget’s disease can also be observed 
by administration of radioactive tracers and scanning of 
the entire skeleton or selected regions. Bone scans use 
technetium-labeled bisphosphonates, which after intra-
venous injection localize to skeletal sites in proportion 
to the relative blood flow and the rate of bone forma-
tion. The scans usually, but not always, demonstrate 
high uptake of radioactivity in the areas of the skeleton 
noted to be radiographically abnormal35 (Fig. 72-5). In 
a small proportion of patients, increased uptake may be 
seen when the radiograph is normal, thus illustrating the 
great sensitivity of bone scans. On the contrary, a small 
percentage of sclerotic lesions may not be picked up by 
a bone scan. These lesions appear to represent areas of 
inactive disease. Bone scans can be analyzed semiquanti-
tatively or by computer and thus may be used to monitor 
response to treatment.

Figure 72-4 Radiograph of the sclerotic phase of Paget’s disease in the 
skull exhibiting a “cotton-wool” appearance.

Figure 72-5 Anterior and posterior views of a bone scan in a patient 
with polyostotic Paget’s disease. Increased uptake of tracer can be noted 
in the skull, multiple vertebrae, and the pelvis, areas in which Paget’s 
disease was observed on radiographs. The other abnormal areas prob-
ably represent degenerative arthritis and a healed rib fracture.
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Gallium scans, most often used to detect occult infec-
tion or tumors, also have been shown to delineate the 
lesions of Paget’s disease.36 Evidence indicates that tracer 
gallium is localized to the nuclei of osteoclasts.37 There-
fore, the gallium scan may serve as a direct index of cel-
lular activity in Paget’s disease.

CLINICAL FEATURES
A considerable proportion of individuals with Paget’s dis-
ease have neither symptoms nor signs of the disease.1 The 
disease is accidentally discovered in these cases because of 
radiologic or biochemical abnormalities uncovered dur-
ing investigation of another disorder.

The most common clinical problems are pain and 
deformity. The bone pain of Paget’s disease, when pres-
ent, is seldom severe. Usually it is a dull pain, is located 
deep below the soft tissues, and often persists during the 
night. In weight-bearing bone, the pain may be slightly 
worsened by ambulation, but to a lesser extent than pain 
originating from the joints or from nerve impingement. 
Deformity of the skeleton is most often noted in the skull 
and the lower extremity. Over many years, the hat size of 
an affected individual may be noted to increase. Bowing 
and enlargement of the femur and tibia also may evolve 
over a period of years.

Regional Manifestations
The Skull
In the absence of an enlarged cranium, symptoms in the 
skull are uncommon. Even with an enlarged cranium, 
symptoms often are absent. Certainly, the most common 
symptom (30% to 50%) is hearing loss,38 which is slowly 
progressive in untreated patients. Vertigo or tinnitus or 
both are much less common. The main mechanism of hear-
ing loss in Paget’s disease has been attributed to a reduc-
tion in bone mineral density of the cochlear capsule.39

Much more serious complications of Paget’s disease 
may occur in the advanced stage of the disease in a small 
number of patients. The weight of the skull may be so 
great that the ability of the patient to keep the head erect 
is impaired. Muscle spasm may then produce pain in the 
neck and tension headaches. Neurologic abnormalities 
may be found in such patients as a consequence of basi-
lar invagination or platybasia. Although they are unusual 
complications, even in the presence of radiologic evidence 
of basilar invagination, compression of structures in the 
posterior fossa or cerebellar tonsillar herniation may pro-
duce ataxia, muscle weakness, and impaired respiration. 
Hydrocephalus also has been noted to be a rare compli-
cation and may be manifested by impaired gait, urinary 
incontinence, and some degree of dementia.

Finally, severe skull disease may be associated with the 
vague findings of a withdrawn individual who is somno-
lent and weak. It has been suggested that this manifesta-
tion might be a consequence of shunting of blood from 
the brain vessels to the external carotid artery system, a 
possible pagetic steal syndrome.40 These symptoms also 
could represent a psychological response to disability, 
inasmuch as nearly 50% of patients in one study have 
been reported to have depression.41

The Jaws
Paget’s disease may affect the facial bones and jaw, but 
such involvement is uncommon. Leontiasis ossea is the 
descriptive term applied to a patient with enlargement of 
all the facial bones, but such deformity is more likely to 
be found in fibrous dysplasia.

Involvement of the mandible or maxilla may produce 
progressive root resorption leading to the loss of teeth.42 
In the more advanced stages of Paget’s disease, excessive 
formation of the cementum is associated with absence of 
the lamina dura and periodontal membranes. Facial dis-
figurement may occur from enlargement of the maxilla 
or mandible or both and is associated with spreading of 
the teeth and malocclusion. Edentulous patients have dif-
ficulty acquiring properly fitting dentures. Oral surgery 
may be complicated by excessive intraoperative bleeding 
and postoperative osteomyelitis. Tooth extractions may 
prove difficult because of ankylosis resulting from hyper-
plasia of the cementum.

The Spine
Neck pain and back pain are common complaints in an 
aging population of patients with Paget’s disease. Visu-
alization of Paget’s disease in one or more vertebrae on 
radiographic examination often leads clinicians to con-
clude that they are dealing with bone pain, and treatment 
is instituted. However, most patients with moderate to 
severe pain have a complication associated with Paget’s 
disease as the cause of the pain rather than bone pain 
alone.

Paget’s disease affects the lumbar and sacral regions 
most frequently. One vertebra or many vertebrae may 
be involved. In the early osteolytic phase, which often is 
not recognized, the vertebral body appears osteoporotic 
and, in rare cases, may undergo so much resorption that 
it takes the shape of a thin transverse rod. Much more 
often, the vertebral bodies become enlarged overall, with 
thickened margins and coarse vertical striations centrally. 
Compression of a sclerotic vertebral body may develop 
because of the abnormal mechanical properties produced 
by the chaotic microarchitecture.

Severe pain or impaired neurologic function or both 
may result from compression of the spinal cord or nerve 
roots.43 This complication can arise from enlargement 
of the vertebral bodies, pedicles, or laminae, as well as 
from compression fractures. It also has been suggested 
that shunting of blood may occur from the spinal arteries 
to the highly vascular bone.44 Neurologic syndromes are 
more likely to develop with thoracic involvement. Symp-
toms include back pain, difficult ambulation, numbness, 
paresthesias of the feet, and progressive paresis of the 
legs. Later problems can include impaired bladder and 
bowel function, as well as spastic paraparesis and loss of 
sensation. Computed tomography (CT) and magnetic res-
onance imaging (MRI) are particularly helpful in resolv-
ing the anatomic abnormalities producing the disturbed 
function.

A rare complication in the spine is the development 
of a discrete paraspinal mass consisting of a central mar-
row cavity surrounded by pagetic bone that extends from 
the vertebrae.45 It may appear that the lesion represents a 



124972 PAGET’S DISEASE OF BONE

neoplasm, but careful analysis of prior radiologic studies 
may reveal the chronic nature of the lesion and may make 
it unnecessary to perform a biopsy.

The other major causes of back pain in Paget’s dis-
ease are intervertebral disk disease and degenerative 
arthritis. No evidence indicates that disk degeneration 
is more common in patients with Paget’s disease, but it 
has been reported that the pagetic process can invade 
the disk and produce bony bridging across the disk 
space.46 Back pain in the lumbar region is frequently 
associated with degenerative arthritis,47 particularly 
when distortion of the facet joints is associated with 
Paget’s disease. Large osteophytes also may be found 
in association with enlarged vertebral bodies or where 
a compression fracture has occurred. A syndrome mim-
icking ankylosing spondylitis may occur in the presence 
of extensive osteophyte formation or with ossification 
of spinal ligaments,48 but the human leukocyte antigen 
(HLA)-B27 antigen is absent. However, classic anky-
losing spondylitis has been found in association with 
Paget’s disease.47

The Pelvis and Extremities
The main symptoms associated with pelvic and lower 
extremity involvement are pain and impaired ambula-
tion. Pain is seldom a significant symptom in the osteo-
lytic phase of the disease. Hip pain is most common when 
both the acetabulum and the proximal end of the femur 
are affected by the sclerotic phase of the disease.48 Bow-
ing of the femur and protrusio acetabuli are often asso-
ciated with pain aggravated by weight bearing. Many 
patients are relatively comfortable when not weight bear-
ing, unlike patients with bone pain, who usually have 
nocturnal discomfort.

Knee pain and occasionally joint effusions may occur 
with sclerotic disease affecting the femur or tibia or both. 
Distortion of the knee joint produced by enlargement of 
the distal end of the femur or the proximal part of the tibia 
and severe bowing of either bone can induce mechanical 
strains on the articular cartilage and thereby accelerate 
the degenerative process. The pagetic process in subchon-
dral bone also may contribute to joint disease. A similar 
set of circumstances may account for ankle pain.

Fractures of the lower extremity are more likely to 
affect the femur than the tibia. In the largest series of 
reported femoral fractures, the subtrochanteric region 
was the most common site of fracture (49 of 182), and 
the rate of nonunion was noted to be 40%, a figure 
considerably greater than was previously appreciated.49 
Nonunion appears to be less common after tibial 
fractures.

Involvement of the upper-extremity long bones is much 
less likely to produce symptoms, although deformity may 
be apparent. At the shoulder, impaired rotator cuff func-
tion may be noted when overgrowth of bone leads to ana-
tomic distortion of the glenohumeral joint.

Occasionally, patients who have Paget’s disease affect-
ing the foot have pain on weight bearing. Symptoms are 
seldom encountered in individuals with radiologic evi-
dence of Paget’s disease in the hands.

Sarcoma, Giant-Cell Tumors, and Nonskeletal 
Malignancies
The most feared complication in Paget’s disease is sar-
coma. It has been estimated that 10% of patients with 
extensive disease may experience this problem,33 but if all 
affected individuals are considered, the incidence is prob-
ably less than 1%.50 Sarcomas have rarely been reported 
to develop in multiple members of families with Paget’s 
disease.

Patients in whom sarcomas develop usually have pain 
and swelling, always in an area previously affected with 
Paget’s disease. Occasionally, fracture at the tumor site 
may lead to discovery of the neoplasm. Tumors most 
often arise in the pelvis, femur, humerus, skull, and facial 
bones.51 Multifocal sarcomas are found only in patients 
with advanced and widespread polyostotic disease and 
are thought to represent tumors of independent origin 
rather than metastases.52

The histology of sarcomas is quite variable. Fibrosar-
comas, chondrosarcomas, osteogenic sarcomas, and ana-
plastic sarcomas may be found.33 Variable numbers of 
multinucleated giant cells (probably osteoclasts) may be 
scattered throughout the tumor stroma and most likely 
are not neoplastic. The nuclear inclusions typical of Pag-
et’s disease have been observed in giant cells but not in 
the tumor cells.53 It is not unusual for several histologic 
patterns to be present in a single tumor, which suggests 
that a common stem cell may give rise to a variety of bet-
ter differentiated mesenchymal cells.

Lymphomas and multiple myelomas have been found 
in association with Paget’s disease50 but probably repre-
sent chance occurrences rather than a complication of the 
pathologic process.

It is difficult to detect early sarcoma formation by 
radiologic examination because of the underlying dis-
tortion of pagetic bone. Because they appear to arise in 
medullary bone, an early finding may be a subcortical 
osteolytic lesion. Only when a radiolucent focus with 
speckled areas of calcification has broken through the 
confines of the cortex is it apparent that a malignant neo-
plasm is present. CT or MRI is the best means of deter-
mining the extent of the tumor mass.

The rate of change in serum alkaline phosphatase 
activity has not proved to be a useful marker for the 
development of sarcomas despite early reports that this 
might be the case.

The life expectancy for the average patient in whom a 
sarcoma develops is sadly brief, perhaps because of the 
difficulty associated with early detection. In one study, 
only 7.5% of patients survived 5 years, whereas a 37% 
5-year survival rate was noted in older adult patients who 
were free of underlying Paget’s disease.54

Giant-cell tumors of bone, which usually follow a 
benign course and most often are found at the ends of 
long bones in otherwise normal individuals, may arise in 
the lesions of Paget’s disease.55 They appear to be much 
less common than sarcoma in Paget’s disease and have 
frequently been noted to originate in the skull and facial 
bones. Rarely, these tumors have been reported in mul-
tiple family members who have Paget’s disease.56
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These tumors are characterized by spindle-shaped cells 
with fusiform nuclei and clumped chromatin or nuclei and 
by scattered multinucleated giant cells. Mitoses are rarely 
found in either the mononuclear or giant cells. The giant 
cells contain the nuclear inclusions of Paget’s disease, but 
the stromal cells do not.55 The opinion has been expressed 
that many of the reported cases of giant-cell tumor in Pag-
et’s disease actually represent giant-cell reparative granu-
lomas, which are common lesions arising in the jaw.57

Surgery and radiation have been used to treat symp-
tomatic giant-cell tumors in Paget’s disease. In one patient, 
high doses of dexamethasone were effective in shrinking 
an extraskeletal tumor.58 Another patient responded to 
the antiresorptive agent, denosumab.59

BIOCHEMICAL FEATURES
The intense cellular activity in active lesions of Paget’s 
disease may be reflected in various biochemical markers 
of bone resorption and bone formation. In most patients 
who come to clinical attention, biochemical markers do 
reflect the extent and activity of the disease, although 
patients with only a small percentage of affected skeleton 
have no biochemical abnormalities.

Indices of Bone Resorption
The increased bone resorption typical of active Paget’s 
disease might be expected to produce an increase in serum 
and urinary calcium levels, but in the absence of fractures 
or immobilization, hypercalcemia or hypercalciuria is not 
a prominent feature of Paget’s disease.60 It is generally 
believed that this finding is explained by a concomitant 
increase in bone formation that is demonstrable histo-
logically and by kinetic analysis of plasma disappearance 
rates and skeletal uptake of radiocalcium60 or other skel-
etal tracers. A variety of bone collagen matrix breakdown 
products have been used as indices of bone resorption. 
These products include urinary hydroxyproline, total and 
free pyridinoline and deoxypyridinoline, type 1 collagen 
N-telopeptide, and type 1 collagen C-telopeptide. The 
telopeptide assays appear to be most specific for bone col-
lagen resorption. Measurement of non-isomerized frag-
ments of collagen type 1 C-telopeptide may be the most 
sensitive means of evaluating bone resorption in patients 
with Paget’s disease.61

Indices of Bone Formation
Since 1929, it has been appreciated that serum total alka-
line phosphatase activity may be increased in patients 
with Paget’s disease.62 The enzyme is localized at the 
plasma membrane in osteoblasts and may participate 
in the mineralization of bone matrix. In Paget’s disease, 
enzyme activity in the circulation correlates with the 
extent of disease on radiographic skeletal surveys, as well 
as with total urinary hydroxyproline.48 Effective treat-
ment of Paget’s disease reduces total alkaline phosphatase 
activity by 50% or more.

During long-term follow-up of untreated patients with 
Paget’s disease, alkaline phosphatase activity usually exhib-
its a gradual increase or no significant change.63 In some 

patients, major fluctuations may represent technical errors 
rather than changes in disease activity. In the presence of 
liver disease, hepatic alkaline phosphatase activity may 
interfere with an accurate assessment of Paget’s disease 
activity. In such patients, measurement of procollagen type 
1 N-terminal peptide levels by immunoassay is preferable.64

Serum osteocalcin or bone Gla protein is a nearly spe-
cific product of osteoblasts that may be elevated in Paget’s 
disease, but not to the same degree as serum alkaline phos-
phatase activity.65 Paradoxically, treatment of patients 
with drugs that reduce turnover may produce a transient 
increase in osteocalcin levels.65 A potential explanation 
for these observations is that osteocalcin gene expression 
is reduced in active Paget’s disease.66

Serum levels of procollagen type 1 N-terminal peptide 
correlate significantly with quantitative bone scintigraphy 
and decline with treatment of Paget’s disease to a greater 
extent than bone-specific alkaline phosphatase.64

Because of the cost-effectiveness of the serum total 
alkaline phosphatase assay, this remains as a reason-
able choice for the biochemical assessment of the average 
patient with Paget’s disease.

Calciotropic Hormones
Calcitonin secretion is normal in patients with Paget’s 
disease.67 Parathyroid hormone concentrations generally 
are within the normal range, but in subsets of patients, 
elevated concentrations have been found.68,69 This obser-
vation could be related to renal failure, vitamin D defi-
ciency, or subtle hypocalcemia related to a higher rate of 
bone formation than bone resorption.

Patients with adequate vitamin D intake or suffi-
cient ultraviolet light exposure or both have normal 
25-hydroxyvitamin D and 1,25-dihydroxyvitamin D lev-
els. In two studies, serum 24,25-dihydroxyvitamin D was 
reported to be low and to correlate inversely with disease 
activity.70,71 The pathogenesis and clinical relevance of 
this finding remain unknown.

Interleukin-6, an important local modulator of osteo-
clast function, has been reported to be elevated in the bone 
marrow of patients with Paget’s disease72 and in serum 
by some72-74 but not all investigators.75 Receptor activator 
of nuclear factor-κ beta ligand (RANK-L) and osteoprote-
gerin (OPG), a decoy receptor for RANK-L, are key mod-
ulators of osteoclast function. Serum measurements in 
patients with Paget’s disease have also been variable, but a 
recent study indicates that both RANK-L and OPG levels 
may be highly elevated, and that bisphosphonate therapy 
can increase OPG and to a lesser extent reduce RANK-L 
levels, thereby reducing the RANK-L/OPG ratio.76

SYSTEMIC COMPLICATIONS AND ASSOCIATED 
DISEASES

Hypercalciuria, Hypercalcemia, and Primary 
Hyperparathyroidism
Urinary calcium excretion is usually normal in patients 
with Paget’s disease, and no compelling evidence has been 
presented that renal stone formation is increased over 
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that in age- and sex-matched control groups.60 However, 
hypercalciuria is readily provoked by immobilization 
after fracture77 or neurologic injury. In this setting, bone 
resorption increases while bone formation decreases.

Hypercalcemia is uncommon in patients with Paget’s 
disease but may occur as a consequence of immobiliza-
tion,77 malignancy,78 or primary hyperparathyroidism.79 
Despite some discussion that an increased incidence of 
primary hyperparathyroidism may occur in Paget’s dis-
ease, the presence of both diseases in one individual is 
very likely coincidental.

Hyperuricemia and Gout
Serum uric acid concentrations have been reported 
to be elevated primarily in men with relatively severe 
Paget’s disease.48 Nearly half of the hyperuricemic men 
had clinical episodes of gouty arthritis. Paget’s disease 
also was found to be present in 23% of a group of 
patients with gout.80 It is possible that a high turnover 
of nucleic acids in the lesions of Paget’s disease could 
increase the urate pool sufficiently to account for these 
observations.81

Cardiovascular Abnormalities
Increased cardiac output has been found to be present in 
patients who have at least 15% of their skeleton affected 
by Paget’s disease.82 This abnormality is often associated 
with left ventricular hypertrophy. The excessive vascular-
ity of the soft tissue and adjacent pagetic bone must be 
factors contributing to these phenomena. In addition, a 
reduction in peripheral vascular resistance may lead to 
increased cardiac output.83 High-output cardiac failure 
may occur but seems to be unusual.

Calcific aortic stenosis appears to be four to six times 
more common in patients with Paget’s disease than in a 
control population.84,85 It is more likely to be found in 
patients with severe disease, which suggests that increased 
cardiac output producing turbulence across the valve may 
induce calcification. Intracardiac calcification also may 
occur in the interventricular septum and may produce a 
complete heart block.85,86 Arterial calcification of periph-
eral vessels in patients with Paget’s disease is also greater 
than in control subjects.87

DRUG TREATMENT

Indications for Treatment
Indications for drug treatment of Paget’s disease are 
listed in Table 72-1. Perhaps the most common reason 

for treatment is bone pain. When Paget’s disease occurs 
adjacent to a joint, it may be difficult to distinguish bone 
pain from joint pain. In such cases, a therapeutic trial 
of drug therapy for 1 to 2 months may be particularly 
useful in clarifying the origin of the pain. Pretreatment 
of patients who require elective orthopedic surgery may 
prevent complications such as intraoperative or postop-
erative hemorrhage and immobilization hypercalcemia. 
Hypercalciuria and hypercalcemia can be reversed or 
prevented by drug treatment, but these indications are 
uncommon.

Some patients with neurologic deficits associated with 
vertebral disease may experience dramatic remission of 
their signs and symptoms. Although hearing loss is sel-
dom reversed, preservation of auditory acuity is expected. 
Reduction of disease activity produces a decrease in car-
diac output. It is possible that early treatment could 
prevent future complications such as skeletal deformity, 
but no long-term randomized clinical trials have been 
conducted.

Certainly, many patients do not need to be treated. 
The decision to treat must take into consideration the 
present symptoms, the likelihood of future complications, 
the cost of therapy, and the mode of administration.

Pretreatment Laboratory Evaluation
Measurement of serum total alkaline phosphatase activ-
ity in a reliable laboratory is probably the only biochemi-
cal test needed in most patients. Radiographs of known 
lesions of Paget’s disease should be performed to ensure 
awareness of osteolytic lesions. In patients whose extent 
of disease is unknown, a bone scan is the best means of 
defining the regions of the skeleton requiring radiographic 
evaluation.

Calcitonin
Salmon calcitonin was introduced into clinical use in the 
United States in 1975. This peptide hormone binds to 
calcitonin receptors on osteoclasts and rapidly inhibits 
bone resorption in vivo and in vitro. Salmon calcitonin, 
50 to 100 units subcutaneously, 3 to 7 times per week, 
relieves bone pain in a high percentage of patients within 
2 to 6 weeks, reduces cardiac output and vascularity of 
affected bones, reverses some neurologic deficits, and sta-
bilizes hearing deficits.88 Patients treated preoperatively 
may have less hemorrhage from orthopedic procedures.89 
An immediate decrease in bone resorption parameters is 
followed by a decrease in alkaline phosphatase activity in 
1 month. Both types of parameters decrease by 50% in 
3 to 6 months and return toward baseline months after 
treatment is stopped.

In patients with radiologically defined osteolytic 
lesions, restoration of a more normal bone structure 
occurs after long-term treatment.90 However, treatment 
must be continued indefinitely, or the osteolytic focus will 
recur. Bone scans91 and gallium scans38 show reduced 
activity of the pagetic lesions after long-term treatment. 
Reduced disease activity also is manifested in bone biop-
sies by a reduction in the number of bone cells, as well as 
by a decrease in the extent of woven bone and marrow 
fibrosis.92

TABLE 72-1 Indications for Drug Treatment  
in Paget’s Disease

Treatment of high-output congestive heart failure
Bone pain
Preparation for orthopedic surgery
Hypercalciuria
Hypercalcemia
Neurologic deficit from vertebral disease
Prevention of hearing loss
Prevention of complications in young patients
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As many as 26% of patients administered salmon 
calcitonin exhibit loss of biochemical responsiveness 
after an initial period of biochemical improvement.88 
Nearly all of these patients have high titers of anti-
bodies specific to salmon calcitonin in the circulation. 
These patients can be treated successfully with any of 
the bisphosphonates.

Salmon calcitonin may cause a variety of side effects.88 
The most common are nausea and facial flushing (10% 
to 20%). Less commonly, vomiting, abdominal pain, 
diarrhea, and polyuria may occur. Tetany and aller-
gic reactions are very rare. Side effects are less common 
with a nasal spray mode of administration, but efficacy is 
reduced. Salmon calcitonin is now seldom used because 
of the availability of potent bisphosphonates.

Bisphosphonates
Bisphosphonates are analogues of inorganic pyrophos-
phate, a compound thought to participate in the miner-
alization of bone. By substituting a P-C-P bond for the 
naturally occurring P-O-P bond, a family of metaboli-
cally stable compounds has been produced that bind to 
hydroxyapatite and inhibit bone resorption and, sec-
ondarily, bone formation in experimental animals and 
humans. The earliest bisphosphonates, such as etidro-
nate, induce osteoclast apoptosis by producing nonhy-
drolyzable analogues of adenosine triphosphate, whereas 
the more potent aminobisphosphonates inhibit farnesyl-
diphosphate (FPP) synthase in the mevalonate pathway, 
which produces osteoclast apoptosis by inhibition of pro-
tein prenylation.93

Four oral bisphosphonates taken daily are etidronate94 
(5 mg/kg body weight for 6 months), alendronate95 (40 
mg for 6 months), tiludronate96 (400 mg for 3 months), 
and risedronate97 (30 mg for 2 months). Pamidronate is 
available in intravenous form and is commonly infused 
once over a period of several hours at a dose of 60 mg 
for patients with less than fivefold elevations of serum 
total alkaline phosphatase activity98 and at an intermit-
tent dose of 60 or 90 mg on 2 or more days, depending on 
the level of alkaline phosphatase and the response to each 
infusion. Zoledronic acid, the most recently approved 
agent, is administered as a 5-mg dose intravenously over 
15 minutes.99 Risedronate and the intravenous bisphos-
phonates are probably the most common treatments used 
in the United States.

The bisphosphonates taken orally must be ingested 
with water only on an empty stomach because they 
are poorly absorbed. Generally, side effects are not a 
major problem and, when present, include abdominal 
distress, diarrhea, and a temporary increase in bone 
pain. Patients who receive pamidronate or zoledronic 
acid intravenously may experience fever and myalgias 
for about 24 hours. This acute-phase response is a con-
sequence of cytokine release from gamma delta T cells 
and appears to be accentuated in patients with serum 
25OHD levels below 30 ng/ml.100 This side effect sel-
dom occurs with subsequent infusions. Allergic reac-
tions are rare and most often are inflammatory eye 
reactions associated with pamidronate use. Etidronate is 
the only bisphosphonate reported to produce significant 

osteomalacia, usually at a dose greater than 5 mg/kg 
body weight daily. This drug is now rarely used given 
better agents. Renal toxicity is not observed with intra-
venous zoledronic acid if the drug is infused as approved 
and the creatinine clearance is 35 cc/min or higher.101 
Osteonecrosis of the jaw, an unusual event in cancer 
patients treated monthly with intravenous bisphospho-
nates, is extremely uncommon in patients with Paget’s 
disease or osteoporosis.102

The potent aminobisphosphonates can induce bio-
chemical remissions in the great majority of patients with 
mild to moderate disease activity. Only zoledronic acid 
can consistently normalize biochemical parameters in the 
most severely affected patients,99 and the response can 
persist for up to 6.5 years103 (Fig. 72-6) It remains to 
be seen whether long-term biochemical suppression, an 
achievable goal in most patients, can reduce the incidence 
of complications in patients who are most at risk. These 
individuals include those with skull, vertebral, pelvic, and 
lower-extremity involvement.

If there is a contraindication to use of a bisphospho-
nate such as renal failure, denosumab may be effective 
and safe as reported in one such patient.104

TREATMENT AND POSTTREATMENT LABORATORY 
EVALUATION
For most patients, measurement of total serum alkaline 
phosphatase activity is sufficient to determine the success 
of treatment. In patients with known osteolytic lesions on 
radiologic examination, an annual evaluation should be 
adequate.

SURGERY
Certainly, the benefits of surgery for the appropriate 
indications in patients with Paget’s disease outweigh the 
potential complications of excessive hemorrhage and 
impaired healing. Hemorrhage is less likely if patients 
are treated with an effective drug preoperatively. Prob-
ably the most common reason for orthopedic surgery is 
total hip replacement.105 The rate of success in relieving 
intractable hip pain and improving mobility is excellent. 
Heterotopic ossification may be somewhat more common 
postoperatively but is seldom a major problem. Total 
knee replacement also is now achieving good clinical 
results.106 Tibial and fibular osteotomies to correct varus 
deformity of the tibia are impressive in relieving knee and 
ankle pain associated with marked deformity.89 Because 
the rate of nonunion is relatively high in femoral frac-
tures, open reduction and fixation of these fractures may 
prove necessary.

Much less commonly required are suboccipital cra-
niectomy and upper cervical vertebral laminectomy in 
patients with symptomatic basilar impression. Equally 
uncommon is the need for ventricular shunting in patients 
with hydrocephalus. Attempted relief of hearing loss in 
patients with skull loss by stapes mobilization or sta-
pedectomy has been of questionable benefit. Surgery to 
correct spinal stenosis or nerve root compression has gen-
erally been successful.4
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Genetics
In 2002, a mutation in the sequestosome 1 (SQSTM1) 
gene on chromosome 5 was reported in 11 of 24 French-
Canadian families with Paget’s disease and in 18 of 112 
patients with apparently sporadic disease (see Chapter 
68).107 By 2010, at least 20 separate mutations of this 
gene were documented in a variety of countries.108 The 
mutations are mainly clustered around the ubiquitin-
binding domain of the SQSTM1 protein. The SQSTM1 
protein modulates activity of the nuclear factor kappa B 
(NF-κB) pathway, an important mediator of osteoclast 
function, and is involved in the process of autophagy. It is 
unlikely that mutations of this gene entirely account for a 

pagetic phenotype, because some of the family members 
of these pedigrees exhibit no evidence of Paget’s disease, 
yet harbor one of the mutations.109-111 For example, in 
New Zealand only 4 in 23 children with the same muta-
tion of a Paget’s disease parent had bone scan evidence 
of the disorder at an average age of 44 years.111 More 
recently, a number of studies have indicated that there 
are variants of at least seven genes that may represent sus-
ceptibility loci for Paget’s disease112-114 and that patients 
who harbor SQTM1 mutations plus one of these loci may 
have a more severe phenotype.115

A rare syndrome of Paget’s disease, inclusion body 
myositis and frontotemporal dementia, also has a genetic 
association. Mutations in valosine-containing protein 
(VCP) are found in this syndrome.116 This protein also 

A SINGLE INFUSION OF ZOLEDRONIC ACID PRODUCES SUSTAINED
 REMISSIONS IN PAGET'S DISEASE: DATA TO 6.5 YEARS
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Figure 72-6 Comparison of the long-term suppression of bone turnover markers by a 5-mg single infusion of zoledronic acid or a 2-month course 
of risedronate tablets, 30 mg/day. Bone formation markers, alkaline phosphatase (ALP) and N-terminal propeptide of type 1 collagen (P1NP), and 
bone resorption markers, serum beta-C-telopeptide (beta CTX) and urine alpha–C-telopeptide (alpha-CTX) remained suppressed up to 6.5 years 
after zoledronic acid infusion. Risedronate had a lesser effect, and patients dropped out of the study after relapse. The dotted lines indicate the refer-
ence ranges. The data are presented as mean + or – SEM.
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contains a ubiquitin-binding domain and has effects on 
autophagy. As in the case of patients with classical famil-
ial Paget’s disease who have SQTM1 mutations, there is 
incomplete penetrance of the skeletal disorder in individu-
als who have a VCP mutation; about 50% are affected.116 
Several rare heritable osteolytic disorders superficially 
resemble Paget’s disease.117 These are caused by muta-
tions that affect RANK or OPG (see Chapter 68).

Slow Virus Infection
The presence of osteoclast nuclear and cytoplasmic micro-
filaments essentially identical in structure to nucleocapsids 
of the Paramyxoviridae virus family initially suggested the 
possibility that Paget’s disease was caused by a slow virus 
infection.21,22 Subsequent immunochemical studies24,25 and 
sequence analysis of MVNP transcripts26-28 have added 
support to the hypothesis, although not all studies have 
been positive for a viral presence.118,119 Further evidence 
for a role of measles virus in the pathogenesis of the dis-
order is indicated by in vitro studies carried out on pelvic 
bone marrow aspirations from patients with Paget’s disease. 
Osteoclasts generated in culture from osteoclast precursors 
exhibit a “pagetic phenotype” that distinguishes them from 
normal osteoclasts.120 There are increased numbers gener-
ated, increased nuclei/osteoclast, increased bone resorption 
capacity/osteoclast, increased 1,25(OH)2D3 sensitivity, 
increased TAF-12 expression, and increased RANKL and 
TNF sensitivity. They also secrete high levels of IL-6. When 
normal osteoclasts were transduced with MVNP, they were 
transformed into cells with the “pagetic phenotype.”121 
Finally, when antisense-MVNP was tested on osteoclasts 
generated from the marrow of patients expressing MVNP, 
the “pagetic phenotype” was abolished.122

Animal Models of Paget’s Disease
Transgenic mice have been utilized to further address 
the pathogenesis of Paget’s disease.122-127 In two studies, 

the most common SQSMT1 mutation found in famil-
ial Paget’s disease (SQSTM1/p62P394L) was inserted 
into transgenic mice. In the first study, increased osteo-
clastic activity without increased bone formation was 
reported in lumbar vertebrae,124 while in the second 
study generalized osteoclastic activity was found in 
the femur and tibia, with small areas of osteoblas-
tic activity at the ends of these long bones.127 In both 
studies, osteoclast precursors were hyperresponsive to 
RANKL, but in the first study the precursors were not 
hyperresponsive to 1,25(OH)2D3, a feature of pagetic 
osteoclasts. This was not tested in the second study. 
Transgenic mice were also generated with VCP muta-
tions in two studies.125,126 In both studies, the domi-
nant lesions in the long bones were severe osteopenia 
with occasional hypersensitivity to TNF or RANKL but 
were not assessed for 1,25(OH)2D3 sensitivity. Target-
ing the MVNP gene to cells of the osteoclast lineage in 
transgenic mice produced bone lesions in the vertebrae 
similar to those of Paget’s disease.123 Transgenic mice 
produced to coexpress both MVNP and the SQSTM1/
p62P394L mutation developed a particularly severe 
form of Paget’s disease.122

There is general agreement that genes play a role in 
determining susceptibility to developing Paget’s disease, 
but the role of viruses remains controversial. The obser-
vation that Paget’s disease may be less common than in 
the past coupled with the fact that measles vaccine first 
became available 50 years ago lends further support for a 
viral role in this disorder.
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