




CLINICAL LIPIDOLOGY
A Companion to Braunwald's Heart Disease



2ND EDITION

CLINICAL LIPIDOLOGY
A Companion to Braunwald's Heart Disease

Christie M. Ballantyne, M.D.
Professor of Medicine, Genetics, and Physiology
Chief, Section of Cardiovascular Research
Chief, Section of Cardiology
Department of Medicine
Baylor College of Medicine
Houston, Texas

Director
Center for Cardiovascular Disease Prevention
The Methodist DeBakey Heart and Vascular Center
Houston, Texas



1600 John F. Kennedy Blvd.

Ste 1800

Philadelphia, PA 19103-2899

CLINICAL LIPIDOLOGY: A COMPANION TO BRAUNWALD'S HEART DISEASE, SECOND EDITION ISBN: 978-0-323-28786-9

Copyright © 2015, 2009 by Saunders, an imprint of Elsevier Inc. All rights reserved.

Chapter 39: Special Patient Populations: Acute Coronary Syndromes is in public domain.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or mechanical, including

photocopying, recording, or any information storage and retrieval system, without permission in writing from the publisher. Details on how to

seek permission, further information about the Publisher’s permissions policies and our arrangements with organizations such as the

Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher (other than as may be

noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and experience broaden our understanding,

changes in research methods, professional practices, or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using any information,

methods, compounds, or experiments described herein. In using such information or methods, they should be mindful of their

own safety and the safety of others, including parties for whom they have a professional responsibility.

With respect to any drug or pharmaceutical products identified, readers are advised to check the most current information

provided: (i) on procedures featured or (ii) by the manufacturer of each product to be administered, to verify the recommended

dose or formula, the method and duration of administration, and contraindications. It is the responsibility of practitioners, relying

on their own experience and knowledge of their patients, to make diagnoses, to determine dosages and the best treatment for

each individual patient, and to take all appropriate safety precautions.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any liability for any injury

and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of

any methods, products, instructions, or ideas contained in the material herein.

Library of Congress Cataloging-in-Publication Data
Clinical lipidology : a companion to Braunwald's heart disease / [edited by] Christie M. Ballantyne. – Second edition.

p. ; cm.

Complemented by: Braunwald's heart disease / edited by Douglas L. Mann, Douglas P. Zipes, Peter Libby, Robert O. Bonow,

Eugene Braunwald. 10th edition. [2015].

Includes bibliographical references and index.

ISBN 978-0-323-28786-9 (hardcover : alk. paper)

I. Ballantyne, Christie M., editor. II. Braunwald's heart disease. 10th ed. Complemented by (expression):

[DNLM: 1. Lipoproteins–metabolism. 2. Cardiovascular Diseases–complications. 3. Dyslipidemias. 4. Lipid Metabolism. QY 465]

RC681

616.1'2–dc23

2014033582

Content Strategist: Dolores Meloni

Content Development Specialist: Angela Rufino/Jennifer Ehlers

Publishing Services Manager: Hemamalini Rajendrababu

Project Manager: Nisha Selvaraj

Design Manager: Steven Stave/Xiaopei Chen

Illustrations Manager: Karen M. Giacomucci

Marketing Manager: Brian McAllister

Printed in Canada

Last digit is the print number: 9 8 7 6 5 4 3 2 1



Tomy family for their support throughout my career, because it meant time away from them:mywife
and partner, Yasmine, and my daughters, Leyla, Christina, and Katina; my parents, sisters, and
brothers; and friends.

To the individuals who inspired me to pursue academic preventive cardiology: Donald Seldin, who
inspired me to teach; Jim Willerson, who was a role model for hard work and dedication to patient
care; Art Beaudet, for his rigorous approach to the scientific method and critical thinking; and Tony
Gotto, who was a role model as a clinician–scientist–educator–father–administrator.

To all my colleagues and trainees, for sharing with me the parts of their lives in which we worked
together in both research and patient care.

To my patients and individuals everywhere who have lipid disorders and atherosclerosis, in the
hope that this book may prevent pain, suffering, and premature death from cardiovascular disease.

Finally, I would also like to thank Kerrie Jara for the many hours she spent working on this second
edition.



Contributors

Ashok Balasubramanyam, M.D.
Professor of Medicine and Molecular and Cellular Biology,
Baylor College of Medicine, Houston, Texas

Christie M. Ballantyne, M.D.
Professor of Medicine, Genetics, and Physiology, Chief,
Section of Cardiovascular Research, Chief, Section of
Cardiology, Department of Medicine, Baylor College of
Medicine; Director, Center for Cardiovascular Disease
Prevention, The Methodist DeBakey Heart and Vascular
Center, Houston, Texas

Philip J. Barter, M.B.B.S., Ph.D.
Professor, Centre for Vascular Research, Lowy Cancer
Research Centre, University of New South Wales, Sydney,
Australia

Roger S. Blumenthal, M.D.
Professor of Medicine and Director, Johns Hopkins
Ciccarone Preventive Cardiology Center, Johns Hopkins
University, Baltimore, Maryland

Michael B. Boffa, Ph.D.
Associate Professor, Department of Chemistry and
Biochemistry, University of Windsor, Windsor, Ontario,
Canada

Bryan Brewer, Jr., M.D.
Director, Washington Cardiovascular Associates; Senior
Research Consultant, Lipoprotein and Atherosclerosis
Research, Cardiovascular Research Institute, Medstar
Health, Washington, D.C.

Eliot A. Brinton, M.D., FAHA, FNLA.
Director, Atherometabolic Research Utah Foundation for
Biomedical Research, President, Utah Lipid Center, Salt
Lake City, Utah

Julie A. Brothers, M.D.
Assistant Professor, Pediatrics, Perelman School of Medicine
at the University of Pennsylvania; Attending Physician,
Cardiology, Medical Director, Lipid Heart Clinic, The
Children’s Hospital of Philadelphia, Philadelphia,
Pennsylvania

Lars A. Carlson, M.D., Ph.D., FRCP Edin
King Gustaf V Research Institute, Karolinska Institutet,
Stockholm, Sweden

Alberico L. Catapano, Ph.D.
Professor of Pharmacology, Department of Pharmacological
and Biomolecular Sciences, University of Milan, I.R.C.C.S.
MULTIMEDICA Hospital, Milan, Italy

Laura Chiavaroli, M.Sc., Ph.D.(c)
Faculty of Medicine, Department of Nutritional Sciences,
University of Toronto; Clinical Nutrition and Risk Factor
Modification Center, St. Michael’s Hospital, Toronto,
Ontario, Canada

Timothy S. Church, M.D., M.P.H., Ph.D.
Professor, Preventive Medicine Laboratory, Pennington
Biomedical Research Center, Baton Rouge, Louisiana

David E. Cohen, M.D., Ph.D.
Director, Hepatology, Division of Gastroenterology, Brigham
and Women’s Hospital; Director, Harvard-MIT Division of
Health Sciences and Technology; Robert H. Ebert Professor
of Medicine and Health Sciences and Technology, Harvard
Medical School, Boston, Massachusetts

Julia C. Creider, Hon B.MSc., M.D.
Resident, Internal Medicine, Schulich School of Medicine
and Dentistry, Western University, London, Ontario, Canada

Stephen R. Daniels, M.D., Ph.D.
Professor and Chairman, Department of Pediatrics,
University of Colorado School of Medicine; Pediatrician-in-
Chief, Children’s Hospital Colorado, Aurora, Colorado

David J. Davidson, M.D.
Department of Medicine, University of Chicago, Chicago,
Illinois

Michael H. Davidson, M.D.
Professor, Section of Cardiology, Department of Medicine,
The University of Chicago Pritzker School of Medicine,
Chicago, Illinois

Prakash Deedwania, M.D., FACC, FACP, FAHA
Professor of Medicine, Cardiology, University of California-
San Francisco Program at Fresno; Chief, Cardiology Division
Medicine, VACCHCS, Fresno, California

Emil M. deGoma, M.D.
Division of Cardiovascular Medicine, Perelman School of
Medicine at the University of Pennsylvania, Philadelphia,
Pennsylvania

Rose Q. Do, M.D.
Assistant Professor of Medicine, University of Colorado
School of Medicine; Staff Cardiologist, VA Medical Center,
Denver, Colorado

Zahi A. Fayad, Ph.D.
Director, Translational and Molecular Imaging Institute;
Professor of Radiology and Medicine (Cardiology), Mount
Sinai School of Medicine, New York, New York

vii



Sergio Fazio, M.D., Ph.D.
The William and Sonja Connor, Chair of Preventive
Cardiology, Professor of Medicine, Director, Center of
Preventive Cardiology, Knight Cardiovascular Institute,
Oregon Health and Science University, Portland, Oregon

Bengt Fellstrøm, M.D, Ph.D.
Professor of Nephrology, University of Uppsala, Uppsala,
Sweden

Jennifer Fleming, M.S., RD, LDN.
Clinical Research Coordinator, Department of Nutritional
Sciences, The Penn State University, University Park,
Pennsylvania

Baiba K. Gillard, Ph.D.
Research Scientist, Cardiology, Houston Methodist Research
Institute, Houston, Texas

Henry N. Ginsberg, M.D.
Herbert and Florence Irving Professor of Medicine and
Director, Irving Institute for Clinical and Translational
Research, Division of Preventive Medicine and Nutrition,
Department of Medicine, Columbia University College of
Physicians and Surgeons, New York, New York

Anne Carol Goldberg, M.D.
Associate Professor of Medicine, Washington University
School of Medicine, St. Louis, Missouri

Antonio M. Gotto, Jr., M.D., D.Phil.
Dean Emeritus and Co-Chairman of the Board of Overseers
and Lewis Thomas University Professor, Weill Cornell
Medical College, New York, New York; Vice President and
Provost for Medical Affairs Emeritus, Cornell University,
Ithaca, New York

John R. Guyton, M.D.
Associate Professor of Medicine, Division of Endocrinology,
Metabolism, and Nutrition, Department of Medicine, Duke
University Medical Center, Durham, North Carolina

William S. Harris, Ph.D.
Professor, Department of Medicine, Sanford School of
Medicine, University of South Dakota, Sioux Falls, South
Dakota; President, OmegaQuant Analytics, Sioux Falls,
South Dakota; Senior Research Scientist, Health Diagnostic
Laboratory, Inc., Richmond, Virginia

Robert A. Hegele, M.D., FRCPC, FACP
Distinguished University Professor, Medicine and
Biochemistry, Schulich School of Medicine, University of
Western Ontario, London, Ontario, Canada

Hallvard Holdaas, M.D., Ph.D.
Department of Transplant Medicine, Oslo University
Hospital, Rikshospitalet, Oslo, Norway

Ron C. Hoogeveen, Ph.D.
Section of Cardiovascular Research, Department of
Medicine, Baylor College of Medicine, Houston, Texas

Terry A. Jacobson, M.D.
Professor, Department of Medicine, Director, Lipid Clinic
and Cardiovascular, Risk Reduction Program, Emory
University School of Medicine, Atlanta, Georgia

Alan G. Jardine, B.Sc., M.D., FRCP
Professor of Renal Medicine and Head of the School of
Medicine, University of Glasgow, Glasgow, Scotland, United
Kingdom

David J.A. Jenkins, M.D., Ph.D., DSc.
Faculty of Medicine, Department of Nutritional Sciences,
University of Toronto; and Director, Clinical Nutrition and
Risk Factor Modification Center; Division of Endocrinology;
and Keenan Research Center of the Li Ka Shing Knowledge
Institute, St. Michael’s Hospital, Toronto, Ontario, Canada

Amber E. Johnson, M.D., MBA
John Hopkins, Ciccarone Center for the Prevention of Heart
Disease, John Hopkins University, Baltimore, Maryland

Peter Jones, M.D.
The Richardson Centre for Functional Foods and
Nutraceuticals, University of Manitoba, Manitoba, Canada

Peter H. Jones, M.D.
Associate Professor of Medicine, Division of Atherosclerosis
and Vascular Medicine, Section of Cardiovascular Research,
Department of Medicine, Baylor College of Medicine,
Houston, Texas

John J.P. Kastelein, M.D., Ph.D.
Department of Vascular Medicine, Academic Medical
Center Amsterdam, Amsterdam, The Netherlands

Cyril W.C. Kendall, M.D.
Faculty of Medicine, Department of Nutritional Sciences,
University of Toronto; Clinical Nutrition and Risk Factor
Modification Center, St. Michael’s Hospital, Toronto,
Ontario, Canada; College of Pharmacy and Nutrition,
University of Saskatchewan, Saskatoon, Saskatchewan,
Canada

Jon Kobashigawa, M.D.
DSL/Thomas D. Gordon Chair in Heart Transplantation
Medicine, Associate Director, Cedars-Sinai Heart Institute,
Director, Advanced Heart Disease Section, Director, Heart
Transplant Program, Cedars-Sinai Medical Center, Los
Angeles, California

Marlys L. Koschinsky, Ph.D.
Dean, Faculty of Science; Professor, Chemistry and
Biochemistry, University of Windsor, Windsor, Ontario,
Canada

Penny M. Kris-Etherton, Ph.D., RD.
Distinguished Professor of Nutrition, Department of
Nutritional Sciences, The Pennsylvania State University,
University Park, Pennsylvania

Jan Albert Kuivenhoven, Ph.D.
Molecular Genetics, University of Groningen, University
Medical Center, Groningen, The Netherlands

viii
C
O
N
TR

IB
U
TO

R
S



Olivier Lairez, M.D., Ph.D.
Translational and Molecular Imaging Institute, Icahn School
of Medicine at Mount Sinai, New York, New York; Cardiac
Imaging Center, University Hospital of Rangueil, Toulouse,
France

Carl J. Lavie, M.D., FACC, FACP, FCCP
Medical Director, Cardiac Rehabilitation, Department of
Cardiovascular Disease John Ochsner Heart and Vascular
Institute, New Orleans, Louisiana; Department of Preventive
Medicine, Pennington Biomedical Research Center, Baton
Rouge, Louisiana

Peter Libby, M.D.
Malinckrodt Professor of Medicine, Harvard Medical School,
Chief Cardiovascular Division, Brigham and Women’s
Hospital, Boston, Massachusetts

MacRae F. Linton, M.D.
Stephen and Mary Schillig Professor of Medicine and
Pharmacology, Cardiovascular Medicine Division; Director,
Vanderbilt Lipid Clinic, Vanderbilt University School of
Medicine, Nashville, Tennessee

Santica M. Marcovina, Ph.D., ScD
Research Professor of Medicine, University of Washington,
Director, Northwest Lipid Metabolism and Diabetes
Research Laboratories, Seattle, Washington

Patrick B. Mark, M.B.Ch.B., Ph.D., FRCP
Senior Lecturer in Nephrology, University of Glasgow,
Glasgow, Scotland, United Kingdom

Seth S. Martin, M.D.
Fellow, Cardiology; Fellow, Ciccarone Center for the
Prevention of Heart Disease Johns Hopkins University,
Baltimore, Maryland

Mark E. McGovern, M.D., FACC, FACP
Miami, Florida

James M. McKenney, PharmD
President and CEO, National Clinical Research, Inc;
Professor Emeritus Virginia Commonwealth University,
Richmond, Virginia

Michael Miller, M.D.
Professor of Medicine and Epidemiology and Public Health,
University of Maryland School of Medicine; Director, Center
for Preventive Cardiology, University of Maryland Medical
Center, Baltimore, Maryland

Yury I. Miller, M.D., Ph.D.
Professor, Department of Medicine, University of California,
San Diego, San Diego, California

Arash Mirrahimi, B.Sc., M.Sc.
Medical Student, School of Medicine, Faculty of Health
Sciences, Queen’s University, Kingston, Ontario, Canada;
Research Associate, Department of Nutritional Sciences,
Faculty of Medicine, University of Toronto; Research
Associate, Clinical Nutrition and Risk Factor Modification
Center, St. Michael’s Hospital, Toronto, Ontario, Canada

Jennifer E. Moon, Ph.D.
Weill Cornell Medical College, New York, New York

Patrick M. Moriarty, M.D.
Professor of Medicine, Director of Clinical Pharmacology/
Atherosclerosis and Lipoprotein-Apheresis Center,
University of Kansas Medical Center, Kansas City, Kansas

Mohammad Mahdi Motazacker, Ph.D.
Department of Clinical Genetics, Academic Medical Center,
Amsterdam, The Netherlands

Vijay Nambi, M.D., Ph.D.
Staff Cardiologist, Medicine, Michael E. DeBakey Veterans
Affairs Hospital; Assistant Professor, Division of
Atherosclerosis and Vascular Medicine, Section of
Cardiovascular Research, Medicine, Baylor College of
Medicine, Houston, Texas

Smita I. Negi, M.D.
Fellow, Division of Cardiology, Medstar Washington Hospital
Center, Washington, D.C.

Stephen J. Nicholls, M.D., Ph.D.
Professor of Cardiology and SAHMRI Heart Foundation
Heart Disease Theme Leader, South Australian Health &
Medical Research Institute, Adelaide, Australia

Steven E. Nissen, M.D.
Chair, Department of Cardiovascular Medicine, The
Cleveland Clinic Foundation, Cleveland, Ohio

Giuseppe D. Norata, Ph.D.
Department of Pharmacological and Biomolecular
Sciences, University of Milan, Milan, Italy

Payal S. Patel, M.D.
Baylor College of Medicine, Division of Endocrinology,
Diabetes and Metabolism, Baylor College of Medicine,
Houston, Texas

Rajan K. Patel, M.B.Ch.B., Ph.D.
Lecturer in Nephrology and Transplantation, ICAMS,
University of Glasgow, Glasgow, Scotland, United Kingdom

F. Xavier Pi-Sunyer, M.D., M.P.H.
Professor of Medicine, and Co-Director, New York Obesity/
Nutrition Research Center, Columbia University, New York,
New York

Yashashwi Pokharel, M.D., MSCR
Fellow of Lipid and Lipoprotein, Section of Cardiovascular
Research, Department of Medicine; Fellow of Lipid and
Lipoprotein, Center for Cardiovascular Disease Prevention,
Methodist DeBakey Heart and Vascular Center, Baylor
College of Medicine, Houston, Texas

Henry J. Pownall, B.S., M.S., Ph.D.
Scientist, Department of Cardiology, Houston Methodist
Research Institute, Houston, Texas

ix
C
O
N
TR

IB
U
TO

R
S



Frederick Raal, M.B., B.Ch., Ph.D.
Director, Carbohydrate and Lipid Metabolism Research Unit;
Professor and Head, Division of Endocrinology and
Metabolism, Faculty of Health Sciences, University of the
Witwatersrand, Johannesburg, South Africa

Daniel J. Rader, M.D.
Seymour Gray Professor of Molecular Medicine, Chair,
Department of Genetics Chief, Division of Translational
Medicine and Human Genetics, Department of Medicine,
Perelman School of Medicine, The University of
Pennsylvania, Philadelphia, Pennsylvania

Gissette Reyes-Soffer, M.D.
Assistant Professor of Medicine, Division of Preventive
Medicine and Nutrition, Department of Medicine, Columbia
University College of Physicians and Surgeons, New York,
New York

Paul M. Ridker, M.D.
Eugene Braunwald Professor of Medicine, Harvard Medical
School; Director, Center for Cardiovascular Disease
Prevention, Division of Preventive Medicine, Brigham and
Women’s Hospital, Boston, Massachusetts

Corina Rosales, M.S., Ph.D.
Postdoctoral Fellow, Cardiology, Houston Methodist
Research Institute, Houston, Texas

Robert S. Rosenson, M.D.
Professor of Medicine and Director of Cardiometabolic
Disorders, Icahn School of Medicine at Mount Sinai, New
York, New York

Eli M. Roth, M.D., FACC
Adjunct Professor of Clinical Medicine, Division of
Cardiovascular Health and Disease, University of Cincinnati
Medical Center; President and Medical Director, Sterling
Research Group, Cincinnati, Ohio

Kerry-Anne Rye, Ph.D., FAHA.
Professor, Centre for Vascular Research, University of New
South Wales, Sydney, New South Wales, Australia

Raul D. Santos, M.D., Ph.D.
Associate Professor of Cardiology, University of Sao Paulo
Medical School; Director, Lipid Clinic, Heart Institute
(InCor), University of Sao Paulo Medical School Hospital,
Sao Paulo, Brazil

Mark A. Sarzynski, Ph.D.
Assistant Professor-Research, Human Genomics Laboratory,
Pennington Biomedical Research Center, Baton Rouge,
Louisiana

Gregory G. Schwartz, M.D., Ph.D.
Chief, Cardiology Section, VA Medical Center; Professor of
Medicine, Division of Cardiology, University of Colorado
School of Medicine, Aurora, Colorado

Rajagopal V. Sekhar, M.D.
Associate Professor of Medicine, Translational Metabolism
Unit, Division of Diabetes, Endocrinology, and Metabolism,
Baylor College of Medicine, Houston, Texas

Parmanand Singh, M.D.
Assistant Professor of Medicine, Department of Medicine,
Division of Cardiology, Weill Cornell Medical College, New
York Presbyterian Hospital, New York, New York

Ann C. Skulas-Ray, Ph.D.
Research Associate, Department of Nutritional Sciences, The
Pennsylvania State University, University Park, Pennsylvania

Kristie Srichaikul, M.Sc.
Faculty of Medicine, University of Ottawa, Ottawa, Ontario,
Canada

Diana M. Stafforini, Ph.D.
Research Professor, Division of Cardiovascular Medicine,
Department of Internal Medicine, Investigator, Huntsman
Cancer Institute, University of Utah School of Medicine, Salt
Lake City, Utah

Evan A. Stein, M.D., Ph.D.
Metabolic and Atherosclerosis Research Center; Voluntary
Professor, Pathology and Laboratory Medicine, University of
Cincinnati, Cincinnati, Ohio

Neil J. Stone, M.D., MACP, FACC, FAHA
Bonow Professor of Medicine, Medicine (Cardiology),
Northwestern’s Feinberg School of Medicine, Chicago, Illinois

Damon L. Swift, Ph.D.
Assistant Professor, College of Health and Human
Performance, Department of Kinesiology, East Carolina
University, Greenville, North Carolina

Ahmed Tawakol, M.D.
Director, Integrative BioImaging Trials Program, Co-Director,
Cardiac MR-PET-CT Program, Massachusetts General
Hospital Harvard Medical School, Boston, Massachusetts

Allen J. Taylor, M.D.
Chief, Cardiology Division, Medstar Heart Institute, Medstar
Georgetown University Hospital, Washington, D.C.

Sotirios Tsimikas, M.D., FACC, FAHA, FSCAI
Professor of Medicine and Director of Vascular Medicine,
Division of Cardiovascular Diseases, Department of
Medicine, University of California San Diego, La Jolla,
California

Traci Turner, M.D.
Executive Director, Medpace Reference Laboratories and
Metabolic and Atherosclerosis Research Center, Medpace,
Cincinnati, Ohio

Krishnaswami Vijayaraghavan, M.D.
Vice President, Scottsdale Cardiovascular Center; Medical
Director, CV Research, Scottsdale Healthcare; Professor of
Medicine, Midwestern University, Scottsdale, Arizona

Salim S. Virani, M.D., Ph.D.
Staff Cardiologist and Investigator, Michael E. DeBakey
Veterans Affairs Medical Center, Assistant Professor, Section
of Cardiovascular Research, Department of Medicine, Baylor
College of Medicine, Houston, Texas

x
C
O
N
TR

IB
U
TO

R
S



David Q.-H. Wang, M.D., Ph.D.
Associate Professor of Medicine, Biochemistry and
Molecular Biology, Division of Gastroenterology and
Hepatology, Department of Internal Medicine, Saint Louis
University School of Medicine, St. Louis, Missouri

Nanette K. Wenger, M.D., MACP, MACC, FAHA
Professor of Medicine, Division of Cardiology, Department of
Medicine, Emory University School of Medicine, Atlanta,
Georgia

Michael J. Wilkinson, M.D.
Resident, Medicine, University of Chicago, Chicago,
Illinois

Julia M.W. Wong, Ph.D., RD.
Clinical Nutrition and Risk Factor Modification Centre, St.
Michael’s Hospital, Toronto, Ontario, Canada; New Balance
Foundation Obesity Prevention Center, Boston Children’s
Hospital, Boston, Massachusetts

xi
C
O
N
TR

IB
U
TO

R
S



Preface

The clinical treatment of dyslipidemia and atherosclerosis has
moved fromwhatwas primarily an academic research pursuit
at the beginning of my career to a fundamental role in the
treatment and prevention of atherosclerotic vascular disease
for all healthcare practitioners. I believe that this second edi-
tion of Clinical Lipidology will be an invaluable resource not
only to cardiovascular specialists, endocrinologists, and

internists, but also to all healthcare practitionerswho are inter-
ested in the treatment and prevention of atherosclerotic car-
diovascular disease. The information in this book provides a
state-of-the-art update of our current understanding of lipids
and atherosclerosis, along with practical clinical treatment
advice that cannot be found anywhere else.
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THE LIPOPROTEINS

Introduction
The French physician–scientist Michel Macheboeuf is
acknowledged as the father of plasma lipoproteins. His sem-
inal 1928 discovery fits the adage that science usually pre-
cedes technology, in this case by several decades. In his
doctoral thesis, Recherches sur les lipides, les stérols et les
protéides du sérum et du plasma sanguinis, Macheboeuf
described horse serum lipoproteins, demonstrating the asso-
ciation of lipids and proteins, ìlipido-protéidiquesî, in
plasma.1 It is now recognized that plasma lipids are trans-
ported by lipoproteins, which are defined by the densities
at which they are isolated, that is, as the high-, low-,
intermediate-, and very-low-density lipoproteins (HDLs,
LDLs, IDLs, and VLDLs, respectively). Chylomicrons, which
are intestinally derived, are composed mainly of dietary
lipids and small amounts of protein. HDL appears in two sub-
classes, HDL2 and HDL3. Through a simple venipuncture,
plasma lipoprotein levels, which are arguably among the
most important risk factors for coronary heart disease
(CHD), provide clues about the etiology of lipid disorders
and about their most prominent pathologic sequela, athero-
sclerosis. From this window, a host of informative analyses
has emerged. Correlations between CHD and the proper-
ties, compositions, and plasma concentrations of various
analytes—lipids and lipoproteins—have revealed mecha-
nisms that have ultimately aided diagnosis and provided
new targets for pharmacologic management of dyslipidemia
and atherosclerosis.

LIPOPROTEIN COMPOSITIONS
AND PROPERTIES

The plasma lipoproteins are composed of neutral lipids,
polar lipids, and specialized proteins called apolipoproteins
(apos). The major neutral lipids are cholesteryl esters (CEs)
and triglycerides (TGs); the polar lipids are phosphatidyl-
choline, sphingomyelin, and free cholesterol, with small
amounts of phosphatidylethanolamine and traces of other
phospholipids (PLs). The compositions of the lipoproteins
determine their size and structures (Table 1-1). Lipoprotein
size and density are a direct function of neutral lipid content,
with the largest lipoprotein particles being the least dense
and having the highest ratio of neutral to polar lipids. Surface
charge, as revealed by agarose gel electrophoresis, varies
among lipoproteins according to the amount of charged
lipids and the conformations of their apos. Lipoproteins
have been isolated according to size, charge, and density
by size exclusion chromatography, ion exchange chroma-
tography, and ultracentrifugation, respectively, with the lat-
ter technique used for preparative isolation.

The organization of the remainder of this chapter pro-
ceeds from the view that many of the currently unanswered
lipid and lipoprotein pathologies proceed from dysregulated
fatty acid metabolism, which is important in numerous dis-
eases of public interest, including obesity, diabetes, and ath-
erosclerosis. Although many of the downstream effects of
dysregulated fatty acidmetabolism are the targets of therapy,
it remains important to identify therapeutic modalities that
might address underlying causes.

1



The Apolipoproteins
The distribution of the apos among plasma lipoproteins (see
Table 1-1) determines some of their metabolic effects. The
apos, which may be classified as soluble and insoluble, are
important directors of lipoprotein metabolism. The soluble
apos belong to the same gene family in which the terminal
exon IV codes for the region of the apo that gives it its distin-
guishing biologic activities. All soluble apos are exchange-
able and contain extended regions of amphipathic helices
that mediate binding to lipid surfaces. ApoA-I and apoC-I2,3

are activators of cholesterol esterification via lecithin:choles-
terol acyltransferase (LCAT); apoC-II stimulates lipoprotein
lipase (LPL)–mediated hydrolysis of chylomicrons and
VLDL.4,5 ApoE is the ligand for the cellular uptake of IDL
and chylomicron remnants.6–8 Mechanistic links between
other apos and lipid metabolism are more subtle, but likely
present in ways that remain to be determined. Plasma apoC-
III correlates with plasma TG levels,9,10 whereas apoA-V,
which occurs at low levels in human plasma, appears to
be antilipemic.11 ApoB-100, an approximately 550-kDa non-
exchangeable protein, is a major protein of VLDL, IDL, and
LDL, and it contains the ligands for the cellular uptake of
LDL via its receptor. Chylomicrons contain a truncated form
of apoB, that is, apoB-48, which is a product of a novel mes-
senger ribonucleic acid–editing mechanism wherein an
amino acid codon is converted to a stop codon, giving an
expression product that lacks the LDL receptor–binding
domain.12,13 Lipoprotein(a) [Lp(a)] is another large lipopro-
tein, in which the major protein, apo(a), associates with
apoB via a disulfide bridge.14

LIPOPROTEIN PRODUCTION

Triglyceride-Rich Lipoproteins
VLDL and chylomicrons are assembled and secreted by
hepatocytes and enterocytes in the liver and intestine,
respectively. Hypertriglyceridemia (HTG) occurs when
plasma VLDL or chylomicron concentrations, or both, are
elevated. Their respective assembly is driven by TG synthesis
from endogenous and exogenous (dietary) fatty acids. Thus,
an important determinant of fasting plasma TG concentra-
tion is the plasma nonesterified fatty acid (NEFA) concentra-
tion that is available for hepatic uptake. Some of the NEFAs
that are liberated by the hydrolysis of chylomicrons follow-
ing an oral fat load are hepatically removed and used for
VLDL-TG production and secretion. Insulin resistance in

adipose tissue (AT) impairs fatty acid storage and raises
plasma NEFAs, which are used for VLDL production. This
mechanism accounts, in part, for the association of diabetes
and other insulin-resistant states with fasting HTG and
enhanced postprandial lipemia. HTG is exacerbated by
increased hepatic lipase (HL) activity, which diverts TG-
derived NEFAs to the liver, where they cycle back to
VLDL-TG. Although the identification of the mechanisms
for protein folding is usually difficult, identification of the
mechanism for VLDL assembly, which involves protein fold-
ing and the addition of specific amounts of polar and non-
polar lipids, has been especially challenging. Nevertheless,
morphologic and subcellular fractionation studies of hepa-
tocytes have provided some support for a two-step model
of VLDL assembly.15,16 The first step, partial lipidation of
apoB with TG, CE, and PL during its translation and translo-
cation to the lumen of the rough endoplasmic reticulum
(ER) by microsomal triglyceride transfer protein (MTP),
yields a pre-VLDL that remains weakly associated with
the ER membrane. The pre-VLDL interacts with a TG-rich
particle from the smooth ER. The molecular details for
this step are not known, but may involve chaperones. In
some hepatic cells, inadequate lipidation of apoB leads to
rapid degradation of early forms of VLDL via the ubiquitin–
proteasome pathway.17,18 Hepatic MTP is associated with
protein disulfide isomerase, which is not itself related to
VLDL synthesis, but keeps MTP retained within the ER.
Studies of a splicing variant of MTP suggest that it is a
fusogen,19 and that in hepatic cells, it could mediate the
fusion of pre-VLDL with TG-rich particles. This remains to
be demonstrated. Studies of chylomicron assembly have
been sparse, but it is presumed, without much evidence,
to be similar to that of VLDL. As discussed later, the HTG
resulting from insulin resistance in AT contributes to the
complex phenotype that presents in the metabolic syn-
drome (MetS) and obesity-linked diabetes.

Intermediate-Density Lipoproteins
and Low-Density Lipoproteins
Following their entry into the plasma compartment, VLDLs
are modified by LPL. VLDL, which is the major carrier of
endogenous TG, contains apos B-100, E, C-I, C-II, and C-III
(see Table 1-1), which are segregated during lipolysis. Hahn
first reported that heparin administration released a factor
that caused the clearing of human plasma.20 This observa-
tion supported the extant view that LPL associates with

TABLE 1-1 Properties of Human Plasma Lipoproteins
CLASS D (nm) d (g/mL) MOBILITY COMPOSITION (%)

Core Surface

TG CE FC PL Pro MAJOR APOS

Chylomicrons 80–500 <0.93 α2 86 3 2 7 2 B-48, E, A-I, A-II, A-IV, C

VLDL 30–80 0.95–1.006 Pre-β 55 12 7 18 8 B-100, C-I, C-II, C-III, E

IDL 25–35 1.006–1.019 Slow pre-β 23 29 9 19 19 B-100, E

LDL 21.6 1.019–1.063 β 6 42 8 22 22 B-100

HDL2 10 1.063–1.125 α 5 17 5 33 40 A-I, A-II

HDL3 7.5 1.125–1.210 α 3 13 4 25 55 A-I, A-II

Lp(a) 30 1.055–1.085 Slow pre-β 3 33 9 22 33 B-100, apo(a)

apos, apolipoproteins; CE, cholesteryl ester; d, density; D, diameter; FC, free cholesterol; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density
lipoprotein; Lp(a), lipoprotein(a); PL, phospholipid; Pro, protein; TG, triglyceride; VLDL, very-low-density lipoprotein.
(Reproduced from Pownall HJ, Gotto AM. Human plasma lipoprotein metabolism. In: Ballantyne CM, editor. Clinical lipidology: a companion to Braunwald’s heart disease. 1st ed.
Philadelphia: Elsevier; 2009. p. 1-10.)
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capillary proteoglycans and that themain sites for the uptake
of the fatty acids released by LPL are the peripheral tissues
that are perfused via the capillary bed. In a classic citation,
Korn described the properties of the clearing factor and
determined that it was LPL.21 Havel and LaRosa further
established the importance of LPL in lipoprotein metabolism
by showing that its activity was stimulated by apoC-II.4,5

Hydrolysis of TG by LPL converts VLDLs to IDLs and chylo-
microns to chylomicron remnants. ApoC-II and LPL defi-
ciency are associated with severe HTG.22 Independent of
mutations in apoC-II and LPL, moderate HTG is associated
with type 2 diabetes and atherosclerosis (see later discus-
sion). Interestingly, as VLDL is hydrolyzed by LPL, the C
apos, including apoC-II, transfer to HDL, and lipolytic activity
via LPL is arrested, leaving IDL, which is not an LPL substrate.
However, HL, which does not require apoC-II, continues the
hydrolysis of IDL to the mature apoB-100–containing prod-
uct, LDL. During this step, the particle loses most of its apoE.
HL remodels HDL through the hydrolysis of PLs and TGs, an
activity that is more profound in the postprandial state.23

High-Density Lipoproteins
For various reasons, models for the structure, production,
remodeling, and catabolism of HDLs have been more diffi-
cult to identify than those for the apoB-containing lipopro-
teins. HDLs are small and heterogeneous with respect to
size and composition (see Table 1-1); thus, many conven-
tional methods such as cryoelectron microscopy, x-ray crys-
tallography, and nuclear magnetic resonance imaging have
limited value. Unlike the apoB-containing lipoproteins, all
the components of HDLs are exchangeable. Thus, traditional
kinetic methods cannot be used to study their turnover.
HDLs are heterogeneous and have been classified accord-

ing to electrophoretic mobility, size, and density. One of the
more revealing methods, two-dimensional gel electrophore-
sis, which separates HDLs on the basis of both electropho-
retic mobility and size, has been elegantly applied to
several studies of metabolism in which the function and
qualities of HDL are altered.24 In addition, HDLs have been
classified according to the presence of apoA-II. Some parti-
cles contain only apoA-I (LpA-I), whereas most of the
remainder contain both apoA-I and apoA-II (LpA-I/A-II).25

Formation of LpA-I/LpA-II in plasma occurs via LCAT-
mediated fusion of nascent discoidal apoA-II HDL with small
spherical LpA-I26 or by displacement of apoA-I by the more
lipophilic apoA-II.27–29 Intracellular formation has not been
fully delineated. ApoE, a minor HDL protein, preferentially
associates with large HDL.30–32 The distributions of HDL apo-
lipoproteins, which are exchangeable, are modified by
LCAT, cholesteryl ester transfer protein (CETP), phospho-
lipid transfer protein (PLTP), and HL.33 HDL structural remo-
deling and apoA-I dissociation appear to be essential to
reverse cholesterol transport (RCT) and other functions of
HDL.34,35

The human hepatic cell lines, HepG2 and Huh7, secrete
particles that have the properties of HDL and contain its major
apos, A-I, A-II, and E.36,37 Recent studies38–40 using HepG2 or
Huh7 hepatoma cells, or both, have extended the understand-
ing of the hepatic assembly of HDL and support the following
model. Synthesis and lipidation of apos occur in the ER.39 Fur-
ther lipidation occurs in the Golgi apparatus so that half of the
apoA-I is secreted on small nascent HDL, whereas the remain-
der is secreted lipid free.38–40 In contrast, apoA-II is rapidly

lipidated intracellularly, a process that catalyzes its dimeriza-
tion,41 and is secreted as a lipid-associated dimer on nascent
HDL particles that do not contain apoA-I.40 LCAT catalyzes
fusion of the apoA-II nascent HDL disks with small spherical
apoA-I HDL to form LpA-I/A-II spherical HDL.26 ApoE in the
Golgi apparatus is associated with maturing VLDL particles.42

ApoE secreted on VLDL is rapidly remodeled into LDL-sized
particles and transfers to HDL, where it subsequently forms
homodimers and heterodimers with apoA-II. These secreted
lipoproteins may undergo retroendocytosis, after which some
apoA-I and apoA-II transfer to LDL-sized particles, whereas
apoE transfers to HDL and is resecreted.43,44 The importance
of hepatic lipidation of apoA-I cannot be overemphasized.
ApoA-I interacts with the adenosine triphosphate–binding
cassette A1 (ABCA1) transporter and its associated mem-
brane lipids to yield nascent HDL, an effect that was first rec-
ognized in assays of lipid efflux to lipid-free apoA-I.45

Macrophage-specific ablation of ABCA1 has no effect on
plasma lipoprotein profiles in mice, whereas mice with
liver-specific ABCA1 ablation have plasma and HDL choles-
terol (HDL-C) concentrations that are approximately 20% of
those of wild-type mice and hypercatabolize apoA-I via
increased renal extraction.46 Thus, in wild-type mice, the liver
is the main source of plasma HDL-C, which is formed by
direct hepatic lipidation of lipid-poor apoA-I, a process that
removes apoA-I from renal extraction.

LIPOPROTEIN REMODELING
AND CATABOLISM

Reverse Cholesterol Transport
Unlike the liver, extrahepatic tissue synthesizes but cannot
degrade cholesterol. Thus, cholesterol accumulation in
macrophages, a key cell type in atherogenesis, induces a
lipotoxic, pathologic state, unless a mechanism for its dis-
posal exists; that mechanism is RCT, and HDL is its central
player.47 Within the context of cardiovascular disease
(CVD), RCT comprises three steps: (1) cholesterol efflux
from monocyte-derived macrophages within the arterial
wall, (2) esterification and interaction with lipid transfer pro-
teins in the plasma compartment, and (3) selective hepatic
uptake of HDL-CE by its receptor (Fig. 1-1). At least four
mechanisms for cholesterol efflux exist48:
• One mechanism is mediated by the microsolubilization of
membrane lipids by apoA-I via its interactions with the
ABCA1 transporter, which triggers unidirectional release
of cholesterol and PL, forming nascent HDL.49,50 Tangier
disease is a severe manifestation of an ABCA1 mutation,
in which plasma HDL-C levels are close to nil and cellular
transfer of cholesterol to lipid-free apos is impaired.51,52

• ABCG1/G4 mediates efflux to HDL2 and HDL3 but not to
lipid-free apoA-I.53–55 Efflux increases with HDL-PL content.
ABCG1 is highly expressed in macrophages53–55 and might
mediate efflux from macrophage–foam cells to HDL.
ABCG1/G4 might be the mechanistic link between high
HDL-C and low risk of CVD.

• A third mechanism is spontaneous cholesterol desorption
from the plasma membrane into the surrounding aqueous
phase, where it associates with HDL. This process is driven
by a cholesterol concentration gradient from high (donor)
to low (acceptor); high relative levels of acceptor-
sphingomyelin, which is highly cholesterophilic, increase
efflux.56–58
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• Hepatic scavenger receptor class B type I (SR-BI), which
selectively removes HDL-CE, HDL-TG, and HDL-PL,59 also
mediates cholesterol efflux toHDL, a process that is dose de-
pendent with respect to acceptor-PL content; acceptor-PL
enrichment or depletion increases or decreases efflux via
SR-BI. Efflux is enhanced by addition of phosphatidylcho-
line60 and by replacement of acceptor-phosphatidylcholine
with more cholesterophilic PLs such as sphingomyelin.60–63

Lecithin:Cholesterol Acyltransferase
After cholesterol transfers to early forms of HDL, the particle
undergoes a series of remodeling reactions. One of the
most important of these is the reaction catalyzed by LCAT,
which transfers fatty acyl chains of phosphatidylcholine to
HDL-free cholesterol, giving a CE. LCAT is central to RCT;
LCAT converts cholesterol to its ester, a form that does
not spontaneously transfer among membranes and lipopro-
teins, while converting HDL from a disk to a sphere with a
core containing mostly CEs. Additional rounds of efflux to
HDL and esterification produce the mature form that is
eventually removed by the liver. Discovery of this reaction
prompted Glomset64,65 to propose that HDL was the vehicle
for RCT, the transfer of cholesterol from peripheral tissue to
the liver for disposal or recycling. Patients with familial
LCAT deficiency have very low plasma CE levels and an
altered lipoprotein profile. The most profound effect of
LCAT deficiency is corneal opacification. In a milder form
of deficiency—fish eye disease—corneal opacities occur
later in life, and the reduction of plasma HDL-CE levels is
not as profound. In vitro expression of variants found in
LCAT deficiency and fish eye disease has revealed that
the reduction in secretion and specific activity is more
severe in the former.66

Lipid Transfer Proteins
Human plasma contains two proteins, PLTP and CETP, that
transfer lipids among lipoproteins. Among the lipoproteins,
the main donor–acceptor targets of PLTP are HDL. Human
PLTP transfers PLs among lipoproteins while modifying the

structure and composition of HDL. PLTP transfers many
amphiphilic lipid molecules, with phosphatidylcholine
and sphingomyelin being the most abundant lipoprotein
ligands.67,68 PLTP transfers PLs among HDL particles,
thereby converting HDL into larger and smaller particles,68,69

a process that involves surface lipid transfer and particle
fusion.70 PLTP-deficient mice have lower HDL lipids and
apos and no phosphatidylcholine transfer between VLDL
and HDL, whereas non-HDL lipid or apoB levels of PLTP-
deficient and wild-type littermates on a chow diet were
the same.71 Some studies suggest that PLTP is proathero-
genic. PLTP deficiency in apoB-transgenic and apoE-
deficient mice results in hyperlipidemia, reduced plasma
levels of apoB-containing lipoproteins, and less atheroscle-
rosis,72 an effect that may be mediated by HDL-C reduction
and decreased lipoprotein–vitamin E, which is expected to
increase lipoprotein oxidation. However, macrophage-
specific PLTP deficiency increases atherosclerosis in LDL
receptor– and apoE-deficient mice despite modest alter-
ations in plasma cholesterol levels.73,74 Interestingly, sys-
temic, but not macrophage, PLTP impairs macrophage
RCT in mice,75 although others report essentially the oppo-
site effect in a similar model.76 It is difficult to discern which
of these findings is most relevant to human atherosclerosis,
because slightly different feeding conditions inmice with dif-
ferent genetic backgrounds were used.

In contrast to PLTP, the transfer mechanism of CETP and
its relevance to human lipoprotein pathophysiology are bet-
ter understood. CETP is an integrator of lipoprotein remodel-
ing that connects the metabolism of TG-rich lipoproteins
with those of HDL and LDL. In normotriglyceridemic sub-
jects, CETP exchanges small amounts of HDL-CE for VLDL-
TG, a process that produces a small increase in the TG
content of early forms of HDL. The presence of HTG pro-
foundly alters the effects of CETP on lipoprotein profiles,
structure, and catabolism. High VLDL (or chylomicron)
levels provide a large pool of TG for exchange with a much
smaller pool of HDL- and LDL-CE so that HDL and LDL are
made TG rich.77 This affects the properties of both HDL
and LDL. TG enrichment of HDL lowers its stability as
assessed by enhanced PLTP-mediated release of apoA-I.78

Transfer of HDL-CE to VLDL yields an HDL that is CE poor;
therefore, the HDL-C concentration is lower because of a
reduced number of CEs per particle, a process that would
be expected to increase CVD risk. CETP-mediated TG enrich-
ment of LDL changes its shape from oval to spherical79,80 and
reduces its binding to the fibroblast LDL receptor.81

Given the inverse association of plasma HDL-C concentra-
tions and CVD, the discovery of patients with very high
plasma HDL-C concentrations with underlying CETP defi-
ciency suggested that CETP may be a target for raising
HDL-C concentrations and reducing CVD risk, thereby
prompting interest in its structure and reaction mechanism.
CETP, a 125-�25-Å hydrophobic banana- or boomerang-
shaped glycoprotein, has N- and C-terminal β-barrel
domains, a central β-sheet, and an approximately 60-Å-long
hydrophobic central cavity that accommodates two CE mol-
ecules and communicates with two pores near the central
β-sheet domain.82 As demonstrated by electron cryomicro-
scopy, CETP bridges a ternary complex, with its N-terminal
β-barrel domain penetrating into HDL and its C-terminal
domain interacting with LDL or VLDL. The regions of
CETP that interact with lipoproteins are highly mobile and
form pores that connect to a hydrophobic central cavity

Liver
SR-BI

ABCG1/4

1a
1b

1c

ABCA1

ApoA-I

Macrophage

3

2 LCAT

Nascent
pre β HDLHDL3HDL2

FIGURE 1-1 Schematic representation of reverse cholesterol transport. Steps
include spontaneous and ABCG1/G4-mediated efflux to early forms of HDL (1a,b)
and efflux mediated by the interactions of apoA-I with ABCA1 giving nascent
HDL (1c). This is followed by esterification of cholesterol by LCAT (2), and with
additional maturation, uptake of HDL-CE by hepatic SR-BI (3). ABC, adenosine
triphosphate–binding cassette transporter; apo, apolipoprotein; CE, cholesteryl ester;
HDL, high-density lipoprotein; LCAT, lecithin:cholesterol acyltransferase; SR-BI,
scavenger receptor class B type I.
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within CETP, thereby forming a continuous tunnel for
neutral lipid transfer.83 These new insights may be useful
to our understanding of CETP inhibition and the design of
inhibitors.

Lipases in Lipid and Lipoprotein Metabolism
Plasma lipoprotein TGs are hydrolyzed by the activities of
LPL and HL, which generate NEFAs that are released in
muscle for energy or stored in AT and the liver. As its name
implies, HL is expressed by hepatocytes, but unlike LPL,
which is confined to peripheral tissue, HL remains hepati-
cally localized in humans; as a consequence, LPL and
HL deliver fatty acids to peripheral and hepatic sites,
respectively. Both enzymes are released by heparin infu-
sion, which implicates proteoglycans in their binding to
endothelial cells. The molecular substrates for both lipases
are the glycerol lipids, mainly TG, and to a lesser extent,
phosphoglycerol lipids. For LPL, the major macromolecular
substrates, which contain these lipids, are VLDL and chylo-
microns. For HL, the main substrates are IDL and HDL. LPL,
which is expressed in heart tissue, skeletal muscle, and
AT, is synthesized by parenchymal cells, assembled into
head-to-tail homodimers, and secreted into interstitial
spaces from where it is translocated through the capillary
endothelium into the capillary lumen by glycosylphospha-
tidylinositol-anchored HDL-binding protein 1 (GPIHBP1).
Product inhibition of LPL activity by NEFA prevents NEFA
from reaching cytotoxic concentrations.84 LPL activity is

directly stimulated by apoC-II,85 indirectly activated by
apoA-V,86 and inhibited by apoC-III87 and angiopoietin-like
protein,88,89 which converts active LPL dimers to inactive
monomers.90 Several apos modulate LPL activity. An ER-
bound transcription factor, cyclic adenosine monophos-
phate–responsive element–binding protein H, regulates
apoA-V, apoC-II, and apoC-III.91

Plasma NEFAs derived from VLDL- and chylomicron-TG
hydrolysis by LPL transmigrate from the endothelium to
AT, where they diffuse across the adipocyte plasma mem-
brane and enter the glycerolipid pathway to form TGs that
associate in lipid droplets (Fig. 1-2). The surfaces of the
lipid droplets comprise a mixed monolayer of PLs,
hormone-sensitive lipase (HSL), perilipin, comparative gene
identification–58 (CGI-58), and adipose TG lipase (ATGL),
the major players in intracellular lipolysis. ATGL catalyzes
the hydrolysis of TG to diglyceride, which, in turn, is hydro-
lyzed to monoglyceride by HSL activity. CGI-58 and perilipin
are cofactors for ATGL and HSL activities, respectively. In the
basal state, perilipin and CGI-58 form surface heterodimers.
With β-adrenergic stimulation, protein kinase A hyperphos-
phorylates perilipin, thereby releasing it for activation of a
phosphorylated HSL. Concurrently, the separation of the
CGI-58–perilipin dimer permits the former to interact with
and activate (20-fold) ATGL.92

Endothelial lipase (EL) is a 68-kDa glycoprotein phospho-
lipase A1 belonging to the LPL gene family. Most plasma EL is
derived from vascular endothelial cells to which it attaches
after secretion via cell surface proteoglycans.93 EL activity

FIGURE 1-2 Amechanistic model formetabolic syndrome. (1) Insulin resistance in femoral–gluteal fat depots, which are chronically inflamed, increases lipolysis that raises the
plasma NEFA concentration. The plasma NEFAs are transported to other sites—(2) skeletal muscle, (3) abdominal fat depots, and (4) liver, which (5) hypersecretes NEFA-derived
VLDL-TG. The CETP-mediated exchange of VLDL-TG for HDL-CE and LDL-CE (6) makes HDL and LDL TG-rich substrates for HL (7), which converts them to their smaller, denser
analogs. Hydrolysis of chylomicron-TG (8) would raise the plasma NEFA concentration still more, thereby exacerbating the hyperNEFAnemic state. ATGL, adipose triglyceride
lipase; CE, cholesteryl ester; CETP, cholesteryl ester transfer protein; CM, chylomicron; HL, hepatic lipase; HSL, hormone-sensitive lipase; IDL, intermediate-density lipoprotein;
LCAT, lecithin:cholesterol acyltransferase; LDL, low-density lipoprotein; LKB1, liver kinase B1; LPL, lipoprotein lipase; NEFA, nonesterified fatty acid; PLTP, phospholipid transfer
protein; TG, triglyceride; VLDL, very-low-density lipoprotein.

5

1H
u
m
an

Plasm
a
Lip

o
p
ro
tein

M
etab

o
lism



cleaves an acyl group from the sn-1 position of HDL–
phosphoglycerol lipids, its main physiologic substrate.
On the macromolecular scale, EL activity reduces the size
of HDL because of PL loss.94 EL overexpression in mice pro-
duces a dose-dependent increase in heparin-releasable
phospholipase activity while increasing HDL-apo catabolism
and both hepatic and renal apoA-I extraction.95 Thus, like
CETP, PLTP, and LCAT, EL destabilizes HDL structure. Con-
versely, genetic ablation of EL increases plasma total choles-
terol, HDL-C, apoA-I, and apoE and increases the number of
large HDL particles.96 Given the inverse relationship
between plasma HDL-C concentrations and CVD, these
findings support the hypothesis that EL inhibition, which
would be expected to raise plasma HDL-C, is a rational
target for reducing atherosclerosis. However, a randomized
Mendelian association study showed that an EL mutant
associated with low EL activity was not associated with a
lower CVD incidence.97

Lipoprotein-associated phospholipase2 (Lp-PLA2), which
is secreted by lymphocytes, macrophages, and mast cells,
hydrolyzes PLs, particularly oxidized PLs in lipoproteins.
The Lp-PLA2–mediated hydrolysis of oxidized PLs generates
lysophospholipids and proinflammatory oxidized fatty
acids that have been implicated in atherosclerosis, although
some oxidized PLs are antiinflammatory and moderate the
macrophage inflammatory response.98 Lp-PLA2 overexpres-
sion in mice suppressed the atherogenic response in
apoE�/�mice,99 suggesting that Lp-PLA2 is atheroprotective.
However, inhibition of Lp-PLA2 activity also reduced inflam-
mation and atherogenesis in apoE�/�mice.100 Given these
differences, the role of Lp-PLA2 in atherogenesis must be
considered unresolved in mouse models of CVD.

Studies in mice with Lp-PLA2 are not likely relevant to
human disease because the enzyme associates with HDL
in mice and with LDL in humans, an observation that might
reflect differences in the relative abundance of these lipopro-
teins in mice and humans. In humans, high Lp-PLA2 levels
and activities are associated with CVD and inflammation.101

Changes in circulating Lp-PLA2 levels in patients with acute
coronary syndromes were associated with changes in
plaque volume as measured by intravascular ultrasound.102

Elevated plasma Lp-PLA2 levels are also associated with the
MetS; Lp-PLA2 levels are higher in patients with a large waist/
hip ratio, HTG, and hypercholesterolemia.103 Collectively,
the data suggest that Lp-PLA2 promotes an atherogenic state,
perhaps via its association with MetS.

High-Density Lipoprotein–Apo Lipoprotein
A-I Stability and Metabolism
It has long been observed that HDL is much less stable than
other plasma lipoproteins. Early studies by Nichols et al.
showed that the chaotrope, guanidinium chloride, triggers
release of apoA-I, but not apoA-II, from human HDL.104 More
careful analysis showed that apoA-I in native HDL resides in
a kinetic trap; when thermal or chaotropic perturbations are
applied, a large fraction of the apoA-I transfers to the aque-
ous phase, with the concomitant fusion of the remaining
apoA-II–rich species into larger particles.105 The fusion
product is highly stable, and treatment with guanidinium
chloride does not release its remaining complement of
apoA-I.106 These studies further showed that large HDLs,
including HDL2, are more stable than small HDLs, and that
apoA-I and apoA-II are equally lipophilic with respect to

large HDLs. HDL stability and the release of lipid-free
apoA-I is also induced by detergent perturbation107 and
by proteins whose activities are highly relevant to HDL
processing, that is, LCAT,108 CETP,109 and especially PLTP,78

and the serum opacity factor (SOF) from Streptococcus
pyogenes.110,111 This effect is particularly important in cell-
ular cholesterol efflux via ABCA1, which requires lipid-free
apoA-I, and in the terminal RCT step, the uptake of
HDL lipids without apoA-I (discussed later in this chapter).
Thus, the HDL instability first observed and characterized
by physicochemical perturbations is relevant to plasma
and cellular activities that alter HDL compositions in vivo.

METABOLIC SYNDROME AND MORE

MetS is a dyslipidemic state associated with a cluster of risk
factors (Table 1-2). A diagnosis of MetS requires three of five
conditions: (1) HTG, (2) a low plasma HDL-C concentration,
(3) hypertension, (4) hyperglycemia, and (5) a large waist
circumference.112 MetS frequently segues to type 2 diabetes,
with which MetS shares many characteristics. A growing
opinion is that MetS and diabetes might be better under-
stood as a state of dysregulated lipid metabolism with an
attendant impaired rate of glucose disposal.113 One
model114 extends the cluster of abnormalities beyond the
conventional MetS diagnostic criteria (Fig. 1-2). In this
model, MetS begins with insulin resistance in AT, mainly
in noncentral depots that include the arms and the femo-
ral–gluteal regions. These depots are lipolytically active
and increase the ambient plasma NEFA concentrations.
Some NEFAs enter skeletal muscle (myocytes), where their
lipotoxic effect is the impairment of glucose disposal. Some
NEFAs enter the liver (hepatocytes), where they enter the
Kennedy pathway for glycerolipid synthesis, thereby increas-
ing VLDL-TG synthesis and secretion to produce HTG. CETP-
mediated exchange of VLDL-TG for HDL- and LDL-CE leads
to TG-rich HDL and LDL that are targets of HL, which reduces
them to their smaller, denser forms. The transfer of HDL-CE
to VLDL may contribute to lower plasma HDL-C concentra-
tions because each HDL carries less CE. Lastly, whatever
NEFA is left after extraction by the liver and skeletal muscle
migrates to the putatively insulin-sensitive central depots to
produce the expanded waist circumference characteristic
of MetS.

TABLE 1-2 Characteristics of Metabolic Syndrome

High plasma NEFA Insulin resistance

Hypertriglyceridemia* Hyperinsulinemia

Profound postprandial lipemia Hyperglycemia*

Low HDL-C* Pear–apple anthropomorphism*†

No HDL2 Low lipoprotein lipase

Small, dense LDL High hepatic lipase

Elevated CETP activity Hypertension*

CETP, cholesteryl ester transfer protein; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; NEFA, nonesterified fatty acid.
*Metabolic syndrome according to 2009 joint statement by Alberti et al.112
†Large waist circumference.
(Reproduced from Pownall HJ, Gotto AM. Human plasma lipoprotein metabolism In:
Ballantyne CM, editor. Clinical lipidology: a companion to Braunwald’s heart disease.
1st ed. Philadelphia: Elsevier; 2009. p. 1-10.)

6

I

B
A
SI
C
M

EC
H
A
N
IS
M
S



THE HIGH-DENSITY LIPOPROTEIN HYPOTHESIS:
PROS AND CONS OF HIGH-DENSITY
LIPOPROTEIN THERAPY

Therapeutic reduction of LDL cholesterol levels results in
decreased cardiovascular morbidity and mortality, yet resid-
ual risk remains unacceptably high.115 Various observa-
tional and prospective studies have supported the
hypothesis that raising HDL-C would further reduce CVD
risk. A 10-year prospective study of male Livermore Radia-
tion Laboratory employees116 showed that men who devel-
oped ischemic heart disease had lower HDL2 and HDL3. A
recent 29-year follow-up to this study117 further showed that
hazard reduction per milligram per deciliter was greater for
HDL2 than HDL3, and that CHD risk was greater in men
within the lowest HDL2 and HDL3 quartiles. This conclusion
was confirmed by the Framingham Heart Study, which
showed that high HDL-C levels were associated with a lower
CVD death rate.118 Some interventions that increase HDL-C
have reduced CHD events in clinical trials. The Helsinki
Heart Study119,120 and the Veterans Administration HDL
Intervention Trial,121 which used the fibrate gemfibrozil,
showed that an increase in HDL-C concentration was associ-
ated with reduced CHD events. Finally, regular, modest alco-
hol consumption is associated with reduced CHD incidence
and mortality,122 an effect initially assigned to attendant
increases in HDL-C.123

However, evidence and opinion against the HDL hypoth-
esis are increasing. Many patients with lowHDL-C do not pre-
sent with CHD, and vice versa. Patients with CETP deficiency
have high plasma HDL-C concentrations but less cardiopro-
tection compared with CETP-competent patients with the
same HDL-C concentration.124,125 Although niacin therapy
and CETP inhibition raise HDL-C, clinical trials have not
shown that they reduce CVD events.126–128 A notable excep-
tion is the Coronary Drug Project, which studied niacin and
was conducted between 1966 and 1975. It showed reduc-
tions in cardiovascular events and in cardiovascular and
all-cause mortality.129,130 In the Copenhagen City Heart
Study, patients with genetically elevated levels of apoA-I
and HDL-C did not have a reduced risk for ischemic heart
disease or myocardial infarction.131 A low plasma HDL-C
concentration in patients carrying heterozygous loss-of-
function ABCA1 mutations was not associated with an
increased risk of CHD.131 According to a Mendelian random-
ization study, an HDL-C–raising EL variant was not associ-
ated with reduced myocardial infarction.97 Finally, a 2011
study of the Cohort of Norway Population showed that con-
trolling for HDL-C did not affect the magnitude of the nega-
tive relationship between alcohol intake and death from
CVD132; therefore, HDL should not be implicated in the
atheroprotective effects of alcohol ingestion. Thus, many
mechanisms and interventions that increase HDL-C do not
seem to be atheroprotective.
HDLsare theputativeRCTvehicles, soamplificationof some

or all of the RCT steps—macrophage cholesterol efflux, LCAT
activity against early forms of HDL, and hepatic disposal—
could be cardioprotective. HDL particles may become dys-
functional under conditions of chronic inflammation, so the
development of new therapeutic agents would also need to
take into account the functionality of HDL particles before
and after treatment.133 The three RCT steps (see Fig. 1-1) have
each been targets of investigation. A study in healthy adults
showed that the first step, cholesterol efflux capacity from

macrophages, has a strong inverse associationwith atheroscle-
rotic burden independent ofHDL-C levels, which suggests that
enhancementof thisprocess couldbea viable strategy.134One
approach has been to increase the quality or plasma concen-
tration of acceptors, including reconstituted HDL containing
apoA-IMilano. Despite early promising results,135 subsequent
studies showed that reconstitutedHDLcontainingapoA-IMilano

infusion remodels the arterial external elastic membrane with
no change in the lumen dimensions.136 Infusions of delipi-
dated HDL plasma increased pre-β–like HDL and reduced α-
HDL, a cardioprotective profile. However, intravascular ultra-
sonography showed only a trend in atheroregression.137 Syn-
thetic peptide analogs of apos have also been explored as
mediators of cholesterol efflux.138 A potential problem with
all infused agents that remove cholesterol from cells, whether
theyarepeptides, reconstitutedHDL,delipidatedHDL, or lipid
vesicles, is that they lack directionality and could remove cho-
lesterol fromall tissuesites, including the liver, the targetof ther-
apeutic disposal.

Various attempts have been made to potentiate the sec-
ond RCT step, cholesterol esterification via LCAT. This seems
to be a sound approach; unlike free cholesterol, its ester can-
not transfer back to macrophages by a spontaneous mecha-
nism. However, population studies argue against this
strategy. A common LCAT variant identified in individuals
with plasma HDL-C levels in the lowest 2% was associated
with a 13% decrease in HDL-C but not with increased risk
of myocardial infarction or other ischemic endpoints.139

Comparison of LCAT activity in CVD cases and controls
revealed that high plasma LCAT activity did not predict
reduced CVD risk.140 In other studies,141 plasma LCAT levels
showed weak or no association with future CVD events.
These findings in CVD patients do not support high LCAT
activity as being antiatherogenic. Studies in mice suggested
that only the terminal RCT step, hepatic cholesterol disposal,
might be an attractive therapeutic target. In mousemodels of
enhanced hepatic HDL-C uptake and attendant lower
plasma HDL-C, atherosclerosis is reduced; conversely,
models with reductions in hepatic HDL-C uptake show
increased atherosclerosis.142–144 These observations are
the opposite of expectations based on the hypothesis that
high plasma HDL-C concentrations are better.

Enhancement of the final RCT step, hepatic cholesterol
disposal via SR-BI, appears to be a promising strategy
because this step provides RCT directionality. Several
options exist: agents that alter the interaction of HDL with
hepatic receptors could be developed, components of diet
that alter HDL composition and its hepatic uptake could
be identified, or mechanisms to alter HDL structure in a
way that enhances hepatic cholesterol disposal could be
identified. One possibility lies in the activity of a streptococ-
cal virulence factor, SOF, which disrupts HDL structure.110

The disruption mechanism is novel; a recombinant SOF
(rSOF) catalyzes the partial segregation of HDL lipids and
proteins to form a CE-rich microemulsion (CERM) and a
new HDL-like particle (neo-HDL), with the concomitant
release of lipid-free apoA-I.111 In the process, rSOF transfers
apoE and the CE content of more than 100,000 HDL particles
into large CERM (r �100–250 nm), leaving a neo-HDL that is
PL rich and apoA-II rich. rSOF is potent; the half-time of the
reaction of rSOF (1 μg/mL) versus HDL (0.8 mg/mL) is
approximately 15 minutes. According to reaction products
and chemical kinetics, rSOF is a heterodivalent fusogenic
protein that uses a docking site to displace apoA-I and to
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bind to exposed CE surfaces on HDL; the rSOF–HDL com-
plex recruits additional HDL with its binding–delipidation
site, and through multiple fusion steps, forms a CERM.

As expected, with its apoE and a high CE content, CERM is
a target for hepatic uptake.145 [3H]CE-CERM uptake by Huh7
cells was 4.4 times faster than that of [3H]CE-HDL. Inhibition
studies implicated the LDL receptor, LDL receptor–related
protein–1, syndecan-1, and SR-BI in [3H]CE-CERM uptake.
When intravenously injected into wild-type mice, rSOF
(4 μg) formed the same products as observed in vitro and
reduced plasma cholesterol (�43%) via hepatic uptake
within 3 hours.146 Parallel studies with apoE-deficient and
LDL receptor–deficient mice revealed that CERM clearance
requires apoE and that most of the hepatic clearance of
CERM occurs via the LDL receptor. These studies set the
stage for future experiments to test whether rSOF enhances
RCT and atheroregression via improved hepatic cholesterol
disposal.

FUTURE CHALLENGES

Lipoproteins provide a minimally invasive window on
human pathophysiology, and for this reason, developing a
better understanding of the relationships between the struc-
ture and metabolism of lipoproteins and various pathologic
states is important. An elevated plasma LDL cholesterol con-
centration is a CVD risk factor for which potent drugs have
been developed and validated. The mechanistic connection
between low HDL-C and CVD grows murkier by the day, and
it is becoming clearer that a high plasma HDL-C concentra-
tion is not as important to cardiovascular health as is the
mechanism that raises it. On one hand, current evidence
does not provide robust support for the use of niacin, CETP
inhibitors, and EL inhibitors, all of which raise the plasma
HDL-C concentration, as measures to reduce CVD. There
are likely genes that raise plasma HDL-C concentrations in
ways that are cardioprotective, but they still have not been
found. On the other hand, exercise and alcohol ingestion
raise plasma HDL-C concentrations by mysterious mecha-
nisms that are cardioprotective. Uncovering those mecha-
nisms is one way to align HDL function with therapeutic
strategies.
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INTRODUCTION

The apolipoprotein B (apoB) isoforms, apoB-100 and apoB-
48, are derived from a single gene and play crucial roles in
the metabolism of plasma lipoproteins.1 ApoB is a nonex-
changeable apoprotein that is required for the synthesis of
triglyceride (TG)–rich lipoproteins in the liver (very-low-
density lipoproteins [VLDLs]) and intestine (chylomicrons).
ApoB-100 contains 4536 amino acids and is required for the
assembly of TG-rich VLDL by the liver.2 In addition, apoB-100
serves as the ligand for low-density lipoprotein (LDL) recep-
tor (LDLR)–-mediated clearance of LDL particles from the
blood. ApoB-48 consists of the N-terminal 2152 amino acids
of apoB-100 and is essential for the formation of chylomi-
crons and the absorption of dietary fats in the intestine.2,3

Elevated plasma levels of apoB-100 are a strong predictor
of increased risk for cardiovascular events.4,5 Furthermore,
all of the lipoproteins considered to be atherogenic, includ-
ing LDL, intermediate-density lipoprotein, lipoprotein(a)
[Lp(a)], and TG-rich remnants of VLDL and chylomicrons,
contain apoB as the key structural element. Therefore,
understanding the molecular mechanisms regulating the
biogenesis of apoB-containing lipoproteins and their clear-
ance from plasma may provide new therapeutic targets for
the prevention of coronary heart disease.

APOLIPOPROTEIN B STRUCTURE

On the basis of sequence analysis and computer modeling,
Segrest et al. proposed the model that apoB-100 has a penta-
partite secondary structure (NH2-βα1-β1-α2-β2-α3-COOH), in
which domains rich in amphipathic β-sheets alternate with
domains rich in amphipathic α-helices.6 The β-sheets con-
tain critical lipid-binding domains that bind irreversibly to
lipids. ApoB-48 contains only the first β-sheet of apoB-100,

but is missing the second. The N-terminal βα1-domain of
apoB is homologous to the lipovitellins, which are lipid
transport proteins found in egg-laying species and contain
a lipid pocket used for transport of lipids.7,8 In a previous
model, Segrest et al. suggested that a lipid-pocket mecha-
nism for initiation of lipoprotein particle assembly might
involve the physical interaction of apoB with microsomal
TG transfer protein (MTP) to complete the lipid pocket.9

MTP also shares homology with lipovitellin and may be
the oldest of these lipid-binding proteins from an evolution-
ary standpoint.10 However, on the basis of a detailed analysis
of the first 1000 residues of apoB using standard sequence
alignment programs and computer three-dimensional
homology modeling, Segrest et al. no longer proposed that
MTP is required for formation of the lipid pocket.11 Instead,
a hairpin-bridge lipid pocket model was proposed, in which
apoB assembles lipid delivered by MTP to form a nascent
lipoprotein, without requiring MTP for structural completion
of the lipid pocket. In this model, salt-bridges between
four tandem charged residues (717–720) in the turn of the
hairpin-bridge and four tandem complementary residues
(997–1000) at the C-terminus of the model lock the bridge
in the closed position, allowing the formation of a bilayer
within the lipid pocket.11

APOLIPOPROTEIN B GENE REGULATION
AND EDITING

The human gene encoding apoB is located on chromosome
2 and contains 29 exons and 28 introns. Two of the exons,
26 and 29, are particularly large. Exon 26 codes for amino
acids 1379 to 3903, or more than 55% of the amino acids
in apo-B100.1,12 Regulatory sequences in the region from
5 kb upstream and 1.5 kb downstream of the APOB gene
direct liver-specific expression of apoB. In contrast, studies
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in human apoB-100–transgenic mice13 led to the discovery
that intestinal expression requires a distant enhancer
located 62 to 56 kb upstream of the gene encoding apoB.14

Subsequent studies have localized the intestinal enhancer to
a region within 315 nucleotides located 56 kb upstream of
the gene encoding apoB.15 A number of important factors
for apoB gene transcription have been identified, including
CCAAT enhancer–binding protein (C/EBP), hepatic nuclear
factor (HNF)–3, HNF-4, and other nuclear receptors that
bind the intestinal enhancer and proximal promoter.16

Recent studies suggested that high–molecular weight adipo-
nectin may downregulate apoB expression via HNF-4-α.17
Dietary induction of betaine–homocysteine
S-methyltransferase appears to increase apoB messenger
ribonucleic acid (mRNA) and VLDL production.18 However,
little evidence exists to suggest that dietary factors modulate
apoB expression acutely. The weight of current evidence
supports the view that apoB expression is constitutive, and
that regulation of VLDL secretion is achieved primarily
through co- and posttranslation degradation of apoB. How-
ever, apoB gene transcripts remain an active target for ther-
apeutic intervention as evidenced by the development of
mipomersen, an mRNA antisense oligonucleotide (ASO)
to apoB, as an approach to lower LDL cholesterol.19

Mipomersen was recently approved by the U.S. Food and
Drug Administration (FDA) for treatment of homozygous
familial hypercholesterolemia (hoFH).20

Apolipoprotein B-48 Production by
Messenger Ribonucleic Acid Editing
ApoB-48 is formed in the intestine through a unique mRNA-
editing mechanism, converting codon 2153 (CAA,
specifying glutamine) into a premature stop codon
(UAA).21,22 This highly specific posttranscriptional cytidine
deamination targets one nucleotide (at position 6666 in
the apoB complementary deoxyribonucleic acid [cDNA])
of more than 14,000 nucleotides in the apoB transcript.
The C-to-U editing of apoBmRNA is accomplished by a large
multiprotein complex that consists of several factors, includ-
ing two required core components, the catalytic deaminase,
apoB mRNA–editing enzyme (APOBEC)–1, and a compe-
tence factor, APOBEC-1 complementation factor (ACF).23

In humans, the catalytic component of the apoB mRNA–
editing complex, APOBEC-1, is highly expressed in the intes-
tine, but is absent in the liver, so essentially all of the apoB
produced in the intestine is apoB-48, whereas apoB-100 is
produced in the liver. In contrast, APOBEC-1 is expressed
in the livers of some mammals, including mice and rats,
and these species therefore produce apoB-48 in the liver.
Targeted deletion of APOBEC-1 in mice eliminates C-to-U
editing of apoB mRNA, but is otherwise well tolerated.24,25

In contrast, targeted deletion of ACF, which binds to both
apoB RNA and APOBEC-1, resulting in site-specific posttran-
scriptional editing of apoB mRNA, is embryonic lethal dur-
ing the blastocyst stage (embryonic day 3.5).26

Knockdown of the gene in hepatocytes promotes apoptosis,
suggesting that ACF may play a critical role in cell survival,
independent of APOBEC-1 expression. The size and exact
protein composition of the editing complex remain to be
fully elucidated, but the complex contains several other
factors, including the inhibitory components, cytosine-
uridine-guanine–binding protein–2 (CUGBP-2), glycine-
arginine-tyrosine–rich RNA binding protein (GRY-RBP), K

homology RNA-binding protein (KSRP), heterogeneous
nuclear ribonucleoprotein C1 (hnRNPC1), heterogeneous
nuclear ribonucleoprotein A/B–1 (ABBP1), and ABBP2.27

Recent studies have suggested that coordinated expression
levels of the various editing components may determine the
magnitude and specificity of apoB mRNA editing.28 In
addition, APOBEC-1 is an adenine-uracil–rich RNA-binding
protein, and the consensus binding sequence UUUN[A/U]
U is present in the 30 untranslated region of several RNAs
with rapid turnover.27 Overexpression of APOBEC-1 in the
liver promotes hepatic dysplasia and hepatocellular carci-
noma,29 whereas low-level expression does not.30 Similarly,
overexpression of APOBEC-2 in transgenic mice is associ-
ated with nucleotide alterations of transcripts of the genes
for eukaryotic translation initiation factor 4 γ-2 (Eif4g2)
and phosphatase and tensin homolog (PTEN) and increased
tumorigenesis in the liver and lung.31 Hence, APOBEC-1
expression has been proposed to be associated with promot-
ing carcinogenesis either through aberrant RNA editing or
altered RNA stability.27

ApoB mRNA editing occurs in mammals and marsupials,
but not in birds, and is therefore a relatively late evolutionary
adaptation.23 Gene-targeting studies in mice were designed
in an effort to examine the physiologic rationale of going to
the trouble to edit apoB. ApoB-48 lacks the amino acids
responsible for binding to the LDLR that are present in
apoB-100. Therefore, chylomicrons and their remnants must
rely on apoE for receptor-mediated clearance from the
plasma by the LDLR or the LDLR-related protein (LRP).
One hypothesis has been that apoB-48 might be required
for chylomicron synthesis and secretion. In studies designed
to investigate the biologic rationale for having two different
isoforms of apoB, mice were created that expressed only
apoB-100 or only apoB-48.32 The difference in length of
the two apoB isoforms affected lipoprotein size, with much
larger VLDL particles in apoB-100–only mice than in apoB-
48–only mice on the apoE-deficient background. However,
mice that expressed apoB-100 only were able to synthesize
and secrete chylomicrons containing apoB-100, indicating
efficient packaging and secretion of dietary lipoproteins in
the intestine.32 Furthermore, the production of lipoproteins
containing only apoB-48 or apoB-100 did not appear to have
an independent effect on the extent of atherosclerosis.33

Thus, the biologic rationale and the potential evolutionary
advantage for apoB editing in the intestine remain to be
elucidated. Interestingly, two members of the APOBEC-3
family, APOBEC-3G and APOBEC-3F, have been found to
have potent activity against virion infectivity factor–deficient
(Deltavif) human immunodeficiency virus–1 (HIV-1),
whereas APOBEC-3B and APOBEC-3C have potent antiviral
activity against simian immunodeficiency virus (SIV), but
not HIV-1, suggesting that the different APOBEC-3 family
members function to neutralize specific lentiviruses.34

Mutations in the APOB Gene
Cause Monogenic Hyper-
and Hypocholesterolemia
The fact that apoB-100 is the ligand for clearance of LDL from
blood by the LDLR led to speculation that mutant forms of
apoB-100 might cause hypercholesterolemia because of
defective binding to the LDLR, resulting in delayed clear-
ance of LDL cholesterol. Metabolic studies by Vega and
Grundy demonstrated that some individuals with
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hypercholesterolemia and normal LDLR function had LDL
cholesterol exhibiting delayed clearance.35 Subsequent
in vitro studies demonstrated that the LDL from one of these
individuals was defective in binding to LDLR on fibro-
blasts,36 and a missense mutation in the APOB gene, result-
ing in substitution of glutamine for arginine in the codon for
amino acid 3500 of apoB-100, was found to be responsible
for the defective binding.37 Familial defective apoB-100
(FDB) is an autosomal dominant disorder characterized
by elevated levels of LDL cholesterol caused by a mutation
in the APOB gene that results in defective binding to the
LDLR.38 The Arg3500Gln mutation is the most common
APOB gene mutation identified to cause FDB, but other, less
common mutations have also been described. The
Arg3500Gln mutation has been estimated to have arisen in
Europe approximately 6500 years ago,39 and the incidence
of FDB is about 1 in 1000 in central Europe. The phenotype
of patients with FDB includes elevated plasma levels of LDL
cholesterol, tendon xanthomas, and increased risk for pre-
mature coronary artery disease similar to the phenotype
seen in heterozygous familial hypercholesterolemia
(hetFH), which is caused most commonly by mutations in
the LDLR.40 The average levels of LDL cholesterol in individ-
uals with heterozygous FDB are approximately 100 mg/dL
higher than in age-matched controls, but tend to be lower
than in individuals with hetFH.38 In contrast to the situation
in FH, LDLR-mediated clearance of remnant lipoproteins is
not impaired in individuals with FDB. The apoE-containing
endogenous remnant lipoproteins, which depend on apoE
rather than apoB-100 for LDLR-mediated clearance, are pre-
cursors of LDL. Kinetic studies support the hypothesis that
lower LDL cholesterol levels in FDB than FH are caused
by reduced production of LDL cholesterol41 because of
increased clearance of apoE-containing remnants.
In contrast, familial hypobetalipoproteinemia (FHβ) is an

inherited disorder characterized by low levels of LDL choles-
terol caused by mutations in the APOB gene.42 Young et al.
first established that FHβ was caused by an inherited defect
in the APOB gene by demonstrating the presence of a trun-
cated apoB-37 species in the plasma of affected members of
a kindred with FHβ.43,44 In the majority of cases, FHβ is
caused by nonsense or frameshift mutations that interfere
with the synthesis of a full-length apoB molecule, resulting
in the production of a truncated apoB species.42 The
apoB-37 allele in the kindred described had a 4-nucleotide
deletion, leading to a premature stop codon.45 This kindred
had two apoB mutant alleles; the other mutant allele pro-
duced both a truncated apoB-86 species and very low levels
of the full-length apoB-100 protein through a unique mech-
anism of RNA polymerase stuttering on a long stretch of eight
adenines.46 Individuals with hetFHβ have one mutant apoB
allele and serum apoB and LDL cholesterol levels that are
about one third to one fourth of normal. Three members
of the kindred described were compound heterozygotes
for both mutant alleles, with extremely low levels of total
serum cholesterol (�30 mg/dL) and unmeasurable levels
of LDL cholesterol.43,44 Thus, compound heterozygotes or
homozygotes for FHβ have severe hypocholesterolemia,
which overlaps phenotypically with abetalipoproteinemia,
a rare autosomal recessive condition caused by deficiency
of MTP.42,47,48 In abetalipoproteinemia, the apoB-containing
lipoproteins are absent from plasma, and affected individ-
uals develop malabsorption of dietary fats, anemia with
acanthocytosis, and a progressive spinocerebellar syndrome

associated with peripheral neuropathy and retinitis pigmen-
tosa.49 These sequelae are caused by malabsorption of
fat-soluble vitamins and may be prevented by replacement
of the fat-soluble vitamins, especially high-dose vitamin E.50

Compound heterozygotes and homozygotes for FHβ are
spared this severe phenotype if their APOB gene mutations
still allow production of apoB-48.42,48,51

Examination of the ability of truncated apoB species to
form buoyant lipoprotein particles in patients with FHβ
has provided important insights into the structural require-
ments of apoB in lipoprotein assembly. Nonsense or frame-
shift mutations occurring in exons 26–29 have all been
associated with the presence of a truncated apoB that is
detectable in the plasma lipoproteins, whereas mutations
in the 50 part of the APOB gene encoding the N-terminal
30% of the apoB protein are not associated with detectable
levels of a truncated apoB species in plasma.1 Thus, in
patients with FHβ with mutations predicted to yield apoB-
25– and apoB-29–sized truncated proteins, no truncated
apoB species are detected in plasma.42 In vitro studies have
shown that shorter forms of apoB, such as apoB-18, may
be secreted from hepatocytes in culture, suggesting that
the absence of the shorter truncated apoB species from
the plasma lipoproteins in vivo is caused by failure to
achieve adequate lipidation to form buoyant particles rather
than the inability of the short apoB species to be secreted.1

However, apoB-31 is detected in high-density lipoprotein
(HDL), and apoB-37 is found in VLDL, LDL, and HDL. In
general, an inverse relationship exists between the length
of the apoB species and the buoyant density of lipoproteins
containing the truncated apoB species. Similarly, in vitro
expression studies have shown an inverse relationship
between the length of the apoB protein and buoyant density
of the lipoproteins secreted,52 reflecting the increased num-
ber of lipid-binding regions in the longer apoB proteins.

Familial combined hypolipidemia is characterized by very
low levels of both apoB- and apoA-I–containing lipoproteins
and segregates as an autosomal recessive trait. Interestingly,
the approach of exome sequencing of just two family
members with severe combined familial hypolipidemia
was successful in discovering that mutations in the
angiopoietin-like 3 (ANGPTL3) gene are responsible for
causing familial combined hypolipidemia.53 These individ-
uals were compound heterozygotes for two distinct non-
sense mutations in ANGPTL3.53 In contrast, a study of nine
families in Italy with familial combined hypolipidemia found
that all probands had the ANGPTL3 S17X mutation.54 Homo-
zygotes had undetectable levels of ANGPTL3 and severe
combined hypolipidemia, whereas heterozygotes had on
average a 42% reduction in ANGPTL3 levels and reductions
in total cholesterol and HDL cholesterol only.54 ANGPTL3
had been previously reported to inhibit lipoprotein lipase
(LPL) and endothelial lipase (EL),55 but it clearly also plays
a role in metabolism of LDL.53

Insights into Apolipoprotein B Expression
Derived from Human Apolipoprotein
B-100–Transgenic Mice
Initial efforts to develop a transgenic mouse expressing
human apoB-100 made use of a cDNA-genomic minigene
construct, which produced transgenic mice with very low
plasma levels of apoB-100.56 Subsequently, transgenic mice
were developed in our laboratory that expressed high levels
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of human apoB-100 by making use of a P1 bacteriophage
vector clone (p158) that contained an 80-kb insert spanning
the entire 43-kb structural human APOB gene and an addi-
tional 19 kb of 50-flanking sequences and 17.5 kb of
30-flanking sequences.13 In chow-fed hemizygous mice with
more than 10 copies of the transgene, the plasma levels of
human apoB were 60 to 80 mg/dL, similar to those in normo-
lipidemic humans. In response to a high-fat diet, these
human apoB-100–transgenic mice developed severe hyper-
cholesterolemia from the accumulation of TG-rich LDL
and dramatically increased atherosclerosis.13 Normal mice
express the enzyme for editing apoB in both the liver and
the intestine. Interestingly, the p158 human apoB-100–
transgenic mice showed robust expression of human apoB-
100 with editing of 70% of the transcripts to apoB-48 in the
liver, but no expression of human apoB-48 in the intestine.13

Subsequent transgenic studies using 145- and 207-kb bacterial
artificial chromosomes (BACs) spanning the human APOB
gene indicated that appropriate expression of the APOB
gene in the intestine is controlled by distant DNA sequences
contained within the BACs but absent from p158.57,58 Inter-
estingly, coinjection of p158 with 70 kb of apoB 50-flanking
sequences resulted in expression of the human APOB trans-
gene in the intestine, whereas coinjection with 22 kb of apoB
30-flanking sequences did not. These studies established that
the element controlling APOB gene expression in the intestine
is located more than 30 kb 50 to the structural gene.57 Trans-
genic mice created with recA-assisted restriction endonu-
clease cleavage–modified BACs demonstrated that intestinal
expression requires a distant enhancer located 62 to 56 kb
upstream of the APOB gene,14 and subsequent studies
localized the intestinal enhancer to a region within 315 nucle-
otides 56 kb upstream of the APOB gene.15

Unexpectedly, expression of the human APOB trans-
gene was detected in the hearts of p158 transgenic mice,13

an observation that was initially assumed to be an artifact,
but that heralded the discovery that apoB-100 is normally
expressed by the cardiac smooth muscle cells. Both human
and mouse hearts were found to express apoB-100 and MTP,
and to secrete lipoproteins containing human apoB-100.59

Unlike expression of apoB in the intestine, expression of
apoB-100 by the heart does not require a distal enhancer
element.60 Metabolic labeling studies demonstrated that
heart tissue from humans, human apoB–transgenic mice,
and normal mice secrete apoB-100–containing lipoproteins
with the density of LDL.61 Inhibition of MTP increases TG
accumulation in the myocardium, whereas overexpression
of apoB-100 prevents fasting-induced heart TG accumulation
and the development of cardiomyopathy in a mouse model
of diabetes.62 Thus, lipoprotein production by the heart may
allow the heart to unload excess TG and may affect cardiac
function by opposing the formation of cardiomyopathy.62

Insights into Apolipoprotein B Biology
from Gene-Targeting Studies in Mice
A number of important insights into the roles of apoB in
lipoprotein metabolism and developmental biology have
been gleaned from studies using gene-targeting technologies
to insert mutations or disrupt expression of the gene encod-
ing apoB. The development of mice homozygous for expres-
sion of an allele designed to produce apoB-70 by using a
sequence-insertion, gene-targeting vector to interrupt the 30
portion of exon 26 of the mouse Apob gene resulted in

neurodevelopmental abnormalities, including exencephalus
and hydrocephalus, and approximately 50% died in utero.63

Genetic deletion of apoB proved to be lethal in utero during
mid-gestation in homozygotes (apoB�/�).64,65 Similarly,
homozygous deficiency of MTP in gene-targeted mice also
proved lethal during mid-gestation.66 These results suggested
critically important roles for apoB and MTP in lipoprotein
synthesis in the yolk sac as a source of lipids and lipid-soluble
nutrients for the developing embryo.67,68 Interestingly, it was
possible to rescue the apoB�/�mice from death in utero by
crossing themwithhumanapoB–transgenicmicecreatedwith
the p158 clone (HuBTg+/0), which lack intestinal expression
of apoB.69 However, the HuBTg+/0, apoB�/�mice lacked the
ability to synthesize chylomicrons, and therefore, developed
fat malabsorption and growth retardation that was
most apparent during suckling.69 The enterocytes from their
small intestines were filled with lipid in the cytosol, similar
to findings in patients with abetalipoproteinemia and hoFHβ,
and two thirds of the HuBTg+/0, apoB�/�mice died during
the suckling period from malabsorption.69 However,
HuBTg+/0, apoB�/�mice that survived weaning were able to
grow, and eventually achieved normal size on a chow diet.69

Furthermore, plasma levels of LDL cholesterol and apoB-100
in HuBTg+/0, apoB�/�mice were similar to those in human
apoB–transgenic mice that synthesized chylomicrons nor-
mally (HuBTg+/0, apoB+/+). Therefore, chylomicron secretion
is not a significant determinant of the plasma levels of hepatic
lipoproteins inmice on a chow diet. The introduction of point
mutations in thegeneencodingapoBhasbeenusedtoaddress
specific questions regarding apoB structure function. For
example, by mutating candidate cysteines and making use
of truncated apoB proteins, the cysteine of apoB-100 required
for binding to apo(a) to form Lp(a) was determined to be
cysteine-4326.70–72

Co and Posttranslational Regulation
In general, apoB expression is viewed as constitutive, and
acute regulation of apoB by metabolic factors is mainly post-
translational. However, evidence exists to support trans-
lational regulation of apoB by insulin73,74 and the
possibility that inhibition of MTP may slow the translation
of apoB.75 The molecular mechanisms for regulation of
apoB mRNA translation remain incompletely understood,
but evidence exists to support a role for the structural
properties of the 30 and 50 untranslated regions of apoB
mRNA.76,77 More than two decades ago, pulse chase studies
in cultured hepatic cell lines and primary hepatocytes dem-
onstrated that a significant proportion of newly synthesized
apoB is degraded.78,79 Mounting evidence supports the view
that regulation of the degradation of apoB is themajormeans
for regulating the production of TG-rich lipoproteins by the
liver and the intestine.80 The availability of lipids, including
TGs, phospholipids, cholesterol, and cholesteryl esters, at
the site of apoB synthesis in the endoplasmic reticulum
(ER) has been shown to be a major determinant of the
amount of apoB-containing lipoproteins secreted.80,81 Thus,
when an adequate supply of lipids is available, apoB is
packaged into lipoproteins for secretion, but, in lipid-poor
states, the apoB is targeted to pathways for degradation. This
regulated degradation of apoB occurs by both proteasomal
and nonproteasomal pathways.80 Structural determinants
of apoB influence VLDL assembly and degradation of apoB.
Cell culture studies of N-terminal truncated mutants of apoB
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showed that the length of the apoB molecule influenced
secretion and was correlated with the buoyant density of
the secreted VLDL particles.52

Unlike most secretory proteins, which are translocated
efficiently into the ER lumen during translation, apoB
undergoes inefficient translocation characterized by simul-
taneous exposure to the cytosol and ER lumen.80 One poten-
tial explanation for this inefficient translocation is the
existence of putative pause transfer sequences (PTS) in
apoB, which were proposed to interrupt translocation, but
not translation.82 Alternatively, the pauses during transloca-
tion were proposed to relate to the secondary structure of the
apoB mRNA, resulting in cotranslational insertion of apoB
into the inner leaflet of the ER.83 Another mechanism for
the inefficient translocation was proposed by Liang et al.,
who reported that translocation efficiency of apoB-100 was
dependent on the presence of a β-sheet domain between
29% and 34% of full-length apoB-100, a region of apoB that
has no PTS.84 To examine the possibility that PTS elsewhere
in the N-terminal region of apoB-100 may affect translocation
efficiency, cell culture studies were performed, in which the
cells were transfected with human apoB chimeric cDNA
constructs with or without PTS and with or without a β-
sheet.85 The results demonstrated that only constructs cod-
ing for a β-sheet slowed translocation, resulting in increased
proteinase K sensitivity, ubiquitinylation, and increased
physical interaction with Sec61α, whereas the presence of
the PTS had no effect.85 These results indicate that the trans-
location efficiency of apoB is determinedmainly by the pres-
ence of β-sheet domains. In contrast, PTS does not appear to
affect translocation, but may affect secretion by other mech-
anisms. The requirement for a β-sheet provides a potential
mechanism for the regulation of apoB translocation through
lipid availability involving the participation of MTP.80

PROTEASOMAL AND NONPROTEASOMAL
DEGRADATION OF APOLIPOPROTEIN B

TG synthesis and availability for VLDL synthesis is a major
regulator of proteasomal degradation of apoB.80,86 Further-
more, specific amino acid sequences within the β-1 domain
of human apoB (amino acid segments between the C-
termini of apoB-34 to -42 and apoB-37 to -42) have been
reported to promote rapid proteasomal degradation.87

A growing body of evidence supports the concept that a
lack of cotranslational lipidation of apoB directs it into
these pathways for degradation as a form of quality control,
which prevents the exit of misfolded proteins from the ER.
Inhibitors of the proteasome, such as N-acetyl-L-leucinyl-L-
leucinyl-L-norleucinal (ALLN), lactacystin, and carboben-
zoxyl-leucinyl-leucinyl-norvalinal-H (MG115) may inhibit
apoB degradation.88–90 Studies of the impact of MTP inhibi-
tion on synchronized translation of apoB in HepG2 cells pro-
vided evidence in support of cotranslational degradation of
apoB with MTP inhibition, which could be prevented by
treatment with inhibitors of the proteasome.88 ApoB targeted
for proteasomal degradation is ubiquinated, and the process
is adenosine triphosphate (ATP) dependent89 and involves
the cytosolic chaperones heat shock protein (Hsp) 70 and
Hsp90.90–92 Following the inhibition of apoB degradation
by proteasome inhibitors, apoB accumulates in the ER,
but this secretion-incompetent apoB88 may be secreted if
new lipid synthesis is stimulated.90 HIV protease inhibitors

protect apoB from proteasomal degradation, which is likely
a keymechanism underlying the hyperlipidemia induced by
these agents.93 The regulation of apoB by degradation in the
cytosol via the ubiquitin–proteasome pathway represents a
novel mechanism for regulation of secretion of a normal
mammalian protein.

An establishedmodel for the route taken for ER-associated
degradation of a number of proteins entails full translocation
into the ER, followed by retrotranslocation into the cytosol
for degradation.80 Huang and Shelness indicated that
retrograde translocation of apoB from the ER lumen to the
cytosol for degradation in the proteasome appeared to be
required.94 However, a number of other studies also indi-
cated that apoB undergoes rapid cotranslational targeting
to proteasomal degradation while attached to the translo-
con, and that binding to cytosolic chaperones facilitates
its extraction from the translocon for degradation in the
ubiquitin–proteasome pathway.80 Hsp90 appears to act at
a step distal to Hsp70.91 The ligases known as E3s are known
to facilitate the covalent binding of ubiquitin to target pro-
teins. Liang et al. have implicated the tumor autocrine motil-
ity factor receptor Gp78 as the E3 ligase involved in
ubiquitinylation and proteasomal degradation of apoB.95

A network of molecular chaperones and ER proteins has
been proposed to provide quality control for the nascent
apoB-VLDL particles during transit to the Golgi apparatus.
For example, apoB has been found to be associated with
Grp94, Grp78, Erp72, calreticulin, and cyclophilinB in the
ER lumen and in the Golgi apparatus, but the chaperone-
to-apoB ratio was lower in the Golgi apparatus. Calnexin96

has been implicated in protecting apoB from ubiquitinyla-
tion and subsequent proteasomal degradation.97 A proteo-
mics approach was used to identify 99 unique proteins
that were chemically cross linked to apoB in rat liver micro-
somes98; two of the proteins identified, ferritin heavy and
light chains, were shown to bind directly to apoB. Subse-
quent studies showed that ferritins block apoB secretion
and increase ER-associated degradation of apoB.99 Binding
of BiP, an ER luminal chaperone, at the N-terminus of apoB,
and of p97, a cytosolic ATPase anchored to the ER mem-
brane, at the C-terminus have been implicated in the target-
ing of apoB for proteasomal degradation.100 Thus, a growing
list of proteins, some previously unknown to function as
chaperones, have been implicated in providing quality con-
trol and facilitating the transit of apoB-VLDL particles
through the secretory pathway. Interestingly, recent studies
have shown that cotranslational degradation of proteins pro-
tects the stressed ER from protein overload.101

Nonproteasomal degradation of apoB has also been
described but remains less well characterized compared
with the proteasomal pathway for degradation of apoB.
For example, proteasomal inhibitors do not affect apoB
degradation induced by omega-3 fatty acids or insulin.80

Omega-3 fatty acids may inhibit apoB secretion and increase
apoB degradation through a nonproteasomal post-ER prese-
cretory proteolysis (PERPP) pathway.102 Treatment of hepa-
tocytes with the iron chelator desferrioxamine, an inhibitor
of iron-dependent lipid peroxidation, or vitamin E, a lipid
antioxidant, reversed the omega-3–induced degradation of
apoB and restored VLDL secretion, supporting a novel link
between lipid peroxidation and oxidant stress with apoB-
100 degradation via PERPP.103 Dexamethasone and choline
deficiency induce degradation of apoB through nonprotea-
somal pathways,80 and MTP inhibition has been reported to
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induce degradation of apoB through both proteasomal and
nonproteasomal pathways.104 Deficiency of phospholipid
transfer protein in hepatocytes has recently been reported
to decrease liver vitamin E content, increase hepatic oxidant
tone, and substantially enhance reactive oxygen species–
dependent destruction of newly synthesized apoB via a
post-ER process.105 Interestingly, the LDLR has also been
implicated in presecretory degradation of apoB, which is
initiated in the ER and depends on the ability of the receptor
to bind to apoB.106 The ER protein ER-60, which has both
proteolytic and chaperone activities, associates with apoB
and has been implicated in intra-ER–mediated nonproteaso-
mal degradation of apoB, which is inhibitable by a thiol
protease inhibitor.107 In a hamster model of insulin resis-
tance, increased VLDL production correlated with
decreased ER-60 protein, suggesting a possible mechanism
for insulin resistance–induced overproduction of VLDL
caused by reduced ER-60 protein–mediated degradation
of apoB.108 Recently, hepatic sortilin-1, which was associ-
ated with LDL cholesterol levels in genome-wide association
studies, has been implicated in the trafficking and degrada-
tion of apoB-100 via PERPP.109 Sortilin has recently been
reported to regulate both apoB-100 secretion and uptake
of LDL by the LDLR.110 Sortilin has been proposed to bind
apoB particles both in the Golgi apparatus and on the
surface of the cell, and to traffic them to the lysosome for
degradation.110 Interestingly, several of the inducers of
PERPP, including docosahexaenoic acid (DHA) and
sortilin-1, involve lysosomal degradation of apoB, suggesting
that autophagy plays a role in degradation of apoB-100.111

AUTOPHAGY AND APOLIPOPROTEIN B-100
DEGRADATION

Autophagy is a process the cell uses to target degradation of
unneeded components by isolating them in autophago-
somes for fusion with lysosomes. The first studies showing
a role for autophagy in the degradation of apoB-100 were
performed in Huh7 cells, a human hepatocellular carci-
noma cell line with limited assembly of apoB-100 into
VLDL.112 In contrast, McArdle-RH7777 cells are a better
model for VLDL production. Pan et al. showed that DHA,
a clinically relevant polyunsaturated fatty acid in fish oil,
induced an oxidative stress–dependent aggregation of
apoB-100, leading to degradation by autophagy.113 These
studies implicated autophagy in late-stage quality control
of apoB-100, a major secretory protein, and in the regulation
of VLDL secretion. Subsequent studies in McArdle-RH7777
cells have shown that induction of ER stress by glucos-
amine114 or overexpression of protein kinase RNA–like ER
kinase (PERK),115 an effector of ER stress, increased the
authophagy of apoB-100. However, the impact of ER stress
induction on autophagy varies with the mode of induction.
Palmitic acid induces ER stress, but the subsequent degrada-
tion of apoB-100 is related to ceramide production, not
autophagy.116 Furthermore, DHA does not induce ER stress
but is a potent promoter of apoB-100 degradation through
stimulation of autophagy.116

ASSEMBLY OF APOLIPOPROTEIN
B–CONTAINING LIPOPROTEINS

The assembly and secretion of VLDL by hepatocytes is a mul-
tistep process requiring apoB, MTP, and an adequate supply

of lipids. The molecular mechanisms for VLDL assembly and
subcellular localization for the addition of lipid remain an
active area of research. As described previously, the avail-
ability of TG (and other lipids) during the synthesis of
apoB-100 on the rough ER is a critical regulator of VLDL
assembly. As the apoB-100 is translated, lipid is added in a
process that requires MTP. The availability of adequate lipid
prevents the cotranslational degradation of apoB-100.
Olofsson and Borèn described the assembly of three basic
particles: (1) pre-VLDL, a primordial lipoprotein that is not
secreted; (2) VLDL2, a TG-poor form of VLDL that may be
secreted or further lipidated to form VLDL1, and (3) VLDL1,
which is TG rich.117 Although evidence suggests that TG-rich
particles could be formed while apoB is still attached to the
translocon,118 other evidence suggests that TG-poor apoB-
containing lipoproteins are converted into TG-rich VLDL
by the rapid addition of lipid droplets while in the smooth
ER, in what has been termed the “second step” of VLDL
assembly.119 The stimulation of TG synthesis by supplemen-
tation of cells with oleic acid promotes this second step
with the addition of bulk lipid to form larger VLDL parti-
cles.120 The activation of phospholipase D by adenosine
diphosphate–ribosylation factor 1 appears to be important
for formation of phosphatidylcholine, which is needed for
VLDL assembly in the ER.121 A number of studies have dem-
onstrated that MTP is required for the early events of VLDL
assembly to provide the lipid required to protect apoB from
degradation.122,123 However, de novo lipid synthesis and
MTP are apparently not required during the later stages of
VLDL assembly.123,124 The exact subcellular location for
formation of mature VLDL particles remains somewhat
controversial; some evidence supports the formation of
mature secretion-competent VLDL in the ER,125 but mount-
ing evidence supports further lipidation of apoB-containing
lipoproteins in post-ER compartments, including the Golgi
apparatus, independent of MTP activity.126–129 It seems likely
that both these views may be relevant to the metabolic
conditions dictating whether the TG-poor VLDL is secreted
directly or further lipidated to form VLDL1 in post-ER
compartments.117 The assembly process is represented in
Figure 2-1.

ApoB-containing lipoproteins have diameters as large as
200 nm in the liver and up to 1000 nm in the intestine, yet
classic transport vesicles range in size from 50 to 80 nm, rais-
ing the question as to whether apoB-containing lipoproteins
utilize the same transport system as the majority of secretory
proteins or require a unique system for trafficking to the cell
surface.76 The formation of vesicles at the ER exit site
depends on a guanosine triphosphatase (GTPase) known
as Sar1 and a coat protein known as coat protein II
(COPII).117 The assembly of vesicles for transport from the
ER to the Golgi apparatus begins with the coating of specific
areas of the ER membrane with Sar1-GTP and the Sec23/24
heterodimer.130 Gusarova et al. developed a cell-free system
by using hepatic membranes and cytosol from rat hepatoma
cells to examine the exit of apoB-containing lipoproteins
from the ER.131 With the use of the cell-free system to recon-
stitute ER budding, the apoB-containing vesicles were found
to contain Sec23 but to sediment at a density distinct from
vesicles containing more typical cargo. Budding of apoB-
containing vesicles required Sar1 and was inhibited by
dominant negative Sar1. Treatment of rat hepatoma cells
with oleic acid, which stimulates the second step of particle
maturation by the addition of more lipid, did not increase
the size of the apoB-containing particles in the ER or
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COPII-coated vesicles, but did increase the size of lipopro-
tein particles isolated from the Golgi apparatus. The authors
concluded that apoB exits the ER in COPII-coated vesicles,
but that final lipid loading occurs in a post-ER compart-
ment.131 In contrast, studies by Siddiqi et al. reported that
in a cell-free system based on rat intestinal epithelial cells,
COPII proteins were not required for ER budding of apoB-
containing lipoproteins into prechylomicron transport
vesicles (PCTVs), but that COPII proteins are required for
fusion of these PCTVs with the Golgi.132 These studies sug-
gest that COPII proteins are critical for the post-ER transport
of apoB-containing lipoproteins in both the liver and the
intestine, but that the processes have distinct features that
may contribute to the differences in the composition of
VLDL and chylomicrons. Interestingly, Sar1b is defective in
chylomicron retention disease, or Anderson disease, a rare
recessive disorder associated with severe fat malabsorption
and selective retention of chylomicron-like particles within
membrane-bound compartments in the intestine.130 Further
elucidation of the roles of COPII proteins in the transport of
VLDL and chylomicron-containing vesicles may reveal new
targets for drug development.

PLASMA METABOLISM OF APOLIPOPROTEIN
B–CONTAINING LIPOPROTEINS

The classic view of the metabolism of apoB-containing lipo-
proteins involves several steps that have been thoroughly
investigated in humans and in experimental systems over
the last 40 years.1,117 The first step involves the secretion
of mature VLDL from the liver cell into an extracellular envi-
ronment that is rich in proteoglycans and receptors with

high affinity for the lipoprotein. This could quickly lead to
recapture of the secreted particle in a futile cycle that would
cause hepatic steatosis. However, nature has created obsta-
cles to the recapture of these particles in the unstirred
water layer of the hepatic sinusoid. These obstacles include:
(1) conformational inability of the main ligand for lipopro-
tein trapping and uptake, apoE, to engage its receptors
because both the heparin-binding domain and the
receptor-binding domain are buried in the lipid curvature;
(2) enrichment of the nascent lipoprotein with apoC-III, a
natural inhibitor of LPL; and (3) very low concentrations of
LPL in the hepatic capillaries. Because of this multiple
regulation system, VLDL may exit the space of Disse and
enter the circulation without significant reuptake by
the hepatocyte. A similar process is at play in the intestine
for the secretion of apoB-48–containing chylomicrons.
Figures 2-2 and 2-3 provide a simplified schematic repre-
sentation of the metabolism of TG-rich lipoproteins.

The enzymes involved in the hydrolysis of plasma lipopro-
teins include LPL, hepatic lipase (HL), and themore recently
identified EL.133–135 LPL is bound to proteoglycans on the
capillary endothelium of skeletal muscle and adipose tissue.
The interaction between LPL and apoB-containing lipopro-
teins is significantly influenced by apoE, which has a role
in slowing down the lipoprotein on the capillary bed by
interacting with the proteoglycan glycocalix of the endothe-
lial cell.136 This hypothesis is in agreement with the observa-
tion that individuals with dysfunctional apoE or with genetic
deficiency in apoE accumulate an abnormal lipoprotein,
named β-VLDL, which is the result of the inability of the VLDL
to interact properly with LPL in the absence of apoE.137

The β-VLDL is also highly enriched in cholesterol, which
suggests that the loss of cholesterol from apoB-containing

Lipoprotein assembly

Cytosol

Cytosol

ER lumen MTP

Lipid

ApoB degradation

VLDL

Hsp110

Hsp70

Hsp90

ER lumen

Proteosomal
degradation

Core lipids
unavailable

A

B
FIGURE 2-1 Lipoprotein assembly and regulation in hepatocytes. A, The forming apoB-100molecule is cotranslationally translocated, with the help of molecular chaperone
Hsp110, into the lumen of the ER, where it gets lipidated via action of MTP to form mature VLDL. B, Fatty acid content of the hepatocyte influences apoB-100 degradation rates.
When core lipids are not available, the C-terminal section of apoB is retranslocated to the cytosol and directed to proteasomal sites via Hsp70 and Hsp90. apo, apolipoprotein; ER,
endoplasmic reticulum; Hsp, heat shock protein; MTP, microsomal triglyceride transfer protein; VLDL, very-low-density lipoprotein.
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lipoproteins is also linked to an apoE–LPL interaction,
because the VLDLs that accumulate under conditions of
exclusive LPL deficiency (i.e., normal apoE levels) are not
cholesterol enriched.138 After substantial TG loss induced
by the interaction with LPL, the apoB-containing lipoprotein,
now a remnant particle, gradually acquires the ability of
being recognized by internalizing receptors in the liver,
and therefore, may leave the plasma compartment. It is
important to keep in mind that the objective of plasma lipo-
proteins is to redistribute TGs from the liver and the intestine
to sites of accumulation (adipose tissue) or use (skeletal
muscle), and to disappear quickly after that to avoid
unwanted accumulations in tissues, such as the skin or
the artery wall. It is widely believed that before the remnant
lipoproteins become capable of engaging hepatic receptors
such as the LDLR or the LDLR-related protein–1 (LRP1), fur-
ther hydrolysis from HL is necessary.139 HL is present only in
the capillary endothelium in the liver and is responsible for
hydrolysis of TGs and phospholipids from the remnant lipo-
protein to create a particle with functional exposure of the
receptor-binding domain of apoE, and therefore, triggers
an active uptake process by the liver and its removal from
the circulation. This process is completely efficient for the
remnants of apoB-48–containing lipoproteins, which in nor-
mal individuals do not contribute to the formation of plasma
LDL. However, after HL-mediated hydrolysis, the remnants of
apoB-100–containing lipoproteins either get promptly inter-
nalized by the liver, or somehow dispose of the apoE on their
surface and become LDL, the final leftover of the catabolism

of VLDL. Studies aiming at understanding the mechanisms
by which the VLDL remnants lead to the production of
LDL, whereas chylomicron remnants do not, are obviously
important, because interventions aimed at modifying catab-
olism of VLDL to mimic that of chylomicrons will result in
reduction of plasma LDL by mechanisms complementary
to that of the statins, and without loss of the essential phys-
iologic functions (such as TG redistribution and transport
of carotenoids) of its precursor, VLDL. By consensus, classic
LDL is seen as an apoB-100–containing lipoprotein that has
no apoE or other apoproteins, and is devoid of TGs and
enriched in cholesteryl esters. The only avenue for
receptor-regulated clearance from the circulation for LDL
is an interaction between apoB-100 and the LDLR. ApoB-
100 does not bind to LRP1 or to proteoglycans, and the inter-
action between apoB-100 and the LDLR is approximately 20
times less efficient than the interaction between apoE and
the LDLR.140 In addition, it should be mentioned that only
one apoB-100 molecule exists per LDL particle, whereas sev-
eral apoE molecules exist on the surface of remnant lipopro-
teins. The final lipase, EL, has been recently discovered as an
enzyme that hydrolyzes mostly phospholipids and, to a
lesser extent, TGs, and has an influence on HDL metabolism
more than on apoB-containing lipoproteins.141–143 The
absence of EL increases HDL cholesterol by 50% in engi-
neered mice, and inhibition of EL similarly leads to elevated
levels of plasma HDL cholesterol.144 Evidence suggests that
EL modulates HDL cholesterol levels in human populations
as well.145 EL levels have been found to be increased in
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FIGURE 2-2 Metabolism of VLDL. Nascent VLDL are lipolyzed by LPL and expose critical amounts of apoE on their surface. This IDL particle may be cleared by the liver via
receptor-mediated mechanisms or continue to be remodeled by LPL and HL to produce LDL, an apoE-free, TG-poor particle containing only apoB-100 and a load of CE.
Interaction of VLDL with the HDL particle leads to exchange of proteins (apoE and apoCs from HDL to VLDL) and lipids (CE from HDL to VLDL; TG from VLDL to HDL). apo,
apolipoprotein; CE, cholesteryl esters; FA, fatty acid; HL, hepatic lipase; HSPG, heparan sulfate proteoglycans; HDL, high-density lipoprotein; IDL, intermediate-density
lipoprotein; LPL, lipoprotein lipase; LDLR, low-density lipoprotein receptor; LRP, LDLR-related protein; VLDL, very-low-density lipoprotein; TG, triglyceride.
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people with metabolic syndrome and increased cardiovas-
cular risk.146 Apparently, EL is also induced by inflamma-
tion, and therefore, its inhibition may be considered a
target of therapy.143 Alhough the main effect of EL is thought
to be on HDLmetabolism, evidence has been presented that
expression of EL reduced levels of apoB-containing lipopro-
teins in several mouse models of dyslipidemia.135 If
observed under conditions of enzyme inhibition, this effect
would reduce the interest in EL as a possible modulator of
HDL cholesterol levels, because increased concentrations
of both HDL and apoB-containing lipoproteins are not a
desirable target.

Processing of Remnant Lipoproteins
The interaction between lipoproteins and LPL has been
visualized simply as a process in which LPL sticks its lipo-
philic head into the lipoprotein particle and chews up fatty
acids from core TGs. However, for this to occur, several
mechanisms must be at play in a coordinated fashion,
including the ability of the lipoprotein particle to adhere
to the endothelial surface, slow down in the capillary flow,
reach a halt to engage the enzyme, and then disengage
after partial lipolysis. In addition, one must remember that
LPL is not a transmembrane protein, and therefore, it is
likely to detach from the endothelial surface after connect-
ing with large floating particles such as the apoB-containing
lipoproteins. Therefore, it is common understanding that
the system of intravascular lipoprotein hydrolysis must be
significantly more complex than the model currently
accepted. Several proteins, yet to be identified, might inter-
vene in functions such as providing a platform for LPL

stabilization, allowing the particle to stick to the endothe-
lium, and maximizing the lipoprotein’s responsiveness to
LPL action. One of these factors, as discussed previously,
is apoE. Without it, the VLDL does not undergo normal
lipolysis by LPL in vitro, confirming the in vivo data that
patients with dysfunctional apoE variants have inappropri-
ate VLDL processing. Other factors include apoC-III, an
inhibitor of lipolysis, and apoC-II, a LPL cofactor essential
for proper lipolysis.147 Patients with genetic deficiency of
apoC-II develop chylomicronemia syndrome, similar to
patients homozygous for LPL deficiency.148

Novel proteins with a major role in regulation of LPL activ-
ity have been discovered. ApoA-V was identified as a cause
for severe hypertriglyceridemia in genetically deficient
mice149 and was subsequently validated in human popu-
lations as a major modulator of TG levels in plasma.150

The fact that apoC-II–deficient individuals have hypertri-
glyceridemia despite normal expression of apoA-V (and,
conversely, that ApoA5-null mice have high TGs with normal
apoC-II levels) suggests that these two cofactors might coop-
erate to induce maximal LPL functionality. More recently,
a protein termed glycosyl-phosphatidyl-inositol–anchored,
HDL-binding protein–1 (GPIHBP-1), has also been linked to
TG regulation.151 Mice with genetic deficiency of this
protein develop hypertriglyceridemia (TGs >5000 mg/dL
on a low-fat diet) despite normal LPL levels and normal
LPL activity in vitro.152 It has been proposed that GPIHBP-1
serves as a platform to stabilize LPL, by binding to both
LPL and chylomicrons, and that it may interact with
apoA-V. Elegant studies have demonstrated that GPIHBP-1
binds LPL in the interstitial spaces of adipocytes and myo-
cytes and transports it across endothelial cells to
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and lipid material with HDL. Unlike VLDL, the intermediate particle (CM remnant) will not result in the production of LDL and is cleared efficiently from the liver. apo, apolipoprotein;
CM, chylomicrons; FA, fatty acid; HDL, high-density lipoprotein; HSPG, heparan sulfate proteoglycans; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; LPL,
lipoprotein lipase; LRP, LDLR-related protein; VLDL, very-low-density lipoprotein.
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the capillary lumen, where active lipolysis occurs.153,154

Mutations in GPIHBP-1 are a rare cause of chylomicronemia
and severe hypertriglyceridemia in humans.155–158 Muta-
tions in GPIHBP-1 that cause defective binding to LPL
and mutations in LPL that cause defective binding to
GPIHBP-1 have both been found to cause hypertriglyceri-
demia in humans.154,155,159 Moreover, a significant role for
angiopoietin-like proteins–3 and –4 (Angptl3, Angptl4) in
lipid metabolism is currently being uncovered.160,161

Angptl4 (fasting-induced adipocyte factor), the tool with
which fat regulates plasma lipid metabolism, is widely
expressed in the body and is under liver X receptor
control.162 Angptl3 is exclusively made in the liver, is less
sensitive to fasting, and is under peroxisome proliferator–
activated receptor regulation.163 The main effect of these
factors on plasma lipids is mediated by the inhibition of both
LPL (causing elevated TG levels) and EL (causing elevated
HDL cholesterol levels). Interestingly, GPIHBP-1 has been
reported to stabilize LPL by preventing its inhibition by
Angptl3 and Angptl4.164 It is reassuring for the future of lipo-
protein studies to see that an area of metabolism that had
been crystallized for years in a simplified but sufficiently log-
ical paradigm is now exposed to such turbulent growth to
cause a redrawing of the basic mechanisms of LPL–VLDL
interaction. Figure 2-4 shows an attempt at encompassing
established and novel views of the interaction between
VLDL and the endothelial cell for the harmonized and
regulated extraction of circulating fatty acid.

Hepatic Uptake of Remnants of
Apolipoprotein B–Containing Lipoproteins
The final stages of the intravascular fate of remnant lipopro-
teins involve trapping in the hepatic sinusoid, binding to
internalizing receptors, and removal from the circulation
through cellular uptake and degradation. The trapping of
remnants in the liver is a very efficient and high-capacity
mechanism, which explains the very fast disappearance
from plasma of injected remnant lipoproteins in turnover
studies. However, lipoproteins may quickly engorge the
hepatic sinusoid and spill back into the circulation if
trapping is not followed by active processing and uptake.

This processing is normally seen as the intervention of HL
on the remaining TG content of the remnant, with exposure
of the apoE epitopes responsible for binding to heparan
sulfate proteoglycans (HSPG) and to receptors such as the
LDLR and LRP1. In in vitro experiments, remnant lipopro-
teins bindmore efficiently to the LDLR than to proteoglycans
or LRP1, and therefore, it is believed that under physiologic
conditions, remnant clearance is regulated by this recep-
tor.165 However, it must not be forgotten that patients with
familial hypercholesterolemia, who carry genetic defects
in their LDLR, show slow clearance of LDL but normal TG
metabolism.166 The same has been seen in rabbit andmouse
models of this human disease.167,168 Thus, the idea of a rem-
nant receptor has been pursued relentlessly until the discov-
ery of LRP1, which is recognized by most researchers today
as a receptor contributing to the hepatic uptake of remnants
under physiologic and pathologic conditions. Without LRP1
in the liver, normal mice show only minimal dyslipidemia,
whereas LDLR-deficient mice develop severe chylomicrone-
mia.169,170 This provides support to the notion that the LDLR
is capable of clearing the incoming remnants under condi-
tions of normal load, with LRP1 acting as backup or support
systemwhen the LDLR is dysfunctional or at times of lipopro-
tein overload in the hepatic sinusoid (postprandial periods).
What was difficult to figure out was why in in vitro settings,
LRP1 seemed to bind with low efficiency to remnant lipopro-
teins, although these particles are highly enriched in apoE
(a strong ligand for LRP). Even more surprisingly, highly effi-
cient binding was induced by the addition of extra apoE to
the particle. This, at first, was dismissed as a sign of a possibly
artifactual relationship between remnants and LRP1, but
later gave rise to a fundamental discovery in lipoprotein
metabolism, the “secretion–capture” model of remnant
uptake by the liver. This model proposes the secretion of
large amounts of lipid-free apoE by the hepatocyte into
the sinusoid, in a “fishing net” strategy to increase the apoE
concentration of incoming particles and then drag them into
the cell via LRP1-mediated entry.171 Final evidence of the
existence of this pathway was provided in our studies that
used a bone marrow transplantation approach in mice. This
method allowed the use of apoE-deficient mice whose
hematopoietic cells were replaced with those of wild-type

ApoC-II

ApoC-III

ApoAV

VLDL

ApoB

Angptl3

Angptl4

LPL

Endothelial cell

GPIHBP-1

FIGURE 2-4 Novel view of the interaction between VLDL and LPL on the endothelial cell surface. LPL uses GPIHBP-1 as a platform for function. The VLDL uses multiple
surface proteins with activating and inhibitory functions to regulate the rate of release of fatty acids to peripheral tissues. ApoC-II and apoA-V are activators of lipolysis, whereas
apoC-III and Angptl3 and Angptl4 inhibit it. Angptl4 represents a key tool for adipocytes to influence plasma triglyceride release. apo, apolipoprotein; Angptl, angiopoietin-like
protein; GPIHBP-1, glycosyl-phosphatidyl-inositol–anchored, HDL-binding protein–1; LPL, lipoprotein lipase; VLDL, very-low-density lipoprotein.
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donors. The resulting donor macrophages were able to
secrete apoE in the plasma and induce complete apoE-
mediated clearance of lipoproteins and normalization of
the lipid profile.172 However, when the same experiment
was repeated in apoE-negative mice also missing the LDLR,
the apoE secreted by donor macrophages accumulated in
high concentrations in the plasma of recipient mice, but
did not affect lipoprotein clearance,173 suggesting that the
normal clearance of apoE-containing lipoproteins in the
absence of LDLR is the result of an effect attributable to
the hepatic apoE involved in the secretion–capture strategy.
This phenomenon may be explained either as the conse-
quence of the hepatic sinusoid providing a tremendous
additional amount of apoE to the lipoprotein so that it can
engage LRP1, or as the result of a particular conformation
or localization of locally produced apoE. In contrast, the fact
that the natural amount of apoE carried by the plasma lipo-
protein is sufficient to activate LDLR-mediated uptake sug-
gests that the secretion–capture mechanism in the liver is
an alternative mode of lipoprotein uptake, in place to atten-
uate the consequences of genetic or environmental LDLR
dysfunction. Our view of remnant uptake, under physiologic
conditions, includes a major role for the LDLR and a fluctu-
ating role for LRP1, ranging from minor (conditions of low
secretion of hepatic lipid-free apoE) to prominent (condi-
tions of high secretion of hepatic lipid-free apoE). A typical
condition of low lipid-free apoE secretion is when the hepa-
tocyte is actively making lipoproteins and incorporating
apoE into newly assembled particles (fasting state).174 A typ-
ical condition of high lipid-free apoE secretion is when the
hepatocyte is idle and most apoE is routed to the secretory
pathway unassociated with lipoproteins (postprandial
state).175 Insulin signaling may be involved in modulating
the lipogenic state of the liver cell and regulating the recep-
tor type most involved in remnant uptake.76

Because apoE modulates cellular lipid metabolism and is
involved in both the assembly and secretion of VLDL, as well
as in the modulation of cholesterol efflux from macro-
phages, the possibility that internalized apoE escapes
lysosomal degradation and is recycled through the secretory
pathway was studied. We and other investigators established
that a significant portion (up to 60%) of apoE internalized on
TG-rich lipoproteins is spared degradation and is
recycled.176,177 In addition, apoE is secreted by hepatocyte
cultures from apoE�/�mice transplanted with wild-type
bone marrow, an obvious proof that systemic apoE is
retained by the liver cell and is then resecreted.178 Although
studies are still in progress to determine the physiologic role
of this phenomenon, it is plausible that apoE recycling may
be capable of augmenting the secretion–capture process, by
diverting to the “fishing net” the apoE ligand destined for
lysosomal degradation. It is also possible that recycling apoE
may serve as a sensor to gauge the rate of entry of remnant
lipoproteins into the hepatocyte and inform the secretory
machinery to activate corresponding rates of VLDL assembly
and secretion, in an effort to avoid accumulation of lipid
droplets in the cell and progression toward the development
of fatty liver.179

Finally, it has recently been proposed that HSPG may act
directly as receptors for the uptake of remnant lipoproteins.
In mice engineered for the deficiency of N-deacetylase/
N-sulfotransferase–1 (Ndst1), the biosynthesis of heparan
sulfate was reduced by 50%, and the animals showed signif-
icant accumulation of cholesterol and TGs. Interestingly, this

effect was worsened when the Ndst1 deficiency was com-
pounded with LDLR deficiency.180 It is, however, possible
that HSPG is essential in docking the remnant for further pro-
cessing and delivery to the internalizing receptors, without
being directly responsible for lipoprotein entry into the cell.
Presentation of a lipoprotein to its receptor is of crucial
importance, as demonstrated recently in animals lacking
the causative gene for autosomal recessive hypercholesterol-
emia (ARH), which encodes an adaptor protein that
controls the proper positioning of the LDLR in the liver
cell.181 Hepatocytes from mice without Arh displayed a
defect in LDL binding and uptake, but showed normal bind-
ing and internalization of VLDL.182 These data suggest that
the likely interaction of VLDL with HSPG produces a transfer
of the ligand to its receptor, even in a setting in which the
receptor has lost its ability to engage the LDL directly.183

EMERGING TARGETS FOR REDUCING
PLASMA LEVELS OF APOLIPOPROTEIN
B–CONTAINING LIPOPROTEINS

A promising area in terms of new approaches to lipid lower-
ing is that of ASOs that target the mRNA of proteins involved
in cholesterol metabolism.184 ASOs are synthetic oligonucle-
otides that bind the targeted specific mRNA, promoting its
degradation and preventing its translation into protein.19,184

The initial trial in humans involving subcutaneous injections
of mipomersen, a 20-mer ASO to apoB, resulted in a 50%
reduction in plasma apoB levels and a 35% reduction in
LDL cholesterol, with the most common adverse event being
local erythema.185 The efficacy and safety of mipomersen
have been examined in a variety of patient populations,
including hoFH,186 hetFH,187 severe hypercholesterol-
emia,188 and patients with statin intolerance.189 Mipomersen
has been shown to reduce levels of LDL cholesterol
(25%–47%), apoB (19%–46%), and Lp(a) (21%–
27%).184,190,191 In addition, mipomersen lowers apoC-III
(38%–42%) and apoC-III–containing lipoproteins.192 The
side effects of mipomersen include erythema at the injection
site, flulike symptoms, elevated liver transaminases, and
increased liver fat content.184,190 In a phase 3 trial of the addi-
tion of mipomersen to statin therapy in patients with hetFH
who had coronary artery disease, a median 4.9% increase in
hepatic fat content was observed with mipomersen versus
0.4% with placebo (P <0.001). Patients with hoFH often
do not achieve adequate reductions in LDL cholesterol
levels despite receiving combination therapy with statins,
niacin, bile acid–binding resins, and ezetimibe, and often
require LDL apheresis.193 Given their high risk for premature
cardiovascular events, patients with hoFH clearly would
benefit from new approaches for lowering LDL cholesterol.
In January 2013, mipomersen was approved by the FDA for
use in patients with hoFH as an adjunct to diet and lipid-
lowering medications to reduce LDL cholesterol, apoB, total
cholesterol, and non-HDL cholesterol levels.20 It has been
estimated that almost 50% of patients with hetFH could avoid
LDL apheresis with the addition of mipomersen.194 The FDA
has also recently approved the selective MTP inhibitor
lomitapide for treatment of patients with hoFH. Temporarily
abandoned because of concerns over hepatosteatosis in ani-
mal models,195,196 lomitapide was developed for treatment
of hoFH, because of the demonstrated need for additional
LDL cholesterol reduction in this patient population. In
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contrast to mipomersen, lomitapide is taken orally and
lowers LDL cholesterol by 30% to 60% in hetFH patients
and by 40% to 50% in hoFH patients.197,198 Side effects of
lomitapide include gastrointestinal symptoms, malabsorp-
tion of dietary fat, elevated liver transaminases, and hepato-
steatosis.196,197 Interestingly, a study in mice has shown that
inhibition of both MTP and liver fatty acid–binding protein is
effective in lowering cholesterol without inducing fatty
liver.199 Proprotein convertase subtilisin/kexin type 9
(PCSK9) is a member of a family of proteases that is thought
to promote the degradation of the LDLR. A similar ASO
approach is being developed to target PCSK9, with the goal
of lowering LDL cholesterol by increasing LDLR upregula-
tion.184,200 In an animal study, a PCSK9 ASO was adminis-
tered to high fat–fed mice for 6 weeks and resulted in 53%
and 38% reductions in total cholesterol and LDL cholesterol,
respectively, along with a twofold increase in hepatic LDLR
protein levels.200 In recent phase 2 clinical trials, monoclo-
nal antibodies to PCSK9 injected subcutaneously have dem-
onstrated dramatic efficacy in LDL cholesterol lowering
(40%–72%) in patients with hypercholesterolemia,201–204

hetFH,205,206 or statin intolerance.207 Monoclonal antibodies
to PCSK9 also significantly lower apoB-100, non-HDL
cholesterol, and Lp(a), and the side effect profile seems
benign.208 Monoclonal antibodies to PCSK9 are currently
in phase 3 clinical trials and show tremendous promise as
a highly effective approach for lowering apoB-100 and
LDL cholesterol levels.209 Hence, a number of novel
approaches for lowering apoB-containing lipoproteins are
being actively pursued.
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INTRODUCTION

Cholesterol is essential for mammalian cells, where it is uti-
lized either as a major structural component of membranes
or as a substrate for the biosynthesis of other steroids. These
include bile acids, vitamin D, sex hormones (i.e., estradiol,
progesterone, androsterone, and testosterone), and adreno-
cortical hormones (i.e., aldosterone and cortisone). The
small intestine is a crucial organ for cholesterol homeostasis.
Increased quantities of dietary cholesterol will cause plasma
cholesterol concentrations to rise in most individuals.
Because elevated plasma cholesterol is an important risk fac-
tor for cardiovascular diseases, many studies have focused
on identifying cellular, physical–chemical, and genetic
determinants of intestinal cholesterol absorption in humans
and laboratory animals.1

The National Cholesterol Education Program Adult
Treatment Panel III guidelines,2 along with the 2004 update
and the more recent American Heart Association/American
College of Cardiology recommendations,3–6 have led to
lower (<100 mg/dL) targets for low-density lipoprotein
(LDL) cholesterol for individuals at high risk for adverse
cardiovascular events. This has resulted in a significant
increase in the number of patients who require aggressive
cholesterol-lowering therapy. Because the cholesterol
carried in LDL is derived from both de novo synthesis and
absorption from the diet, a better understanding of the
mechanisms of intestinal cholesterol absorption should lead
to novel approaches to the treatment and the prevention of
cardiovascular diseases.

PHYSICAL–CHEMICAL PROPERTIES AND
COMPOSITIONS OF INTESTINAL LIPIDS
DERIVED FROM THE DIET AND FROM BILE

Lipids are organic compounds that possess large aliphatic
and aromatic hydrocarbon substituents. They share the
common physical property of being soluble in nonpolar

solvents and insoluble in water. Lipids may be categorized
into two subgroups: (1) saponifiable and (2) nonsaponifi-
able. Saponifiable lipids contain at least one ester bond,
which undergoes hydrolysis in the presence of an enzyme,
a strong acid, or a strong base. Hydrolysis of a saponifiable
lipid yields two or more smaller molecules. By contrast, non-
saponifiable lipids do not undergo hydrolysis into smaller
molecules. Sterol refers to any nonsaponifiable steroid alco-
hol with an aliphatic side chain of 8 to 10 carbon atoms, a
hydroxyl (�OH) group at the C-3 position of the A-ring,
and a double bond between C-5 and C-6 in the nucleus.
By contrast, stanol refers to sterols that possess a saturated
nucleus (i.e., no double bonds).

The ester bonds contained in saponifiable lipids confer
important biologic properties related to transport across
the enterocytes, which comprise the monolayer of
absorptive cells that form the lining of the villi of the small
intestine. For example, cholesterol is very sparingly soluble
in water, but has high solubility in cell membranes, where
the steroid nucleus is embedded in the lipid bilayer and
the single hydroxyl group interacts with the polar water
environment. Esterification of cholesterol with a fatty acid
at the C-3 position dramatically decreases the polarity of
the molecule. The resulting cholesteryl ester is highly insol-
uble in water, but has markedly increased solubility in the
cores of lipoproteins. As will be discussed, the enzyme-
catalyzed esterification reaction plays a key role in the
molecular and cellular pathways of cholesterol absorption.

Lipids within the lumen of the small intestine originate
from bile, the diet, and cells sloughed from the lining of
the small intestine. In bile, cholesterol, phospholipids, and
bile acids are three major lipid species (Fig. 3-1). Although
bile does not contain digestive enzymes, bile acids and
phospholipids play key roles in promoting intestinal lipid
digestion and absorption by the enterocyte.

Cholesterol is the most abundant steroid in animal tissues
and in the intestinal lumen. It is poorly soluble in an aqueous
environment. In addition to a double bond at C-5 and C-6
and a hydroxyl group on the third carbon of the cholestene
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FIGURE 3-1 Chemical structure of common dietary and biliary lipids. A, Cholesterol is the most abundant steroid in animal tissues and in the intestinal lumen. Its hydroxyl
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carboxyl group of a fatty acid to form the triacylglycerol molecule. R1, R2, and R3 are fatty acids located at sn-1, sn-2 and sn-3, respectively. Mono- and diglycerides contain
one or two fatty acids, respectively. E, Bile acids are a family of closely related acidic sterols that are synthesized from cholesterol in the liver. The common bile acids, as
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functions and an aliphatic side chain conjugated in amide linkage with taurine or glycine, which decreases the pKa of the molecule. Bile acids can solubilize other types of
lipids by forming mixed micelles. This is a key function of bile acids in the small intestine, where they emulsify dietary fat to facilitate its digestion and absorption.
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nucleus (see Fig. 3-1), the angular methyl groups at C-10 and
C-13, the hydrogen atom at C-8, and the side chain at C-17 are
in the β-configuration. The hydrogen atoms at C-9 and C-14
are in the α-configuration.
Plant sterols, also called phytosterols, refer to sterols that

originate from plants. These are abundant in the intestine
as well. As shown in Figure 3-1, plant sterols are naturally
occurring, and their chemical structures are very similar to
cholesterol (i.e., a△5 double bond and a 3β-hydroxyl group,
but with structural modifications of the side chain). Plant
sterols have the same basic importance in plants as
cholesterol in animals, playing a critical role in cell
membrane function. Sitosterol and campesterol, which are
24-ethyl and the 24-methyl substituted variants of choles-
terol, respectively, are the most abundant plant sterols. They
are consumed in the diet and may be absorbed in the intes-
tine. However, they are usually present only at very low
plasma concentrations in humans because of the poor
(<5%) net absorption rate by the small intestine. Sterols,
including brassicasterol and isofucosterol, may also origi-
nate from shellfish.
Fatty acids are a class ofmolecules that contain ahydrocar-

bon chain and a terminal carboxyl (�COOH) group. They
consist of two major types: (1) saturated fatty acids and (2)
unsaturated fatty acids (see Fig. 3-1). The only difference
between saturated and unsaturated fatty acids is the absence
or presenceof carbon–carbondoublebonds in thehydrocar-
bon chain. Saturated fatty acids do not have double bonds in
the hydrocarbon chain. Fatty acids containing double bonds
are unsaturated fatty acids and are divided into two sub-
groups: (1)monounsaturated fatty acids with a single double
bond, and (2) polyunsaturated fatty acids with two or more
double bonds. In addition, fatty acid chains differ by length,
which are often categorized as short, medium, or long. Short-
chain fatty acids have aliphatic tails of less than eight carbons
(<C8). Fatty acids with aliphatic tails of 8 to 12 carbons (C8–
C12) are classified as medium-chain fatty acids, and long-
chain fatty acids have aliphatic tails longer than 12 carbons
(>C12). Sometimes, fatty acids with aliphatic tails longer than
22 carbons (>C22) are defined as very-long-chain fatty acids.
Fatty acids are combined with propan-1,2,3-triol (i.e., glycerol)
tomake triglycerides (TGs) in fats andvegetableoils. Fatty acids
alsoconstitute amajor component of phospholipids,which typ-
ically contain a diglyceride, a phosphate group, and a simple
organic molecule such as choline (see Fig. 3-1).
Approximately 10 to 15 g of biliary phospholipids enter

the intestine daily, whereas the dietary contribution is only
1 to 2 g/day. The major phospholipid in human bile is
lecithin (phosphatidylcholine), accounting for more than
95% of total phospholipids. Lecithin consists of a zwitterionic
phosphocholine head group and hydrophobic tails com-
prised of two long fatty acyl chains. The remainder is
composed of cephalins (phosphatidylethanolamines) and
trace amounts of sphingomyelins. The phospholipids com-
prise 15% to 25% of total lipids in bile. Similar to all naturally
occurring phospholipids, biliary lecithin is a complex mix-
ture of molecular species. The sn-1 position is esterified by
the saturated fatty acyl chains 16:0 (approximately 75%)
and 18:0 (<20%), with small amounts of monounsaturated
sn-1 16:1 or 18:1 comprising the remainder. The sn-2 position
is esterified by unsaturated fatty acyl species, with 18:2, 18:1,
and 20:4 fatty acids predominating. The major molecular
species of lecithin in human bile are 16:0/18:2 (40%–60%),
16:0/18:1 (5%–25%), 18:0/18:2 (1%–16%), and 16:0/20:4

(1%–10%). Lecithin is principally synthesized in the endo-
plasmic reticulum (ER) of the enterocyte from diacylgly-
cerol by way of the cytidine diphosphate–choline
pathway. Despite the large variation in hepatic output of
biliary bile acids, the proportions of lecithin and minor
phospholipid classes in bile remain essentially constant.

TGs, also called triacylglycerols, are the major source of
dietary lipids and are derived principally from two sources:
(1) animal fats such as those in beef, poultry, pork, cheese,
butter, andmilk, and (2) vegetable oils such as corn, peanut,
olive, safflower, sunflower, rapeseed, and soybean oils. TGs
are triesters of glycerol. Each of the three hydroxyl (�OH)
groups of glycerol forms an ester group by reaction with
the carboxyl group of a fatty acid molecule to form the TG
molecule (see Fig. 3-1). Most dietary TGs contain long-chain
fatty acids, including the monounsaturated oleic acid (18:1)
and the saturated palmitic acid (16:0). Animal fats differ
from vegetable oils in the relative amounts of saturated
and unsaturated fatty acids. The former usually contain less
than 50% to 60% unsaturated fatty acids, and the latter con-
tain more than 80% unsaturated fatty acids. TGs may also be
categorized as simple and complex. The former comprise
three molecules of the same fatty acid that are esterified to
glycerol. In the latter group, the three fatty acids esterified
with glycerol are different. In general, naturally occurring
TGs are complex. In the Western diet, dietary fat constitutes
as much as 40% of total calories (i.e., 100–160 g/day),
whereas nutritional recommendations are 20% to 35% fat
for adults. Of dietary fat, TGs contribute as much as 90%
of the total calories supplied by fat, with other fats, such
as phospholipids, yielding the remainder.

Bile acids are a family of closely related acidic sterols that
are synthesized from cholesterol in the liver. They comprise
approximately two thirds of the solute mass of normal
human bile. The common bile acids possess a steroid
nucleus of four fused hydrocarbon rings with polar hydroxyl
functions and an aliphatic side chain conjugated in amide
linkage with glycine or taurine (see Fig. 3-1). The ionized
carboxylate or sulfonate group on the side chain renders
bile acids water soluble. The common bile acids differ in
the number and orientation of the hydroxyl groups on the
steroid nucleus. Furthermore, the hydrophilic (polar) areas
of bile acids are the hydroxyl groups and conjugation side
chain of either glycine or taurine, and their hydrophobic
(nonpolar) area is the ringed steroid nucleus. Because of
the presence of both hydrophilic and hydrophobic surfaces,
bile acids are highly soluble, detergent-like amphiphilic mol-
ecules. At low concentrations in aqueous solution, bile acids
exist as monomers; however, above a certain concentration,
that is, when a critical micellar concentration (CMC) is
exceeded, they may spontaneously form negatively charged
spherical aggregates, called micelles.7 Under normal
physiologic conditions, the CMC values for common bile
acids range from 1 to 20 mM and are dependent on the
species of bile acids, the ionic strength and composition,
and the types and concentrations of other lipids present in
solution. Because bile is concentrated gradually within the
biliary tree, bile acid concentrations eventually exceed their
CMCs. At this point, bile acids in bile can form simple
micelles. Importantly, bile acids can solubilize other types
of lipids, such as cholesterol, fatty acids, phospholipids,
monoacylglycerols, and diacylglycerols, by forming mixed
micelles. This is a key function of bile acids in the small intes-
tine, where they emulsify dietary fat to facilitate its digestion

27

3A
b
so

rp
tio

n
an

d
Excretio

n
o
f
In
testin

alC
h
o
lestero

lan
d
O
th
er

Stero
ls



and absorption.8 The potency of bile acids as detergents
depends critically on the distribution and orientation of
hydroxyl groups around the steroid nucleus of the molecule,
which is usually described as its hydrophobicity. The hydro-
phobicity of a bile acid can be quantified by high-
performance liquid chromatography to yield a relative value
that may be used to predict the biologic effects of individual
or mixtures of bile acids.9 The physical–chemical properties
of bile acids depend on the nature and ionization state of
functional groups on the side chain. In general, the glycine
conjugate is more hydrophobic than the taurine conjugate.
In human bile, more than 95% of bile acids are 5β,C-24
hydroxylated acidic steroids amide-linked to taurine or gly-
cine. These conjugates are present in an approximate
taurine-to-glycine ratio of 1:3 in human bile.

The primary bile acids are catabolic products of
cholesterol produced by the liver. These include cholate,
with three hydroxyl groups, and chenodeoxycholate, with
two hydroxyl groups. The secondary bile acids are derived
from the primary bile acid species by the action of intestinal
bacteria in the ileum and colon to form deoxycholate and
ursodeoxycholate, with two hydroxyl groups, and lithocho-
late, with a single hydroxyl group. The most important of
these reactions is 7α-dehydroxylation of primary bile acids
to produce deoxycholate from cholate, and lithocholate
from chenodeoxycholate. Another important secondary
reaction is the 7α-dehydrogenation of chenodeoxycholate
to form 7α-oxo-lithocholate. This bile acid does not accumu-
late in bile, but is metabolized to “tertiary” bile acids by
hepatic or bacterial reduction to form chenodeoxycholate
(mainly in the liver) or its 7β-epimer, ursodeoxycholate
(primarily by colonic bacteria).10

BALANCE OF INTESTINAL LIPIDS

Figure 3-2 shows the 24-hour input–output lipid balance in
humans. In the Western diet, approximately 95% of dietary
lipids are TGs, which are mainly composed of long-chain fatty
acids; the remaining are phospholipids (approximately 4.5%)
and cholesteryl esters (approximately 0.5%). As described in
the previous section, TGs are derived principally from two
sources: (1) animal fats and (2) vegetable oils. In addition,

substantial amounts of endogenous lipids are delivered to
the intestinal lumen from bile and desquamated cells.
Although substantial, the contribution of biliary phospho-
lipids and cholesterol (all unesterified) far exceeds the dietary
intake of these lipids. Typically, on any given day, dietary cho-
lesterol accounts for approximately one third, and biliary out-
put accounts for the remaining two thirds, of absorbed
cholesterol. Moreover, large amounts of biliary phospholipids
enter the intestine daily. The key function of bile acids in the
small intestine is to emulsify dietary fats and facilitate their
digestion and absorption. Intestinal epithelial cells are
sloughed continuously into the lumen, and this process is esti-
mated to contribute 2 to 6 g of membrane lipids per day.

SOURCES OF INTESTINAL STEROLS

Cholesterol that enters the small intestinal lumen for
absorptionby theenterocytes consistsmainlyof three sources:
(1) diet, (2) bile, and (3) intestinal epithelial sloughing. The
average intake of dietary cholesterol is approximately 300 to
500 mg/day. In the Western diet, cholesterol is a major sterol
and is predominantly of animal origin. Some dietary choles-
terol exists in the esterified form. Cholesteryl esters entering
the intestine must be hydrolyzed by pancreatic cholesterol
esterase to be absorbed. Plants and vegetables also contain
a small amount of cholesterol. Plant sterols account for 20%
to 25% of total dietary sterols. Therefore, the average intake
of plant sterols in the Western diet constitutes approximately
75 to 170 mg/day. Although the pattern and proportions of
plant sterol intake are broad and highly dependent on diet,
β-sitosterol is an important and major plant sterol in the diet.

Bile delivers 1000 to 1500 mg of cholesterol per day to the
intestine, and this amount is approximately two to three
times the dietary intake. In bile, cholesterol is present solely
in the unesterified form and accounts for up to 95% of total
sterols in bile. The remaining 5% of the sterols are cholesterol
precursors and noncholesterol sterols from plant and
shellfish sources. Therefore, bile provides roughly 40 to
60 mg of the noncholesterol sterols daily. The pattern and
proportions of these molecules in bile are variable and
highly dependent on diet. For example, on a regular (non-
shellfish) diet, the concentrations of noncholesterol sterols
in bile are less than 5%, and their pattern and proportions

Triglycerides (90–100 g)
Phospholipids (4–6 g)
Cholesterol (0.5 g)

Dietary lipids

Daily input

Bile acids (12–36 g)
Phospholipids (10–15 g)
Cholesterol (1–1.5 g)

Biliary lipids

Mixed membrane lipids
of intestinal epithelial

cell (2–6 g)

Desquamated cells

4–6 g derived equally
from dietary, biliary,
and cellular sources

Fecal lipids

Daily output

FIGURE 3-2 The general features of intestinal lipid balance. There are three sources for lipids entering the small intestine for intestinal absorption: (1) dietary lipids; (2) biliary
lipids; and (3) desquamated epithelial cells of the gastrointestinal tract. The two pathways for the excretion of lipid from the body are: (1) the gastrointestinal tract and (2) skin (not
shown). Because the total input of lipids must equal the total output in the steady state, the body pool of lipids remains constant. However, in children, input of fat and cholesterol is
necessarily greater over time than output, because a net accumulation of these lipids allows body weight gain with growth.

28

I

B
A
SI
C
M

EC
H
A
N
IS
M
S



are cholestanol (1.5%), sitosterol (1.2%), campesterol
(0.7%), lathosterol (0.6%), 24-methylene cholesterol
(0.1%), stigmasterol (0.1%), brassicasterol (0.1%), and
isofucosterol (0.03%). If a high-shellfish diet is consumed,
shellfish sterols in bile will be increased and consist of 5%
to 10% of total sterols.
The third source of intraluminal cholesterol comes from

the turnover of intestinal mucosal epithelium, which pro-
vides approximately 300 mg of cholesterol per day.
Although the entire length of the small intestine has the
capability to absorb cholesterol from the lumen, the major
sites of absorption are the upper part of small intestine, that
is, the duodenum and proximal jejunum. Thus, because the
intestinal sloughing occurs throughout the intestinal tract
and cholesterol absorption seems to be confined to the very
proximal small intestine, this source may not contribute sig-
nificantly to cholesterol absorption.

MOLECULAR PHYSIOLOGY OF INTESTINAL
CHOLESTEROL ABSORPTION

Intestinal absorption of cholesterol is most precisely defined
as the transfer of intraluminal cholesterol into intestinal or
thoracic duct lymph. By contrast, intestinal uptake of
cholesterol refers to its entry from the lumen into intestinal
absorptive cells. As can be inferred from this distinction,
intestinal cholesterol absorption is a multistep process that
is regulated by multiple genes, as shown in Figure 3-3.1

Intraluminal Digestion of Lipids
Lipid digestion begins in the stomach, where dietary constit-
uents are mixed together with lingual and gastric enzymes,
resulting in partial fat digestion by preduodenal lipases and
emulsification by peristalsis. The stomach also regulates the
delivery of gastric chyme into the duodenum, where it is
mixed with bile and pancreatic juice. The major lipases
and proteins secreted by the pancreas into the intestinal
lumen in response to a meal include carboxyl ester lipase
(CEL), pancreatic TG lipase, and the group 1B phospholi-
pase A2, as well as pancreatic lipase–related protein–1
and –2.1 Because only unesterified cholesterol may be
incorporated into simple and mixed micelles and
transported to the brush border of enterocytes for uptake,
a critically important step is lipase-mediated hydrolysis of
cholesteryl esters. However, the contribution of unesterified
cholesterol (mainly biliary) to intestinal cholesterol is much
greater than the dietary esterified cholesterol. As a result,
inhibition or loss of some of the pancreatic lipolytic enzyme
activities would be unlikely to result in an appreciable
reduction of cholesterol absorption. This may partly explain
why targeted disruption of the Cel gene in mice has little
effect on intestinal cholesterol absorption.11,12 Of interest,
lack of TG hydrolytic activity in the intestinal lumen in pan-
creatic TG lipase–knockout mice reduces dietary choles-
terol absorption substantially, without impairing TG
digestion and absorption.13 The regulatory effects of the
group 1B phospholipase A2 and pancreatic lipase–related
protein–1 and –2 on intestinal cholesterol absorption have
not yet been defined.
The digestion of TGs also begins in the stomach. The key

enzymes are lingual lipase secreted by the salivary gland and

gastric lipase secreted by the gastric mucosa. Humans
express mainly gastric lipase, whereas rodents express
primarily lingual lipase. Human gastric lipase shares many
characteristics with rodent lingual lipase. Both enzymes
have a pH optimum ranging from 3 to 6, and hydrolyze
medium-chain TGs better than long-chain TGs.14,15 These
lipases preferentially hydrolyze fatty acids at the sn-3 posi-
tion to produce diacylglycerols, irrespective of the fatty acid
present at that position. However, they do not hydrolyze
phospholipids or cholesteryl esters.14,16 The digestion of
TGs by both lingual and gastric lipase in the stomach plays
an important role in lipid absorption. This is evidenced by
the observation that patients with cystic fibrosis can still
absorb dietary cholesterol, despite marked or complete inhi-
bition of the secretion of pancreatic lipase.17,18 The stomach
is also the major site for the mechanical emulsification of
dietary fat, which is an important prerequisite for efficient
hydrolysis by pancreatic lipase. Emulsification is facilitated
by the diacylglycerols and fatty acids that are produced as
a result of the action of acid lipases in the stomach, as well
as the phospholipids normally present in the diet.

The lipid emulsion enters the small intestine as fine lipid
droplets with diameters of less than 500 nm. The combined
action of bile and pancreatic juice markedly alters the
chemical composition of the lipid emulsion in the upper
part of the small intestine. Pancreatic lipase functions at
the interface between oil and aqueous phases, and hydro-
lyzes mainly the sn-1 and sn-3 positions of the TG
molecules to release monoacylglycerols and fatty acids.19–22

Further hydrolysis of monoacylglycerols by pancreatic
lipase results in the formation of glycerols and fatty acids.
When fat digestion is observed by polarizing light
microscopy in vitro, at least three phases are present:
(1) an oil phase (mainly TGs, partial diacylglycerols, and
fatty acids); (2) a calcium soap phase (Ca2+ ions and proton-
ated long-chain fatty acids); and (3) a viscous isotropic
phase (monoacylglycerols and fatty acids).23

Pancreatic lipase is present in pancreatic juice. Its high
concentration in pancreatic secretions, together with
its catalytic efficiency, ensures the complete digestion of
dietary fat. The very high capacity for fat digestion is under-
scored by the observation that severe pancreatic deficiency
is required to produce fat malabsorption. Interestingly,
purified pancreatic lipase is inefficient at hydrolyzing TGs
in a model lipid mixture, although it is highly efficient when
present in pancreatic juice.24,25 These observations led to
the discovery of colipase. Colipase is secreted by the
pancreas as procolipase.26 After entering the small intestinal
lumen, procolipase is activated by the cleavage of a
pentapeptide from the N-terminus. Although TG droplets
covered with bile acids are not accessible to pancreatic
lipase, the binding of the colipase to the TG–
aqueous interface allows the binding of the lipase molecule
to the lipid–aqueous interface, which greatly facilitates
digestion of dietary fat.27,28

The digestion of phospholipids from bile and the diet also
occurs in the lumen of the small intestine. In bile, phospho-
lipids are solubilized primarily in mixed micelles together
with bile acids and cholesterol. In the intestinal lumen,
phospholipids are largely solubilized in mixed micelles,
but also participate in the emulsification of TGs. These
phospholipids are hydrolyzed by pancreatic phospholipase
A2 at the sn-2 position to yield fatty acids and lysophospha-
tidylcholine molecules.
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The enzyme involved in hydrolyzing cholesteryl esters is
variably referred to as cholesterol esterase, carboxylic ester
hydrolase, or sterol ester hydrolase. Human cholesterol
esterase has a broad specificity, with the capacity to hydro-
lyze TGs, cholesteryl esters, and phospholipids.29,30 Choles-
terol esterase activity is greatly enhanced by the presence of

bile acids, particularly the trihydroxy bile acid cholate.31 As
it enters the small intestine, dietary cholesterol is typically
mixed in a lipid emulsion with TGs and phospholipids.
The digestion of phospholipids on the surface and of TGs
in the core of the lipid emulsion particles is required to
liberate the dietary cholesterol.32 This cholesterol is
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FIGURE 3-3 Molecular and cellular mechanisms of lipid absorption. Within the intestinal lumen, the micellar solubilization of sterols facilitates movement through the
diffusion barrier overlying the surface of the absorptive cells. In the presence of bile acids, mixed micelles deliver large amounts of the sterol molecules to the aqueous–
membrane interface so that the uptake rate is greatly increased. NPC1L1, a sterol influx transporter, is located at the apical membrane of the enterocyte and can actively
facilitate the uptake of cholesterol by promoting the passage of sterols across the brush border membrane of the enterocyte. NPC1L1 appears to mediate cholesterol uptake
via vesicular endocytosis, and ezetimibe may inhibit cholesterol absorption by suppressing the internalization of the NPC1L1–cholesterol complex. By contrast, ABCG5 and
ABCG8 promote active efflux of cholesterol and plant sterols from the enterocyte into the intestinal lumen for excretion. LXR-α may be essential for the upregulation of the
ABCG5/G8 genes in response to high dietary cholesterol. The combined regulatory effects of NPC1L1 and ABCG5/G8 play a critical role in modulating the amount of
cholesterol that reaches the lymph from the intestinal lumen. Absorbed cholesterol, and some that is newly synthesized from acetate by HMGCR within the enterocyte, is
esterified to fatty acids by ACAT2 to form CEs. Three putative pathways exist for the uptake of fatty acids and their transport across the apical membranes of enterocytes.
A, Short-chain fatty acids may traverse the apical membrane by simple passive diffusion and may be absorbed into the mesenteric venous blood and then the portal vein.
B, Medium- and long-chain fatty acids can be transported by FATP4. C, Alternatively, CD36 (also referred to as fatty acid translocase; 88 kDa), alone or together with the
peripheral membrane protein plasma membrane-associated FABP (FABPpm; 43 kDa), accepts medium- and long-chain fatty acids at the cell surface to increase local
concentrations. This could help CD36 actively transport fatty acids across the apical membrane of the enterocyte. Once at the inner side of the membrane, these fatty acids
are bound by cytoplasmic FABP (FABPc) before entering metabolic pathways. Some fatty acids may be transported by FATPs and rapidly activated by plasma membrane ACS1
to form acyl-CoA esters. MG may be taken up into enterocytes by facilitated transport. Acyl-CoA and MG are transported into the SER, where they are used for the synthesis
of DG and TG. Glucose istransported into the SER and contributes to the synthesis of PL via αGP. All of these lipids participate in the formation of chylomicrons, which also
require the synthesis of apoB-48 and the activity of MTTP. As observed in lymph, the core of the secreted chylomicrons contains TGs and CEs, and the surface of the particles
is a monolayer containing PL, mainly phosphatidylcholine, unesterified cholesterol, and apos, including apoB-48, apoA-I, and apoA-IV. ABC, adenosine triphosphate–binding
cassette; ACAT2, acyl–coenzyme A:cholesterol acyltransferase isoform 2; ACS1, acyl–coenzyme A synthetase 1; apo, apolipoprotein; CE, cholesteryl esters; Ch, cholesterol; DG,
diacylglycerol; FABP, fatty acid–binding protein; FATP4, fatty acid transport protein 4; GP, glycerol phosphate; HMGCR, 3-hydroxy-3-methylglutaryl–coenzyme A reductase;
LXR, Liver X receptor; MG, monoacylglycerol; MTTP, microsomal triglyceride transfer protein; NPC1L1, Niemann–Pick C1–like 1 (protein); PA, phosphatidic acid; PL,
phospholipids; SER, smooth endoplasmic reticulum; TG, triglycerol.
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transferred to phospholipid vesicles and bile acid micelles
for its transport to the brush border of enterocytes. Therefore,
the cholesterol molecules often have to be incorporated into
disk-shaped micelles and liquid crystalline vesicles before
their uptake by enterocytes.33,34

The detergent properties of bile acids are critical to intes-
tinal lipid uptake because they coordinate micellar solubili-
zation of intraluminal cholesterol.35–37 Simple bile acid
micelles (3 nm in diameter) are small, thermodynamically
stable aggregates that can solubilize only minimal amounts
of cholesterol. By contrast, phospholipids, monoacylglyc-
erides, and fatty acids are highly soluble in simple bile acid
micelles. As a result, when combined together with ionized
and nonionized fatty acids, monoacylglycerides, and lyso-
phospholipids, bile acids form mixed micelles. Mixed
micelles can solubilize much greater amounts of cholesterol
compared with simple micelles. Accordingly, in the small
intestinal lumen, bile acids often form mixed micelles with
TGs, diacylglycerols, monoacylglycerols, fatty acids, choles-
terol, phospholipids, and fat-soluble vitamins. Mixed
micelles are larger, thermodynamically stable aggregates,
and their sizes (4 to 8 nm in diameter) vary depending on
the relative proportion of bile acids and phospholipids.
Mixed micelles function as transport vehicles for cholesterol
across the unstirred water layer toward the brush border,
where they facilitate uptake of monomeric cholesterol
molecules by the enterocyte.38–40

Excess lipids that are not dissolved in mixed micelles
reside in the intestinal lumen as a stable emulsion
comprised mainly of bile acids, phospholipids, monoacyl-
glycerides, and fatty acids. During lipolysis, liquid crystals
composed of multilamellar products of lipid digestion form
at the surface of the emulsion droplets.33,34 These liquid crys-
tals give rise to vesicles, which are unilamellar spherical
structures and contain phospholipids and cholesterol, with
little, if any, bile acids. Vesicles (40 to 100 nm in diameter)
are substantially larger than either simple or mixed micelles,
but much smaller than liquid crystals (approximately
500 nm in diameter) that are composed of multilamellar
spherical structures. Liquid crystals and vesicles each pro-
vide an accessible source of cholesterol and other lipids
for continuous formation and modification of mixed
micelles in the presence of bile acids. Within the intestinal
lumen, the presence of hydrophilic bile acids may reduce
the solubility of cholesterol by favoring the formation of liq-
uid crystals and vesicles at the expense of mixed micelles.41

As a result, cholesterol molecules are poorly absorbed by
the enterocytes when incorporated into liquid crystals or ves-
icles. By contrast, hydrophobic bile acids markedly increase
micellar solubility of cholesterol and thereby augment cho-
lesterol absorption.41,42 This suggests that hydrophobic bile
acids are more effective at promoting cholesterol absorption
compared with hydrophilic bile acids. Luminal bile acids
are derived from hepatic secretion, reabsorbed from the
intestine (mainly the ileum), and returned to the liver via
portal blood to complete the enterohepatic circulation.10

Intestinal Uptake of Sterols
Mixed micelles in the intestine promote cholesterol absorp-
tion by facilitating transport across the unstirred layer of
water adjacent to the surface of the apical membrane of
enterocytes.39 The particle itself does not penetrate the cell
membrane. Rather, it facilitates passage across a diffusion

barrier that is located at the intestinal lumen–membrane
interface. Mucous coating the intestinal mucosa is also a
diffusion-limiting barrier, especially because cholesterol
molecules may be extensively bound to surface mucins
before transfer into the enterocyte. Physiologic quantities
of epithelial mucin encoded by theMuc1 gene are necessary
for normal intestinal uptake and absorption of cholesterol in
mice, as evidenced by a reduction of cholesterol absorption
efficiency by 50% in Muc1-knockout mice.43

Although it is clear that cholesterol incorporation into bile
acid micelles is necessary for transport to the brush border
membrane of enterocytes, the mechanism by which the
micellar cholesterol is taken up across the brush border
membrane is unclear. One long-standing hypothesis has sug-
gested that cholesterol absorption may occur by an energy-
independent, passive diffusion process in which micellar
cholesterol is in equilibrium with monomolecular choles-
terol in solution and the monomeric cholesterol is, in turn,
adsorbed to the brush border membrane down a concentra-
tion gradient.

A major advance in the effort to identify intestinal sterol
transporters was the discovery that mutations in the genes
encoding human adenosine triphosphate–binding cas-
sette (ABC) G5 and ABCG8 transporters constituted the
molecular basis of sitosterolemia.44,45 Patients with sitos-
terolemia absorb 20% to 30% of dietary sitosterol, as
opposed to the typically small amount (<5%) that is
absorbed in normal individuals.46–49 Interestingly, patients
with sitosterolemia are hypercholesterolemic because
they also absorb a greater fraction of dietary cholesterol,
and they excrete less cholesterol into the bile compared
with normal individuals. Studies in genetically engineered
mice and in vitro experiments have revealed that ABCG5
and ABCG8 are localized in the apical brush border mem-
brane of enterocytes and in the canalicular membrane of
hepatocytes.50–52 They appear to function as an efficient
efflux pump system for both cholesterol and plant sterols.
In the small intestine, ABCG5 and ABCG8 transport sterols
back into the intestinal lumen; whereas in the liver, they
transport sterols into bile. Consistent with this hypothesis,
a negative correlation exists between the efficiency of cho-
lesterol absorption and the expression levels of ABCG5
and ABCG8 in the jejunum and ileum, but not in the duo-
denum.53 This suggests that under normal physiologic
conditions, the jejunal and ileal ABCG5 and ABCG8 play
major regulatory roles in modulating the amount of cho-
lesterol that is absorbed from the intestine. Several poly-
morphisms in the ABCG5 and ABCG8 genes have been
identified,54 and these appear to exert moderate control
over plasma sterol levels. The expression levels of these
genes may explain, in part, why cholesterol absorption
occurs selectively, and plant sterols and other noncholes-
terol sterols are absorbed poorly or not at all.

Not only are plant sterols poorly absorbed by the small
intestine, but they also inhibit cholesterol absorption.55–57

Plant sterols are more hydrophobic molecules than choles-
terol and effectively displace cholesterol from mixed
micelles.58–61 This prevents cholesterol uptake by the
enterocyte and presumably explains the more efficient
uptake of cholesterol compared with β-sitosterol by the
brush border membrane.

Studies in knockout mice have revealed that the liver X
receptors (LXRs; LXR-α and LXR-β) are essential for
diet-induced upregulation of the Abcg5 and Abcg8 genes.
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Moreover, the stimulation of cholesterol excretion by a
synthetic LXR agonist T0901317 requires intact ABCG5 and
ABCG8 genes.62 These studies suggest that the messenger
ribonucleic acid (mRNA) expression for ABCG5 and ABCG8
could be activated by dietary cholesterol via LXRs. It is
currently unclear whether plant sterols upregulate expres-
sion levels of the ABCG5 and ABCG8 genes via the LXR
pathway. If so, this could promote transport of plant sterols
from enterocytes back into the intestinal lumen, serving a
“gatekeeper” function to avoid increased plasma plant sterol
concentrations.

The discovery of ezetimibe as a specific and potent
inhibitor of intestinal cholesterol absorption has focused
attention on a putative sterol influx transporter that might
be a target for ezetimibe. Radiolabeled ezetimibe is local-
ized to the brush border membrane of the enterocyte and
appears to directly inhibit the uptake activity of the putative
cholesterol transporter(s) at the intestinal brush border
membrane.63 Using a genomic–bioinformatics approach,
the transcripts containing expression patterns and structural
characteristics anticipated in cholesterol transporters (e.g.,
sterol-sensing and transmembrane domains, as well as
extracellular signal peptides) were identified.64,65 This led
to the discovery of the Niemann–coenzyme A Pick C1–like
1 (NPC1L1) protein and established it as a strong candidate
for the ezetimibe-sensitive cholesterol transporter. Moreover,
similarities in cholesterol absorption characteristics
between ezetimibe-treated mice and NPC1L1-knockout
mice supported the likelihood that NPC1L1 is the
ezetimibe-inhibitable cholesterol transporter.64 The NPC1L1
protein has 50% amino acid homology to Niemann–Pick C1
(NPC1), which functions in intracellular cholesterol traffick-
ing and is defective in the cholesterol storage disease
Niemann–Pick type C.66 However, in contrast to broad
expression pattern of NPC1 in tissues, Npc1l1 is expressed
predominantly in the intestine in mice, with peak expression
in the proximal jejunum,64,65 paralleling the efficiency of
cholesterol absorption along the gastrointestinal axis. Sub-
fractionation of the brush border membrane suggests that
NPC1L1 is associated with the apical membrane fraction
of enterocytes. A rat homolog of the human NPC1L1 gene
is unique, in that it encodes a protein that contains an extra-
cellular signal peptide, transmembrane sequences, N-linked
glycosylation sites, and a sterol-sensing domain.67 The bind-
ing affinities of ezetimibe and several key analogs to recom-
binant NPC1L1 were shown to be virtually identical to those
observed for native enterocyte membranes, and ezetimibe
did not bind to membranes from NPC1L1-knockout mice.
These findings indicate that NPC1L1 is the direct molecular
target of ezetimibe.68,69 Moreover, NPC1L1 has been found
tomediate cholesterol uptakemostly via vesicular endocyto-
sis, and ezetimibe inhibits cholesterol absorption possibly
by blocking the internalization of the NPC1L1–cholesterol
complex.70 However, several issues require further study,
namely, whether NPC1L1 binds to cholesterol present in
the intestinal mixed micelles or to cholesterol that accumu-
lates at the apical membrane, how NPC1L1 releases the
bound cholesterol, and the fate of cholesterol that is
released by NPC1L1.71

The solubility of long-chain fatty acids in aqueous solu-
tions is extremely low, that is, in the range of 1 to 10 nm.
The molecular mechanism for the transport of lipid-
soluble amphipathic fatty acids across membranes has
been debated for many years: by a simple passive

diffusion mechanism,72–76 a protein-mediated mecha-
nism,77–82 or both. A protein-mediated fatty acid uptake
system is now believed to be the dominant means by
which fatty acids are taken up by membrane-associated
fatty acid–binding proteins (FABPs), that is, fatty acid
transporters.83 As shown in Figure 3-3, a large number
of fatty acid transporters have been identified that facili-
tate the cellular uptake of fatty acids, and these include
cluster determinant 36 (CD36), plasma membrane–
associated FABP, and a family of fatty acid transport pro-
teins 1–6. FABP is present in the small intestine and may
play an important role in the intracellular transport of
the absorbed fatty acids.77,80,81 This assertion is based
on the higher concentration of FABP in villi compared
with crypts, in the jejunum compared with the ileum,
and in intestinal mucosa of animals fed a high-fat diet
compared with those fed a low-fat diet. The prevalent view
is that these fatty acid transporters could act as acceptors
for fatty acids, and subsequently, the fatty acids make
their way through the cell membrane, possibly by simple
diffusion.83–87 At the inner side of the membrane, the
transmembrane proteins may provide a docking site for
a cytoplasmic FABP that is abundantly present in the sol-
uble cytoplasm of enterocytes.83,88,89 Thus, these proteins
may function to sequester fatty acids in the membrane and
help organize them within specific membrane domains
to make the fatty acids readily available for subsequent
aqueous transport.90

Intracellular Metabolism of Absorbed
Lipids
Another potential step for sorting or regulating is the incom-
pletely characterized intracellular pathway, whereby the
absorbed cholesterol molecules reach the ER and are
esterified to cholesteryl esters by the enzyme acyl–coen-
zyme A:cholesterol acyltransferase 2 (ACAT2).91

The absorbed cholesterol enters a cholesterol pool within
the enterocyte. This contains cholesterol derived from the
diet, from nondietary sources (biliary cholesterol and
cholesterol from cells shed from the intestinal mucosa),
from newly synthesized cholesterol within the enterocyte,
and from plasma lipoproteins. The enterocyte may treat
these various sources of cholesterol differently. For example,
in a fasting state, very little newly synthesized cholesterol is
transported into lymph. By contrast, during active lipid
absorption, significantly more of the newly synthesized cho-
lesterol is transported into lymph following incorporation
into chylomicrons. Cholesterol transported by the lymphatic
system is almost exclusively esterified, and the rate of
esterification of cholesterol may regulate lymphatic trans-
port. In the small intestine, ACAT2 is highly specific for
cholesterol and does not appreciably esterify plant sterols.
This explains, in part, the very low absorption rate of plant
sterols. Cholesteryl esters are incorporated into nascent
chylomicrons. This process allows nascent chylomicrons
to mature and exit the ER for eventual secretion as
chylomicron particles into the lymph.92

During cholesterol absorption, the cholesterol content of
the small intestinal wall increases little, which demonstrates
that the absorbed cholesterol can be rapidly processed and
exported from the enterocyte into the intestinal or thoracic
duct lymph. Essentially, all cholesterol molecules that move
from the intestinal lumen into enterocytes are unesterified;
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however, cholesterol exported into intestinal lymph
following a cholesterol-rich meal is largely esterified. This
highlights the notion that esterification may be a critical
step for bulk entry of cholesterol into the nascent chylomi-
crons and suggests that esterifying activity of the enterocyte
is an important regulator of intestinal cholesterol
absorption. Reesterification of the absorbed cholesterol
within the enterocyte would enhance the diffusion gradient
from the lumen to the enterocyte, favoring cholesterol
absorption. In this connection, it has been observed that
pharmacologic inhibition of ACAT significantly reduces
transmucosal transport of cholesterol in rats,93,94 and that
deletion of the Acat2 gene decreases intestinal cholesterol
absorption in mice.95 Moreover, the inhibition of intestinal
3-hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA) reduc-
tasebypharmacologic treatmentwith statinsalso reduces intes-
tinal cholesterol absorption in laboratory animals96,97 and in
humans.98

Monoacylglycerols and fatty acids are largely reconsti-
tuted to form TGs mainly via the consecutive actions of
monoacylglycerol and diacylglycerol acyltrans-
ferases.99,100 The locations of these enzymes on the cyto-
plasmic surface of the ER101 suggest that TGs are formed
in the cytoplasmic surface of the ER and gain entry into
the cisternae of the ER. The second pathway present in
intestinal mucosa for the formation of TGs is the α-
glycerophosphate pathway, which involves the stepwise
acylation of glycerol-3-phosphate to form phosphatidic
acid. In the presence of phosphatidate phosphohydrolase,
phosphatidic acid is hydrolyzed to form diacylglycerols,
which are then converted to TGs. The relative importance
of these two pathways depends greatly on the supply of
monoacylglycerols and fatty acids.102 During normal lipid
absorption, the monoacylglycerol pathway is the predom-
inant route for the synthesis of TGs because monoacylgly-
cerols and fatty acids are very efficiently converted to TGs.
Monoacylglycerols also inhibit the α-glycerophosphate
pathway. By contrast, when monoacylglycerols are insuffi-
cient, the α-glycerophosphate pathway becomes the major
route for the formation of TGs.102 Some of the absorbed
lysophosphatidylcholines are reacylated to form phospho-
lipids, and the others are hydrolyzed to form glycerol-
3-phosphorylcholine, which may be transported to the
liver via the portal vein. The liberated fatty acids are then
used for TG synthesis. Finally, some lysophosphatidyl-
choline molecules are combined to form one molecule
of phospholipid and one molecule of glycerol-3-
phosphorylcholine.

Assembly and Secretion of Intestinal
Lipoproteins
Chylomicrons are predominantly assembled and secreted
by the small intestine. The assembly of chylomicrons (75–
450 nm in diameter, Sf�60, d<0.93 g/mL) is a characteristic
property of the enterocytes during the postprandial state. It is
of interest that the small intestine also produces a large num-
ber of very-low-density lipoprotein (VLDL)–sized particles,
and to lesser degrees, high-density lipoproteins (HDLs).
The assembly of VLDL (30–80 nm in diameter, Sf¼20–60,
0.93<d<1.006 g/mL) occurs constitutively and is the princi-
pal lipoprotein secreted during the fasting state. VLDL may
serve to transport lipids derived from the bile and sloughed
enterocytes, and fatty acids derived from the plasma. The

assembly and secretion of HDL by the small intestine is
beyond the scope of this chapter (see Chapter 4).

Chylomicrons are produced exclusively by the small
intestine. These large, spherical particles are lipid rich,
containing TGs (85%–90%), phospholipids (7%–9%), choles-
teryl esters (3%– 5%), and unesterified cholesterol (1%–3%)
as well as apolipoproteins (1%–2%). The chemical composi-
tions indicate their primary roles as TG transport vehicles.
The core of chylomicrons contains TGs and cholesteryl
esters, whereas the surface of the particles comprises a
monolayer of phospholipids, unesterified cholesterol, and
apolipoproteins.103,104 The major apolipoproteins of chylo-
microns are apolipoprotein B-48, apolipoprotein A-I, and
apolipoprotein A-IV. Traces of apolipoprotein E and apolipo-
protein C detected in chylomicrons are added to the surface
after interactions of chylomicrons with other plasma
lipoproteins.

Chylomicron synthesis takes place within the enterocyte
and requires apolipoprotein B-48 expression, which is trans-
lated from a common apolipoprotein B mRNA following
posttranscriptional editing in which enzymatic deamination
of cytosine by the apolipoprotein B editing complex creates
a uracil at nucleotide 6666. The nucleotide conversion
results in truncation of apolipoprotein B codon 2153 so that
the mature protein is 48% as long as apolipoprotein B-100 in
units of amino acids.105,106 Fatty acid compositions of TGs in
intestinal lipoproteins reflect the dietary fatty acids.107–110 By
contrast, the fatty acid compositions of phospholipids
(phosphatidylcholines, phosphatidylethanolamines, and
sphingomyelins) and cholesteryl esters present in chylomi-
crons are not representative of the fatty acids present in
the diet. Although the size and composition of the secreted
chylomicrons are dependent on the rate of fat absorption
and the type of fat absorbed, the molecular basis for the
trafficking of different lipids for incorporation into
chylomicrons by the enterocyte remains unclear.

It has been proposed that the assembly of chylomicrons
involves three independent events.111–115 First, the incorpo-
ration of preformed phospholipids and synthesis of smaller
lipoproteins results in the formation of primordial lipopro-
teins. Second, TG-rich lipid droplets of various sizes are
synthesized during the postprandial state. Third, the fusion
of primordial lipoproteins with TG-rich lipid droplets results
in the formation of various lipoproteins (VLDL-sized parti-
cles, small chylomicrons, and large chylomicrons), which
is a process called core expansion. Core expansion appears
to render lipid droplets “secretion competent.” This notion is
supported by the observation that the smooth ER contains
lipid droplets without apolipoprotein B-48 synthesis. In the
absence of apolipoprotein B-48, no droplets are found in
the Golgi complex and the intercellular space.116,117

However, after apolipoprotein B-48 is synthesized,
lipoprotein particles are detected in the Golgi complex
and intercellular spaces. Moreover, TGs and apolipoprotein
B-48 are transported together from the ER to the Golgi com-
plex. Therefore, core expansionmay be a crucial step for the
regulation of the assembly and secretion of large numbers of
TG-rich particles.

Intestinal microsomal TG transfer protein (MTTP) transfers
neutral lipids into newly formed chylomicrons in the ER.118

MTTP mutations constitute the genetic basis for abetalipo-
proteinemia in humans, which is characterized by severe
steatorrhea, neurologic symptoms, fatty liver, and very low
plasma cholesterol levels.119 Interestingly, deletion of the
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Cel gene in mice induces a significant decrease in the num-
ber of chylomicron particles produced by enterocytes after a
lipid meal, with most of the intestinal lipoproteins produced
by Cel-knockout mice being VLDL-sized particles.11

Although the exact mechanism by which CEL participates
in chylomicron assembly is unknown at this time, indirect
evidence suggests that CEL may have an important effect
on intracellular lipid trafficking. Intestinal apolipoproteins
A-I/C-III/A-IV have been proposed to play a role in the regu-
lation of cholesterol absorption.120 However, the regulatory
effects of these proteins remain to be defined. Nevertheless,
these collective observations concerning chylomicron
assembly suggest that the later steps in the cholesterol
absorption process are critically important.

Following secretion into intestinal lymph, chylomicrons
enter the blood through the thoracic duct. As the chylomi-
crons circulate, their TGs undergo hydrolysis by lipoprotein
lipase, an enzyme located on the surface of capillary endo-
thelial cells of muscle and adipose tissues. This results in
release of fatty acids and glycerol from the core of chylomi-
crons, as well as unesterified cholesterol from the surface
coat of these particles. After the lipolysis, chylomicron rem-
nants are released back into the circulation and transformed
into remnant particles, which are cleared rapidly by the liver
with the assistance of hepatic lipase.

FECAL EXCRETION OF INTESTINAL STEROLS

Cholesterol and bile acids that escape intestinal reabsorp-
tion are excreted as fecal neutral and acidic sterols, respec-
tively. This constitutes the major route for sterol elimination
from the body. In the fasting state or on fat-free diets, fecal
sterol excretion in humans ranges from 0.7 to 1 g/day,
emphasizing that fecal sterols do not consist only of dietary
constituents. Likewise, fecal sterol excretion in patients with
steatorrhea exceeds dietary intake, indicating that some of
endogenous lipids entering the small intestinal lumen are
excreted in feces.

GENETIC CONTROL OF INTESTINAL
CHOLESTEROL ABSORPTION

Significant interindividual differences and interstrain
variations, respectively, exist in the efficiency of intestinal
cholesterol absorption in humans121–125 and in laboratory
animals.126–135 Because diet, the key environmental factor,
was controlled in these studies, the observations strongly
suggest that intestinal cholesterol absorption is regulated
by multiple genes. What is not clear is which cellular step(s)
in the intestinal absorption of cholesterol could account for
the genetic differences. Siblings of higher-absorbing pro-
bands displayed significantly higher cholesterol absorption
efficiency (49�2%) than siblings of lower-absorbing
probands (37�3%).136 Likewise, there were significant
differences in a systematic study of 12 inbred strains of mice
in which three strains exhibited absorption efficiencies less
than 25%, five strains from 25% to 30%, and four strains from
31% to 40%.126 Importantly, differences amongmouse strains
have been shown to be independent of methods of measur-
ing cholesterol absorption.126,137

Because a high cholesterol absorption rate is inherited as a
dominant trait in certain genetic crosses between inbred
mouse strains, quantitative trait locus (QTL) mapping

techniques have been applied toward identifying the factors
at the enterocyte level that are crucial for determining choles-
terol absorption efficiency. Genetic loci that may determine
cholesterol absorption efficiency have been identified by
genome-wide linkage studies in experimental crosses of
inbred strains of mice.132 As shown in Figure 3-4, a QTL that
may influence cholesterol absorption efficiency was detected
on chromosome 2 (designated cholesterol absorption gene
locus 1, Chab1) and a second suggestive QTL (Chab2) was
found on chromosome 10. Additional loci were also found:
Chab3 on chromosome 6, Chab4 on chromosome 15, Chab5
on chromosome 19, Chab6 on chromosome 1, and Chab7 on
chromosome 5.132 Despite these numerous QTL identifica-
tions, positional cloning of the responsible genes remains to
be accomplished.

Over the past decades, the search for intestinal cholesterol
transporters that are located at the apical brush border mem-
brane of the enterocyte has led to additional candidate pro-
teins.138–141 Using a photoreactive cholesterol derivative,
photocholesterol, i.e., [3α-3H]-6-azi-5α-cholestan-3β-ol, 80-
and 145-kDa integral membrane proteins have been identi-
fied as putative components of the intestinal cholesterol
transporters.142 In addition, a photoreactive analog of
ezetimibe was found to bind to a distinct 145-kDa integral
membrane protein. These proteins are different from the
previously described candidate proteins for the intestinal
cholesterol transporters (ABCA1, ABCG5, ABCG8, NPC1L1,
and scavenger receptor class B type I [SR-BI]). Moreover,
a 145-kDa, ezetimibe-binding protein was purified by three
different methods, and the protein sequencing revealed its
identity to be the membrane-bound ectoenzyme aminopep-
tidase N (APN).143,144 Because APN has a role in the endocy-
totic processes, it was suggested that binding of ezetimibe to
APN may block endocytosis of cholesterol-rich membrane
microdomains, thereby inhibiting intestinal cholesterol
absorption.124,125 Nevertheless, the exact mechanism
whereby APN influences intestinal cholesterol absorption
remains to be defined.

The high-affinity HDL receptor SR-BI is expressed in brush
border membrane preparations and in Caco2 cells. Preincu-
bationwith an anti–SR-BI antibody partially inhibited choles-
terol and cholesteryl ester uptake by brush border
membrane vesicles and Caco2 cells compared with control
incubations.145 CD36, also called fatty acid translocase, is
expressed in brush border membrane preparations and
the small intestine. These in vitro experiments suggested that
SR-BI and CD36 might be cholesterol transporters in the
intestine and involved in the uptake of dietary cholesterol
from bile acid micelles to the brush border membrane of
enterocytes.146 The distribution of SR-BI along the gastroin-
testinal axis and on the apical membrane of the enterocyte
is also consistent with its participation in cholesterol absorp-
tion.147 However, targeted disruption of Srb1, CD36, or both
genes had little effect on intestinal cholesterol absorption in
mice.146,148–150 More importantly, the cholesterol absorption
inhibitor ezetimibe, which has been shown to label SR-BI in
the enterocyte, also inhibits cholesterol absorption in SR-BI–
knockout mice,148 indicating that SR-BI could not be the
ezetimibe-sensitive target gene responsible for intestinal cho-
lesterol absorption.151 It is most likely that although SR-BI
and CD36 facilitate the uptake of cholesterol from micelles
in the lumen of the proximal small intestine into the brush
border membrane of enterocytes, this uptake step is not
rate-limiting for cholesterol absorption.
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Initial observations showed that some retinoid X receptor
(RXR) and LXR nuclear hormone receptor agonists, which
upregulate expression levels of ABCA1 in the intestine, led to
a decrease in cholesterol absorption when these agents were
administered tomice.152Theseobservationssuggested that the
intestinal ABCA1 transporter may serve to efflux cholesterol
from the enterocyte back into the intestinal lumen for excre-
tion.However, studies inABCA1-knockoutmice revealedonly
marginal increases in cholesterol absorption in one study153

and decreased cholesterol absorption in another.154 Subse-
quent characterization of mice lacking ABCA1155 and of the
Wisconsin hypoalpha mutant (WHAM) chicken having a
spontaneous mutation in the ABCA1 gene,156,157 revealed no
impairment in cholesterol absorption, fecal neutral steroid
excretion, or biliary cholesterol secretion. This was true even
after challenge with a synthetic LXR agonist. The lack of a role
for ABCA1 in cholesterol absorption is further evidenced by
in situ hybridization studies, in which ABCA1 was found pre-
dominately in cells present in the lamina propria in mice62

and only occasionally in the enterocyte in the primate.158

Instead, it has beenhypothesized thatABCA1maybe involved
in the transfer of cholesterol from enterocytes into lymph,
blood macrophages, or both, and may promote efficient cho-
lesterol efflux from enterocytes to plasma HDL. Apart from
ABCG5, ABCG8, and NPC1L1, other as yet unidentified sterol
transporters in the intestinemayplay important roles in the reg-
ulationof intestinal absorptionof cholesterol andplant sterols.
The continued pursuit of these proteins should reveal the
molecular and genetic mechanisms underlying the dominant
rate-limiting step or factor in intestinal cholesterol absorption.

FACTORS THAT INFLUENCE INTESTINAL
CHOLESTEROL ABSORPTION EFFICIENCY

Because intestinal cholesterol absorption is a multistep
process, any factor that could influence the transport of
cholesterol from the intestinal lumen to the lymphmay influ-
ence the efficiency of intestinal cholesterol absorption.1

Table 3-1 lists dietary, pharmacologic, biliary, luminal,
and cellular factors that could influence absorption of intes-
tinal cholesterol. When dietary conditions are controlled,
biliary factors have been shown to exert a major influence
on the efficiency of cholesterol absorption. For example,
hepatic output and pool size of biliary bile acids are
markedly reduced in mice with homozygous disruption of
the cholesterol 7α-hydroxylase (Cyp7a1) gene, which
encodes the principal enzyme for the classical pathway of
bile acid synthesis in the liver. Because of bile acid
deficiency in bile, the mice absorb only trace amounts of
cholesterol.176 Similarly, deletion of the sterol 27-
hydroxylase (Cyp27a1) gene, which encodes the main
enzyme controlling the alternative pathway of bile acid
synthesis, results in a significant reduction in bile acid syn-
thesis. As a result, intestinal cholesterol absorption
decreases from 54% to 4%, and fecal excretion of sterols
increases by 2.5-fold.193 In both types of knockout mice,
cholesterol absorption is reversed readily by feeding a bile
acid–containing diet.176,193 These findings confirm that
biliary bile acids play a critical role in intestinal cholesterol
absorption by regulating intraluminal micellar bile acid
concentrations.
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FIGURE 3-4 Composite map of the genes for intestinal sterol transporters and lipid metabolism, and QTLs for Chab genes and candidate genes for the regulation
of cholesterol absorption on chromosomes representing the entire mouse genome. A vertical line represents each chromosome, with the centromere at the top; genetic
distances from the centromere (horizontal black lines) are indicated to the left of the chromosomes in cM. Chromosomes are drawn to scale, based on the estimated cM position of
the most distally mapped locus taken from Mouse Genome Database (http://www.informatics.jax.org). The locations of the genes for intestinal sterol transporters and lipid
metabolism, as well as candidate genes for the regulation of cholesterol absorption, are represented by horizontal blue lines, and QTLs (Chab genes) are indicated by
horizontal red lines with the gene symbols to the right. Apn, aminopeptidase N; Cav, caveolin; Cck1r, cholecystokinin 1 receptor; Cel, carboxyl ester lipase; Chab, cholesterol
absorption; cM, centimorgans; Cyp27a1, sterol 27-hydroxylase; Cyp7a1, cholesterol 7α-hydroxylase; Cyp7b1, oxysterol 7α-hydroxylase; Esr1, estrogen receptor α; Esr2,
estrogen receptor β; Hsl, hormone-sensitive lipase; Npc1, Niemann–Pick C1 (protein); Pnlip, pancreatic triglyceride lipase; QTLs, quantitative trait loci; Smaf, sphingomyelinase;
Spt, serine palmitoyltransferase (see also Table 3-1 for list of gene symbols and names [Modified with permission from Wang DQ. Regulation of intestinal cholesterol
absorption. Annu Rev Physiol. 2007;69:221-248.])
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TABLE 3-1 Possible Factors Influencing Intestinal Cholesterol Absorption

FACTORS
EFFECTS ON PERCENT CHOLESTEROL
ABSORPTION AND TYPE OF STUDY

MOUSE
Chr cM

HUMAN
ORTHOLOG* REFERENCES

Dietary factors

" Cholesterol (–) Animal feeding studies 53

Fat

" Monounsaturated # African green monkey feeding studies 159

" ω-3 polyunsaturated # African green monkey feeding studies 159

" Fish oils # Rat lymphatic transport studies 160

" Sphingomyelin # Animal feeding studies 161

" Fiber # Human and animal feeding studies 162

" Plant sterols (phytosterols) # Human and animal feeding studies 57,61

Pharmacologic factors

" Hydrophilic bile acids # Human and animal feeding studies 41

" Hydrophobic bile acids " Human and animal feeding studies 41,163

" Ezetimibe # Human and animal feeding studies 63,164

" ACAT inhibitors # Human and animal feeding studies 165–167

" Statins # Human and animal feeding studies 168–170

" Bile acid sequestrants # Human and animal feeding studies 171,172

" Intestinal lipase inhibitors # Human and animal feeding studies 173,174

" Estrogen " Animal feeding studies 175

Biliary factors

# Biliary bile acid output # Cholesterol 7α-hydroxylase�/� mice 176,177

# Size of bile acid pool # Cholesterol 7α-hydroxylase�/� mice 176,177

# Biliary phospholipid output # Abcb4�/� mice 178

" Biliary cholesterol output " Animal studies 126,137

" Cholesterol content of
bile

" Animal studies 126,137,179

" HI of bile acid pool " Animal studies 41,179

Cellular factors

# ACAT2 # ACAT2 inhibitors and Acat2�/� mice 15 57.3 12q13.13 165,167,170

# HMG-CoA reductase # HMG-CoA reductase inhibitors in human and
mouse studies

13 50.7 5q13.3-q14 168–170

# ABCA1 #" Abca1�/� mice† 4 28.6 9q31.1 152–154

# ABCG5 and ABCG8 " Abcg5/g8�/� mice and Abcg5/g8 transgenic
mice; and sitosterolemia

17 55.0 2p21 44–52

# NPC1L1 # Npc1l1�/� mice and ezetimibe feeding
studies

11 3.9 7p13 63–65,164

Aminopeptidase N To be identified 7 45.2 15q25-q26

# SR-BI (–)# Srb1�/� mice and Srb1 transgenic mice† 5 64.1 12q24.31 148–150

# IBAT (–) Ibat�/� mice 8 2.2 13q33 180

# Caveolin 1 (–) Caveolin 1�/� mice 6 7.7 7q31.1 181

Caveolin 2 To be identified 6 7.7 7q31.1

MTTP To be identified 3 64.1 4q24

SCP2 To be identified 4 52.0 1p32

OSBP To be identified 19 8.9 11q12-q13

# ApoB-48 # Apob48�/� mice and “apoB-100–only” mice 12 3.5 2p24-p23 117,182

ApoA-I To be identified 9 25.4 11q23-q24

ApoA-II To be identified 1 79.2 1q23.3

# ApoA-IV (–) Apoa4�/� mice and ApoA-IV transgenic mice 9 25.4 11q23 183,184

ApoA-V To be identified 9 25.4 11q23

ApoC-I To be identified 7 9.9 19q13.2

ApoC-II To be identified 7 9.9 19q13.2

ApoC-III To be identified 9 27.0 11q23.1-q23.2
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Changes in the detergency of biliary bile acids also influ-
ence cholesterol absorption. In mice with experimentally
induced diabetes, percentages of cholesterol absorption
are significantly increased. This is because the biosynthesis
of a more detergent bile acid is augmented at the same time
as the biosynthesis of a less detergent type of bile acid is
reduced.179 In addition, cholesterol absorption is reduced
in a genetically engineered mouse model that does not
secrete biliary phospholipids, which are necessary for intes-
tinal cholesterol absorption.178 Although targeted disruption
of the ileal bile acid transporter (Ibat) gene eliminates
enterohepatic cycling of bile acids in mice, only a modest
reduction occurs in cholesterol absorption efficiency.180

This can be explained by the fact that cholesterol absorption
occurs predominantly in the proximal intestine, whereas
intestinal uptake of bile acids occurs primarily in the distal

intestine. In this connection, bile acid concentrations in
the proximal intestine are not reduced in mice that are
treated with inhibitors of intestinal bile acid reabsorption
because of a compensatory increase in bile acid synthesis
by the liver.

Although physical–chemical factors affecting dietary
cholesterol absorption have been extensively studied, it is
still unclear how biliary cholesterol contributes to the
regulation of intestinal cholesterol absorption. Physical–
chemical studies of biliary lipids have shown that in bile,
cholesterol is solubilized as a mixture of vesicles, mixed
micelles, simple micelles, and monomers, all in a dynamic
equilibrium.194–196 In addition, normal individuals, and
especially patients with cholesterol gallstones, often secrete
bile that is “supersaturated” with cholesterol.197–200 The
nucleation and crystallization of cholesterol molecules also

TABLE 3-1 Possible Factors Influencing Intestinal Cholesterol Absorption—cont'd

FACTORS
EFFECTS ON PERCENT CHOLESTEROL
ABSORPTION AND TYPE OF STUDY

MOUSE
Chr cM

HUMAN
ORTHOLOG* REFERENCES

ApoC-IV To be identified 7 9.9 19q13.2

ApoE To be identified 7 9.9 19q13.2

Estrogen receptor α To be identified 10 12.0 6q25.1

Estrogen receptor β To be identified 12 33.0 14q23.2

NR0B2 (SHP) To be identified 4 66.3 1p36.1

NR1H4 (FXR) To be identified 10 45.0 12q23.1

NR1H3 (LXR-α) To be identified 2 50.5 11p11.2

" NR1H2 (LXR-β) " LXR-β agonist and mouse study 7 28.8 19q13.3 185

" NR2B1 (RXR-α) # RXR agonist and mouse study 2 19.4 9q34.3 152

" NR1C1 (PPAR-α) # PPAR-α agonist and PPAR-α�/� mice 15 40.0 22q13.31 186

" NR1C2 (PPAR-δ) # PPAR-δ agonist and mouse study 17 14.6 6p21.2 187

NR1C3 (PPAR-γ) To be identified 6 53.4 3p25

Luminal factors

" Small intestinal transit time " Cck-1 receptor�/� mice 188

" Gastric emptying time " Inbred strains of mice 189

# MUC1 mucin # Muc1�/� mice 3 39.0 1q21 43

MUC2 mucin To be identified 7 87.1 11p15.5

MUC3 mucin To be identified 5 76.2 7q22

MUC4 mucin To be identified 16 23.3 3q29

MUC5ac mucin To be identified 7 87.2 11p15.5

MUC5b mucin To be identified 7 87.3 11p15.5

MUC6 mucin To be identified 7 87.0 11p15.5

# Carboxyl ester lipase (–)# Carboxyl ester lipase�/� mice 2 19.4 9q34.3 11,12

# Pancreatic triglyceride
lipase

# Pancreatic triglyceride lipase�/� mice 19 54.5 10q26.1 13

# Hormone-sensitive lipase " Intestinal hormone sensitive lipase�/� mice 7 13.8 19q13.2 190

# DGAT1 # DGAT1�/� mice 15 36.0 8q24.3 191

# Serine palmitoyltransferase # Serine palmitoyltransferase�/� mice 13 27.7 9q22.2 192

# CD36 (–) CD36�/� mice 5 8.1 7q11.2 146

Sphingomyelinase To be identified 4 2.9 8q12-q13

", increase; #, decrease; (–), no effect; ABC, adenosine triphosphate–binding cassette (transporter); ACAT2, acyl–coenzyme A:cholesterol acyltransferase isoform 2; apo,
apolipoprotein; Chr, chromosome; CCK, cholecystokinin; CD36, cluster determinant 36 (also called fatty acid translocase); cM, centimorgan;DGAT1, acyl–coenzyme A:diacylglycerol
acyltransferase 1; FXR, farnesoid X receptor;HI, hydrophobicity index;HMG-CoA, 3-hydroxy-3-methyglutaryl–coenzyme A; IBAT, ileal bile acid transporter (also called Slc10a2, solute
carrier family 10, member 2); LXR, liver X receptor; MTTP, microsomal triglyceride transfer protein; MUC, mucin gene; ND, not determined; NPC1L1, Niemann–Pick C1–like 1
(protein); NR, nuclear receptor; OSBP, oxysterol-binding protein; p, short arm of the Chr; PPAR, peroxisome proliferator–activated receptor; q, long arm of the Chr; RXR, retinoid X
receptor; SCP2, sterol carrier protein 2; SHP, small heterodimer partner; SR-BI, scavenger receptor class B type 1.
*Map position is based on conserved homology between mouse and human genomes and assigned indirectly from localization in other species. Information on

homologous regions was retrieved from the Mouse/Human Homology Databases maintained at the Jackson Laboratory (http://www.informatics.jax.org/genes.shtml) and the
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/homologene/).

†Contradictory results were reported by different groups (see text for details).
(Modified with permission from Wang DQ. Regulation of intestinal cholesterol absorption. Annu Rev Physiol. 2007;69:221-248.)
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occurs commonly to form solid platelike monohydrate crys-
tals in the gallbladder201,202 and sometimes is detected by
ultrasonography as biliary sludge or microlithiasis.203–206

Because the physical states of biliary cholesterol are differ-
ent from those of dietary cholesterol, two distinct fates of
intestinal absorption of cholesterol from dietary and biliary
sources could exist. These observations indicate that
although the liver plays a major role in determining the total
amount of secreted cholesterol, the gallbladder may modu-
late the physical states of biliary cholesterol delivered into
the intestine, which, in turn, influence the intestinal absorp-
tion of biliary cholesterol. Cholesterol absorption efficiency
is found to be markedly reduced in mice treated with bile
containing cholesterol crystals compared with supersatu-
rated bile, in which cholesterol is maintained in solution.188

Moreover, solid, platelike cholesterol monohydrate crystals
in bile are not absorbed and are excreted in feces from
the body. This indicates that the physical states of
cholesterol in bile play a critical role in determining the
intestinal absorption efficiency of biliary cholesterol.188

These studies strongly suggest that the gallbladder has a role
in regulating cholesterol homeostasis by modulating the
physical states of biliary cholesterol.188

The small intestinal transit rate is an example of a luminal
factor that can influence the efficiency of cholesterol absorp-
tion. Mice with deletion of the cholecystokinin-1 receptor
(Cck-1r) gene absorb cholesterol at higher rates, which cor-
relate with slower small intestinal transit rates.207 By contrast,
guinea pigs that are resistant to the systemic effects of dietary
cholesterol display shorter small intestinal transit times com-
pared with hypercholesterolemic guinea pigs.208 Further-
more, acceleration of small intestine transit induced by
pharmacologic intervention is consistently associated with
decreased cholesterol absorption in humans.209 It is surpris-
ing to find that small intestinal transit times are similar
among low-, middle-, and high-cholesterol–absorbing
inbredmouse strains.126 This finding suggests that under nor-
mal physiologic conditions, luminal factors may not account
for major differences in the efficiency of intestinal choles-
terol absorption among diverse inbred strains of mice.

Gender differences in the efficiency of cholesterol
absorption in humans and in laboratory animals have been
well documented.175,210–212 Estrogen increases biliary lipid
secretion, which promotes intestinal cholesterol absorp-
tion.175,213 In addition, estrogen could regulate expression
levels of sterol transporters such as ABCG5 and ABCG8 in the
small intestine, probably via the estrogen receptor pathway.175

Aging augments the efficiency of intestinal cholesterol
absorption.175,210–212 This is because aging significantly
increases the secretion rate of biliary lipids and the cholesterol
content of bile, aswell as size and hydrophobicity index of the
bile acidpool. It wouldbe instructive to explorewhether aging
per se enhances intestinal cholesterol absorption, perhaps via
longevity (aging) genes that could influence expression levels
of the intestinal sterol transporter genes.

INHIBITORS OF INTESTINAL CHOLESTEROL
ABSORPTION

Plasma cholesterol concentrations are sensitive to changes
in the consumption of dietary cholesterol. This is evidenced
by the observation that the maximum rise in plasma choles-
terol concentrations in response to dietary cholesterol is
reached at cholesterol intake of 400 to 500 mg/day, which

corresponds to the typical cholesterol content of a Western
diet. As a result, restriction of dietary calories, cholesterol,
and saturated fat is a rational primary therapeutic interven-
tion for the treatment of patients with dyslipidemia.

Despite significant restrictions in dietary intake, a reduc-
tion of dietary cholesterol frequently does not decrease
circulating LDL cholesterol levels appreciably. This is, in
part, caused by the continued presence of large amounts
of biliary cholesterol in the intestine. Therefore, pharmaco-
logic inhibition of cholesterol absorption is potentially an
effective way of lowering plasma LDL cholesterol levels.
Because intestinal cholesterol absorption is a complex pro-
cess (see Fig. 3-3), multiple potential therapeutic targets
would be expected to be applicable to the management
of patients with hypercholesterolemia. For example, specific
lipase inhibitors, such as orlistat, also suppress cholesterol
absorption by interfering with the digestive processes within
the gastrointestinal lumen,173,174 leading to decreased solu-
bilization of cholesterol. The intestinal ACAT inhibitors have
been considered and tested,185 and the potential to alter
ABC transporter activity in the intestine is under investiga-
tion. Because these have been shown to lower plasma total
and LDL cholesterol levels in humans, plant sterols and sta-
nols (phytosterols), ezetimibe, and bile acids will be the
focus of the following sections.

Plant Sterols and Stanols (Phytosterols)
Over the past decades, plant sterols and stanols as ingredients
in functional foods have been shown to reduce plasma
cholesterol concentrations.55–57 The effective doses are 1.5
to 3 g/day, which lead to an 8% to 16% reduction in plasma
LDL cholesterol concentrations. Although the dietary intake
of cholesterol and plant sterols is almost equal, plant sterols
are poorly absorbed. For example, the absorption efficiency
of sitosterol and campesterol is 5% to 8% and 9% to 18%,
respectively,214 compared with 30% to 60% of intestinal cho-
lesterol absorption in humans.121–125 It is highly likely that
most of the plant sterols that do enter the enterocyte are rap-
idly pumped back into the intestinal lumen for excretion by
the actions of ABCG5 and ABCG8. In addition to poor net
absorption, plant sterols are efficiently secreted into bile.
These combined mechanisms maintain plasma plant sterol
concentrations at less than 1 mg/dL in humans. Because plant
sterols are insoluble, theymust be esterified and incorporated
into TGs in margarines to achieve high concentrations within
the intestine.215 As described previously, the basic mecha-
nism of inhibitory action of these compounds is that plant
sterols can become efficiently incorporated into micelles in
the intestinal lumen, displace the cholesterol, and lead to
its precipitation with other, nonsolubilized plant sterols.53–56

Furthermore, competition between cholesterol and plant ste-
rols for incorporation into micelles and for transfer into the
brush border membrane could partly explain the inhibitory
effect of large amounts of plant sterols on cholesterol absorp-
tion. This reduces both hepatic cholesterol and TG contents
by reducing delivery of intestinal cholesterol to the liver via
chylomicrons. LDL cholesterol is lowered by two different
mechanisms: (1) decreased availability of cholesterol for
incorporation into VLDL particles and (2) increased expres-
sion levels of the LDL receptor. Because cholesterol absorp-
tion from dietary and biliary sources is reduced in the
presence of plant sterols, the unabsorbed cholesterol
excreted in the feces is substantially increased.
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Ezetimibe
Ezetimibe, 1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-(3S)-
hydroxypropyl]-(4S)-(4-hydroxyphenyl)-2-azetidinone, and
an analog, SCH 48461, (3R)-(3-phenylpropyl)-1,(4S)-bis
(4-methoxyphenyl)-2-azetidinone, are highly selective intes-
tinal cholesterol absorption inhibitors that effectively and
potently prevent the absorption of cholesterol by inhibiting
the uptake of dietary and biliary cholesterol across the brush
border membrane of the enterocyte. Because NPC1L1 pro-
motes cholesterol uptake, probably via vesicular endocyto-
sis, ezetimibe could inhibit cholesterol absorption by
suppressing the internalization of the NPC1L1–cholesterol
complex.70 The high potency of ezetimibe is evidenced by
a 50% inhibition at doses ranging from 0.0005 to 0.05 mg/
kg in a series of different animal models.63,164 Following oral
administration, ezetimibe undergoes rapid glucuronidation
in the enterocyte during its first pass.164,216,217 Both ezetimibe
and its glucuronide undergo enterohepatic cycling. As a
result, repeated delivery back to the site of action in the
intestine occurs, resulting in multiple peaks of the drug
and a long elimination half-life of approximately 22 hours.218

This presumably explains why ezetimibe displays a longer
duration of action; the effect of treatment persists for several
days following its cessation. These kinetics provide the ratio-
nale for once-daily dosing to achieve a therapeutic effect.
After oral administration of the glucuronide (SCH-60663),
more than 95% of the compound remains in the intestine.164

The observation that the glucuronide is more potent in inhi-
biting cholesterol absorption than the parent compound
suggests that ezetimibe acts directly in the intestine as a glu-
curonide.164 Because ezetimibe and its analogs are relatively
small molecular structures and are effective at low concen-
trations, they do not appear to alter the physical chemistry of
lipids within the intestinal lumen. Ezetimibe does not affect
the enterohepatic circulation of bile acids and the absorp-
tion of fat-soluble vitamins. Furthermore, ezetimibe neither
inhibits pancreatic lipolytic enzyme activities in the intesti-
nal lumen, nor does it disrupt bile acidmicelle solubilization
of cholesterol.219 The wide variation in intestinal cholesterol
absorption could explain the observation that the LDL cho-
lesterol–lowering response to ezetimibe is also varied, with
some patients being nonresponders and some patients hav-
ing a greater than anticipated effect.
During ezetimibe treatment, a marked compensatory

increase in cholesterol synthesis occurs in the liver, but
not in the peripheral organs, and there is an accelerated loss
of cholesterol in the feces with little or no change in the rate
of conversion of cholesterol to bile acids. Thus, the combi-
nation of ezetimibe with HMG-CoA reductase inhibitors
(statins) has proven to be a potent therapeutic approach
to reducing plasma LDL cholesterol levels.220–226 It has also
been used to lower plant sterol levels in patients with
sitosterolemia.227

Bile Acids
Ursodeoxycholic acid (UDCA) has been used for nearly
40 years for the treatment and prevention of cholesterol
gallstones.228,229 Reducing intestinal cholesterol absorption
is one of its potential therapeutic actions.230–233 The princi-
pal mechanism whereby hydrophilic bile acids inhibit
cholesterol absorption appears to be via the uptake step
of the enterocyte by suppressing micellar cholesterol solubi-
lization intralumenally.41,234 Decreased hydrophobicity of

luminal bile acids reduces the bioavailability of cholesterol
for absorption by enterocytes. Although previous reports
examining the effect of UDCA on cholesterol absorption
have yielded conflicting results, most, but not all, studies
showed that UDCA administration significantly reduces
intestinal cholesterol absorption in humans. Nevertheless,
in a randomized and carefully controlled study,235 UDCA
(15 mg/kg/day) did not decrease cholesterol absorption in
adults on a controlled (American Heart Association “heart-
healthy”) diet, even though luminal bile was enriched with
UDCA, and intraluminal cholesterol solubilized in the
aqueous phase was decreased in UDCA-treated patients
compared with controls.

CONCLUSIONS

The identification of defective structures in the ABC trans-
porters ABCG5 and ABCG8 in patients with sitosterolemia
suggests that these two proteins are apical sterol export
pumps, promoting active efflux of cholesterol and plant ste-
rols from enterocytes back into the intestinal lumen for
excretion. These studies showed that cholesterol absorption
is a selective process and that the activities of ABCG5 and
ABCG8 provide an explanation for the selectivity against
plant sterols that causes plant sterols to be absorbed poorly.
NPC1L1 is also expressed at the apical membrane of
enterocytes and plays a critical role in the ezetimibe-
sensitive cholesterol absorption pathway. NPC1L1 could
mediate cholesterol uptakemostly via vesicular endocytosis,
and ezetimibe could inhibit cholesterol absorption by
repressing the internalization of the NPC1L1–cholesterol
complex. These findings indicate that cholesterol absorption
is a multistep process that is regulated by multiple genes at
the enterocyte level, and that the efficiency of cholesterol
absorption could be determined by the net effect between
influx and efflux of intraluminal cholesterol molecules
crossing the brush border membrane of the enterocyte.
The significant interindividual differences in cholesterol
absorption efficiency found in humans and the variations
observed in inbred strains of mice also provide evidence
that multiple additional genes are involved in the regulation
of intestinal cholesterol absorption. These differences also
provide opportunities to apply state-of-the-art genetic tech-
niques to identify the responsible genes. A better under-
standing of the molecular mechanisms whereby
cholesterol is absorbed in the intestine will no doubt lead
to more molecular targets for patients who require aggres-
sive cholesterol-lowering therapy.
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INTRODUCTION

Epidemiologic studies have firmly established that low-
density lipoproteins (LDLs) and high-density lipoproteins
(HDLs) are independent risk factors for the development
of cardiovascular disease (CVD).1,2 Clinical trials during
the last two decades have established that a decrease in
plasma LDL cholesterol levels is associated with a 25% to
45% decrease in cardiac events.3–9 Despite this significant
reduction in risk, a persistent residual risk for cardiovascular
events in statin-treated patients remains.10,11 In addition, low
HDL cholesterol levels are often present in patients being
treated for dyslipoproteinemia.12 Recently, major advances
have been made in the understanding of HDL structure,
function, and metabolism. In plasma, HDL consists of sub-
populations of lipoprotein particles that undergo remodel-
ing and interconversions by plasma enzymes, transfer
factors, and transporters. The complexity of HDL metabo-
lism remains a challenge for the development of new agents
that modulate HDL levels and function, and that will be
effective for therapy to reduce the residual risk in patients
with CVD.

HIGH-DENSITY LIPOPROTEINS

HDLs are composed of proteins, designated apolipopro-
teins, and lipids, including phospholipids, free cholesterol,
and cholesteryl esters organized in a spherical micelle.13

The two major apolipoproteins associated with HDL are
apolipoprotein A-I (apoA-I), a 243–amino acid protein14 that
is the major structural apolipoprotein in HDL, and apoA-II,
which is a homodimer of 154 amino acids.15 In addition
to apoA-I and apoA-II, HDL contains several minor apolipo-
proteins, including apoE, apoC-I, apoC-II, apoC-III, apoA-IV,
and apoA-V.16 ApoE, apoC-I, apoC-II, and apoC-III, are
also associated with chylomicrons and very-low-density
lipoproteins (VLDLs). ApoA-IV and apoA-V may be present
in chylomicrons and VLDLs, and also in the poorly lipidated
very-high-density lipoprotein fraction. A structural character-
istic of apoA-I and the other apolipoproteins is an

amphipathic helical conformation with hydrophobic amino
acids on one side of the helix that permit the binding of the
apolipoprotein to lipid, and a hydrophilic surface that is
exposed to the aqueous plasma or lymph.17,18 Apolipopro-
teins and free cholesterol are intercalated between the polar
head groups of the phospholipids. The neutral lipid choles-
teryl ester fills the core of the HDL particle. Apolipoproteins
are associated with the lipoprotein particle by protein–
protein and protein–lipid interactions. Apolipoproteins
function in lipoprotein metabolism as ligands for receptors
and transporters, cofactors for enzymes, and structural pro-
teins for lipoprotein particle biosynthesis.

CLASSIFICATION OF HIGH-DENSITY
LIPOPROTEINS

HDLs are polydisperse and may be classified on the basis of
separation by ultracentrifugation19 and by gradient gel elec-
trophoresis into HDL2b, 2a, 3a, 3b, and 3c.

20 A nomenclature for
HDL subfractions that has recently been proposed codifies
the nomenclature of the various physical methods used in
the separation of the lipoproteins (Table 4-1).21 Classifica-
tion and quantitation of individual HDL particles, based
on size and HDL particle number, may be performed by
using nuclear magnetic resonance spectroscopy22 and ion
mobility.23 Two-dimensional gel electrophoresis has been a
very effective technique that resolves HDL particles into
two major classes: (1) nascent lipid-poor pre-β-HDL and
(2) mature spherical cholesteryl ester–containing α-HDL
(α1–α4).24 (Fig. 4-1A). The classification of HDL into sepa-
rate lipoprotein particles based on apolipoprotein composi-
tion has provided a major advance in the understanding of
the polydispersity of the lipoprotein particles within HDLs.
On the basis of apolipoprotein composition, lipoprotein A-I
(LpA-I; HDL containing apoA-I only) and LpA-I:A-II (HDL
containing apoA-I and apoA-II) are the two most abundant
HDL particles, and LpE (HDL containing apoE only) and
LpE:A-II (HDL containing apoE and apoA-II) are important
minor lipoprotein particles within HDL25 (see Fig. 4-1B).
In addition to the apolipoproteins, the HDL fraction also
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contains 70 to 80 other, minor proteins, based on analysis by
mass spectrometry.26,27 Current studies are under way to
determine which of these proteins are clinically significant
and play a role in lipoprotein and general metabolism.

HIGH-DENSITY LIPOPROTEINS AND REVERSE
CHOLESTEROL TRANSPORT

The classic conceptual overview of the role of LDLs and
HDLs in lipoprotein metabolism, reverse cholesterol trans-
port, and the development of atherosclerosis is illustrated

in Figure 4-2. Increased plasma levels of LDL result in the
development of cholesterol-loaded macrophages in the ves-
sel wall, leading to atherosclerosis. HDL has been proposed
to function in removal of the excess cellular cholesterol by
the process of reverse cholesterol transport, in which the
excess cellular cholesterol is transported back to the liver,
where the cholesterol is removed from the body by secretion
into the gastrointestinal tract.28 Lipid-poor nascent pre-β-HDL
facilitates cellular cholesterol efflux, and the pre-β-HDL is
converted to mature spherical α-HDL by the esterification
of cholesterol to cholesteryl esters by lecithin:cholesterol
acytransferase (LCAT) (see Fig. 4.2).

TABLE 4-1 Summary of the Classification of HDL by Physical Properties

PROPOSED TERM
VERY LARGE HDL
(HDL-VL)

LARGE HDL
(HDL-L)

MEDIUM HDL
(HDL-M)

SMALL HDL
(HDL-S)

VERY SMALL HDL
(HDL-VS)

Density range, g/mL 1.063–1.087 1.088–1.110 1.110–1.129 1.129–1.154 1.154–1.170

Size range, nm 12.9–9.7 9.7–8.8 8.8–8.2 8.2–7.8 7.8–7.2

Density Gradient
Ultracentrifugation

HDL2b HDL2a HDL3a HDL3b HDL3c

Density range, g/mL 1.063–1.087 1.088–1.110 1.110–1.129 1.129-1.154 1.154–1.170

Gradient Gel Electrophoresis HDL2b HDL2a HDL3a HDL3b HDL3c

Size range, nm 12.9–9.7 9.7–8.8 8.8–8.2 8.2–7.8 7.8–7.2

Two-Dimensional Gel
Electrophoresis

α1 α2 α3 α4 Pre-β1

Size range, nm 11.2–10.8 9.4–9.0 8.5–7.5 7.5–7.0 6.0–5.0

Nuclear Magnetic Resonance
Spectroscopy

Large HDL-P Medium HDL-P Small HDL-P

Size range, nm 12.9–9.7 9.7–8.8 8.8–8.2 8.2–7.8 7.8–7.2

Ion Mobility HDL2b HDL2a+3

Size range, nm 14.5–10.5 10.5–7.65

HDL, high-density lipoprotein; HDL-P, high-density lipoprotein particle number.
(From Rosenson RS, Brewer HB Jr., Chapman MJ, et al. HDL measures, particle heterogeneity, proposed nomenclature, and relation to atherosclerotic cardiovascular events. Clin
Chem. 2011;57:392-410.)
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FIGURE 4-1 A, Plasma two-dimensional gel electrophoresis of plasma HDL. B, The major HDL lipoprotein particles classified according to apolipoprotein particle
composition (see text for details). HDL, high-density lipoprotein; Lp, lipoprotein.
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SYNTHESIS OF PRE-β–HIGH-DENSITY
LIPOPROTEINS AND α–HIGH-DENSITY
LIPOPROTEINS

The major structural apolipoprotein of HDL, apoA-I, is syn-
thesized by the liver and intestine as a preproprotein and
is secreted following cleavage of the prepeptide as the
lipid-poor pre-β-HDL into the circulation.14,29 ProapoA-I is

converted to mature apoA-I in the plasma29,30 by bone mor-
phogenic protein–1.31,32 ApoA-II is synthesized in the liver as
a proprotein, secreted into plasma as mature apoA-II, and
rapidly associated with plasma HDL particles.15,30 In addi-
tion to synthesis by the liver and intestine, the lipid-poor
pre-β-HDL is also generated by intravascular metabolism
and remodeling of triglyceride (TG)–rich chylomicrons
and hepatic VLDLs (Fig. 4-3).33

Cholesterol

αHDL
HDL-S,(α4) HDL-VS

Preβ-HDL

Intestine

Liver

LDL

LCAT

A-I

Cholesterol

B-100

Cholesterol
pool

Vessel wall
macrophage

A-I A-I

FIGURE 4-2 Lipid-poor apoA-I is synthesized by the liver and intestine; apoA-II is synthesized by the liver. The lipids and apos of HDL are also derived from the
remodeling of apoB-containing chylomicrons from the intestine, and of VLDL from the liver by lipoprotein lipase and hepatic lipase. apo, apolipoprotein; HDL, high-density
lipoprotein; HDL-S, high-density lipoprotein-small; HDL-VS, high-density lipoprotein-very small; LCAT, lecithin:cholesterol acytransferase; LDL, low-density lipoprotein; VLDL,
very-low-density lipoprotein.

Preβ-HDL

LCAT

Intestine

Liver
VLDL

LDL

Cholesterol

αHDL

A-I

TGs

B-100

Cholesterol

B-100

ECIII

Chylomicron

Remnant

TGs

B-48

ECIII

IDL

TGs

B-100

ECIII
LPL

LPL
HL

A-I

LDLR
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FIGURE 4-3 Classic schematic overview of LDL and reverse cholesterol transport. LDL may either be taken up and degraded by the liver or become modified and
catabolized by macrophages. Increased plasma levels of LDL are associated with the development of cholesterol-filled macrophages in the vessel wall. HDL has been proposed
to remove excess cholesterol from the macrophages and transport the cholesterol back to the liver for removal from the body in a process termed reverse cholesterol
transport. HDL, high-density lipoprotein; HL, hepatic lipase; IDL, intermediate-density lipoprotein, LCAT, lecithin:cholesterol acytransferase; LDL, low-density lipoprotein; LDLR,
low-density lipoprotein receptor; LPL, lipoprotein lipase; LRP, LDL receptor–related protein; TGs, Triglycerides; VLDL, very-low-density lipoprotein.
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HIGH-DENSITY LIPOPROTEINS
AND CHOLESTEROL EFFLUX

A major breakthrough in the understanding of the molecular
mechanism by which HDL selectively facilitates the removal
of excess cellular cholesterol was the discovery of the genetic
defect underlying Tangier disease, which is characterized by
orange tonsils, very low plasma levels of HDL, and increased
risk of CVD.34 HDL is unable to remove cholesterol from
cholesterol-filled cells in individuals with Tangier disease
because of a genetic defect in the adenosine triphosphate–
binding cassette (ABC) A1 transporter, a receptor that binds
to HDL and facilitates the removal of phospholipids and cel-
lular cholesterol.35–41 The ABCA1 transporter pathway pro-
vided a key insight into the mechanism for reverse
cholesterol transport. The major ligand for the ABCA1 trans-
porter, which is the key receptor pathway that regulates cellu-
lar cholesterol efflux to HDL, is lipid-poor pre-β-HDL.42 Cell
culture studies have suggested that the ABCA1 transporter
and apoA-I recycle from the cell membrane to the late endo-
cytic compartment, which appears to be critical in the initial
lipidation and movement of intracellular cholesterol to the
cell surface for cholesterol efflux.43,44 The ABCA1 transporter
also participates in the lipidation of apoE, which is secreted
by the macrophage and the liver.45–47

Following the discovery of the ABCA1 transporter, a
second transporter, the ABCG1 transporter, was identified;

it also facilitates cholesterol efflux.48,49 α-HDL is the ligand
for the ABCG1 transporter and scavenger receptor class B
type I (SR-BI)50–52; α-HDL can also efflux cholesterol through
passive diffusion (Fig. 4-4). SR-BI has the capacity to trans-
port cholesterol both out of and into cells, depending on
the increased or decreased intracellular cholesterol level,
respectively50–52 (see Fig. 4.4). In addition to normal α-
HDL, large α-HDL, which has been isolated from patients
with cholesteryl ester transfer protein (CETP) deficiency,
interacts with the ABCG1 transporter and mediates choles-
terol efflux.53 An increased level of LCAT and apoE present
on these large α-HDL particles has been reported to mark-
edly increase the cholesterol efflux from cholesterol-loaded
macrophages by the ABCG1 transporter.53

The cellular levels of expression of both the ABCA1 and
ABCG1 transporters are major determinants that regulate
cholesterol efflux from cholesterol-loaded cells, and thus,
play a key role in determining intracellular cholesterol
levels. The expression of both the ABCA1 and ABCG1 trans-
porter genes is modulated by the intracellular cholesterol
concentration. Elevated levels of intracellular cholesterol
result in increased levels of oxysterols, which stimulate the
liver X receptor (LXR) transcription factor pathway.
Increased intracellular levels of LXR, coupled with retinoid
X receptor (RXR), bind to the LXR response elements
(LXREs) in the ABCA1 and ABCG1 promoters, resulting in
increased ABCA1 and ABCG1 gene expression.54–57
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FIGURE 4-4 The major pathways for cholesterol efflux from cholesterol-filled macrophages. Lipid-poor pre-β–HDL and α-HDL interact with receptors and transporters to
facilitate cholesterol efflux from the cholesterol-filled macrophage. Lipid-poor pre-β-HDL interacts with the ABCA1 transporter to form phospholipid-enriched, cholesterol-filled pre-
β-HDL, which is transformed into α-HDL following the esterification of free cholesterol to cholesteryl esters by LCAT. Lipid-poor apoE HDL also binds to the ABCA1 transporter and
may contribute to cholesterol efflux of cholesterol-loaded cells. α-HDL interacts with SR-BI and ABCG1 to increase cholesterol efflux. Cholesterol may also be removed by the low-
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Enhanced expression of the ABCA1 and ABCG1 transporters
increases intracellular cholesterol efflux to pre-β-HDL and α-
HDL, respectively. Thus, the overall effect is a decrease in the
cholesterol content of cholesterol-loaded cells by stimula-
tion of the LXR–RXR pathway with increased cellular levels
of both the ABCA1 and ABCG1 transporters (see Fig. 4-4).
Recently, in addition to the LXR pathway, expression of
Rab8,58 palmitoylation,59 and expression of the VLDL recep-
tor and apoE receptor 260 have been reported to upregulate
the ABCA1 transporter. In contrast, the ABCA1 transporter
has been reported to be decreased with calpain protease–
dependent degradation of the ABCA1 transporter,61 and
the level of ribonucleic acid (RNA) and protein expression
of the ABCA1 transporter has been shown to be reduced by
microRNA-33, suggesting that inhibition of microRNA-33
may be an attractive target to increase ABCA1-mediated
efflux and plasma HDL levels.62–65

The ABCA1 transporter–pre-β-HDL cholesterol efflux
pathway regulates intracellular cholesterol levels in periph-
eral cells, including the vascular macrophage, as well as the
intestine and liver (Fig. 4-5). In the classic view of HDL
metabolism (see Fig. 4-2), the plasma level of HDL was pro-
posed to reflect HDL cholesterol removed from peripheral
cells on the way back to the liver by reverse cholesterol
transport.28 The marked increase in knowledge about the
regulation of cholesterol efflux in the liver, intestine, and
peripheral cells has provided a unique opportunity to deter-
mine the contribution of these tissues to the plasma level of
HDL cholesterol. The ability to modulate the key genes
involved in cholesterol metabolism in mouse models has

been extremely useful in determining the major pathways
that determine plasma HDL levels. In the initial mouse
studies, bone marrow transplantation of ABCA1-knockout
macrophages resulted in increased atherosclerosis, but
no change in the plasma HDL levels.66 Overexpression of
the ABCA1 transporter in the liver67,68 and selective
decrease in hepatic ABCA1 expression69,70 resulted in
increased and reduced plasma HDL cholesterol, respec-
tively. Selective ABCA1 knockout in the intestine resulted
in decreased plasma HDL levels.71 The combined results
from these studies in the mouse suggested that approxi-
mately 75% and approximately 20% of HDL cholesterol
was derived from the liver and intestine, respectively, and
only a minor component (�5%) of HDL cholesterol was
derived from peripheral cells (Fig. 4-6). Thus, the level of
plasma HDL cholesterol does not effectively reflect the
transport of cholesterol from peripheral cells to the liver
by the reverse cholesterol transport pathway and is a poor
biomarker to determine the efficiency of cholesterol efflux
from peripheral cells, particularly cholesterol-filled macro-
phages in the coronary arteries.

REGULATION OF HEPATIC CHOLESTEROL

In the liver, in addition to the regulation of intracellular
cholesterol by the ABCA1–pre-β-HDL regulatory cycle,
hepatic cholesterol is regulated by two additional regulatory
cycles and modulation of 3-hydroxy-3-methyl glutaryl–
coenzyme A reductase, which is the rate-limiting enzyme
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macrophage is associated with upregulation of the level of expression of ABCA1 and increased cholesterol efflux to the lipid-poor pre-β-HDL, with ultimate production of α-HDL
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lipoprotein; SR-BI, scavenger receptor class B type I; TGs, triglycerides.

47

4H
ig
h
-D

en
sity

Lip
o
p
ro
tein

M
etab

o
lism



in cholesterol biosynthesis (Fig. 4-7; cycles A, B, C). An
increase in the hepatic level of cholesterol results in a
decrease in cholesterol synthesis and a coordinate response
in the three regulatory cycles. In the first cycle, the level of
cholesterol is reduced by increased secretion of

cholesterol-enriched VLDL, which is converted to
intermediate-density lipoprotein (IDL) and then to
cholesterol-enriched LDL, and by decreased expression of
the LDL receptor (LDLR), which decreases LDL uptake by
the liver (see Fig. 4-7, cycle A). In the second cycle, an
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have opposite changes in the coordinated regulation of cholesterol synthesis and the cholesterol–lipoprotein pathways. ABC, adenosine triphosphate–binding cassette; CE,
cholesteryl ester; CETP, cholesteryl ester transfer protein; HMG-CoA, 3-hydroxy-3-methyl glutaryl–coenzyme A; LDL, low-density lipoprotein; LDLR, low-density lipoprotein
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increase in hepatic cholesterol results in an upregulation of
LXR–RXR transcription factors, resulting in an increase in
ABCA1 transporter levels, which enhances hepatocyte cho-
lesterol efflux to pre-β-HDL and conversion to α-HDL after
cholesterol esterification by LCAT (see Fig. 4-7, cycle B).
In the third cycle, the upregulation of the LXR pathway also
increases gene expression of ABCG5 and ABCG8,72,73 which
facilitates the secretion of cholesterol from the hepatocyte
into the bile and also increases the efflux of intracellular cho-
lesterol in the enterocyte back into the lumen of the gastro-
intestinal tract; the result is decreased delivery of cholesterol
back to the liver via the enterohepatic circulation72,73 (see
Fig. 4-7, cycle C).
A decrease in hepatic cholesterol also involves regulation

by the three circular cascades. A decrease in hepatic
cholesterol increases cholesterol synthesis and upregulates
the LDLR pathway, with increased hepatic LDL uptake
and increased cholesterol transport to the liver (see
Fig. 4-7, cycle A). A decrease in hepatic cholesterol results
in a decreased level of LXR, which, in turn, results in reduced
expression of the ABCA1 transporter (see Fig. 4-7, cycle B).
The decreased level of the LXR system also reduces hepatic
biliary secretion of cholesterol and decreases cholesterol
efflux from the enterocyte back into the gastrointestinal tract
by the downregulation of ABCG5 and ABCG8. The com-
bined effects of reducing the LXR system decreases the bil-
iary secretion of cholesterol, decreases the return of
cholesterol to the gastrointestinal lumen, and increases cho-
lesterol transport back to the liver by the enterohepatic cir-
culation (see Fig. 4-7, cycle C).
The three regulatory cycles, LDL, HDL, and the

chylomicron enterohepatic circulation, are integrated in
the plasma by the exchange of cholesteryl esters and TGs
by CETP (see Fig. 4-7).

HIGH-DENSITY LIPOPROTEIN CATABOLISM

The plasma half-life of HDL is approximately 4.5 days. The
plasma half-life of LpA-I:A-II is slightly shorter than that of
LpA-I.74 The major sites of HDL catabolism are the liver
and the kidneys. The lipid-poor HDL is readily filtered and
then degraded by the cubulin system in the kidneys.75 Based
on metabolic studies, the major determinant of the plasma
HDL level is the catabolic rate of apoA-I,76 and increased
HDL catabolism is associated with several genetic defects
of HDL metabolism.77

SCHEMATIC SUMMARY OF THE CURRENT
MODEL OF LIPOPROTEIN METABOLISM

The metabolism of all of the major classes of plasma
lipoproteins is interrelated and involves the interplay of
lipolytic enzymes, apolipoproteins, receptors, and transfer
proteins.77–79 The major function of the TG-rich chylomi-
crons secreted from the intestine is to transport dietary lipids
to the peripheral tissues and the liver. The TGs in chylomi-
crons undergo hydrolysis by lipoprotein lipase, and the
particles are converted to remnants that are removed from
the circulation by interaction with the hepatic LDL
receptor–related protein (LRP) receptor (Fig. 4-8). VLDL
is secreted by the liver, and the TGs that are present in VLDL
also undergo hydrolysis by lipoprotein lipase. With TG
hydrolysis, VLDL undergoes stepwise delipidation, with
the formation of particles with a hydrated density of IDL,
and finally, LDL. VLDL remnants, IDL, and LDL are cleared
from the plasma by interacting with the hepatic LDLR (see
Fig. 4-8). The interaction of LDL with the LDLR initiates
receptor-mediated endocytosis and degradation of LDL in
the liver and peripheral cells in the body.
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HDL plays a pivotal role in lipoprotein and cholesterol
metabolism by facilitating the efflux of excess cholesterol
from the liver, intestine, and peripheral cells, including
macrophages, by interacting with the ABCA1 and ABCG1
transporters (see Fig. 4-8).

Plasma α-HDL transports cholesterol back to the liver by
two separate pathways. In the first pathway, HDL choles-
teryl esters are exchanged for TGs in the apoB-containing
lipoproteins (chylomicrons, VLDL, IDL, and LDL) by
CETP.77–79 In humans, a significant fraction of cholesteryl
esters present in HDL are transferred back to the liver by
the LDL pathway.80 The second pathway involves the
direct delivery of cholesterol to the liver via the SR-BI
receptor, which functions to remove cholesterol selec-
tively from lipoproteins without significant HDL particle
uptake and degradation.81 Following the transfer of choles-
terol to the liver by the SR-BI receptor, HDL is remodeled
by hepatic lipase, endothelial lipase, and phospholipid
transfer protein to generate the lipid-poor pre-β-HDL. Thus,
cholesterol may be transported back to the liver following
exchange to chylomicrons, VLDL, IDL, or LDL, or directly
by HDL. It also has been proposed that a variable portion
of tissue cholesterol may be transported to the liver by
LpE, which may interact with both the hepatic LRP and
LDLR. As noted in the previous section, the major sites
of catabolism of HDL are the liver and the kidneys. A major
factor that regulates HDL catabolism is HDL particle size,
with small, lipid-poor particles rapidly catabolized by the
kidneys.

GENETIC DYSLIPOPROTEINEMIAS
ASSOCIATED WITH LOW PLASMA
HIGH-DENSITY LIPOPROTEIN LEVELS

Apolipoprotein A-I Variants
Individuals with a genetic variant of apoA-I, apoA-IMilano,
have a single amino acid substitution of a cysteine for an
arginine at position 173.82 Heterozygotes for the substitution
have elevated TGs, low LDL, and low HDL; however, despite
the low HDL levels, there is no increased risk for CVD.83,84

Kinetic studies that used radiolabeled native apoA-I and
apoA-IMilano were performed in control subjects and
heterozygotes for the apoA-IMilano substitution.85 In control
subjects, apoA-IMilano was catabolized at a faster rate
compared with native apoA-I, which was consistent with
the concept that apoA-IMilano was abnormal, with a faster
catabolism in plasma. Kinetic studies revealed that both
native apoA-I and apoA-IMilano in apoA-IMilano heterozygotes
were catabolized faster compared with native apoA-I in con-
trol subjects. The synthesis rate of apoA-IMilano was normal.
These studies established that individuals with apoA-IMilano

have low HDL because of increased catabolism of an abnor-
mal apoA-I variant, but do not have significant CVD. An intra-
vascular ultrasonography (IVUS) clinical trial that used an
infusion of apoA-IMilano–phospholipid complex showed
reduced coronary artery plaque in patients with acute coro-
nary artery syndrome.86 This imaging trial established that
selectively increasing HDL without any major change in
other lipoproteins could decrease coronary atherosclerosis
quantitated by the IVUS technique.

Another genetic variant of apoA-I may lead to apoA-I
fragmentation and clinical amyloidosis. Extensive studies

were performed on apoA-IIowa, which has an amino acid
substitution of an arginine for a glycine at position 26.87 Indi-
viduals with apoA-IIowa have a hereditary form of amyloid-
osis, and analysis of the amyloid protein indicated that the
protein was a peptide fragment of apoA-I. Kinetic analysis
of radiolabeled native apoA-I and apoA-IIowa established that
both native apoA-I and apoA-IIowa had increased catabolism.
In addition, the urinary excretion of radiolabeled amino
acids derived from the catabolism of apoA-IIowa was approx-
imately 50% less than that of native apoA-I in control
subjects, which was consistent with retention of the abnor-
mal apoA-I and the potential development of amyloidosis
caused by decreased clearance of the abnormal apoA-IIowa
protein.88

In a kindred with familial hypoalphalipoproteinemia, the
gene encoding apoA-I was shown to contain a PstI restriction
fragment link polymorphism. Native apoA-I and apoA-I from
the PstI apoA-I kindred were radiolabeled, and kinetic
studies were performed in control and PstI apoA-I subjects.89

Both native and PstI apoA-I were catabolized at a faster rate,
which was consistent with the hypoalphalipoproteinemia
being caused by increased catabolism rather than
decreased synthesis.

In the apoA-IMilano, apoA-IIowa, and PstI apoA-I kinetic stud-
ies, the increased catabolism of native apoA-I in patients
with apoA-I variants has been attributed to the association
of the native apolipoprotein with HDL that is rapidly catab-
olized because of the presence of the abnormal apolipopro-
tein variant.

ABCA1 Variants
Patients with Tangier disease, as mentioned earlier, have
orange tonsils, low LDL, marked reductions in HDL, and
an increased risk of CVD.30,90 The structural mutation in
the ABCA1 transporter prevents cholesterol efflux and the
synthesis of normal α-HDL. The failure of lipidation of
apoA-I results in the formation of small lipid-poor HDLs,
which are rapidly cleared through the kidneys. Kinetic
studies of HDL, apoA-I, and apoA-II established that the
low plasma HDL level was caused by increased catabolism
of small, poorly lipidated HDLs.91,92

Lecithin:Cholesterol Acyltransferase
Deficiency
Classic LCAT deficiency and fish eye disease are caused by
mutations in the LCAT gene, resulting in complete and
partial LCAT deficiency, respectively. The LCAT deficiency
phenotype is characterized by cloudy corneas, low LDL,
and very low HDL, but no increased risk of CVD.93 In this dis-
ease, a deficiency of LCAT activity leads to increased levels
of pre-β-HDL, which is caused by defective maturation
of the pre-β-HDL to α-HDL and by a lipoprotein X–like
phospholipid-enriched complex.93 In kinetic studies,
radiolabeled apoA-I and apoA-II were rapidly catabolized
in classic LCAT deficiency and fish eye disease. The
increased HDL catabolism that leads to decreased HDL
levels was caused by rapid catabolism of the small pre-β-
HDL that failed to undergo maturation to α-HDL.94 The rapid
renal clearance of the abnormal lipoproteins in LCAT defi-
ciency results in progressive kidney disease.
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GENETIC DYSLIPOPROTEINEMIAS
ASSOCIATED WITH HIGH PLASMA
HIGH-DENSITY LIPOPROTEIN LEVELS

Cholesteryl Ester Transfer Protein
Deficiency
The characteristic phenotype of patients with CETP
deficiency includes markedly increased HDL levels,
polydisperse LDL, and relatively normal TGs.95 Whether
homozygotes with CETP deficiency are at increased risk of
or protected against CVD is still being debated. Kinetic ana-
lyses using both exogenous radiolabeled apolipoproteins
and an endogenous primed constant infusion of 13C6-
phenylalanine were performed in both controls and homo-
zygous patients with complete CETP deficiency. ApoA-I
catabolism in CETP-deficient homozygotes was markedly
slower compared with control subjects.96 Thus, the mark-
edly increased plasma level of HDL was attributed to
decreased catabolism of apoA-I and apoA-II. Decreased
HDL catabolism was also reported in patients treated with
torcetrapib, a CETP inhibitor.97 Further studies will be
required to establish definitively if homozygotes with CETP
deficiency do or do not have an increased risk of CVD.98–100

Hepatic Lipase Deficiency
Hepatic lipase plays a pivotal role in the remodeling of HDL
to lipid-poor pre-β-HDL. Primed constant infusion of
D3-leucine was employed in kinetic studies in subjects with
complete and partial hepatic lipase deficiency and in
matched control subjects with increased TGs and normal
TGs, respectively.101 Subjects with complete hepatic lipase
deficiency had increased levels of large HDLs and decreased
catabolism. In contrast, subjects with partial hepatic lipase
deficiency had normal HDL levels and HDL metabolism.101

Familial Hyperalphalipoproteinemia
A single unique kindred with markedly increased HDL and
apoA-I levels, but normal apoA-II levels, has been identified.
The proband was healthy, and the kindred was consistent
with longevity. However, the number of kindred members
was too small to draw a definitive conclusion. Both radiola-
beled apolipoproteins and primed constant infusion were
used to determine HDL metabolism.102 The apoA-I synthesis
rate was markedly increased; however, the rate of catabo-
lism was normal, indicating that saturation of catabolism
of apoA-I did not occur despite markedly elevated apoA-I
and HDL levels. In marked contrast, both synthesis and
catabolism of apoA-II were normal. The markedly increased
HDL in this proband was caused by a selective increase in
synthesis of apoA-I with normal apoA-II production.

CONCLUSIONS

Residual CVD risk present in statin-treated patients
represents a challenge to the cardiovascular field to develop
additional therapeutic approaches to reduce these recurrent
clinical events. The combined data from epidemiology, ani-
mal models, and initial clinical trials support the concept
that raising HDL may be an effective new target to decrease
CVD events. Major advances have been made in the under-
standing of the mechanism by which HDL regulates plasma

cholesterol metabolism and mediates cholesterol efflux
from cholesterol-loaded cells. An improved understanding
of HDL metabolism has led to a better understanding of
the major role of the liver and the intestine in determining
the level of plasma HDL cholesterol, and a revision of the
concept that the level of HDL cholesterol reflects the
efficiency of reverse cholesterol transport. However, despite
the marked increase in understanding of HDL metabolism,
the question remains: What is the best method to increase
HDL? Definitive clinical trials focusing on both safety and
efficacy will be required to establish whether increasing
HDL will reduce clinical events and to determine the
additional therapy necessary to reduce CVD risk further in
high-risk patients.
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INTRODUCTION

More than a century of laboratory and human findings
link lipids with atherogenesis.1–3 Fat-feeding studies in
rabbits, and subsequently, in many other species, demon-
strated that diets enriched in cholesterol and saturated fat
lead to lesion formation.4 Epidemiologic data secured the
association of blood cholesterol levels with cardiovascular
outcomes. Pathoanatomic studies in humans supported a
link between blood lipids and lesion formation. Phyloge-
netic studies supported a link between cholesterol levels
and the propensity to develop atherosclerosis. Low-density
lipoprotein (LDL) levels in various species correlate fairly
well with susceptibility to atherosclerosis. Genetic studies
detailed in subsequent chapters in this book closed the loop
of causality between cholesterol and atherosclerosis. The
celebrated unraveling of the LDL receptor pathway revealed
a single gene mutation that gave rise to hypercholesterol-
emia, which predisposed patients with this mutation to the
development of aggressive atherosclerosis. Recent studies
of the proprotein convertase subtilisin/kexin type 9
(PCSK9) gene in populations suggested that low cholesterol
levels from birth confer protection from atherosclerotic dis-
ease.5 This convincing constellation of data virtually fulfills
Koch’s postulates and establishes a causal link between high
LDL levels and atherosclerosis and its clinical
consequences.
Despite the strength of these associations, even in the case

of the relatively uncommon single gene mutations that pre-
dispose patients toward hypercholesterolemia and height-
ened atherogenesis, the understanding of the mechanisms
that underlie these unassailable associations has lagged con-
siderably. This chapter reviews the current knowledge
regarding possible mechanistic links between lipoproteins
and atherosclerosis.

Inflammation: A Final Common Path that
Links Many Risk Factors to Atherogenesis
Abundant data from the past several decades have indicated
that inflammation provides a common link between a num-
ber of atherogenic risk factors and altered arterial biology
that promotes lesion formation and complications.6–10 Sub-
sequent sections of this chapter discuss the inflammatory
contributions to lesion initiation, progression, and complica-
tions. Popular theories of the initiation of atherosclerosis
posit a central role for modified lipoproteins and their con-
stituents in instigating the inflammation that characterizes
and drives atherosclerosis. In particular, the concept that
oxidatively modified LDL or its constituents instigate inflam-
mation and atherogenesis has gained considerable favor.
The scientific basis for this popular viewpoint remains
incomplete, however.11 Chapter 7 discusses the oxidative
modification of LDL in depth. Much of the experimental lit-
erature about the effects of oxidized lipoproteins on vascular
wall cells and inflammatory cells implicated in atherosclero-
sis has used transition metal-catalyzed oxidation as a tool.
Fenton chemistry readily achieved in the laboratory may
not apply to human atherosclerosis. Moreover, the oxidized
LDL produced in the laboratory consists of an ill-defined and
variable mixture of many mediators. Increasing chemical
and biochemical rigor has identified specific structures that
may activate inflammatory and immune responses that
link dyslipidemia to atherogenesis mechanistically. Particu-
lar oxidized phospholipids with proinflammatory activity in-
clude palmitoyl oxovaleroyl phosphorylcholine, 1-palmitoyl-
2-glutaryl phosphatidylcholine, and 1-palmitoyl-2-epoxyiso-
prostane-sn-glycero-3-phosphorylcholine (Fig. 5-1).12 In
addition to these specific oxidized phospholipids found in
oxidized LDL, conformational epitopes of these phospho-
lipids may elicit humoral and cellular immune responses
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that modulate inflammation during atherogenesis13 (see
Chapter 7). Derivatization of the apolipoproteins (apos),
for example, malondialdehyde-derivatized ε-amino groups
of lysyl residues in apoB, may also engender immune
responses that participate in atherogenesis.14

Molecular mechanisms by which the oxidized phospho-
lipids can stimulate inflammation remain obscure for the
most part. It appears reasonable that certain G-protein–
coupled receptors on the surface of vascular or inflam-
matory cells may bind these oxidized phospholipids. In
particular, heptahelical G-protein–coupled receptors can
signal through the class Ib phosphoinositide 3 kinase. Ani-
mals lacking the catalytic subunit of this class of phosphoi-
nositide 3 kinases (p110γ) show attenuated atherosclerosis
in response to hyperlipidemia.15

Beyond Fenton chemistry, modification of lipoproteins by
reactive oxygen species may produce proinflammatory deriv-
atives. Extracts of human atherosclerotic plaques bear the sig-
natures of hypochlorous acid modification of amino acids,
such as chlorotyrosine.16 A subset of plaque macrophages
contains myeloperoxidase, an enzyme that can generate
hypochlorous acid, and thus favors the derivatization of pro-
teins and amino acids in plaque. In onewell-studied example,
chlorination of the specific tyrosine in apoA-I interfered with
the interactionof high-density lipoprotein (HDL)particleswith
the adenosine triphosphate-binding cassette A1 (ABCA1)
transporter. Thus, this oxidative modification of an apo may
indirectly promote inflammation by limiting the putative pro-
tective function of HDL particles during atherogenesis.17,18

When activated by proinflammatory cytokines, arterial
smooth muscle cells and mononuclear phagocytes increase
the activity of oxidases that generate the superoxide anion.19

Activated phagocytes and smooth muscle cells may also gen-
erate high levels of nitric oxide (ΝΟ). The capacity of the
humancellsassociatedwithatheroscleroticplaques toexpress
the inducible isoform of NO synthase, and hence, produce
excessive NO remains less well established than in rodents.
Atherosclerotic plaques bear the signatures of nitration that
result from nitroxidation, including formation of the highly

oxidant peroxynitrite radical by the combination of NO and
superoxide.20,21 This nitroxidation chemistry may also yield
modification of the lipoproteins implicated in atherogenesis.

Thus, constituents of several classes of lipoproteins, LDL,
HDL, and very-low-density lipoprotein and other triglyceride-
rich lipoproteins (see the following) can link to the inflam-
matory pathways that operate during atherogenesis. These
various mechanistic links were discovered largely in labora-
tory studies and in vitro experiments that correlated with
in situ observations on retrieved atherosclerotic specimens.
The following sections integrate these links between lipopro-
teins and inflammation with various temporal phases of
lesion development, joining the current understanding of
the cell and molecular biology of atherosclerosis to the clin-
ical biology of its complications with lipoproteins. These sec-
tions aim to integrate lipoproteins and the pathogenesis of
atherosclerosis.

LIPOPROTEINS AND THE INITIATION OF
ATHEROSCLEROSIS: RESPONSE TO LOW-
DENSITY LIPOPROTEIN RETENTION
AND BEYOND

Because of the strong evidence base that supports a causal
role for LDL in atherogenesis, much of the attention on the
pathophysiologic mechanisms of this disease has centered
on this family of lipoprotein particles. When in prolonged
excess, LDL accumulates in the artery wall. Increased perme-
ability of the endothelial monolayer may account for some
of the LDL accumulation at sites prone to lesion formation.
Classical observations have shown co-localization of the
regions predisposed to lesion formation and the augmented
accumulation of Evans blue, a dye that binds to albumin,
and when found in the intima, indicates permeability to pro-
teins.22 Quantitative studies using trapped ligand labels
showed that increased retention of LDL in the intima contrib-
uted importantly to its accumulation.23 Ultrastructural stud-
ies have shown entanglement of lipoprotein particles with
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FIGURE 5-1 Three proinflammatory oxidized phospholipids in minimally modified LDL. LDL, low-density lipoprotein; PEIPC, 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-
glycero-3-phosphorylcholine; PGPC, 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphorylcholine; POVPC, 1-palmitoyl-2-oxovaleryl-sn-glycero-3-phosphorylcholine. (Adapted from
Navab M, Ananthramaiah GM, Reddy ST, et al. The oxidation hypothesis of atherogenesis: the role of oxidized phospholipids and HDL. J Lipid Res. 2004;45:993-1007.)
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extracellular matrix macromolecules in the arterial intima of
animals that consumed an atherogenic diet.24

Thus, morphologic observations provided a hint that
increased lipoprotein particles in the atherosclerotic intima
might result from their retention by their binding to extracel-
lular matrix constituents (Fig. 5-2A).25 Considerable bio-
chemical detail has emerged regarding the interaction of
LDL particles with particular constituents of the arterial

extracellular matrix (Fig. 5-3).26 A specific site in the apoB
sequence influences the interaction of LDL particles with
proteoglycan in a critical manner.27 In particular, chondroi-
tin sulfate–rich proteoglycan constituents of the arterial
extracellular matrix appear to retard LDL. Biglycan and
versican appear to be important in retaining the apoB–
containing particles in the arterial intima. In this regard,
the excessive production of these chondroitin sulfate
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FIGURE 5-2 Schematic of the evolution of the atherosclerotic plaque. A, Accumulation of lipoprotein particles in the intima (yellow spheres). The modification of these
lipoproteins is depicted by the darker yellow color. Modifications include oxidation and glycation. B, Oxidative stress, including products found in modified lipoproteins, can induce
local cytokine elaboration (green spheres). C, The cytokines, thus induced, increase expression of adhesion molecules (blue stalks on endothelial surface) for leukocytes that cause
their attachment and chemoattractant molecules that direct their migration into the intima.D, Bloodmonocytes, on entering the artery wall in response to chemoattractant cytokines
such as MCP-1, encounter stimuli such as macrophage colony-stimulating factor, which can augment their expression of scavenger receptors. E, Scavenger receptors mediate the
uptake of modified lipoprotein particles and promote the development of foam cells. Macrophage foam cells are a source of mediators, such as additional cytokines and effector
molecules such as hypochlorous acid, the superoxide anion, and matrix metalloproteinases. F, Smooth muscle cells migrate into the intima from the media. G, Smooth muscle cells
can then divide and produce the extracellular matrix, promoting extracellular matrix accumulation in the growing atherosclerotic plaque. In this manner, the fatty streak can evolve
into a fibrofatty lesion. H, In later stages, calcification can occur (not depicted) and fibrosis continues, sometimes accompanied by smooth muscle cell death (including programmed
cell death or apoptosis), yielding a relatively acellular fibrous capsule surrounding a lipid-rich core that also may contain dying or dead cells and their detritus. IL, interleukin; LDL, low-
density lipoprotein; MCP-1, monocyte chemoattractant protein-1.
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proteoglycans appears primordial in the pathogenesis of ath-
erosclerosis. Human smoothmuscle cells subjected to cyclic
strain increase their production of proteoglycan mole-
cules.28 Thus, the altered behavior of smooth muscle cells
in response to biomechanical stimuli may promote the gen-
eration of an intimal extracellular matrix that provides a fer-
tile field for the initiation of atherosclerosis.

The properties of various fractions of LDL appear to inter-
act with the extracellular matrix differentially. The small
dense fraction of LDL appears more likely to bind to proteo-
glycan and undergo glycation than does the larger “fluffier”
fraction.29,30 Small dense LDL particles tend to accumulate
in individuals with high triglycerides and low levels of
HDL, which are characteristics of the metabolic syndrome
and diabetic dyslipidemia, as described in Chapter 35.
The mechanistic link between heightened retention of small
dense LDL and these metabolic conditions may provide part
of the explanation for the propensity of the components of
this risk cluster to promote atherosclerosis. In particular,
these qualitative aspects of LDL help to understand why dia-
betes often appears so intensely atherogenic in the face of
average or near-average overall levels of LDL cholesterol.

In addition to defined biochemical interactions between
LDL species and the intimal extracellular matrix, accessory
enzymes may promote retention of LDL particles in the
intima. In particular, lipoprotein lipase can bridge LDL par-
ticles to the extracellular matrix through amechanism that is
independent of its enzymatic activity.25 Macrophages can
synthesize lipoprotein lipase in the artery wall. Thus,
although microvascular endothelial lipoprotein lipase
appears to combat atherogenesis, local lipoprotein lipase
in the intima may promote the retention of LDL, and hence,
intensify atherogenesis. Secretory phospholipases overex-
pressed within atheromata may also process LDL particles
in a way that increases their binding to intimal proteogly-
can.31 Likewise, processing by a secreted form of sphingo-
myelinase may augment the aggregation of lipoprotein
particles in the artery wall, promoting their entrapment in
this compartment. Sphingomyelinase action may also
increase the binding of LDL particles to proteoglycan.25 In
sum, a variety of factors promote the accumulation of LDL
in the intima at sites of early atherogenesis. In addition to
locally increased permeability, retention resulting from elec-
trostatic and sequence-specific interactions of LDL fractions
with chondroitin sulfate–rich proteoglycan in the intima,
which are augmented by the action of accessory enzymes,
conspires to trap lipoproteins in the intima and increases
their residence time.

The intima provides an environment sequestered from
plasma antioxidants.32 The increased dwelling time of
LDL in atherosclerosis-prone regions of the intima may
afford a greater opportunity for oxidative modification of
the constituents of these particles in these regions, excluded
from antioxidant protection.33 The various pro-oxidant
mechanisms alluded to earlier have a greater opportunity
to modify the lipoprotein particles residing for prolonged
periods in the intima as a consequence of proteoglycan
binding. Extravasation of erythrocytes from disrupted micro-
vessels in more advanced lesions can lead to the deposition
of heme in the extracellular space, a source of iron that
may catalyze oxidation by Fenton chemistry.34 Myeloperox-
idase and phospholipases have a greater opportunity to
modify lipoprotein particles with tardy transit caused by pro-
teoglycan binding. As noted earlier, the oxidized phospho-
lipids produced in this manner include biologically active
species that can elicit an inflammatory response from sur-
rounding intrinsic vascular wall cells and leukocytes as they
accumulate. Thus, the response to retention provides a
mechanistic link between accumulation of lipoprotein par-
ticles in the nascent atherosclerotic lesion and proinflamma-
tory processes that amplify and sustain the atherogenic
process.

Despite the literature regarding the oxidation hypothesis
of atherogenesis, the causality of oxidized LDL or its constit-
uents remains unproven.11,35 Multiple clinical trials have
shown failure of antioxidant vitamins, small molecules,
and inhibitors of both soluble and lipoprotein-associated
phospholipases to reduce cardiovascular events.36–39 Thus,
the clinical significance of the oxidation hypothesis remains
speculative.

Antibodies to oxidation-specific epitopes on LDL generate
a humoral immune response to oxidized LDL, that may be
atheroprotective. Immunoglobulin-M antibodies secreted
by B1 lymphocytes appear to attenuate experimental athero-
sclerosis.14 These observations have raised the prospect of
vaccination withmodified-LDL-derived antigens as a therapy
to limit atherogenesis.40 In contrast to the humoral immune
response, native LDL appears to activate the T-cell adaptive
immune response41 (Figs. 5-4 and 5-5). Progressive degrees
of LDL oxidation associate with the impaired ability to
elicit a T-cell response in mice. The ability of native LDL
to stimulate T-cell activation likely reflects a break in toler-
ance.9 The Th1 cytokines secreted by activated T cells
in lesions promote experimental atherosclerosis, as op-
posed to the protection conferred by antioxidized LDL
antibodies.42
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FIGURE 5-4 A potential role for LDL as an antigen that promotes atherosclerosis. Native LDL can undergo slight oxidative modification that permits its uptake by PRRs on
APCs (which may include DCs), but this does not alter amino acid side chains in apoB sufficiently to interfere with immunogenicity. The apoB–derived proteins, presented in the
context of self MHC antigens, with appropriate co-stimulation, stimulate proliferation of the antigen-specific T-cell clone and aggravation of atherogenesis. APC, antigen-presenting
cells; apo, apolipoprotein; DC, dendritic cells; LDL, low-density lipoprotein; MHC, major histocompatibility complex; PRR, pattern recognition receptors.
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HIGH-DENSITY LIPOPROTEIN: AN
ANTIATHEROGENIC LIPOPROTEIN?

Abundant epidemiologic evidence establishes HDL as an
inverse risk factor for atherosclerosis (see Chapters 4 and
9). Glomset first hypothesized a role for HDL in reverse cho-
lesterol transport.43 Recent evidence, reviewed in Chapter 4,
has furnished a mechanistic understanding of the method by
which HDL likely mediates egress of cholesterol from lipid-
laden foam cells. ABCA1 mediates transfer of cholesterol to
nascent HDL particles, whereas ABCG1 ferries cholesterol
from cells to mature HDL particles (see Fig. 5-5). Scavenger
receptor class B type I (SR-BI) appears to mediate uptake of
cholesterol from HDL by steroidogenic organs and the liver.
Gene mutations in humans (e.g., Tangier disease; see
Chapter 4) verify a role for HDL in macrophage lipid accu-
mulation. In vitro experiments verify the ability of HDL frac-
tions to mediate lipid efflux from cholesterol-loaded cells.44

Thus, impaired reverse cholesterol transport could contribute
to the cardiovascular risk associated with low levels of
plasma HDL.
Beyond the role of HDL in shuttling cholesterol, HDL may

affect arterial biology as a carrier of antiinflammatory and
antioxidant proteins.45 Phospholipases associated with the

HDL particle can catabolize some of the biologically active
and proinflammatory oxidized phospholipids associated
with modified LDL.46 Proteins such as platelet-activating fac-
tor acetyl-hydrolase and paraoxonase-1 exemplify such puta-
tive antioxidant proteins associated with HDL particles.
Proteomic studies have further established the association
of dozens of proteins with HDL particles, including a number
of proteins that may favorably alter arterial biology. HDL par-
ticles associate with a number of complement regulatory
proteins and protease inhibitors.47 In vivo experiments in
animals support an antiinflammatory role of HDL.45 For
example, HDL infusions can limit the expression of vascular
cell adhesion molecule (VCAM) in injured arteries.48

Not all HDL particles may exert antiinflammatory actions,
however. Some postulate the existence of proinflammatory
HDL species.49 During systemic inflammatory states, levels
of the acute-phase reactant serum amyloid A increase.
Levels of serum amyloid A, like those of C-reactive protein,
can rise 10- to 100-fold during the acute-phase response to
infection or tissue injury. The amphipathic acute-phase reac-
tant serum amyloid A binds avidly to HDL and can displace
certain other potentially atheroprotective proteins from
these particles. Thus, during acute inflammatory states,
HDL may lose some of its antiinflammatory properties.
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FIGURE 5-5 The intersection of inflammation and lipid metabolism modulates atherosclerosis and provides potential targets for therapeutic manipulation.
Atherogenesis begins with the recruitment of inflammatory cells to the intima. Activated endothelial cells express leukocyte adhesion molecules that capture blood monocytes, including
(but not exclusively) the proinflammatory subset marked by high expression levels of the cell-surface protein Ly6C in mice. After inflammatory activation, monocytes recruited to the
intima express scavenger receptors that permit the uptake of modified LDL particles, such as OxLDL. Cholesterol loading promotes the formation of foam cells, and ultimately leads
to the mature lipid-laden macrophages of the plaque core. These cells can produce proinflammatory mediators, reactive oxygen species, and tissue factor procoagulants that amplify
local inflammation and promote thrombotic complications. Although fewer in number than the mononuclear phagocytes, T cells also enter the intima and send decisive regulatory
signals. After antigen-specific activation, T helper 1 (TH1) cells secrete the signature cytokine IFN-γ, which can activate vascular wall cells and macrophages, and magnify and sustain the
inflammatory response in the intima. Regulatory T (Treg) cells produce IL-10 and TGF-β, two cytokines considered to exert antiinflammatory actions. Although not numerically
prominent in the plaque, B cells accumulate and organize in the perivascular tissue surrounding atherosclerotic arteries. They produce circulating antibodies that may limit inflammation
and mute atherogenesis. In addition to modified LDL, triglyceride-rich lipoproteins such as VLDL—particularly those particles that bear apoC-III or apoB—can instigate vascular
inflammation. Macrophage foam cells can efflux cholesterol through the ABC transporters, which work in tandem. ABCA1 loads cholesterol-poor nascent HDL particles (pre-β HDL)
with cholesterol. ABCG1 can load more mature HDL particles with cholesterol. Having taken up cholesterol through interaction with the ABC transporters in the artery wall, HDL
particles can exit through the bloodstream, contributing to reverse cholesterol transport from lesional macrophages to the periphery. VLDL and LDL particles bearing apoB can unload
cholesterol from HDL particles through the action of CETP. Blockade of CETP can thus augment HDL levels, a process not yet known to produce clinical benefit. The apoB–containing
lipoproteins can promote clearance of cholesterol through capture by peripheral LDL receptors. Loss-of-function mutations in the enzyme proprotein convertase subtilisin/kexin type 9
(not shown) can increase the number of LDL receptors on peripheral cells, thereby augmenting the clearance of LDL. ABC, adenosine triphosphate–binding cassette; CETP, cholesteryl
ester transfer protein; Chol, cholesterol; DAMP, damage-associated molecular patterns; IFN, interferon; IL, interleukin; LDL, low-density lipoprotein; OxLDL, oxidized low-density
lipoprotein; PAMP, pathogen-associated molecular patterns; TGF, transforming growth factor; VLDL, very-low-density lipoprotein.
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In vitro assays suggest that under some conditions, HDL can
actually promote inflammation.

Although the inverse between HDL and cardiovascular
disease remains undisputed, whether manipulation of
HDL can benefit atherosclerosis still remains hypothetical.
Recent clinical trials of agents that can elevate HDL to vary-
ing degrees (e.g., two cholesteryl ester transfer protein inhib-
itors, extended release niacin, and fenofibrate) have failed
to show a reduction in cardiovascular events.50–54

TRIGLYCERIDES AND TRIGLYCERIDE-RICH
LIPOPROTEINS: CAUSAL RISK FACTORS FOR
ATHEROSCLEROSIS?

In addition to oxidatively modified LDL and HDL,
triglyceride-rich lipoproteins may promote inflammation
and contribute causally to atherosclerotic risk.55,56

Triglyceride-rich lipoproteins appear to be capable of stimu-
lating inflammation by binding to the LDL receptor–related
protein through a pathway that involves p38 mitogen-
activated protein (MAP) kinase and nuclear factor-кB
(NF-кB). Fatty acids can stimulate inflammation by ligating
toll-like receptors.57 Triglyceride-rich lipoproteins abundant
in apoC3 appear particularly proinflammatory.58,59 ApoC3
itself appears to have proinflammatory properties.60 Recent
genetic data support a causal role for apoC3 in ischemic
heart disease.61,62

FATTY STREAK FORMATION

The retardation and accumulation of LDL particles in the
intima set the stage for the inflammatory processes that lead
to lesion formation (see Figs. 5-2B and C). One of the first
cellular consequences of hyperlipidemia, the recruitment
of blood leukocytes, has undergone intensive scrutiny over
the past few decades (see Fig. 5-2D).63–65 The arterial endo-
thelium usually resists prolonged contact with blood leuko-
cytes. Yet in response to constituents of oxidatively modified
lipoproteins or protein mediators of inflammation such as
cytokines, endothelial cells express structures on their

luminal surface that promote leukocyte adhesion. The endo-
thelial cell–leukocyte adhesion molecules implicated in ath-
erogenesis fall into two major families: the selectins and the
immunoglobulin-G superfamily members. Of the selectins,
considerable evidence supports the pathogenic involve-
ment of P-selectin, which is found on platelets and endothe-
lial cells, in the formation of experimental atherosclerotic
lesions. The selectins mediate the initial rolling or saltatory
interaction of leukocytes with the endothelial monolayer.
Members of the immunoglobulin-G superfamily appear to
mediate the more prolonged adhesive interactions between
the arterial endothelium and the mononuclear leukocytes
that accumulate at sites of atherosclerotic lesion formation.
Intercellular adhesion molecule-1 appears to be less impor-
tant in this regard than VCAM-1. Considerable experimental
evidence in several species substantiates a causal role of
VCAM-1 in early atherosclerotic lesion formation.66 Hyper-
cholesterolemia prominently promotes VCAM-1 expression
in a variety of tested species. Curiously, VCAM-1 does not
consistently localize to the endothelium overlying early ath-
erosclerotic lesions in humans. Rather, its expression prom-
inently localizes to neovascular channels in more advanced
lesions. Nonetheless, the broad experimental literature
strongly supports a link between hypercholesterolemia
and the elevated levels of adhesion molecule expression
that promote the adherence of blood leukocytes to endothe-
lial cells at sites of lesion predilection.

The regionality of adhesion molecule expression and
early leukocyte expression begs for explanation, given the
homogeneity of the hypercholesterolemia that impinges
on endothelial cells throughout the arterial tree. Strong evi-
dence supports links between the local hydrodynamic envi-
ronment and sites of early leukocyte recruitment.65,67,68

Areas of low shear stress or disturbed flow appear particu-
larly predisposed to lesion initiation (Fig. 5-6). These local
biomechanical conditions combat constitutive atheropro-
tective mechanisms characteristic of the normal endothelial
monolayer. Laminar shear stress encountered in less
atherosclerosis-prone regions of the circulation increases
the expression of the endothelial isoform of NO synthase.
This enzyme generates constitutive low levels of the endog-
enous vasodilatorΝΟ, whichmay also inhibit the expression
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FIGURE 5-6 Pathobiologicmechanisms linking lowESS, inflammation, and high-risk plaque formation. Low ESS promotes lipid core expansion and plaque inflammation,
which increase the expression and activity of collagenolyting MMPs, as well as of elastolytic MMPs and cathepsins. Collagenolytic MMPs promote fibrous cap thinning, whereas
elastolytic MMPs and cathepsins mediate IEL fragmentation, extension of inflammation to the media, and expansive remodeling, ultimately leading to thin-capped fibroatheroma
formation. ESS, endothelial shear stress; IEL, internal elastic lamina; MMP, matrix metalloproteinases. (From Chatzizisis YS, Blankstein R, Libby P. Inflammation goes with the flow:
implications for non-invasive identification of high-risk plaque. Atherosclerosis. 2014;234:476-478.)
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of VCAM-1, thus limiting leukocyte interaction with the nor-
mal endothelium. Laminar shear stress also augments the
expression of superoxide dismutase, an endogenous antiox-
idant produced by endothelial cells. One of the orchestra-
tors of a number of putative atheroprotective genes,
Krüppel-like factor–2, also responds to shear stress.69 When
deprived of these usually atheroprotective functions of the
endothelial cells at sites of disturbed flow, the adherence
of leukocytes increases, providing a mechanistic explana-
tion for the regional distributions of lesions in the presence
of hypercholesterolemia.68

Once bound to the endothelial cells, the leukocytes
require a chemoattractant signal to penetrate into the intima
(see Fig. 5-2D).70 Members of a subclass of cytokines, pro-
tein mediators of inflammation, and immunity, known as
chemokines, promote this process.71 Abundant experimen-
tal studies and observations on human tissues support the
involvement of a number of chemokines and chemokine
receptors in leukocyte recruitment in early atherosclerotic
plaques.72,73 These ligand–receptor pairs include monocyte
chemoattractant protein-1 (MCP-1), interleukin-8 (IL-8), and
fractalkine, inter alii. Loss-of-function studies in experimen-
tal atherosclerosis in mice support the pathogenic involve-
ment of these chemokines in lesion formation.74,75 Like
the adhesion molecules, hyperlipidemia augments the
expression of chemokines for mononuclear cells in arteries.
Hyperlipemic conditions influence subpopulations of
mononuclear cells.72 In hypercholesterolemic mice, proin-
flammatory monocytes identified by high levels of expression
of Ly-6c prevail (Fig. 5-7).78–81 These proinflammatory
monocytes preferentially enter the intima and contribute to
mononuclear phagocytic cell accumulation in the nascent
lesion. In addition to monocytes, T lymphocytes enter the
arterial intima early during atherogenesis. A specialized
population of B lymphocytes known as immune response
activator B cells produce the hematopoietic growth factors
that drive the multiplication of the proinflammatory

monocytes in the spleen that seed early experimental athero-
mata in hyperlipidemic mice.82 Monocytes also replicate in
lesions; in established plaques in hyperlipidemic mice, repli-
cation of mononuclear phagocytes dominates as a mecha-
nism of their accumulation.83 In addition to active
recruitment, retention of inflammatory cells contributes to
their accumulation in the intima of arteries of hyperlipidemic
mice. Netrin-1 and its receptor Unc5b contribute in this
regard.84,85

Although less abundant than the monocytes and/or mac-
rophages, T cells likely contribute pivotally to the pathogen-
esis of atherosclerosis (see Figs. 5-4, 5-5, and 5-7).
A separate set of adhesion molecules and the chemokine
receptor CXCR3 appear to attract T cells to nascent athero-
mata. A trio of chemokines inducible by interferon-γ likely
promotes T-cell accumulation in early lesions.86

Mast cells were first localized in atheromata in the 1950s;
experimental evidence now supports a pathogenic role
for these cells, at least in murine atherosclerosis (see
Fig. 5-7).87,88 Products of mast cells may promote a number
of proatherogenic processes. Mast cell products may also
remodel lipoprotein particles in ways that increase their
atherogenicity. Pharmacologic gain-of-function and loss-of-
function experiments and parallel experiments in geneti-
cally altered mice support a role for mast cells in atheroma
formation.89,90 Yet, mice may depend on mast cells for host
defenses more than humans do, limiting the facile extrapo-
lation of the mouse results to humans. In human lesions,
however, adventitial mast cells associate with microvessels
implicated in plaque growth and instability.91

In the atherosclerotic plaque, the monocyte-derived mac-
rophages can accumulate substantial intracellular choles-
terol in droplets, yielding the characteristic foam cell (see
Figs. 5-2E, 5-5, and 5-7). Cells cannot accumulate excessive
amounts of cholesterol via the classic apoB-apoE LDL recep-
tor. A number of exquisite regulatory mechanisms suppress
the expression of this receptor because cells accumulate

Other leukocytes

Influence on
inflammation and
atherosclerosis

LDL

Cholesterol
crystals

oxLDL

Mø

FC

Intima

Dendritic
cell

T cell

B cell

Neutrophil

Mast cell

Platelet

Ly-6Chigh

monocytes

FIGURE 5-7 Leukocytes in atherosclerotic plaque. Scanning electron and transmission electron microscope studies have shown monocytes adhering to the endothelium and
intact endothelium overlying FC in the intima.76,77 The illustration shows the role of monocytes in lesion development and complication. Activated endothelium preferably recruits
inflammatory monocytes from the blood stream, which differentiate into macrophages and foam cells. These cells ingest LDL and cholesterol crystals, which may augment their
inflammatory plaque destabilizing action. Other leukocytes (right box), contribute to the inflammatory milieu in plaque, often via interaction with monocytes and macrophages. FC,
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cardiovascular disease. Semin Immunopathol 2013;35(5):553-562.)
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sufficient amounts of cholesterol for their cellular metabo-
lism. A series of “scavenger” receptors can cause accumula-
tion of cholesterol in the cytoplasm.92 Scavenger receptors
implicated in atherogenesis include the macrophage scav-
enger receptor class A, CD36, and members of a lectin-like
family. Scavenger receptors characteristically increase in
expression in response to proinflammatory signals and do
not exhibit suppression as intracellular cholesterol levels
rise. Thus, mononuclear phagocytes exposed to inflamma-
tory mediators lead to formation of the hallmark of the early
atherosclerotic lesion—the foam cell.

In sum, lipoproteins and their products appear essential in
driving the formation of the initial lesion of atherosclerosis,
the fatty streak, which is characterized by foam cell formation
at sites of lesion predilection in arteries (see Fig. 5-2F).
Increased adhesion leukocytes, their transmigration, and their
maturation all link to aspects of hyperlipidemia, which
appears to be permissive for all of these steps in early athero-
genesis (see Figs. 5-2A–F).

LINKS BETWEEN LIPIDS AND LESION
PROGRESSION

Fatty streaks, the initial lesions of atherosclerosis, seldom, if
ever, cause clinical complications and may even regress.
Atherosclerotic lesions progress by accumulating vascular
smooth muscle cells and accumulating a complex extracel-
lular matrix that consists not only of proteoglycans but also
of collagens and elastin. The normal human arterial intima
contains scattered smooth muscle cells.93 In response to
chemoattractant mediators and growth factors produced
by activated inflammatory cells and intrinsic vascular wall
cells, smooth muscle cells normally found in the tunica
intima can proliferate and augment their production of
extracellular matrix constituents (see Fig. 5-2G). Likewise,
chemoattractants derived from the inflammatory cells in
the intima can beckon normally quiescent smooth muscle
cells from the tunica media to enter the intima. Mediators
implicated in smooth muscle cell chemoattraction and
proliferation include platelet-derived growth factor (PDGF)
isoforms, forms of fibroblast growth factor, and heparin-
binding epidermal growth factor. Extracellular matrix pro-
duction by smooth muscle cells increases markedly when
exposed to active forms of transforming growth factor-β
(TGF-β). TGF-β may actually inhibit smooth muscle cell pro-
liferation, but it strongly augments production of interstitial
collagen, which is an important constituent of the evolving
atherosclerotic plaque.

As the volume of the intima increases because of cell
accumulation, and in particular, the complex extracellular
matrix that they elaborate, the progressing atheroma seldom
protrudes into the arterial lumen until it grows quite large.
Rather, the artery wall expands in an abluminal, or outward,
direction to accommodate lesion growth for much of the life
of the atherosclerotic plaque (Fig. 5-8).94 This geometric
remodeling of the atherosclerotic plaque, known as compen-
satory enlargement or positive remodeling, has undergone
surprisingly little study from a mechanistic perspective.
Clearly, extracellular matrix proteolysis must occur for
smooth muscle cells to migrate through the dense arterial
extracellular matrix. The elastic laminae must expand to
accommodate lesion growth. which also likely involves
proteolysis. In the mouse, stromelysin or matrix

metalloproteinase (MMP)-3, seems to participate in compen-
satory enlargement.95 The positive remodeling characteristic
of the progression phase of atherosclerosis conceals the dis-
ease beneath the clinical horizon by favoring lesion growth
without luminal encroachment and consequent tissue ische-
mia that could produce clinical signs or symptoms.

As the early atherosclerotic lesion progresses, it acquires a
characteristic distribution of constituents. A fibrous cap
develops over a lipid-rich core in the typical eccentric ather-
oma.96 The fibrous cap contains smooth muscle cells and a
collagenous extracellular matrix. The lipid core accommo-
dates the macrophage foam cells. Extracellular lipid accu-
mulates, and accumulates in the extracellular space, as
well as in intracellular deposits in the lipid core. Cholesterol
may accumulate either as a cholesteryl ester or as a choles-
terol monohydrate, a chemical form that can develop crys-
tals within plaques. Lipoprotein involvement in lesion
progression probably results predominantly from perturba-
tions that promote inflammation. Inflammatory mediators
appear proximal in pathways that promote smooth muscle
cell migration and proliferation, as well as production of
extracellular matrix and of proteinases capable of remodel-
ing the arterial extracellular matrix. Cholesterol crystals (see
Fig. 5-7) activate the NLRP3 inflammasome, a supramolec-
ular complex that generates active forms of the proinflam-
matory cytokine IL-1β.97–99 Within macrophages, free
cholesterol excess can activate toll-like receptors and p38
MAP kinase.100 These various observations provide new
links between lipids and arterial inflammation that have
direct relevance to atherogenesis.

ATHEROTHROMBOSIS: THE COMPLICATIONS
OF THE ATHEROSCLEROTIC PLAQUE

As atherosclerosis progresses, many changes occur in the
plaque lipid core. Macrophages not only proliferate but also
die (see Fig. 5-2H). Macrophage death in atherosclerotic
plaques may occur by oncosis (“accidental” cell death),
by apoptosis (an energy-dependent and programmed pro-
cess), or by pyroptosis (cell death mediated by inflamma-
tion).10,101 Oncosis, which is characterized by cell
swelling, causes the lipid-laden macrophage to release its
contents into the extracellular space. Because it is deprived
of the normal cellular antioxidant mechanisms and is in con-
tact with extracellular phospholipases and sphingomyeli-
nase, as well as reactive oxygen species generated by
activated cells, cholesteryl ester released by dying macro-
phages may have a particular propensity to undergo oxida-
tive modification and perpetuate the proinflammatory state
that prevails in the progressing atherosclerotic plaque.

As macrophages undergo programmed cell death (apo-
ptosis), they can bud off membrane-bound microparticles
known as apoptotic bodies. Lesional macrophages, in
response to proinflammatory mediators such as CD154,
which is also known as CD40 ligand, express the gene that
encodes the potent procoagulant tissue factor.10,96 The apo-
ptotic bodies bear this intrinsic membrane protein on their
surface, thus providing a ready store of triggers for thrombus
formation in the heart of the lesion.

Meanwhile, the plaque fibrous cap evolves. The smooth
muscle cells that populate the fibrous cap do not escape
apoptotic cell death. Smooth muscle cells in the intima
express FAS, a receptor for the death signal Fas ligand,
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which is expressed by activated leukocytes in lesions.101

A milieu rich in proinflammatory cytokines primes the
smooth muscle cells for apoptotic cell death. Smooth mus-
cle cells furnish most of the collagen and elastin that lend
strength to the plaque fibrous cap. The loss of smooth

muscle cells in the fibrous cap because of cell death impairs
the ability of this cell population to repair and maintain the
extracellular matrix that provides biomechanical integrity to
this crucial structure that lies between the blood compart-
ment and the prothrombotic material in the lipid core.96

Early atheroma
Fibrous

cap

Thrombosis of a
ruptured paque

Right
coronary

artery

“Vulnerable” plaque
• Thin fibrous cap
• Large lipid pool
• Many inflammatory cells

“Stabilized” plaque
• Small lipid pool
• Thick fibrous cap
• Preserved lumen

Healed ruptured plaque
• Narrow lumen
• Fibrous intima

Left anterior
descending
coronary artery

Acute
myocardial
infarction

Smooth
muscle cells

Adventitia

Media

Normal artery

Intima

Endothelium

FIGURE 5-8 Schematic of the life history of an atheroma. The normal human coronary artery has a trilaminar structure. The intimal layer in adult humans typically contains a
smattering of smooth muscle cells scattered in the extracellular matrix. The media comprises several layers of smooth muscle cells, much more tightly packed than in the diffusely
thickened intima, and embedded in a matrix rich in elastin and collagen. In early atherogenesis, inflammatory cell recruitment and lipid buildup form a lipid-rich core, as the artery
enlarges in an outward, abluminal direction to accommodate the growth of the intima. If inflammatory conditions exist and risk factors such as dyslipidemia continue, the lipid core
can grow. In addition, activated leukocytes secrete proteinases that can degrade the extracellular matrix, whereas proinflammatory cytokines such as IFN-γ can restrict the production
of new collagen. These changes canweaken the fibrous cap, rendering it friable and vulnerable to rupture. Upon rupture of the plaque, blood coming in contact with the tissue factor
in the plaque coagulates. Platelets activated by thrombin produced by the coagulation cascade and by contact with the intimal compartment prompt thrombus formation. Persistent
occlusion of the vessel by the thrombus can result in an acute myocardial infarction (the cyanotic area in the anterior wall of the left ventricle, lower right). The thrombus may
eventually resorb as a result of endogenous or therapeutic thrombolysis. However, the ensuing wound-healing response triggered by the thrombin generated during blood
coagulation can trigger smooth muscle production. Activated platelets release PDGF, which prompts smooth muscle cell migration. TGF–β, which is also released from
activated platelets, induces interstitial collagen production. This increased migration, proliferation, and extracellular matrix synthesis by smooth muscle cells thickens the fibrous
cap and causes further expansion of the intima, often in an inward direction, constricting the lumen. Stenotic lesions generated by the luminal advance of the fibrosed plaque
may diminish flow, particularly under conditions of increased cardiac demand; this leads to ischemia, which commonly triggers symptoms (e.g., angina pectoris). Advanced
stenotic plaques, being more fibrous, may prove less prone to rupture and renewed thrombosis. Lipid-lowering therapy can reduce lipid content and calm the intimal
inflammatory response, producing a more “stable” plaque with a thick fibrous cap and a preserved lumen (center). IFN, interferon; PDGF, platelet-derived growth factor; TGF,
transforming growth factor. (From Libby P. Inflammation in atherosclerosis. Nature 2002;420:868-874.)
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In the base of the plaque, underlying the lipid core, newly
formed microvessels arise generally from vasa vasorum that
penetrate the plaque from the outermost layer of the arterial
wall, the adventitia (see Fig. 5-5). These plexi of microvessels
provide a relatively large surface area for recruitment of leu-
kocytes that may amplify the inflammatory environment
within the lesion. As noted earlier, these plaquemicrovessels
display considerable VCAM-1 expression, and hence, they
appear poised for mononuclear cell recruitment.102 These
microvessels provide a source of nutrition to the growing ath-
erosclerotic plaque analogous to the neovessels that foster
tumor growth.103,104 Like the newly formed vessels in the ret-
ina and elsewhere, the plaque’s neovasculature may prove
particularly permeable and promote erythrocyte extravasa-
tion with attendant heme and iron deposition in the extracel-
lular space, catalyzing the oxidant chemistry, as noted
earlier. Membrane lipids from extravasated erythrocytes
may also contribute to lipid accumulation within lesions.

Thrombosis in situ that results from microvascular hemor-
rhage triggers thrombin formation. Thrombin potently pro-
motes smooth muscle cell migration and proliferation.
Thus, episodes of intraplaque hemorrhage well below the
clinical threshold may predispose patients to plaque compli-
cations by initiating a round of smoothmuscle cell migration
and proliferation. Platelets, when activated at these sites of
intraplaque hemorrhage, can produce chemokines and
growth factors that enhance leukocyte recruitment, as well
as smooth muscle cell activation.105 TGF-β derived from
activated platelets probably promotes collagen deposition
in the complicating plaque.96 The fibrotic response that
ensues after episodes of intraplaque hemorrhage may pro-
duce constrictive remodeling that causes the plaque to pro-
trude into the lumen and provoke stenosis (see Fig. 5-8).94

Lesions that thus limit arterial flow can cause ischemia
and its well-known clinical consequences, including
chronic stable angina, when ischemia affects the coronary
arteries.

A great deal of clinical andmorphologic data indicate that
thrombosis that complicates atherosclerotic lesions provoke
most acute coronary syndromes, such as episodes of unsta-
ble angina pectoris or acute myocardial infarction (MI; see
Fig. 5-8). Contrary to traditional clinical concepts, many pla-
ques that promote sudden arterial occlusion, which cause a
fatal MI, do not arise at sites of severe stenosis. Morphologic
studies point to a physical disruption of the atherosclerotic
plaque as the most common precipitant of fatal coronary
thrombi and presumably many acute MIs.96

Of the forms of physical disruption that precipitate acute
coronary syndromes, a rupture of the plaque's fibrous
cap appears to be the most prominent (Figs. 5-8 and
5-9A). Plaques that have ruptured and precipitated death
from MI typically have large lipid pools, abundant inflamma-
tory cells, and a characteristically thin fibrous cap. Mecha-
nisms described earlier probably predispose patients to
plaque disruption by promoting friability of the plaque
cap.96 Smooth muscle cell death depletes the plaque of
the major cellular source of collagen and elastin that lend
strength to the plaque cap. Inflammatory mediators promote
overproduction of proteinases that can catabolize collagen
and weaken the plaque protective cap.

Plaques prominently overexpress a number of proteases
capable of degrading extracellular matrix macromolecules.
Members of the MMP family include the interstitial collage-
nases, which are rate-limiting enzymes in the catabolic

pathway of forms of collagen that strengthen the plaque
fibrous cap (see Fig. 5-9B).96 MMP gelatinases continue col-
lagen catabolism by degrading further fragments produced
by the action of the interstitial collagenases. Prominent elas-
tases overexpressed in plaque include not only MMP-9,
which possesses both elastinolytic and gelatinolytic activity,
but also members of the papain-like cysteinyl proteinases.106

Cathepsins S, K, and L have substantial elastolytic activity
and contribute to arterial remodeling during atherogenesis
and disruption of the elastic laminae characteristic of
inflamed atherosclerotic plaques. Considerable experimen-
tal evidence supports the causal involvement of these
matrix-degrading proteinases in collagenolysis and elastoly-
sis in atherosclerotic plaques. Mice with a form of interstitial
collagen that resists the action of MMP collagenases accu-
mulate excessive collagen in their atheromata. Animals
with lack of function of a major murine interstitial collage-
nase, MMP-13, likewise accumulate collagen in their pla-
ques.107–109 Mice with bone marrow–derived cells
deficient in membrane type 1 MMP, or MMP-14, also accu-
mulate plaque collagen.110 MMP-14 may act directly as an
interstitial collagenase and activate other enzymes involved

Lipid-laden
macrophage

Lumen

Fibrous
cap

Intima Media

Lipid
core

Procollagenases
MMP-1/8/13

Active
collagenases

Cleaved collagen

Neoepitope

Intact fibrillar collagen

ROS
Plasmin, thrombin, etc.TIMPs

B

Ruptured plaque with thrombusThin-capped atheromaA

FIGURE 5-9 Regulation of collagen metabolism and the thrombotic
complications of atherosclerosis. A, A cross section of an artery containing a
thin-capped atheroma with low collagen content because of decreased synthesis
and increased breakdown of collagen. A thin and weakened fibrous cap overlies a
lipid-rich core in the center of the plaque (left). A plaque in which the fibrous cap
has ruptured, exposing the blood coagulation components to thrombogenic
material in the lipid core, triggering thrombosis, is also shown (right). B, Lipid-laden
macrophages in atherosclerotic plaques express MMPs. Various extracellular stimuli,
including ROS, plasmin, and thrombin, contribute to enzymatic activation of these
enzymes, which are required for their proteolytic activity. Macrophages in human
plaques overexpress the three known MMP interstitial collagenases, MMP-1, MMP-
8, and MMP-13. The endogenous inhibitors of this family of enzymes, the tissue
inhibitors of MMPs (TIMPs), do not change markedly between unaffected and
atherosclerotic arteries. The MMP interstitial collagenases catalyze the initial
proteolytic cleavage of intact triple helical fibrillar collagen. ROS, reactive oxygen
species; MMP, matrix metalloproteinases; TIMP, tissue inhibitors of MMP. (From
Libby P. Collagenases and cracks in the plaque. J Clin Invest 2013; 123(8):3201-3203.)
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in collagen degradation. Serine proteinases derived from
mast cells, such as tryptase and chymase, can activate latent
zymogen forms of the MMP. In addition, plasmin produced
by endogenous plasminogen activators can activate MMPs.
Not only do inflammatory mediators prompt overexpression
of MMP by cells involved in atherosclerosis, but lipid-laden
macrophages in lesions also overexpress these enzymes (see
Fig. 5-9B). Experimental studies in rabbits documented
overexpression of MMPs, including interstitial collagenase,
in hypercholesterolemia-induced foam cells.111 These obser-
vations furnish an important link among hyperlipidemia,
inflammation, and impaired integrity of the plaque protec-
tive fibrous cap.
The disrupted plaque triggers thrombosis by exposing

platelets to collagen, thereby promoting their aggregation
and degranulation. After rupture, the tissue factor, derived
predominantly from lipid-laden macrophages in response
to the proinflammatory mediators such as CD154, can con-
tact factors VII and X in the blood compartment and cause
coagulation that culminates in thrombin formation with its
downstream consequences. Local generation of thrombin
from prothrombin not only favors formation of fibrin clots
but also promotes smooth muscle cell migration and prolif-
eration. TGF-β and chemokines released from the platelets as
they degranulate further prompt fibrosis and perpetuate
inflammation at sites of plaque disruption.
Neutrophils entrapped in thrombi, which are formed as a

consequence of plaque disruption, can generate high levels
of reactive oxygen species, including the superoxide anion
and hypochlorous acid derived from myeloperoxidase.
These reactive oxygen species canmediate further modifica-
tion of lipoproteins and other adverse consequences of oxi-
dative stress in the atheroma. Degranulating platelets and
neutrophils can release myeloid-related protein-8 and/or
-14, a marker and putative mediator of acute cardiovascular
events.112–114 Dying granulocytes spew out DNA and his-
tones generating neutrophil extracellular traps that can
entrap further leukocytes and potentially promote thrombus
propagation.115 The tissue factor–rich microparticles
derived from the apoptotic bodies of lesional macrophages
and smooth muscle cells can enter the bloodstream after
plaque disruption. These microparticles may provoke down-
stream thrombosis inmicrovessels distal to the disrupted pla-
que, thus, propagating the ischemia and impairing reflow
after mechanical intervention or therapeutic or endogenous
fibrinolysis of the culprit arterial thrombus.116 Thus, the lipid-
laden foam cell plays a prominent role in several aspects of
atherothrombosis and acute plaque complications.
Most plaque disruptions do not cause clinical mani-

festation. Many limited mural thrombi evade clinical detec-
tion, because they do not lead to a persistent total arterial
occlusion (see Fig. 5-8). Yet the resorbing thrombus, with
its local generation of thrombin and release of chemoattrac-
tants, growth factors, and fibrogenic mediators from plate-
lets, can provoke a local fibrotic response akin to wound
healing (see Fig. 5-8).94 The provisional matrix of the throm-
bus provides a scaffold for collagen and elastin produced by
smooth muscle cells, recruited by and responding to PDGF,
TGF-β, and other mediators.117 As the healing response
matures, the artery may undergo constrictive remodeling
(see Fig. 5-8). In this manner, plaque disruption, with its
consequent thrombosis and ultimate healing, can lead to
the transition from a lipid-rich fibrofatty plaque into a
paucicellular, matrix-rich, inwardly remodeled plaque

that can create a stenosis (see Fig. 5-8). Calcification often
complicates such maturing plaques.118 Despite the lack of
rigorous evidence, the scenario that the lipid-rich, highly
inflamed plaque serves as the precursor to the stenotic,
calcified, and fibrotic plaque by the scenario described
previously certainly fits much of the evidence currently
at hand.

EFFECTS OF LIPID LOWERING ON THE
ATHEROSCLEROTIC PLAQUE

The proven success of lowering LDL by statins in decreasing
atherosclerotic complications raises the question of the
mechanisms that account for this benefit. Considerable evi-
dence suggests that lipid lowering can favorably alter plaque
functions related to clinical events.96 The current under-
standing of the vascular biology of atherosclerosis provides
a subtler framework than in previous eras for understanding
potentially beneficial changes in plaques (see Table 5-1).
Classical studies published in the 1970s by Armstrong and
Megan showed that cessation of atherogenic diets in nonhu-
man primates could result in lesional changes.119 These
early morphologic observations showed a lowering of lipid
content of plaques with a relative increase in the amount of
fibrous tissue in the intima. More contemporary studies of
lipid lowering have extended these pioneering observations
on the effects of lipid lowering on atherosclerotic plaques.9

Studies in rabbits have shown that lipid lowering, either by
dietary intervention or by statin treatment, can reduce
inflammation as gauged by macrophage accumulation
and the expression of inflammatory mediators and effectors,
such as MCP-1 and VCAM-1.120–124 In particular, these studies
found that lowering lipid content reduces levels of interstitial
collagenases and other MMPs associated with plaque com-
plications (see Table 5-1). Lipid-lowering therapy can also
reduce reactive oxygen species production and improve
endothelial vasodilator function in experimental animals
and humans.

Contrary to previous assumptions, such beneficial
changes in plaque biology do not necessarily correspond
to substantial improvements in the caliber of fixed stenoses.
Quantitative coronary arteriographic studies have shown
very modest improvement in the mean luminal caliber at
sites of fixed stenoses of arteries in response to lipid lower-
ing. Intravascular ultrasound studies have shown that even
intensive LDL lowering by statin therapy produces only slight
reductions in plaque volume.124–126 Magnetic resonance
imaging of arteries have shown that the volume of plaque
can decrease without substantial improvement in luminal
caliber.127 The compensatory enlargement, or positive remo-
deling, that accompanies plaque growth appears to operate
in reverse in response to lipid lowering.128

These various findings suggest that lipid-lowering therapy
may not yield regression of plaques in the sense of shrinking

TABLE 5-1 Characteristics of Atherosclerotic Plaques
Associated with Rupture and Thrombosis

Thin fibrous cap
Large lipid/necrotic core
Many intimal inflammatory cells
Few smooth muscle cells in the fibrous cap
Outward remodeling (compensatory enlargement)
Spotty or microscopic calcification
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stenoses. The new understanding of the role of plaque dis-
ruption in triggering thrombotic complications of atheroscle-
rosis, and the primordial importance of the extracellular
matrix in protecting plaques from disruption, should redirect
the emphasis from “regression” per se to a subtler therapeu-
tic goal of lesion “stabilization.”96 The term stabilization sig-
nifies alterations in plaque morphology from those
associated with plaques that have caused thromboses, such
as thin fibrous caps, large lipid pools, and abundant macro-
phages, toward plaques with a thicker fibrous cap and smal-
ler lipid pool (Fig. 5-10). In addition to these morphologic
changes, functional alterations, such as reductions in tissue
factor and tissue factor activity, accompany the reduced
expression of proinflammatory mediators, including
CD154, and reduced numbers of macrophages in plaques
of animals subjected to lipid-lowering or statin treatment
(Table 5-2).96

Although lifestyle interventions remain the cornerstone of
antiatherosclerotic therapy, the success of statins in reduc-
ing clinical events has led to their widespread adoption in
clinical practice. The lipid-lowering effect alone appears to
confer some of the biologic benefits described earlier. Lipid
lowering, per se, in the dietary lipid experiments described
previously can reduce manifestations of inflammation.
Beyond their lipid-lowering effects, however, statins have
direct antiinflammatory actions that may explain part of
their clinical benefit.129,130 In experimental animals, statin
administration can decrease signs of inflammation, even

under conditions that alter LDL levels much more modestly
than the exaggerated fluctuations in cholesterolemia in
response to dietary manipulation.96 In human studies, statins
consistently lower levels of inflammatory markers such as
C-reactive protein, which is an acute-phase reactant that cor-
relates with clinical cardiovascular events. This finding in
itself theoretically could reflect an antiinflammatory benefit
resulting from reduction in LDL levels. Yet, many indepen-
dent clinical studies have shown a lack of correlation in indi-
viduals between statin-induced reductions in LDL and the
reduction in C-reactive protein. This finding supports the
notion that statins possess antiinflammatory actions inde-
pendent of their LDL-lowering effects.130 Many preclinical
studies also support the concept of so-called pleiotropic
effects of statins attributed to altered prenylation of G
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FIGURE 5-10 Evolution and stabilization of “vulnerable” atherosclerotic plaques. The nonatherosclerotic artery (left) has a trilaminar structure. During the early stage of
atheroma development, the plaque often grows outward and maintains the caliber of the lumen (middle). Pathologic studies have shown that the majority of atheromata that have
ruptured and triggered an acute myocardial infarction contain a prominent lipid pool and numerous inflammatory cells, particularly macrophages. The activated inflammatory cells
produce mediators that thin and weaken the fibrous cap that covers the lipid-rich core of the lesion by reducing synthesis and augmenting degradation of collagen. Smooth muscle
cell apoptosis may also play a role in the depletion of collagen in the fibrous cap. Activated macrophages express tissue factor, a powerful activator of the coagulation cascade.
Disruption of the thin fibrous cap of such vulnerable plaques leads to direct contact of blood coagulation factors with tissue factor and can initiate occlusive thrombus formation.
“Stabilization” of lesions aims to lower the incidence of acute coronary events by influencing the nature of the vulnerable plaque qualitatively or functionally rather than by merely
shrinking the lesion (right). Lowering LDL can diminish cholesterol delivery, and increased HDL may enhance cholesterol efflux from the atheroma. Reducing LDL and inhibiting
angiotensin II signaling may limit oxidative stress (e.g., reactive oxygen species production, lipid peroxidation, and oxidized LDL accumulation) in atheroma. Converting
unstable plaques to stable plaques by modifying their biologic properties should prevent cardiovascular events such as myocardial infarction and stroke through a noninvasive
strategy rather than helping in the conventional mechanical approach (bypass surgery, endarterectomy, or angioplasty). HDL, high-density lipoprotein; LDL, low-density
lipoprotein. (Adapted from Rajamaki K, Lappalainen J, Oorni K, et al. Cholesterol crystals activate the NLRP3 inflammasome in human macrophages: a novel link between cholesterol
metabolism and inflammation. PLoS One. 2010;5:e11765.)

TABLE 5-2 Favorable Effects of Lipid Lowering in
Experimentally Produced Atherosclerotic Plaques

Reduces inflammation (lowers levels of macrophages, cytokines, and
chemokines, and expression of leukocyte adhesion molecules)

Reduces expression of interstitial collagenase (matrix metalloproteinase-1)
Increases levels of interstitial collagen
Lowers levels of oxidized low-density lipoprotein
Reduces production of reactive oxygen species
Increases expression of endothelial nitric oxide synthase
Reduces thrombotic potential (reduced tissue factor content and activity)
Increase fibrinolytic potential (reduced level of plasminogen activator
inhibitor-1)
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proteins or to the Krüppel-like factor–2 activation implicated
in regulation of cell functions.69,129 Thus, although LDL low-
ering itself undoubtedly can confer changes on plaques
associated with their stability, direct antiinflammatory
actions may act in concert with LDL lowering to provide clin-
ical benefit.

PERSPECTIVES ON LINKS BETWEEN
LIPOPROTEINS AND MECHANISMS OF
ATHEROSCLEROSIS

The advent of genetically modifiedmice and the ready testing
of mechanistic hypotheses in these animals have profoundly
influenced the thinking about the links between lipoproteins
and atherosclerosis. The use of genetically modified mice has
permitted researchers to close the loop of causality and test
many hypotheses regarding the roles of specific mediators
in aspects of atherogenesis. Literally hundreds of such mouse
studies implicate many mediators in the modulation of
atherosclerosis. Still, we must bear in mind the profound dif-
ferences between atherosclerosis in experimental pre-
parations, including mice, and the human disease. The
levels and types of dyslipidemia achieved in commonly used
atherosclerosis-prone mice differ considerably from clinical
circumstances.9,11 The LDL levels in many patients with acute
MI do not exceed the average for the population and certainly
lie well beneath the levels produced by the contrived genetic
manipulations used to confer atherosclerosis susceptibility
in mice.
Experimental atherosclerosis preparations in mice permit

experiments in a timescale of months, whereas the human
disease requires many years, and in many cases, several
decades to manifest. Most of the acute clinical complica-
tions of atherosclerosis in humans result from plaque disrup-
tion and thrombosis. Only exaggerated experimental
circumstances reliably give rise to thrombotic complications
in mice.131 These concerns mandate some skepticism
regarding the direct applicability of animal experiments to
clinical atherosclerosis. These cautionary considerations
by nomeans vitiate the profound importance of mechanistic
insights gained from the use of experimental preparations,
but should temper glib extrapolations of such experimental
results to human atherosclerosis.
Secular trends in diet and the adoption of statin therapy

have shifted the pattern of lipoprotein abnormalities associ-
ated with clinical complications of atherosclerosis. LDL
levels are waning in Western societies at a time when there
is an obesity epidemic and an associated increase in dyslipi-
demia (see Chapters 18, 20, and 35). Increased
triglyceride-rich lipoproteins and decreased HDL will grow
in importance as lipoprotein-related risk factors in the future.
As we gain mastery over LDL levels, the convincing and con-
sistent links between LDL levels and cardiovascular events
may not apply so readily to other lipoprotein fractions. In
particular, HDL metabolism appears more perplexing
and challenging to manipulate than LDL metabolism (see
Chapters 4, 9, and 44). Although there is increasing sophis-
tication in the understanding of the roles of HDL in reverse
cholesterol transport, and perhaps as a carrier of antioxidant
and antiinflammatory proteins, there remains much to learn
about the manipulation of various HDL fractions and their
biologic consequences on atherogenesis. The previously
described current clinical trial data challenge the hypothesis

that raising HDL pharmacologically can improve patient out-
comes, despite the mass of observational data that show an
inverse correlation of baseline HDL with atherosclerotic risk.
Moreover, genetic data call into question the causality of
HDL as a protector against atherosclerotic events.132 That
adjustment for HDL reduces the computed contribution of
triglycerides to risk has often raised doubt about the athero-
genic potential of triglycerides. Perhaps traditional teachings
have confused the causal risk factor with the confounder,
and triglyceride-rich lipoprotein particles do indeed pro-
mote atherosclerosis. These considerations should provoke
a reevaluation of the role of postprandial lipoproteins and
constituents (e.g., apoC3) as causal risk factors in atheroscle-
rotic disease.61,62

Only a few decades ago, respected authorities challenged
the cholesterol hypothesis. The progression of basic and
clinical science has silenced most of this skepticism.4,133

Continued quests to probe the underlying vascular biology
of atherosclerosis and rigorously investigate the links
between lipoproteins beyond LDL should lead toward a
deeper and more rigorous understanding of these remain-
ing gaps of knowledge in the future.
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INTRODUCTION

Over the past 6 years, genome-wide association studies
(GWAS) and massive parallel sequencing efforts have
markedly changed insights into how genetic variation affects
lipid and lipoprotein metabolism. The purpose of this
chapter is to describe the current status of this field of
research while also assessing whether these new develop-
ments have affected clinical practice of treating patients with
dyslipidemia.

Mutations in several new genes have been shown to be
causally related to changes in plasma lipid levels; however,
for most newly identified candidate genes, more research is
needed to verify and validate their role in lipid and lipopro-
tein metabolism. With deoxyribonucleic acid (DNA)
sequence information no longer restricted to one or a few
candidate genes, but extended to subgenomes and now
genome sequence analysis, it has become evident that
genetic regulation of (lipid) metabolism is very complex.
Moving gradually away from monogenic origins of dyslipid-
emia, recent studies have suggested a polygenic origin of
dyslipidemia, which involves not only the plasma triglycer-
ide (TG) concentration but also the cholesterol content
of low-density lipoproteins (LDLs) and high-density
lipoproteins (HDLs).

It should be mentioned here that despite all the efforts,
very few additional major lipid genes have been identified
over the last decade. Instead, the combination of mutations
in several genes appears to be responsible formost dyslipide-
mias that are found in patients. From a clinical perspective,
genetic information is mainly restricted to the molecular
diagnosis of hypercholesterolemia to advance effective
treatment with lipid-lowering drugs.

Risk Factors
Cardiovascular disease (CVD) is the number one cause of
death globally,1 with atherosclerosis being the leading cause
of mortality and morbidity.2

Both environmental and genetic factors contribute to
atherosclerosis. Unhealthy diet, physical inactivity, smoking,
and alcohol abuse are among the environmental (and
behavioral) risk factors that together are accountable for
approximately 80% of coronary heart disease (CHD) and
cerebrovascular disease.1 Conditions that are also long
known to be risk factors for CVD are hypertension, diabetes,
obesity, and dyslipidemia.1 This chapter focuses on the
genetic origins of dyslipidemia and briefly discusses the
options of evidence-based pharmacologic treatments. For
clarity, disturbances in the metabolism of LDL, TG, and
HDL have been distinguished. It should be noted, however,
that the latter two lipid traits (TG and HDL) are, in most
cases, closely related, whereas genetic variation may also
affect all lipid traits simultaneously.

Genes, Lipid Traits, and Risk for
Cardiovascular Disease
Epidemiologic studies have unequivocally shown that high
levels of total cholesterol (TC), LDL cholesterol (LDL-C), and
TG, as well as low levels of HDL cholesterol (HDL-C), are pos-
itively associated with CVD.3–5 Plasma lipid phenotypes are
highly heritable, with heritability estimates ranging from 0.2
to 0.6.6–10 Studying families with Mendelian forms of extreme
dyslipidemia (who show an inheritance pattern that is very
likely to be controlled by a single gene) has led to the iden-
tification of genes with major roles in lipid metabolism,
which also provided insight into how dyslipidemias are
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related to atherosclerosis.11 (For a summary, see Table 6-1.)
Although the main pathways that regulate plasma lipid
levels have been identified, in many cases, the origins of
extreme dyslipidemia remain unclear.12–14

Genome-Wide Association Studies and
Massive Parallel Sequencing
Recent advances in array-based single nucleotide polymor-
phism (SNP) genotyping techniques opened new avenues to
study the role of common variants in a large number of indi-
viduals. In such GWAS, associations between common SNPs
(with minor allele frequency >1%) and dyslipidemia, with
or without CVD, have been studied. Many of these studies
tested the hypothesis that accumulation of common variants
with small effect sizes could underlie complex phenotypes.
These studies provided evidence for the role of common var-
iants in the etiology of many complex disorders, including
dyslipidemias. However, GWAS can, so far, explain only
8% to 11% of the variance in plasma lipid levels through com-
mon genetic variants.15

More recently, advanced next-generation sequencing
technologies (available at increasingly lower costs) have
reshaped the genetic landscape through providing insight
into genetic variation not only in the protein-coding regions
of DNA (exome), but also in noncoding DNA, by showing
that greater than 80% of the human genome may have

functionality in at least one cell type.16 These large sequenc-
ing efforts have provided better insight into the involvement
of rare variants in known and novel genes in complex disor-
ders,17 and recent data suggest that rare variants or “multiple
rare variants” could also play a role in dyslipidemia.13,18

This chapter provides a summary of the genetics of LDL,
TG, and HDL metabolism. At the end of each section, the
use of the genetic background of lipid profiles to help phy-
sicians treat dyslipidemia to reduce the risk of CVD is
discussed.

GENETIC LOW-DENSITY LIPOPROTEIN
DISORDERS AND THEIR RELATION
TO CARDIOVASCULAR DISEASE

This section focuses on LDLdisorders that are causedbymuta-
tions in single genes (monogenic disorders) thatunderlieboth
hypercholesterolemia and hypocholesterolemia. In accor-
dancewith findings in epidemiologic studies, individuals with
mutations in genes that cause an increase in LDL-C levels are
generally at increased risk of atherosclerosis, whereas muta-
tions that reduce LDL-C levels decrease the risk of CVD.

Monogenic Origins
of Hypercholesterolemia
High levels of LDL-C (5–10 mmol/L, 200–400 mg/dL)19 may
be inherited in an autosomal dominant (mutations in LDLR,
APOB, PCSK9) and in an autosomal recessive (mutations in
LDLRAP1) manner. All these disorders increase atheroscle-
rosis through direct effects on circulating LDL-C levels.

LDLR (OMIM: 606945)
Autosomal dominant hypercholesterolemia is mainly caused
by mutations in the gene encoding for the LDL receptor
(LDLR; LDLR) and leads to premature CVD.20 So far, more
than 1800 mutations in LDLR have been identified.21 The
resulting disease, characterized by high plasma LDL-C levels
and often the presence of tendon xanthomas, is commonly
named familial hypercholesterolemia (FH). These mutations
affect different functions of the LDLR, including protein
production, trafficking and localization, binding of LDL,
internalization, and recycling.22 Heterozygotes for LDLRmuta-
tions (estimated frequency of 1 in 137–500 in different popu-
lations23) present with TC of 8 to 15 mmol/L (310–580 mg/dL)
and LDL-C of 5 to 10 mmol/L (200–400 mg/dL) and are char-
acterized by an early onset of atherosclerosis and premature
CVD (before ages 55 and 65 years for men and women,
respectively).23

Patients with homozygous or compound-heterozygous
LDLR mutations have TC of 12 to 30 mmol/L (460–
1160 mg/dL) and are prone to develop atherosclerosis in
childhood. If untreated, the disorder could lead to death
before the age of 20 years. Homozygous FH has an estimated
prevalence of 1 in 1 million.23 The process of atherosclerosis
and early-onset CVD in FH patients can be significantly
delayed by early treatment of high LDL-C levels by using
lipid-lowering drugs.24,25

APOB (OMIM: 107730)
Apolipoprotein (apo) B, encoded by the APOB gene, is a
major protein of LDL and serves as a ligand for binding
LDL to the LDLR. Mutations in APOB may affect or block
the binding of LDL to its receptor, which results in a marked

TABLE 6-1 Genes Involved in Mendelian Disorders of
Dyslipidemia

GENE MUTATION TYPE
PRIMARY LIPID
PHENOTYPE

LDLR LOF High LDL-C

APOB Loss of binding to LDLR High LDL-C

APOB LOF Low LDL-C

PCSK9 GOF High LDL-C

PCSK9 LOF Low HDL-C

LDLRAP1 LOF High LDL-C

LIPA LOF High LDL-C

ABCG5/ABCG8 LOF High LDL-C

MTTP LOF Low LDL-C

LPL LOF High TG

APOC2 LOF High TG

APOA5 LOF High TG

GPIHBP1 LOF High TG

LMF1 LOF High TG

APOC3 LOF Low TG

ANGPTL3 LOF Low TG

ANGPTL4 LOF Low TG

APOA1 LOF Low HDL-C

ABCA1 LOF Low HDL-C

LCAT LOF Low HDL-C

CETP LOF High HDL-C

LIPC LOF High HDL-C

LIPG LOF High HDL-C

SCARB1 LOF High HDL-C

GOF, gain of function; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; LOF, loss of function;
TG, triglyceride.

69

6Im
p
act

o
f
R
are

an
d
C
o
m
m
o
n
G
en

etic
V
arian

ts
o
n
Lip

o
p
ro
tein

M
etab

o
lism



rise of plasma LDL-C. The disorder is also known as familial
defective apoB-100 (FDB) and is associated with TC levels in
the range of 6.5 to 10 mmol/L (250–400 mg/dL)26 and prema-
ture CVD.27,28 Historically, only a small portion of the very
large apoB protein was considered important for binding
to the LDLR.29 R3500Q is the most studied mutation in this
region and has a reported frequency of 1 per 200 to
1200.30 More recently, however, variants outside this domain
were also found to underlie FDB,29 suggesting the need for
sequencing the entire APOB gene.

PCSK9 (OMIM: 607786)
Rare gain-of-function mutations in the gene coding for
protein convertase subtilisin/kexin type 9 (PCSK9) is the
third, but much rarer, cause of autosomal dominant hyper-
cholesterolemia,31 with an estimated frequency of 1 in 2500
in the general population.32 PCSK9 promotes lysosomal
degradation of the LDLR.33 Gain-of-function mutations cause
enhanced degradation of the LDLR by reducing the total
amount of receptors on the cell surface, causing reduced
LDL clearance from the circulation.34

LDLRAP1 (OMIM: 605747)
Mutations in the gene encoding for LDLR adaptor protein–1
(LDLRAP1)35 may also cause hypercholesterolemia. This
disorder is very rare, with a frequency of 1 in 5 million individ-
uals.32 In contrast to the preceding disorders, this disorder is
inherited in an autosomal recessive fashion and is also known
as autosomal recessive hypercholesterolemia (ARH). Loss of
LDLRAP1 disrupts clathrin-dependent LDLR internalization,
resulting in impaired LDL-C uptake by the liver, which causes
hypercholesterolemia.36 ARH is associated with premature
CVD in the third or fourth decades of life.37

LIPA (OMIM: 613497)
Mutations in the gene encoding for lysosomal acid lipase A
(LIPA) have an estimated frequency of 1 in 130,000
persons,32 and depending on the extent of lysosomal acid
lipase deficiency, result in two phenotypes: (1) the severe,
early-onset Wolman disease, or (2) the less severe choles-
teryl ester storage disease (CESD). TC and LDL-C levels
may be similar to those in individuals with mutations in
APOB or LDLR, but LIPA mutation carriers also have slightly
increased TG and reduced HDL-C levels. In CESD, the sever-
ity of the symptoms, including hepatomegaly and hypercho-
lesterolemia, may be highly variable, presenting in
childhood or adulthood.32 Recently, homozygosity for a
low-frequency, splice-site mutation in LIPA (also known as
E8SJM) was reported to cause ARH accompanied by abnor-
mal hepatic accumulation of cholesterol.38 Current data
about the association of this LIPA variant (frequency
0.0016–0.0025) with lipid levels and risk of CVD has
remained controversial and inconclusive.38,39

ABCG5/G8 (OMIM: 605459/605460)
Heterodimers of the genes encoding adenosine triphosphate–
binding cassette (ABC) G5 (ABCG5) and ABC G8 (ABCG8)
are involved in transport of sterols into the lumen of the gut
and into bile for excretion. Loss-of-functionmutations in these
genes result in sitosterolemia, which is characterized by
increased absorption of plant (sitosterol and campesterol)
and animal sterols and reduced excretion in bile. This results
in the downregulation of hepatic LDLR expression and
an increase in plant and animal sterol concentration in
plasma. Sitosterolemia is a rare autosomal recessive disorder

(�100 patients reported),40 with clinical features similar
to homozygous FH, including tendon and tuberous xantho-
mas, LDL-C levels between 6 and 15 mmol/L (230 and
580 mg/dL),41 and premature CVD.42 The frequency of
ABCG5 and ABCG8 variants in the general population has
not been systematically studied.

Common Variants
and Hypercholesterolemia
In patients with hypercholesterolemia, mutations in the
previously mentioned candidate genes may be responsible
for the lipid phenotype in approximately 25% to 75% of cases,
depending on the clinical and molecular diagnostic criteria
used.43 Similar to other complex disorders, part of the “miss-
ing” heritability may be related to a polygenic origin of the
phenotype. In other words, multiple common LDL-C–raising
variants in different genes, each with a small effect size on
the final phenotype, could jointly cause hypercholesterol-
emia. Meta-analysis of GWAS inmore than 180,000 individuals
showed that greater than 60 loci are associated with plasma
levels of LDL-C.44 These studies rediscoveredmost of themain
long-established candidate genes, but also discovered other
regions of the genome that were associated with LDL-C levels.
This has paved the way to study novel candidate genes
(located in or near those regions) in patients with hypercho-
lesterolemia and in the general population. So far, however,
this has not brought breakthroughs.

The cumulative contribution of common variants identified
by GWAS to variation in plasma lipid levels may be tested
through calculating genetic risk scores: the weighted effect
of different genotypes (variation in multiple genes) is used
to predict the ultimate lipid phenotype. An example is the
study of an LDL-C gene risk score made from 12 SNPs in 11
LDL-C–associated genes (LDLR, APOB, PCSK9, CELSR2,
ABCG8, SLC22A1, HFE, MYLIP, ST3GAL4, NYNRIN, and APOE)
that indicated a strong combined effect on LDL-C levels. This
analysis showed that in the majority of patients in whom no
molecular origin of FH was found, the phenotype could have
a polygenic origin.14 Even in cases with monogenic FH, the
effect of additionalmutations on LDL-C levels is notable, which
could explain phenotype variability (LDL-C levels and athero-
sclerosis) in families with such disorders.

Monogenic Origins of Hypocholesterolemia
Familial hypobetalipoproteinemia (FHBL) is an autosomal
dominant condition defined as LDL-C levels below
2 mmol/L (75 mg/dL) and apoB below 50 mg/dL with no
underlying lifestyle (vegetarian diet or malnutrition) or
medical (hyperthyroidism or chronic liver disease) cause
in individuals with at least one parent with a similar
phenotype. No reliable data about the frequency of FHBL
are available because of lack of systematic studies.

APOB
Of the APOB variants causing hypocholesterolemia that have
so far been identified, the majority are nonsense or splice-
site variants that change the translation of apoB and are asso-
ciated with low LDL-C.45

MTTP (OMIM: 157147)
Mutations of the gene encoding microsomal triglyceride
transfer protein (MTTP) are the major cause of the rare
recessive condition abetalipoproteinemia, which is
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characterized by low plasma TC and TG levels, as well as a
total absence of all apoB-containing lipoproteins. It is distin-
guishable from FHBL, which is caused by APOB mutations,
by normal lipid and low TG levels in heterozygote parents of
homozygote or compound-heterozygote carriers.45 Patients
are also reported to have increased HDL-C levels.

PCSK9
In contrast to gain-of-function mutations, heterozygous
loss-of-function mutations in PCSK9 may result in abnormal
subcellular localization, enhanced susceptibility to cleav-
age, or inability of PCSK9 to exit the endoplasmic reticulum.
Such variants cause marked reductions of LDL-C and reduce
the incidence of CHD by greater than 80%.45,46

Conclusions and Treatment
of Hypercholesterolemia
Mendelian disorders of LDL metabolism provide evidence
that high plasma levels of LDL-C are causally related to the
risk of CVD.47 No exceptions to this rule seem to exist. In
the general population, common DNA variants explain
approximately 10% of variance in plasma LDL-C levels,15

whereas genetic risk scores may explain up to 25% of
LDL-C variation in patients with hypercholesterolemia.
Mendelian randomization48 (see also the Dyslipidemia

and Mendelian Randomization Studies section) efforts
support a causal relationship between LDL-C and risk of
CVD. Genetic variants in LDLR that significantly lower
LDL-C levels have been shown to reduce CHD risk.49 Another
Mendelian randomization study using a combination of nine
LDL-C–reducing SNPs has suggested that genetic lifelong
exposure to lower LDL-C is associated with a substantially
greater reduction in the risk of CVD compared with the
current practice of lowering LDL-C later in life,50 which
indicates that early interventions are likely to produce a
more desirable outcome.
A recent study showed that FH, as defined by a Dutch scor-

ing system, is severely underdiagnosed and undertreated23

in Denmark. The treatment of choice was elaborated in a
recent publication by the European Atherosclerosis Society
(EAS) Consensus Panel.19 In short, the Consensus Panel
recommended that LDL-C–lowering treatment be primarily
based on elevated cholesterol in LDL and not on evidence
of a molecular (genetic) basis for hypercholesterolemia.
Knowledge of the genetic origin of hypercholesterolemia,
however, is valuable to trace family members of the index
patient who are also at increased risk of CVD, to enable early
treatment of other affected individuals.

GENETIC DISORDERS OF TRIGLYCERIDE
METABOLISM AND THEIR RELATION
TO CARDIOVASCULAR DISEASE

This section focuses first on monogenic forms of hypertriglyc-
eridemia and hypotriglyceridemia, followed by recent
insights into the polygenic nature of hypertriglyceridemia.

Monogenic Origins of Hypertriglyceridemia
In the small intestine, dietary lipids are packaged into large
TG-rich lipoproteins (TRLs), named chylomicrons. In the cir-
culation, lipoprotein lipase (LPL) hydrolyzes the TGs in
these particles, thereby producing chylomicron remnants

that are cleared by the liver. The liver repackages TGs into
another type of TRL, that is, very-low-density lipoproteins
(VLDLs), which are secreted into the circulation. This sec-
tion describes mutations in genes that cause severe hypertri-
glyceridemia (TG >10 mmol/L [880 mg/dL]) because of
high-impact disturbances of TG catabolism. This condition
is generally associated with increased risk of recurrent
episodes of potentially life-threatening pancreatitis.12 In gen-
eral, these patients do not have overt atherosclerosis.

LPL (OMIM: 609708)
LPL is the only enzyme that can hydrolyze TGs in TRLs in
plasma51 and is predominantly synthesized in the heart,
adipose tissue, and skeletal muscle. The released free fatty
acids are used either for energy production in muscle or
for fat storage in adipose tissue. Homozygotes or compound
heterozygotes for loss-of-function mutations in LPL present
with severe chylomicronemia, that is, hypertriglyceridemia
as a result of the accumulation of chylomicrons, along with
very low plasma HDL-C and LDL-C levels. LPL-deficient
patients have hepatosplenomegaly, eruptive xanthomas,
and recurrent episodes of abdominal pain, acute pancreati-
tis, or both.52,53 LPL deficiency is a rare disorder, with an
estimated prevalence of approximately 1 in 250,000 individ-
uals. Functional LPLmutations are found in 6.4% of patients
with late-onset hypertriglyceridemia.54 Several nonsynon-
ymous (missense, nonsense, and splice-site) variants have
been reported to decrease LPL concentration or catalytic
activity, thereby increasing plasma TG levels.55–57 Interest-
ingly, one gain-of-function variant in LPL (S447X) has been
consistently associated with lower plasma TG and higher
HDL-C levels and has been used as basis of a gene therapy
trial for treatment of severe chylomicronemia.58,59

APOC2 (OMIM: 608083)
For TG lipolysis, LPL needs apoC-II, which is part of the pro-
teome of TRL, as a cofactor. A complete loss of apoC-II
because of mutations in APOC2 is very rare, and similar to
LPL deficiency, is associated with chylomicronemia and
very low HDL-C levels.60 Heterozygotes usually present with
normal plasma TG levels.61

APOA5 (OMIM: 606368)
ApoA-V is synthesized by the liver, is found on TRL (as well
as HDL), and modulates the actions of LPL.62,63 Rare loss-of-
function APOA5 mutations are associated with hypertrigly-
ceridemia. Unlike loss-of-function mutations in LPL and
APOC2, defects in APOA5 are not always directly linked to
hypertriglyceridemia, and it appears that second hits (either
additional genetic or environmental factors) are important
here.54,64–66 Increased hepatic VLDL production during
pregnancy, for example, may cause severe hypertriglyceri-
demia in patients with such mutations.

GPIHBP1 (OMIM: 612757)
In mice, loss of glycosylphosphatidylinositol-anchored HDL-
binding protein–1 (GPIHBP1) was initially shown to cause
chylomicronemia.67 The protein is found at the luminal
surfaceof endothelial cells of capillaries inadipose tissue, skel-
etal muscle, and the heart (tissues that also express LPL). The
first human GPIHBP1 mutation (p.Q115P) was identified in a
patient with severe hypertriglyceridemia68; although the
mutant protein was localized at the endothelial cell surface,
it was unable to bind to LPL and chylomicrons. So far, only
eight cases of GPIHBP1 deficiency have been described.69
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LMF1 (OMIM: 611761)
Mutations in the lipase mutation factor–1 (LMF1) gene
(LMF1)were first identified inmice, in which lack of the gene
caused postpartum chylomicronemia and death from ische-
mia and cyanosis.70,71 The human homolog of this gene was
subsequently sequenced in individuals with chylomicrone-
mia anddefective lipase activity,70which led to the identifica-
tion of human LMF1 deficiency (p.Y439X) in a patient with
recurrent pancreatitis and very high plasma TG concentra-
tions (�30 mmol/L; �2800 mg/dL) caused by greater than
90% reduction inLPLactivity.Onlyoneotherpatient hasbeen
described with this disorder,72 and no common LMF1 vari-
ants havebeen shown tobeassociatedwith plasmaTG levels.

Monogenic Origins of Hypotriglyceridemia
APOC3 (OMIM: 107720)
ApoC-III inhibits LPL-mediated TG hydrolysis and may also
affect hepatic lipoprotein uptake. The apoC-II/apoC-III ratio
has been suggested as a determinant of the net activation or
inhibition of LPL.73,74 In addition, intracellular apoC-III pro-
motes assembly and secretion of VLDL particles.75 Rare
loss-of-function variants in APOC3 cause increased lipolysis,
resulting in lower TG levels. Heterozygosity for a premature
truncation of the protein (R19X), for example, has been asso-
ciated with a 50% reduction in plasma apoC-III concentra-
tion, decreased plasma TG and LDL-C levels, and
increased HDL-C levels, accompanied by reduction of sub-
clinical atherosclerosis.76 In contrast, two functional APOC3
promoter variants are associated with a twofold increase in
fasting plasma TG77 and with an increased risk of the meta-
bolic syndrome.78,79

ANGPTL3 (OMIM: 604774)
Angiopoietin-like–3 protein (ANGPTL3) represents another
inhibitor of LPL activity.80 Disruption of Angptl3 in mice
was shown to decrease plasma TG levels and improve TC
level and nonesterified fatty acid profile; overexpression sig-
nificantly pushed lipoproteins toward an unfavorable phe-
notype.81 Resequencing of more than 3500 subjects in the
Dallas Heart Study led to the identification of several hetero-
zygous nonsynonymous variants with a negative effect on
synthesis or secretion of ANGPTL3, thereby decreasing
plasma TG concentration.82

ANGPTL4 (OMIM: 605910)
Angiopoietin-like–4 protein (ANGPTL4) is a third inhibitor of
LPL, but the protein also affects the activity of endothelial
lipase (an enzyme with phospholipase activity, especially
onHDL).Angptl4-knockoutmice exhibit increased LPL activ-
ity, 65% to 90% lower TG levels, slightly lower TC levels, and
lowerHDL-C and circulatingVLDL levels, whereas transgenic
mice have reduced postheparin plasma LPL activity and ele-
vated plasma TG levels.83 Rare nonsynonymous variants are
associated with plasma concentrations of TG andHDL-C.82,84

Polygenic Origins of Plasma Triglyceride
Phenotypes
Phenotypic heterogeneity among patients with hypertriglyc-
eridemia is defined on the basis of qualitative and quantitative
biochemical differences in plasma lipoproteins that form
the basis of theWorld Health Organization (WHO) or Fredrick-
son hyperlipoproteinemia (HLP) phenotypes. The HLP pheno-
types defined on the basis of hypertriglyceridemia (HLP-HTG)

include one monogenic pediatric phenotype, called chylomi-
cronemia (HLP type I), and four polygenic familial pheno-
types, called combined hyperlipidemia (HLP type IIB),
dysbetalipoproteinemia (HLP type III), primary hypertriglyceri-
demia (HLP type IV), and mixed hyperlipidemia (HLP type
V). HLP type I is usually caused by homozygous loss-of-
function mutations in genes such as LPL, APOC2, APOA5,
LMF1, and GPIHBP1.85 However, the genetic architecture
underlying predisposition to hypertriglyceridemia and pheno-
typic heterogeneity among the other HLP-HTG phenotypes is
less defined.85

Recent studies have shown that different types of hypertri-
glyceridemia are indistinguishable at the level of common
SNPs.86 Both an increased burden of common variants
and rare variants with larger effect sizes could be involved
in the ultimate phenotype.12,85 Although a minimal number
of common variants are associated with susceptibility to
moderate hypertriglyceridemia (HLP type IV), accumulation
of additional risk alleles could lead to severe hypertriglycer-
idemia (HLP type V). The presence of the APOE E2/E2
genotype is associated with dysbetalipoproteinemia (HLP
type III); presence of common variants in LDL-C–associated
alleles could cause HLP type II.85

In another study, almost 50% of patients with severe hyper-
triglyceridemia were shown to be carriers of at least one rare
APOA5, LPL, or APOC2 variant, compared with only 8.9% of
controls carrying the same variants.54 This further supported
the idea that, in many cases, rare and common variants
combined may result in severe TG phenotypes. Identifica-
tion of the genes and variants has advanced insight into their
effects on circulating TGs.

Clinical Considerations
When considering medical care of severe hypertriglyceride-
mia of genetic origin, the treating physician should be aware
of the risk of potentially lethal pancreatitis, which is often
noted in early childhood (often in combination with failure
to thrive). In addition to severe dietary caloric restrictions,
the use of foods rich in medium-chain fatty acids has been
reported to be beneficial as has been described elsewhere.87

In addition, alipogene tiparvovec (Glybera®; uniQure, Amster-
dam, The Netherlands) has been approved in the European
Union for LPL deficiency as an orphan drug.88 For the treat-
ment of less severe hypertriglyceridemia to reduce the risk
of CVD, the drugs that have been tested so far (including
fibrates, peroxisome proliferator–activated receptor agonists,
and nicotinic acid derivatives) have not been shown to be
effective in the way they were tested.89–91 Thus, genetic data
and pharmaceutical interventions in TG metabolism have
not shown the effects that were anticipated on the basis of epi-
demiologic findings with regard to risk of CVD.

GENETIC DISORDERS OF HIGH-DENSITY
LIPOPROTEIN METABOLISM AND THEIR
RELATION TO CARDIOVASCULAR DISEASE

Epidemiologic studies have shown that low HDL-C levels are
associatedwith increased risk of CVD. LowHDL-C is themost
common lipoprotein abnormality among patients with
CVD.4 The role of HDL in transporting cholesterol from
peripheral tissues to the liver for excretion into bile (a pro-
cess known as reverse cholesterol transport) is most often
used to explain the inverse correlation between HDL-C levels
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and atherosclerosis. However, other antiatherogenic
functions such as antioxidative, antithrombotic, and antiin-
flammatory roles have also been suggested.92–94 This
section describes mutations in single genes that lower the
cholesterol content of HDL in the circulation (hypoalphali-
poproteinemia) and those that elevate HDL-C levels (hyper-
alphalipoproteinemia). In addition, evidence of a polygenic
origin of extreme HDL levels is discussed.

Monogenic Origins of
Hypoalphalipoproteinemia
APOA1 (OMIM: 107680)
ApoA-I is the main protein component of HDL and is
required for the assembly of small nascent HDL in the liver
and small intestine, as well as its maturation in the circula-
tion. Patients with deleteriousmutations in APOA1 that affect
biosynthesis and secretion of apoA-I have extremely low
plasma HDL-C levels and often present with premature
CVD.95–97 However, some cases of structural APOA1
mutations do not show increased burden of CVD despite
significant reduction of plasma HDL-C levels.98

LCAT (OMIM: 606967)
Homozygosity or compound heterozygosity for mutations in
lecithin:cholesterol acyltransferase (LCAT; LCAT) is another
cause of extremely reduced HDL-C levels, whereas heterozy-
gotes have half normal HDL-C levels.99 LCAT is essential for
HDL maturation; by esterifying free cholesterol on nascent
particles, LCAT transforms them from discoid to spherical
HDL. LCAT deficiency syndromes are inherited in an
autosomal recessive manner. Mild mutations cause progres-
sive corneal opacification, leading to loss of vision later in
life; this disorder is known as fish eye disease. Complete loss
of LCAT (familial LCAT deficiency) causes a much more
severe condition characterized by corneal opacification,
mild anemia, and progressive loss of renal function that
often leads to renal failure during the fourth or fifth decade
of life.99 Although the impact of LCAT mutations on HDL-C
levels is very strong, carriers of these mutations do not gen-
erally present with more atherosclerosis.100–102

ABCA1 (OMIM: 600046)
Loss-of-functionmutations on both alleles of the ABCA1 gene
cause Tangier disease (OMIM: 205400), which is character-
ized by HDL deficiency and accumulation of cholesterol in
macrophages, leading to large yellow-orange tonsils and
enlarged liver, spleen, and lymph nodes. In heterozygotes,
HDL-C levels are as for APOA1 and LCATmutations, reduced
by 50%. ABCA1 lipidates (with phospholipids) apoA-I and
promotes cholesterol efflux from cells. Individuals with
Tangier disease do not develop premature CVD in childhood
or early adulthood, unlike patients with FH. In the general
population, variations in ABCA1 have been reported to
increase risk of CHD; however, this has been proposed to
be independent ofHDL-C levels.103 In patients seen clinically,
mutations in ABCA1 are associated with both decreased
HDL-C and increased atherosclerosis.104

Monogenic Origins of
Hyperalphalipoproteinemia
CETP (OMIM: 151670)
Cholesteryl ester transfer protein (CETP) facilitates choles-
teryl ester transfer from HDL to apoB-containing lipoproteins
(VLDL, LDL) in exchange for TG, thereby indirectly

mediating hepatic uptake of cholesteryl esters by LDLR
and LDLR-related proteins.92 CETP deficiency causes large
(two- to threefold) increases in cholesteryl ester–rich HDL
levels, whereas LDL-C and apoB levels are normal or slightly
reduced.105 Heterozygotes have a less-pronounced increase
in HDL-C (10%–35%). Although CETP mutations are
relatively common in the Japanese population, they are
generally rare in other populations.106,107 Study of the rela-
tionship between CETP deficiency and CVD risk has pro-
vided contradictory data.105,108–111 Inhibition of CETP to
reduce CVD risk by increasing plasmaHDL-C levels has been
the subject of several clinical trials that have used synthetic
CETP inhibitors. Thus far, these trials have not shown an
effect on CVD.89,112

LIPC (OMIM: 151670)
LIPC encodes hepatic lipase, a TG lipase whose activity
reduces HDL size and enhances the dissociation of lipid-free
or lipid-poor apoA-I from HDL.94 Very few cases of LIPC
deficiency (an autosomal recessive disorder) have been
reported.94,113,114 These patients present with abnormal catab-
olism of remnant lipoproteins, elevated HDL-C, TG-enriched
HDL, elevated apoA-I levels, and larger HDL particles.115 Sev-
eral LIPC-deficient patients were reported to have premature
CHD,116–118 although the question of whether LIPC deficiency
is proatherogenic or antiatherogenic is still being debated.116

LIPG (OMIM: 603684)
LIPG encodes endothelial lipase, which is expressed in the
liver, lungs, kidneys, and placenta, and exhibits primarily
phospholipase activity, with amajor preference for HDL over
TRL. So far, no human cases of LIPG deficiency have been
described. Singaraja et al. identified and functionally charac-
terized several partial and complete loss-of-function LIPG
genemutations in humans.119 Although this study supported
the hypothesis that antagonism of endothelial lipase func-
tion would provide cardioprotection, other studies showed
no relation between LIPG variation and CHD.120,121

SCARB1 (OMIM: 601040)
Scavenger receptor class B type I (SR-BI), encoded by
SCARB1, is expressed mainly in steroidogenic tissues and
the liver, where it acts as a major HDL receptor and controls
the selective uptake of cholesteryl esters from HDL.122 SR-BI
mediates bidirectional flux of esterified cholesterol between
cells and HDL.122–124 In mice, SR-BI is a major player in HDL
metabolism. Knockout mice displayed a twofold increase in
plasma HDL-C, accelerated atherogenesis, and disruption of
cholesterol transport to the liver,125–127 and showed an
impaired adrenal glucocorticoid stress response.128 Several
rare point mutations in SCARB1 in patients with high HDL-C
levels have been functionally characterized.129–131 In one
case, carriers of a functional mutation displayed a mean
30% increase in HDL-C levels, reduced cholesterol efflux from
macrophages, and mild adrenal insufficiency.130

Polygenic Origin of Extreme High-Density
Lipoprotein Cholesterol Levels
Mutations in the previously described key HDL candidate
genes explain extreme HDL-C levels in only a few percent-
ages of the individuals studied.18,99,119,132,133 This, together
with the observation that common variants can explain only
15% of the heritability observed for HDL-C levels,15 led to the
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concept of a “rare allele model” in which multiple rare
variants with moderate-to-large effect on the phenotype play
a role in the heritability of HDL-C levels. In line with this
hypothesis, recent small-scale studies have also shown that
some individuals in families with apparent Mendelian forms
of dyslipidemia carry multiple mutations in different genes
with established roles in HDL-C metabolism.18,134 Recently,
targeted sequencing of approximately 200 lipid-associated
genes in individuals with extreme HDL-C levels showed that
more than 87% of the individuals carried 2 or more rare non-
synonymous variants, and that 28% of the individuals carried
5 or more such variants in lipid-associated genes.13 On the
basis of these data, a majority of patients with extreme
plasma HDL-C levels were shown to carry multiple rare
variants in lipid-related genes, which suggests a polygenic
origin of this phenotype.13

Conclusions and Treatment
Studies of the genetic disorders of HDL metabolism gener-
ally do not indicate that individuals with genetic HDL defi-
ciency are at high risk of atherosclerosis, although in
some cases, such patients referred to the clinic may present
with severe premature CVD. Conversely, individuals with
mutations that underlie hyperalphalipoproteinemia do not
generally present with reduced atherosclerosis. Also, when
considering common variants in the genes discussed,
genetic support does not exist for the idea that raising
HDL-C with pharmaceutical interventions will decrease
CVD risk. In this regard, Mendelian randomization studies
(discussed later in this chapter) have especially contributed
to refuting the hypothesis that raising HDL-C will be benefi-
cial. Thus, use of lipid-modulating medication in individuals
with genetic HDL disorders is not indicated. One should be
aware, however, that in some cases, every possible means of
CVD risk reduction is warranted. APOA1 deficiency and
ABCA1 deficiency, for example, may accelerate atheroscle-
rosis dramatically in affected patients. When it comes to
medication, however, no registered drugs have been shown
to reduce CVD successfully as yet, and in this regard, appro-
priate lifestyle intervention and drugs that target LDL metab-
olism are recommended. In the case of complete LCAT
deficiency, it is important to be aware of severe renal com-
plications in the third decade of life. In the near future,
enzyme-replacement therapy may become available for this
rare disorder of HDL metabolism.

DYSLIPIDEMIA AND GENOME-WIDE
ASSOCIATION STUDIES

The Global Lipids Genetics Consortium (GLGC)135 recently
evaluated the association between genetic variation and
lipid parameters in more than 100,000 (multiethnic) individ-
uals. This study identified 95 loci significantly associated
with at least one lipid trait (P <5�10�8), among which 42,
37, 47, and 32 genes were associated with TC, LDL-C, HDL-
C, and TG, respectively. One year later, a meta-analysis of
more than 65,000 individuals, in which a dense gene-centric
approach was used, led to the identification of an additional
seven TC-, five LDL-C–, five HDL-C–, and six TG-associated
genes.15 The most recent meta-analysis of GWAS data
released by GLGC included more than 180,000 individuals
of European and non-European ancestry and identified
157 loci associated with lipid levels, including 62 previously

unreported loci. This analysis added 27 HDL-C–, 21 LDL-C–,
22 TC-, and 12 TG-associated novel loci to those listed in the
previous two studies.44

Importantly, meta-analyses of unbiased GWAS data iden-
tified and replicated genes with an established role in lipid
metabolism.15,44,135 This serves as direct evidence that
GWAS is able to identify genes with relevance to plasma lipid
concentration, and that newly identified genes could also be
of biologic relevance.99,131 However, the questions of what
extent the products of these genes contribute to the eventual
phenotype and through which mechanisms such contribu-
tions occur need to be investigated in nearly all cases.

Among the identified loci, the following genes were indi-
cated to be associated with CHD risk: APOA1, NAT2, TRIB1,
LPL, FRMD5,MAP3K1,CAPN3,CYP26A1, VEGFA, PINX1, and
KLHL8 in TG-associated loci; SORT1, LDLR, ABCG5/8, LPA,
APOE, CMTM6, ACAD1, ST3GAL4, PCSK9, and APOB in
LDL-C–associated loci; BRAP, HNF1A, CILP2, C6orf106,
SPTY2D1, HMGCR, HBS1L, HPR, and ASAP3 in TC-associated
loci; and RBM5, IRS1, CETP, KLF14, ZNF664, CITED2,
ABCA8, IKZF1, KAT5, and GALNT2 in HDL-C–associated
loci.44 Multivariate analyses of these data have shown that
related changes in LDL-C and TG affect CHD risk, but that this
is not the case for HDL-C.136

DYSLIPIDEMIA AND MENDELIAN
RANDOMIZATION STUDIES

Mendelian randomization uses genetic information in a pop-
ulation to estimate the association of a modifiable exposure
(e.g., lipid levels) with outcome (e.g., CVD). The random
allocation of genotype (during gametogenesis) predisposing
to a certain phenotype minimizes confounding. As an exam-
ple, if LDL-mediated pathways were causal for CVD, carriers
of genetic variants associated with genetically determined
low concentrations of LDL-C should be at decreased risk
of CVD because of lifelong exposure to lower plasma
LDL-C levels, as has been shown to be the case.50

A combination of genetic scores made for LDL-C, HDL-C,
and TG, based on data from the first meta-analysis of lipid
data by GLGC,135 showed a causal relationship between
LDL-C and carotid intima–media thickness, a measure of
subclinical atherosclerosis, whereas evidence was lacking
for HDL-C and TG.137 In another study, a SNP in the promoter
region of APOA5was shown to be associated with plasma TG
levels and risk of CHD, which suggests a causal association
between TG-mediated pathways and CHD.138 By using SNPs
with different allele frequencies in individuals with extremes
of TG phenotypes in the general population, similar studies
showed a causal association between elevated levels of rem-
nant cholesterol in hypertriglyceridemia and increased risk
of myocardial infarction.139

Although low plasma HDL-C levels are robustly associated
with increased risk of myocardial infarction, genetically
decreased HDL-C (resulting from a variant in LCAT that is
associated with HDL-C levels) is not. This may suggest that
a low HDL-C level per se does not cause atherosclerosis.140

This is exemplified by a loss-of-function LIPG variant, which
was reported to be associated with HDL-C levels but not with
CVD risk.121 Heterozygosity for loss-of-function ABCA1muta-
tions was associated with reduced HDL-C levels but was not
associated with an increased risk of ischemic heart disease
(IHD) in one study,141 whereas another study did show an

74

I

B
A
SI
C
M

EC
H
A
N
IS
M
S



association between ABCA1 variants and risk of IHD, inde-
pendent of plasma HDL-C levels.103 These results are in line
with the observation that the genetic risk score based on 14
HDL-C–influencing common SNPs, from the GLGC meta-
analysis135 was not associated with CHD in a large cohort
of more than 12,000 cases and less than 40,000 controls.121

Altogether, these data suggest that genetic determinants of
plasma levels of LDL-C and TRLs are concordant with both
the magnitude and the direction of the expected risk of
CVD, whereas genetically altered HDL-C concentrations do
not seem to influence the risk of CVD.48

CONCLUSIONS

Pleiotropy and Polygenicity in Lipid-Related
Phenotypes
Traditionally, clinicians and lipidologists have been study-
ing LDL-C, HDL-C, and TG as independent lipid traits. Recent
insights into the genetics of dyslipidemia gainedmainly from
GWAS have, however, shown that the majority of genes asso-
ciated with lipid phenotypes are associated with more than
one lipid trait, a phenomenon referred to as pleiotropy.
Examples include LPA, GCKR, MLXIPL, TRIB1, APOB, PLTP,
FADS, USF1, APOM, PCYT1, sPLA2, APOCII, LPL, APOA5,
GPIHBP1, APOC3, ANGPTL3, ANGPTL4, GLCE, ABCG1,
OSBPL8, GBA, and LIPA.
One of the largest GWAS on circulating plasma lipids

(GLGC) showed that only one LDL-C–, six TC-, and eleven
TG-associated genes were associated solely with the respec-
tive lipid. Thus, the majority of lipid-associated loci were
associated with at least two lipid phenotypes.135 Although
in some cases, the data suggested that variation in one gene
affected (primarily) one lipid trait and that the change in
other lipid trait was a consequence of the first (APOA5
andMLXIPL for TG, CETP and LIPC for HDL-C), the existence
of common pathways could not be ruled out. This indicates
the complexity underlying lipid metabolism, because many
of the lipid-associated genes could be involved in metabo-
lism of different lipoproteins with as of yet unknown mech-
anisms. It should be noted that GWAS does not address the
biologic relevance of the variants or genes in lipid metabo-
lism, so further detailed experimental proof is needed to
comment on this issue. In addition, the frequency of specific
genetic variations determine whether loci are directly in the
light (significant P values), whereas others remain in dark-
ness, although the latter group might have potentially far
stronger biologic and clinical effects.
Another level of complexity has become apparent

through targeted sequencing or generation of allele scores
of lipid candidate genes in individuals from extreme tails
of the normal distribution of lipid phenotypes compared
with controls. As described previously, recent data from
the LDL, TG, and HDL fields suggest that pleiotropy and poly-
genicity play significant roles in the etiology of dyslipidemia.

Lipid Genetic Risk Prediction
and Perspective
Genetic information helps in the early diagnosis and treat-
ment of unfavorable lipid phenotypes to reduce risk of
CVD.19 In the future, cumulative risk scores of genetic

variants associated with increased CVD risk may help
improve risk stratification in patients, especially those in
the intermediate-risk category.142 Application of such risk
scores could help physicians to start and manage treatment
before clinical manifestation of the disease. It is hoped that
genome sequencing will help to generate risk scores with
better discrimination through the identification of common
and rare functional variants and their deleterious or protec-
tive effect on the risk phenotype.143

Genetics has been instrumental to the understanding of
lipid metabolism and risk of CVD. Although tremendous
technologic advances are expected to further understanding
in the future, they have, over the past decade, underscored
that the complexity of this issue goes beyond the imagina-
tion. So far, little has changed in clinical practice, in that
the phenotype (e.g., high LDL-C) should be treated and that
genetics could potentially be used for early intervention, as
discussed elsewhere.19
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INTRODUCTION

The oxidation hypothesis of atherosclerosis, summarized by
Daniel Steinberg, Joseph Witztum and colleagues in 1989 in
their classic article, “Beyond cholesterol: modifications of
low-density lipoprotein that increase its atherogenicity,”1 sug-
gests that oxidative modifications of low-density lipoprotein
(LDL) promote LDL atherogenicity. This chapter discusses
the concept of oxidized LDL (OxLDL), its immune and proin-
flammatory effects, and its relevance to the development of
atherosclerotic lesions. It also reviews the emerging data on
translational applications, such as biomarkers, molecular
imaging, and therapeutic interventions targeting oxidation-
specific epitopes (OSEs), that is, oxidation-derived molecular
species found in OxLDL and atherosclerotic lesions.

The Low-Density Lipoprotein Paradox
and Oxidatively Modified Low-Density
Lipoprotein
After much debate in the 1970s and 1980s, it has become
widely accepted that an elevated plasma level of LDL choles-
terol (LDL-C) is a causal pathogenic factor in the develop-
ment of atherosclerosis. The primary evidence of this is
the reduced incidence of all-cause mortality and recurrent
cardiovascular events in clinical trials of LDL-C–lowering
statin therapy.2 In addition, the homozygous form of familial
hypercholesterolemia (HFH) frequently results in LDL-C
levels of greater than 500 mg/dL; patients with HFH often
develop systemic atherosclerosis and myocardial infarction
(MI) in the first two decades of life.3 The landmark studies of
Joseph Goldstein and Michael Brown established that the
affected gene in most of these patients encoded the LDL
receptor, a membrane protein to which LDL binds with high
affinity, leading to its internalization and degradation within
the cell.4 Patients with HFH have a variety of abnormalities in
taking up circulating LDL-C, mainly because of absent or
reduced LDL receptor function, yet they manifest pathologic
accumulation of cholesterol in subcutaneous and tendon

xanthomas and in arterial lesions, despite having LDL that
is structurally and metabolically similar to LDL from normal
individuals. Therefore, this cholesterol accumulation in
patients with HFH must be occurring by a pathway other
than the LDL receptor.

This apparent paradox was explained by demonstrating
the presence of OxLDL or modified LDL and complemen-
tary scavenger receptors that mediate the unregulated
uptake of OxLDL (Fig. 7-1). Goldstein et al.5 initially
described the acetyl LDL receptor, which binds LDL modi-
fied in vitro with acetic anhydride. Unlike the LDL receptor,
which is downregulated as the cell cholesterol content
increases, the acetyl LDL receptor was not downregulated,
but continued to be fully active even as the cell cholesterol
content increased markedly. Subsequently, Kodama et al.6

cloned and sequenced the acetyl LDL receptor, which was
redesignated the scavenger receptor, type A (SR-A). How-
ever, all these studies were performed in vitro, and the bio-
logic significance was uncertain until Henriksen et al.7

reported in 1981 that all cells in the vessel wall could mod-
ify LDL in a way to make it a ligand for scavenger receptors
on macrophages. Studies by Steinbrecher et al.8 further
showed that all of these cell-induced changes were blocked
by a number of antioxidants (e.g., vitamin E) or by addition
of 5% to 10% serum to the media, and that all of these
changes could be reproduced by simply incubating LDL
with copper to catalyze nonenzymatic oxidation. Thus, oxi-
dative modification of LDL seemed to be a biologically
plausible mechanism that could explain foam cell
formation.

Although this chapter deals primarily with oxidation of LDL,
it is important to recognize the significanceofhigh-density lipo-
protein (HDL) modification, which results in the formation of
dysfunctional HDL,9 and a number of alternativemechanisms
by which foam cells might be generated. These include, but
arenot limited to,macrophageuptakeofaggregatedandextra-
cellular matrix–trapped LDL, immunoglobulin G (IgG)
immune complexes with aggregated or modified LDL, and
selective uptake of cholesterol ester (CE).10–13
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MECHANISMS OF LOW-DENSITY
LIPOPROTEIN OXIDATION

The LDL particle is exquisitely sensitive to oxidative damage
because of its complex lipid–protein composition. Each
LDL particle contains approximately 700 molecules of phos-
pholipids (PLs), 600 molecules of free cholesterol, 1600 mol-
ecules of CEs, 185 molecules of triglycerides, and one
molecule of apolipoprotein B-100 (apoB-100), which, in
turn, is composed of 4536 amino acid residues. LDL in
plasma is reasonably stable, but once it has been purified,
it begins to oxidize rapidly. Both the protein and the lipid
moieties undergo oxidative modification; the overall
process is enormously complex. Table 7-1 reviews the
mechanisms through which LDL oxidation may influence
atherogenicity.

Copper-Oxidized Low-Density Lipoprotein
OxLDL produced in a test tube from LDL incubated over-
night with copper sulfate14 is a common model of OxLDL
used in experimental studies. Copper-catalyzed oxidation
results in an extreme degree of LDL modification—as much
as 40% of PLs are oxidized, yielding numerous aldehyde

fragments, which, in turn, extensively modify apoB-100.
The fatty acid side chains of CEs are also susceptible to oxi-
dative damage, and cholesterol’s polycyclic sterol ring is
subject to oxidative attack as well. Although such extreme
LDL oxidation is unlikely to occur in vivo, many molecular
species of oxidized lipids and many types of apoB-100
modification found in copper-oxidized OxLDL have also
been found in human atherosclerotic lesions.

Low-Density Lipoprotein Oxidation
by Heme and Hemoglobin
Divalent iron cations (as in iron chloride) can also induce
LDL oxidation but to a lesser degree than copper. However,
heme, an iron complex with protoporphyrin IX, is a very
strong LDL-oxidizing agent, especially when activated by
low concentrations of a peroxide.15 Heme is the oxygen-
binding prosthetic group of hemoglobin (Hb). Even intact
erythrocytes may be a source of catalytically active heme.
Hb catabolism yields low levels of free hemin (Fe3+), which
accumulates in the membrane of erythrocytes. Under nor-
mal circumstances, hemopexin and albumin clear hemin
from the erythrocyte membrane. However, an in vitro study
of the kinetics of hemin clearance demonstrated that under
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FIGURE 7-1 Pattern recognition of oxidation-specific DAMPs and microbial PAMPs. Using the example of the PC epitope, this diagram illustrates the hypothesis of the
emergence and positive selection of multiple PRRs that recognize common epitopes, shared by modified self and microbial pathogens. According to this hypothesis, oxidation of
plasma membrane PLs in apoptotic cells alters the conformation of the PC head group, yielding an exposed epitope that can be recognized by macrophage scavenger receptors,
NAbs, and pentraxins such as CRP. These PRRs were selected to clear apoptotic cells from developing or regenerating tissues. Recognition by the same receptors of the PC epitope of
capsular polysaccharide in gram-positive bacteria (e.g., Streptococcus pneumoniae) strengthened positive selection of these PRRs and probably helped to select additional strong
proinflammatory components to PRR-dependent responses. (Note that the PC on the bacteria is not part of a PL.) Finally, oxidized lipoproteins, which are prevalent in humans as a
result of dyslipidemia and the impact of environmental factors and are also prevalent in experimental animals, bear OxPLs with the PC epitope exposed in an analogous manner to
that of apoptotic cells. This leads to OxLDL recognition by PRRs and initiation of innate immune responses. The balance between proinflammatory responses of cellular PRRs and
atheroprotective roles of NAbs plays an important role in the development of atherosclerosis. Manymore oxidation-specific epitopes likely represent such DAMPS and corresponding
PRRs that represent respective innate responses. CRP, C-reactive protein; DAMP, damage-associated molecular patterns; NAb, natural antibodies; PAMP, pathogen-associated
molecular patterns; PC, phosphocoline; PL, phospholipid; PRR, pattern recognition receptors; OxLDL, oxidized low-density lipoprotein; OxPL, oxidized phospholipids. (Modified
from Taleb A, Witztum JL, Tsimikas S. Oxidized phospholipids on apoB-100-containing lipoproteins: a biomarker predicting cardiovascular disease and cardiovascular events.
Biomark Med. 2011;5:673-694.)
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conditions of hyperlipidemia and inflammation, LDL and
HDL can transiently bind hemin in whole blood, and thus,
become mildly oxidized.16

Small amounts of Hb are constantly leaking from dam-
aged erythrocytes, particularly in the vascular regions with
turbulent flow, such as vessel bifurcations and aortic curva-
tures, and in the vasa vasorum of atherosclerotic lesions. LDL
oxidation by Hb results in apoB–apoB crosslinking and in
Hb–apoB crosslinking in blood, as well as robust lipid perox-
idation.17,18 Hb-induced LDL oxidation has been suggested
to contribute significantly to the increased levels of OxLDL
found in the plasma of patients on hemodialysis.19,20 The
oxidative damage by free Hb is normally prevented by Hb
binding to haptoglobin (Hp).21 Hp has two allelic variants,
Hp1 and Hp2. The Hp2 variant is less effective than Hp1
in preventing Hb-induced oxidation, and the antioxidative
efficiency of Hp2 toward glycated Hb1Ac is further
reduced.22 Remarkably, individuals with the Hp2-2 pheno-
type, which is found in up to 37% of Caucasians, have a
higher risk of cardiovascular events compared with the
populations with Hp1-1 and Hp2-1.23,24 The odds ratio of hav-
ing cardiovascular disease (CVD) in individuals with the
Hp2-2 phenotype who also have diabetes is five times greater
than in individuals with the Hp1-1 phenotype. An intermedi-
ate risk of CVD is associated with the Hp2-1 phenotype.25–27

Transgenic Hp2-2 mice with an apoE�/�background have
more iron deposits and lipid peroxidation products, as well
as macrophage accumulation in atherosclerotic lesions,
compared with apoE�/�controls that have the wild-type
mouse Hp1-1 genotype.28 In human aortic plaques, the
Hp2-2 phenotype has been associated with increased iron
content, along with expression of oxidized PLs and
malondialdehyde-like OSEs, increased percentages of apo-
ptotic cells, nuclear and deoxyribonucleic acid (DNA) frag-
mentation, nuclear condensation, active caspase-3 density,
cytoplasmic blebs, and eosinophilia.29

Enzymatic and Cell-Mediated Oxidation
of Low-Density Lipoprotein
Incubation of LDL with endothelial cells (ECs), smooth mus-
cle cells, and macrophages accelerates its oxidative modifi-
cation. A number of different enzyme systems, such as
lipoxygenases, myeloperoxidase, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases, and nitric oxide
synthases (NOS), have been shown to contribute to the oxi-
dation of LDL.

An enzyme with nonheme iron in its catalytic site, 12/15-
lipoxygenase (LO), has been proposed to play a major role
in LDL oxidation in vivo.30–35 The classic reaction catalyzed
by 12/15LO is the oxygenation of arachidonic acid at carbon
12, 15, or both (hence, the name of the LO enzyme). 12/15LO
is capable of oxygenating not only free fatty acids but also
polyunsaturated acyl chains in PLs and CEs.36 Yoshimoto
et al. suggested a mechanism explaining how intracellular
12/15LO mediates oxidation of extracellular LDL and partic-
ularly of its CEs that reside in the hydrophobic core of the
lipoprotein.37,38 According to their hypothesis, LDL binds
to the macrophage LDL receptor–related protein–1 (LRP-
1), which, in turn, induces 12/15LO translocation from the
cytosol to the cell membrane. At the site of the LDL–LRP-1
complex, LRP-1 initiates an exchange of CEs between LDL
and the cell, leading to 12/15LO-mediated oxygenation of
the CEs. Further, LRP-1 contributes to the efflux of oxidized
CEs back to the LDL particle. This mechanism agrees well
with the known preferential oxygenation of CEs by 12/
15LO-expressing cells.39 Accumulation of CE hydroperox-
ides has been documented in human atherosclerotic lesions
and in the lesions of apoE�/�and LDL receptor�/� (Ldlr�/�)
mice fed a high-fat diet.40–46

The importance of 12/15LO in the development of diet-
induced atherosclerosis has been established in several
murine models, including 12/15LO-knockout and transgenic
mice.31–35,47,48 12/15LO�/�, apoE�/�double-knockout mice
on a high-fat diet have less atherosclerosis, significantly
lower titers of autoantibodies against OxLDL in plasma,
and lower isoprostane levels in urine compared with
apoE�/�mice, indicating that 12/15LO is important in LDL
oxidation in vivo.31,33 In particular, macrophage expression
of 12/15LO has been shown to be crucial to the atherogenic
role of 12/15LO in a bone marrow transplantation study.35

Although many studies have supported an atherogenic
role for 12/15LO in mice, one study that achieved
macrophage-specific overexpression of 15LO found that ath-
erosclerosis was paradoxically reduced, which the authors
ascribed to greatly enhanced synthesis of 15LO-dependent
antiinflammatory eicosanoids.49

Evidence of the association of human 15LOwith the risk of
CVD is mixed: 15LO gene variants have been reported to be
associated with carotid plaque formation (but not carotid
intima–media thickness),50 and integrative predictive
models include Alox15 (the gene that encodes human
15LO) polymorphism as a factor in the development of cor-
onary artery calcification in atherosclerosis,51 as well as in
enhanced expression of interleukin 6 (IL-6), tumor necrosis
factor–α, and IL-1β.52 In contrast, other groups that reported
different Alox15 single nucleotide polymorphisms (SNPs)
found no association of 15LO polymorphism with MI.53,54

Heterozygote carriers of a near null variant of 15LO had
an increased risk of coronary artery disease (CAD), but
homozygote carriers, although rare, had a tendency toward
decreased risk of CAD that was not statistically significant.55

TABLE 7-1 Potential Mechanisms by which OxLDL
may Influence Atherogenesis

OxLDL has enhanced uptake by macrophages, leading to foam cell formation.

Products of OxLDL are chemotactic for monocytes and T cells and inhibit the
motility of tissue macrophages.

Products of OxLDL are cytotoxic, in part because of oxidized sterols, and can
induce apoptosis.

OxLDL or products are mitogenic for smooth muscle cells and macrophages.

OxLDL or products can alter gene expression in vascular cells, for example,
induction of MCP-1, colony-stimulating factors, and IL-1 and expression of
adhesion molecules.

OxLDL or products can increase expression of macrophage scavenger
receptors, thereby enhancing its own uptake.

OxLDL can induce expression and activate PPAR–γ, thereby influencing many
gene functions.

OxLDL is immunogenic and elicits autoantibody formation and activated T cells.

Oxidation renders LDL more susceptible to aggregation, which independently
leads to enhanced uptake. Similarly, OxLDL is a better substrate for
sphingomyelinase, which also aggregates LDL.

OxLDL may enhance procoagulant pathways, for example, by induction of
tissue factor and platelet aggregation.

Products of OxLDL may adversely affect arterial vasomotor properties.

OxLDL is involved in acute coronary syndromes and may potentially lead to
plaque disruption.

IL, interleukin; MCP-1, monocyte chemoattractant protein–1; OxLDL, oxidized low-
density lipoprotein; PPAR, peroxisome proliferator–activated receptor.
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No studies have yet correlated 15LO polymorphisms with
markers of in vivo LDL oxidation.
Myeloperoxidase (MPO) is a heme enzyme secreted by

neutrophils and monocyte–macrophages that generates a
number of oxidants, including hypochlorous acid and perox-
ynitrite, which may initiate lipid and protein oxidation and
produce chlorinated and nitrated LDL and HDL. Reactive
nitrogen species convert LDL into a high-affinity ligand for
CD36, which mediates their uptake by macrophages.56 More
recently, it has been demonstrated that MPO-catalyzed carba-
mylation of LDL converts it into an SR-A ligand.57 MPO has
been identified in human atherosclerotic lesions and is of par-
ticular interest becausemodifications found in human athero-
sclerosis bear similarities to hypochlorous acid–mediated
derivation of lipoprotein components in vitro.58 MPO has
recently been shown to bind specifically to HDL in human
atherosclerotic lesions, with selective targeting of apoA-I
for site-specific chlorination and nitration by MPO-generated
reactive oxidants in vivo.59 One apparent consequence
of MPO-catalyzed apoA-I oxidation is the functional impair-
ment of the ability of HDL to promote cellular choles-
terol efflux, thereby generating dysfunctional HDL.60,61

Overexpression of human MPO in macrophages transplanted
into Ldlr�/�mice resulted in increased atherosclerosis bur-
den.62 Recent reports identified vascular peroxidase–1
(VPO1) as a new MPO-related enzyme expressed in endothe-
lial and vascular smooth muscle cells,63 but its role in lipopro-
tein oxidation is as yet unknown.
Similar to the case of 15LO, no reports have been pub-

lished correlatingMPO gene polymorphisms with LDL oxida-
tion in humans, and the associations between theMPO gene
variations and CVD are complex. A low-expression variant of
MPO was associated with a decreased risk of CAD in one
study64; however, in another study, the same SNP was asso-
ciated with improved coronary flow reserve, indicating a
potentially reduced risk of CAD.65 MPO plasma levels are
associated with CAD and may predict major adverse
cardiovascular events after carotid endarterectomy.66 The
utility of MPO as a prognostic biomarker appears to be
mostly in patients with acute coronary syndromes, in whom
leukocytes may be highly activated.67,68 In humans, it is
reasonable to postulate that the genetic risk of oxidative
stress may be modest for individual genes, but that the inter-
play of many genes may better predict risk. Heslop et al.
developed an oxidative stress risk allele score including 15
oxidative stress gene SNPs and showed that this risk score
was associated with angiographically determined CAD, with
a 1.5-fold risk increase per allele.69 Combined risk alleles
were also associated with elevated plasma MPO levels,
and these levels predicted cardiovascular mortality.
However, it has not been demonstrated that measuring
MPO in stable patients reclassifies them into different catego-
ries or affects clinical management.
NOS and NADPH oxidases (Nox), which are heme-

containing enzymes, catalyze the synthesis of nitric oxide
and superoxide, respectively. Nitric oxide and superoxide
together form peroxynitrite, a strong oxidizing agent, and
the superoxide product hydrogen peroxide is needed for
Fenton-type and peroxidase reactions, which are catalyzed
by iron and peroxidase enzymes such as MPO, hemoglobin,
or hemin. Many studies suggest that in addition to their role
in lipoprotein oxidation, NOS and Nox enzymes play impor-
tant signaling roles in many cell types. Although somemight-
predict that Nox2, a major Nox isoform in macrophages and

neutrophils, would be proinflammatory, and thus,
proatherogenic, conclusive experimental data to support
such a role in vivo are not currently available. The role of
Nox components p47phox or gp91phox have been evalu-
ated in apoE�/�mice,70–73 but the data from different labo-
ratories are contradictory. The reasons for these differences
are not clear, but could be related to a differential impact of
Nox on different stages of lesion development or to the role
of different Nox isoforms in different cell types.74,75 Similarly,
conflicting results have been observed for the contributions
of endothelial NOS and inducible NOS to the development
of atherosclerosis in mouse models.76–78

Thus, many in vivo mechanisms exist to oxidize LDL, and
many lines of evidence now exist to support that oxidation of
lipoproteins does occur in vivo and that this process is quan-
titatively important. This evidence has been extensively
reviewed elsewhere.79 In brief, the evidence includes the
following: (1) LDL that is gently extracted from the athero-
sclerotic tissue of rabbits and humans has all of the physical,
biologic, and immunologic properties observed with LDL
oxidized in vitro; (2) a small fraction of circulating LDL par-
ticles display a number of chemical indices consistent with
early stages of LDL oxidation; (3) subtlemodifications of LDL
render autologous LDL immunogenic; (4) OSEs are present
in atherosclerotic lesions; (5) autoantibodies to a variety of
epitopes of OxLDL may be found in the plasma of experi-
mental animals with atherosclerosis; (6) oxidation-specific
antibodies avidly bind to atherosclerotic lesions; and (7)
the presence of OxLDL in the vessel wall can be imaged
in vivo by using radiolabeled or fluorescently tagged
oxidation-specific antibodies.

PROPERTIES OF OXIDIZED LOW-DENSITY
LIPOPROTEIN THAT MAKE IT ATHEROGENIC

Oxidized Low-Density Lipoprotein as a
Danger-Associated Molecular Pattern
This section focuses on the innate immune recognition of
OxLDL, or more broadly of OSEs,80 and also of apoptotic cells
and other sites of sterile and microbial inflammation, such as
in acute lung injury.81 The concept of pattern recognition
receptors (PRRs) was first introduced to explain how a limited
number of macrophage receptors were capable of binding a
much larger number of bacterial ligands.82 Such PRRs were
postulated to bind to structurally common pattern motifs on
microbial products, termed pathogen-associated molecular
patterns (PAMPs). By analogy, OSEs, which also constitute
products of diverse classes of oxidative reactions, may be
considered to represent danger (or damage)–associated
molecular patterns (DAMPs) (Fig. 7-1).80,83 DAMPs refer to
a broad group of “inadvertent”modifications of lipids, carbo-
hydrates, proteins, and DNA of the host that pose a danger to
the functioning of an organism. Several examples in the
following sections demonstrate that OxLDL is a collection
of DAMPs that mediate the proinflammatory and atherogenic
effects of OxLDL.

Innate Pattern-Recognition Receptors That
Detect Oxidation-Specific Epitopes
Cellular PRRs are found on the cell surface and in intracel-
lular domains of macrophages and other cell types. In
addition, important soluble PRRs, including soluble variants
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of some cellular PRRs, pentraxins, complement factors, and
natural antibodies, exist. This section does not discuss
adaptive immune responses to OxLDL, a topic that has been
recently reviewed elsewhere.84

Scavenger receptors are the cell surface receptors that
help macrophages and other vascular cells internalize
(“scavenge”) OxLDL (Fig. 7-2). Identified scavenger
receptors include CD36, SR-A1 and -A2, SR-BI, MARCO,
LOX-1, PSOX, and others.85 Although scavenger receptors
were originally identified for their ability to bind oxidation-
specific DAMPs of OxLDL, it is now clear that they bind a
wide variety of microbial pathogens (PAMPs) as well.86,87

CD36 and SR-A have the highest affinity for OxLDL and
acetylated LDL, respectively, and are responsible for up to
90% of OxLDL and acetylated LDL uptake by macrophages
in vitro.88 Oxidized PLs (OxPLs) in OxLDL have been shown
to mediate CD36 binding.56,89–93

Toll-like receptors (TLRs) have been traditionally consid-
ered PRRs that sense the presence of microbial PAMPs, which
initiate complex signal transduction pathways and often
excessively strong inflammatory responses.Work from several
laboratories has now developed the idea that TLRs can also
be activated by numerous host-derivedDAMPs,94 in particular
by minimally oxidized LDL (mmLDL; made by exposure of
LDL to 15LO-expressing cells) that activates macrophages
via TLR4, aided by CD14 andMD-2.95 Oxidized CEs were iden-
tified as a component in mmLDL responsible for many of the
TLR4-dependent macrophage responses to mmLDL.96,97 In

addition to oxidized CEs, OxPLs have been suggested to acti-
vate TLR4 and TLR2 aswell.98–101 Because CD36was shown to
bind OxLDL and OxPL,90,91,102 as well as to present diacylgly-
cerides to the TLR2/TLR6 signaling complex,103,104 several lab-
oratories sought experimental evidence for CD36-mediated
TLR2 activation by OxLDL. However, recent results suggested
that CD36 mediates OxLDL activation of the TLR4–TLR6 het-
erodimer, but not of TLR2.105

Many cell-associated PRRs also exist in a soluble form,
including soluble CD14, MD-2, LOX-1, and CD36. Their
functions have been postulated to be twofold. Similar to
their membrane-bound form, some soluble PRRs can
activate their signaling counterparts. However, at higher
concentrations, and when bound to different ligands, they
are inhibitory, as for example, has been suggested for
soluble CD14 and OxPL.98

Other circulating PRRs include lipopolysaccharide (LPS)–
binding protein, various lectins, the family of complement
proteins, and the pentraxins. The short pentraxin C-reactive
protein (CRP), an acute-phase protein, is a biomarker of
inflammation and CVD. CRP specifically binds to the phos-
phocholine moiety of OxPLs, whether present on OxLDLs
or on apoptotic cells, but does not bind to the phosphocho-
line of nonoxidized PL.106 Furthermore, CRP is found in
atherosclerotic lesions and co-localizes with OxPL, presum-
ably on OxLDL and apoptotic cells.106

Complement factor H (CFH) is a major protein in human
plasma that was recently shown to bind malondialdehyde

Native LDL

Slow

  Native LDLR
(down-regulated)

Acetyl-LDL

Fast Fast Fast

OxLDL

or Cu++

Endothelial cells, smooth muscle cells, or macrophages

Acetyl-LDLR = SR-A
(not down-regulated)

CD36, SR-A and 
other OxLDL receptors
 (not down-regulated)

Macrophage

FIGURE 7-2 Mechanisms of OxLDL uptake by macrophages. Native LDL cannot induce foam-cell formation because uptake is slow and because the LDL receptor is
downregulated. Either acetyl LDL or OxLDL can induce cholesterol accumulation in macrophages, resulting in foam-cell formation, because uptake is rapid and the scavenger
receptors are not downregulated in response to an increase in cellular cholesterol. Cu++, copper; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; OxLDL,
oxidized low-density lipoprotein; SR-A, scavenger receptor class A. (Modified from Steinberg D. Atherogenesis in perspective: hypercholesterolemia and inflammation as
partners in crime. Nat Med. 2002;8:1211-1217.)
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(MDA), a common lipid peroxidation product that is
produced during LDL oxidation or as a consequence of oxi-
dative reactions in the cell; it accumulates in many
pathophysiologic processes.107 CFH blocks both the uptake
of MDA-modified proteins by macrophages and MDA-
induced proinflammatory effects in vivo in mice.107

Common SNPs in CFH have been associated with age-
related macular degeneration, and it has recently been
shown that the reason for this is that these CFH SNPs have
diminished ability to bind MDA epitopes, leading to a proin-
flammatory state in the macula.107

Natural antibodies (NAbs) are considered immunoglobu-
lin PRRs; they have a limited repertoire and a wide range of
pattern recognition, which is similar to cellular and soluble
PRRs. A special subset of innate-like B-cells, termed B-1 cells,
secrete NAbs, which are predominantly IgM and IgA. B-1
cells are positively selected, leading to the presence of NAbs
at birth or shortly thereafter, and a full repertoire of such
NAbs have been found in gnotobiotic mice.108 The proto-
typic E06 NAb was cloned from a panel of hybridomas
derived from cholesterol-fed apoE�/�mice that had high
IgM titers to OxLDL.109 E06 bound to both the lipid and
the apoB moieties of OxLDL and to apoptotic cells.109–111

Another NAb from Ldlr�/�mice, LRO1, binds to oxidized
cardiolipin, but not to native cardiolipin.112 Cardiolipin is
a major PL of the inner leaflet of mitochondria, which is
oxidized when cells undergo mitochondrial disruption that
occurs during apoptosis.113 LRO1 binds to apoptotic cells,
but not to viable cells, and to OxLDL.
Many different OSEs can be generated. In normal mice

and newborn humans, as much as 15% to 30% of all IgM
derived from B-1 cell clones binds to OSEs.108 Among these,
the prevalence of IgM to MDA, and to the complex structural
adducts that occur when MDA is added to proteins, is high.
This suggests that removing proinflammatory OSEs is

important for host homeostasis and implies an evolutionary
advantage in organisms that have high levels of NAbs. As a
clinical corollary, this suggests that NAbs have therapeutic
potential, as discussed in the following.

Atherogenic Properties of Oxidized
Low-Density Lipoprotein
Lipoprotein Uptake and Foam Cell Formation
Lipoprotein uptake by macrophages within the intima and
formation of foam cells is a major atherogenic process that
connects lipid deposition in the vessel wall with vascular
inflammation (Fig. 7-3). Unregulated uptake by macro-
phages of OxLDL bound to the intimal matrix,10 combined
with downregulated efflux of lipids, stimulates expression
of proinflammatory cytokines, antigen presentation, secre-
tion of matrix-degrading enzymes, and often results in cell
death, thereby promoting further lesion development and
eventual lesion rupture. The mechanisms of uptake of
modified LDL by macrophages are diverse,85,114 and in part,
reflect the multitude of oxidative modifications of LDL, as
well as other modifications. Depending on the prevalence
of different OSEs, macrophages can use different combina-
tions of binding receptors and different uptake mechanisms
to remove these DAMPs from the tissue, but this occurs at the
expense of generating foam cells.

Scavenger receptors CD36 and SR-A are responsible for
75% to 90% of uptake of copper-oxidized OxLDL and acety-
lated LDL in vitro.88 Using hypercholesterolemic CD36�/�
and SR-A�/�mice, several groups suggested that SR-A and
CD36 played quantitatively important roles in mediating
uptake of OxLDL in vivo,115–118 although some studies
showed conflicting results.119,120 mmLDL does not bind to
CD36; it binds to CD14 and induces TLR4/MD-2–dependent
formation of membrane ruffles that close into large

VLDL LDL

Remnant formation

LPL

Macrophage
SR-A

Proteoglycans

mmLDL

OxLDL

CD36

Oxidation
15-LO
iNOS
MPO
NADPHox

FIGURE 7-3 Mechanisms contributing to foam cell formation. LDL penetrates into the artery wall, where it is trapped after adhering to proteoglycans. It is then highly
susceptible to oxidation by enzymes such as lipoxygenases, MPO, and iNOS. VLDL particles are subject to modification by LPL. The resulting remnant particles are also subject
to trapping by proteoglycans, oxidative modification, and uptake by macrophages. iNOS, inducible nitric oxide synthetase; LPL, lipoprotein lipase; LDL, low-density lipoprotein;
mmLDL, minimally modified LDL; MPO, myeloperoxidase; NADPHox, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; SR-A, scavenger receptor class A; VLDL,
Very-lowdensity lipoprotein. (Modified from Li AC, Glass CK. The macrophage foam cell as a target for therapeutic intervention. Nat Med. 2002;8:1235-12402.)
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endosomal vesicles (macropinosomes).97,121 This mmLDL-
induced process of macropinocytosis captures lipoproteins
from the cellular microenvironment and results in macro-
phage uptake of mmLDL itself, as well as other lipoproteins
in the vicinity (e.g., native LDL and even OxLDL).

Unlike the defined models of OxLDL or mmLDL used in
the laboratory, OxLDL in atherosclerotic lesions is likely
more complex, containing not only OSEs characterized in
OxLDL and mmLDL, but as yet unidentified epitopes as well.
Thus, the quantitative importance in vivo of each individual
PRR-mediated uptake mechanism is unclear. One approach
to tackle this problem is to compare the kinetics of lipid
accumulation in vivo by wild-type macrophages with the
kinetics of lipid uptake by various PRR-deficient macro-
phages. This can be accomplished in optically transparent
zebrafish larvae, which become hypercholesterolemic after
a short period of cholesterol feeding and develop vascular
lesions characterized by the presence of macrophage foam
cells.122,123 One study showed that the rate of in vivo lipid
uptake by murine TLR4-deficient macrophages transplanted
into hypercholesterolemic zebrafish was significantly lower
compared with the uptake by wild-type macrophages.122

Proinflammatory Gene Expression
The first investigation of proinflammatory properties of OxPLs
reported that they induced monocyte binding to vascular
ECs,124,125 which is a critical early step in the formation of vas-
cular lesions. ECs stimulated with OxPLs secrete
chemoattractants monocyte chemotactic protein–1 (MCP-1)
and IL-8, and express adhesion molecules connecting seg-
ment 1 of fibronectin and P-selectin on the cell surface, which
lead to monocyte recruitment and binding to the EC.124 In
addition toMCP-1 and IL-8, OxPL induces expression of proin-
flammatory cytokines IL-6, C–C chemokine ligand–3 (CCL3)
andCCL4, and vascular endothelial growth factor, which stim-
ulates reactive oxygen species (ROS) production.126,127

OxLDL binding to CD36-mediated TLR4–TLR6 dimerization
in the endosomal compartment of macrophages leads to
activation of nuclear factor-κβ (NF-κβ), generation of ROS,
and expression of cytokines CXCL1, CXCL2, CCL9, CCL5, and
IL-1β.105

mmLDL signals via TLR4/MD-2, but unlike LPS, the
bacterial ligand for TLR4, mmLDL induces only modest
levels of expression of proinflammatory cytokines.128 A
major signaling pathway for mmLDL is the recruitment of
Syk to TLR4, resulting in ROS production and expression
of CCL5 (also known as RANTES), IL-1β, and IL-6 in macro-
phages. In turn, CCL5 induces migration of vascular smooth
muscle cells.97,129–131

Expansion of Oxidation-Specific Natural Antibodies
and Atherosclerosis
Activation of cellular PRR by OSEs results inmany proinflam-
matory and proatherogenic effects, as summarized previ-
ously. In contrast, NAbs seem to protect against
atherosclerosis. In vitro, the E06 NAb, which binds the same
OxPL as CD36, prevented OxLDL and apoptotic cell uptake
by macrophages.110,111 Immunization of cholesterol-fed
Ldlr–/–mice with heat-inactivated Streptococcus pneumoniae
expanded E06 B-1 cell clones and reduced atherosclero-
sis.132 Similarly, adenovirus-delivered in vivo expression of
the MDA-specific human antibody IK17 in cholesterol-fed
Ldlr–/– mice reduced atherosclerosis.133 The same
antibody, IK17, expressed in transgenic zebrafish prevented

cholesterol feeding–induced vascular lipid accumula-
tion.123 The overall importance of IgM to atherogenesis
was demonstrated by the observation that when secretory
IgM–knockout mice were crossed with Ldlr–/– mice, athero-
sclerosis was dramatically enhanced.134 Thus, in principle,
enhancing titers of NAbs to OSEs could be used to
limit the proinflammatory effects of oxidized lipids in devel-
opment of atherosclerosis and in acute coronary
syndromes.135

BIOTHERANOSTIC APPLICATIONS TARGETING
OXIDATION-SPECIFIC EPITOPES

The concept of “biotheranostics” as related to CVD is derived
from the proposition that biologic processes in the plasma or
vessel wall can be targeted, and that in vitro diagnostics
(biomarkers), diagnostic molecular imaging probes, and
therapeutic agents to the target can be developed.136 In
the context of this chapter, the target is the OSEs present
in circulating lipoproteins or in the atherosclerotic plaque.
The targeting agents validated to detect such OSEs are
human and murine antibodies that are being used as
biomarkers in human studies and in experimental models
to image and treat atherosclerotic plaques noninvasively.
Figure 7-4 presents these potential applications.

Oxidized Phospholipid Biomarkers
The ideal biomarker would be involved in causal pathways
of atherogenesis and allow changes in clinical management
when levels are measured. A large body of work shows that
measuring OxPLs on apoB-100 particles (OxPL/apoB) fulfills
many criteria for an ideal biomarker.137,138 Levels of OxPL/
apoB, as measured with the monoclonal antibody E06,110

are elevated in acute coronary syndromes and after
percutaneous coronary interventions; predict the presence
and progression of carotid, femoral, and coronary artery
disease139; reflect endothelial dysfunction and coronary cal-
cification140; and predict death, MI, and stroke in
community-dwelling cohorts141–143 (see Taleb et al.137 for
a review). Measurements of OxPL/apoB and IgG and IgM
autoantibodies to OxLDL allowed reclassification of approx-
imately 30% of patients who were initially intermediate-risk
categories by Framingham risk scoring into either lower-risk
or higher-risk categories.141 Furthermore, in two parallel
nested case–control studies of 143 men in the Health Profes-
sionals Follow-up Study (1994–2008) and 144 women in the
Nurses’ Health Study (1990–2010) with incident-confirmed
cases of clinically significant peripheral arterial disease
(PAD), the levels of OxPL/apoB were positively associated
with risk of PAD in men and women. The pooled relative risk
was 1.37, with a 95% confidence interval of 1.19 to 1.58 for
each 1-SD increase, after adjusting for age, smoking, lipids,
body mass index, and other CVD risk factors.144 In addition,
non-E06-based assays to measure OxPL and assays to mea-
sure modified apoB have been developed. However, a com-
parison of the clinical predictability of cardiovascular risk
assessment by these assays has not been performed to date.
The reader is referred to several publications in this area for
further details.145–148

Interestingly, lipoprotein(a) [Lp(a)] strongly binds
OxPL.149 Lp(a) is now generally recognized as a causal, inde-
pendent genetic risk factor for CVD and MI, and has become
a target of therapy for reducing CVD.150,151 Measurement of
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OXIDATION-SPECIFIC BIOMARKERS PREDICT DEATH, MI, AND STROKE

DIAGNOSTIC IMAGING NON-INVASIVE IMAGING OF OXIDATION-RICH PLAQUES

THERAPEUTIC scFv IK17 REDUCES ATHEROSCLEROSIS AND FOAM CELL FORMATION
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FIGURE 7-4 Biotheranostic applications of oxidation-specific antibodies. A–C, Summary of OxPL biomarkers. A, The OxPL/apoB assay reflects the content of OxPL on apoB
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OxPL/apoB primarily reflects the content of OxPL on apoB
particles related to Lp(a) and accounts in part for the
proatherogenic and proinflammatory activity of Lp(a).
OxPL, OxLDL, and Lp(a) trigger apoptosis in endoplasmic
reticulum–stressed macrophages through a mechanism that
requires both CD36 and TLR2.101 Macrophage apoptosis is a
key process in plaque necrosis in advanced atheromata and
likely contributes to plaque progression, destabilization, and
clinical events. Because small apo(a) isoforms are associ-
ated with high Lp(a) plasma levels, and because these
lipoproteins contain the most OxPL content, the OxPL/apoB
measurement is primarily a reflection of the most athero-
genic Lp(a) particles.152

Recent studies have shown that plasminogen also binds to
OxPL and represents a secondmajor plasma pool of OxPLs in
addition to those present on Lp(a).153 Importantly, as opposed
to OxPLs on Lp(a), which predict increased cardiovascular
risk, OxPLs on plasminogen are associated with enhanced
potential for fibrinolysis, and thus, may be associated with
reduced atherothrombotic risk. Enzymatic removal of OxPLs
fromplasminogen resulted in a longer lysis time for fibrin clots
as measured in in vitro assays. OxPL/plasminogen levels
increased following acute MI, implying that OxPLs carried
by plasminogen have a role in atherothrombosis. Measure-
ment of OxPLs on plasminogenmay provide insights into both
the riskof thrombosis inpatientsat riskof thromboticdisorders
(e.g.,MI, stroke, atrial fibrillation,pulmonaryemboli, anddeep
vein thrombosis). It may also reflect bleeding risk from treat-
ment with anticoagulants and antiplatelet agents. Studies are
under way to assess its potential clinical value as a
biomarker of thrombosis and bleeding risk.

Molecular Imaging
The presence of OSEs in the vessel wall, particularly in
high-risk human lesions, provides the rationale for develop-
ing imaging approaches to detect such OSEs. Molecular
imaging of OSEs may provide a means to detect andmonitor
such lesions and assess the efficacy of established or exper-
imental therapies. Human atherosclerotic lesions manifest
strong expression of OSEs in proportion to the number of
macrophages, and their presence increases as the lesions
progress, rupture, and become clinically symptomatic.154

Interestingly, as lesions progress, OxPLs and advanced
MDA epitopes, as detected by human antibody IK17,155,156

increase proportionally to plaque progression and are most
strongly present in pathologically vulnerable plaques (i.e.,
thin-cap fibroatheromas) or documented ruptured plaques.

For the purposes of molecular imaging, an initial validation
was performed using radiolabeled OSE antibodies injected

into hypercholesterolemic rabbits and mice. Subsequently,
to improve resolution, three unique magnetic resonance
imaging–based approaches were developed to image OSEs
noninvasively using nanoparticles coated with gadolinium,
iron oxide, or manganese with attached murine or human
oxidation-specific antibodies.157–159 These targeted nanoparti-
cles bind the OSEs in the vessel wall, are internalized by mac-
rophages, and provide excellent images of experimental
atherosclerotic lesions in vivo. The accumulation of OSE
nanoparticles within the macrophages may provide an indi-
rect macrophage imaging approach to detect the most unsta-
ble lesions.

Therapeutic Approaches
The potential use of oxidation-specific antibodies for CVD is
being evaluated in preclinical and early phase studies.
Several observations suggest that passive immunization
may provide atheroprotection (reviewed in Leibundgut
et al.).136 For example, theNAbE06 potentially reduces athero-
sclerosis progression inLdlr�/�mice132by inactivatingor clear-
ing relevant antigens such as OxLDLs. IgM antibodies are
associated with atheroprotection in epidemiologic
studies,160,161 although this association is not always indepen-
dent of traditional risk factors. Deletion of IgM antibodies in
mice is associated with higher risk of atherosclerosis
progression.134 Several studies in experimental models have
suggested that direct infusion of oxidation-specific antibodies
is associatedwith a lower rate of progression of atherosclerosis
or with enhanced regression of established lesions.162–165

In a recent study, the human antibody IK17, cloned from a
human phage-display library and directed to advanced
MDA-like epitopes, was either infused intraperitoneally as
a Fab or overexpressed with an adenoviral vector as a
single-chain Fv fragment, resulting in significantly reduced
atherosclerosis progression.155,156 Furthermore, sustained
overexpression of IK17 in a zebrafish model of hypercholes-
terolemia induced regression of oxidized lipid deposits in
the vascular wall.123 Importantly, mechanistic information
from these studies demonstrated reduced binding of
OxLDL/MDA-LDL to macrophages and significant reduction
in foam cell formation. This suggests that if these antibodies
were to be used clinically, they would have the potential to
acutely decrease OxLDL uptake and cholesterol accumula-
tion in macrophages and potentially result in rapid plaque
stabilization by preventing the proinflammatory effects of
foam cells. This is consistent with data from animal models
that showed that during diet-induced regression, removal of
OSEs (e.g., OxPL and MDA epitopes) from the vessel wall is
one of the first events to occur, even before physical

FIGURE 7-4—CONT'D Mn, becoming an indirect macrophage-targeting agent. Successful noninvasive magnetic resonance imaging of OSE is accomplished by injection of these
nanoparticles and imaging of the abdominal aorta in cholesterol fed apoE�/�mice (E). Note the lack of signal in the preinjection scan and the strong signal (white contrast) in the
48-hour scan. The accompanying panels show the Sudan-stained aorta where the imaging occurred and the presence of the OSE MDA using immunostaining techniques,
confirming the presence of both plaque and MDA epitopes at the imaged area. F and G, The therapeutic use of the oxidation-specific antibody IK17 as a single-chain fragment.
Adenovirus IK17-scFv–mediated hepatic expression was achieved in Ldlr/Rag1 double-knockout mice, leading to a 46% reduction in en face atherosclerosis compared with control
mice treated with adenovirus-enhanced green fluorescent protein Adv-EGFP vector (F). Importantly, peritoneal macrophages isolated from Adv-IK17-scFv–treated mice had
decreased lipid accumulation compared with those treated with Adv-EGFP (G), consistent with the ability of IK17 to inhibit OxLDL uptake by macrophages. apo, apolipoprotein;
EPIC-Norfolk, European Prospective Investigation into Cancer and Nutrition; HC, high cholesterol; HR, hazard ratio; LDL-C, low-density lipoprotein cholesterol; Lp(a), Lipoprotein (a);
MDA, malondialdehyde; Mn, Manganese; MI, Myocardial Infarction; OR, odds ratio; OSE, oxidation-specific epitopes; OxPL, oxidized phospholipid. (Panel A from Tsimikas,
S., Willeit, P., Willeit, J., Santer, P., Mayr, M., Xu, Q., Mayr, A., Witztum, J. L., and Kiechl, S. (2012). Oxidation-specific biomarkers, prospective 15-year cardiovascular and stroke
outcomes, and net reclassification of cardiovascular events. J Am Coll Cardiol, 60, 2218-2229; Panel B from Tsimikas S, Mallat Z, Talmud PJ, et al. Oxidation-specific biomarkers,
lipoprotein(a), and risk of fatal and nonfatal coronary events. J Am Coll Cardiol. 2010;56:946-955; Panel C from Tsimikas S, Mallat Z, Talmud PJ, et al. Oxidation-specific
biomarkers, lipoprotein(a), and risk of fatal and nonfatal coronary events. J Am Coll Cardiol. 2010;56:946-955; and Kiechl S, Willeit J, Tsimikas S, et al. Oxidized phospholipids,
lipoprotein(a), lipoprotein-associated phospholipase A2 Activity, and 10-Year cardiovascular outcomes: prospective results from the Bruneck study. Arterioscler Thromb Vasc Biol.
2007;27:1788-1795; Panels D and E from Briley-Saebo KC, Nguyen TH, Tsimikas S, et al. in vivo detection of oxidation-specific epitopes in atherosclerotic lesions using
biocompatible manganese molecular magnetic imaging probes. J Am Coll Cardiol. 2012;59:616-626; Panel F from Tsimikas S, Miyanohara A, Hartvigsen K, et al. Human
oxidation-specific antibodies reduce foam cell formation and atherosclerosis progression. J Am Coll Cardiol. 2011;58:1715-1727.)
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regression of the atheroma as a whole.166–168 Along with this
loss of OSEs, features of plaque stabilization (e.g., gain of
smooth muscle cells and collagen and loss of macrophages)
are present concomitantly, and oxidative stress is reduced.169

Potential clinical applications of such oxidation-specific
antibodies include: (1) acute in-hospital treatment of patients
with recentMI or unstable angina for plaque stabilization over
the 6- to 12-month period when the chance of recurrence is
highest; (2) acute treatment during percutaneous coronary
intervention135; (3) long-term therapy for patients with high
risk of recurrent heart attack or stroke; and (4) treatment of
vulnerable plaques.

CONCLUSIONS

The new paradigms that are now emerging, including
lipoprotein oxidation as reviewed in this chapter, are not
only going “beyond cholesterol,” but are also going beyond
simple approaches to reduce cardiovascular risk. The
studies that identified the causes and mechanisms of LDL
oxidation have led to a clear understanding that the immune
system is strongly involved in inflammatory responses to
OSEs, and the immunologic aspects of oxidation are now
coming into view as dominant areas to examine the role
in human disease. In addition, OSE biomarkers have shown
strong associations with both progression of CAD and pre-
dicting future events, suggesting that they may be used as
surrogates and may complement diagnostic investigations
in future studies. Immunomodulation involving OSEs may
become a dominant theory in the coming decade in treating
atherosclerosis. Thus, it is likely that the field will come full
circle, with many scientific data showing that LDL oxidation
is intimately involved in atherogenesis, but now with a
greater understanding of the role of the immune system
and the ability to quantify OSEs to rationally test new
therapies.
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INTRODUCTION

Low-density lipoprotein (LDL) cholesterol (LDL-C), which is
the major atherogenic cholesterol in the blood stream, has
been well associated with the genesis and progression of ath-
erosclerotic cardiovascular disease (CVD). Because of its
widespread availability and ease of calculation, LDL-C has
been the most frequently used cholesterol measure for CVD
risk assessment and as a target of therapy in previous
cholesterol guidelines. However, measurement of LDL in
the form of a single parameter as LDL-C is a rather simplistic
approach to CVD risk assessment. Several other cholesterol
parameters (e.g., non–high-density lipoprotein cholesterol
[non–HDL-C]) and cholesterol ratios (e.g., total cholesterol
[TC]/high-density lipoprotein cholesterol [HDL-C], non–
HDL-C/HDL-C) or ratios of lipoprotein parameters (e.g., apoli-
poprotein [apo] B or apoA) may be better associated with
CVD risk than LDL-C alone. In addition, LDL particle (LDL-P)
size, and especially LDL-P concentration, may vary substan-
tially among individuals with similar LDL-C and may provide
additional value in risk assessment. The discordance seen
between LDL-C andmeasures of atherogenic particle number
(e.g., apoB and LDL-P concentration) could explain the
increased atherosclerosis risk associated with atherogenic
dyslipidemia in patients with metabolic syndrome. Lastly,
recent studies have shown that HDL particle (HDL-P) size,
and especiallyHDL-P concentration,may bebetter associated
with subclinical atherosclerosis and CVD events compared
with HDL-C. In this chapter, a brief historic overview of
CVD risk associated with TC and LDL-C is provided, followed
by a review of the utility of cholesterol ratios and various
markers of lipoprotein particle concentration in CVD risk
assessment.

TOTAL CHOLESTEROL OR LOW-DENSITY
LIPOPROTEIN CHOLESTEROL AND
CARDIOVASCULAR DISEASE RISK

The association between TC and CVD was assessed in men
between 35 and 57 years of age who were free of myocardial
infarction (MI) in theMultiple Risk Factor Intervention Trial. In
this study, for each 5-year age group, the association between
serumcholesterol andcoronaryheart disease (CHD)mortality
was continuous, graded, and highly significant.1 It was esti-
mated that serum cholesterol levels of 180 mg/dL or higher
were attributable for approximately 46% of CHD deaths. For
the entire group ages 35 to 57 years at entry, the age-adjusted
risks of CHD death in cholesterol quintiles 2 through 5 (182 to
202, 203 to 220, 221 to 244, and �245 mg/dL) relative to the
lowest quintile were 1.29, 1.73, 2.21, and 3.42, respectively.
These data provided a firm understanding of the role of cho-
lesterol in CHD risk assessment.

The Lipid Research Clinics Coronary Primary Prevention
Trial (LRC-CPPT) was one of the first population-based stud-
ies to highlight the importance of LDL-C reduction in cardio-
vascular health.2 It showed that each 35% reduction in LDL-C
resulted in a 49% decrease in the risk for CHD (definite CHD
death, definite nonfatal MI, or both) with cholestyramine
treatment.3,4

CHOLESTEROL RATIOS AND
CARDIOVASCULAR DISEASE RISK

Although TC or LDL-C may serve as good initial steps in ath-
erosclerotic CVD risk assessment attributable to lipids,
mounting evidence suggests that CVD risk assessment based
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solely on these may be suboptimal.5–9 In an attempt to
improve CVD risk assessment, several “atherogenic” indices
and lipoprotein ratios have been described. These ratios can
quantify CVD risk better than LDL-C or TC alone.

The two most common ways to incorporate HDL-C into
CVD risk assessment include use of the TC/HDL-C ratio
and non–HDL-C. The TC:HDL-C ratio, also known as the ath-
erogenic index or Castelli index, and the LDL-C/HDL-C ratio
are the commonly used ratios in clinical practice.10

Because an increase in the concentration of TC, and partic-
ularly LDL-C, indicates an increase in atherogenic lipopro-
teins, whereas an increase in HDL-C indicates an increase
in the atheroprotective lipoproteins, these ratios provide an
easy assessment of global atherogenic risk.10 In a study that
examined data from both the placebo group of the LRC-CPPT
and the Framingham Heart Study in individuals without
CHD, the TC/HDL-C ratio added CHD risk–discriminating
ability to TC and LDL-C measures (P <0.02), but the reverse
was not true.11 The results showed that the TC/HDL-C ratio
was better for discriminating CHD risk than the LDL-C level.
Using stratified analyses, neither the TC nor the LDL-C level
conveyed additional information when ratios were used to
predict CHD risk. However, ratios had additional predictive
value when TC or LDL-C levels were used to predict risk.

In the Framingham Offspring Study, the CHD risk
increased stepwise two- to three fold in men and women
from the first to third tertile of the TC/HDL-C ratio, irrespec-
tive of the level of TC or LDL-C.12 The risk associated with the
TC/HDL-C ratio was more evident in individuals with optimal
or near-optimal LDL-C but with a higher CVD risk profile, that
is, those with diabetes, prediabetes, or metabolic syndrome.

The LDL-C/HDL-C ratio is similar to the TC/HDL-C ratio
because two thirds of the cholesterol in plasma is contained
in LDL-C. In patients with high triglyceride (TG) levels, the
LDL-C/HDL-C ratio may provide a better assessment of CVD
risk than LDL-C alone.13 In the primary prevention population
in the Air Force/Texas Coronary Atherosclerosis Prevention
Study (AFCAPS/TexCAPS), benefit in risk reduction was
seen in each tertile of the LDL-C/HDL-C ratio in both the
placebo- and lovastatin-treated groups; fewer major coronary
events occurred in the lovastatin-treated group compared
with the placebo group, and risk reductions of 20%, 36%,
and 48% occurred across the increasing tertiles of the LDL-
C/HDL-C ratios.14 The risk reduction associated with the
LDL-C/HDL-C ratio was similar to that for the apoB/apoA-I ratio
(29%, 41%, and 38%, respectively). In the Helsinki Heart Study
(HHS), the highest risk for CHD was observed in individuals
with an LDL-C/HDL-C ratio of greater than 5 and TG concen-
trations of greater than 204 mg/dL versus those with an LDL-C/
HDL-C ratio of 5 or less and TG concentrations of 204 mg/dL
or less (relative risk [RR] 3.8; 95% confidence interval [CI]
2.2–6.6).13 It was also shown that individuals in the high-risk
group who also had elevated TG levels benefitted the most
from treatment with gemfibrozil, with a 71% lower incidence
of CHD events compared with the corresponding placebo
subgroup.

In patients with very high TG concentrations, LDL-C esti-
mation using the Friedewald calculation is not reliable,15

and therefore, the TC/HDL-C ratio may be a better marker
of atherosclerotic risk, as is non–HDL-C.16 It is also important
to note that in the Women’s Health Study, measures of ath-
erogenic particle concentration (apoB and LDL-P concentra-
tion) did not provide any clinically meaningful further CVD
risk stratification once the TC/HDL-C ratio was accounted for

in the regression models (discrimination C-index 0.784,
0.785, and 0.786 for the referent model [consisting of nonli-
pid covariates and TC/HDL-C], or when LDL-P [P¼0.16] or
apoB [P¼0.0010] were added to the referent model).8

Non–HDL-C, which is simply TC minus HDL-C (Fig. 8-1),
is a measure of the cholesterol content of all atherogenic
lipoprotein particles (i.e., LDL, very-low-density lipoprotein
[VLDL], intermediate-density lipoprotein [IDL], and lipo-
protein(a) [Lp(a)]) in plasma.17 Non–HDL-C has been
shown to be a better CVD risk marker than LDL-C. In the
largest patient-level meta-analysis to date (performed by
the Emerging Risk Factors Collaborators), which included
68 prospective studies and 302,430 participants without ini-
tial vascular disease, non–HDL-C was the single best lipid
parameter to predict future risk of CHD.18 The hazard ratios
(HRs) (95% CI) for CHD per 1-SD increase were 1.38 (1.09–
1.73) for directly measured LDL-C and 1.42 (1.06–1.91) for
non–HDL-C. It is interesting to note that the HRs in the
Emerging Risk Factors Collaboration meta-analysis were
at least as strong in participants who did not fast as in those
who did. In the Framingham Heart Study, increasing non–
HDL-C levels showed a strong and graded association with
an increased incident CHD risk in individuals with LDL-C
less than 130 mg/dL, those with LDL-C between 130 and
159 mg/dL, and those with LDL-C 160 mg/dL or greater,
whereas increasing LDL-C levels did not show a graded
association with CHD risk in individuals among various
non–HDL-C categories.6

Non–HDL-C has also been shown to be a stronger marker
of future CVD risk in patients on statins. In the Treating to
New Targets (TNT) and the Incremental Decrease in End
Points Through Aggressive Lipid Lowering (IDEAL) studies,
on-treatment levels of LDL-C (HR 1.15; 95% CI 1.10–1.20),
non–HDL-C (HR 1.19; 95% CI 1.14–1.25), and apoB (HR
1.19; 95% CI 1.14–1.24) were all associated with future risk
of CVD.19 In contrast, on-treatment LDL-C dropped out as a
significant predictor of future CVD risk when adjustment
was made for on-treatment non–HDL-C levels (HR 0.90;
95% CI 0.82–0.99), whereas non–HDL-C remained a signifi-
cant predictor of future CVD risk (HR 1.31; 95% CI 1.19–
1.44) in a regression model that included LDL-C levels. In
a meta-analysis of individual patient-level data from eight
randomized controlled trials of statin therapy in 38,153 indi-
viduals, the adjusted HRs for major CVD events per 1-SD

Cholesterol content of all the
atherogenic lipoprotein particles

Non-HDL-C goal = 30 mg/dl

above LDL-C goal

Non-HDL-C

LDL-C VLDL-C IDL-C Lp(a) cholesterol

FIGURE 8-1 Non-HDL-C. HDL-C, high-density lipoprotein cholesterol; IDL-C,
intermediate-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; Lp(a), lipoprotein(a); VLDL-C, very-low-density lipoprotein cholesterol.
(From Virani SS. Components of non–high-density lipoprotein cholesterol (non–
HDL-C) Texas Heart Inst J. 2011;38(2):160-162; Figure 1.)
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increase were 1.13 (95% CI 1.10–1.17) for LDL-C, 1.16 (95% CI
1.12–1.19) for non–HDL-C, and 1.14 (95% CI 1.11–1.18) for
apoB.20 Despite their similarities, the HRs were significantly
higher for non–HDL-C than for LDL-C (P¼0.002) or apoB
(P¼0.02) after bootstrap analyses. In the same meta-
analysis, patients who met the recommended target of the
previous Adult Treatment Panel III (ATP III) guidelines21

for the non–HDL-C levels (<130 mg/dL) but not the LDL-C
levels (<100 mg/dL) had an HR of 1.02 (95% CI 0.92–1.12)
for CVD events compared with those who reached both
LDL-C and non–HDL-C targets. In contrast, patients who
reached the LDL-C target, but not the non–HDL-C target,
had an HR of 1.32 (95% CI 1.17–1.50) for CVD events com-
pared with those who reached both targets. These results
indicated that attainment of the non–HDL-C treatment target
was at least as important (and may be more important) than
attaining the LDL-C treatment target. Non–HDL-C usually
has a better correlation with apoB than does LDL-C
and is believed to mirror apoB in those subgroups most
likely to show discordance between LDL-C and apoB (e.g.,
those with diabetes or metabolic syndrome).16,22 Recogniz-
ing the importance of non–HDL-C as the fraction that
includes the cholesterol content of all the atherogenic lipo-
proteins, the International Atherosclerosis Society position
paper for the management of dyslipidemia considers
non–HDL-C to be an alternative to LDL-C as a target of
therapy.23

Non–HDL-C has been shown to be a stronger marker of
CVD risk compared with LDL-C for various reasons. First,
non–HDL-C calculation includes the cholesterol content of
all the atherogenic lipoproteins, including LDL, as discussed
previously. Second, non–HDL-C levels were shown to have a
stronger association with measures of the atherogenic parti-
cle burden (e.g., apoB and LDL-P concentration) than LDL-
C.24 In the Atherosclerosis Risk in Communities Study
(ARIC), non–HDL-C had a higher correlation (r¼0.85) with
apoB than did LDL-C (r¼0.74) with apoB.25 In the Heart Pro-
tection Study (HPS), non–HDL-C and apoB were strongly
correlated with each other (r¼0.93) more so than with
LDL-C (r¼0.87 for both). In addition, non–HDL-C levels
can be measured in nonfasting samples as opposed to the
LDL-C calculation, which requires a fasting sample. Because
non–HDL-C calculation provides a better estimate of athero-
genic particles than LDL-C alone, non–HDL-C had been
recommended as a secondary therapeutic target in patients
with elevated TGs (�200 mg/dL) in the previous ATP III
guidelines.21 Despite these data, recent studies have shown
that a majority of healthcare providers are not aware of how
to perform the calculation of non–HDL-C levels from a regu-
lar lipid panel, and that an even smaller proportion of pro-
viders are aware of the non–HDL-C treatment goals.26,27

It is important to note that apart from the HHS,28 none of the
lipid-lowering studiesenrolledparticipantsbasedon theirnon–
HDL-C levels. In addition, although post hoc analyses have
shown that attaining non–HDL-C targets is important,20 it is
not known from primary clinical trial evidence whether target-
ing non–HDL-C levels, once ATP III guideline–recommended
LDL-C target levels are achieved, provides any incremental
benefit in CVD risk reduction. Although cholesterol ratios
and non–HDL-C likely provide better assessment of CVD risk
compared with LDL-C alone, they are not recommended as
the targets of therapy per the recently released American
College of Cardiology and American Heart Association
(ACC/AHA) guidelines on cholesterol management.29

The LDL-C/apoB ratio has been shown to provide informa-
tion on the LDL-P size. ApoB is not exclusively found in LDL
particles, but is also present in IDL and VLDL particles. When
LDL is separated by ultracentrifugation, and the ratio of cho-
lesterol in LDL to apoB in LDL is less than 1.3, this indicates the
predominance of small, dense LDL (sdLDL) particles, which
may be more atherogenic.30 However, in a study that evalu-
ated the correlation of LDL size with the total plasma
LDL-C/apoB ratios, only a weak correlation existed between
LDL size and the LDL-C/apoB ratio in both healthy controls
(r¼�0.38 and P <0.01) and in those with TC 220 mg/dL or
greater and TGs 150 mg/dL or greater (r¼0.18 and P
<0.01).31 However, it should be noted that in this study,
LDL-C was not calculated but wasmeasured by using a homo-
geneous enzymatic assay.

APOLIPOPROTEIN RATIO AND
CARDIOVASCULAR DISEASE RISK

Apolipoproteins are the protein moiety of lipoprotein parti-
cles and are present mainly on the lipoprotein surface close
to phospholipids. Different lipoproteins contain different
apolipoproteins, which determine the structure and func-
tion of lipoproteins. Apolipoproteins play an important role
in transportation of lipids in the blood. ApoB-100 is the main
protein component of atherogenic lipoproteins originating
in the liver, such as VLDL, IDL, LDL, and Lp(a). ApoB-48 is
required for the transport of all cholesterol-carrying lipopro-
teins that are produced in the intestine as chylomicrons.
Each apoB-containing lipoprotein has one apoB particle
per lipoprotein particle. Therefore, apoB particles constitute
an indirect measure of all atherogenic particles in the blood
stream. An atheroma is initiated when an apoB-containing
particle is caught in the vascular intima and is degraded
by macrophages, which, in turn, are converted to foamy
macrophages. This leads to an inflammatory cascade, result-
ing in progression of atherosclerosis. The major apolipo-
proteins in HDL are apoA-I, a 243–amino acid protein, and
apoA-II, a 154–amino acid protein (see Chapter 4).32,33

ApoA-I acts as a cofactor for the enzyme lecithin:cholesterol
acyltransferase and removes excess cholesterol from tissues
by the process of reverse cholesterol transport to the
liver.34 ApoA-I also serves as a ligand for adenosine
triphosphate–binding cassette–A1 (ABCA1).35 ApoA-II
inhibits hepatic and lipoprotein lipase, leading to an
increase in TG levels, andmaintains HDL-C levels.36,37 Unlike
apoB, more than one apoA-I particle may be present per
HDL particle. Commercially available assays can measure
both apoB and apoA-I.

As discussed previously, apoB is the apolipoprotein on all
atherogenic lipoproteins, and apoA-I is the principal apoli-
poprotein on the HDL particle. Thus, the apoB/apoA-I ratio
represents a good measure of the balance between the ath-
erogenic and atheroprotective particles in plasma.38,39

Because both apolipoproteins are directly measured, the
ratio tends to be less affected by calculation errors.40 Further-
more, measurement of apolipoproteins does not require fast-
ing (similar to the assessment of non–HDL-C). In contrast,
LDL-C is currently not measured directly on routine lipid
panels, but is, rather, derived by using the Friedewald for-
mula.15 In addition, calculated LDL-C may be inaccurate
at very low LDL-C levels or very high TG levels and requires
a fasting sample.
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It has been shown in several epidemiologic studies that
apolipoproteins may improve CVD risk prediction beyond
that obtained with conventional lipidmeasures. The Quebec
Cardiovascular Study was the first to demonstrate the supe-
riority of apoB levels to traditional cholesterol measures in
CVD risk prediction in men without known ischemic heart
disease (IHD).41 The RR of IHD per 1-SD increase in apoB
levels was 1.29 (95% CI 1.04–1.60) after adjusting for tradi-
tional CVD risk factors and the TC/HDL-C ratio. The relation-
ship was still significant in separate models controlling for
TGs (RR 1.48; 95% CI 1.23–1.77) or HDL-C (RR 1.40; 95%
CI 1.18–1.65) in addition to traditional cardiovascular risk
factors. When these study participants were followed up, a
higher apoB level was still associated with IHD (RR 2.4;
95% CI 1.5–3.8, and RR 1.6; 95% CI 1.0–2.5, at 6- and 13-year
follow-up, respectively, when comparing the third and first
tertiles).42

The Apolipoprotein-related Mortality Risk Study
(AMORIS) evaluated the association of apolipoprotein levels
and fatal MI in 175,553 Swedish individuals with and without
clinical atherosclerotic disease.38 Levels of TC were associ-
ated with fatal MI only in participants younger than 70 years,
but apoB levels were strongly associated with fatal MI in
those older or younger than 70 years of age. Increasing apoB
and decreasing apoA-I concentrations were associated with
increasing risk for fatal MI, irrespective of TC and TG levels.
In age-adjusted models containing apoB and TG, apoB
remained the strong determinant of fatal MI in both men
and women. In contrast, TC was not significantly associated
with fatal MI in either men (P¼0.55) or women (P¼0.47)
once apoB was included in the regression model. For
men, the age-adjusted RRs per 1-SD increase in apoB,
apoA-I, and apoB/apoA-I ratio for fatal MI in multivariate
analysis were 1.43 (95% CI 1.28–1.60), 0.67 (95% CI 0.62–
0.71), and 1.23 (95% CI 1.18–1.27), respectively, in the same
model that also included both TC and TGs. The correspond-
ing RRs in women were 1.34 (95% CI 1.10–1.62), 0.74 (95% CI
0.67–0.81), and 1.38 (95% CI 1.25–1.52), respectively. The
lipid variable with the highest RR between individuals in
the highest and lowest quartiles was the apoB/apoA-I ratio
(RR �4 in men and �3 in women). A stepwise increase in
RR to 4.1 was seen in men younger than 70 years of age
who had the highest concentrations of apoB and the lowest
concentrations of apoA-I, compared with men who had the
highest apoA-I and the lowest apoB concentrations, irrespec-
tive of TC or TG concentrations. The corresponding RR was
3.2 in men 70 years and older. Findings in women were sim-
ilar to those in men in both age cohorts. Furthermore, when
apoB was added to the same model containing LDL-C, apoB
had higher RRs than LDL-C in both men (RR 1.14; 95% CI
1.01–1.28, and RR 1.33; 95% CI 1.17–1.51 for LDL-C and apoB,
respectively) and women (RR 0.85; 95% CI 0.69–1.05, and RR
1.53; 95% CI 1.25–1.88 for LDL-C and apoB, respectively).
Lastly, apoB levels had higher sensitivity and specificity for
fatal MI prediction than LDL-C when analyses were per-
formed using the receiver operating characteristic curve.
The area under the curve was higher for apoB than LDL-C
in both sexes (0.60 and 0.65 for LDL-C and apoB in men,
0.60 and 0.69 for LDL-C and apoB in women, P <0.0001
for comparison between LDL-C and apoB for both sexes).
It should be noted that LDL-C was calculated with a formula
using TC, TG, and apoA-I, which was different from the
Friedewald calculation.15 Because HDL-C was not directly
measured as is routinely done, but was derived from a

formula, AMORIS did not assess the association of non–
HDL-C with fatal MI. In addition, data on multiple important
clinical variables, such as smoking, hypertension, diabetes,
and previous disease conditions and treatments, were not
available, and therefore, adjustments for these important
covariates were not made.

The INTERHEART study was a case–control study among
12,461 MI cases and 14,637 age-matched controls from 52
countries.43 The odds ratio (OR) per 1-SD increase in
apoB/apoA-I ratio for MI was the highest (OR 1.59; 95% CI
1.52–1.64) among all cholesterol parameters, including
non–HDL-C (OR 1.21; 95% CI 1.17–1.24) and the TC/HDL-C
ratio (1.17; 95% CI 1.13–1.20). ApoB/apoA-I ratio had the
highest population-attributable risk for the first MI (54%)
among the nine modifiable risk factors, which was signifi-
cantly different compared with the population-attributable
risks of 37% for the LDL-C/HDL-C ratio and 32% for the TC/
HDL-C ratio (P <0.0001 for both comparisons). Nonfasting
lipids were measured in the INTERHEART study.

In the monitoring of Trends and Determinants in Cardio-
vascular Diseases/Kooperative Gesundheitsforschung in
der Region Augsburg (MONICA/KORA) Augsburg Cohort
Study, the apoB/apoA-I ratio was found to be similar to
the TC/HDL-C ratio in terms of risk for incident coronary
events.44 In multivariable-adjusted analysis, the HRs (95%
CI) per 1-SD increase in apoB/apoA-I were 1.42 (1.20–1.68)
in men and 1.55 (1.15–2.11) in women. The corresponding
HRs (95% CI) per 1-SD increase in the log-transformed TC/
HDL-C ratio were 1.48 (1.22–1.78) and 1.69 (1.22–2.35),
respectively.

In the Women’s Health Study, in 15,632 initially healthy
U.S. women without CVD, the HR (95% CI) for future CVD
events in the extreme quintiles was 1.62 (1.17–2.25) for
LDL-C, but the HR was higher for both non–HDL-C (2.51;
95% CI 1.69–3.72) and apoB (2.50; 95% CI 1.68–3.72) in
the fully adjusted model.45 In the Nurses’ Health Study,
32,826 women without CHD were prospectively followed
up for incident CHD for 8 years.46 The RR and 95% CI for
CHD per 1-SD increase in the apoB/HDL-C ratio (1.7; 1.4–
2.1) was similar to the RR associated with each 1-SD increase
in the TC/HDL-C ratio (1.6; 1.3–1.9) and the LDL-C/HDL-C
ratio (1.5; 1.3–1.9).

In the Emerging Risk Factors Collaboration meta-analysis,
similar risks for CHD were observed per 1-SD increase in
non–HDL-C (HR 1.59; 95% CI 1.36–1.85) and apoB (HR
1.58; 95% CI 1.39–1.79) in the fully adjusted model.18 In
addition, the HR (95% CI) per 1-SD increase in non–HDL-
C/HDL-C ratio was 1.50 (1.38–1.62), and in apoB/apoA-I ratio
was 1.49 (1.39–1.60). For ischemic stroke, the corresponding
HRs were 1.14 (1.05–1.24) and 1.13 (1.05–1.21), respectively.

In a meta-analysis of 15 independent analyses from epide-
miologic studies with a total of 233,455 individuals and
22,950 cardiovascular events, apoB was the most important
marker of cardiovascular risk (RR 1.43; 95% CI 1.35–1.51),
LDL-C was the least important (RR 1.25; 95% CI 1.18–1.33),
and non–HDL-C was intermediate (RR 1.34; 95% CI 1.24–
1.44).47 The overall comparisons of the within-study differ-
ences showed that the RR for apoB was 5.7% greater than
that for non–HDL-C (P <0.001) and 12% greater than that
for LDL-C (P <0.0001), and that the RR for non–HDL-C
was 5% greater than that for LDL-C (P <0.017).

The residual CVD risk in many clinical trials of statins has
shown an inconsistent relationship with various lipid
markers, including apoB. In the Scandinavian Simvastatin
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Survival Study (4S), after 1 year of treatment with simvastatin
for secondary prevention, each 1% decrease in the TC/HDL-
C ratio was associated with a 1.3% reduction in CHD risk (P
<0.00001), and the corresponding risk reductions for LDL-C,
TC, and apoB were 1.7% (P<0.00001), 1.9% (P¼0.00005),
and 1.1 (P<0.004), respectively.48 In AFCAPS/TexCAPS, dur-
ing treatment with lovastatin, only apoB and the apoB/apoA-
I ratiowereassociatedwith the subsequent risk for acutemajor
coronary events; on-treatment LDL-C was not.14 In the Long-
Term Intervention with Pravastatin in Ischaemic Disease
(LIPID) trial for secondary CVD prevention, the HR for CHD
associated with each unit change in on-treatment lipid level
at 1 year in the pravastatin-allocated group was 1.20 (95% CI
1.00–1.45) for LDL-C, 1.25 (95% CI 1.05–1.47) for TC, 1.05
(95% CI 1.01–1.09) for the TC/HDL-C ratio, and 2.10 (95% CI
1.21–3.64) for apoB in a model adjusted for nonlipid parame-
ters and measurement errors.49 In the TNT study, in patients
with known CHD, on-treatment lipids and apolipoproteins at
1 year were not associated with risk for major cardiovascular
events after baseline apolipoproteins and clinical risk factors
were taken into account in either the low-dose (10 mg) or
high-dose (80 mg) atorvastatin group.50 In a post hoc analysis
of combined data from the TNT and IDEAL trials of low-dose
versus high-dose statins for secondary prevention, in regres-
sion models containing LDL-C, non–HDL-C and apoB were
each significantly associated with CVD outcomes, whereas
LDL-Cwas no longer associatedwith adverseCVDoutcomes
inmodels containing non–HDL-C or apoB.19 In amodel that
contained non–HDL-C and apoB, neither was significant
because of collinearity. The TC/HDL-C ratio, and particu-
larly, the apoB/apoA-I ratio (HR1.24; 95%CI 1.13–1.36)were
each more closely associated with major cardiovascular
outcome than any of the other proatherogenic lipoproteins.
In the Justification for the Use of Statins in Prevention:
an Intervention Trial Evaluating Rosuvastatin (JUPITER),
the fully adjusted standardized HRs (95% CI) for incident
CVD were similar for on-treatment LDL-C (1.31; 1.09–1.56),
non–HDL-C (1.25; 1.04–1.50), apoB (1.27; 1.06–1.53), TC/
HDL-C ratio (1.22; 1.03–1.44), LDL-C/HDL-C ratio (1.29;
1.09–1.52), and apoB/apoA-I ratio (1.27; 1.09–1.49).51 The
referent model was the one that adjusted for nonlipid
covariates only.
In theMeasuring Effective Reductions in Cholesterol Using

Rosuvastatin (MERCURY II) trial, a strong correlation was
found between non–HDL-C and apoB before and especially
during statin therapy (r 2¼0.79 and 0.92, respectively).52 The
correlation coefficients were much lower for the association
between LDL-C and apoB (r 2¼0.61 and 0.79 before and dur-
ing statin therapy, respectively). Thus, it can be seen that
compared with LDL-C, non–HDL-C has a better correlation
with apoB both before, and particularly, during statin ther-
apy, implying that non–HDL-C may be an acceptable surro-
gate for direct apoB measurement, particularly during
treatment with statins.
Although studies have consistently shown that apoB is a

better marker of CVD risk compared with LDL-C, it remains
debatable whether apoB levels provide further prognostic
information in addition to non–HDL-C. For example, in the
Women’s Health Study, the HRs (95% CI) for incident CVD
in the extreme quintiles were 2.52 (1.95–3.25) for non–
HDL-C and 2.57 (1.98–3.33) for apoB.8 In HPS, the HRs
(95% CI) for major occlusive coronary events per 1-SD
increase were similar for both non–HDL-C (1.22; 1.14–1.32
in the statin arm, and 1.09; 1.03–1.15 in the placebo arm)

and apoB (1.23; 1.15–1.33 in the statin arm, and 1.11; 1.05–
1.17 in the placebo arm).9 In contrast, a few studies have sug-
gested that non–HDL-C may be better associated with
increased CVD risk compared with apoB. In a cohort of
9026 individuals without CVD at baseline in the ARIC study,
at a median follow-up of 10.1 years, compared with the bot-
tom quintiles, the top quintiles of apoB (HR 2.00; 95% CI
1.40–2.85) and the apoB/apoA-I ratio (HR 2.47; 95% CI
1.53–4.01) did not demonstrate stronger associations with
CHD than the top quintiles of non–HDL-C (HR 2.54; 95%
CI 1.65–3.89) and the non–HDL-C/HDL-C ratio (HR 4.28;
95% CI 2.29–8.03) in obese individuals.53 The difference in
the HR of CHD associated with the top quintiles of the
apoB/apoA-I ratio and the non–HDL-C/HDL-C ratio among
obese participants bordered on statistical significance
(P¼0.06) when compared by using the Wald statistical test.
Findings were similar in individuals with diabetes or meta-
bolic syndrome. In models adjusted for non–HDL-C and
HDL-C, apoB (P¼0.94) and apoA-I (P¼0.55) were not signif-
icantly associated with CHD events among those with obe-
sity, in contrast to non–HDL-C and HDL-C, which were still
significantly associated with CHD (P¼0.02 for both) when
apoB and apoA-I were included in the model. As stated pre-
viously, in a patient-level meta-analysis of 38,153 patients
from eight randomized clinical trials, the adjusted HR for
major CVD events per 1-SD increase in non–HDL-C was
1.16 (95% CI 1.12–1.19) and in apoB was 1.14 (1.11–
1.18).20 The HR for non–HDL-C was significantly higher
(P¼0.02) than that for LDL-C (1.16; 95% CI 1.12–1.19).20

In contrast, isolated apoA-I levels have been found to be
linked to CVD in only a limited number of studies (e.g.,
AMORIS)38; therefore, measurement of apoA-I may not offer
a significant advantage over HDL-C measurement in CVD
risk assessment. The independent predictive power of iso-
lated apoA-I measurement for CVD over and above that of
HDL-C is therefore still uncertain.

The ATP III guidelines did not recommend use of apoB or
of apoA-I as targets for lipid-lowering therapy.21 The ATP III
guidelines recommended non–HDL-C levels as a surrogate
for apoB-containing particles when TG levels are elevated
(�200 mg/dL). The recently released ACC/AHA 2013 Guide-
line on the Assessment of Cardiovascular Risk provided no
recommendations either for or against the use of apoB as a
CVD risk assessment tool.54

LOW-DENSITY LIPOPROTEIN PARTICLE SIZE
AND PARTICLE NUMBER AND
CARDIOVASCULAR DISEASE

LDL-C levels have been shown to be associated with CVD.21

However, residual risk may still remain in some individuals
who have received evidence-based statin doses after attain-
ing goal LDL-C levels per the ATP III guidelines.17,55 The asso-
ciation between LDL-C and CHD risk is continuous, but it is
not linear; the risk rises more steeply with increasing LDL-C
concentrations.56 In other words, the risk is curvilinear, or
log-linear, and the risk is steep when the LDL-C level is high,
but it is not as steep when the LDL-C level is in the moderate
range. This variability in risk may stem from the fact that the
amount of cholesterol carried by LDL particles is not always
constant; it varies greatly among individuals and also in
response to therapy57 and the concentration of TG and VLDL
remnants.58 Smaller, denser LDL particles exist with elevated
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TG levels, whereas larger, more buoyant LDL particles pre-
dominate at lower TG levels.58,59 Smaller, denser LDL parti-
cles may represent more “atherogenic” particles at a given
concentration of LDL-C than the larger, more buoyant parti-
cles.30,60–62 Most of the atherogenic lipoproteins in patients
with diabetes, insulin resistance, and metabolic syndrome
are small, dense, cholesterol-depleted LDL particles. Thus,
it is not unusual to see significant discordance betweenmea-
surements of LDL-C and LDL-P concentration in these
groups.57,58

It has been recognized that considerable heterogeneity
exists within LDL size (plasma density of 1.019–1.063 g/
mL),63,64 particularly in patients with type IV or type IIb
dyslipidemia (familial combined hyperlipidemia) com-
pared with patients with type IIa dyslipidemia (familial
hypercholesterolemia) or patients who are normolipi-
demic.65,66 Various studies have shown that the presence
of sdLDL predisposes to an increased risk for CVD67–69 and
diabetes.70–72 Although sdLDL may be more atherogenic
than large, buoyant LDL, studies have shown that LDL size
itself may not be associated with future risk of CVD events
once the total LDL-P concentration is taken into
account.8,73 This likely indicates that small LDL size is a
marker for the presence of a large number of LDL. Mea-
surement of sdLDL has been generally limited to laborious
and highly complex techniques, until recently, when a
novel, simple homogenous assay was developed to mea-
sure cholesterol content in sdLDL (sdLDL-C).74 With the
use of this novel assay in the ARIC study, it has been
shown that sdLDL-C was associated with incident CHD,
even in individuals considered to be at lower risk of
CVD on the basis of having LDL-C levels that were less than
100 mg/dL.75 Among participants with LDL-C levels less
than 100 mg/dL, those with sdLDL-C levels in the fourth
quartile had a 61% increase in risk for incident CHD
(HR 1.61; 95% CI 1.04–2.49) compared with individuals
with sdLDL-C levels in the first quartile. In the Multi-Ethnic
Study of Atherosclerosis (MESA), a similar association was
seen only in normoglycemic individuals and those without
diabetes, but not in those with impaired fasting glucose or
diabetes.60 In MESA, individuals with LDL-C levels less
than 100 mg/dL and sdLDL-C levels in the fourth quartile
had an HR of 2.37 (95% CI 1.21–4.67) for incident CHD
in a fully adjusted model. Although sdLDL-C was associ-
ated with adverse outcomes in these two studies, the ana-
lyses did not adjust for measures of LDL-P concentration.
On the basis of these data, it seems that sdLDL-C provides
additional prognostic information beyond LDL-C, even in
individuals with relatively low LDL-C levels. In contrast,
the added utility of sdLDL-C beyond LDL-P measurement
in CVD risk assessment has not been fully elucidated.

The nuclear magnetic resonance (NMR) method was
originally introduced as an alternative to gradient gel tech-
nology to assess lipoprotein particle size.76 This technology
uses the characteristic spectroscopic signal from the cluster-
ing of the methyl groups in various lipids into individual
subclass signal amplitudes by deconvolution.77 A high cor-
relation (r¼0.946) exists in the LDL-P size determination
by gradient gel electrophoresis and NMR spectros-
copy.78,79 More recently, NMR analysis has focused on
the concept of particle concentration. From the signal
amplitudes, another series of calculations was performed
to convert the NMR subclass concentrations to particle
concentrations.80

In the Women’s Health Study, NMR was used to measure
LDL size and total LDL-P concentration. In this study,
although LDL size was associated with future risk of CVD,
the association was highly attenuated and became nonsig-
nificant once LDL-P concentration was added to the adjust-
ment models.8 Similarly in MESA, LDL size was significantly
associated with carotid intima–media thickness (CIMT), but
the association became nonsignificant after accounting for
LDL-P concentration.73

Several epidemiologic studies have assessed the role of
LDL-P as a predictor of CVD risk.81 In the Framingham Off-
spring Study, in 3066 middle-aged, white subjects (53%
women), LDL-P was approximately twice as strongly related
to CVD incidence as LDL-C (β-coefficient 0.24 for LDL-P ver-
sus 0.11 for LDL-C).7 The authors also performed discor-
dance analyses. Discordance between LDL-C and LDL-P
concentration was defined on the basis of median levels
of LDL-C and LDL-P. CVD event–free survival was worse
for individuals with discordance characterized by low
LDL-C (LDL-C below median) and high LDL-P (LDL-P above
median) compared with the group with high LDL-C (LDL-C
above median) and low LDL-P (LDL-P below median). Dif-
ferences in LDL-C had little effect on event-free survival
within both the high LDL-P and low LDL-P participants
(Fig. 8-2). This study demonstrates that, in the presence of
discordance between LDL-C and LDL-P (above or below
the median), CVD risk tracked better with LDL-P compared
with LDL-C.
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FIGURE 8-2 Event-free survival in the Framingham Offspring Study in
individuals with LDL-C and LDL-P) concentration above or below the
median. Median LDL-C 131 mg/dL; median LDL-P 1414 nmol/L. LDL-C, low-
density lipoprotein cholesterol, LDL-P, low-density lipoprotein particle. (From
Cromwell WC, Otvos JD, Keyes MJ, et al. LDL particle number and risk of future
cardiovascular disease in the Framingham Offspring Study-implications for LDL
management. J Clin Lipidol. 2007;1(6):583-592.)
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In MESA, the authors evaluated the association between
LDL-C (or LDL-P) and CIMT (or incident CVD events).82 Dis-
cordance between LDL-C and LDL-P was defined as values of
LDL-P and LDL-C differing by 12 percentile units or greater,
which gave equal-sized concordant and discordant sub-
groups. In these analyses, both LDL-C and LDL-P were asso-
ciated with incident CVD (HR 1.20; 95% CI 1.08–1.34, and
1.32; 95% CI 1.19–1.47, respectively) in the overall cohort.
In contrast, among those with discordance between LDL-C
and LDL-P, only LDL-P was associated with incident CVD
events (HR 1.45; 95% CI 1.19–1.78 for LDL-P, and HR 1.07;
95% CI 0.88–1.30 for LDL-C). Similarly, subclinical athero-
sclerosis (CIMT) tracked better with LDL-P compared with
LDL-C, as evident by the adjusted mean CIMTs of 958, 932,
and 917 μm, in the discordant group with LDL-P more than
LDL-C, the concordant group, and the discordant group with
LDL-P less than LDL-C, respectively.
In 27,533 initially healthy women from the Women’s

Health Study followed up for a median of 17.2 years, risk
for future coronary events was estimated in those who had
discordance between LDL-C and LDL-related measures
(non–HDL-C, apoB, and LDL-P).83 Discordance was
defined as LDL-C greater than or equal to the median
and the alternate LDL measures less than the median, or
vice versa. Among women with low LDL-C, coronary risk
was underestimated for women with discordant (greater
than or equal to the median) non–HDL-C, apoB, and
LDL-P levels (age-adjusted HRs [95% CIs] were 2.92
[2.33–3.67], 2.48 [2.01–3.07], and 2.32 [1.88–2.85], respec-
tively, compared with women with concordant levels).
Conversely, among women with LDL-C greater than or
equal to the median, risk was overestimated for women
with discordant (less than the median) non–HDL-C, apoB,
and LDL-P levels (HRs [95% CIs] were 0.40 [0.29–0.57],
0.34 [0.26–0.46], and 0.42 [0.33–0.53], respectively). The
authors concluded that after multivariable adjustment, risk
for coronary events remained underestimated or overesti-
mated by approximately 20% to 50% for women with dis-
cordant levels.
Similar to apoB, non–HDL-C levels are better correlated

with LDL-P compared with LDL-C.25 It is not entirely clear
whether LDL-P provides substantial benefit in CVD risk pre-
diction beyond non–HDL-C. Although measurement of LDL-P
(e.g., non–HDL-C and apoB) levels is recommended by
certain organizations for high-risk individuals with optimal
or near-optimal LDL-C levels with additional cardiovascular
risk (pre existing CVD, presence of metabolic syndrome, dia-
betes, or insulin resistance),23,84,85 the recently released
ACC/AHA guidelines on cholesterol management have not
endorsed the use of these lipid parameters in routine clinical
practice.29

HIGH-DENSITY LIPOPROTEIN PARTICLE SIZE
AND CONCENTRATION AND
CARDIOVASCULAR DISEASE

The plasma concentration of HDL-C has been shown to be
predictive of CVD in several epidemiologic studies.10,86–88

However, recent studies have shown that HDL-P con-
centration or HDL size may provide information beyond tra-
ditional HDL-C measurement. Using NMR spectroscopy,
HDL-P concentration and HDL size can be assessed to
determine whether HDL-P concentration or HDL size can

improve CVD risk prediction beyond traditional HDL-C
measurement.89

Both HDL size and HDL-P concentration have been shown
to be independently associated with other cardiovascular risk
factors and CVD. In a nested case–control study within the
European Prospective Investigation into Cancer and Nutri-
tion–Norfolk (EPIC-Norfolk) cohort, 822 asymptomatic,
healthy individuals were followed up for incident coronary
artery disease (CAD), and HDL-P concentration and size were
measured using NMR spectroscopy.90 Both HDL-P concentra-
tion and HDL size were lower in CAD cases than in controls.
The unadjusted OR for future CAD for people in the top quar-
tile comparedwith those in the bottom quartile was 0.40 (95%
CI 0.31–0.54) for HDL-C, 0.60 (CI 0.47–0.79) for HDL-P concen-
tration, and 0.51 (CI 0.39–0.67) for HDL size. Both HDL size
and HDL-P were independently associated with CAD. The
association between HDL size and CAD was abolished on
adjustment for TG and apoB levels (adjusted OR 1.00 [95%
CI 0.71–1.39] in the highest versus the lowest quartiles), but
HDL-P remained significantly associated with CAD (adjusted
OR 0.50 [95% CI 0.37–0.66]). These results showed that the
association between HDL size and atherosclerosis is more
sensitive to metabolic perturbations compared with the asso-
ciation between HDL-P and atherosclerosis.

In MESA, HDL-P was measured using NMR spectroscopy
in 5598 individuals.91 HDL-C and HDL-P were modestly cor-
related with each other (P¼0.69). For 1-SD higher HDL-C or
HDL-P, differences in CIMT were �26.1 (95% CI �34.7 to
�17.4) μm and �30.1 (95% CI �38.8 to �21.4) μm, and
HRs for CHD were 0.74 (95% CI 0.63–0.88) and 0.70 (95%
CI 0.59–0.82), respectively. Adjusted for each other and
LDL-P, HDL-C was no longer associated with CIMT (2.3;
95% CI: �9.5 to 14.2) μm or CHD (0.97; 95% CI 0.77–1.22),
but HDL-P remained independently associated with CIMT
(�22.2; 95% CI �33.8 to �10.6) μm and CHD (0.75; 95% CI
0.61–0.93) (Table 8-1). These results showed a more robust
association between HDL-P and subclinical atherosclerosis
(or CHD) compared with HDL-C.

In HPS, the HR (95% CI) for major occlusive coronary
events per 1-SD increase in a fully adjusted model was
0.87 (0.83–0.92) for HDL-C, 0.88 (0.83–0.92) for HDL-P, and
0.91 (0.87–0.95) for HDL size.9 When further adjusted for
LDL-P, the associations were attenuated but still significant
for HDL-C and HDL-P, and became nonsignificant for HDL
size. Ischemic stroke showed no significant association with
any of the HDL-related measures.

In a subanalysis of JUPITER, HDL-P (measured using NMR
spectroscopy) correlated better with apoA-I (Spearman
r¼0.69; P <0.0001) than with HDL-C (r¼0.55;
P <0.0001).92 Compared with placebo, rosuvastatin sig-
nificantly raised HDL-C (6.1%), apoA-I (2.1%), HDL-P
(3.8%), and HDL size (1.2%) (P <0.0001 for all). Among
rosuvastatin-allocated individuals, on-treatment HDL-P had
a significant and somewhat stronger association with CVD
(HR 0.73; 95% CI 0.57–0.93) than HDL-C (HR 0.82; 95% CI
0.63–1.08) or apoA-I (HR 0.86; 95% CI 0.67–1.10) per 1-SD
increase. Similar results were obtained for study partici-
pants who were allocated to placebo. On-treatment HDL-P
remained significant (HR 0.72; 95% CI 0.53–0.97) after
additionally adjusting for HDL-C in those allocated to rosuva-
statin. However, in a risk factor–adjusted model, HDL size
showed no significant association with CVD.

Thus, it appears that HDL-P measurement may provide
some incremental benefit in CVD risk assessment beyond
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HDL-C. In contrast, the association between HDL size and
atherosclerotic vascular disease seems to be attenuated
in epidemiologic studies once adjustments are made for
metabolic risk factors and LDL-P.

FUTURE DIRECTIONS

Several cholesterol ratios and measures of atherogenic and
antiatherogenic lipoprotein concentrations have recently
been shown to be better associated with CVD risk compared
with traditional cholesterol-based measures in epidemio-
logic studies. Despite this, it remains to be seen whether
targeting these ratios or lipoprotein parameters provides
any incremental benefit beyond traditional cholesterol-
based measures. In addition, with the recent shift from a
treat-to-target approach to a statin dose–based approach
based on the recent ACC/AHA guidelines on cholesterol
management in the United States, it is even more important
to understand whether treatment of specific cholesterol
ratios or measures of atherogenic lipoprotein particle con-
centrations provides incremental improvements in CVD
outcomes, once patients are already on evidence-based,
moderate- to high-dose statin therapy. Lastly, it remains to
be seen whether modulation of HDL-P concentration can
be a treatment target because of the recent disappointing
results of HDL-C–modulating therapies in patients on
moderate- to high-dose statin therapy.
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INTRODUCTION

More than 30 years ago, Norman and George Miller pro-
posed that a low level of high-density lipoprotein (HDL)
cholesterol (HDL-C) was associated with an increased risk
of vascular disease and coronary atherosclerosis.1 This
insight reflected, in part, the pioneering studies by Glomset,2

whodemonstrated that HDLplayed a pivotal role in the trans-
fer of cholesterol from theperiphery to the liver. Clinical proof
of this concept was subsequently borne out in prospective
studies conducted in Tromsø (Norway),3 Framingham
(Massachusetts),4 and Münster (Germany),5 in which an
inverse association between HDL-C and coronary heart dis-
ease (CHD) was consistently demonstrated. Similarly,
Albrink and Man are credited as being the first to recognize
the association between triglyceride (TG) and CHD risk.6

However, in the ensuing decades, considerable contro-
versy has revolved around whether TG serves as a true inde-
pendent CHD risk factor or may be best represented as an
important biomarker of risk. This chapter focuses on the epi-
demiology of HDL-C as an independent predictor of CHD,
highlights the prognostic impact of low HDL-C, and assesses
the clinical relevance of TG in CHD risk assessment.

HIGH-DENSITY LIPOPROTEIN CHOLESTEROL
AS A PREDICTOR OF CORONARY HEART
DISEASE

Epidemiologic Studies
Observational studies conducted in the United States,
Europe, and Scandinavia during the 1970s and early 1980s
identified an inverse relationship between HDL-C and
CHD.3–5,7,8 In the Framingham Heart Study, low HDL-C
was associated with an increased risk of incident CHD
events, even in the absence of elevated low-density lipopro-
tein cholesterol (LDL-C)4,9 (Fig. 9-1). For each 5-mg/dL dec-
rement below median HDL-C (i.e., 45 mg/dL in men and
55 mg/dL in women), an approximate 25% increased risk
for CHD was observed. Conversely, increases above the
median percentile of HDL-C corresponded to a reduced risk

of initial CHD events (Table 9-1).4 Other studies also identi-
fied low HDL-C as predictive of initial CHD event rates.
For example, in the 5-year prospective Israeli Ischemic Heart
Disease Study, the inverse association between HDL-C
and incident myocardial infarction in men ages 50 years
and older remained statistically significant after controlling
for cigarette smoking, blood pressure, weight, and diabetes.8

Similarly, in the Prospective Cardiovascular Münster study,
lowHDL-C, defined as less than 35 mg/dL, conferred a 2.5-fold
increase in incident CHD with total cholesterol (TC) levels
less than 200 mg/dL and a fivefold increase at higher TC
levels (i.e., 200–300 mg/dL).5 Studies that evaluated the prev-
alence of low HDL-C and CHD in the absence of hypercholes-
terolemia (e.g., TC <200 mg/dL) also identified low HDL-C
as highly prevalent10–17 and predictive of primary
and recurrent CHD events.17,18 Data from the Multiple Risk
Factor Intervention Trial,19 the Lipid Research Clinics
Follow-up trial,20 the placebo arm of the Lipid Research
Clinics Coronary Primary Prevention Trial,21 and the Physi-
cians’ Health Study22 found that for each 1-mg/dL increment
in HDL-C, an approximate 3% reduction occurred in CHD
risk (Table 9-2).

Nonetheless, not all studies have concluded that HDL-C
is inversely correlated with CHD.23,24 In the Minnesota Pro-
spective Study, low HDL-C was not associated with a statis-
tically significant higher risk of CHD death in men over a
25-year follow-up period.24 Subsequently, Keys et al.
extended these findings to a Finnish cohort that after a
24-year follow-up period failed to demonstrate a statistically
significant relationship between baseline HDL-C levels and
CHD death,25 thereby raising the suggestion that short
(e.g., 3- to 5-year) follow-up periods might be insufficient
to address adequately the inverse relationship between
HDL-C and CHD.9,10

Angiographic and Clinical Trials
Coronary arteriographic studies lasting 2 to 5 years in dura-
tion have also demonstrated the highest rate of progression
in native coronary arteries and saphenous vein grafts among
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patients with lowHDL-C, as illustrated in the Lipoprotein and
Coronary Atherosclerosis Study26 (Fig. 9-2) and the Post Cor-
onary Artery Bypass Graft study27 (Fig. 9-3). Similarly, ran-
domized clinical trials that employed statin therapy have
consistently found placebo-treated patients with the lowest
levels of HDL-C to be at the highest risk of future CHD
events.28,29 Treatment with statins was very effective in
patients with low HDL-C by offsetting the excess risk
observed in placebo-treated patients with normal HDL-C
(Fig. 9-4). Despite their relatively modest HDL-C–raising
effect (e.g., 5%–10%), statins appear to be a particularly
effective therapy for low HDL-C; statins reduce the athero-
genic lipids and lipoproteins that accompany a proinflam-
matory milieu.30,31

LOW HIGH-DENSITY LIPOPROTEIN
AS A BIOMARKER OF CORONARY
HEART DISEASE

Although the consensus is that HDL-C is inversely corre-
lated with CHD,32 what remains less established is the
extent to which low HDL may directly promote athero-
thrombosis. It has been recognized that, in addition to
reduced efficiency of reverse cholesterol transport (see
Chapters 4, 5, and 44), low HDLmay also produce a proin-
flammatory and prooxidative state.33,34 Others have sug-
gested that low HDL-C reflects metabolic alterations
associated with visceral adiposity, hypertriglyceridemia,
and insulin resistance.35,36 Under this guise, low HDL-C
may serve more appropriately as a biomarker rather than
as an inciter of disease. What remains less well established
is whether an “isolated” low HDL-C level promotes an ath-
erogenic state, and conversely, whether a high level of HDL-
C is cardioprotective, especially when accompanied by
other CHD risk factors.

CAUSES OF LOW AND HIGH HIGH-DENSITY
LIPOPROTEIN CHOLESTEROL

The causes of low and high levels of HDL-C are outlined in
Table 9-3. During illness or hospitalization, increases in
acute-phase proteins, such as serum amyloid A, may
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FIGURE9-1 Risk of CHDbyHDL-C and LDL-C levels. CHD, coronary heart disease;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
(Modified from Harper CR, Jacobson TA. New perspectives on the management of low
levels of high-density lipoprotein cholesterol. Arch Intern Med. 1999;159:1049-1057.)

TABLE 9-1 Risk of CHD for Each 5-mg/dL Change
Beyond Median HDL-C in the Framingham
Heart Study
HDL CHOLESTEROL (mg/dL) MEN WOMEN

30 1.82 —

35 1.49 —

40 1.22 1.94

45 1.00 1.55

50 0.82 1.25

55 0.67 1.00

60 0.55 0.80

65 0.45 0.64

70 — 0.52

CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol.

TABLE 9-2 Relation of HDL-C and CHD Risk in Several
Large American Prospective Studies

CHD DECREASE
(%)

POPULATION N
AGE
(yr)

FOLLOW-
UP (yr) MEN WOMEN

FHS 704 49+ 10.3 1.9 3.2

MRFIT 5792 35–57 7 2

LRCF 4152 35+ 8.4 4.2 3.7

CPPT 1900 35–59 7 2.3

PHS 14,916 40–84 5 3.5

Each 1-mg/dL increment in HDL-C was associated with percent CHD reduction after
adjustment for other covariates. Adjustment included age, systolic blood pressure,
cigarette smoking, and body mass index. CHD, coronary heart disease; CPPT, Coronary
Primary Prevention Trial (placebo arm); FHS, Framingham Heart Study; HDL-C, high-
density lipoprotein cholesterol; LRCF, Lipid Research Clinics follow-up trial; MRFIT,
Multiple Risk Factor Intervention Trial; PHS, Physicians’ Health Study.
(Adapted from Watkins LO, Neaton JD, Kuller LH. Racial differences in high-density
lipoprotein cholesterol and coronary heart disease incidence in the usual-care group of
the Multiple Risk Factor Intervention Trial. Am J Cardiol. 1986;57:538-545; Gordon DJ,
Knoke J, Probstfield JL, et al. High-density lipoprotein cholesterol and coronary heart
disease in hypercholesterolemic men: the Lipid Research Clinics Coronary Primary
Prevention Trial. Circulation. 1986;74:1217-1225; Gordon DJ, Probstfield JL, Garrison
RJ, et al. High-density lipoprotein cholesterol and cardiovascular disease. Four
prospective American studies. Circulation. 1989;79:8-15; Stampfer MJ, Sacks FM,
Salvini S, et al. A prospective study of cholesterol, apolipoproteins, and the risk of
myocardial infarction. N Engl J Med. 1991;325:373-381.)
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displace apolipoprotein A-I (apoA-I) and accelerate the
clearance of HDL particles.37 Likewise, release of endo-
toxins (e.g., lipopolysaccharide) and cytokines reduce
lecithin:cholesterol acyltransferase (LCAT) and lipopro-
tein lipase (LPL) activity, which, in turn, may contribute
to a transient hypertriglyceridemic low-HDL pheno-
type.38–40 Similarly, metabolic conditions such as insulin
resistance promote release of free fatty acids (FFAs) from
adipocytes, which, in turn, stimulates hepatic secretion of
very-low-density lipoprotein (VLDL). The exchange of TG
for cholesteryl ester, mediated by the cholesteryl ester
transfer protein (CETP), results in TG-enriched HDL parti-
cles that are subsequently catabolized by lipases to small,
cholesterol-depleted HDL particles.41 Among the common
lifestyle-related factors that contribute to reduced HDL-C
are cigarette smoking42 and very-low-fat diets,43 the former
reflecting reduced LCAT activity and the latter reflecting
decreased apoA-I production. Genetic factors account
for approximately 10% of cases of low HDL-C in the general
population,44 and molecular variation is most commonly
observed in the gene ABCA1, followed by LCAT and
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FIGURE 9-3 Probability of progression of saphenous vein coronary bypass graft atherosclerosis following aggressive compared with moderate LDL-C lowering
with respect to baseline HDL-C and TG levels. HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol, TG, triglyceride. (Modified from Campeau
L, Hunninghake DB, Knatterud GL, et al. Aggressive cholesterol lowering delays saphenous vein graft atherosclerosis in women, the elderly, and patients with associated risk factors.
NHLBI post coronary artery bypass graft clinical trial. Post CABG Trial Investigators. Circulation. 1999;99:3241-3247.)
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FIGURE 9-4 Event reduction with statin therapy in patients with low versus high HDL-C. In all five trials, patients with low HDL-C on placebo had the highest event rate.
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Prevention Study. (Modified from Ballantyne CM, Rangaraj GR. The evolving role of high-density lipoprotein in reducing cardiovascular risk. Prev Cardiol. 2001;4:65-72.)

TABLE 9-3 Causes of Low and High HDL-C
CAUSE LOW HDL HIGH HDL

General
lifestyle

Acute illness37

Cigarette smoking42

Very-low-fat diet43

Aerobic activity57

Alcohol consumption62

Genetics ABCA146

APOAI 47

LCAT 45

CETP59

Hepatic lipase60

Endothelial lipase61

Metabolic Visceral obesity41

Insulin resistance41

Diabetes mellitus41

Inborn errors
of metabolism

Gaucher disease49

Glycogen storage disease50

Niemann–Pick disease48

Medications Anabolic steroids51,52

β-Blockers54

Probucol55

β2-agonists66

Estrogenic compounds62

Corticosteroids63

Antiseizure medications67,68

Niacin65

Fibrates64

Miscellaneous Celiac sprue56 Paraproteinemia69

CETP, cholesteryl ester transfer protein; HDL-C, high-density lipoprotein cholesterol.
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APOA1.45–47 Several inborn errors of metabolism detected
during childhood have been associated with low HDL-
C.48–50 Androgenic medications such as danazol51,52 are
potent HDL-C–lowering agents, and anabolic steroid use
may be the basis for low HDL-C in some professional ath-
letes.53 Other iatrogenic causes of low HDL-C include β-
blockers54 and probucol.55 Finally, celiac sprue has also
been linked to very low HDL-C.56 In contrast, there are
few known causes or ways of raising HDL-C. Elevated levels
of HDL-C and reduced TG are commonly observed with
aerobic conditioning57 and weight reduction. However,
these effects are most pronounced when baseline levels
of HDL-C are high before the intervention.58 The most com-
mon genetic cause of elevated HDL-C is deficiency in
CETP.59 Other potential genetic causes include polymor-
phisms or mutations in the hepatic lipase or endothelial
lipase genes.60,61 Estrogen,62 corticosteroids,63 and alco-
hol use62 are associated with higher HDL-C; however, the
use of these agents may also be accompanied by TG eleva-
tion. In addition to nicotinic acid and fibrates,64,65 other
medications that raise HDL-C include β2-agonists, phenyt-
oin, and phenobarbital.66–68 Finally, paraproteinemia has
been linked to artificial elevations in HDL-C.69

CURRENT STATUS OF HIGH-DENSITY
LIPOPROTEIN IN CORONARY HEART
DISEASE RISK PREDICTION

Despite the impressive observational data during the past
five decades that have identified HDL-C as an independent
predictor of CHD risk, considerable doubt has suddenly
been cast on the “HDL hypothesis.” This reflects, in part, the
disappointing results of recent clinical trials that have failed
to demonstrate favorable outcomes with raising HDL-C.
However, although nicotinic acid–based therapies70 and
the CETP inhibitor dalcetrapib71 did not exhibit CHD risk
reduction (see Chapters 24 and 29), newer and more
potent CETP inhibitors are in phase 3 clinical testing. In addi-
tion, genetic epidemiologic studies have been unable to
establish a connection between polymorphisms that result
in the high HDL-C phenotype and cardioprotection.72

Finally, although HDL-C has been questioned as the appro-
priate inverse measure of CHD risk, it remains to be estab-
lished whether newer assays that quantify HDL particle
number or functionality will be clinically superior in CHD
risk assessment.

ASSESSMENT OF TRIGLYCERIDE IN
CORONARY HEART DISEASE RISK
EVALUATION

Epidemiologic studies have suggested that TG is a relevant
measure in evaluating CHD risk. However, the extent to
which TG serves as an independent CHD risk factor has
proved elusive because of its tight-knit association with other
covariates. Specifically, in the largest population-based pro-
spective study, which included more than 300,000 men and
women, the strong linear association between TG levels and
CHD risk persisted until adjustment for non–HDL-C andHDL-
C73 (Fig. 9-5).
Although this attenuated association may have reflected

statistical overadjustment, because TG is a core component

of VLDL (the predominant lipoprotein represented in non–
HDL-C), several fundamental reasons exist for not discard-
ing TG as an important biomarker of CHD risk. In contrast to
cholesterol, TG is readily metabolized, and its hydrolytic
byproducts, FFAs, serve as a mammalian energy source.
However, although TG is not taken up by vascular wall mac-
rophages and does not contribute to atherosclerotic
plaques, FFAs may activate proinflammatory signaling
pathways74 that may contribute to insulin resistance and
atherogenicity.

Elevated TG may also serve as a harbinger of other indirect
effects thatmaypotentiateplaquedeposition, especiallywhen
coupled with elevated LDL-C (i.e., mixed hyperlipidemia).
Specifically, data from randomized controlled trials have con-
sistently demonstrated that placebo-treated individualswith
mixed hyperlipidemia, defined by either the lipid triad (ele-
vated LDL-C, elevated TG, and low HDL-C) in the Scandina-
vian Simvastatin Survival Study (4S) or the combination of
high TG (>200 mg/dL) and elevated LDL-C in the Helsinki
Heart Study and Bezafibrate Infarction Program75,76

(Fig. 9-6) conferred the highest risk of CHD events.
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FIGURE 9-5 HR for CHD across deciles of triglyceride concentration in
population-based prospective studies: 302,430 participants including 12,735
first-ever incident CHD outcomes.
*Nonlipid risk factors adjusted for included systolic blood pressure, smoking status,
history of diabetes, and body mass index. Size of data markers are proportional to
the inverse of the variance, and the vertical lines represent 95% CIs. CIs were
calculated using floating variances. HR were calculated in reference to people in the
lowest tenth of the distribution of triglyceride values. The x- and y-axes are
presented on a log scale. The term “usual” triglyceride concentration denotes long-
term average values calculated using information on serial measurements from more
than 89,000 participants. CHD, coronary heart disease; CIs, confidence intervals;
HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio. (Modified from
Triglyceride Coronary Disease Genetics Consortium and Emerging Risk Factors
Collaboration, Sarwar N, Sandhu MS, Ricketts SL, et al. Triglyceride-mediated
pathways and coronary disease: collaborative analysis of 101 studies. Lancet.
2010;375:1634-1639.)
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In hypertriglyceridemic states, the hydrolysis of TG-rich
particles—chylomicrons and VLDL—results in the increased
conversion to chylomicron remnants, intermediate-density
lipoprotein, and VLDL remnants. In contrast to the TG-
enriched precursor particles (chylomicrons and VLDL),
the smaller cholesteryl ester–enriched remnants are taken

up by vascular wall macrophages in a manner analogous
to LDL that has undergone chemical modification77

(Fig. 9-7). Because of the strong association between
plasma TG and remnant lipoprotein concentration, high
TG serves as a biomarker for the presence of atherogenic cir-
culating remnant particles.78

A second consequence of hypertriglyceridemic states is
a relative change in the composition of LDL and HDL par-
ticles. As represented in Figure 9-8, the prototypic hyper-
triglyceridemic state—insulin resistance—is associated
with the diminished activity of adipocyte LPL, leading
to FFA mobilization, hepatic VLDL overproduction, and
upregulation of CETP. Increased CETP activity facilitates
the transfer of TG to LDL and HDL in exchange for choles-
teryl ester. TG-enriched LDL particles are further hydro-
lyzed by hepatic lipase, resulting in small LDL particles
that may exhibit increased susceptibility to oxidative
modification, with unregulated uptake and incorporation
by scavenger receptors residing on the surface of the
arterial wall.79

The magnitude of LDL compositional changes is most
clearly observed within a TG range of 70 to 250 mg/dL
(Fig. 9-9). At low TG levels (<90 mg/dL), the majority of cir-
culating LDL particles are large and buoyant (also referred to
as LDL phenotype A). However, as TG levels exceed 100 to
110 mg/dL, the prevalence of small, dense LDL particles
increases proportionately until TG levels approach
200 mg/dL, when approximately 80% of circulating LDL par-
ticles are compositionally small.80 In addition, the TG-
enriched HDL particles accompanying hypertriglyceridemic
states may be less efficient in reverse cholesterol transport.81

Consequently, the phenotype of mixed hyperlipidemia
represents a conglomeration of proatherothrombotic
particles82 (Fig. 9-10). In addition to oxidized LDL, some
VLDL particles become enriched with the LPL inhibitor
apoC-III. ApoC-III also contributes to the modulation of
proinflammatory signaling pathways83 that may ultimately
produce a toxic environment characterized by matrix
metalloproteinase–mediated erosion of fibrous plaques,
which increases the risk of rupture with ensuing acute
coronary syndromes.

The identification of a nonsense mutation in APOC3 in the
Old Order Amish further supports the idea of apoC-III as a
contributor to the atherogenic potential of TG-rich lipopro-
teins. Affected members not only exhibited very low TG
levels (mean, 31 mg/dL) but also displayed a low preva-
lence of coronary calcification84 and evidence of familial
longevity.

Taken together, and barring monogenic abnormalities
(e.g., familial hypercholesterolemia), the combination of
elevated TG and elevated LDL-C signals greater CHD risk
compared with LDL-C elevation alone. Conversely, individ-
uals who live in regions of the world that maintain low lipid
levels retain an overall low risk of CHD85–89 (Table 9-4).
Similar findings can be extrapolated to patients with pre-
existing CHD, as illustrated in a post hoc analysis from
the Pravastatin or Atorvastatin Evaluation and Infection
Therapy–Thrombolysis in Myocardial Infarction 22 (PROVE
IT–TIMI 22) trial, in which low on-treatment levels of LDL-C
(<70 mg/dL) and TG (<150 mg/dL) 30 days after acute
coronary syndrome was associated with reduced risk of
recurrent CHD events over 2 years of follow-up compared
with higher levels of LDL-C, TG, or both.90
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the lipid triad subgroup, but differences were not statistically significant (respective
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Prevention; CHD, coronary heart disease; CVE, cardiovascular event; G,
gemfibrozil; HHS, Helsinki Heart Study; LDL-C, low-density lipoprotein cholesterol;
P, placebo; TG, triglycerides. (Modified from Ballantyne CM, Olsson AG, Cook TJ,
et al. Influence of low high-density lipoprotein cholesterol and elevated triglyceride
on coronary heart disease events and response to simvastatin therapy in 4S.
Circulation. 2001;104:3046-3051; and Barter PJ, Rye KA. Is there a role for
fibrates in the management of dyslipidemia in the metabolic syndrome?
Arterioscler Thromb Vasc Biol. 2008;28:39-46.)
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CONCLUSIONS

Low HDL-C and elevated TG, especially when combined
with high LDL-C to produce the phenotype of mixed or ath-
erogenic dyslipidemia, are commonly encountered in clini-
cal practice. Although statin-based outcome trials have

demonstrated reduced overall CHD rates, evidence of addi-
tional benefit derived by manipulating HDL-C, TG, or both
beyond LDL-C remains sparse. Consequently, randomized
controlled trials are under way to determine whether newer
therapies may further offset the excessive residual CHD risk
and improve the clinical care of patients.
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FIGURE 9-7 Overview of triglyceride metabolism with uptake of remnant lipoproteins by vascular wall macrophages. CMR, chylomicron remnant; IDL, intermediate-
density lipoprotein; LPL, lipoprotein lipase; VLDL, very-low-density lipoprotein; VLDL-R, very-low-density lipoprotein receptor. (Modified from Miller M, Stone NJ, Ballantyne C, et al.
American Heart Association Clinical Lipidology, Thrombosis, and Prevention Committee of the Council on Nutrition, Physical Activity, and Metabolism; Council on Arteriosclerosis,
Thrombosis and Vascular Biology; Council on Cardiovascular Nursing; Council on the Kidney in Cardiovascular Disease. Triglycerides and cardiovascular disease: a scientific statement
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2011;123:2292-2333.)

105

9H
ig
h
-D

en
sity

Lip
o
p
ro
tein

C
h
o
lestero

lan
d
Trig

lycerid
es

in
C
o
ro
n
ary

H
eart

D
isease

R
isk

A
ssessm

en
t



CUMULATIVE DISTRIBUTION OF ADJUSTED PLASMA TRIGLYCERIDE LEVELS:
LDL PHENOTYPES A AND B
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FIGURE 9-9 Cumulative distribution of adjusted triglyceride levels by the atherogenic lipoprotein phenotype (n¼301). LDL, low-density lipoprotein. (Modified from
Austin MA, King MC, Vranizan KM, et al. Atherogenic lipoprotein phenotype. A proposed genetic marker for coronary heart disease risk. Circulation. 1990;82:495-506.)
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FIGURE 9-10 Atherogenic mechanisms of various lipoproteins. CETP, cholesteryl ester transfer protein; HDL, high-density lipoprotein; LRP, low-density lipoprotein receptor–
related protein;MAPK, mitogen-activated protein kinase;mRNA, messenger RNA; NF-κB, nuclear factor-κB; OxLDL, oxidized low-density lipoprotein; OxPL, oxidized phospholipids;
PKC, protein kinase C; ScR, scavenger receptor; VCAM-1, vascular cell adhesion molecule–1; VLDL, very-low-density lipoprotein. (Modified from Libby P. Fat fuels the flame:
triglyceride-rich lipoproteins and arterial inflammation. Circ Res. 2007;100:299-301.)

TABLE 9-4 Selected Lipids and Lipoproteins in Societies with Low Prevalence of CHD
COUNTRY N MALE (%) MEAN* AGE (yr) BMI (kg/m2) TC (mg/dL) HDL(mg/dL) TG(mg/dL) LDL(mg/dL)

Kenya85 57 100 — — 185 41 — —

Tanzania86

- Fish diet 618 41 38 20.5 134 33 81 85

- Vegetarian 645 44 46.7 20.6 137 38 118 75

Papua NewGuinea87 93 men 46.5 21.8 166 34 104 109

Highland villagers 95 women 45 20.7 174 37 107 113

Tarahumara88 257 58 19–70 23.1 136 25 126 87

Yanomamo89 41 men 36.8 20.4 122 34 112 68

21 women 35 21.3 143 40 110 78

BMI, body mass index; CHD, coronary heart disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglyceride.
*Range in Tarahumara
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OVERVIEW

Although numerous studies over the past four decades have
identified elevated plasma concentrations of lipoprotein(a)
[Lp(a)] as a risk factor for atherothrombotic disorders,
including coronary heart disease (CHD), the pathophysio-
logic and physiologic roles of Lp(a) remain elusive. More-
over, a clear consensus on the clinical utility of measuring
Lp(a) and treating elevated plasma concentrations of this
lipoprotein has yet to emerge. Nonetheless, several large pro-
spective studies providing firm evidence for a contribution
of elevated Lp(a) to coronary risk and Mendelian randomi-
zation studies indicating a causal role for Lp(a) in the ather-
othrombotic process have provided new impetus for the
study of Lp(a) by basic and clinical researchers.
Lp(a) is a challenging lipoprotein to study, because it has

a complex structure consisting of a low-density lipoprotein
(LDL)–like moiety to which the unique glycoprotein moiety
apolipoprotein(a) [apo(a)] is covalently attached. Apo(a)
contains multiple repeated kringle motifs that are similar
to a sequence found in the fibrinolytic proenzyme plasmin-
ogen; differing numbers of kringle sequences in apo(a) give
rise to Lp(a) isoform size heterogeneity. In addition to ele-
vated plasma concentrations of Lp(a), emerging data indi-
cate that small apo(a) isoform size and modification of
the lipoprotein with oxidized phospholipids (OxPLs) could
be key contributors to the pathogenic potential of Lp(a). The
similarity of Lp(a) to LDL and plasminogen provides an
enticing potential link between the processes of atheroscle-
rosis and thrombosis. Clearly, Lp(a) is a risk factor for
atherothrombotic—and, possibly, purely thrombotic—
events; a plethora of mechanisms to explain these clinical
findings has been provided by both in vitro studies and ani-
mal models for Lp(a). However, the relative resistance of
Lp(a) to standard lipid-lowering strategies has prevented
key studies aimed at evaluating the effect of prospective
lowering of plasma Lp(a) concentrations on cardiovascular
endpoints.
As a result of the size heterogeneity of Lp(a), significant

challenges are associated with the measurement of this

lipoprotein. This, in turn, has complicated the interpretation
of clinical studies and has posed major obstacles for the
development of standardized methods for Lp(a) measure-
ment. Despite these challenges, determination of Lp(a)
levels can be useful in further refining the treatment of
patients at high risk for CHD.

INTRODUCTION

Since its initial identification by Berg as an antigenic variant
of human LDL,1 Lp(a) has been extensively studied both
with respect to basic research investigations into its mecha-
nism of action in atherothrombosis and in epidemiologic
studies of the association of elevated Lp(a) concentrations
with a variety of vascular diseases. Lp(a) contains a lipopro-
tein moiety that is highly similar to LDL both in lipid compo-
sition and the presence of apoB-100. In the Lp(a) particle,
the unique glycoprotein apo(a), which is synthesized and
secreted from the liver,2 is covalently attached to the
apoB-100 component of LDL by a single disulfide bond,3

and as such, Lp(a) particles contain apo(a) and apoB-100
in a 1:1 molar ratio4 (Fig. 10-1).

A large body of evidence has demonstrated that Lp(a) par-
ticle assembly occurs outside the hepatocytes3,5 and
involves initial lysine-dependent noncovalent interactions
between apo(a) and apoB-100 that precede disulfide bond
formation between the two molecules.5 However, it is not
known which type of apoB-100–containing lipoprotein
apo(a) reacts with to form the covalent complex. If it is
very-low-density lipoprotein (VLDL), then the lipolytic mod-
ification of the newly formed Lp(a) and the loss of apoEmust
be very rapid, because Lp(a) particles uniformly have an
apoB-100–containing lipoprotein moiety that is in the LDL
density range.6 Some recent kinetic studies in humans, using
stable isotope labeling, have found that the production rate
of apoB-100 associated with Lp(a) particles greatly differs
from that of apoB-100 associated with LDL or VLDL and is
similar to the production rate of apo(a) itself.7 This has been
taken as evidence for intracellular assembly of Lp(a), which
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has not been observed except for a study using a very small
and nonphysiologic isoform of apo(a).8 However, the
kinetic studies cannot exclude the possibility that Lp(a)
forms from a special pool of apoB-100–containing lipopro-
teins, for example, newly synthesized LDL that is either
tightly associated with the membrane or within the space
of Disse, rather than merely with circulating LDL or VLDL.

It is well accepted that the apo(a) component of Lp(a) ren-
ders many of the defining properties attributable to Lp(a). For
example, the presence of apo(a) appears to inhibit catabo-
lism of Lp(a) by the LDL receptor in vivo9 (see section Lipo-
protein(a) Catabolism). As such, attention has focused on
characterization of the structure and the function of apo(a).

In the most seminal work on Lp(a) since the discovery of
the particle, McLean et al.10 reported that the sequence of
apo(a), obtained from analysis of human liver complemen-
tary deoxyribonucleic acid (cDNA), bears a striking similar-
ity to the serine protease zymogen plasminogen. Plasmin,
which is the active form of plasminogen, is a key enzyme
in the fibrinolytic cascade. Specifically, apo(a) contains a
number of repeated copies of a sequence that is very similar
to plasminogen kringle IV, followed by sequences that are
homologous to the kringle V and protease domains of
plasminogen10 (Fig. 10-2). Kringle domains are trilooped
protein structural motifs that are characterized by the pres-
ence of three invariant disulfide bonds and are present in

TG
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FIGURE 10-1 Lp(a) consists of a LDL–like moiety covalently linked to apo(a). The LDL-like moiety is composed of a central core of TGs and CEs surrounded by PLs, FC, and a
single molecule of apoB. Apo(a) contains 10 different types of plasminogen kringle IV–like repeats and regions homologous to the kringle V and protease (P) regions of plasminogen.
The kringle IV type 2 (IV2) domain is present in multiple repeated copies that differ in number between apo(a) isoforms. Apo(a) is joined to apoB by a single disulfide bond involving an
unpaired cysteine residue in kringle IV type 9 (IV9). The noncovalent interaction between apoB and apo(a) kringle IV types 7 (IV7) and 8 (IV8) that play a role in Lp(a) assembly is
also shown. apo, apolipoprotein; CE, cholesteryl ester; FC, free cholesterol; LDL, low-density lipoprotein; Lp(a), lipoprotein (a); PL, phospholipids; TG, triglyceride.
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FIGURE 10-2 Relationship between apo(a) and plasminogen. Plasminogen consists of an N-terminal tail region (T) followed by five different kringle domains (denoted by the
Roman numerals I to V) and a trypsin-like protease domain (P). Apo(a) lacks the tail region and kringles I to III, and consists of multiple copies of a sequence resembling plasminogen
kringle IV, followed by domains analogous to the kringle V and protease domains of plasminogen. The 10 different types of apo(a) kringle IV differ in amino acid sequence. Of the 10
different kringle IV types in apo(a), types 1 and 3 to 10 are each present in single copy in all apo(a) isoforms. Apo(a) kringle IV type 2 (IV2) is present in a variable number of repeated
copies, which is themolecular basis of Lp(a) isoform heterogeneity. Kringle IV type 10 has been shown to harbor a strong LBS, whereas weaker LBSs are present in kringle IV types 5 to
8. A single unpaired cysteine is present in kringle IV type 9 and has been shown to mediate disulfide bond formation with apoB to form covalent Lp(a) particles. The apo(a) protease-
like domain cannot be cleaved by plasminogen activators because of a substitution at the cryptic cleavage site and is thus inactive; the domain also contains a critical 10–amino acid
deletion compared with plasminogen. apo, apolipoprotein; LBS, lysine binding site.
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a number of proteins involved in blood coagulation and
fibrinolysis. The apo(a) kringle IV–like sequences are
grouped into 10 types on the basis of amino acid sequence
(designated KIV1 to KIV10; see Fig. 10-2).

10 All KIV types are
present in a single copy in the apo(a) molecule,11 with the
exception of KIV2, which is present in a variable number of
identically repeated copies ranging from 3 to greater than
40.12,13 This identically repeated domain forms the molecu-
lar basis of Lp(a) isoform size heterogeneity, which is a hall-
mark of this lipoprotein. Unique functions have been
ascribed to some of the other KIV domains. For example,
KIV5 to KIV8 each contain a weak lysine-binding site that,
in the noncovalent step of Lp(a) formation, mediates nonco-
valent, lysine-dependent interactions with two lysine resi-
dues in the N-terminal of apoB-100.14 This interaction
precedes disulfide bond formation between the unpaired
cysteine in apo(a) KIV9

3 with an unpaired cysteine residue
in the C-terminal of apoB-100.15 KIV10 is characterized by the
presence of a strong lysine-binding site that likely mediates
the interaction of apo(a) with biologic substrates such as
fibrin(ogen).16

The presence of LDL-like and plasminogen-like moieties
in Lp(a) have led investigators to hypothesize that Lp(a) con-
stitutes a unique link between atherosclerosis (contributed
largely by the LDL component) and attendant thrombotic
events (contributed by the plasminogen-like apo(a) moi-
ety).17 Both atherogenic and thrombotic mechanisms for
Lp(a) have been reported.5,18 However, a number of mech-
anisms proposed for Lp(a) pathogenicity correspond to
unique properties of this lipoprotein (i.e., are not directly
related to its similarity to either LDL or plasminogen). The
mechanisms and their possible basis in the unique structure
of Lp(a) will be discussed in further detail in the section
Proposed Mechanisms of Action of Lipoprotein(a).

GENETIC FACTORS INFLUENCING PLASMA
LIPOPROTEIN(a) CONCENTRATIONS

Lp(a) concentrations in plasma vary greater than 1000-fold
in the human population, ranging from virtually undetect-
able to greater than 300 nmol/L, and primarily reflect differ-
ences in Lp(a) production rather than catabolism of the
particle (Fig. 10-3).19 Moreover, Lp(a) concentrations are
comparatively resistant to dietary or pharmacologic inter-
vention [see the section Strategies for Modulation of Plasma
Lipoprotein(a) Concentrations].20–23 It has been appreci-
ated for several decades that Lp(a) concentrations are pri-
marily under genetic control.24,25 Recent technologic
advances in genetics and genomics have continued to shed
light on the genetic architecture of LPA, the gene encoding
apo(a), and the roles of the particular types of genetic vari-
ations in specifying Lp(a) concentrations. Concomitant
with these advances, genetic variation of the LPA gene has
been used to identify Lp(a) as a causal, genetic factor for car-
diovascular disease (CVD). These studies have once again
propelled Lp(a) to prominence in the evaluation of lipopro-
teins as causes of atherothrombotic disease [see section
Lipoprotein(a) as a Risk Factor for Coronary Heart Disease:
Evidence from Clinical Studies].
Initial studies that focused on American Caucasian popu-

lations showed that variability in Lp(a) concentrations can
be largely explained at the level of LPA (�90%), with the size
of the gene (reflecting the size of the repeated KIV2 domain)

contributing approximately 60% of the variation.24 The latter
observation reflects the general inverse correlation that has
been demonstrated between apo(a) isoform size and
plasma Lp(a) concentrations.25 A biologically plausible
explanation for this correlation is the observation of less effi-
cient secretion of larger apo(a) isoforms from hepatocytes,26

reflecting, at least in part, longer retention times in the endo-
plasmic reticulum (ER) and subsequent quality control–
mediated degradation associated with this intracellular com-
partment (see Fig. 10-3).27,28 The potential impact of the
relationship between apo(a) isoform size and transcript sta-
bility, translational efficiency, and the efficiency of Lp(a)
particle assembly on the inverse correlation has not been
studied.

However, the relationship between isoform size and cor-
responding Lp(a) concentrations is not absolute. Marked dif-
ferences exist in this relationship in certain ethnic
populations; for example, the contribution of KIV2 repeat
number to Lp(a) concentrations has been reported to vary
from 30% to 70% in different populations.29 For example,
Africans (sub-Saharan) have higher Lp(a) concentrations
associated with mid-sized apo(a) isoform sizes compared
with European Caucasians and Asians (Chinese), but lack
the very high Lp(a) concentrations associated with the smal-
lest isoforms.13,30 Clearly, then, genetic variations exist
within the LPA gene (and, potentially, outside of it), and also
contribute to variation in Lp(a) concentrations. Several stud-
ies have revealed a large number of single nucleotide poly-
morphisms (SNPs) and other sequence variants that are
related to LPA gene size, Lp(a) concentrations, or both
(see Fig. 10-3).31–34 These variants include a pentanucleo-
tide repeat polymorphism (TTTTAn) in the LPA 50-flanking
region35,36 (although this polymorphism does not appear
to influence transcription of the gene37) and a substantial
number of SNPs within LPA or the neighboring PLG gene
encoding plasminogen.38–44 Most of these are intronic, but
several missense mutations also mostly encode conservative
amino acid substitutions (e.g., Leu for Val) as well as an Ile to
Met substitution in the protease-like domain. Several trunca-
tion mutations also represent null alleles [i.e., not giving rise
to expressed apo(a) molecules].45,46

Ongoing work has been aimed at understanding the con-
tribution of each of these types of genetic variation to Lp(a)
concentrations. These studies are complicated by the obvi-
ous potential for linkage disequilibrium between the
variant(s) under study and the “true” causal variant(s).
Accordingly, SNPs rs10455872 (intronic) and rs3798220
(Ile/Met at position 4399) are each associated with Lp(a)
concentrations and the KIV2 repeat number, whereas the
associations with Lp(a) concentrations are diminished
(but still significant) when adjusted for KIV2 repeat num-
bers.41,47 In general, SNPs can explain 20% to 30% of the var-
iation in Lp(a) levels (after adjustment for KIV2 repeat
numbers) in association studies.39,41,44,47 Moreover, differ-
ences are likely to exist in SNP frequencies and haplotype
blocks between different ethnic populations that underlie
the differences in median plasma Lp(a) concentrations
and in Lp(a) concentration–Lp(a) isoform size relationships
between these groups. For instance, the rs10455872 SNP is
prevalent only among Caucasians.41,48 Another study has
reported that three SNPs in LPA can explain the majority
of increased Lp(a) concentrations (nearly twofold) in the
African American population versus the Caucasian
American population.38 More recently, a block of 10
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common SNPs has been reported to explain greater than
70% of the differences in Lp(a) concentrations between
the African and European populations.48

Much of the work aimed at understanding the genetic
architecture of LPA has been impaired by the absence of
a high-throughput assay for the KIV2 repeat number.
Methods involving Southern blot analysis of genomic DNA
resolved by pulsed-field gel electrophoresis are laborious
and available only in specialized laboratories, as are mea-
surements of the sizes of the expressed apo(a) isoforms by
Western blot analysis. For the purposes of linkage analysis,
both of these methods are compromised by the inability
to always assign expression of a particular apo(a) isoform
to a particular allele of LPA.24 This can be mitigated, to a

large extent, by measuring both the sizes of the alleles and
the protein products, which gives rise to the parameter of
“allele-specific” Lp(a) concentrations.32,49

To date, the only high-throughput method for measuring
the KIV2 repeat polymorphism is real-time polymerase chain
reaction (PCR), in which the test amplicon is generated
within the genomic region encoding KIV2.

50,51 Hence, the
greater the number of KIV2 repeats, the higher the real-time
PCR signal relative to that of an internal control amplicon
present in a single copy per haploid genome.50,51 This
method has an important inherent limitation: the two LPA
alleles are considered together as, effectively, the sum of
the KIV2 repeats in each allele. This may lead to a gross mis-
classification of the genotype in many individuals. For
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FIGURE 10-3 Multiple mechanisms control Lp(a) plasma concentrations. The process of Lp(a) biosynthesis involves: A, transcription of LPA, the gene encoding apo(a);
B, translation of the transcript encoding apo(a); C, intracellular processing, folding, posttranslational modification, and secretion of apo(a); and D, assembly of apo(a) with an
apoB-100–containing lipoprotein to form Lp(a). Determination of Lp(a) concentrations involves primarily genetic factors, largely residing within LPA itself. Control is exerted at
the levels of: (i) transcription, which is influenced by the pentanucleotide repeat polymorphism in LPA [(TTTTA)n] and by agents such as niacin and farnesoid X receptor
agonists; (ii) folding and posttranslational modification in the ER, which is influenced by the size of the LPA allele; and (iii) Lp(a) assembly, in which smaller apo(a) isoforms
exhibit more efficient covalent bond formation with apoB-100. Additional elements within LPA (most prominently rs10455872 and rs3798220 but also other single nucleotide
polymorphisms) influence plasma Lp(a) concentrations through as yet unknown mechanisms. CE, cholesteryl ester; ER, endoplasmic reticulum; FC, free cholesterol; KIV, kringle
IV; Lp(a), lipoprotein (a); P, protease; PL, phospholipid; SH, free thiol; TG, triglyceride.
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instance, it would be impossible to distinguish an individual
with one large and one small LPA allele from an individual
with two medium-sized alleles. Nonetheless, if a sample size
is sufficiently high, it is possible to observe a relationship
between the KIV2 repeat number assessed in this way and
Lp(a) concentrations.50,51 However, the magnitude of the
contribution of the KIV2 repeat number to Lp(a) concentra-
tions, or to disease risk, would surely be underestimated.
This may underlie, at least in part, some recent findings in
association studies that showed a much lower contribution
of the KIV2 repeat number to Lp(a) concentrations than find-
ings that had previously been observed in linkage studies.41

High-throughput genotyping for multiple SNPs has been
brought to bear on providing a more detailed picture of
the genetic architecture of the LPA locus and how it under-
lies variation in Lp(a) concentrations, and ultimately, cardio-
vascular risk.41,44,52 These studies will be necessarily limited
until a similarly high-throughput method for determining
LPA allele sizes is developed.
It is also possible that Lp(a) concentrations may be influ-

enced by genetic variation at loci outside of LPA. Genome-
wide association studies have not been successful at
identifying such loci, although existing studies have been
insufficiently powered.33 Other loci may be identified by a
candidate-gene approach or through serendipity. One study
suggests that APOE genotype affects allele-specific Lp(a)
levels for large apo(a) isoform sizes in African Americans,
although the molecular basis of this observation remains
to be completely determined.53 Prompted by the observa-
tion that tocilizumab, a monoclonal antibody that blocks
the interleukin (IL)–6 receptor, lowers Lp(a) concen-
trations,54 the effect of genetic variation in the gene encod-
ing IL-6 was investigated.55 A SNP in the IL-6 promoter
(�174G/C) was shown to be associated with Lp(a) concen-
trations, with the presence of the C allele increasing the odds
ratio of having elevated Lp(a). As expected from the tocilizu-
mab findings, the C allele was associated with higher IL-6
expression in some studies.55

It has been reported that in individuals heterozygous for
apo(a) isoform sizes, the small apo(a) allele is not consis-
tently dominant; this appears to depend on the size of the
larger isoform, particularly in Caucasians.56 Emerging evi-
dence suggests that within individuals, each allele size
affects not only the level of that allele but also the level of
the other allele.57 Taken together, these findings argue
strongly for the measurement of allele-specific Lp(a) con-
centrations; this involves determining the ratio of intensity
of apo(a) isoform sizes in a gel-based assay, and the multi-
plication of this ratio by plasma Lp(a) concentrations to
assign the relative contributions of each isoform to total
Lp(a) concentrations.32 In addition, it is necessary to deter-
mine LPA gene sizes by pulsed-field gel electrophoresis and
Southern blotting to resolve nonexpressing or low-
expressing alleles.32 Elegant studies by Paultre et al. have
demonstrated the predictive value of computing allele-
specific Lp(a) values to assess Lp(a) as a risk factor in
African Americans.49 In this study, the investigators demon-
strated that elevated concentrations of Lp(a) associated with
small apo(a) isoform sizes independently predict CHD risk
in African American and Caucasian American men. This
clearly demonstrates the value of determining allele-specific
Lp(a) concentrations, because neither measure alone
predicts Lp(a) risk in the African American population.
Moreover, it has been argued that less robust measures of

LPA gene sizes may have resulted in underestimation of
the genetic component of cardiovascular risk attributable
to LPA.32

LIPOPROTEIN(a) CATABOLISM

The metabolic fate of Lp(a) remains largely undetermined
despite many studies aimed at addressing this question.
However, in vivo clearance of Lp(a) does not appear to
involve the LDL component of the particle, which, in turn,
has been postulated to underscore the lack of responsive-
ness of plasma Lp(a) concentrations to LDL-lowering strate-
gies.21 Studies in patients with renal failure have pointed to a
possible role for the kidney in Lp(a) catabolism58,59; a
kinetic study by Frischmann et al. has specifically deter-
mined that Lp(a) catabolism, rather than production, is
impaired in hemodialysis patients.60 However, several stud-
ies have reported that the kidneys do not constitute a major
route of clearance for Lp(a) in normal physiology,61,62 and
other studies have provided evidence that the liver is the
major organ responsible for Lp(a) catabolism.61,63 Hence,
it must be speculated that kidney disease indirectly impairs
Lp(a) uptake by the liver.

Several candidate receptors for Lp(a) catabolism by the
liver have been suggested on the basis of their ability to bind
and internalize apoB-100–containing lipoproteins in the con-
text of cultured hepatic cells; these include the LDL receptor
and the LDL receptor–related protein (LRP). Transgenic
mice overexpressing the human LDL receptor cleared
injected human Lp(a) more rapidly compared with non-
transgenic control mice.64 However, the data that demon-
strated a role for both the LDL receptor65–68 and the LRP69

in Lp(a) catabolism have been challenged by apparently
definitive studies in mouse embryo fibroblasts lacking the
LDL receptor or LRP, mice lacking apoE or LDL receptor,
or humans homozygous for LDL receptor deficiency (i.e.,
familial hypercholesterolemia.9,61,70 A role for the asialogly-
coprotein receptor in apo(a)-mediated clearance of Lp(a)
by the liver has been suggested,63 although this finding
has also been challenged by Cain et al., who used a mouse
model system to study Lp(a) clearance and found that clear-
ance of human Lp(a) was unaffected by coinfusion of the
mice with a competitive ligand for this receptor.61

Lp(a) has also been shown to bind to the VLDL receptor
andmegalin–330gp, which are both in the LDL receptor fam-
ily.71 Neither of these receptors is expressed in the liver,
which has been postulated to be the central organ for
Lp(a) catabolism.61 Megalin is expressed in epithelial cells
in the thyroid, and to a lesser extent, in the proximal tubules
of the kidney. Interestingly, the megalin receptor may be
able to mediate Lp(a) uptake by fibroblasts through both
the apoB and apo(a) components of the particle.72 Lp(a)
may also bind to plasminogen receptors present on a wide
variety of cell types, although no evidence exists to suggest a
role for these receptors in Lp(a) uptake and degradation.73

At least some of the controversial findings in this area may
stem from the use of heterologous animal models or cul-
tured cell systems versus the use of human kinetic models
to study apo(a) and/or Lp(a) catabolism. Because apo(a)
is not expressed in species other than Old World monkeys
and humans,74 caution needs to be exercised in the interpre-
tation of results obtained from studying the clearance of the
human apo(a) and/or Lp(a) in other animal models.
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Moreover, cultured cell models usually do not feature the
full complement of competing lipoproteins (and plasmino-
gen) normally present in plasma, which might influence
the suite of receptors available to bind to Lp(a). Clearly,
additional studies are required to determine conclusively
the route of Lp(a) catabolism, the receptors involved in
binding and uptake of the particle, and the role for nonliver
receptor(s) in the removal of Lp(a) from the circulation in
different physiologic or pathophysiologic settings.

LIPOPROTEIN(a) AS A RISK FACTOR FOR
CORONARY HEART DISEASE: EVIDENCE FROM
CLINICAL STUDIES

In the Adult Treatment Panel (ATP) III guidelines, Lp(a) was
classified as an “emerging” lipid risk factor for CVD.75 A large
number of studies have identified elevated plasma Lp(a)
concentrations as a risk factor for atherosclerotic disorders,
including peripheral vascular disease,76 stroke,77,78 and
CHD, which comprise the majority of the studies per-
formed.31,79 Lp(a) excess is themost common inherited lipid
disorder in patients with premature CHD,80 which drives
interest in understanding the mechanism of action of
Lp(a) in atherogenesis.

Retrospective case–control studies have consistently
shown that plasma Lp(a) levels are elevated in patients with
existing CHD compared with matched controls.81 These
types of studies have been criticized, in that patients are
selected with existing CHD, which favors the inclusion of
patients with other CHD risk factors. In addition, retrospec-
tive case–control studies cannot distinguish a causative role
for Lp(a) from the possibility that Lp(a) may merely be a
marker for CHD, or that plasma Lp(a) concentrations may
rise as a consequence of CHD.81

Many prospective studies have also been performed to
assess the contribution of plasma Lp(a) levels to the future
development of CHD. Discrepant results from early stud-
ies82–93 are likely attributable to variations in study design,
such as study population composition with respect to gen-
der and ethnicity, collection and storage of samples, and
methods used for statistical analysis. In addition, the struc-
tural heterogeneity of Lp(a) (see section Challenges in Lipo-
protein(a) Measurement) can greatly affect the accuracy of
Lp(a) measurement.18,23,53 However, the balance of the evi-
dence based on studies performed over the past decade has
demonstrated that elevated plasma Lp(a) is a predictor of
CHD. Results of recent large epidemiologic studies94,95

and a number of meta-analyses since 199896–98 have shown
that extreme Lp(a) concentrations, which show weak asso-
ciation with traditional risk factors, are significantly associ-
ated with incidence of CHD.

Although little or no correlation exists between plasma
concentrations of Lp(a) and other vascular risk factors,
evidence has been provided from a number of studies to
suggest that the risk attributable to elevated Lp(a) concentra-
tions is dependent, at least in part, on the concomitant
presence of other such risk factors. In the Familial Athero-
sclerosis Treatment Study, Lp(a) concentrations were a
strong predictor of events at baseline, but lost their predic-
tive value when LDL cholesterol was reduced to less than
100 mg/dL in the treatment group.99 In the Prospective
Epidemiological Study of Myocardial Infarction,100 Lp(a)
concentrations were investigated as a CHD risk factor using

a prospective cohort of 9133 French and Northern Irish men
ages 50 to 59 years, without a history of CHD. Elevated Lp(a)
concentrations increased the risk for myocardial infarction
(MI) and angina pectoris, and the effect was most pro-
nounced in men with a high LDL cholesterol concentration.
The results of the Quebec Cardiovascular Study suggested
that Lp(a) is not an independent risk factor for ischemic
heart disease in men, but that it increases the risk associated
with elevated apoB and total cholesterol, and appears to
attenuate the beneficial effects of elevated high-density lipo-
protein (HDL).101 Similar interactions of elevated Lp(a) con-
centrations with other risk factors were found in the
Prospective Cardiovascular Münster study. Specifically, a
high concentration of Lp(a) further increased the risk of
MI inmenwith high or moderately elevated estimated global
risk (i.e., risk of a coronary event >10% in 10 years), but not
in men with a low estimated global risk.102

The meta-analysis from the Emerging Risk Factors Collab-
oration97 is highly comprehensive and uses data from
126,634 participants in 36 prospective studies between
1970 and 2009. The analysis addresses the independent
nature of the association of Lp(a) with CHD as well as ische-
mic stroke and nonvascular outcomes. The study also
sought to address whether Lp(a) is associated with CHD only
at extremes of Lp(a) concentration,103,104 or whether a con-
tinuous relationship exists between Lp(a) levels and CHD
risk. The results demonstrate that Lp(a) concentration is con-
tinuously associated with CHD risk and is an independent
risk factor for CHD; the risk attributed to Lp(a) was only very
modestly affected by lipids and other known risk factors.97

This meta-analysis also suggests that Lp(a) risk is associated
primarily with vascular compared with nonvascular out-
comes (e.g., cancer), whereas markers of inflammation,
for example, can underlie both types of outcomes.

Over the last several decades, accumulating evidence has
suggested a relationship between apo(a) KIV size polymor-
phism and other genetic variations in the LPA locus that
influence plasma Lp(a) concentrations and CHD risk. With
respect to apo(a) isoform size, similar results were obtained
using either genotyping or phenotyping,105,106 although sam-
ple sizes in these early studies were restricted by the use of
pulse-field gel technology for genotype analysis. Two recent
large landmark studies (see the following) provided the
strongest evidence to date for a relationship between the var-
iation in the LPA gene and CHD risk.39,50 These kinds of stud-
ies may be considered a genetic version of a randomized
controlled trial, because the assortment of alleles in offspring
is random. As such, in this type of study design, confounding
factors, such as lifestyle, environment, and the influence of
other genes, are essentially eliminated. In addition, reverse
causation [i.e., an increase in Lp(a) concentrations as the
consequence, rather than the cause, of enhanced risk]
can be ruled out as a possible confounding factor. Thus,
large genetic studies may be interpreted as reflective of
the effect of causation.

A Mendelian randomization study performed by
Kamstrup et al.50 demonstrated a robust relationship
between the allele size of LPA and risk. Because LPA allele
size is strongly related to plasma Lp(a) concentrations, these
results provided powerful evidence for a causal role for
Lp(a) in CHD. In addition, a landmark study by Clarke
et al.39 identified the LPA locus on 6q26-27 as being associ-
ated with the strongest CHD risk among all the candidate loci
examined. Specifically, two variants were identified,
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rs3798220 and rs10455872, with odds ratios for CHD of 1.92
and 1.70, respectively; each was correlated with small
apo(a) isoform size and elevated Lp(a) levels, and together
explained greater than 60% of the variation in Lp(a) levels.
The rs3798220 was identified in a previous study47 and
encodes an isoleucine-to-methionine substitution in the
protease-like domain. Although the functional significance
of this amino acid substitution remains unclear, the findings
of Clarke et al. again strongly implied a causative role for
Lp(a) in the development of CHD.39 Most recently, a genetic
case–control study was reported, in which the two SNPs
described by Clarke et al. were investigated. The minor
alleles were associated with ischemic stroke subtype large
artery atherosclerosis, peripheral artery disease, abdominal
aortic aneurysm, and a number of obstructed coronary ves-
sels, but not with carotid intima–media thickness or venous
thromboembolism (VTE).107

The relationship between ethnicity and CHD risk associ-
ated with Lp(a) continues to be of interest, particularly in
African populations, in whom previous studies have
suggested that although African Americans have elevated
Lp(a) concentrations compared with Caucasian Ameri-
cans, this does not confer elevated CHD risk in the African
American population. The predictive strength of Lp(a)
concentrations for CHD was evaluated in the Atherosclero-
sis Risk in Communities (ARIC) Study, which included a
10-year follow-up of a cohort containing 12,339 partici-
pants with 725 CHD events108; Lp(a) concentrations were
found to be associated with modest risk ratios. In terms of
population differences, this study also suggested that Lp
(a) concentrations, although elevated in African Ameri-
cans, conferred less risk than in Caucasian Americans.
This result was concordant with a much earlier analysis
of the ARIC data that showed that the association of
Lp(a) concentrations and carotid atherosclerosis was less
in African Americans compared with Caucasian
Americans.109 However, a recent study that prospectively
evaluated ARIC data (20-year follow-up) to examine vascu-
lar risk in a cohort that contained 3467 African Americans
and 9851 Caucasian Americans reported that risk attribut-
able to elevated Lp(a) concentrations was comparable in
the two populations.110 The discrepancy with previous
reports may reflect the higher number of events in the
African American cohort used for the 2012 analysis,
and hence, a higher statistical power to detect an
association.110

THE RELATIONSHIP BETWEEN
APOLIPOPROTEIN(a) ISOFORM SIZE
AND CARDIOVASCULAR DISEASE RISK

Given the strong, though not absolute, relationship between
plasma concentrations of Lp(a) and apo(a) isoform sizes, a
number of studies over the last decade have sought to define
the role of apo(a) isoform size, independent of plasma Lp(a)
concentrations, in CHD risk. The hypothesis underlying
these studies is that smaller isoforms are inherently more
harmful, perhaps because of conformational differences
compared with larger isoforms.111 For example, in the Bru-
neck study, it was shown that small apo(a) sizes are an inde-
pendent risk factor for advanced carotid atherosclerosis,
although risk is further increased in conjunction with ele-
vated Lp(a) concentrations.112 However, these investigators

reported that plasma Lp(a) concentrations, but not small
apo(a) isoform sizes, were predictive of risk for early athero-
sclerosis, and that this association was only present when
LDL cholesterol concentrations were also elevated.
Although a relationship between CVD and Lp(a) concentra-
tions associated with small apo(a) isoform sizes in both Cau-
casian and African American men has been documented,49

this association has not been consistently observed in
women.49,113,114 Interestingly, data as to whether elevated
Lp(a) concentrations in women are115,116 or are not117,118

associated with increased risk for cerebrovascular disease
or other CVD are conflicting; a recent study has suggested
that Lp(a) influences risk only in women with extremely ele-
vated Lp(a) concentrations in conjunction with elevated
LDL concentrations.104

A number of observations have been reported that may
underlie a mechanistic association between small apo(a)
isoform size and CHD risk. These include reports of an
inverse relationship between apo(a) isoform size and OxPL
binding,119 as well as potentially synergistic effects of small
apo(a) isoform sizes and small dense LDL species on
CHD.120 Results of a study by Wu et al.121 suggest that small
apo(a) isoform size (<22 KIV repeats) is associated with
lower endothelium-dependent, flow-mediated dilation of
the brachial artery, irrespective of plasma Lp(a) concentra-
tions. Emanuele et al.122 reported that the percentage of
patients with at least one small apo(a) isoform was signifi-
cantly higher in those patients who presented with acute
MI versus those with unstable angina; small apo(a) isoform
size, but not elevated Lp(a) concentration, was an indepen-
dent predictor of acute MI versus unstable angina pectoris in
a multivariate logistic regression model. Evidence for a role
of apo(a) isoform size and risk for the development of
angina was also provided by Rifai et al.,103 whose study dem-
onstrated that although both Lp(a) concentrations and small
apo(a) isoforms were associated with risk for angina, only
the association between apo(a) size and risk remained sig-
nificant in a multivariate model.

A recent comprehensive meta-analysis by Erqou et al.
examined associations between apo(a) isoform size and risk
for CHD or stroke.98 The results of this large meta-analysis
concluded that smaller apo(a) isoform sizes (�22 KIV
repeats) confer approximately twofold higher risk compared
with larger isoform sizes. However, the extent to which this
relationship is independent of Lp(a) concentrations remains
to be determined. In addition, further investigation is
required to understand the mechanism underlying the
potential risk associated with small apo(a) isoform sizes in
different ethnic groups and in different disease contexts.

PROPOSED MECHANISMS OF ACTION OF
LIPOPROTEIN(a)

Despite a plethora of studies designed to investigate the basis
of the pathogenicity associated with elevated plasma Lp(a)
concentrations, the role of Lp(a) in the development and
progression of CHD remains poorly understood. It has been
documented, however, that Lp(a) is present in the arterial
wall at the sites of atherosclerotic lesions, and the amount
that is retained is proportional to plasma Lp(a) concentra-
tions.123 Within this milieu, Lp(a) may become oxidized,
degraded, and/or aggregated.124 Oxidation of Lp(a) pro-
motes its uptake by the macrophage scavenger receptor.125
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Lp(a) preferentially accumulates in the arterial wall, com-
pared with LDL, likely by virtue of the apo(a) component
binding to a number of arterial wall components, including
fibrinogen or fibrin,126 fibronectin,127 laminin,128 and fibulin
5/DANCE129 (Fig. 10-4).5 A number of these interactions
have a lysine-dependent component. It has been shown in
a transgenic apoB mouse model130 that accumulation of
apo(a) in lesions requires the presence of the strong
lysine-binding site in KIV10; this may underscore the impor-
tance of the apo(a)–fibrin interaction in the retention of
apo(a) in the vessel wall.

Insights into possible roles for Lp(a) in vascular disease
have been gained through both in vitro studies and animal
models; both proatherosclerotic and prothrombotic func-
tions for Lp(a) have been postulated based on these studies
(Table 10-1). Many in vitro studies have probed structure–
function relationships involving different kringle modules of
apo(a).5 These studies, which have been greatly facilitated
by the use of recombinant variants of apo(a), have helped
delineate unique contributions of specific kringle domains
and suggest that many functions of apo(a) reside within
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FIGURE 10-4 Specific functions have been mapped to discrete structural units in Lp(a). Using a combination of expression of recombinant forms of apo(a) and elastase
cleavage of apo(a) and/or Lp(a), functional domains in apo(a) have been identified. These domains are potentially involved in promotion of atherosclerosis and inflammation,
inhibition of angiogenesis and fibrinolysis, and Lp(a) assembly. The LDL–like moiety promotes foam cell formation by virtue of the interaction of apo(a) kringle IV types 6 and 7
(IV6 and IV7) with a specific receptor expressed on foam cells. apo, apolipoprotein; IL-8, interleukin-8; LDL, low-density lipoprotein; Lp(a), lipoprotein (a); SMC, smooth muscle cell.

TABLE 10-1 Proposed Mechanisms of Lp(a)
Pathogenicity
PROTHROMBOTIC PROATHEROGENIC

# Plasmin formation (fibrin) "Smooth muscle cell proliferation or
migration

# Plasmin formation (pericellular) "Endothelial cell permeability

#TFPI activity "Endothelial cell adhesion molecule
expression

"Platelet aggregation Carrier of oxidized phospholipids

Alteration of fibrin clot
architecture

Selective retention in arterial intima

"EC PAI-1 activity/expression "Foam cell formation

"Proinflammatory gene expression in EC
and macrophages

"Lesion calcification

"EC monocyte chemotaxis and trans-EC
migration

"EC and macrophage apoptosis

EC, endothelial cell; Lp(a), lipoprotein (a); PAI-1, plasminogen activator inhibitor–1;
TFPI, tissue factor pathway inhibitor.
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the C-terminal half of the molecule (see Fig. 10-4).5 Analysis
of apo(a) and/or Lp(a) function in vitro has revealed the
potential for Lp(a) to inhibit fibrinolysis,131 likely through
the ability of apo(a) to interfere with the efficient activation
of plasminogen to plasmin.132 A more recent study suggests
that the inhibition of plasminogen activation may reflect
the ability of apo(a) to inhibit the conversion of Glu-
plasminogen to Lys-plasminogen, which is a more effective
substrate for tissue-type plasminogen activator.133 In addi-
tion to consequences for fibrinolysis, the ability of apo(a)
and/or Lp(a) to inhibit plasminogen activation may also
affect the properties of vascular cells. In this respect, a study
by O’Neil et al.134 reported that the apo(a) component of
Lp(a) might stimulate the migration and proliferation of aor-
tic smooth muscle cells; this effect appeared to be mediated
by the apo(a) KIV9 domain and involved the inhibition of
activation of transforming growth factor–beta (TGF-β), as
was previously reported by several other groups. The stimu-
latory effect of Lp(a) on smooth muscle cell migration and
proliferation may underscore, in part, correlations that have
been reported between Lp(a) concentrations and rapid
restenosis rates either in coronary vessels following percuta-
neous transluminal coronary angioplasty or in vein grafts of
coronary artery bypasses.135,136 Recently, it has been
reported that apo(a), through the lysine-binding site in the
kringle V domain, may inhibit angiopoietin- and vascular
endothelial growth factor–induced tube formation in
human vascular endothelial cells.137 The mechanism
involves the inhibitory effect of apo(a) on plasminogen acti-
vation in these cells, which is observed using relatively low
concentrations of apo(a). This may reflect an important pro-
tective role for Lp(a) at low levels, at which its harmful
effects are not expressed, in the stabilization of atheroscle-
rotic plaques. This potential mechanism requires further
study using animal models of angiogenesis.137

In addition to its ability to interfere with the efficient forma-
tion of plasmin, it has been reported that Lp(a) may alter the
architecture of fibrin clots, thereby decreasing their perme-
ability and susceptibility to breakdown.138,139 In addition,
direct prothrombotic effects of apo(a) and/or Lp(a), through
their ability to inhibit tissue factor pathway inhibitor140 and
to enhance platelet responsiveness, have been reported in
in vitro studies.141 The role of Lp(a) in thrombotic processes
in vivo remains unclear. In this regard, recent studies have
reported that Lp(a) is not a risk factor for venous thrombosis
(i.e., a purely thrombotic event)142; this is consistent with
analysis of the Women’s Heart Study by Danik et al., which
generally reported no relationship between Lp(a) and VTE,
with the exception of Lp(a) levels in the top 1%.143 It has also
been reported that the rs10455872 and rs3798220 variants
likewise do not appear to be associated with VTE.107 How-
ever, a prothrombotic role for Lp(a) in the context of athero-
sclerosis cannot be ruled out.144 It has been reported that
Lp(a) may contribute to carotid artery stenosis and occlu-
sion through its prothrombotic activity following plaque rup-
ture and thrombin formation.77

Studies using human vascular endothelial cells have
shown that both apo(a) and Lp(a) can elicit cytoskeletal
rearrangements in human vascular endothelial cells through
a Rho/Rho-kinase–dependent signaling pathway145,146;
these effects are mediated by the strong lysine-binding site
in the KIV10 domain of apo(a).145 This, in turn, renders the
endothelial cells more permeable, which may contribute
to a dysfunctional endothelium in vivo. Because endothelial

dysfunction is an early event in the atherosclerotic process, it
is interesting to speculate that, consistent with the Bruneck
study,112 Lp(a) concentrations, in conjunction with elevated
LDL concentrations, may potentiate endothelial dysfunction.
Specifically, the increased permeability of the endothelial
cells, mediated by Lp(a), could facilitate the deposition of
LDL in the arterial wall. This process would be enhanced
by elevated plasma LDL concentrations, which may explain
the dependence of Lp(a) risk in early atherosclerosis on con-
comitant elevations of plasma LDL and Lp(a), but not apo(a)
isoform size, as reported in the Bruneck study.112 Data sug-
gesting that Lp(a) may contribute to a dysfunctional endothe-
lium in vitro (e.g., by stimulating endothelial cell adhesion
molecule expression147 and increasing endothelial cell per-
meability145,146) are supported by a number of studies that
have demonstrated that elevated plasma Lp(a) concentra-
tions contribute to endothelial dysfunction in vivo.148

A recent study149 has shown that the apo(a) component of
Lp(a) may promote the dissociation of β-catenin from cell
surface complexes, thereby allowing its translocation to
the nucleus. This, in turn, results in increased expression
of a number of genes, including the gene encoding the
inflammatory mediator cyclooxygenase-1 (COX-1), with a
subsequent increase in prostaglandin E secretion. This study
underscores a key role for the apo(a) component of Lp(a) in
the modulation of the vascular endothelial phenotype.

OxPLs are proinflammatory species that play a key role in
the development of atherosclerosis and have been shown to
accumulate in atherosclerotic lesions, where they can modu-
late the function of a variety of vascular cell phenotypes,
including the conversion of macrophages to foam cells.150

Recent studies have suggested an interesting link between
Lp(a) andOxPLs. Early studies showed that in human plasma,
OxPLs are preferentially associatedwith Lp(a) comparedwith
free LDL.151,152 These studies were performed using a plate
assay that detects the presence of OxPL on plasma lipoprotein
particles containing apoB by using an antibody against the
phosphocholine head group of oxidized phosphatidylcho-
line for detection.150,153 It was also demonstrated that,
although percutaneous coronary intervention resulted in
acute elevations of both oxidized LDL and oxidized Lp(a),
OxPLs were rapidly transferred to and remained predomi-
nantly associated with Lp(a) compared with other apoB-
containing lipoproteins.151 This result was confirmed by using
an in vitro assay to measure transfer of OxPL to Lp(a) versus
LDL.154 This study also revealed the presence of extractable
and nonextractable OxPL species associated with Lp(a)
and no evidence for the presence of malondialdehyde epi-
topes.154 This is in keeping with a report by Edelstein
et al.,155 who demonstrated that the kringle V domain in
apo(a) itself contains OxPLs covalently bound to lysine resi-
dues present in this kringle through a Schiff base linkage.
The kringle V domain was also implicated in stimulation of
the production and secretion of IL-8 from cultured human
THP-1 macrophages155 (see Fig. 10-4); a direct role for the
presence of OxPLs in apo(a) kringle V in mediating this effect
remains to be determined.

A strong correlation between the levels of OxPL on apoB
(OxPL/apoB) (measured in 3481 individuals) and Lp(a)
concentrations was reported (r¼0.85) in the Dallas Heart
Study.119 It was also shown that the strength of the correla-
tion is inversely related to apo(a) isoform size, independent
of ethnicity.119 Studies have shown that elevated oxPL/apoB
level is correlated with poorer cardiovascular outcomes156
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and is associated with the progression of carotid, coronary,
and femoral atherosclerosis.157,158 In the prospective 10-year
follow-up of the Bruneck study,159 oxPL/apoB was shown to
be a strong predictor of new CVD events; this was indepen-
dent of all known risk factors, except for Lp(a) concentra-
tion. Levels of OxPL/apoB are predictive of new or future
CVD events beyond those predicted by the FraminghamRisk
Score.160 Using data on CHD events from the European Pro-
spective Investigation of Cancer (EPIC)–Norfolk prospective
study, tertile analysis of both Lp(a) and OxPL levels suggest
an additive (and possibly independent) effect for these two
factors.160 As such, at this time the measurement of both
would appear to have added value in risk assessment.

The role of Lp(a) as anOxPL carrier in plasma has been the
subject of recent speculation, particularly with respect to the
role of Lp(a) in both physiologic and pathophysiologic con-
texts.150 In this regard, it has been hypothesized that Lp(a), at
low concentrations, may have an important physiologic role
in the binding and sequestration of proinflammatory or
proatherogenic OxPL species. However, at high concentra-
tions, Lp(a) may promote the delivery of OxPL to the site of
atherosclerotic lesions. A recent study has shown that OxPL
on Lp(a) may induce apoptosis in macrophages under con-
ditions of stress of the ER.161 Clearly, more studies examining
the role of OxPL on Lp(a) are warranted and should include
verification of the site(s) where OxPL is added to apo(a) or
Lp(a), and whether or not the OxPL addition is a regulated
process. The requirement for cells in this process also requires
further study. Transgenic mouse models may be of use,
because it has been shown that in mice overexpressing an
N-terminal truncated variant of apo(a) together with human
apoB, the resultant Lp(a) contains OxPL.162

Phospholipase A2 (PLA2), which may be present in both
secreted (sPLA2) and lipoprotein-associated (Lp-PLA2) forms,
is another marker of risk for CVD. PLA2 cleaves OxPL at the sn-
2 position to yield lysophospholipid and an oxidized free fatty
acid. Given the biochemical link between OxPL/apoB and
PLA2, it is reasonable to expect that they may interact mech-
anistically, which would be reflected in their respective
behaviors as biomarkers.150 A relationship of both forms of
PLA2 and OxPL/apoB with risk has been reported.159,160

The CVD risk associated with OxPL/apoB was potentiated
by increasing levels of Lp-PLA2 activity in the Bruneck
study159; similarly, the EPIC-Norfolk study found that CHD risk
associated with OxPL/apoB was also increased at high con-
centrations of sPLA2.

160 This suggests value in the measure-
ment of both PLA2 and OxPL/apoB, although the precise
mechanistic link explaining why these factors may potentiate
each other is not known at this time. Clearly, the relationship
between OxPL/apoB and PLA2 merits further investigation.

Several animal models have been used to probe the func-
tion of apo(a) or Lp(a) in a more physiologic setting.163

However, these studies have been generally complicated
by the unusual species distribution of this lipoprotein (pre-
sent only in humans and Old World monkeys).74 This has
called into question the applicability of using animals such
as mice and rabbits as models for Lp(a) pathogenicity,
given that the gene encoding apo(a) is absent in these spe-
cies. However, the balance of opinion is that single- and
double-transgenic animals (i.e., overexpressing both
human apo(a) and LDL) may be useful tools to understand
the role of Lp(a) in atherosclerosis. Transgenic apo(a)
mouse and rabbit models have been used to study pro-
cesses such as Lp(a) assembly, structure–function

relationships in Lp(a), regulation of the expression of the
gene encoding apo(a), and mechanisms of Lp(a) involve-
ment in the etiology of atherosclerosis (discussed further in
the following).163

Studies using apo(a) transgenic rabbits are in agreement
with data from transgenic mice, in that apo(a) deposition in
bothmodelswascoincidentwith thepresenceofaccumulated
intimal smooth muscle cells and decreased active TGF-β.164
The possibility that Lp(a) might modulate smoothmuscle cell
phenotype by promoting dedifferentiation was suggested by
the enhanced staining for markers of activated or immature
smooth muscle cells in this study.164 A somewhat different
effect of Lp(a) on smoothmuscle cell phenotypewas reported
in transgenic apo(a) rabbits constructedon theWatanabeher-
itable hyperlipidemic (WHHL) rabbit background.165 The
advanced,complex lesionsobservedin the transgenicanimals
showednotable calcification, unlike the less advanced lesions
in the nontransgenicWHHL rabbits; examination of advanced
human lesions also showed association of Lp(a) deposition
withareasof calcification.165 Itwas shown that Lp(a)promotes
calcification of cultured smoothmuscle cells, as evidenced by
stimulationofcalciumuptake,promotionofanosteogenicpat-
tern of protein expression, andpromotion of an osteoblast-like
phenotype (i.e., upregulated osteoblast-specific factor–2 and
alkaline phosphatase activity).165 The role of apo(a) in aortic
calcification has been controversial, with earlier reports vari-
ously suggesting for166–168 or against169,170 a relationship
between coronary calcium and Lp(a) concentrations, apo(a)
isoform sizes, or both. More recently, this question has been
reexamined, and positive associations between coronary
artery calcification and Lp(a) concentrations171 and between
aortic valve calcification and genetic markers of elevated
Lp(a)172 have been noted.

Several recent studies using transgenic Lp(a) mice have
been published that may shed light on the role of Lp(a)
in vivo. In the first study, mice expressing low and high con-
centrations of apo(a) (�35 mg/dL and 700 mg/dL, respec-
tively) on a transgenic human apoB background were
used.162 It was reported that high levels of OxPLs were pre-
sent in Lp(a) from the high apo(a)–expressing mice, but
not in LDL from mice with human apoB alone. This likely
results from preferential transfer of OxPL to Lp(a), as has
been previously suggested to occur in human plasma (see
the preceding discussion). This study was the first to report
the use of transgenic mice expressing high concentrations of
Lp(a); apo(a) and Lp(a) concentrations in previous trans-
genic models were more than an order of magnitude lower.

The localization of Lp(a) within the arterial wall implies a
direct causative role for Lp(a) in the initiation and progres-
sion of atherosclerosis. A recent study using transgenic Lp(a)
mice examined whether Lp(a) provoked global changes in
protein expression in the arterial wall even before any visible
manifestations of atherosclerosis appeared. Proteomic anal-
ysis of aortas revealed changes in the expression of several
proteins representing an effect of Lp(a) on energy metabo-
lism, the redox state, lipid biosynthesis, the cytoskeleton,
and cell adhesion.173

In another study, Devlin et al.174 reported the overexpres-
sion of a fragment of apo(a) (containing KIV5–KIV8, each
containing a weak lysine-binding site; see Figs. 10-2 and
10-4). Compared with control animals, these mice had
greatly enhanced atherosclerosis and markedly elevated
non-HDL cholesterol. These investigators found, by using a
perfused mouse liver model, that this four-kringle apo(a)
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fragment and full-length apo(a) inhibited the clearance of
cholesterol-rich remnant particles. The molecular basis of
this observation may help shed light on the understanding
of the effect of Lp(a) on the catabolism of other lipoproteins.
A subsequent report, using the same WHHL rabbit line

expressing human apo(a) described previously,165 has further
shown that Lp(a), in the context of a hypercholesterolemia set-
ting, enhances coronary artery lesion size; the increased coro-
nary atherosclerosis in these animals was associated with a
higher incidence of chronic ischemia and MI.175 This study
underscores theability of Lp(a) tocontribute further to thebur-
den of atherosclerosis in hypercholesterolemic animals.
On the basis of the current knowledge of the potential

roles of Lp(a), what might be the mechanism(s) underlying
a pathogenic role for apo(a) isoform size independent of
plasma Lp(a) concentrations? Very few mechanistic studies
have considered the role of apo(a) size. The exception is the
effect of apo(a) isoform size on fibrin binding and plasmin-
ogen activation to plasmin; in this regard, it has been
reported that smaller Lp(a) isoforms bind more avidly to
fibrin176 and inhibit plasmin formation to greater extents.177

The evidence, however, is contradictory. Larger isoforms of
Lp(a) and larger isoforms of free apo(a) were reported to be
more effective in reducing plasmin formation on fibrin.178

Clearly, more studies are required to understand the molec-
ular mechanism(s) by which small apo(a) isoform size may
confer risk independently of plasma Lp(a) concentrations.
One report suggests that small apo(a) isoforms may be pref-
erentially retained in the intima of atherosclerotic lesions
relative to large isoform sizes, irrespective of corresponding
plasma Lp(a) concentrations.179 The molecular basis for this
intriguing observation may help in understanding the path-
ogenic nature of small apo(a) isoforms.

CHALLENGES IN LIPOPROTEIN(a)
MEASUREMENT

For elevated plasma Lp(a) to be considered a “major” risk
factor (i.e., in the same category as cigarette smoking, ele-
vated LDL cholesterol, etc.), it has to meet the following cri-
teria: (1) robust predictive power for CVD; (2) high
prevalence of Lp(a) concentrations above an arbitrary risk
threshold in the general population; (3) ready availability
of clinical samples and a widely available, standardized,
inexpensive means to measure Lp(a); and (4) evidence
for a benefit of lowering Lp(a) concentrations.23 Presently,
none of these criteria have been fully met, and therefore,
it is essential to define stringent criteria for Lp(a) assay stan-
dardization, because the predictive power of Lp(a) can only
be fully explored if measurements are made with methods
that have been evaluated for their ability to produce accu-
rate Lp(a) values (Table 10-2).
Measurement of Lp(a) in plasma samples has almost

exclusively relied on immunologic methods, including
enzyme-linked immunosorbent assay (ELISA), nephelome-
try, and immunoturbidimetry. The high degree of size het-
erogeneity of apo(a) derived from the variable number of
KIV2 sequences, the association of apo(a) with apoB-100
in the Lp(a) particle, and the high degree of sequence sim-
ilarity between apo(a) and plasminogen all constitute chal-
lenges to the measurement of Lp(a) using immunochemical
methods. The general, fundamental requirement of immu-
nochemical assays is that the analyte being measured in
plasma should have the same characteristics as the analyte

in the assay calibrator. The accuracy of the determination is
then based on the availability of a reference material, the
protocol used for the value transfer to the assay calibrator,
and the verification that accurate results are obtained from
the samples being analyzed. The values of the different ana-
lytes can either be reported to reflect the mass of the protein
in the samples or be reported in Standard International units
to reflect the number of circulating particles. In the case of
Lp(a), because of the extreme polymorphism with regard to
its size, it is clear that the isoform size of the molecules in
patient samples will usually be different from those of the iso-
forms present in the calibrator. Therefore, the immunoreac-
tivity of the antibodies with the calibrator will be different
from the reactivity with a large number of patient samples,
reflecting the difference in mass and not in the number of
circulating particles. As a consequence, Lp(a) molecules
larger than the molecules present in the calibrator will form
a higher number of immunocomplexes with the antibody,
resulting in an overestimation of Lp(a) mass. The opposite
is true for Lp(a) molecules smaller than those in the calibra-
tor, in which case the Lp(a) values will be underestimated.
In both cases, the measured particle mass will not reflect the
number of circulating Lp(a) particles (see Table 10-2).

Other major factors that constitute a challenge for compa-
rability of Lp(a) values obtained by commercially available
methods are the arbitrary choice of the assay calibrators,
which may result in Lp(a) size changes from lot to lot,
and the different approaches used to assign the respective
target values. The majority of the commercial kits presently
available are calibrated, and values reported, in terms of mil-
ligrams per deciliter or grams per liter of total Lp(a) particle
mass, including both the protein and the lipid components.
Historically, lipids have been calculated as a fixed percent of
the total particle mass, which results in an additional inaccu-
racy of the values. Assay kits may also vary in terms of anti-
body properties, assay precision, and sensitivity of the assays
to sample handling and storage conditions.

PROGRESS IN THE STANDARDIZATION OF
LIPOPROTEIN(a) MEASUREMENT

In a study designed to document the impact of apo(a) size
on the accuracy of Lp(a) measurements, Marcovina et al.

TABLE 10-2 Guidelines for the Measurement of Lp(a) in
Population Studies and in Clinical Practice

Assays for measuring Lp(a) levels in clinical and epidemiologic studies must be
validated for their ability to produce accurate values independently of
apolipoprotein(a) [apo(a)] isoform size values in the samples.

Because of the potential impact on Lp(a) measurement, stringent conditions
for blood collection and storage must be developed and followed. Effects of
collection and storage on individual assays must be determined.

Lp(a) values should not be measured in terms of mass (which reflects the
contributions of lipid and carbohydrate), but rather in terms of nanomoles per
liter of Lp(a) protein. This will allow direct comparison of data from different
studies.

TheWHO–approved IFCC secondary reference material, with the assigned value
of 107 nmol/L, should be used as a point of reference for assay calibration.

If methods sensitive to isoform size are used for risk assessment, samples of
greater than 50 nmol/L should be remeasured by referral laboratories using
validatedmethods. This shouldminimize the chance of misclassification caused
by method inaccuracy.

IFCC, International Federation of Clinical Chemistry; Lp(a), lipoprotein (a);WHO, World
Health Organization.
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generated and characterized a variety of monoclonal anti-
bodies (MAbs) directed to different apo(a) epitopes.180 A
MAb directed to an epitope present in KIV2 [whose immuno-
reactivity per particle would vary depending on apo(a) size]
and another MAb specific for a unique epitope located in
apo(a) KIV9 were used to develop two ELISA methods to
measure Lp(a) in a large number of samples.180 Both assays
were calibrated with the same serum containing apo(a)mol-
ecules, with a total of 21 KIV-like motifs. The Lp(a) protein
value was assigned to the assay calibrator using a purified
Lp(a) preparation with the value determined by amino acid
analysis. To reflect the number of Lp(a) particles in plasma,
the values were expressed in nanomoles per liter. As
expected, highly comparable values were obtained by the
two ELISA methods in the samples with the same apo(a) size
as that of the assay calibrator, whereas Lp(a) valuesmeasured
using the apo(a) KIV2-specific antibody were either underes-
timated or overestimated in samples with apo(a) containing
less than 21 or greater than 21 KIV repeats, respectively, com-
pared with values obtained by the KIV9-specific MAb. The
KIV9 MAb–based ELISA has been carefully validated in terms
of the assay characteristics, sensitivity to sample handling stor-
age conditions, linearity, and intra- and interassay precision.
Because of the controlled assay characteristics and the dem-
onstrated accuracy of results independent of the apo(a) size
polymorphism, this assay is recognized as a “gold standard”
method for the measurement of Lp(a) and for Lp(a) assay
standardization activities.181

Extensive work was conducted by the International Feder-
ation of Clinical Chemistry (IFCC) Working Group for Lp(a)
standardization to develop a reference material to be used
as a common calibrator to evaluate to what extent such a
calibrator would result in comparability of values obtained
by different commercially available Lp(a) assays. On the
basis of evaluations performed by the IFCC Working Group,
a lyophilized serum pool preparation was selected as sec-
ondary reference material for Lp(a).182 As a collaboration
between the recipients of a National Institutes of Health
(NIH)/National Heart, Lung, and Blood Institute (NHLBI)
contract (to J.J. Albers and S.M. Marcovina) and the IFCC
Working Group on Lp(a), the ELISA that used the MAb
against apo(a) KIV9, as described previously, was used as
the consensus reference method. Edelstein et al. and Scanu
et al. evaluated the effects of freezing and lyophilization of
Lp(a) on its immunochemical properties, and described
methods for preserving purified Lp(a) in a form suitable
for a primary reference material.183,184 Two different prepa-
rations of purified Lp(a) were obtained, and the Lp(a) con-
centration was determined by amino acid analysis. The
ELISA method, calibrated with the two purified Lp(a) prep-
arations, was used to transfer the accuracy-based target
value from the primary reference material to the IFCC sec-
ondary reference material.185 The extensively evaluated
IFCC preparation was shown to have excellent stability
and commutability properties, and has been accepted by
the World Health Organization (WHO) Expert Committee
on Biological Standardization as the “First WHO/IFCC Inter-
national Reference Reagent for Lipoprotein(a) Immunoas-
says.”186 To reflect accurately the number of Lp(a)
circulating particles independently of the size, the WHO/
IFCC reference material has a value assigned in nanomoles
per liter (see Table 10-2).

To evaluate the performance of commercially available
immunoassay methods for measuring Lp(a), the IFCC

reference preparation, with a value of 107 nmol/L, was used
to transfer an accuracy-based value to the various immuno-
assay calibrators.185 Among the 22 Lp(a) test systems evalu-
ated, 10 were turbidimetric, 6 were nephelometric, 2 were
fluorescence based, 1 was an electroimmunodiffusion assay,
and 1 was ELISA based. After uniformity of calibration was
demonstrated in the 22 evaluated systems, Lp(a) was mea-
sured in 30 fresh-frozen samples covering a wide range of
Lp(a) concentrations and apo(a) sizes, with values assigned
by the reference method. A significant apo(a) size–depen-
dent bias was observed for all the evaluated systems. Three
systems showed less bias, and of these, only one displayed a
high level of concordance with the reference method over
the full range of apo(a) sizes.185 As such, despite the use
of a common reference preparation, no harmonization in
Lp(a) values among the different methods was achieved.
This clearly indicates that the impact of apo(a) isoform
size on Lp(a) concentrations varies among the different
methods as a function of the apo(a) size of the assay calibra-
tors, and that the use of a reference material will not elimi-
nate the inaccuracy of each assay and will not result in
the harmonization of Lp(a) values obtained by different
systems.

Studies have been conducted to determine how to over-
come the problem of isoform-size dependence in Lp(a)
measurement methods. Instead of using serial dilutions of
a single calibrator, five fresh-frozen samples with a range
of apo(a) sizes and suitable Lp(a) concentrations were used
to calibrate a turbidimetric assay affected by apo(a) size var-
iation.23 Analyses were performed in parallel using the orig-
inal assay calibrator and the five-sample calibrator on a large
number of samples. A consistent apo(a) size–dependent
bias was observed with the original assay calibrator. In con-
trast, good comparability was observed between the
observed values and the values obtained by the reference
ELISA method when the five independent samples were
used to calibrate the assay.23 One turbidimetric method that
demonstrated a good comparability of values with the refer-
ence ELISA during the IFCC standardization was based on
five prediluted calibrators. Extensive work was performed
in the authors' laboratory to evaluate the characteristics of
the assay antibodies and calibrator. The antibodies reacted
with high affinity to the epitopes located in the different
domains of apo(a), including the portion of the molecule
containing the variable number of identical repeats of
KIV2. Therefore, on the basis of the antibody characteristics,
the accuracy of the assay was affected by an apo(a) size
polymorphism. Evaluation of the five assay calibrators
showed that each calibrator was constituted by a pool
formed by similar apo(a) sizes, ranging from large to small,
and Lp(a) values ranging from low to high. Using the WHO/
IFCC reference preparation to calibrate the ELISA, an
accuracy-based target value was assigned to each of the five
independent calibrators. This approach effectively mini-
mized the difference in apo(a) size in the samples and in
the calibrator, which resulted good comparability of Lp(a)
values. However, to maintain the assay characteristics and
the accuracy of the measurements, it was required that
accuracy-based target values be assigned to each calibrator
lot and the values verified for each specific instrument. To
evaluate the performance characteristics of commercially
available methods, particularly in terms of accuracy and pre-
cision of values, a multistep protocol was developed for
transfer of target values from the WHO/IFCC reference
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preparation to the assay calibrators, and for verification of
accuracy of results on patient samples (see Table 10-2).
This protocol uses very detailed and specific criteria to eval-
uate the acceptability of the absolute bias between the
obtained values and those obtained by ELISA throughout
the large range of Lp(a) values. Several commercially avail-
able assays that are based on the use of specifically selected,
independent calibrators demonstrated a good level of accu-
racy and excellent harmonization of results obtained by dif-
ferent instruments. The traceability of the calibrators to the
WHO/IFCC reference preparation, the use of nanomoles
per liter as the common unit to report the values, and the
comparability of results obtained by different instruments
are clear indications that standardization of Lp(a) values
are possible.

NONIMMUNOLOGICALLY BASED METHODS
FOR LIPOPROTEIN(a) MEASUREMENT

A potential approach to bypass the problems of immuno-
chemical determination of Lp(a) concentrations involves
quantification of Lp(a) by measuring its cholesterol content.
Early methods used continuous flow analysis of lipoprotein
classes, separated by ultracentifugation187 or by lectin affin-
ity chromatography, to selectively capture Lp(a)188; Lp(a)
cholesterol was then measured by enzymatic assay. A recent
application of the lectin Lp(a) cholesterol assay to the large
FraminghamOffspring cohort showed that Lp(a) cholesterol
correlates reasonably well with the immunochemical mea-
surement of Lp(a) by the reference ELISA method
(r¼0.765, n¼2283).189 However, comparison of the Lp(a)
cholesterol values with the values obtained by the ELISA
method strongly suggest that this method overestimates
the amount of cholesterol in samples with low Lp(a) values.
Furthermore, Lp(a) cholesterol content assessed by this
method was not associated with CHD, whereas the elevated
Lp(a) values determined by ELISA were associated with
CHD. Another method involved plasma electrophoresis fol-
lowed by detection of Lp(a) cholesterol by in situ enzymatic
assay and densitometry.190 It was found that an ultracentrifu-
gation step intended to eliminate β-VLDL, which might over-
lap with Lp(a) on the gels, did not materially affect the
outcome of the assays.190 However, this approach has lim-
ited application to large-scale epidemiologic or clinical stud-
ies, and has yet to be compared with the immunochemical
measure of Lp(a) or evaluated for its potential use to predict
CHD risk.

THE IMPACT OF LIPOPROTEIN(a) METHOD
INACCURACY ON THE INTERPRETATION OF
LIPOPROTEIN(a) VALUES

In the majority of clinical studies, Lp(a) concentrations have
been determined bymethods affected by apo(a) size hetero-
geneity. Therefore, for the conclusions of these studies to be
valid, the assumption has to be made that the distribution of
apo(a) isoforms was similar between cases and controls,
thus minimizing the potential that method-dependent over-
estimation or underestimation of Lp(a) values contributed to
the observed difference or lack thereof between cases and
controls. Despite the importance of this topic, very few stud-
ies have been performed to evaluate the impact of method
inaccuracy on the interpretation of clinical data.

Marcovina et al. determined Lp(a) concentrations (using
the previously described reference method) and apo(a) iso-
form sizes in 2940 samples collected from the participants in
the Framingham study during the fifth cycle.23 During the
same cycle, Lp(a) concentrations were also determined in
other laboratories in 2556 of the samples by a turbidimetric
method and in 2662 of the samples by a commercially avail-
able sandwich ELISA that used an apo(a)-capturing anti-
body and apoB-detecting antibodies. Depending on the
assay used, 5% to 15% of the participants were misclassified
as being at higher risk (false positive), and approximately 1%
were misclassified as being not at risk (false negative). The
vast majority of the misclassifications observed by the turbi-
dimetric method were explained by the overestimation or
underestimation of Lp(a) values based on the apo(a) size
in the samples; this, in turn, was attributable to the small
apo(a) size in the assay calibrator and to the high frequency
of samples in the general population with apo(a) sizes larger
than those used in the calibrator. However, the large number
of false-positive values generated by the commercial ELISA
method was not explained by the apo(a) sizes in these sam-
ples, but by a high degree of variability in Lp(a) values
observed with this method. In addition, the values obtained
from frozen samples were generally higher than those from
fresh samples, but the magnitude of the increase was sample
dependent. These findings clearly indicate that assay stan-
dardization can only be achieved if each assay is properly
optimized in addition to being evaluated for its sensitivity
to apo(a) size heterogeneity.23

In a separate study, Marcovina et al. directly compared the
ability of Lp(a) values obtained by the ELISA reference
method and a commercially available latex-based nephelo-
metric method to predict future angina pectoris in men par-
ticipating in the Physicians’ Health Study.23,103 Apo(a)
isoform size was determined, and plasma Lp(a) concentra-
tion was simultaneously measured by the ELISA reference
method and in a different laboratory by the nephelometric
method. Analyses were performed in samples from 195
study participants who subsequently developed angina
and from paired controls, matched for age and smoking,
who remained free of reported vascular disease. The base-
line median concentration of Lp(a) in cases, as determined
by the reference method, was approximately 35% higher
(P¼0.02) than that in controls. In addition, Lp(a) was asso-
ciated with increased relative risk for angina, and this asso-
ciation was strengthened after controlling for lipid risk
factors. However, the median Lp(a) concentration deter-
mined by the commercial method was not statistically differ-
ent between cases and controls, and the association with
angina was also not significant. Very high Lp(a) values
obtained by the nephelometric assay (>95th percentile of
controls) were a significant predictor of angina, although
the relative risk was not as strong as that ascertained using
the reference method. These results clearly indicate the
importance of using suitable and standardized methods
for risk assessment and for the interpretation of clinical
outcomes.

STRATEGIES FOR MODULATION OF PLASMA
LIPOPROTEIN(a) CONCENTRATIONS

Compared with plasma LDL, Lp(a) concentrations are rela-
tively resistant to alteration by traditional pharmacologic
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and nonpharmacologic approaches; however, currently,
there is no recommended or approved pharmaceutical
agent that can specifically lower Lp(a) levels in the absence
of effects on other lipoproteins. This follows from the large
contribution of LPA—the gene encoding apo(a)—to Lp(a)
concentrations that has been previously reported [see the
section Genetic Factors Influencing Plasma Lipoprotein(a)
Concentrations] and has complicated the design of studies
to assess the impact of targeted Lp(a) lowering on cardiovas-
cular outcomes. However, several interventions and disease
conditions, such as renal disease 191,192 and diabetes,193 that
can modulate plasma Lp(a) levels have been reported.

In contrast to plasma LDL concentrations, Lp(a) concen-
trations are relatively resistant to alteration by diet and exer-
cise. However, in a study of obese women with high baseline
Lp(a) concentrations, a low-calorie diet with concomitant
weight loss resulted in a significant reduction in Lp(a) con-
centrations.194 In terms of specific dietary effects, a random-
ized crossover study has reported that almonds, which are
rich in monounsaturated fat, significantly reduce Lp(a) con-
centrations.195 Ginsberg et al. reported a significant increase
in Lp(a) concentrations in individuals who reduced their
intake in saturated fat.196 It has also been reported that diets
rich in polyunsaturated fatty acids may decrease plasma
Lp(a) levels over the long term.197,198 Therefore, the results
of these studies support the notion that alterations in fat
intake may lower Lp(a) concentrations. A study by Meinertz
et al. demonstrated that alcohol-extracted (but not intact)
soy protein markedly reduces Lp(a) concentrations.199 It is
important to note that some of the preceding dietary inter-
ventions also had beneficial effects on LDL cholesterol
and triglyceride concentrations.

The most effective method to decrease Lp(a) concentra-
tions by 50% or more is by LDL- or Lp(a)-apheresis proce-
dures.200,201 However, these procedures are costly and are
generally reserved for patients with extreme forms of familial
hypercholesterolemia. Several agents have been reported
to reduce Lp(a) concentrations, including niacin at 1.5 to
4 g/day,202 L-carnitine at 2 g/day,203 and ascorbic acid (3 g/
day) together with L-lysine monohydrochloride
(3 g/day).204 The moderate Lp(a)-lowering effect of niacin
(range, 20%–30% using 2 g/day) is relatively consistent,
and the use of niacin therapy has become more feasible
because of the availability of slow-release preparations that
maintain efficacy of the drug while reducing problematic
side effects, including flushing and hepatotoxicity.205 The
European Atherosclerosis Society has recommended the
use of niacin (1–3 g/day) to reduce Lp(a) levels to less than
50 mg/dL in moderate- to high-risk patients.206,207 In the
Atherothrombosis Intervention in Metabolic Syndrome with
Low HDL/High Triglycerides: Impact on Global Health Out-
comes (AIM-HIGH) trial,208 median Lp(a) levels were
reduced after year 1 by 25% in the group that received niacin
plus simvastatin and ezetimibe, compared with the placebo
group, which did not receive niacin. The conclusion of the
AIM-HIGH study, which was terminated after year 3 because
of lack of efficacy, was that niacin, in addition to statin ther-
apy, did not reduce the rate of the primary endpoint, the first
event of the composite of death from CHD, nonfatal MI,
ischemic stroke, hospitalization for acute coronary syn-
drome, or symptom-driven coronary or cerebral revascular-
ization. Although it could be concluded from this trial that
lowering of Lp(a) by niacin has no benefit in terms of cardio-
vascular risk, this conclusion may be premature, because it

was not reported whether the benefits of niacin differed
across different baseline levels of Lp(a). The recently com-
pleted Heart Protection Study 2–Treatment of HDL to
Reduce the Incidence of Vascular Events (HPS2-THRIVE)
trial again showed negative results with respect to the ability
of niacin to lower the incidence of cardiovascular endpoints
over that observed with statin treatment (with or without
ezetimibe) alone.209 However, the effect of niacin on Lp
(a) concentrations in this study has not yet been reported.
Clearly, more work remains to be done to understand the
mechanism of action of niacin on Lp(a) levels and the clin-
ical settings in which this lowering effect can be maximized.
A recent study reported that nicotinic acid (i.e., niacin) may
decrease apo(a) gene transcription in human primary hepa-
tocytes and a transgenic apo(a) mouse model.210 The
mechanism of action may involve a cyclic adenosine mono-
phosphate signaling pathway.

A variety of different hormones have also been shown to
modulate plasma Lp(a) concentrations. Androgens such as
danazol and tibolone were reported to reduce Lp(a) con-
centrations significantly,211–213 whereas estrogen treatment
was shown to decrease Lp(a) concentrations by 50%.214

Both tamoxifen and estrogen have been shown to lower
Lp(a) significantly in postmenopausal women.215 Lp(a) is
elevated in patients with hypothyroidism and can be low-
ered with thyroid hormone treatment.216 This suggests that
Lp(a) levels may be modulated by thyroid hormones, and
this finding has formed a rationale for drug development.
In this regard, the thyroid hormone analog eprotirome has
been evaluated in a clinical trial and was shown to reduce
Lp(a) levels by approximately 30%,217 although the mecha-
nism of action of this compound on Lp(a) catabolism is
unclear. However, further development of eprotirome has
been halted because of toxicity concerns.

Contradictory findings have been reported with regard to
the effect of statins on Lp(a) concentrations. A modest
increase in Lp(a) concentrations was found in patients with
elevated cholesterol who were on simvastatin,218 and a 36%
increase in plasma Lp(a) concentrations was reported in
patients who were on atorvastatin.219 Results from the Com-
parative Effects on Lipid Levels of Niaspan and Statins vs
Other Lipid Therapies (COMPELL) study have also demon-
strated that treatment with simvastatin–ezetimibe or rosuva-
statin significantly increased Lp(a) concentrations over the
course of a 12-week study; either rosuvastatin or atorvastatin
in combination with niacin lowered Lp(a) concentra-
tions.220 Other studies have reported that the use of prava-
statin did not influence Lp(a) concentrations,221 whereas
fluvastatin was found to reduce Lp(a) concentrations signif-
icantly.222 In a study using a large patient cohort, both ator-
vastatin and simvastatin therapy for 6 weeks resulted in a
modest, but significant, reduction in Lp(a) concentra-
tions.223 Results of a recent meta-analysis of nine prospective
randomized clinical trials of atorvastatin (3540 patients in
total) suggest that atorvastatin may lower Lp(a) levels.224

Clearly, the effect of statins on Lp(a) concentrations requires
further analysis, using large cohorts to define the roles of
baseline Lp(a) and LDL concentrations, as well as apo(a)
isoform size, on the magnitude of the statin effect. In addi-
tion, mechanistic studies need to be performed to identify
the molecular basis for the potential modulation of Lp(a)
concentrations by statin therapy.

Aspirin therapy (81 mg/day) has been reported to lower
serum Lp(a) concentrations in a study of 70 patients with
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atherosclerotic disease225; the mechanism of action may be
through inhibition of LPA gene transcription in the liver.226

Interestingly, the magnitude of the decrease in Lp(a) con-
centrations was larger in patients with high Lp(a) concentra-
tions, irrespective of apo(a) isoform size. This was
speculated to result from a greater reduction by aspirin of
LPA gene transcription in patients with high baseline tran-
scriptional activity of the gene.225 In the Women’s Health
Study, during the 9.9 year follow-up, carriers of the
rs3798220 variant with high Lp(a) levels appeared to benefit
more from low-dose aspirin therapy (100 mg) compared
with noncarriers, who also received aspirin treatment, with
a twofold reduction in cardiovascular events observed in
the carrier group.227 Carriers of this genetic variation who
did not receive aspirin therapy had an approximately two-
fold increased risk of cardiovascular events compared with
the noncarriers.227 The basis for the relationship between
aspirin and the rs3798220 variant remains to be determined,
but has been proposed to underscore an enhanced pro-
thrombotic role for the protein arising from this genetic
variant.

NEW PHARAMCEUTICAL APPROACHES TO
LOWERING LIPOPROTEIN(a)

Recently, promising results have been reported using anti-
sense oligonucleotide (ASO) strategies to lower Lp(a). Mipo-
mersen, an ASO against apoB-100, reduces the expression of
this apolipoprotein in the liver, thereby lowering the produc-
tion of all lipoproteins containing apoB, including Lp(a).228

In phase 2 trials in humans receivingmipomersenmonother-
apy for 13 weeks, significant reductions in Lp(a) (up to 50%)
in patients with various forms of hypercholesterolemia were
reported.228 In phase 3 trials with 26 weeks of mipomersen
monotherapy, reductions of Lp(a) of up to 39% were
reported. More work is required to understand the mecha-
nism by which mipomersen lowers Lp(a) levels. Develop-
ment of an ASO directed against a sequence in apo(a)
KIV2 has also been reported; studies using this ASO in trans-
genic mice overexpressing a version of apo(a) containing 3
KIV2 repeats resulted in greater than 80% reduction of both
apo(a) and OxPL on apo(a).229 This approach may hold
promise for the development of a specific approach to
Lp(a) lowering in humans.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a

serine protease that promotes the degradation of the intracel-
lular LDL receptor, thereby preventing recycling of the recep-
tor to the cell surface; this, in turn, decreases LDL receptor
activity. A function-blocking MAb against PCSK9 has been
shown to reduce Lp(a) levels from 15% to 44% in both phase
1 and phase 2 trials.230,231 Themechanism of action bywhich
PCSK9 inhibition may reduce Lp(a) levels is presently
unknown. However, it is likely that the LDL receptor plays a
direct role, even thoughevidenceexists that this receptordoes
not play amajor role in Lp(a) catabolism in vivo. It is also pos-
sible that, in addition to the LDL receptor, PCSK9 may also
reduce the levels of hepatic receptor(s) specific for Lp(a)
[see the section Lipoprotein(a) Catabolism].
The cholesteryl ester transfer protein inhibitor anacetra-

pib has shown the ability to decrease baseline plasma
Lp(a) levels by approximately 40%.232 With respect to
Lp(a) lowering, the mechanism of action of this compound,
which reduces the transfer of cholesteryl esters from HDL to

apoB-containing lipoproteins, remains unclear. However, it
is reasonable to speculate that Lp(a) lowering may involve
alterations in the lipidation of LDL, which, in turn, decrease
the efficiency of Lp(a) assembly. Microsomal triglyceride
transfer protein (MTP) is an ER resident protein in hepato-
cytes and is required for apoB-containing lipoprotein
assembly. The MTP inhibitor lomitapide was shown to have
a modest Lp(a)-lowering effect (17%) in a phase 2 random-
ized clinical trial.233 However, the compound had the unde-
sired effect of elevating liver transaminases. Clearly, the
utility of MTP inhibitors for Lp(a) lowering requires further
investigation.

Because the production of Lp(a) is the primary determi-
nant of plasma Lp(a) levels, some promising targets for
the future development of pharmaceuticals to lower Lp(a)
levels may involve agents that downregulate the transcrip-
tion of LPA. For example, the gene includes an IL-6 response
element, which has been proposed to result in increased
Lp(a) levels in the acute phase response; inhibition of IL-6
has been shown to lower plasma Lp(a) levels.54 In addition,
the apo(a) promoter region contains a negative farnesoid X
receptor (FXR) response element; FXR, which is activated by
bile acids, may bind to this element and decrease transcrip-
tion of the LPA gene.234 FXRmay also transactivate fibroblast
growth factor (FGF)–19, which, in turn, may bind to FGF
receptor 4 and initiate a signaling pathway that results in
inhibition of apo(a) transcription.210 Further exploration of
the ability of both FXR and FGF-19 agonists, as well as bile
acids, to decrease Lp(a) levels needs to be conducted in rel-
evant patient populations.

Identification of agents capable of specifically lowering
plasma Lp(a) concentrations has the potential to provide
a study design in which the consequences of Lp(a) reduc-
tion can be evaluated prospectively. This is crucial, in that
it will allow a direct assessment of the contribution of
Lp(a) concentration to atherosclerotic risk.

SUGGESTED USE OF LIPOPROTEIN(a) IN
CLINICAL PRACTICE

The evidence from Mendelian randomization studies that
Lp(a) is a causative factor for CHD has ignited renewed inter-
est in the Lp(a) field.31,79,235 The European Atherosclerosis
Society Consensus Panel206 has explicitly recommended
that patients at intermediate or high risk of CVD be screened
for plasma Lp(a) concentration, and that reduction of a
patient’s Lp(a) level to less than 50 mg/dLwith the use of nia-
cin should be a treatment priority after management of LDL
cholesterol. Recently, the National Lipid Association has
also generated a consensus document, recommending the
screening of moderate- to high-risk patients to identify those
with elevated Lp(a) levels.236 It is important to recognize,
however, that at present, Lp(a) is not an established cardio-
vascular risk factor, and no approved pharmaceutical agents
can specifically lower Lp(a) levels in the absence of collat-
eral effects on other lipoproteins.23,75

The current state of the field suggests that Lp(a)-lowering
strategies could prove to be beneficial, at least in some sub-
groups of patients with high Lp(a) concentrations. For exam-
ple, an interesting study237 has shown that reduction of
Lp(a) levels by apheresis results in a significant reduction
in major adverse coronary events in these patients. Safarova
et al. also reported in a small study that Lp(a)-specific
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apheresis in CHD patients for 1.5 years resulted in regression
of coronary atherosclerosis measured angiographically.238

In addition, Suk Danik and colleagues239 reported that
plasma Lp(a) levels were reduced in women using hormone
replacement therapy, and that the risk attributed to Lp(a)
was absent in women taking this therapy. However, we still
lack sufficient details on how to define subgroups of
patients—with respect to ethnicity, Lp(a) concentrations,
apo(a) size, and presence of other risk factors—for whom
intervention would be appropriate.

Clearly, the lack of knowledge of Lp(a) metabolism, par-
ticularly with respect to the pathway for its catabolism, raises
considerable challenges in devising strategies to lower Lp(a)
concentrations. However, because apo(a) production is of
major importance in regulating plasma Lp(a) concentra-
tions, specific inhibition of the levels of apo(a) transcription,
secretion, and assembly into Lp(a) particles may offer possi-
ble intervention targets (see Fig. 10-3).73,79

It has been suggested that emerging risk factors such as
Lp(a), as defined in the ATP III treatment guidelines,75

may be useful in refinement of patient risk classification.240

Although screening for Lp(a) elevation in the general popu-
lation is not suggested at this time, selected measurement of
Lp(a) should be considered in individuals with a strong fam-
ily history of vascular events, in individuals who exhibit poor
responses to statins with respect to LDL cholesterol lowering
[these individuals may be poor responders because of ele-
vated Lp(a) concentration241], and in individuals who have
unexpected or recurrent CHD events, despite appropriate
treatment, that cannot be attributed to established risk fac-
tors. Lp(a) measurement should also be considered in
untreated patients with an intermediate 10-year risk of a
CHD event (Table 10-3).236,242

With respect to management decisions, individuals with
CHD or a CHD risk equivalent, a family history of early
CHD, or a history of recurring coronary events who have
high (>30 mg/dL or 75 nmol/L; i.e., above the 80th percen-
tile) Lp(a) concentrations should be more aggressively man-
aged with respect to modifiable risk factors. This would
include aggressive LDL lowering.236 In addition, treatment
with niacin, as per the European Atherosclerosis Society
guidelines,207 or aspirin therapy may be considered on an
individual patient basis242; the latter may be useful in mitigat-
ing the additional thrombotic burden in patients with high
Lp(a) levels. It is important to note that the use of Lp(a) in
risk reclassification remains to be formally codified.
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INTRODUCTION

When a patient presents with dyslipidemia, it is important
early in the clinical course to consider the possible contribu-
tions of both primary genetic and secondary nongenetic fac-
tors.1However, althoughcompartmentalizing primary versus
secondary etiologies is useful for didactic discussion, clini-
cally, the distinction is blurred, because most dyslipidemia
results fromacombinationof genetic andnongenetic factors.
Identifying potentially treatable or modifiable secondary fac-
tors is important because it may help with overall manage-
ment. Furthermore, identifying a patient with a rare genetic
disorder is importantbecauseof implicationsbeyonddiagno-
sis, such as prognosis, treatment, and family counseling.
Thus, in all patients with dyslipidemia, primary or genetic
causes should be considered, and secondary causes should
be ruled out.2

Here, the clusters of clinical and laboratory features, and
potential genetic etiologies that should be considered in the
workup, evaluation, diagnosis, and treatment of dyslipid-
emia are discussed. The main categories of dyslipidemia dis-
cussed are: (1) elevated levels of low-density lipoprotein
(LDL) cholesterol, (2) elevated levels of triglyceride (TG),
including dysbetalipoproteinemia, and (3) depressed levels
of high-density lipoprotein (HDL) cholesterol. Many patients
with these disturbances also have an increased risk of ath-
erosclerotic cardiovascular disease (CVD).1 Patients may
present with combinations of these disturbances, but ulti-
mately the primary disturbance may be considered to fall
into one of the preceding main categories. Other dyslipid-
emias and rare lipid disorders are beyond the scope of this
chapter.

GENETIC AND SECONDARY CAUSES OF
DYSLIPIDEMIA: GENERAL CONSIDERATIONS

Currently, dyslipidemia is typically ascertained and defined
by the primary biochemical disturbance. As previously men-
tioned, the model for pathogenesis is that a combination of

genetic and secondary factors contribute to clinical expres-
sion.1 Generally, for mild-to-moderate deviations of the
lipid variable from the normal range (Table 11-1), the
etiology is a combination of a polygenic susceptibility com-
ponent (Table 11-2) aggravated by one or more secondary
factors.2,3 For severe deviations of the lipid trait (see
Table 11-1), the likelihood of a monogenic etiology is
increased (Table 11-3).1 If monogenic dyslipidemia is sus-
pected, certain characteristic clinical features should be
evaluated (Table 11-4).1 However, in many cases of severe
dyslipidemia, a discrete monogenic cause cannot be
found,4,5 and the phenotype likely results from a combina-
tion of an increased burden of polygenic susceptibility that
is further aggravated by exposure to key secondary factors
(Tables 11-5 and 11-6).

Thus, for all patients who present with dyslipidemia, it is
appropriate to rule out secondary causes, both clinically
and through targeted laboratory investigations (Table 11-7).
Because of the increased risk of CVD in many patients
with dyslipidemia,3 it is important to evaluate the cardio-
vascular system. Also, with a severe lipid deviation, clinical
examination should focus on detecting specific manifesta-
tions of syndromic monogenic dyslipidemias (see
Table 11-4). Finally, recent progress in genetics suggests
that for a few monogenic dyslipidemias—namely, familial
hypercholesterolemia (Tables 11-8 and 11-9) and familial
lipoprotein lipase (LPL) deficiency—targeted genetic anal-
ysis may help clinically with the diagnosis.

THE GENETIC BASIS OF DYSLIPIDEMIA IS
USUALLY POLYGENIC IN NATURE

Most adult patients who present with lipid traits that are one or
more deviations from normal are considered to have a poly-
genic component of susceptibility, even if a secondary factor
is present.1 A genetic susceptibility component is presumed
to be present because not all individuals with a clear second-
ary factor have the same extent of dyslipidemia. Thus, endog-
enous genetic susceptibility may explain interindividual
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variation in the degree of dyslipidemia given the same nonge-
netic factors, including environmental, dietary, medical, or
other secondary stresses.
From the evolving understanding of the genetic basis of

dyslipidemias, amodel fordisease susceptibilityhasemerged
inwhich susceptibility todeviation inaplasma lipid is caused
by an accumulation of many genetic variants (usually single
nucleotide polymorphisms [SNPs]).1,4 Individually, these
SNP genotypes have a small effect on the plasma level of
the trait. However, cumulatively within a patient’s genome,
these small effect variants may add up to produce a large
net effect, and ultimately, clinical dyslipidemia.1,4 Because
these genetic variants segregate on independent chromo-
somes, the resulting phenotypes do not show classic Mende-
lian segregation patterns in families (e.g., autosomal
dominant or autosomal recessive inheritance). Of the
approximately 100 highly replicated, small-effect, lipid-
related SNP genetic variants,6 those with the largest effect
sizes on the respective lipid traits are shown in Table 11-2.
The concomitant presence of secondary factors in genet-

ically susceptible individuals may cause further deviation of
the abnormal lipid values.1–3 Gradations exist in the clinical
spectrum of interactions between polygenic susceptibility
and secondary factors. For instance, some individuals may
carry a relatively low genetic risk of dyslipidemia, but are
then exposed to very strong secondary factors that cause
the expression of the dyslipidemia. Other individuals may
carry a much larger polygenic risk burden, but because of
a prudent lifestyle, diet, and exercise, they may avert or min-
imize development of the dyslipidemia.

RARE MONOGENIC DYSLIPIDEMIAS

More than 20 syndromic lipid disorders result from mutations
in single genes; these disorders are characterized by the
extreme deviations of plasma lipid or lipoprotein values.1

These monogenic disorders show classic Mendelian segrega-
tion patterns, such as autosomal dominant, autosomal co-
dominant, or autosomal recessive. The molecular bases of
these disorders are fairly well understood. The monogenic
lipid disturbances discussed in this chapter are shown in
Table 11-3. In addition to the biochemical deviations, these
disorders often present with a range of specific symptoms and
signs that may constitute a syndrome (see Table 11-4).1

Suspicion for a monogenic dyslipidemia is heightened on
the basis of several factors, including: (1) the degree of devi-
ation of the lipid or lipoprotein trait (a more extreme

deviation makes a monogenic etiology more likely); (2) a
known family history of dyslipidemia, and sometimes, early
atherosclerosis; (3) the age at presentation (a younger age
makes amonogenic etiologymore likely); (4) specific clinical
features that are known to be part of monogenic syndromes
(their presence makes a monogenic etiology more likely);
and (5) the relative lack or absence of secondary factors
(one or more obvious strong secondary factors makes a
monogenic etiology less likely).

TABLE 11-1 Biochemical Levels for Dyslipidemia
LDL-C TG HDL-C

Mild-to-moderate deviation

Levels, mg/dL 160–249 200–999 10–30

Etiology Polygenic predisposition (see Table 11-2) plus secondary
factors (see Tables 11-5 and 11-6)

Severe deviation

Levels, mg/dL >250 >1000 <10

Etiology Monogenic disorders (see Table 11-3) and/or marked
polygenic predisposition (see Table 11-2) plus
secondary factors (see Tables 11-5 and 11-6)

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
TG, triglyceride.

TABLE 11-2 Top 10 Polygenic Determinants of Each
Plasma Lipid Trait, According to Effect Size
LIPID
TRAIT

GENE
NAME

ASSOCIATED
SNP

ABSOLUTE EFFECT SIZE
PER ALLELE (mg/dL)

LDL-C APOE rs4420638 7.14

LDLR rs6511720 6.99

SORT1 rs629301 5.65

APOB rs1367117 4.05

ABCG5/8 rs4299376 2.75

ABO rs9411489 2.24

HFE rs1800562 2.22

PCSK9 rs2479409 2.01

ST3GAL4 rs11220462 1.95

MYLIP rs3757354 1.43

TG APOA5 rs964184 17.0

LPL rs12678919 13.6

MLXIPL rs17145738 9.32

GCKR rs1260326 8.76

TYW1B rs13238203 7.91

APOB rs1042034 5.99

TRIB1 rs2954029 5.64

APOE rs439401 5.50

FRMD5 rs2929282 5.13

ANGPTL3 rs2131925 4.94

HDL-C CETP rs3764261 3.39

HNF4A rs1800961 1.88

LIPC rs1532085 1.45

LIPG rs7241918 1.31

LCAT rs16942887 1.27

PPP1R3B rs9987289 1.21

ABCA1 rs1883025 0.94

PLTP rs6065906 0.93

SLC39A8 rs13107325 0.84

LILRA3 rs386000 0.83

ABCA1, adenosine triphosphate–binding cassette, subfamily A member 1; ABCG5/8,
adenosine triphosphate–binding cassette, subfamily G, members 5 and 8; ABO, ABO
blood group (transferase A, alpha 1-3-N-acetylgalactosaminyltransferase transferase B,
alpha 1-3-galactosyltransferase); ANGPTL3, angiopoietin-like 3; APOA5, apolipoprotein
A-V; APOB, apolipoprotein B; APOE, apolipoprotein E; CETP, cholesteryl ester transfer
protein, plasma; FRMD5, FERM domain containing 5; GCKR, glucokinase (hexokinase 4)
regulator; HDL-C, high-density lipoprotein cholesterol; HFE, hemochromatosis; HNF4A,
hepatocyte nuclear factor 4, alpha; LCAT, lecithin:cholesterol acyltransferase; LDL-C, low-
density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; LILRA3, leukocyte
immunoglobulin-like receptor, subfamily A (without TM domain), member 3; LIPC,
hepatic lipase; LIPG, endothelial lipase; LPL, lipoprotein lipase; MLXIPL, MLX interacting
protein–like;MYLIP, myosin regulatory light chain interacting protein; PCSK9, proprotein
convertase subtilisin/kexin type 9; PLTP, phospholipid transfer protein; PPP1, protein
phosphatase 1; R3B, regulatory subunit 3B; SLC39A8, solute carrier family 39 (zinc
transporter), member 8; SORT1, sortilin 1; ST3GAL4, ST3 beta-galactoside alpha-
2,3-sialyltransferase 4; TG, triglyceride; TRIB1, tribbles homolog 1 (Drosophila); TYW1B,
tRNA-yW synthesizing protein 1 homolog B (S. cerevisiae).
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The role of secondary factors is less important in the
expression of monogenic disorders, because the large effect
of the single mutant gene is sufficient to cause full pene-
trance of the phenotype.1,7 Nonetheless, the presence of sec-
ondary factors may make the clinical presentation even
more extreme and may make treatment more difficult.
Therefore, it remains important to rule out secondary factors,
even when a rare monogenic dyslipidemia is being consid-
ered or has been diagnosed.

ROLE OF GENETIC TESTING IN CLINICAL
EVALUATION OF DYSLIPIDEMIA

In mild-to-moderate “garden variety” dyslipidemia, genetic
testing using the polygenic genetic risk score of SNPs is not
indicated,1,4,5 because no evidence suggests that this informa-
tion may affect the diagnosis or treatment plan. However,
once a patient is identifiedwith dyslipidemia, clinical and bio-
chemical screening of other family members for dyslipidemia
is still indicated. The reason is that small-effect SNPs also tend
to cluster and accumulate within families, although as men-
tioned, there is no clear inheritance pattern or strong co-
segregation of the genetic variants individually or collectively
with abnormal clinical phenotypes. Nonetheless, relatives of
an individual affected with polygenic dyslipidemia would
also be expected to have increased risk of dyslipidemia,
which should be identified and managed appropriately.

In individuals with severe dyslipidemia, the likelihood of a
monogenic cause is increased, but it is not absolute.1,4,5

Many cases of severe dyslipidemia still result from a combi-
nation of marked polygenic susceptibility interacting with
secondary factors. However, a substantial proportion of indi-
viduals in the context of the five previously listed features
will have a monogenic cause of their severe dyslipidemia.

In some individuals with selected severe dyslipidemias in
which a strong clinical suspicion of a monogenic cause
exists, deoxyribonucleic acid (DNA) analysis by an accre-
dited laboratory might be helpful in diagnosis. For instance,

two independent sets of diagnostic criteria—the Simon
Broome Criteria8 (see Table 11-8) and the Dutch Lipid Net-
work Criteria9 (see Table 11-9)—recommend DNA testing
to help diagnose heterozygous familial hypercholesterol-
emia (HeFH). Alternative sets of criteria have also been
recommended.10 In a few clinics and private laboratories,
it is further possible to evaluate APOB and PCSK9 genes to
diagnose these causes of FH-like elevations of LDL choles-
terol.1 However, beyond assistance with diagnosis in some
cases at present, the evidence does not suggest that knowing
the precise gene or mutation has any impact on treatment
decisions or advice regarding disease prognosis. Knowing
that there is a discrete mutation would justify “cascade test-
ing” of family members, because first- and second-degree rel-
atives of a mutation carrier would each have a 50% and 25%
chance, respectively, of also carrying the mutation.11

In severe hypertriglyceridemia, the gold standard biochem-
ical diagnostic test for homozygous LPL deficiency, namely,
post-heparin plasma lipolytic activity, has been replaced in
the past 5 years in somecenters byDNAanalysis.7 Specifically,
a diagnosis of homozygous LPL deficiency is strongly sug-
gestedwhenDNA sequencingof the LPL gene,which encodes
LPL, shows the presence of dysfunctional mutations on both
LPL alleles. Some centers may sequence genes other than
LPL that are causative for severe hypertriglyceridemia (see
Table 11.3).

SELECTED MONOGENIC DYSLIPIDEMIAS
IN MORE DEPTH

Low-Density Lipoprotein Cholesterol
Excess: Familial Hypercholesterolemia
FH is an autosomal co-dominant disease characterized by
markedly elevated plasma concentrations of LDL cholesterol,
usually greater than the 95th percentile for age and gender.12 If
untreated, FH leads to premature atherosclerotic vascular dis-
ease, particularly coronary artery disease, and the majority of
untreated FH patients develop clinical manifestations by the

TABLE 11-3 Selected Monogenic Severe Dyslipidemias
PRIMARY LIPID DISTURBANCE DISEASE NAME INHERITANCE CAUSATIVE GENE/LOCATION OMIM NUMBERS

" LDL-C Hypercholesterolemia Co-dominant LDLR/19p13.3 143890, 606945

Hypercholesterolemia Co-dominant APOB/2p24-p23 144010

Hypercholesterolemia Co-dominant PSCK9/1p32.3 603776, 607786

Hypercholesterolemia Recessive LDLRAP1/1p36-p35 603813, 605747

" TG Chylomicronemia (LPL deficiency) Recessive LPL/8p22 609708, 238600

Chylomicronemia Recessive APOC2 /19q13.2 608083, 207750

Chylomicronemia Recessive APOA5 / 11q23 606368

Chylomicronemia Recessive LMF1 / 16p13.3 611761, 246650

Chylomicronemia Recessive GPIHBP1 / 8q24.3 612757

Chylomicronemia Recessive GPD1 / 12q12 138420, 614480

Dysbetalipoproteinemia Dominant APOE / 19q13 107741

Recessive APOE / 19q13 107741

#HDL-C Tangier disease Recessive ABCA1 / 9q31 600046, 205400

LCAT deficiency Recessive LCAT / 16q22 606967, 245900

Hypoalphalipoproteinemia Co-dominant APOA1 / 11q23 107680, 604091

ABCA1, adenosine triphosphate–binding cassette, subfamily A member 1; APOA5, apolipoprotein A-V; APOB, apolipoprotein B; APOC2, Apolipoprotein C2, APOE, apolipoprotein
E; GPD1, Glycerol-3-phosphate dehydrogenase; GPIHBP1, Glycosylphosphatidylinositol anchored high density lipoprotein binding protein 1; HDL-C, high-density lipoprotein
cholesterol; LCAT, lecithin:cholesterol acyltransferase; LDL-C, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; LDLRAP1, Low-density lipoprotein receptor
adapter protein 1; LMF1, lipase maturation factor 1; LPL, lipoprotein lipase; OMIM, Online Mendelian Inheritance in Man; PCSK9, proprotein convertase subtilisin/kexin type 9; TG,
triglyceride.
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TABLE 11-4 Clinical Features of Monogenic
Dyslipidemias

PRIMARY EXTREME LIPID
DISTURBANCE (ARCHETYPAL

MONOGENIC DISEASE)

SIGNS AND
SYMPTOMS

"
LDL-C
(FH)

" TG
(FLPLD)

" TG
(FDBL)

#HDL-C
(TD,

LCATD)

General

Failure to thrive � ++ � �
Cardiovascular system

Early atherosclerosis

Coronary: angina, acute
coronary syndrome,
myocardial infarction

++ +/� ++ +/�

Cerebrovascular:
transient ischemic attack,
amaurosis fugax, stroke

+ +/� + +/�

Peripheral vascular:
claudication

+ +/� ++ +/�

Arterial bruits + � + �
Aortic valve disease + � � �

Eyes

Xanthelasma ++ � � �
Arcus cornealis ++ � � �
Lipemia retinalis � ++ � �
Corneal opacities � � � ++

Gastrointestinal system

Abdominal pain, nausea,
vomiting

� ++ � �

Hepatosplenomegaly,
hepatosteatosis

� ++ � �

Pancreatitis � ++ � �
Renal

Proteinuria � � � +

Renal insufficiency � � � +

Musculoskeletal system:
extensor tendon
xanthomas

++ � � �

Blood:

erythrocyte target cells � � � ++

Xanthomas:
extensor tendon

++ � � �

tuberous +/� � ++ �
plantar +/� � ++ �
palmar +/� � ++ �
periosteal + � � �
peripatellar + � � �
intracranial + � � -

eruptive � ++ � -

digital web spaces +/� � � +

FDBL, familial dysbetalipoproteinemia; FH, familial hypercholesterolemia; FLPLD, familial
lipoprotein lipase deficiency; HDL-C, high-density lipoprotein cholesterol; LCATD,
lecithin:cholesterol acyltransferase deficiency; LDL-C, low-density lipoprotein cholesterol;
TD, Tangier disease; TG, triglyceride. +, feature is characteristic of the dyslipidemia, but is
not consistently seen in individuals with the dyslipidemia; ++, feature strongly and
consistently present in individuals with the dyslipidemia; �, feature is not part of the
clinical presentation of the dyslipidemia; +/�, feature is sometimes seen in individuals
with the dyslipidemia, but is not considered to be characteristic of the syndrome.

TABLE 11-5 Secondary Lifestyle Factors and Medical
Conditions Associated with Dyslipidemia

ASSOCIATED
PRIMARY LIPID
DISTURBANCE

LIFESTYLE FACTORS AND
MEDICAL CONDITIONS

"
LDL-C

"
TG

#
HDL-C

Lifestyle

Obesity X X X

Physical inactivity X X X

Excessive alcohol intake X

Smoking X

Dietary

High trans fat X

High saturated fat X

High carbohydrate X X

Medical conditions

Obstructive liver disease X

Hypothyroidism X

Nephrotic syndrome X

Anorexia X

Metabolic syndrome X X

Insulin resistance X X

Diabetes mellitus X X

Nonalcoholic fatty liver disease X X

Chronic renal failure X X

Cushing syndrome X X

HIV infection X X

Systemic lupus erythematosus X X

HDL-C, high-density lipoprotein cholesterol; HIV, human immunodeficiency virus; LDL-
C, low-density lipoprotein cholesterol; TG, triglyceride.

TABLE 11-6 Medications Associated with Dyslipidemia
ASSOCIATED PRIMARY
LIPID DISTURBANCE

MEDICATIONS " LDL-C " TG # HDL-C

Cyclosporine X

Amiodarone X

High-dose chlorthalidone X

Hydrochlorothiazide X

Rosiglitazone X

Fibrates X

Oral estrogens X

Tamoxifen X

Corticosteroids X X

β-blockers X X

Retinoids X X

Protease inhibitors (especially ritonavir) X X

Bile acid binding resins X X

Sirolimus X X

L-asparaginase X X

Atypical antipsychotic agents X X

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
TG, triglyceride.
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sixth decadeof life.13HeFHhas a frequency of 1 in 500 inmost
populations,13whereas themoreseverephenotypeofhomozy-
gousFHhasa frequencyofapproximatelyone inamillion,and
is even higher in founder populations, such as Québécois,
Christian Lebanese, and Afrikaners.12

The majority of cases of FH are caused by inherited muta-
tions in the LDLR gene, which encodes the LDL receptor
(LDLR).12 To date, greater than 1600 LDLR mutations have
been identified in patients with FH.14 Less commonly, the
HeFH phenotype may be caused by mutations in other
genes that are involved in the cholesterol metabolism path-
way, specifically APOB, which encodes apolipoprotein B
(apoB), and PCSK9, which encodes proprotein convertase
subtilisin/kexin type 9 (see Table 11-4).15–17 Autosomal
recessive FH is also caused by mutations in LDLRAP1, which
encodes the LDLR adaptor protein 1 (see Table 11-4).18

Finally, it has recently been reported that approximately
20% of patients with a clinical presentation of HeFH have
no mutation in any of these genes. Instead, they have a poly-
genic condition. They have inherited many independent
SNPs (see Table 11.2), each of which has a small LDL
cholesterol–raising effect, but which cumulatively raise
LDL cholesterol levels into the FH biochemical range.5

Among all monogenic dyslipidemias, HeFH is the one for
which diagnostic genetic testing is clinically indicated.8–10

DNA testing—resequencing of genomic DNA to identify het-
erozygote carriers of mutations in one of the known FH-
causing genes—may be especially useful in patients in
whom the diagnosis is uncertain. Finding a causative muta-
tion may provide additional motivation for patients to imple-
ment treatment. This is because of the profound benefits,
with respect to reduction of cardiovascular morbidity and
mortality, with early statin treatment in individuals with
HeFH.19 In greater than 95% of cases, the causative mutation
is in the LDLR gene.1,5,15 Although at least two different
sets of clinical diagnostic criteria for FH recommend DNA
analysis—the Simon Broome Register criteria (see
Table 11-8) and the Dutch Lipid Network clinical criteria
(see Table 11-9)—clinical and biochemical criteria may
also be used to make the diagnosis when properly accre-
dited DNA testing is not available.8,9 Both sets of
diagnostic criteria have comparable rates for predicting
mutation-positive FH.20

Severe Hypertriglyceridemia: Familial
Lipoprotein Lipase Deficiency
Familial chylomicronemia caused by LPL deficiency is an
autosomal recessive disease characterized by the pathologic
persistence of chylomicrons after a fasting period of 12 to
14 hours.7 The frequency of this disorder is approximately
one in one million.7 Familial chylomicronemia often presents
during infancy or childhood, and generally becomesmanifest

TABLE 11-7 Investigations for Secondary Causes
of Dyslipidemia
SECONDARY CAUSE INVESTIGATION(S)

Chronic renal failure Creatinine
Urea

Diabetes and insulin resistance Fasting glucose
Hemoglobin A1c
Consider serum insulin or C-peptide

Hypothyroidism Thyroid-stimulating hormone

Nephrotic syndrome Urinalysis

Obstructive liver disease Aspartate aminotransferase
Alanine aminotransferase
Total bilirubin
Alkaline phosphatase

TABLE 11-8 Simon Broome Register Criteria
for Diagnosis of HeFH

Criteria

A. A plasma measurement of either:

Total cholesterol >7.5 mmol/L (adult patient; �290 mg/dL) or >6.7 mmol/L
(child age <16 yrs; �260 mg/dL)

LDL-C >4.9 mmol/L (adult patient; �190 mg/dL) or >4.0 mmol/L (child age
<16 yrs; �155 mg/dL)

B. Tendon xanthomas in the patient or any of the patient’s first- or second-
degree relatives

C. DNA–based evidence in the patient of mutation in LDLR or any other
HeFH-related gene

D. Family history of myocardial infarction before the age of:

50 yr, in any first- or second-degree relative

60 yr, in any first-degree relative

E. Family history of plasma total cholesterol >7.5 mmol/L (�290 mg/dL) in any
first- or second-degree relative

DIAGNOSIS CRITERIA REQUIRED

Definite HeFH A+B or C

Probable HeFH A+D or A+E

HeFH, heterozygous familial hypercholesterolemia; LDL-C, low-density lipoprotein
cholesterol; LDLR, low-density lipoprotein receptor.

TABLE 11-9 Dutch Lipid Network Clinical Criteria
for Diagnosis of HeFH
CRITERION POINTS

1. Family history: a first-degree relative with known

a) Premature coronary and vascular disease 1

b) Plasma LDL-C >95th percentile for age and gender

i) In an adult relative 1

ii) In a relative <18 yrs 2

c) Tendon xanthomata or arcus cornealis 2

2. Clinical history: patient has premature

a) Coronary artery disease 2

b) Cerebral or peripheral vascular disease 1

3. Physical examination of the patient

a) Tendon xanthomata 6

b) Arcus cornealis in a patient <45 yrs 4

4. LDL-C levels in patient’s blood, mmol/L (mg/dL)

a) �8.5 (�330) 8

b) 6.5–8.4 (�250–�329) 5

c) 5.0–6.4 (�190–�249) 3

d) 4.0–4.9 (�155–�189) 1

5. Deoxyribonucleic acid analysis showing a functional mutation
in the LDLR or other HeFH-related gene

8

DIAGNOSIS TOTAL POINTS REQUIRED

Definite HeFH >8

Probable HeFH 6–8

Possible HeFH 3–5

HeFH, heterozygous familial hypercholesterolemia; LDL-C, low-density lipoprotein
cholesterol.
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by adolescence.7 Clinical features include failure to thrive,
eruptive xanthomas over extensor surfaces and buttocks, lipe-
mia retinalis, hepatosplenomegaly, recurrent abdominal
pain, nausea and vomiting, and risk of acute pancreatitis.7

Patients with familial chylomicronemia have an increased
lifelong risk of recurrent pancreatitis.14 This risk increases
when the TG level is greater than 1000 mg/dL and is greatest
with TG levels greater than 2000 mg/dL.15,21 Interestingly,
some patients remain asymptomatic when TG levels are
much higher than 2000 mg/dL.21 Pancreatitis from hypertri-
glyceridemia may be a serious and sometimes fatal disease;
complications include development of chronic pancreatitis,
pancreatic insufficiency, pancreatic necrosis, pancreatic
abscess, and pancreatic pseudocyst.7 CVD risk is inconsis-
tently associated with familial LPL deficiency. The few
patients with LPL deficiency who have been documented
to have premature atherosclerosis are the exception rather
than the rule for this condition.22

LPL deficiency is the underlying cause in greater than 95%
of individuals who present with familial chylomicronemia.
Greater than 100 LPL mutations inherited in the simple
homozygous or compound heterozygous state have been
reported to cause LPL deficiency.23 However, several other
genes, including APOC2, APOA5, LMF1, and GPIHBP1, have
been implicated as causative for a similar clinical phenotype
(see Table 11-3). Homozygosity or compound heterozygos-
ity for mutations in these genes may lead to chylomicrone-
mia.4 Before DNA testing was available, LPL deficiency
was diagnosed by the absence of LPL activity in plasma col-
lected after intravenous injection of heparin.24 The diagnosis
can now be made with the use of DNA sequence analysis,
which shows the presence of mutations on both LPL alleles.24

However, many patients with chylomicronemia—perhaps
30% or more—have no mutation in any of these genes.3

This suggests that other genes may predispose an individual
to chylomicronemia. The basis of disease in such patients
may be resolved in the future using next-generation se-
quencing or another new genomic technology.

SECONDARY CAUSES OF DYSLIPIDEMIA

Dyslipidemias are associated with specific lifestyle and envi-
ronmental factors (see Table 11-5), several medical condi-
tions (see Table 11-5), and certain medications (see
Table 11-6). These secondary causes of dyslipidemia should
be considered in the course of diagnosis and, if appropriate,
for treatment strategies.2,3 An in-depth description of the
underlying mechanisms by which every lifestyle factor, med-
ical condition, or medication causes dyslipidemia is beyond
the scope of this chapter.
A thorough medical history, diet, and medication

review should be conducted in each patient presenting with
dyslipidemia, to look for secondary causes. In general, a
dyslipidemia associated with secondary factors should
improve to some degree, although it might not resolve
completely,with treatmentor eliminationof the secondary fac-
tor(s). A clinical rule of thumb is that roughly half of the devi-
ation in the lipid parameter(s) may be normalized with
treatment of a secondary medical condition; the residual dys-
lipidemia will then require specific lipid-modifying therapy.

Lifestyle Factors
Lifestyle factors such as diet, exercise, and smoking are com-
monsecondarycausesofdyslipidemia(seeTable11-5).Diets

high in saturated and trans fatty acids have been associated
with increased LDL cholesterol.25 Obesity, physical inactivity,
smoking, very-high-carbohydrate diets (>60% of energy, and
especially simple or high–glycemic index carbohydrates),
and excessive alcohol intake aremajor causes of dyslipidemia
in the general population.26Obesity is also associatedwith ele-
vated LDL cholesterol; however, once a patient develops insu-
lin resistance, the predominant lipid abnormality becomes
increased TG combined with depressed HDL cholesterol.

Lifestylemodification is the foundation of treatment inmost
individuals with dyslipidemia3 and includes: (1) dietary
modification to reduce total calories, saturated and trans fats,
and simple carbohydrates; (2) attaining and maintaining a
desirable body weight through appropriate dietary modifica-
tion and exercise; (3) reduction or elimination of alcohol, as
appropriate; and (4) modification of CVD risk factors in gen-
eral, including smoking cessation and control of glycemia
and blood pressure.

Medical Conditions
Other medical conditions can also cause secondary dyslipid-
emia (see Table 11-5). Elevated LDL cholesterol is seen in
patientswith hypothyroidism, nephrotic syndrome, obstructive
liverdisease,andanorexianervosa.26–29 Incontrast,elevatedTG
and depressed HDL cholesterol are characteristic of the spec-
trum of metabolic syndrome, insulin resistance, and type 2
diabetes.30 Elevated TGs and depressed HDL cholesterol are
partof theworkingdefinitionof themetabolicsyndrome.25Non-
alcoholic fatty liver disease and hepatosteatosis—sometimes
considered to be the hepatic manifestation of metabolic
syndrome—are also often associated with elevated TG and
depressed HDL cholesterol.31 Also, both Cushing syndrome
and polycystic ovary syndrome are associated with elevated
TG and depressed HDL cholesterol.32,33

The spectrum of lipid abnormalities in patients with
chronic kidney disease involves all lipoprotein classes, but
varies, depending on the severity of the renal impairment
and whether concurrent illnesses such as diabetes are pre-
sent.27,34 Moderate hypertriglyceridemia and reduced HDL
cholesterol levels are most often seen, whereas total and
LDL cholesterol levels remain normal or modestly increased
in patients with renal impairment.27,34

Plasma lipids and lipoproteins are also variably affected in
patients with human immunodeficiency virus infection.35

The most consistent abnormality is elevated TG and
depressed HDL cholesterol, which may become more pro-
nounced with antiretroviral treatment, particularly when
using older protease inhibitors, such as ritonavir.25 In addi-
tion, chronic inflammation, caused by systemic autoimmune
conditions, and paraproteinemias are also associated with
elevated TG and depressed HDL cholesterol.36,37

Treatment of the underlying medical condition may
have a beneficial effect on the dyslipidemia.2,3 However,
because of a likely pre-existing genetic predisposition, the
dyslipidemia is often not fully corrected, even with success-
ful treatment of the secondary medical condition.2,3 Some
dyslipidemias associated with medical conditions are highly
refractory to treatment.

Drugs
Numerous drugs have been implicated in exacerbating
dyslipidemia (Table 11-6).38,39 This includes members of
several different classes of drugs, specifically different
classes of steroid hormones,40–42 antirejection drugs,43
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antihypertensive agents,44 L-asparaginase,45 retinoids,46 and
antipsychotic drugs.47 The extent of dyslipidemia may be
quite marked if the individual carries a genetic predisposi-
tion, which could be either a high polygenic background
risk or even a monogenic dyslipidemia.

Investigations and Treatment of Secondary
Causes
Table 11-7 outlines the screening investigations to rule out
common non–drug-related secondary causes of dyslipidemia
before initiating lipid-lowering treatment. If a secondary cause
for the dyslipidemia is found, treatment should be geared
toward the underlying cause before consideration of a
lipid-lowering agent. Discontinuation of the suspected offend-
ing agent and replacement with a lipid-neutral alternative, if
possible, should help to normalize the dyslipidemia.

CONCLUSIONS

Most patients who develop dyslipidemia likely have
some genetic predisposition, but in the majority of cases,
dyslipidemia is not caused by a classical monogenic or Men-
delian disorder. Rather, numerous genetic variants that each
slightly alters a component or components of the lipid profile
act together to create a state of susceptibility to dyslipidemia.
In genetically susceptible patients, secondary factors, includ-
ing lifestyle, medical conditions, and drugs, may exacerbate
the abnormal levels of lipids and lipoproteins. Potential
contributory lifestyle factors and drugs can be identified with
careful history taking. Potential medical conditions that
exacerbate the dyslipidemia may also be identified through
careful history taking, aswell as through physical examination
and some further biochemical investigations. The presence of
a severe dyslipidemia could indicate monogenic causes,
some of which are associated with specific physical findings.
For individuals suspected to have HeFH or familial LPL defi-
ciency, DNA analysis may be helpful in making the diagnosis.
There is essentially no indication that testing the multiple
SNPs that contribute to polygenic dyslipidemia susceptibility
is helpful clinically.

Whether the genetic component is polygenic or mono-
genic, certain secondary factors may cause further marked
alterations of lipid levels, necessitating drug therapy. How-
ever, the intensity of drug treatment may be minimized if
the secondary causes are modified or eliminated. For
extreme deviations of plasma lipids, it is important to con-
sider monogenic causes. When acquired lipid abnormalities
are mild to moderate, improved diet, increased physical
activity, and loss of excess weight may help improve the lipid
profile and help minimize drug dosage. Thus, a review of
potential secondary causes of hyperlipidemia is as important
as taking a careful family history and often is remarkably
helpful in optimizing the lipid profile.
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INTRODUCTION

Atherosclerotic cardiovascular disease (CVD), including
coronary heart disease (CHD) and stroke, remains the lead-
ing cause of morbidity andmortality in the United States and
worldwide. An American dies of CVD approximately every
40 seconds, and many of these deaths occur well before
the average life expectancy of 78.5 years.1 Inpatient cardio-
vascular operations and procedures have increased over the
past decade and now total 7.5 million annually in the United
States, according to the National Heart, Lung, and Blood
Institute.1 The total annual direct and indirect cost of CVD
is estimated at $312.6 billion.1

To help address this devastating burden of disease,
until they were replaced by the 2013 American College of
Cardiology (ACC)/American Heart Association (AHA)
guidelines, the National Cholesterol Education Program
Adult Treatment Panel III (ATP III) guidelines provided a
framework to direct preventive interventions for patients at
risk of CHD according to traditional risk factors. However,
by using this approach, only about 5% of asymptomatic
men and less than 1% of asymptomatic women in the United
States without CHD were classified as high risk.2 In contrast,
the lifetime risk for CVD is one in two for women and two in
three for men older than age 40 years.1 This “detection gap”
in cardiovascular risk assessment highlights the need for
improved risk evaluation in asymptomatic individuals.3

Multiple avenues of research, ranging from basic experi-
mental evidence to population-based observational studies
to randomized clinical trials, have advanced the idea that
CVD is in large part a systemic inflammatory process.4 Large
epidemiologic studies carried out in diverse populations
have repeatedly documented the association between
high-sensitivity C-reactive protein (hsCRP), a marker of
inflammation, and CVD outcomes, independent of tradi-
tional cardiovascular risk factors.5–20 It is thought that hyper-
lipidemia instigates inflammation.21 hsCRP adds prognostic
information to risk estimation and improves risk detection
for patients with metabolic syndrome and diabetes, and
hsCRP concentrations often fall in response to lifestyle inter-
ventions and statin therapy.19,20 Given these characteristics,

interest in using hsCRP for risk assessment in the primary
prevention setting has been significant, but many fewer
data exist to support treatment monitoring in clinical
practice.

BIOLOGY OF C-REACTIVE PROTEIN: MARKER
OR MEDIATOR?

CRPwas first discovered in 1930 inpatientswith pneumonia.22

It is relatively stable as a frozen sample with a long plasma
half-life of 19 hours.23 CRP is released as a pentamer into the
circulation, predominantly by hepatocytes, in response to
several cytokines, including interleukin-6 (IL-6).24 As an
acute-phase reactant, marked increases in CRP may occur
in the setting of infection, trauma, or other acute inflam-
matory stimuli, which may be quantified by standard-
sensitivity assays. Chronic low-level elevation of CRP may
be detected by high-sensitivity assays. As a downstream
marker of inflammation, CRP is considered nonspecific.

CRP reflects underlying pathways of immunity and inflam-
matory signaling that promote the initiation and growth of
atherosclerotic plaques while modifying plaque stability.25,26

T lymphocytes and macrophages contribute to the develop-
ment of fatty streaks, and accompanied by mast cells, even-
tually accumulate in atheroma. These cells produce
proteolytic enzymes and cytokines that may weaken the
fibrous cap, leading to “vulnerable” plaque that is more sus-
ceptible to rupture. Given the influence of inflammation on
plaque instability, hsCRP more accurately reflects plaque
vulnerability rather than total plaque burden.27

The extent to which CRP plays a direct mechanistic or
causal role in atherosclerosis and atherothrombosis is uncer-
tain. Basic science experiments have suggested that CRP
directly binds highly atherogenic oxidized low-density lipo-
protein (LDL) and is abundantly present within lipid-laden
plaque.28 Use of a small-molecule synthetic compound that
inhibited CRP activity resulted in smaller infarct size in rats.
Alternatively, many of CRP’s purported effects may be medi-
ated throughactivationof the classic complementpathway. It
has been reported that CRP increases cytokine and adhesion
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molecule production, inhibits the survival and function of
endothelial progenitor cells, induces endothelial cell apopto-
sis, decreases nitric oxide production, increases endothelin-1
levels, and inhibits fibrinolysis through its effects on tissue
plasminogen activator (t-PA) and plasminogen activator
inhibitor–1 (PAI-1).29

However, some investigators have cautioned that these
apparent proatherogenic effects of CRP may be explained
by contamination from endotoxins and use of preservatives
in commercial CRP assays.30 Other basic science research is
not supportive of a direct atherogenic effect of CRP. For
example, transgenic rabbits with low or high CRP expression
that were fed a high-cholesterol diet developed similar
amounts of coronary and aortic atherosclerosis.31 Overall,
transgenic overexpression of CRP inmice or in vivo injection
of large doses of CRP had minimal effect on inflammation
and atherosclerosis.32–36

In humans, early genetic evidence appeared to support a
causative role for CRP in the pathophysiology of atheroscle-
rosis and atherothrombosis. Polymorphisms in the CRP gene
locus were shown to account for some interindividual vari-
ability in plasma CRP levels.37–41 A genome-wide association
study found that CRP levels were also associated with a num-
ber of polymorphisms near genes that influence insulin resis-
tance, diabetes, weight gain, early atherogenesis, and β-cell
function.41 Moreover, specific CRP polymorphisms were
associated with increased risk of death from CVD events.42

It was suggested that transient elevation of CRP levels, as part
of the acute-phase reactant response in the setting of myo-
cardial infarction (MI),43,44 may, in turn, upregulate inflam-
matory mediators that increase myocardial damage,
inhibit myocardial remodeling, or predispose to recurrent
atherothrombotic events.45

However, more recent genetic studies challenged the con-
cept that chronically elevated CRP acts as a direct mediator
in the long-term progression of atherosclerosis to CHD.
Large-scale Mendelian randomization analyses of polymor-
phisms in the CRP gene showed marked elevations in hsCRP
concentrationswithoutan increased riskofCHD.46–49A recent
meta-analysis that included 46,557 patients with CHD and
147,861controls (mostlyofEuropeandescent)didnotdemon-
strate an association between CRP-related genotypes, tradi-
tional risk factors, and risk of CHD (Fig. 12-1).48 This result
favors the possibility that CRP itself is not causal in atheroscle-
rosis. Nevertheless, CRP may still capture information about
underlying inflammatory cascades that are causal, and it
remains possible that a CRP surge at the time of a coronary
event plays an active pathophysiologic role.

LABORATORY TESTING OF HIGH-SENSITIVITY
C-REACTIVE PROTEIN

Multiple commercial hsCRP assays are available and have
been standardized for outpatient and inpatient settings.27

Many outpatient-based and hospital-based laboratories offer
both regular CRP testing for rheumatologic assessment and
hsCRP testing for cardiovascular assessment. Thus, when
evaluating CVD risk, “hsCRP” or “cardiac CRP” should be
specified to the laboratory. Fasting is not required before
hsCRP testing.

Intraindividual variation of hsCRP levels is similar to that
of cholesterol levels. Measuring hsCRP values twice may
improve the predictive value of hsCRP levels, but adds cost
(�$30 per hsCRP test) and the inconvenience of a second
blood draw. Because hsCRP levels may be falsely elevated
during an acute-phase response, patients should be meta-
bolically stable at the time of hsCRP measurement, and
hsCRP values greater than 10 mg/L should generally prompt
repeat testing for verification. The degree to which false pos-
itives occur is likely laboratory dependent.

VARIATION IN HIGH-SENSITIVITY C-REACTIVE
PROTEIN LEVELS

Numerous genetic and environmental factors influence
hsCRP levels. In 8874 individuals from the National Health
and Nutrition Examination Survey, hsCRP levels ranged from
0.1 to 296 mg/L (mean, 4.3; median, 2.1).50 hsCRP levels, like
many other inflammatory markers, are generally higher
among women than men.51 Variability in hsCRP levels also
exists among ethnicities, with the highest levels generally
found in African Americans, followed by Latinos, South
Asians, Caucasians, and East Asians, respectively.52 Interest-
ingly, the Mendelian randomization studies mostly exam-
ined single nucleotide polymorphisms (SNPs) in
individuals of European descent; however, the principal var-
iations in hsCRP levels were strongly correlated with
ethnicity,48 suggesting that a multiethnic approach may be
needed across populations.

Besides genetics and ethnicity, other individual character-
istics are associated with significant differences in hsCRP
levels. Demographic characteristics such as age, education,
and geographic region of residence have shown associa-
tions with variation in hsCRP. An individual’s baseline health
may factor in as well, with body mass index, metabolic syn-
drome, diabetes mellitus, hypertension, and periodontal
disease playing a role in hsCRP levels.

Single nucleotide
polymorphism

rs3093077

rs1205

rs1130864

rs1800947

0.06

0.67

0.30

0.94

0.21 (0.17 to 0.24)

0.18 (0.16 to 0.20)

0.13 (0.12 to 0.15)

0.26 (0.23 to 0.29)

–0.1 0 0.1 0.2 0.3 0.4

19/15 133/96 807

43/40 527/172 567

41/37 145/157 905

31/31 636/93 507

Allele
frequency*

No of studies/cases
/participants†

Per allele higher
mean ln CRP

(95% CI), mg/L

Per allele higher
mean ln CRP

(95% CI), mg/L

0.93 (0.87 to 1.00)

1.00 (0.98 to 1.02)

0.98 (0.96 to 1.00)

0.99 (0.94 to 1.03)

Per allele risk
ratio for CHD

(95% CI)

0.85 0.90 0.95 1 1.05 1.10

Per allele risk ratio
for CHD (95% CI)

FIGURE 12-1 Estimates of association of each SNP with log-transformed concentrations of CRP and risk of CHD.
*Frequency of allele for increased concentrations of circulating ln CRP (i.e., risk allele). Associations presented per additional copy of risk allele.
†For associations between SNP and CHD, studies with less than 10 cases or less than 50 participants were excluded from analyses. Study-specific estimates stratified, where
appropriate, by gender, ethnicity, and trial arm and combined with random effects models. Maximum available data on genetic variants, circulating CRP, and CHD used for
analyses; sensitivity analyses restricted to participants with data on CRP SNPs, circulating CRP, and CHD did not differ from the current analyses. CHD, coronary heart disease;
CI, confidence intervals; CRP, C-reactive protein; SNP, single nucleotide polymorphism. (Reprinted with permission from Wensley F, Gao P, Burgess S, et al. Association
between C reactive protein and coronary heart disease: mendelian randomisation analysis based on individual participant data. BMJ. 2011;342:d548.)
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Hypertension, diabetes, obesity, and certain infections
have each been linked with increased inflammatory states,4

and physical exercise and dietary patterns have been shown
to alter levels of hsCRP. Certain medications, such as oral
contraceptives, may increase hsCRP levels. Smoking and
alcohol intake have been shown to alter levels as well. Lastly,
the environmental pollutant burden is associated with signif-
icant variation in hsCRP.53–58 Overall, environmental factors
seem to account for approximately 22% of the interindivi-
dual hsCRP variability in women and 30% of the variability
in men; genetic differences are thought to account for the
remaining variability in hsCRP levels.59

RISK ASSOCIATION

More than 50 prospective cohort studies have examined the
association of hsCRPwith risk for CVD in individuals without a
history of CVD (Table 12-1).60 The geometric hsCRP concen-
tration in men and women across these cohorts is shown in
Figure 12-2A. A clear association of higher age with higher
hsCRP levels is seen in these studies (see Fig. 12-2B).
Patient-level meta-analysis of 160,309 persons with 1.31 mil-
lion person-years at risk and 27,769 CVD events showed that
hsCRP held a continuous association with risk for CVD. This
association was considerably attenuated by, but indepen-
dent of, traditional risk factors. The risk ratios for CHD per
1 SD higher log(e) CRP concentration (threefold higher)
were 1.63 (95% confidence interval [CI] 1.51–1.76) when ini-
tially adjusted for age and gender only, and 1.37 (95% CI
1.27–1.48) when adjusted further for traditional risk factors;
the respective adjusted risk ratios for ischemic stroke were
1.44 (95% CI 1.32–1.57) and 1.27 (95% CI 1.15–1.40), and
for CVD mortality were 1.71 (95% CI 1.53–1.91) and 1.55
(95% CI 1.37–1.76) (Fig. 12-3).
hsCRP levels also have strong prognostic value in patients

with CHD. hsCRP levels predict recurrent CVD events in
patients with stable coronary artery disease and acute coro-
nary syndromes.61–65 hsCRP levels predict coronary artery
bypass graft failure and in-stent restenosis.66,67 For such
patients, the best long-term clinical outcomes are observed
among those with low levels of LDL cholesterol (LDL-C)
(<70 mg/dL) and low levels of hsCRP (<2 mg/L). Similarly,
in patients with CHD on statin therapy, low levels of both
LDL-C and hsCRP predict the best outcomes.27,64,68,69 In
the Pravastatin or Atorvastatin Evaluation and Infection Ther-
apy–Thrombolysis in Myocardial Infarction 22 (PROVE IT–
TIMI 22) and Aggrastat to Zocor trials, patients who had
the lowest on-treatment LDL-C and hsCRP levels had the low-
est rate of clinical events (Fig. 12-4).
Overall, hsCRP is an independent risk predictor in a wide

variety of patient populations and for multiple clinically
important endpoints. It has fairly good predictive value
across CVD risk categories.19,20 Furthermore, among individ-
uals with diabetes or metabolic syndrome, hsCRP levels fur-
ther stratify cardiovascular risk.27 Even in a patient with
normal lipid values on the basis of traditional definitions, iso-
lated hsCRP elevation may reflect increased CVD risk.69 In
addition to the CVD endpoints noted previously, including
CHD, stroke, and CVD mortality, high levels of hsCRP are
associated with increased risk for developing type 2 diabe-
tes.70–79 With regard to future risk of hypertension, an asso-
ciation with hsCRP is primarily explained by obesity and
other hypertension risk factors.80

BEYOND RISK ASSOCIATION: RISK
DISCRIMINATION, RECLASSIFICATION,
AND ACCURACY

As discussed previously, hsCRP’s independent association
with future CVD risk has been documented in an array of
populations. After establishing this basic observation, in con-
sidering hsCRP testing in clinical practice, it is important to
assess further the ability of hsCRP to provide incremental
and reliable information for clinical decision making. To this
end, the AHA recommends testing: (1) the ability to discrim-
inate between those with and those without clinical events;
(2) the impact in reclassifying individuals based on clini-
cally relevant risk categories; and (3) accuracy of risk
models.81

Discrimination between those with and those without a
particular outcome is traditionally tested by the c-statistic
or the area under the curve (AUC) in a receiver operating
curve plot of sensitivity versus 1 – specificity (or true posi-
tives versus true negatives). Ridker et al. examined the value
of adding hsCRP to variables used in the Framingham Risk
Score (age, total cholesterol, high-density lipoprotein choles-
terol, smoking, and blood pressure) in the Women’s Health
Study.82 In 15,048 women ages 45 years and older, 116 MIs,
217 coronary revascularization procedures, 100 ischemic
strokes, and 65 deaths from cardiovascular causes were seen
over an average follow-up of 10 years. Adding hsCRP to a risk
prediction model with Framingham variables improved the
AUC from 0.813 to 0.815, which is much less than the 0.05
improvement that is generally considered compatible with
moderate improvement in predictive ability.83 In the Multi-
Ethnic Study of Atherosclerosis (MESA), the AUC also
increased by less than 0.05 (0.623–0.640).84 Overall, in the
Emerging Risk Factors Collaboration meta-analysis, the addi-
tion of hsCRP to a model with traditional risk factors
increased the AUC by 0.004 (P <0.001).85

However, the AUC is not a sensitive measure of incre-
mental value for adding a variable to a risk prediction
model; lipids and blood pressure also only modestly
improve the AUC in risk prediction models. The AUC does
not test the ability of a biomarker such as hsCRP to yield
clinically important risk reclassification. Adding hsCRP to
the previous ATP III CHD risk score reclassified approxi-
mately 40% of intermediate-risk women in the Women’s
Health Study into higher or lower risk categories; a value
of less than 5% risk over the next decade was classified
as low risk.82

However, the question is not only whether consideration
of hsCRP would lead to a potential change in clinical deci-
sion making based on risk reclassification, but whether
reclassification is accurate. In this regard, the role of the
net reclassification index (NRI) has been recognized.86

The NRI tests the number of individuals who are reclassified
to a different risk group by including the risk marker of inter-
est and considering whether individuals were reclassified
appropriately. That is, if an intermediate-risk individual is
reclassified to a higher-risk group and had an event, it would
be considered appropriate reclassification, whereas if the
individual is reclassified to a lower-risk group and had an
event, it would be considered inappropriate reclassification.
The net of appropriate and inappropriate reclassifications
determines the NRI.

Using hsCRP in the Framingham Heart Study,18 the NRI
was 11.8% (P¼0.009) for CHD and 5.6% (P¼0.014) for total
CVD.87 A Women’s Health Study analysis yielded an NRI of
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TABLE 12-1 Multivariable Adjusted Cardiovascular Risk Associated with hsCRP in Representative Prospective
Cohort Studies of Asymptomatic Men and Women

STUDY OR
LEAD AUTHOR

PUBLICATION
YEAR POPULATION ENDPOINT

ADJUSTED RISK
(95% CI) REFERENCE

MRFIT 1996 Men CHD death 2.8 (1.4–5.4) (OR)* Am J Epidemiol;144:537-547

Physicians Health Study 1997 Men First MI 2.9 (1.8–4.6)* N Engl J Med;336:973-979

Hoorn Study 1999 Diabetics Cardiovascular mortality 1.3 (0.5–3.4) (RR)† Arterioscler Thromb Vasc
Biol;19:3071-3078

MONICA 1999 Men 45–64 yrs old Incident CHD 1.5 (1.1–2.0) (HR){ Circulation;99:237-242

BRHS 2000 Men Incident CHD 2.1 (1.4–3.3) (OR)† BMJ;321:199-204

Strandberg et al. 2000 Elderly Cardiovascular mortality 1.2 (1.1–1.4) (RR){ Arterioscler Thromb Vasc
Biol;20:1057-1060

FINRISK97 2001 Men Incident CHD 2.4 (1.4–3.9) (OR)* Atherosclerosis;156:451-456

Speedwell 2001 Men Ischemia 2.7 (1.6–4.7) (RR){ Arterioscler Thromb Vasc
Biol;21:603-610

Women’s Health Study 2002 Women >45 yrs
old

MI, stroke, revascularization
procedure, cardiovascular
mortality

2.3 (1.6–3.4) (RR)} N Engl JMed;347:1557-1565

Curb et al. 2003 Men Embolic stroke 1.6 (1.1–2.4) (RR)* Circulation;107:2016-2020

Quebec 2003 Men Ischemia 3.5 (1.8–6.7) (RR)* Am J Cardiol;91:555-558

Rotterdam 2003 >55 yrs old MI 1.2 (0.6–2.2) (OR)* Arch Intern Med;163:
1323-1328

Caerphilly and
Speedwell

2004 Men Ischemia 3.0 (2.0–4.3) (OR)} Arterioscler Thromb Vasc
Biol;24:1957-62

Framingham Offspring
Study

2004 Men and women New-onset angina, MI, stroke,
TIA, HF, claudication

1.9 (1.2–2.9) (HR)* Circulation;110:380-385

Nurses’ Health Study 2004 Women with CKD Ischemia 1.7 (1.1–2.5) (OR){ J Am Soc Nephrol;15:
1897-1903

Reykjavik Study 2004 Men and women CHD death, MI 1.5 (1.3–1.7) (OR)† N Engl JMed;350:1387-1397

Cardiovascular Health
Study

2005 >65 yrs old MI, CHD death 1.5 (1.1–1.9) (RR)} Circulation;112:25-31

Kistorp et al. 2005 Men and women All-cause mortality 1.2 (1.0–1.5) (HR)k JAMA;293:1609-1616

Framingham Heart
Study

2005 Men and women MI, CHD death, stroke 1.2 (0.9–1.7) (RR)} Arch Intern Med;165:2473-
2478.

Strong Heart Study 2005 High diabetes
prevalence

Incident CVD 1.1 (1.0–1.1) (HR)# Circulation;112:1289-1295

EPIC-Norfolk 2006 Men and women Incident CHD 1.7 (1.3–2.1) (OR)* Atherosclerosis;187:415-422

MONICA 2006 Men Incident CHD, sudden cardiac
death

1.9 (1.3–2.8) (HR)* Arterioscler Thromb Vasc
Biol;26:2745-2751

Wakugawa et al. 2006 Men Hemorrhagic stroke 3.1 (1.0–9.3) (RR)} Stroke;37:27-32

Woodward et al. 2007 Men and women Incident CHD 1.8 (1.0–3.2) (OR)} J Thromb Haemost;5:
1795-1800

Arima et al. 2008 Men and women Incident CHD 3.0 (1.5–5.8) (HR)* Arterioscler Thromb Vasc
Biol;28:1385-1391

MONICA 2008 Men All-cause mortality 1.9 (1.4–2.5) (HR)} Clin Chem;54:335-342

ULSAM 2008 Men Cardiovascular mortality 2.0 (1.4–2.8) (HR)} N Engl JMed;358:2107-2116

Women's Health
Initiative

2008 Women Ischemic stroke 1.6 (1.2–2.3) (OR)* J Stroke Cerebrovasc
Dis;17:344-355

Nova Scotia Health
Study

2009 Men and women Incident CHD 1.3 (1.0–1.5) (HR){ Am J Cardiol;103:755-61

MONICA 2010 Men and women All-cause mortality 1.9 (1.4–2.7) (RR)** Clin Res Cardiol;99:817-823

CHARISMA 2011 Men and women MI, stroke, cardiovascular
mortality

1.3 (1.2–1.4) (HR)* Heart;97:626-631

BRHS, British Regional Heart Study; CHARISMA, Clopidogrel for High Atherothrombotic Risk and Ischemic Stabilization, Management, and Avoidance; CHD, coronary heart disease;
CKD, chronic kidney disease; CVD, cardiovascular disease; EPIC, European Prospective Investigation into Cancer and Nutrition; HF, heart failure; HR, hazard ratio; hsCRP, high-
sensitivity C-reactive protein; MI, myocardial infarction; MONICA, Monitoring Trends and Determinates in Cardiovascular Disease; MRFIT, Multiple Risk Factor Intervention Trial;
OR, odds ratio; RR, risk ratio; TIA, transient ischemic attack; ULSAM, Uppsala Longitudinal Study of Adult Men.
*Quartile extremes.
†Tertile extremes.
{1 SD for log increase in CRP.
}Quintile extremes.
}>3 mg/L.
kTop 20% compared with the remaining 80%.
#Cox proportional hazards model with CRP as a continuous variable.
**Above the median compared with below the median.
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FIGURE 12-2 Geometricmean CRP concentration inmen andwomen according to the cohort and assay source (A) andwithin 5-year bands adjusted for the cohort
(B). Error bars represent the 95% confidence intervals. CRP, C-reactive protein; NS, not stated. (Reprinted with permission from: Kaptoge S, Di Angelantonio E, Lowe G, et al.
C-reactive protein concentration and risk of coronary heart disease, stroke, and mortality: an individual participant meta-analysis. Lancet. 2010;375:132-140.)
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5.7%.82 In a nested case–control study of individuals in the
European Prospective Investigation into Cancer and Nutri-
tion–Norfolk study, the NRI for adding hsCRP was 12%.88

In two recent reports from the Rotterdam Study and MESA,
the NRI was 2% and 7.9%, respectively, with the addition of
hsCRP.84,89 In the Emerging Risk Factor Collaboration meta-
analysis of individuals without known CVD, addition of
hsCRP to traditional risk factors yielded an NRI of 1.52%
(P<0.02) for the 10-year risk categories of low (<10%), inter-
mediate (10% to <20%), and high (�20%).85 The investiga-
tors estimated that the number needed to test was 400 to 500
to prevent one CVD event over a period of 10 years.

REYNOLDS RISK SCORE

To provide an integrative estimate of absolute CVD risk, the
Reynolds Risk Score90 adds hsCRP and parental family his-
tory of premature CHD to traditional risk factors.36 However,
hsCRP is a relatively small contributor to risk in the Reynolds
Risk Score, behind age, smoking, systolic blood pressure,
and cholesterol. A doubling of hsCRP from the population
mean leads to an increase in risk equivalent to a rise in sys-
tolic blood pressure of approximately 3 mm Hg in the Reyn-
olds risk equation.

Recently, Reynolds-based and Framingham-based risk
scores were compared for global CVD prediction in the
Women’s Health Initiative (1722 CVD events).91 The Reyn-
olds model demonstrated an AUC of 0.765, and the Framing-
hammodel had an AUC of 0.757. The NRI was 12.9% with the
Reynolds model and 5.9% with the Framingham model. The
Reynolds and Framingham models were also compared in
their associations with the incidence and progression of sub-
clinical atherosclerosis as quantified by coronary artery cal-
cium scores.92 Although both predict onset and progression
of subclinical atherosclerosis, when discordance exists
between the Reynolds and Framingham models, the Reyn-
olds model appears to provide more consistent information.
A user-friendly calculator for the Reynolds Risk Score is avail-
able at http://www.reynoldsriskscore.org.

THE JUPITER TRIAL

After the role of hsCRP in risk prediction had been estab-
lished, researchers began to evaluate its use in the

development of treatment strategies, specifically for individ-
uals without diabetes who had elevated hsCRP and normal
LDL-C. The first clinical trial to do so was Justification for the
Use of Statins in Primary Prevention: an Intervention Trial
Evaluating Rosuvastatin (JUPITER); 17,802 persons with
LDL-C less than 130 mg/dL and hsCRP 2 mg/L or greater were
randomized to rosuvastatin (20 mg/day) or placebo.93 The
design of JUPITER is outlined in Figure 12-5, and the base-
line characteristics of the study participants are listed in
Table 12-2. JUPITER was unique in its use of hsCRP to strat-
ify individuals for eligibility, but no low hsCRP group existed,
so it is not possible to know if the benefit of statin therapy
would have been as great in those persons with a normal
hsCRP level. The trial was stopped early because rosuva-
statin was more beneficial than expected in reducing CVD
morbidity and mortality compared with placebo, and it
was considered unethical to withhold rosuvastatin from
the group assigned to placebo. The relative risk reduction
was 44% (95% CI 31%–54%; P <0.00001) in the primary end-
point of MI, stroke, revascularization, hospitalization for
unstable angina, or death.93

Baseline hsCRP concentrations did not independently
predict a preferential benefit with statin therapy, and relative
risk reductions with rosuvastatin were consistent across the
three hsCRP cutpoints.94 Interaction testing between hsCRP
levels and statin benefit was negative. In addition, the treat-
ment response was only present in those with elevated
hsCRP and at least one traditional risk factor,94 supporting
the importance of traditional risk factors and the link
between absolute risk and benefit from statins.

On treatment, 50% and 37% reductions in LDL-C and
hsCRP, respectively, were seen in the rosuvastatin arm. A
pharmacogenetic substudy of JUPITER showed that genetic
determinants of rosuvastatin-induced hsCRP reduction dif-
fered largely from those of LDL-C reduction.95 A prespecified
analysis of JUPITER showed that the lowest cardiovascular
event rate was in those who had both low LDL-C and low
hsCRP concentrations. This was consistent with observa-
tional data from the Atherosclerosis Risk in Communities
study, in which JUPITER-eligible patients with hsCRP greater
than 2 mg/L had a higher risk of cardiovascular events than
individuals with low hsCRP.96

Many more patients were potentially eligible for statin
therapy after the success of the JUPITER trial. In an analysis

4 week run-in

No history of CAD
Men age >50, women age >60

LDL-C <130 mg/dL
hsCRP >2 mg/L

Rosuvastatin (n=8901)

Placebo (n=8901)

Screening
visit

LDL
hsCRP

FRS

Randomization
visit

Lipids
hsCRP
LFTs

HbA1c

Lipids
hsCRP
LFTs

Safety
visit

Biannual follow-up
visits

End-of-study
visit

Lipids
hsCRP
HbA1c

MI
Stroke
Unstable
Angina
CVD death
CABG/PTCA

FIGURE 12-5 Diagramof the basic trial design for JUPITER. CABG/PTCA, coronary artery bypass graft surgery/percutaneous transluminal coronary angioplasty; CAD, coronary
artery disease; CVD, cardiovascular disease; FRS, Framingham Risk Score; HbA1c, hemoglobin A1c; hsCRP, high-sensitivity C-reactive protein; JUPITER, Justification for the Use of
Statins in Primary Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL-C, low-density lipoprotein cholesterol; LFTs, liver function tests;MI, myocardial infarction. (Adapted
with permission from: Ridker PM, on behalf of the JUPITER Study Group. Rosuvastatin in the primary prevention of cardiovascular disease among patients with low levels of low-
density lipoprotein cholesterol and elevated high-sensitivity C-reactive protein: rationale and design of the JUPITER trial. Circulation. 2003;108:2292-2297.)
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of the Reasons for Geographic and Racial Differences in
Stroke (REGARDS) cohort, 30,229 African American and
Caucasian individuals in the United States aged 45 years
or older, 21% of patients not otherwise eligible for statin ther-
apy based on the guidelines at the time (ATP III) would
become eligible based on JUPITER criteria.97

The question that has also been asked is to what extent
will patients with elevated hsCRP become statin eligible
by traditional risk factors if they are monitored prospec-
tively?98 In 2153 participants in MESA, 47% had elevated
hsCRP at baseline, and 29% met ATP III eligibility criteria
for statin therapy. After an average of 4.5 years of follow-
up, 59% of patients met ATP III criteria for statin therapy,
and thus, a substantial portion of patients with elevated
hsCRP still were not eligible for statin therapy based on tra-
ditional risk factors only.

In translating the JUPITER trial data into regulatory claims,
different countries have taken widely different approaches
in labeling for rosuvastatin.99 The U.S. Food and Drug
Administration stipulates that treatment eligibility should
be determined on the basis of older age, hsCRP greater than
2 mg/L, and the presence of one additional traditional risk
factor. In Canada, age and hsCRP were not included in
the label; rather, the focus was placed on the presence of
at least two traditional risk factors. The European Medicines
Agency also leaves hsCRP out of the label and identifies
“high-risk individuals” as those who should be targeted with
rosuvastatin for primary prevention.

GUIDELINES AND CLINICAL
RECOMMENDATIONS FOR HIGH-SENSTIVITY
C-REACTIVE PROTEIN TESTING

A number of expert panels have issued guidelines and clin-
ical recommendations for hsCRP testing in primary preven-
tion.100–103 The U.S. Preventive Services Task Force
(USPSTF) concluded that the evidence that hsCRP is associ-
ated with incident CHD is strong, that the evidence that
hsCRP improves risk stratification of intermediate-risk
patients is moderate, and that the evidence that reducing
hsCRP can prevent CHD events is insufficient.104 The USPSTF
does not support hsCRP testing for further risk stratifica-
tion.105 The guidelines emphasize the significant correlation
with traditional risk factors, thus decreasing the incremental
value of testing. However, the 2010 ACC/AHA guidelines on
assessment of risk in asymptomatic adults gave a class IIa
indication to measure hsCRP in persons meeting strict JUPI-
TER entry criteria (Fig. 12-6).102 In the 2013 ACC/AHA pre-
vention guidelines,106,107 hsCRP is not part of routine risk
assessment, but can be used selectively by clinicians to
inform decisions on statin therapy when the decision is
uncertain after 10-year risk estimation using traditional risk
factors. Although guideline recommendations differ, the
general consensus is that if hsCRP testing is employed, it is
most likely to be helpful in intermediate-risk patients or in
patients in whom treatment decisions are uncertain. In these
patients, reclassification to higher or lower cardiovascular
risk is most likely to influence preventive strategies (e.g.,
the addition or withholding of statin therapy, and possibly
aspirin). Measurement of hsCRP may be reasonably cost-
effective for screening in such a primary prevention setting.
Given the potential influences of genetics on hsCRP levels,48

those with a family history of premature atherosclerosis may
be likely to benefit from either hsCRP screening or a coro-
nary calcium measurement if any uncertainty exists about
starting a statin or aspirin on the basis of current guidelines.

However, in low-risk patients, even a doubling or tripling
of risk is not likely to influence patient or physician behavior.
Moreover, when low-risk patients are reclassified, it is

TABLE 12-2 Baseline Characteristics of JUPITER

BASELINE
CHARACTERISTIC

SCREENED
COHORT

(n¼90,000)

RANDOMIZED
COHORT

(n¼17,802)

Age (yrs) 65.7 (60.2–71.0) 66.3 (60.9–71.8)

Women (%) 37.2 38.2

Race (%)*

White 76.8 71.3

Black 8.1 12.5

Asian 1.9 1.6

Hispanic 11.1 12.7

Other 2.1 2.0

Education (%)

High school NA 59.4

Some college NA 17.7

College graduate NA 14.5

Postgraduate NA 8.4

Body mass index
(kg/m2)

NA 28.4 (25.3–32.0)

Blood pressure (mm
Hg)

Systolic NA 134 (124–145)

Diastolic NA 80 (75–87)

Current smoking (%) NA 15.8

Family history of
CHD (%)

NA 11.5

Metabolic syndrome
(%)

NA 32.1

Aspirin usage (%)

Any report NA 15.3

Prophylactic NA 14.0

Total cholesterol
(mg/dL)

204 (182–226) 185 (169–200)

LDL cholesterol
(mg/dL)

124 (105–143) 108 (94–119)

HDL cholesterol
(mg/dL)

51 (43–62) 49 (40–60)

Non-HDL cholesterol
(mg/dL)

150 (129–172) 134 (118–147)

Triglycerides (mg/dL) 116 (84–163) 118 (85–169)

hsCRP (mg/L) 1.9 (1.0–4.1) 4.3 (2.8–7.1)

Glucose (mg/dL) NA 94 (88–102)

Hemoglobin A1c (%) NA 5.7 (5.5–5.9)

Note: All values are percent or median (interquartile range). For hsCRP, values for the
randomized cohort are the mean of the screening and randomization visits.
CHD, coronary heart disease; HDL, high-density lipoprotein; hsCRP, high-sensitivity

C-reactive protein; JUPITER, Justification for the Use of Statins in Primary Prevention: an
Intervention Trial Evaluating Rosuvastatin; LDL, low-density lipoprotein; NA, not
available.
*11,894 of the screened cohort are missing race.

(Data from Ridker PM, Fonseca FA, Genest J, et al. Baseline characteristics of
participants in the JUPITER trial, a randomized placebo-controlled primary prevention
trial of statin therapy among individuals with low low-density lipoprotein cholesterol
and elevated high-sensitivity C-reactive protein. Am J Cardiol. 2007;100:1659-1664.)
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generally to the intermediate-risk group, not the high-risk
group. In high-risk patients, hsCRP testing is unlikely to be
helpful in initial clinical management, because these
patients already qualify for aggressive risk reduction inter-
ventions, including statin therapy. Nevertheless, it has been
suggested that hsCRP testing could be used to target the
intensity of therapy in this population.

Overall, although available data do not provide conclu-
sive evidence to support widespread use of serial hsCRP test-
ing in primary or secondary prevention, testing may be
helpful in carefully selected patients.

INTERPRETING VARIATION IN
HIGH-SENSITIVITY C-REACTIVE PROTEIN
LEVELS: CUTPOINTS

In interpreting hsCRP results, the cutpoints of less than 1, 1 to
3, and greater than 3 mg/L are recommended by the Centers
for Disease Control and Prevention. These cutpoints were
compatible with low, intermediate, and high risk for CVD
in the Women’s Health Study cohort. However, using five
categories of hsCRP levels (<0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0,
and >5.0 mg/L) may improve risk discrimination.108

As mentioned previously, the cutpoint of greater than
2 mg/L was used in the JUPITER trial. Even mild elevations
in hsCRP (>1 mg/L) suggest some degree of elevated CVD
risk.109 Persistently elevated hsCRP levels greater than
10 mg/L suggest higher CVD risk,108 even in the presence
of collagen vascular disease or other underlying chronic sys-
temic inflammatory diseases.

FUTURE DIRECTIONS

Two cardiovascular inflammation reduction trials are
currently under way to test formally the inflammatory hypoth-
esis of atherothrombosis. The Canakinumab Antiinflam-
matory Thrombosis Outcomes Study is a multinational,
randomized clinical trial of subcutaneous canakinumab, a

human monoclonal antibody to IL-1β (Fig. 12-7).110,111

The phase 2 trial data show significant reduction in hsCRP
and other inflammatory markers without a major effect on
lipids.111 The phase 3 event-driven trial is planned to include
17,200 stable post-MI patients with persistent elevation of
hsCRP (>2 mg/L), with follow-up estimated to occur over
4 years for CVD events.110

The second trial, the Cardiovascular Inflammation Reduc-
tion Trial (CIRT), is under way and randomizing 7000 post-MI
patients with diabetes mellitus or metabolic syndrome to
low-dose methotrexate versus placebo (Fig. 12-8). CIRT
has also been designed as an event-driven trial, and the pri-
mary endpoint is also the rate of recurrent CVD outcomes.
Compared with JUPITER, these trials will test more directly
the impact of lowering hsCRP and inflammation on CVD
outcomes.

In addition to these drug trials, future trials might random-
ize patients on the basis of hsCRP testing itself. Although
hsCRP testing was an inclusion criterion in JUPITER, the trial
was not designed to examine the relationship of hsCRP test-
ing to clinical outcomes. Trial randomization was on the
basis of drug or no drug, and therefore, the necessity of
hsCRP testing remains unconfirmed. It may be that statin
therapy is beneficial among at-risk middle-aged and older
adults, irrespective of the hsCRP level, considering that the
average individual in JUPITER had a Framingham Risk Score
of 11% and a mean LDL-C level of 104 mg/dL. Statins yield
consistent proportional CVD reduction per absolute LDL-C
lowering across all levels of absolute risk, even in those with
LDL-C as low as 80 mg/dL.112 In the Heart Protection Study,
even among those with hsCRP levels <1.25 mg/L, a 29%
reduction was seen in major vascular events.113

In the future, integrating hsCRP data with data from other
inflammatorymarkersmay provide a “biosignature” to better
identify individuals at the highest risk for poor CVD out-
comes and in whom risk reduction therapies may provide
the greatest benefit. It may be that viewing hsCRP in tandem
with other inflammatory markers as a biosignature provides
more personalized information that allows more personal-
ized CVD therapy.

Measurement
of hsCRP

useful

Measurement
of CRP

reasonable

Measurement
of CRP

not indicated

Class IIa

Class IIb

Class III

Men 50+

Women 60+

• LDL-C <130 without LLM, HR, or IS

• No CHD, diabetes, CKD, or severe inflammation

• No contraindications to statins

Men <50

Women <60

• Asymptomatic

• Intermediate risk score

Men and

Women

• Asymptomatic

• High risk

FIGURE 12-6 Recommendations for measurement of hsCRP. CHD, coronary heart disease; CKD, chronic kidney disease; CRP, C-reactive protein; HR, hormone replacement;
hsCRP, high-sensitivity C-reactive protein; IS, immunosuppressant therapy; LDL-C, low-density lipoprotein cholesterol; LLM, lipid-lowering medication. (From Greenland P, Alpert JS,
Beller GA, et al. 2010 ACCF/AHA guideline for assessment of cardiovascular risk in asymptomatic adults: a report of the American College of Cardiology Foundation/American Heart
Association Task Force on Practice Guidelines. J Am Coll Cardiol 2010;56:e50-e103.)
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CONCLUSIONS

In summary, hsCRP is a relatively inexpensive and validated
test that improves model calibration and helps to provide a
more accurate prediction of CVD risk than standard risk pre-
diction models alone. Its predictive value has been con-
firmed in both primary prevention and secondary
prevention settings. The amount of additive information
beyond traditional risk factors depends on the patient, but
is often modest. It is probably most useful for initial risk strat-
ification of intermediate-risk patients in the primary preven-
tion setting, in whom reclassification to a higher or lower risk
category may help appropriately target preventive therapies.

However, the latest ACC/AHA prevention guidelines suggest
that atherosclerosis imaging could also be used for this pur-
pose and may be even more useful. hsCRP testing may also
be considered in the primary prevention setting in patients
meeting JUPITER eligibility criteria. With regard to risk
assessment in patients taking statins for primary or second-
ary prevention, the best outcomes have been observed
among those with low levels of both LDL-C (<70 mg/dL)
and hsCRP (<2 mg/L). Nevertheless, it is important to note
that no randomized clinical trials to date have randomized
patients to hsCRP testing or no testing to evaluate the impact
of testing on clinical outcomes. Future studies of this kind
are necessary to fully delineate the value of hsCRP testing.
In the meantime, although widespread testing is not indi-
cated, hsCRP testing may be useful for risk assessment in
carefully selected patients in whom the result is likely to alter
management.
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INTRODUCTION

Oxidant stress plays a crucial regulatory role in the bal-
ance between activation of pro- and antiinflammatory
genes. With increased oxidant stress, proinflammatory
genes are induced to produce redox-sensitive transcrip-
tion factors that activate the translational machinery
responsible for the production of a vast array of cellular
mediators that contribute to vascular inflammation.
Lipoprotein-associated phospholipase A2 (Lp-PLA2), also
known as the secreted or plasma form of platelet-activating
factor acetylhydrolase (PAF-AH) and phospholipase A2
group 7 (PLA2G7), is a member of the PLA2 superfamily
of enzymes and is thought to act at the intersection of oxi-
dant stress, inflammation, and atherosclerosis.1 Lp-PLA2

circulates in blood in association with lipoproteins, and
it is expressed in atherosclerotic lesions. The enzymatic
activity of Lp-PLA2 has been proposed to have
antiinflammatory properties because of its ability to
reduce the levels of proinflammatory glycerophospholi-
pids, such as platelet-activating factor (PAF) and oxidized
phospholipids (OxPL).2,3 In addition to reducing PAF/
OxPL levels, Lp-PLA2 releases molecules also reported to
have proinflammatory and prooxidative activities.4 For
these reasons, Lp-PLA2 has been proposed to have dual

effects on inflammation and to participate actively in vas-
cular responses that occur during atherogenesis.

Various approaches have been taken to assess the role of
Lp-PLA2 in biology; these include hypothesis-driven studies
to establish functional relationships and correlative analyses
that compare biochemical and genetic observations in
healthy individuals and in patients diagnosed with a variety
of conditions. The former category, hypothesis-driven stud-
ies, includes work that evaluates the biologic effects of lipid
metabolites believed to act as substrates and products of the
Lp-PLA2 reaction in vivo, and experimental approaches in
which Lp-PLA2 levels are modulated. One of the physiologic
roles of Lp-PLA2 in vivo appears to be the metabolism of
endogenous PAF. A recent elegant study demonstrated that
reduced expression of Lp-PLA2 increases PAF levels in neo-
natal skin and intestinal tissues, and that substrate adminis-
tration phenocopies partial Lp-PLA2 deficiency.5 Similar
observations in humans functionally link Lp-PLA2 to PAF
in vivo,6 although healthy skepticism continues.4,7 Most
investigators agree that a number of issues remain to be
resolved. For example, it is not clear whether Lp-PLA2 func-
tions in the circulation, in atherosclerotic plaques, or both. A
recent study using mice lacking Lp-PLA2 expression sug-
gested that the enzyme may not function in the circulation,
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and that substrate transport to the intracellular compartment is
required before hydrolysis.8 Similarly, it has been suggested
that phospholipid substrate cleavagemay not be the exclusive
function of Lp-PLA2,

9 although no evidence for potential
alternative functions has been presented. In addition, the rela-
tionship between circulating and plaque Lp-PLA2 and OxPL
has not been critically evaluated, and this issue raises impor-
tant questions regarding the impact of enzyme, substrate, and
products in different biologic compartments.10 Whether Lp-
PLA2 plays a causal role in atherosclerosis andwhether its inhi-
bition will prevent adverse events in coronary heart disease
(CHD) patients remain open questions.11,12

In this chapter, data from laboratory and animal studies
and clinical work in various populations are presented.
Hypothesis-driven studies that manipulate Lp-PLA2 sub-
strate and enzyme levels are much better suited to address
functional issues than correlative analyses. Despite this
fact, the well-recognized positive correlation between
plasma Lp-PLA2 and low-density lipoprotein (LDL) choles-
terol levels, which was established approximately 30 years
ago,13 led, in part, to the proposition that selective inhibi-
tion of Lp-PLA2 may reduce cardiovascular risk. Much time
and valuable resources have been devoted to this
endeavor. Currently, large clinical trials in humans are test-
ing whether inhibition of Lp-PLA2 prevents future CHD
events.14 However, the results of multiple observational
and genome-wide association studies (GWAS) have failed
to confirm rigorously the utility of Lp-PLA2 measurements
as predictors of cardiovascular risk. An obvious, yet infre-
quently emphasized, issue that is essential to remember
when interpreting correlative studies in patient populations
is that associations between vascular disease incidence
or severity and Lp-PLA2 expression are not evidence that
Lp-PLA2 contributes to the disease phenotype. However,
it is frequently stated that this relationship supports a
proatherogenic role for Lp-PLA2.

15 In reality, the Lp-PLA2–
vascular disease association is consistent with two addi-
tional scenarios: (1) increased Lp-PLA2 levels may reflect
a response to atherosclerosis or (2) it may simply accom-
pany the disease without playing an active role in it. Recent
laboratory, animal, and clinical trial results are reviewed
critically, which should help readers attain an understand-
ing of the role of Lp-PLA2 in cardiovascular disease (CVD)
and its impact on oxidative stress, vascular and systemic
inflammation, and atherosclerotic cardiovascular events.

LIPOPROTEIN-ASSOCIATED PHOSPHOLIPASE
A2 BIOCHEMISTRY

Lp-PLA2 is a Ca2+-independent, 45-kDa secreted protein that
circulates in plasma in active form.1 It harbors a GXSXG
motif that is characteristic of neutral lipases and serine ester-
ases,16 and the crystal structure reveals that the protein has a
classic lipase α/β hydrolase fold.17 In contrast to most PLA2

activities that initiate signal transduction and are regulated
by the state of cellular activation, Lp-PLA2 is not acutely
regulated,18 and its expression does not increase during
the acute-phase response in humans.19 Lp-PLA2 recognizes
and releases only defined types of fatty acyl groups from
the sn-2 (central) position of glycerophospholipids. This
feature ensures that undamaged, structural phospholipid
components of cellular membranes and lipoproteins are
protected from hydrolysis.2

Lipid SubstratesMetabolized by Lipoprotein-
Associated Phospholipase A2: Structural
and Functional Properties
Lp-PLA2 catalyzes the hydrolysis of PAF, a proinflammatory
phospholipid with diverse signaling functions.18 Free radical–
induced oxidation of membrane and lipoprotein phospho-
lipids generates a dauntingly vast diversity of molecular
species that harbor short- and medium-length acyl groups
at the second position of the glycerol backbone; some
of these species resemble PAF, and many of them are
Lp-PLA2 substrates.20–22 The restriction for hydrolysis to
short- or medium-chain acyl groups at the second position
is decreased when oxidized functionalities, such as fatty
alcohols23 and isoprostanes,24 are present. However, in this
case, the rate of hydrolysis is much slower. All these species
are globally referred to here as OxPL, but it is important to
emphasize that sn-2 acyl groups present in some of these
products become fragmented and lack oxidized functional-
ities. OxPLs have been detected in the vasculature of animal
models of atherosclerosis and in human lesions,25,26 where
they lead vascular and nonvascular cells to initiate inflam-
matory responses. OxPLs are likely the original trigger for
macrophage recruitment and contribute to both initiation
and progression of the type of inflammation that character-
izes atherosclerosis and other chronic conditions.27 In addi-
tion, a variety of cells, including endothelial cells, platelets,
and smooth muscle cells, recognize and respond to OxPL in
receptor-dependent and receptor-independent fashions.28

These responses, which have been summarized in several
reviews,13,14,28–32 and results from representative studies
are shown in Figure 13-1. Although early exposure of the
endothelium to OxPLs induces protective, antistress
responses, these are followed by increased expression of
proinflammatory, procoagulant, and proangiogenic activi-
ties, which contribute to plaque instability28 (Fig. 13-2).
OxPLs have been reported to have antiatherogenic effects,
but the levels detected in atherosclerotic lesions suggest that
these molecules are primarily proatherogenic.28 Blocking
the biologic activity of OxPL limits atherogenic processes.
This is illustrated by elegant work that showed that naturally
occurring OxPL-specific antibodies reduce foam cell forma-
tion and atherosclerosis progression,33,34 and that low levels
of these antibodies independently predict development of
CVD.35 In addition, inactivation of OxPL by Lp-PLA2 elimi-
nates biologic activities associated with minimally modified
LDL particles, such as their ability to increase monocyte che-
motaxis and adhesion to endothelial cells.36,37 When asses-
sing the effects of Lp-PLA2, it is essential to consider that this
enzyme is an OxPL scavenger that reduces the levels of phos-
pholipid mediators known to contribute to atherogenesis.

Products of the Lipoprotein-Associated
Phospholipase A2 Reaction
Phospholipid hydrolysis catalyzed by Lp-PLA2 generates two
classes of products: (1) lyso-phosphatidylcholine (LPC) and
(2) short nonesterified fatty acids (NEFAs), oxidized NEFAs,
or both. LPC has pro- and antiinflammatory effects in cell cul-
ture assays, but most of the literature, particularly that related
to Lp-PLA2, emphasizes proinflammatory effects, proathero-
genic effects, or both on cells of the vasculature15,38–43

(Fig. 13-3). LPC is amphipathic in nature, and it thus has
surfactant-like and detergent-like properties that may induce
nonspecific cellular responses.44 It exists in body fluids at
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relativelyhighconcentrationsandhasbeenshown tohavecell
lytic properties, unlike phosphatidylcholine. The concentra-
tion of LPC in the blood plasma of healthy persons usually
ranges from 200 to 400 μM,45,46 and similar levels have been
reported in atherosclerotic tissues.47 These levels increase
1000-fold (to millimolar concentrations) in hyperlipidemic
individuals. Suchhighconcentrationsof LPCarenaturallycon-
trolled to limit nonspecific effects. LPC exists in different phys-
ical forms, including monomeric and micellar, and it is found
in association with LDL, serum proteins, antiphospholipid–
immune complexes, and plasma membranes.44,46,48 LPC sig-
naling is strongly influenced by its physical form (free versus
bound), and this fact shouldbe taken into considerationwhen
analyzing results from experimental studies.49 Only a fraction
of LPC is functionally active, and it is unclear how the total con-
centration relates to bioavailability. In addition, LPC species

that harbor fatty acids of varying chain lengths and degrees
of saturation mediate different biologic functions, yet very
few studies have addressed this important issue.50–52

Nonesterified long-chain fatty acids released in the arterial
wall by various PLA2 activities may have a number of effects,
including increased adhesion of monocytes to endothelial
cells,53 enhanced cyclooxygenase-2 (COX-2) expression,
increased production of tumor necrosis factor, and others54

(Fig. 13-4). These fatty acids, however, are structurally differ-
ent from those generated by Lp-PLA2; the latter may be short,
medium, or long and often are oxidized.2,3,55 Oxidized fatty
acids may have multiple effects, such as acting as endoge-
nous ligands of nuclear receptors that inhibit inflammatory
gene expression56 and priming monocytes to become
antiinflammatory (M2) macrophages in atherosclerotic
lesions.57,58 In addition, short-chain oxidized fatty acids

Biological
activities of

oxidized
phosphatidylcholines

Activation

↑ Apoptosis and uptake of apoptotic cells
↑ Foam cell formation

↑ MCP-1, COX-2, IL-1β, MIP2, KC, LTB4 

↑ Inflammatory gene expression
↓ Differentiation
   Altered extracell. matrix composition
↑ Migration and proliferation
↑ Apoptosis

↑ and ↓ VEGF-A
↑ IL-8

↑ Prostaglandins
↑ Metalloproteinase

(ADAMTS-1)
↓ FGF2

↑ Permeability

Monocyte/
macrophages

Endothelial
cells

Smooth
muscle cells

Platelets

FIGURE 13-1 Oxidized phosphatidylcholine substrates of Lp-PLA2 target multiple cells. COX-2, cyclooxygenase 2; IL, interleukin; KC, keratinocyte chemoattractant;
Lp-PLA2, lipoprotein-associated phospholipase A2; LTB4, leukotriene B4; MCP-1, monocyte chemoattractant protein–1; MIP2, macrophage inflammatory protein–2; VEGF,
vascular endothelial growth factor.

Oxidized
phosphatidylcholines

mediate diverse
responses

↑ Alkaline phosphatase
Altered cell morphology
Formation of mineralized

aggregates

↑ ROS
↑ Anti-oxidant enzymes
   (HO-1, glut.-cyst.ligase)
   Inhibition of oxidative burst

↑ Cell adhesion molecules (β1 integrins and P-selectin)
↑ Chemokines (IL-8, MCP-1, MIP-1a, etc.)

Pro and antiinflammatory effects on leukocytes
Pro and antiinflammatory effects via TLR-4

Pro- and anti-
angiogenic effects

↑ Tissue factor
↓ Thrombomodulin

Inactivation of TF
pathway inhibitor

↑ T cell anergy

Inflammation

Coagulation

Immuno-
suppression

Angiogenesis

Oxidation

Calcification of
atherosclerotic

lesions

FIGURE 13-2 Pathophysiologic effects of oxidized phosphatidylcholines. IL, interleukin;MCP-1,monocyte chemoattractant protein–1;MIP-1a,macrophage inflammatory
protein–1a; ROS, reactive oxygen species; TF, tissue factor.
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that are structurally similar to those expected to be produced
by the action of Lp-PLA2 on OxPL have been shown to have
protective, antiatherogenic effects in vivo.59

In addition to considering the functional effects of LPC
and fatty acids, it is essential to recognize that several
PLA2 activities may generate these products in atheroscle-
rotic lesions.54 For example, PLA2G10 has been reported
to be the most efficient PLA2 that generates LPC from LDL
in vitro.60 Thus, an obvious, and essential, issue to consider
is the relative role of each PLA2 in plaque development. Indi-
vidual contributions are likely to be linked tightly to the
physical location, levels of expression, and substrate speci-
ficity of each enzyme.
In summary, substrates and products of Lp-PLA2 have

been shown to have both pro and antiinflammatory and
pro- and antioxidant effects. It appears that a number of sci-
entific and technical issues need to be addressed to establish

firmly whether Lp-PLA2–mediated net changes in defined
lipid metabolites participate in the atherogenic process,
and if so, in what direction. It is not clear whether Lp-PLA2

substrates are more, less, or equally atherogenic compared
with the byproducts,61 as most studies report biologic activ-
ities associated with either substrates (see Figs. 13-1 and
13-2) or products (see Figs. 13-3 and 13-4),62 but seldom
both. Lp-PLA2 may alter the phospholipid/lysophospholi-
pid-plus–fatty acid ratio of multiple molecular species, and
this diversity may account for the variety of responses
observed in multiple tissues and organs. Signaling lipids
may have a wide range of effects, depending on the concen-
tration and biologic environment,28,29 and these effects can
alter the phenotype of vascular and other cells in multiple
ways. Thus, in certain settings, Lp-PLA2 may have beneficial
effects,6,63 and in others, it may be deleterious.29,63,64 The
development of technologies that precisely identify and

Lyso-
phosphatidylcholines

mediate diverse
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IL-1β production

Activation of p38↑ CD11b expression
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↑ HB-EGF
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Cell
adhesion

Cell growth

Chemotaxis

Cell
migration

FIGURE 13-4 Pathophysiologic effects of lyso-phosphatidylcholines. AA, arachidonic acid; HB-EGF, heparin-binding epidermal growth factor–like growth factor;
IL, interleukin; URP, Urokinase-type plasminogen; VEGF, vascular endothelial growth factor.
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FIGURE 13-3 Lyso-phosphatidylcholine is generated by multiple phospholipase A2 activities, including Lp-PLA2, and has pro- and antiatherogenic functions on
multiple cells. HDL, high-density lipoprotein; IL, interleukin; Lp-PLA2, lipoprotein-associated phospholipase A2;MCP-1,monocyte chemoattractant protein–1;OxLDL, oxidized low-
density lipoprotein; PA, plasminogen activator; SOD, superoxide dismutase.
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quantify spatial and temporal alterations in the content and
composition of different lipid molecular species will allow
much light to be shed upon this issue. These methodologies,
combined with solid functional studies in relevant models,
will be essential to understanding the dynamics of plaque
formation and progression, the functional consequences
of individual lipid mediators, and the impact of altered
metabolism mediated by enzymes such as Lp-PLA2.

Lipoprotein Distribution in Normal
Individuals and in Individuals
with Dyslipidemias
In individuals with normolipidemia, Lp-PLA2 circulates in
blood as a noncovalent complex with lipoproteins, including
high-density lipoprotein (HDL), LDL, and to a lesser extent,
lipoprotein(a) [Lp(a)].3 The enzyme appears to exist in a
dynamic equilibrium among lipoprotein particles, because
it can transfer between HDL and LDL in vitro.65 The majority
of Lp-PLA2 in humans is bound to a specific subtype of athero-
genic, small, dense, negatively charged LDL particles.66–69

HDL particles also carry Lp-PLA2; approximately 20% to 30%
of the total plasma Lp-PLA2 activity is found in HDL.66,68,70

The distribution of Lp-PLA2 among HDL subclasses appears
to be heterogeneous, and a primary association with a small
HDL subfraction (denoted as HDL3c or very-high-density
lipoprotein–1) has been observed.66,71 Differential distribu-
tion of Lp-PLA2 in various plasma lipoproteins may affect its
function72–76 and is affected in dyslipidemic states, such as
diabetes70 and type IIb dyslipidemia.77 In primary hypercho-
lesterolemia, LDL-associated Lp-PLA2 increases in parallel
with the severity of the disease; individuals with homozygous
familial hypercholesterolemia express very high LDL-bound
Lp-PLA2 levels.68,78 Hypertriglyceridemia shifts the distribu-
tion of LDL toward smaller particle sizes that increase the
binding affinity of Lp-PLA2 for apolipoprotein B (apoB).79 In
summary, Lp-PLA2 associates with lipoproteins in a dynamic
fashion, and the type of particle with which the enzyme
associates appears to affect its function. In individuals with
hypercholesterolemia, LDL-associated Lp-PLA2 and disease
severity are positively correlated.

GENETIC AND BIOCHEMICAL MODULATION
OF LIPOPROTEIN-ASSOCIATED
PHOSPHOLIPASE A2 EXPRESSION IN VIVO

The functional consequences of Lp-PLA2 action have been
investigated in a variety of animal models of atherosclero-
sis, which, although useful in certain settings, have a num-
ber of limitations. Most of the lesions that develop in these
models do not proceed beyond the early stage.80 In human
patients, however, multiple risk factors are at play, and
progression beyond early fatty streaks is common.80 In
addition, mice and humans have different lipoprotein pro-
files; mouse serum contains high levels of HDL, and in this
species, Lp-PLA2 associates with this type of particle exclu-
sively.81 The commonly used mouse models of atheroscle-
rosis, including Apoe�/�and Ldlr�/�, do not replicate key
features that are relevant to the function of Lp-PLA2 in
humans, such as its distribution among lipoprotein parti-
cles. Nonetheless, comparisons made within the same
species still offer important insights. In mice, Lp-PLA2 over-
expression and silencing (Table 13-1),82–86 and

pharmacologic inhibition (see later in this chapter) have
been reported to be atheroprotective, despite the fact that,
as expected, these approaches have vastly different effects
on global Lp-PLA2 expression.

It is unclear why such contrasting results were obtained,
particularly when considering that at least five original arti-
cles reported work utilizing the same model—Apoe�/�

mice. One of the common features among studies in which
Lp-PLA2 was atheroprotective is that the human enzyme was
evaluated (see Table 13-1). In contrast, studies that used
chemical inhibition or ribonucleic acid interference
(RNAi)–mediated silencing targeted the endogenous mouse
enzyme (see Table 13-1 and later in this chapter). Similarly,
administration of human recombinant Lp-PLA2 was athero-
protective in New Zealand white rabbits in various models
of vascular injury (Table 13-2),87–89 but pharmacologic inhi-
bition of endogenous Lp-PLA2 was antiatherogenic in Wata-
nabe hyperlipidemic rabbits (see later in this chapter).

TABLE 13-1 Modulation of Lp-PLA2 Expression in Mice
has Diverse and Opposite Effects Across Studies
IN VIVO
MODEL PERTURBATION EFFECTS REF.

Apoe�/�

Mouse Pla2g7
silencing

# Serum Lp-PLA2 activity
# Proinflammatory cytokine

expression
# Plaque area and lipid

content
" Blood antiinflammatory

cytokines
" Collagen content

82,83

Human PLA2G7
cDNA overexpression

" Serum Lp-PLA2 activity
# Intima thickness and

neointimal area
# Modified LDL

autoantibodies
# Atherosclerosis
# Macrophage homing to

endothelium
# Aortic wall thickness

84–86

LDL, low-density lipoprotein; Lp-PLA2, lipoprotein-associated phospholipase A2.

TABLE 13-2 Effect of Human Lp-PLA2 in New Zealand
White Rabbit Models of Vascular Injury and
Hyperlipidemia
IN VIVO MODEL INTERVENTION EFFECTS REF.

Ischemia–
reperfusion injury
induced by
coronary ligation

Administration of
human
recombinant Lp-
PLA2

# Necrotic area
# Systolic shortening

and wall thickness
# Neutrophil

infiltration

87

Aortic injury induced
by balloon
denudation in
cholesterol-fed
animals

# Intima/media ratio
# Apoptosis

88

Balloon-mediated
injury of carotid
arteries in
normolipidemic
animals

# Accumulation of
oxidized
lipoproteins

# Intima/media ratio
" Antiinflammatory

effects
" Antithrombotic

effects
" Antiproliferative

effects

89

Lp-PLA2, lipoprotein-associated phospholipase A2.
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This raises the possibility that species-specific differences
may affect the role of Lp-PLA2 in settings of atherosclerosis.
Three studies from one of the authors reported biochem-

ical and functional differences between human and mouse
Lp-PLA2.

81,90,91 Whether diverse results observed in the pre-
ceding experimental models are caused by species-specific
differences in Lp-PLA2 structure, function, or both remains to
be determined. In other studies that used recombinant
human Lp-PLA2 or the complementary deoxyribonucleic
acid (cDNA) encoding the human protein, increased
expression consistently showed antiinflammatory and other
protective functions92–98 or no effects.99–101 No studies in
animals or humans reported harmful effects following
administration of recombinant human Lp-PLA2.

MEASUREMENT

Lipoprotein-Associated Phospholipase A2
Activity Determinations
Lp-PLA2 activity has been determined using a variety of
colorimetric, fluorimetric, and radiometric assays, some of
which are commercially available.102 Ideal enzyme assays
should have high sensitivity, utilize readily available and spe-
cific substrates, and be convenient and cost-effective.102 A
detailed evaluation of these approaches, including the pros
and cons of each method, was published recently.102 In clin-
ical settings, the colorimetric assays are the most commonly
used, because they are both convenient and commercially
available.103–107 The widely used colorimetric assay mar-
keted by diaDexus (Lp-PLA2 colorimetric activity method
(CAM); San Francisco, California) displays excellent correla-
tion with the radiometric assay (R2¼0.979),102 but the abso-
lute activities differ, possibly because of the different
chemical structures of the substrates used in each assay.
In addition, variation in absolute activities exists among
the colorimetric assays. Thus, when comparing absolute
Lp-PLA2 activity values among patients, it is important to take
into consideration the assay used by the testing laboratory.
A recent comprehensive analysis, which took into consider-
ation 77 studies involving 102,499 participants, reported that
Lp-PLA2 activity varied considerably across studies that uti-
lized different assay methods.108 A number of reports indi-
cate that Lp-PLA2 activity is a better biomarker of vascular
risk than protein concentration as determined by commer-
cially available assays,109,110 suggesting that activity determi-
nations represent the most reproducible and representative
biomarker of enzyme function.111 If Lp-PLA2 activity determi-
nations are to be reliably used in the clinic, standardization
of the activity assays is essential.

Determination of Lipoprotein-Associated
Phospholipase A2 Concentration (Mass
Assays)
Lp-PLA2 concentration is commonly assessed using a com-
mercial dual monoclonal antibody immunoassay (PLAC
and PLACII kits, diaDexus Inc.112). This U.S. Food and Drug
Administration (FDA)–approved test is a sandwich enzyme
immunoassay that utilizes two specific monoclonal anti-
bodies, an anti–Lp-PLA2 antibody in the solid phase and
a second anti–Lp-PLA2 antibody labeled with the enzyme
horseradish peroxidase.113 The highest standard in the
assay is 1000 μg/L, and the lowest limit of detection is
1 μg/L. This test has been proposed for use in conjunction

with clinical evaluation and patient risk assessment to
predict the risk of CHD and ischemic stroke associated
with atherosclerosis.114 A comparison of the data presented
across multiple studies emphasizes remarkable variation
of median Lp-PLA2 concentration in control subjects
(Table 13-3) and has been previously noted.11,115–118

A 2006 study reported high reliability when the assay is per-
formed in experienced reference laboratories114; a suitable
cutpoint that can be used for clinical purposes and patient
stratification has been proposed.119 However, Oliver et al.
recently identified a critical preanalytical problem and pro-
posed clear solutions to remedy this obstacle.120 Impor-
tantly, this finding raises serious questions regarding the
reliability of the clinical data accumulated thus far120 and
the ability to draw meaningful conclusions from existing
comparisons. It has also been suggested that the method
used for determination of Lp-PLA2 concentration may not
detect all of the active enzyme in LDL.121 Determining
Lp-PLA2 concentration using currently available commer-
cial approaches continues to be problematic.115 Universal
standardization and validation of Lp-PLA2 concentration
assays, including proper sample handling and storage
across laboratories, is essential before further consider-
ation of this assay for clinical use.

Relationship between Lipoprotein-
Associated Phospholipase A2 Activity
and Lipoprotein-Associated Phospholipase
A2 Concentration
A number of studies have reported both Lp-PLA2 activity and
concentration in human serumor plasma samples; in general,
wide variation exists across studies in terms of the correlation
between these parameters (Table 13-4). Importantly, one of
the initial studies showed remarkably high correlation using
the laboratory’s own assay, and this study also reported one
of the highest Lp-PLA2 concentrations to date (see
Tables 13-3 and 13-4).122–151 The high variation observed
across studies is likely related to problems associated with
the performance of the Lp-PLA2 concentration assay.

Circulating versus Plaque Lipoprotein-
Associated Phospholipase A2 and Oxidized
Phospholipid Levels
The impact of Lp-PLA2 on atherosclerosis has been inti-
mately linked to its presence in vascular lesions, where high
levels of macrophages and foam cells produce Lp-PLA2 in
large quantities.19,152,153 Thus, high lesion Lp-PLA2 expres-
sion, not circulating levels, may be the true predictor of ath-
erosclerosis risk. Lp-PLA2 located in advanced rupture-prone
plaques appears to be released into the circulation,119,154

and it would thus be important to evaluate the impact of
Lp-PLA2 depletion on plaque progression, regression, and
rupture. It is unclear how lesion and circulating Lp-PLA2

levels are related, but one study showed that circulating
Lp-PLA2 mass and activity did not correlate with plaque
Lp-PLA2 in patients who underwent elective carotid endar-
terectomy.155 Although local plaque Lp-PLA2 production
may contribute a portion of circulating Lp-PLA2, it is unlikely
to render circulating levels useful as independent bio-
markers of Lp-PLA2 actions in atherosclerosis, particularly
considering the substantial effect of circulating lipoproteins
on Lp-PLA2, regardless of tissue source.

19 These observations
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emphasize the importance of taking into consideration mea-
surements performed in the circulation (which are conve-
nient) versus in atherosclerotic plaques (which likely are
the most meaningful). Although increased plasma OxPL
levels are commonly associated with increased risk of
CHD, these levels actually increase during plaque regres-
sion.28,156 This increase likely represents removal or efflux
of OxPL from the vessel wall into the lumen during lesion
regression, as has been well documented in multiple animal
models of atherosclerosis, including those developed in
primates.157 These observations illustrate the dynamics of
Lp-PLA2 and OxPL action during plaque formation and
regression, and they emphasize that circulating Lp-PLA2

levels may be poor surrogates of Lp-PLA2–mediated events
in arterial plaques. Rigorous, unbiased analyses that take
these features into consideration are likely to have profound
clinical implications.

EPIDEMIOLOGY

Regardless of the functional role of Lp-PLA2 in vascular dis-
ease, a number of studies have investigated whether

measurement of Lp-PLA2 mass, activity, or both have addi-
tive predictive value for future CVD events beyond that pro-
vided by conventional clinical tests. The associations with
CVD risk have been inconsistent across studies, because
in many cases, initial associations were no longer significant
after adjustment for LDL cholesterol, apoB, and other clini-
cal risk indicators.158

Correlation between Lipoprotein-Associated
Phospholipase A2 Levels and Vascular
Disease
The Lp-PLA2 Studies Collaboration examined associations
between Lp-PLA2 concentration and activity and cardiovas-
cular events in 79,036 individuals who participated in 32 pro-
spective studies.118 This pooled analysis included
individuals with no history of vascular disease at baseline
(n¼35,945), patients with a history of stable vascular dis-
ease (n¼35,494), and patients with a diagnosis of acute
ischemic event that occurred within 30 days before the base-
line examination (n¼10,638). Because variation in mea-
sured Lp-PLA2 concentrations differed between studies,

TABLE 13-3 Commercially Available Assays for Determination of Lp-PLA2 Concentration/Mass Yield Widely Varied
Results when Performed by Different Laboratories in Apparently Healthy Individuals

STUDY/PATIENT POPULATION
MEDIAN Lp-PLA2
CONCENTRATION (μg/L)

INTERASSAY COEFFICIENT
OF VARIATION (%) REF.

Avicenne and Pitié-Salpêtrière Hospitals 163 — 122

Vall d’Hebron Hospital healthy controls 199–203 6.9 123,124

Reference laboratories (Minnesota, California, New Jersey, Utah) 225 6.3–8.5 114

Aalborg Hospital, Arhus University Hospital, Aalborg, Denmark 237 — 125

Sweden Women and Men and Ischemic Heart Disease (SWISCH) 254 — 126

New England Medical Center and Newton-Wellesley Hospital 260 7.5 127

Monitoring of Trends and Determinants in Cardiovascular Disease
(MONICA)

266 9.6 128

Coronary Artery Risk Development in Young Adults (CARDIA) 267 20 129

ATTICA Study (Greece) 279 — 130

Malm€o Diet and Cancer Study (MDCS) 282 — 131

Outpatient Lipid Clinic of the University Hospital of Ioannina 284 — 67

Pravastatin/CRP Evaluation (PRINCE) 287 6.3–8.5 113

Prospective Study of Pravastatin in the Elderly at Risk (PROSPER) 300 — 132

Justification for the Use of Statins in Prevention: An Intervention
Trial Evaluating Rosuvastatin (JUPITER)

301 — 115

University of Pittsburgh Medical Center 302 6.3 133

Framingham Heart Study (FHS) 302 — 134

Intermountain Heart Collaborative Study 315 — 135

Cardiovascular Health Study (CHS) 335 6.3 136

Genetic and Environmental Factors in Coronary Artery Disease
(GENICA)

372 7.5–10 137

Atherosclerosis Risk in Communities (ARIC) 373 9.6–12.7 138

Rancho Bernardo 494 9 139

National Health Insurance Corporation Ilsan Hospital, Kyunggi, Korea 576 3.1 140

Glasgow, UK* 1028 9 141

Women’s Health Study (WHS) 1050 — 142

Saitama, Japan* 1300 3.8 70

West of Scotland Coronary Prevention Study (WOSCOPS) 2270 8.3 143

CRP, C-reactive protein; Lp-PLA2; lipoprotein-associated phospholipase A2.
*These studies utilized in-house assays to determine Lp-PLA2 concentration.
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the meta-analysis utilized normalized Lp-PLA2 mass values.
Among the combined group of participants with no history
of vascular disease or with stable vascular disease, risk ratios
for CHD and ischemic stroke increased for every 1-SD incre-
ment in Lp-PLA2 activity or concentration in models that
included age, gender, baseline history of vascular disease,
and other nonlipid and lipid risk factors. Elevated Lp-PLA2

activity and higher Lp-PLA2 concentrations were associated
with increased risk for CHD events (relative risk [RR] 1.10;
95% confidence interval [CI] 1.05–1.16, and RR 1.11; 95%
CI 1.07–1.16, respectively), ischemic stroke and vascular
mortality (RR 1.08; 95% CI 0.97–1.20, and RR 1.14; 95% CI
1.02–1.27, respectively), and nonvascular mortality (RR
1.10; 95% CI 1.04–1.17, and RR 1.10; 95% CI 1.03–1.18, respec-
tively). However, the associations between Lp-PLA2 activity
and cardiovascular events were significant only in patients
with stable CHD, whereas nonsignificant associations were
reported in individuals without a history of vascular disease.
For Lp-PLA2 concentration, the risks of CHD, vascular death,
and nonvascular death were increased in individuals with
no previous vascular disease and in patients with stable vas-
cular disease. Among the 10,638 patients diagnosed with an
acute ischemic event, neither Lp-PLA2 activity nor Lp-PLA2

concentration was associated with future risk of recurrent
events. The lack of association with recurrent events among
patients presenting with acute ischemic events may be
related to the smaller number of patients who were moni-
tored for less time (1.1 years [interquartile range (IQR) 0.6–
2.3 years] versus 5.8 years [IQR 4.0–8.4 years]) andmeasure-
ment of Lp-PLA2 during the acute phase when the concentra-
tion of its major lipoprotein carriers (LDL and HDL) were
reduced. A subsequent report from the Myocardial Ischemia
Reduction with Acute Cholesterol Lowering (MIRACL) trial

confirmed that neither Lp-PLA2 concentration nor Lp-PLA2

activity was predictive of the primary efficacy measure of
death, myocardial infarction (MI), or unstable angina.159

This meta-analysis was followed by the publication of sev-
eral prospective studies that included large numbers of partic-
ipants; most of these studies failed to confirm that either
elevated Lp-PLA2 concentration or increased activity con-
ferred an increased risk of CVD. In a nested case–control anal-
ysis that evaluated 1221 women (421 cases of MI and 800
controls matched for age, smoking status, and date of blood
draw) for 14 years, increased Lp-PLA2 activity was associated
with incident MI (RR 1.75; 95% CI 1.09–2.84) after multivari-
able adjustment for clinical, lipid, and inflammatory risk fac-
tors.103 However, another study concluded that Lp-PLA2 was
not an independent predictor of future cardiovascular risk in
women.142 In the Prospective Investigation of the Vasculature
in Uppsala Seniors, which included 1016 individuals age
70 years, Lp-PLA2 activity was not a risk marker for all-cause
mortality during 7 years of follow-up (hazard ratio [HR]
0.95; P¼0.55) in models that adjusted for multiple risk factors
(waist circumference, body mass index [BMI], fasting glu-
cose, serum triglycerides (TGs), LDL cholesterol, HDL choles-
terol, statin use, blood pressure, exercise habits and C-reactive
protein [CRP]).160 In contrast to the associations between Lp-
PLA2 activity and CHD events in the Lp-PLA2 Studies Collabo-
ration, the French Registry of Acute ST-Elevation and Non-ST
Elevation Myocardial Infarction study reported no such pre-
dictive value for death or recurrent MI during 1 year of
follow-up in 1029 post-MI patients.160

Some of the inconsistencies in these prospective studies
may be related to the fact that total Lp-PLA2 measurements
were made in patients receiving therapies (e.g.,
statins, angiotensin-converting enzyme inhibitors, or

TABLE 13-4 The Correlation between Lp-PLA2 Concentration and Activity Varies Across Studies

STUDY
Lp-PLA2 MASS VERSUS
ACTIVITY (R) REF.

Angiographically confirmed patients with intracranial stenosis 0.197 144

Framingham Heart Study (FHS) 0.27 145

Justification for the Use of Statins in Prevention: An Intervention Trial Evaluating Rosuvastatin (JUPITER) 0.30–0.53 115

Pravastatin or Atorvastatin Evaluation and Infection Therapy–Thrombolysis In Myocardial Infarction 22 (PROVE IT–TIMI 22) 0.35–0.36 110

Vall d’Hebron Hospital 0.403 123

Coronary Artery Calcification in Type 1 Diabetes (CACTI) Study 0.43 146

Prospective Study of Pravastatin in the Elderly at Risk (PROSPER) 0.44 132

Framingham Heart Study (FHS) 0.46 147

Outpatient Lipid Clinic of the University Hospital of Ioannina 0.49 67

Cardiovascular Health Study (CHS) 0.52–0.53 148,149

Lipoprotein-Associated Phospholipase A2 in Stable Coronary Artery Disease Study (LAERTES) 0.53 71

San Diego Veterans Administration Medical Center (VAMC) and the University of California, San Diego Medical Center
(UCSDMC)

0.55 150

Heart Protection Study Collaborative Group (HPS) 0.56 151

Malm€o Diet and Cancer Study (MDCS) 0.57 109

Langzeiterfolge der Kardiologischen Anschlussheil-behandlung (KAROLA, all CHD patients) 0.573 105

Caucasian patients referred for coronary angiography to investigate chest pain and/or suspected CHD 0.60 137

Coronary Artery Risk Development in Young Adults (CARDIA) 0.61 129

Glasgow, UK* 0.86 141

CHD, coronary heart disease; Lp-PLA2, lipoprotein-associated phospholipase A2.
*This study utilized an in-house assay to determine Lp-PLA2 concentration.
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angiotensin-receptor antagonists) that were likely to
reduce specific lipoprotein pools of Lp-PLA2.

122 In con-
trast, in the Lipoprotein-Associated Phospholipase A2 in
Stable Coronary Artery Disease Study (LAERTES), cardio-
vascular risk associations were examined between apoB-
bound Lp-PLA2 concentration and activity and HDL-
associated Lp-PLA2 concentration and activity in 477
patients with stable CHD.71 After a median 34-month
follow-up, total plasma Lp-PLA2 concentration and activity
predicted cardiac death (HR 1.013; 95% CI 1.005–1.021;
P¼0.002, and HR 1.040; 95% CI 1.005–1.076; P¼0.025,
respectively) after adjustment for traditional CHD risk fac-
tors that included age, gender, diabetes mellitus, total cho-
lesterol, hypertension, smoking, and family history of CHD.
In contrast, HDL-associated Lp-PLA2 concentration and
activity were associated with a lower risk of cardiac death
(HR 0.972; 95% CI 0.952–0.993; P¼0.010, and HR 0.689;
95% CI 0.496–9.957; P¼0.026, respectively) after adjust-
ment for traditional risk factors. Using a Cox proportional
hazards model to assess the incidence of cardiac death,
CHD patients in the upper tertile of HDL–Lp-PLA2 concen-
tration (>90.78 ng/mL) had a 75% reduced risk of cardiac
death compared with patients in the lowest tertile
(<68.15 ng/mL) (HR 0.250; 95% CI 0.080–0.785; P¼0.018).
Among the subgroup of patients with low levels of HDL cho-
lesterol (<40 mg/dL for men and <50 mg/dL for women),
HDL-associated Lp-PLA2 concentration predicted cardiac
death (HR 0.951; 95% CI 0.908–0.996; P¼0.033). The analyses
from LAERTES provided the first evidence that HDL-
associated Lp-PLA2 concentration and activity are inversely
correlatedwith future risk of cardiac death in patientswith sta-
ble CHD. Thus, the varying associations in cardiovascular risk
associated with either Lp-PLA2 concentration, activity, or both
may depend on the distribution of the enzyme among lipo-
protein particles in patient populations.

The association between Lp-PLA2 activity and apoB-
bound OxPL and incident CHD events was examined in
prospective population studies among apparently healthy
participants.104,161 In the Bruneck study, a population-
based evaluation of 40-year-old to 79-year-old men and
women, individuals with incident cardiovascular events
had higher apoB-bound OxPL levels in a multivariable
analysis that included traditional risk factors, high-
sensitivity CRP, and Lp-PLA2 activity.

104 The risk of incident
cardiovascular events associated with increasing apoB-
bound OxPL levels was further increased with higher Lp-
PLA2 activity. In the European Prospective Investigation
of Cancer–Norfolk (EPIC-Norfolk) cohort of 45-year-old to
79-year-old, apparently healthy men and women, the asso-
ciations of the oxPL/apoB ratio and Lp-PLA2 activity with
cardiovascular events were evaluated in a nested case–
control (763 cases and 1397 controls) series.161 Similar to
the Bruneck study, increasing levels of apoB-bound oxPL
were associated with a higher cardiovascular event rate;
however, no incremental risk was observed with increasing
Lp-PLA2 activity. Interestingly, the MIRACL trial established
that patients presenting with acute coronary syndromes
(ACS) treated with atorvastatin had a reduction in recur-
rent ischemic cardiovascular events, but also had an
enrichment of apoB particles with OxPL162; these findings
were subsequently extended to include patients in 12 sub-
groups of CVD risk factors and across eight subgroups of
lipoproteins.156 Taken together, studies that combine mea-
surements of apoB-bound OxPL and Lp-PLA2, two

mechanistically related parameters, have not yet provided
consistent trends, thus making it difficult to establish the
value of such combined measurements in the prediction
of CVD risk.

Clinical Utility of Circulating Lipoprotein-
Associated PhospholipaseA2Mass orActivity
Determinations
In 2005, the FDA approved the use of the Lp-PLA2 mass assay
(PLAC; diaDexus) to be used in conjunction with clinical
evaluation and patient risk assessment as an aid in pre-
dicting risk for CHD and ischemic stroke associated with
atherosclerosis (http://www.accessdata.fda.gov/cdrh_docs/
pdf5/K050523.pdf). The National Lipid Association (NLA)
has recommended measurement of Lp-PLA2 only for identi-
ficationofpatientswith riskscores thatmaynotclearly indicate
the need for drug therapy.163 However, the test was not recom-
mended for general screeningor for on-treatment riskmanage-
ment decisions. In light of the high variability of results
generated using the FDA-approved commercial assay (see
Table 13-3),11,115–118,120 it appears premature tomake recom-
mendations until reproducible results are universally
achieved. Lp-PLA2 activity determinations have been reported
to have predictive value andmay be useful in limited subpop-
ulations. For example, Lp-PLA2 activity levels could potentially
beauseful prognosticor risk stratification toolwhenevaluated
at a time distant from acute vascular events such as MI.110 In
addition, thesemeasurements couldbeused topredict cardio-
vascular events and ACS in high-risk Caucasian patients with
CHD independently of other common major cardiovascular
risk factors.137 Besides these exceptions, it remains uncertain
whether assessing circulating Lp-PLA2 activity offers additive
predictive value beyond that provided by complete assess-
ment of atherogenic lipoproteins.19,118 Additional insights
and a well-thought-out analysis questioning the utility of Lp-
PLA2 mass and activity determinations have been provided
recently.11

GENETIC STUDIES

Determinants of Lipoprotein-Associated
Phospholipase A2 Expression: Genome-Wide
Association Studies and Candidate-Gene
Association Studies
Several studies have been conducted in an attempt to
increase the understanding of how genetic variation controls
Lp-PLA2 activity and mass.145 GWAS and other approaches
identified a handful of genetic variants that modestly affect
Lp-PLA2 expression. Most of these variants are known to be
involved in lipid metabolism and have been observed to
strongly influence circulating levels of LDL cholesterol and
HDL cholesterol. These studies have shown that Lp-PLA2 con-
centration is mainly regulated by PLA2G7, the gene encoding
Lp-PLA2, and that Lp-PLA2 activity is strongly associated with
genetic variants involved in lipoprotein metabolism.145,164

The results of these studies are summarized in Table 13-5.
A strong positive association with Lp-PLA2 mass was found
for a common nonsynonymous change (rs1805017) located
in the coding region of PLA2G7 that leads to an arginine-to-
histidine substitution at position 92.164 The presence of two
copies of the low-frequency allele (T allele, histidine) led to
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a 6.4% to 9 % increase in Lp-PLA2 concentration. Because Lp-
PLA2 associates with both LDL and HDL in the circulation, it is
not surprising that genetic factors that regulate plasma lipo-
proteins (e.g., single nucleotide polymorphisms [SNPs]
within the cholesteryl ester transfer protein gene) also regu-
late plasma Lp-PLA2 (see Table 13-5). In terms of activity,
associations were found with PLA2G7 and with a variety of
genes that, unlike PLA2G7, also determine plasma
lipoprotein concentrations. Some, but not all, of these
associationswere also observed in individuals of HanChinese
descent.165 These results indicate that certain genetic regions
known to affect lipoprotein levels166 influence both the level
of Lp-PLA2 and the development of CHD and point to Lp-PLA2

as a marker of atherogenic lipoproteins. In addition, novel
associations were identified and replicated at MS4A4E and
TMEM49 for baseline Lp-PLA2 activity.

167

Associations have also been noted at the subgenome
level,147 but discussions have been mostly limited to obser-
vations that reached genome-wide significance at a thresh-
old of P <5�10�8. A recent GWAS aimed at identifying
genetic determinants affecting rosuvastatin-induced
changes in Lp-PLA2 mass found that no loci reached
genome-wide significance for an association with either
the statin-induced absolute change or the percentage
change in Lp-PLA2 mass.167 In contrast, the authors identi-
fied LPA and ABCG2 as possible modulators of rosuvastatin-
induced changes in percentage, but not absolute, Lp-PLA2

activity.167 ABCG2, the gene encoding adenosine
triphosphate–binding cassette G2, is a known hepatic trans-
porter of rosuvastatin, and LPA encodes apo(a). The iden-
tified associations were not observed in the placebo cohort,
emphasizing that these relationships were strictly related to
rosuvastatin therapy. Most of these effects appeared to be
related to statin-induced effects on LDL cholesterol and
apoB reduction.167

In conclusion, GWAS have revealed that a variety of
genetic factors affect Lp-PLA2 mass and activity. The
observed links between PLA2G7 and genes involved in lipid
metabolism are expected because of the physical

association of Lp-PLA2 with LDL and HDL. Future identifica-
tion of additional loci contributing to variation in Lp-PLA2

mass or activity independent of lipids and lipoproteins will
provide a novel foundation to characterize the impact of
genetic variability on Lp-PLA2 expression.

PLA2G7 Polymorphisms and Vascular Disease
PLA2G7 harbors a number of polymorphisms (reviewed in
Stafforini168), and much effort has been geared toward elu-
cidating whether certain variants predispose to vascular
disease. The results of these studies are conflicting. For
example, analyses of individuals of European ancestry
showed that PLA2G7 SNPs were not associated with CHD
risk.169 Similarly, the Wellcome Trust Case Control Consor-
tium GWAS included three SNPs in PLA2G7 that did not
show an association with CHD.170 A previous report found
associations between PLA2G7 SNPs and increasing CVD
severity, yet the same study found no PLA2G7 SNP influence
on disease burden in the aorta.171 In contrast, a meta-
analysis of greater than 13,000 Asians showed evidence
of association of the nonsynonymous PLA2G7 SNP
(rs1805017, R92H) with CHD.172 Five PLA2G7 polymor-
phisms located in untranslated and intronic regions were
found to predispose to coronary artery calcification.19 How-
ever, none of these variants appeared to affect expression of
circulating Lp-PLA2 (protein or activity), suggesting that
PLA2G7 may affect coronary artery calcification indepen-
dently of the levels of circulating Lp-PLA2.

19

Perhaps the most informative studies are those that
attempt to infer Lp-PLA2 directional actions in atherosclero-
sis by investigating the impact of a loss-of-function mutation
in PLA2G7 that is prevalent in Japanese and other Asian
populations (rs16874954, V279F173; see Rosenson and Staf-
forini13 for a recent review). The prevalence of carotid ath-
erosclerotic plaques was shown to be significantly more
common in hypertensive Japanese individuals who had
the V279F loss-of-function variant.174 A number of studies
revealed positive associations between loss of Lp-PLA2 func-
tion and incidence of CHD and stroke,13,168,175 but other
studies did not replicate these findings.176 In addition, the
same variant was found to be less prevalent in Koreans diag-
nosed with CHD compared with healthy controls.177 The
basis for these discrepancies likely is related to differences
in the populations studied, including the criteria used for
patient stratification.

LIPOPROTEIN-ASSOCIATED PHOSPHOLIPASE
A2 INHIBITORS AND THERAPIES THAT
ALTER LIPOPROTEIN-ASSOCIATED
PHOSPHOLIPASE A2 ACTIVITY AND/OR
MASS LEVELS

Selective Inhibitors: Effects in Cellular
Models and in Experimental Animals
The proposition that Lp-PLA2 should be considered a thera-
peutic target for cardiovascular, and perhaps other,64,178–180

indications led to the development of suitable inhibitors for
use in humans. Early target-based screening of natural prod-
uct extracts at SmithKline Beecham (Worthing, West Sussex,
UK; Harlow, Essex, UK) identified a class of natural cyclocar-
bamate compounds from Pseudomonas fluorescens that
inhibited Lp-PLA2 activity.181 The best-studied inhibitors

TABLE 13-5 Expression of Lp-PLA2 is Genetically
Modulated at the Protein and Activity Levels
PARAMETER
CORRELATED

GENE/
REGION LOCATION REF.

Lp-PLA2 mass PLA2G7
CETP
GCKR

rs1805017
rs247616/

rs3764261
rs1260326

145,164,167

Lp-PLA2 activity PLA2G7
APOE–APOC1–

APOC4–
APOC2
cluster

CELSR2/PSRC1
LDLR
ZNF259/BUD13
SCARB1
SORT1
TMEM49
MS4A4E

rs7756935/
rs1362931

rs4420638/rs7412
rs7528419/

rs4970834
rs6511720
rs964184/

rs12286037
rs10846744/

rs11057841
rs12740374
rs11650106
rs600550

145,164,167

Lp-PLA2 activity in
rosuvastatin-
treated patients

LPA
ABCG2

rs10455872
rs2199936

167

Lp-PLA2, lipoprotein-associated phospholipase A2.
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include β-lactams,182 amides of xanthurenic acid,183 and the
compounds darapladib,184 and to a lesser extent, rilapla-
dib.185 Clinically relevant features of the best-characterized
compounds are summarized in Table 13-6186–194; darapladib
(SB480848) is, by far, the most thoroughly studied inhibitor; it
has been tested in several animalmodels and in humans. Dar-
apladib and a novel class of structurally distinct carbamate
inhibitors have been reported to inactivate Lp-PLA2 in mouse
tissues and human cell lines with high selectivity.192 Recently,
a series of quaternary ammonium salt derivatives of darapla-
dib showed comparable activity both in vitro and in vivo.195

In vivo studies in several models of atherosclerosis and
hyperlipidemia showed that darapladib and related

compounds significantly decreased atherosclerotic coronary
lesion development, reduced macrophage content in
vascular lesions, and attenuated plaque inflammation
(Table 13-7).193,196–199 Inassessingall thesestudies, it is impor-
tant to establish whether darapladib exerts biologic effects
through the expectedmechanism. Careful analysis of changes
in lipid metabolites suggests the possibility that darapladib
may have antioxidant effects or other effects.13 Although dar-
apladib treatment reduced the content of LPC in pig athero-
sclerotic lesions because of the inhibition of hydrolysis of
endogenous glycerophospholipids,193 it did not affect the
levels of truncated OxPL species known to be metabolized
by Lp-PLA2,

55 and it did not alter serum PAF levels in two
murine models of atherosclerosis.198,199 Besides its effects on
lipid metabolism, darapladib treatment decreased caspase-3
and caspase-8 activity in vivo,200,201 and a compound related
to darapladib (SB222657) inhibited macrophage apoptosis
induced by oxidized LDL in vitro.187 Darapladib was recently
shown to reduce the leak of immunoglobulin G (IgG) through
the blood–brain barrier and to reduce the density and total
brain loadofamyloidpeptide–positiveneurons in thecerebral
cortex of diabetic hypercholesterolemic pigs.197 The mecha-
nisms mediating these effects remain to be elucidated.

Effect of Lipoprotein-Associated
Phospholipase A2 Inhibitors in Humans
Rilapladib has been tested in phase 1 studies to assess effects
on platelet aggregation (http://clinicaltrials.gov/ct2/show/
NCT00387257) and in phase 2 studies to evaluate its effects
on macrophage activity in patients with atherosclerosis
(http://clinicaltrials.gov/ct2/show/NCT00695305). These stud-
ies have been completed, but results have not yet been
reported, to our knowledge. Rilapladib is currently in phase
2 trials for Alzheimer disease prevention (http://clinicaltrials.
gov/ct2/show/NCT01428453).

In a phase 2 clinical trial in humans, darapladib inhibited
necrotic core expansion, but did not demonstrate signifi-
cant differences in prespecified primary and secondary

TABLE 13-7 Effects of Pharmacologic Inhibition of Lp-PLA2 in Experimental Animals
IN VIVO MODEL INHIBITOR EFFECTS REF.

Watanabe hyperlipidemic rabbits* SB244323 # Plasma plasminogen activator inhibitor
# Total cross-sectional area, thickness, and macrophage content of aortic

atherosclerotic lesions
$ Plasma lipids

196

Swine model SB480848
(darapladib)

# Atherosclerosis progression
# Plaque inflammation, necrosis, and fibrous cap erosion
# Leak of IgG through the blood–brain barrier
# Density and total brain load of amyloid peptide-positive neurons

193,197

Ldlr�/�mice # Serum Lp-PLA2 activity
# Plaque area
# hsCRP, IL-6, MCP–1, VCAM–1
$ Serum PAF

198

Apoe�/�mice # Serum Lp-PLA2 activity
# Plaque area
# hsCRP, IL-6, MCP-1, VCAM-1, and TNF-α
$ Serum PAF
# Macrophage content in atherosclerotic lesions
" Collagen content in atherosclerotic lesions

199

Apoe, gene encoding apolipoprotein E; hsCRP, high-sensitivity C-reactive protein; IgG, immunoglobulin G; IL, interleukin; Ldlr, gene encoding low-density lipoprotein receptor;
Lp-PLA2, lipoprotein-associated phospholipase A2;MCP, monocyte chemoattractant protein; PAF, platelet-activating factor; TNF, tumor necrosis factor; VCAM, vascular cell adhesion
molecule.
*A follow-up study showed no significant effect of darapladib in this model.

(From Wilensky RL, Macphee CH. Lipoprotein-associated phospholipase A2 and atherosclerosis. Curr Opin Lipidol. 2009;20(5):415-420.)

TABLE 13-6 Selective Inhibitors of Lp-PLA2 Activity
COMPOUND PROPERTIES/CHARACTERISTICS REF.

SB222657 Inhibition of MCP-1 release from
minimally modified LDL–treated
mononuclear cells

Inhibition of LDL-derived OxPL hydrolysis
Inhibition of macrophage apoptosis

induced by OxLDL

55,186,187

SB435495 Prevention of lyso-phosphatidylcholine
production during copper-catalyzed
oxidation of human LDL

Inhibition of OxLDL-mediated monocyte
chemotaxis

Stimulation of Lp-PLA2 expression in
macrophages

188–190

SB480848
(darapladib)

Reversible, noncovalent inhibition of
Lp-PLA2 (Ki¼110 pM)

Modest (8.7%) inhibition of sPLA2GX
No inhibition of sPLA2GIIa or sPLA2GV

184,191–193

SB677116 Inhibition of C-18 oxidized fatty acid
release from lipopolysaccharide-
stimulated endogenous blood
precursors

194

LDL, low-density lipoprotein; Lp-PLA2, lipoprotein-associated phospholipase A2;
MCP-1, monocyte chemoattractant protein–1; OxLDL, oxidized LDL; OxPL, oxidized
phospholipid.
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endpoints, that is, effects on coronary atheroma de-
formability, composition, and size, CRP levels, and total
atheroma volume, compared with placebo1,10,201

(Table 13-8).200–204 Darapladib has been tested in two large
phase 3 clinical trials to assess its potential ability to prevent
major adverse cardiovascular events.205,206 The recently
completed Stabilization of Atherosclerotic Plaque by Initia-
tion of Darapladib Therapy (STABILITY) trial included
15,828 patients with stable CHD who were randomly
assigned to treatment with darapladib 160 mg versus place-
bo.203,207After amedian follow-upof 3.7 years, therewereno
differences in the primary composite endpoint, which
included time to cardiovascular death, MI, or stroke (9.7%
and 10.4% in the darapladib and placebo groups, respec-
tively;HR0.94; 95%CI 0.85–1.03;P¼0.20).However, the sec-
ondary endpoint, which included major coronary events
(death from CHD, MI, or urgent coronary revascularization
for myocardial ischemia) was reduced in darapladib-
treated patients compared with placebo-treated patients
(9.3% versus 10.3%; HR 0.90; 95% CI 0.82–1.00; P¼0.045).
Reductions were also observed in total coronary events
(death from CHD, MI, hospitalization for unstable angina,
or any coronary revascularization) in darapladib-treated
patients (14.6% versus 16.1%; HR 0.91; 95% CI 0.84–0.98;
P¼0.02). On the basis of the initial publication of STABIL-
ITY, it cannot be determined whether the efficacy of this
inhibitor differed among CHD patients with different levels
of the major plasma carrier protein (apoB),158,208 substrate
availability (oxidized LDL levels), baseline Lp-PLA2 activity
and/or mass, or certain Lp-PLA2 polymorphisms. A second
phase 3 trial (Stabilization of Plaques Using Darapladib–
Thrombolysis in Myocardial Infarction 52 [SOLID–TIMI
52]) determined whether darapladib affected the number
of coronary events occurring after an ACS.209,210 The spon-
sor (GlaxoSmithKline; Brentford, Middlesex, UK) reported
that darapladib did not achieve the primary endpoint of a
reduction of major coronary events versus placebo when
added to standard of care. Details regarding the results of
SOLID–TIMI 52 likelywill be provided in future publications.

Indirect Modulation of Lipoprotein-
Associated Phospholipase A2 Expression:
Statins, Fibrates, Niacin, Diet, and Exercise
As would be expected from its strong link with LDL, Lp-
PLA2 mass and activity in atherogenic apoB-containing lipo-
proteins is reduced by LDL cholesterol–lowering interven-
tional approaches. Thus, an indirect route to inhibit Lp-
PLA2 is the use of lipid-lowering agents (e.g., statins).211

These agents inhibit 3-hydroxy-3-methylglutaryl–coenzyme
A (HMG-CoA) reductase, thus lowering cholesterol biosyn-
thesis and decreasing the levels of LDL, the main Lp-PLA2

carrier. Multiple studies have shown that plasma Lp-PLA2

mass and activity levels are decreased in response to statin
treatment.77,110,113,127,159,211–213 For example, Lp-PLA2 levels
were significantly reduced at 12 weeks by pravastatin, and
this effect was significantly related to LDL cholesterol reduc-
tion.113 Atorvastatin preferentially reduced LDL-associated
Lp-PLA2 in type IIa and IIb dyslipidemias.77 In addition to
its effects on the rate of LDL removal from the circulation,
atorvastatin may reduce Lp-PLA2 activity via additional
(uncharacterized) mechanisms.77 In patients with type 2
diabetes, fluvastatin not only decreased atherogenic LDL,
but also inhibited Lp-PLA2 activity,214 suggesting that in
these patients, additional, lipoprotein-independent effects
may also be at play. Pravastatin and fluvastatin did not
affect plasma Lp-PLA2 levels in rats,215 possibly because
the enzyme associates with HDL particles in these ani-
mals.92,215 Among the statins, atorvastatin appears to be
much more effective than fluvastatin, lovastatin, prava-
statin, and simvastatin in decreasing Lp-PLA2.

127 In general,
statin treatment alone has been associated with approxi-
mately 20% to 30% reduction in Lp-PLA2 (mass or activity)
in patients with stable CVD.113,127,214 Supplementation of
existing medical regimens for patients with CHD and
well-controlled LDL levels with niacin has also been shown
to reduce Lp-PLA2 levels further.216 Prescription omega-3-
acid ethyl esters (POM-3) reduced Lp-PLA2 concentration
when coadministered with atorvastatin (5%–11%)217 and
simvastatin.218 However, these effects were not observed
in healthy individuals, suggesting that abnormalities in
lipoprotein profiles are required for POM-3–mediated
effects on Lp-PLA2 expression.

219 Finally, darapladib admin-
istration has been shown to reduce Lp-PLA2 activity when
added to statin therapy (1%–67%).106,204 Thus, if Lp-PLA2

is demonstrated to contribute independently (and posi-
tively) to atherosclerosis, a variety of strategies can be used
to inhibit Lp-PLA2 function and potentially provide protec-
tion beyond that achieved by cholesterol-lowering
approaches.

Other lipid-modifying drugs that decrease Lp-PLA2 levels
include ezetimibe and fenofibrate.121 In contrast to statins,
however, fibrate monotherapy has failed to yield consistent
effects on plasma Lp-PLA2 levels.121,220–224 Fenofibrate has
been reported to attenuate Lp-PLA2 activity associated with
apoB-containing lipoproteins and to induce HDL-associated
Lp-PLA2 in type IIb and type IV patients, possibly by increasing
transfer from other lipoprotein particles.223 Similarly, fenofi-
brate decreased Lp-PLA2 expression in patients with hypertri-
glyceridemia121; however, another report showed increased
Lp-PLA2 with fenofibrate in patients with dyslipidemia.222

Importantly, fenofibrate had no effect on enzymatic activity
when added to in vitro assays, and did not affect Lp-PLA2

production or secretion by macrophages in culture.223

Fenofibrate decreased plasma Lp-PLA2 mass or activity in

TABLE 13-8 Effects of Darapladib in Humans
HUMAN
POPULATION EFFECTS REF.

Caucasian
patients with
CHD

# Serum Lp-PLA2 activity
$ Coronary atheroma deformability/

volume
$ hsCRP, P-selectin, sCD40L, and urinary

11-dehydro-thromboxane B2
# Necrotic core expansion
# Caspase-3 and caspase-8 activity
# High-sensitivity cardiac troponin I levels
Malodor in feces or urine
$ Time to cardiovascular death,

myocardial infarction, or stroke
$ Number of major coronary events after

an ACS (not yet published)

200–203

Japanese patients
with
dyslipidemia

# Serum Lp-PLA2 activity in wild-type and
V279F carriers

# PAI-1 in high (160 mg) darapladib group
No consistent/statistically significant

effects on IL-6, hsCRP, P-selectin or
urinary thromboxane A2

Urinary and fecal odor-related disorders
Abnormal feces

204

ACS, acute coronary syndrome; CHD, coronary artery disease; hsCRP, high-sensitivity
C-reactive protein; Lp-PLA2, lipoprotein-associated phospholipase A2; PAI-1,
plasminogen activator inhibitor–1.
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patients with dyslipidemic type 2 diabetes,221 but gemfibro-
zil224 and bezafibrate220 did not. The molecular basis for
these differences is unknown, but it has been suggested that
the ability of fibrates tomodulate plasma Lp-PLA2 and lipopro-
tein expression may not be directly linked. It appears that
fibrates do not further decrease Lp-PLA2 expression once
statin monotherapy is in place, suggesting that statin–fibrate
combinatorial approaches may not further decrease Lp-
PLA2 levels.

220,224

It is important to recognize that lipid-modifying therapies
(e.g., statins, ezetimibe, fenofibrate, gemfibrozil) and the
weight loss agent orlistat have variable effects on Lp-PLA2

concentration and activity, depending on baseline levels
of Lp-PLA2,

221,225 magnitude of reduction of apoB-containing
lipoproteins (the major carrier of Lp-PLA2), and in particular,
the lowering of the smallest, electronegative LDL sub-
classes.121,226–229 In addition, the change in plasma Lp-
PLA2 concentration and activity with some lipid-modifying
therapies may be offset by an increase in HDL-associated
Lp-PLA2.

121,220,223 In a parallel-arm, open-label study, 50 par-
ticipants with hyperlipidemia and hypercholesterolemia
were administered rosuvastatin (10 mg daily), 50 patients
with hypercholesterolemia were treated with ezetimibe
(10 mg daily), and 50 patients with hypertriglyceridemia
(type IV hyperlipoproteinemia) were given micronized feno-
fibrate (200 mg daily).121 Treatment with rosuvastatin and
ezetimibe reduced total plasma and non-HDL Lp-PLA2 con-
centration and activity; however, specific enzyme levels
were not reduced when Lp-PLA2 mass or activity were
expressed as the Lp-PLA2/apoB ratio. Fenofibrate also
reduced total and non-HDL Lp-PLA2 activity, but it increased
plasma and non-HDL enzyme-specific activity. Treatment
with fenofibrate also increased HDL Lp-PLA2 concentration
and activity without changing the specific activity of the
enzyme. Thus, lipid-lowering agents have diverse effects
on Lp-PLA2 expression in various lipoprotein compartments,
and these differential effects are likely to have important
mechanistic implications.

Nonpharmacologic approaches, including diet and exer-
cise, have been shown to modulate Lp-PLA2 expression.
Lower Lp-PLA2 activity levels were found to correlate with
dietary protein consumption, not smoking, use of postmen-
opausal hormones, mild to moderate intake of alcohol, and
BMI less than or equal to 25 kg/m2.230–232 Surprisingly, con-
suming a meal rich in saturated fat and cholesterol caused
acute decreases (21%) in Lp-PLA2 in apparently healthy indi-
viduals, but this response was not observed in patients with
CHD.127 Intensive exercise programs have been reported to
lower Lp-PLA2 concentration.

233,234

Lipoprotein-Associated Phospholipase
A2 Expression in Clinical Trials of
Statin and Fibrate Therapy: Clinical
Correlates
Justification for the Use of Statins in Prevention: an Inter-
vention Trial Evaluating Rosuvastatin (JUPITER) examined
the associations between Lp-PLA2 concentration and activ-
ity and cardiovascular events (first occurrence of nonfatal
MI, nonfatal stroke, hospitalization for unstable angina,
arterial revascularization, or cardiovascular death) in
placebo- and rosuvastatin-treatment groups.115 At the pre-
specified on-trial values for Lp-PLA2 concentration and
activity, which were obtained after the first year of

treatment, the placebo group had a reduction in Lp-PLA2

concentration of 11.7%, whereas rosuvastatin-treated
patients had a reduction of 33.8% (P <0.0001). Lp-PLA2

activity fell by 1.7% in the placebo group and by 33.2% in
the rosuvastatin group (P <0.0001). Among placebo-
treated individuals, no significant increase was seen in inci-
dent rates for major cardiovascular events across quartiles
of Lp-PLA2 concentration in models that adjusted for LDL
cholesterol (Ptrend¼0.92), whereas a significant increase
in risk was observed across baseline quartiles of Lp-PLA2

activity in models that adjusted for LDL cholesterol
(Ptrend¼0.001). For individuals allocated to rosuvastatin,
no significant associations were observed between inci-
dent cardiovascular events and Lp-PLA2 concentration or
Lp-PLA2 activity. Rosuvastatin was equally efficacious at
reducing incident cardiovascular events across quartiles
of baseline Lp-PLA2 concentration (P interaction¼0.77)
and Lp-PLA2 activity (P interaction¼0.11).
The Heart Protection Study Collaborative Group evalu-

ated the impact of baseline Lp-PLA2 concentration or activ-
ity on CVD in a randomized, placebo-controlled clinical
trial of simvastatin.151 In this study, baseline Lp-PLA2 con-
centration and activity were modestly associated with
CHD events in analyses that adjusted for nonlipid risk fac-
tors (HR per 1-SD increment in Lp-PLA2 concentration 1.08;
95% CI 1.03–1.12; and HR per 1-SD increment in Lp-PLA2

activity 1.11; 95% CI 1.06–1.15). Associations between
Lp-PLA2 activity and CHD events became nonsignificant
(HR 1.02; 95% CI 0.97–1.06) after adjustment for apoB,
whereas the associations between Lp-PLA2 concentrations
remained significant (HR 1.05; 95% CI 1.01–1.09). These
data suggest that apoB levels may confound the association
of Lp-PLA2 with CHD risk.151,208 Lp-PLA2 concentration
and activity were each reduced by 25% with simvastatin,
but baseline Lp-PLA2 levels or activity did not influence
the reduction in cardiovascular risk mediated by simva-
statin. This report did not investigate on-trial associations
between Lp-PLA2 activity and cardiovascular events, which
are relevant, because nearly all high-risk individuals are
treated with statin therapy.

The Veterans Affairs HDL Intervention Trial (VA-HIT)was a
secondary prevention trial that investigated the effects of pla-
cebo or gemfibrozil on major cardiovascular events in men
with low HDL cholesterol levels. Lp-PLA2 activity was mea-
sured in 1451 men at baseline and after 6 months on-trial.235

In Cox proportional hazards models that were adjusted for
major cardiovascular risk factors, a 1-SD increase in Lp-
PLA2 activity was associatedwith an increase in cardiovascu-
lar events (HR 1.17; 95%CI 1.04–1.31; P¼0.007). At 6months,
gemfibrozil therapy reduced Lp-PLA2 activity by 6.6% versus
placebo (P <0.0001). The treatment difference in cardiovas-
cular events for each quartile of increasing Lp-PLA2 activity
was significantly lower for gemfibrozil than placebo
(Ptrend¼0.03). Although mechanistic issues could not be
explored in this clinical trial, it was hypothesized that the
reduction in Lp-PLA2 activity might have been related to
the effect of gemfibrozil in reducing small LDL particles,
which was reflected by the correlations with apoB levels.

In patients with ACS, high-intensity statin therapy is more
effective than low-intensity statin therapy or placebo in
reducing Lp-PLA2 concentrations and Lp-PLA2 activity. In
MIRACL, treatment with atorvastatin 80 mg daily was more
effective than placebo in reducing median Lp-PLA2 concen-
tration (�35.8% versus �6.2%; P <0.001) and Lp-PLA2
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activity (�24.3% versus 5.4%; P <0.001).159 Similar findings
were reported in the Pravastatin or Atorvastatin Evaluation
and Infection Therapy (PROVE IT) trial.110 Treatment with
atorvastatin 80 mg daily reduced Lp-PLA2 concentration by
23% and Lp-PLA2 activity by 20%, whereas lesser reductions
were observed in pravastatin-treated patients, with reduc-
tions in Lp-PLA2 concentration and activity of 4.5% and
3.6%, respectively.
Among 1202 patients with type 2 diabetes who were on

hemodialysis and participated in the German Diabetes
Dialysis Study (4D), increased risk for cardiovascular
events (HR 1.35; 95% CI 1.02–1.87; P¼0.035) was observed
for the highest (�615 U/L) quartile versus the lowest quar-
tile (<439 U/L) of Lp-PLA2 activity in multivariate models
that included age, history of CHD, congestive heart failure,
stroke or transient ischemic attack, peripheral vascular dis-
ease, arrhythmia, hemoglobin A1c, low TGs, phosphate,
and albumin.236 In receiver-operating characteristic curve
analysis, the inclusion of Lp-PLA2 activity in adjusted
models increased the area under the curve for cardiovascu-
lar events from 0.586 (0.553–0.620) to 0.632 (0.599–0.664;
P¼0.020) and for cardiovascular mortality from 0.704
(0.674–0.733) to 0.708 (0.679–0737; P¼0.026). After a 6-
month treatment period, Lp-PLA2 activity was reduced from
baseline in patients assigned to atorvastatin (20 mg daily)
versus placebo (�22�22% versus 6�37%, respectively).
Among atorvastatin-treated participants, mortality was
reduced by 26% (HR 0.74; 95% CI 0.62–0.90; P¼0.002)
per 1-SD decrease in Lp-PLA2 activity. Thus, in patients with
type 2 diabetes who are on hemodialysis, high Lp-PLA2

activity is predictive of cardiovascular events and cardio-
vascular death. In this post hoc analysis of 4D, the reduc-
tion in Lp-PLA2 activity with atorvastatin predicted a
lower risk of cardiovascular death. The importance of these
findings for diabetes patients on hemodialysis will require
corroboration in a prospective trial of a selective Lp-PLA2

inhibitor.

CLINICAL SIGNIFICANCE
AND RECOMMENDATIONS

Many prospective, population-based studies reported that
increased total plasma Lp-PLA2 activity, and less consis-
tently, high Lp-PLA2 concentration, are associated with
increased cardiovascular risk. However, the strength of these
associations is reduced after adjustment for baseline con-
centrations of lipids and apolipoproteins.118 Because
Lp-PLA2 is physically associated with LDL, distinguishing
Lp-PLA2–specific from lipoprotein-related effects on CHD
is challenging. In clinical outcome trials of lipid-modifying
therapies, statins and gemfibrozil have been shown to
reduce both Lp-PLA2 concentration and Lp-PLA2 activity,
but these effects are nonspecific. The change in LDL
subclass distribution reduces Lp-PLA2 binding, and thus,
themass of Lp-PLA2 carried by apoB-containing lipoproteins,
without an additive reduction in enzyme activity.
The authors conclude that the body of published studies

does not firmly establish that changes in Lp-PLA2 levels are
associated with changes in future cardiovascular risk. Thus,
widespread measurement of Lp-PLA2 concentration or
Lp-PLA2 activity cannot be recommended for either general
population risk assessment or evaluation of the efficacy of
evidence-based cholesterol-lowering therapies. This guid-
ance partially agrees with a consensus statement issued by

the NLA, which did not recommend the use of Lp-PLA2 mea-
surements for general screening or on-treatment manage-
ment decisions. However, the authors disagree with the
NLA recommendation that Lp-PLA2 screening is “reason-
able” for initial screening in selected patients with a family
history of early-onset CHD, intermediate- and high-risk indi-
viduals, and patients with CHD.163

Lp-PLA2 has not been rigorously proven to be a valid treat-
ment target. The first hypothesis-driven trial for darapladib did
not meet its prespecified primary and secondary end-
points,1,10 and very careful interpretation of the imaging data
was required to suggest that darapladib may halt necrotic
core expansion and increase lesion stability.15 In addition,
in two randomized clinical trials, STABILITY and SOLID-TIMI
52, darapladib did not reduce cardiovascular events in stable
CHD patients, and when added to standard of care, did not
affect the number of major coronary events that occurred
after an ACS, respectively. Given these considerations, the
authors find no reason to justify clinical measurement of
Lp-PLA2 for cardiovascular indications, in agreement with
other assessments.108,115,237 Moreover, the disappointing
results of multiple clinical trials lead us to suggest that inhibi-
tion of Lp-PLA2 should no longer be considered as a strategy
to treat CVDs.
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INTRODUCTION

The field of cardiovascular biomarker research continues to
advance, and many novel discoveries and technologic
advancements have been made since the appearance of this
chapter on emerging assays in the first edition of Clinical Lipi-
dology. In this second edition, updates are provided, and
recent advancements in microRNA (miRNA) research and
the implementation of mass spectrometry (MS) techniques
for the discovery of oxidatively modified biomarkers, such
as oxysterols and trimethylamine N-oxide (TMAO), for cardio-
vascular risk prediction, are highlighted.
Despite the proven efficacy of plasma lipid profiles for the

assessment of cardiovascular risk, many individuals who are
considered to be at low risk for cardiovascular disease
(CVD), according to current treatment guidelines,1 have car-
diovascular events. Over the last two decades, it has become
increasingly clear that inflammation, endothelial dysfunction,
andoxidativestressplaykey roles in thepathogenesisofathero-
sclerosis. Evidence from numerous in vitro studies and in vivo
studies in animals and humans points to a key role for inflam-
matory cytokines in the initiation and development of athero-
sclerotic lesions (see reviews2,3). These inflammatory
cytokinesmediate theactivationof endothelial adhesionmole-
cules and stimulate the production of acute phase reactants,
such asC-reactive protein.4 These processes lead to the recruit-
ment and transmigration of leukocyte-derived macrophages
into the vascular wall in the initial step in the formation of ath-
erosclerotic lesions, which are also called fatty streaks.5 Spe-
cific enzymes that are released by activated leukocytes
catalyze the formation of reactive oxygen species, which pro-
mote lipid peroxidation of potential targets, including low-
density lipoprotein (LDL).6

The recent progress in the understanding of the underlying
pathways in the development of CVD has led to the emer-
gence of a large number of potential novel biomarkers for car-
diovascular risk prediction beyond the traditional risk factors;
these novel biomarkers may be useful in risk stratification, in
monitoring response to therapy, or as targets of therapy. It is
beyond the scope of this review to address all the emerging
biomarkers for atherosclerosis; therefore, this chapter focuses
on the recent technologic approach that facilitates the discov-
ery and validation of emerging biomarkers.

BIOMARKERS AS CLINICAL TOOLS

From a clinical perspective, biomarkers can be of use in the
assessment of risk as markers of a variety of factors related to
health or disease, such as exposure to environmental fac-
tors, genetic exposure or susceptibility, and subclinical or
clinical disease, or as surrogate endpoints to evaluate safety
and efficacy of different therapies.7 Therefore, biomarkers
are generally classified according to different stages in the
development of a disease: screening biomarkers are markers
used for screening of patients who have no apparent disease;
diagnostic biomarkers can assist in the care of patients who
are suspected to have disease; and prognostic biomarkers
are used in patients with overt disease to aid in the catego-
rization of disease severity and prediction of future disease
course, including recurrence and monitoring of treatment
efficacy.8 Because prevention of cardiovascular events in
patients at increased risk is likely to have a significant impact
on the overall public health burden, the development of
novel biomarkers for screening is currently an active area
of investigation. Identification of biomarkers to monitor
the efficacy of new treatments for atherosclerosis is emerging
as a critical priority to enhance translational research in ath-
erosclerosis drug development.

TECHNICAL ASPECTS FOR BIOMARKER
DEVELOPMENT

It is important to consider a number of issues that influence
the clinical utility of potential novel biomarkers for cardio-
vascular risk assessment. One of the major considerations
is whether a novel biomarker can improve upon the cardio-
vascular risk prediction that can be attained with existing
well-established cardiovascular risk markers. To this end, a
potential marker needs to exhibit sufficient sensitivity and
specificity to allow for risk classification. The receiver oper-
ating characteristic (ROC) curve is typically used to evaluate
the clinical utility of a biomarker for both diagnostic and
prognostic purposes.9 More specifically, the evaluation of
a novel biomarker is generally based on its capability to
improve the area under the ROC curve (AUC).10 However,
even strong, independent risk predictors can have a very limi-
ted impact on the AUC. Therefore, calibration, that is,
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measuring how well the predicted probability agrees with
the observed proportions in a population, is essential for
the assessment of the accuracy of prediction models.11

Reclassification can directly compare the clinical impact
of two prediction models by determining how many individ-
uals will be reclassified into clinically relevant risk strata
(e.g., low, intermediate, or high), which can form the basis
for treatment decisions. The percent reclassified can thus be
used as a measure of the clinical impact of a new marker
when added to an existing prediction model.

A number of aspects related to the biophysical and/or struc-
tural features of a specific biomarker can also greatly influ-
ence its utility. For example, it is important to understand
how circulating levels of a particular marker are influenced
by factors such as diet, diurnal variation, day-to-day variation
within an individual, half-life in circulation, and the dynamic
range within a population. Biomarkers that have a relatively
long half-life in circulation (i.e., at least several hours) and
a relatively small intraindividual variation in circulating levels,
compared with the dynamic range within a population, are
better suited as potential markers for risk prediction.

In addition, it is highly desirable that a proposed marker
can be measured accurately using standardized and cost-
effective methods in a routine clinical laboratory setting.
Although methods are eventually adapted for most well-
established risk factors so that these biomarkers can be mea-
sured using standardized assays on specialized automated
chemistry analyzers in routine clinical laboratories, enzyme-
linked immunosorbent assay (ELISA) methods are most
commonly used to evaluate emerging risk factors. ELISA
methodology generally provides sufficient sensitivity, is rela-
tively cost-effective, does not require advanced instrumenta-
tion, and can be performed in routine laboratories.12

However, ELISAmethods are notoriously difficult to standard-
ize, even when monoclonal antibodies are used. These
methods can be subject to interfering factors, such as
antibody-specific cross-reactivity, complexity of the sample
matrix, autoantibodies, and genetic mutations or polymor-
phisms that can alter epitope recognition bymonoclonal anti-
bodies. In contrast, methods based on the combination of
chromatography and MS techniques (e.g., gas chromatogra-
phy [GC]–MS and liquid chromatography [LC]–tandem
MS[MS/MS]) are generally considered “the gold standard”
because they are not affected by the same interfering factors
as ELISA methods. However, GC-MS and LC-MS are generally
less cost efficient, and because they require a higher level of
operator expertise, are generally not well suited for routine
clinical laboratories. The recent advancement in GC-MS
and LC-MS technologies may improve their clinical utility in
the near future.

Specialized sample processing and storage requirements
can also affect the clinical utility of a biomarker. In particu-
lar, the effect of long-term storage on biomarker stability var-
ies greatly among analytes and is dependent on storage
conditions, the sample matrix, and the addition of specific
preservatives. Large prospective epidemiologic studies are
ideally suited to assess the predictive value of novel risk fac-
tors. However, becausemost epidemiologic studies measure
biomarkers in biologic samples that have been stored for
long periods of time, it is currently not clear what impact
long-term storage has on the field of biomarker research.

Finally, issues related to the need for a causal relationship
between a marker and the pathogenesis of a certain disease
remain a controversial topic among biomarker researchers.

Markers that have proven to be valuable in risk assessment
without a clear causal relationship, and markers that are
established mediators of disease but fail to predict risk for
disease have been described.

OXYSTEROLS AND RISK FOR CARDIOVASCULAR
DISEASE

Role of Oxysterols in Cholesterol
Homeostasis
Cholesterol homeostasis is a tightly regulated process that
involves well-balanced mechanisms, including de novo syn-
thesis, intestinal absorption and transport in lipoprotein parti-
cles, cellular efflux, and conversion into steroid hormones in
steroidogenic tissues or into bile salts in hepatocytes.13,14

Maintenance of cellular cholesterol homeostasis is crucial
because an excess of cellular free cholesterol is toxic to cells
and can ultimately lead to cell death. Oxygenated derivatives
of cholesterol, also known as oxysterols, are important phys-
iologic regulators of cholesterol homeostasis.15,16 Oxysterols
are cholesterol oxidation products that can be derived from
the diet, endogeneous enzymatic reactions, or nonenzymatic
autoxidation caused by oxidative stress.17–20 One of the major
mechanisms by which oxysterols contribute to cellular cho-
lesterol homeostasis is by serving as endogenous ligands for
the liver X receptors (LXRs).21–23 LXRs activate transcription
of genes involved in cholesterol efflux pathways, such as
the adenosine triphosphate–binding cassette (ABC) trans-
porters ABCA1 and ABCG1.24–26 Furthermore, oxysterols
inhibit sterol regulatory element–binding protein (SREBP)–
mediated transcription of genes involved in cellular choles-
terol synthesis (e.g., 3-hydroxy-3-methylglutaryl–coenzyme A
reductase) and uptake (e.g., LDL receptor and scavenger
receptor class B type I [SR-BI]) by suppressing SREBP prote-
olysis.27,28 The transport of excessive cellular cholesterol from
extrahepatic tissues to the liver for biliary cholesterol excre-
tion, known as reverse cholesterol transport (RCT), is the
major mechanism for maintaining whole-body cholesterol
homeostasis. Oxysterols regulate several key steps involved
in high-density lipoprotein (HDL)–mediated RCT, such as
ABCA1/G1–mediated transfer of cholesterol to HDL, SR-BI–
mediated hepatic cholesterol uptake, and biliary excretion
of cholesterol by the liver.

Despite the possible atheroprotective effects of oxysterols
attributed to their role in RCT and maintaining whole-body
cholesterol homeostasis, a number of in vitro studies and
studies in animals and humans have suggested that oxyster-
ols play a role in the progression of atherosclerosis. Oxidized
LDLs are enriched in oxysterols and are believed to play a
critical role in the development of atherosclerotic lesions.
Elevated levels of oxysterols have been found in the plasma
and the lipid-rich necrotic core of arterial lesions of patients
with advanced atherosclerosis.29–31 Circulating levels of
7-ketocholesterol were previously shown to be associated
with carotid wall thickness and the presence of lipid-rich
plaque in the Atherosclerosis Risk In Communities (ARIC)
Carotid Magnetic Resonance Imaging study.32 Furthermore,
numerous in vitro studies have clearly demonstrated the
cytotoxic, proinflammatory, and prooxidative properties of
a number of oxysterols, in support of the current dogma
of inflammation and oxidative stress as the underlying path-
ophysiologic mechanisms involved in the development of
atherosclerotic plaque. At present, only a limited number
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of small studies have examined the relationship between
plasma oxysterol levels and established risk factors for heart
disease, with disparate results. One study found no signifi-
cant differences in circulating oxysterol levels in 80 patients
who underwent a first coronary angiography compared with
79 control individuals.33 In contrast, a Finnish study found
that the plasma level of 7β-hydroxycholesterol (7βOH) was
the strongest predictor of the 3-year increase in carotid wall
thickness of greater than 30 variables tested in a multivariate
analysis.34 A more recent study found that plasma levels of
7-ketocholesterol, 7βOH, and 5β,6β–epoxide cholesterol
(β-epoxide) were higher in patients with stable coronary
artery disease compared with a control group with a similar
atherogenic risk profile and angiographically normal coro-
nary arteries.35

Dietary Oxysterols and Cardiometabolic Risk
Dietary oxysterols have been quantitated in cholesterol-
rich processed foods18 and appear in the plasma after
intestinal absorption and incorporation into postprandial
lymph chylomicrons.36 Studies in rabbits have shown that
dietary oxysterols delay the clearance of postprandial lipo-
proteins and increase their susceptibility to oxidation.37

Furthermore, prolonged feeding of oxysterols leads to
atheromatous lesions in the arterial wall, whereas admin-
istration of purified cholesterol does not show these
same effects in these animals.38 However, studies in apo-
lipoprotein (apo) E–deficient mice, which develop exten-
sive atherosclerosis, show that prolonged feeding of
oxysterols leads to increased concentrations of oxysterols
in the circulation and the liver; however, these studies are
inconclusive regarding the role of oxysterols in the accel-
eration of atherosclerosis.39,40

Statins remain the foundation of primary and secondary
prevention in the management of atherosclerotic disease.
Although statin trials consistently show successful lowering
of LDL cholesterol (LDL-C) levels, a significant proportion of
patients still have disease progression and cardiovascular
events. In particular, individuals with high levels of non–
HDL-Candtriglycerides(TGs)and lowlevelsofHDL-Constatin
therapy remain at increased risk for coronary heart disease
(CHD). Ezetimibe, an inhibitor of intestinalcholesterol absorp-
tion, has been shown to decrease total cholesterol, LDL-C,
and TGs, and modestly increase HDL-C levels. In addition to
reducing LDL-C, ezetimibe may exert beneficial actions,
such as antiinflammatory and anti oxidant effects. Administra-
tion of ezetimibe has been shown to markedly reduce
circulating levels of oxysterols after consumptionof a testmeal
containing either α-epoxycholesterol or 7-ketocholesterol.41
In amore recent study, statin–ezetimibe combination therapy
achieved additive reductions in the circulating levels of
7-ketocholesterol and other markers of oxidant stress
compared with statin therapy alone.42

A number of investigators have suggested that the inges-
tion of oxidatively modified lipids leads to increased sys-
temic oxidant stress, which is a potential link in metabolic
disorders such as dyslipidemia, hypertension, type 2 diabe-
tes mellitus, and the metabolic syndrome. Oxysterols have
been shown to be important modulators of insulin sensitivity
by acting as LXR agonists.43 In a recent study in adolescent
girls, serum oxysterol concentrations increased with obesity,
fasting insulin, and apoB, which are factors that are also

associated with the risk of cardiometabolic diseases.44

Despite recent progress in this field of research, the effects
of dietary oxysterols on cardiometabolic risk factors, such
as obesity, low-grade systemic inflammation, oxidative
stress, insulin resistance, and atherogenic dyslipidemia,
remain poorly understood.

GENETIC MARKERS AND GENOMICS
APPROACH FOR THE DEVELOPMENT OF NOVEL
CARDIOVASCULAR BIOMARKERS

The completion of the Human Genome Project45 and the
HapMap Project,46 in conjunction with the development of
microarrays, nanotechnology, and recent advances in bio-
informatics, provide new possibilities to generate and ana-
lyze a tremendous amount of data to facilitate the
discovery of highly informative novel cardiovascular bio-
markers. Current technology in genetics research allows
examination of hundreds of thousands of single-
nucleotide polymorphisms (SNPs) and investigation of
their associations with disease. Typically, the association
strategy evaluates the relation of common genetic variants
in unrelated individuals to the presence or absence of dis-
ease. The scientific rationale behind these association
studies is that common genetic variants with modest
effects contribute to the overall variation of complex dis-
ease in the population (Table 14-1).47 Although there
have been numerous reports of associations between
genetic variants in candidate genes and CVD (see Gibbons
et al.47 for review), in many cases these associations were
not reproducible in subsequent studies.48,49 The availabil-
ity of dense SNP maps of the humane genome has spurred
the recent proliferation of a number of genome-wide asso-
ciation studies (GWASs), which have been successful in
some cases in revealing novel pathways associated with
CVD.50–52 The finding that common variants in the propro-
tein convertase subtilisin/kexin type 9 (PCSK9) allele are
associated with cardiovascular risk has led to recent clini-
cal trials that evaluated the safety and efficacy of PCSK9
inhibition in lowering LDL-C with rather promising
results.53,54 However, large-scale, hard-outcomes studies
are needed to address the efficacy of PCSK9 inhibitors
in reducing cardiovascular risk. Recent meta-analysis of
GWAS data has clearly demonstrated that genetic variants
in a number of genes are consistently associated with

TABLE 14-1 Comparison of Association and Linkage
Studies for Genetics Research
AREA OF
STUDY ASSOCIATION LINKAGE

Human material Families or case–control Families

Gene effect Genes of small to modest
effect

Genes of modest to large
effect

Candidate
genes

Markers must be in linkage
disequilibrium; haplotype
approach optimal

Any marker, optimally
highly polymorphic

Genome-wide Thousands to millions of
genetic markers required

Hundreds of genetic
markers required

(From Gibbons GH, Liew CC, Goodarzi MO, et al. Genetic markers: progress and
potential for cardiovascular disease. Circulation 2004;109(25 Suppl 1):IV47-58.)
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circulating lipids and risk of CVD.55–58 However, a large
number of these genes have been implicated in more than
one lipid trait, underscoring the importance of pleiotropy
in the development of CVD. The issue of pleiotropy com-
plicates the interpretation of GWAS findings because it
becomes difficult to disentangle the association of com-
plex genetic traits and common lipid traits associated with
the risk of CVD. For example, unlike data from Mendelian
randomization studies that support a causal role for LDL-C
in risk for CHD, the evidence for a causal role for HDL-C is
inconsistent.59 Voight et al. showed that a genetic risk
score of 14 SNPs exclusively associated with HDL-C was
not associated with risk for myocardial infarction, in
contrast to a genetic risk score for LDL-C.60 The associa-
tion of cholesterol in small, dense LDL particles (sdLDL-
C), which is a more atherogenic subfraction of LDL-C,
with the risk of CHD in the ARIC study was recently inves-
tigated.61 Elevated circulating levels of sdLDL-C were
associated with increased risk of incident CHD, even in
individuals considered to be at low cardiovascular risk
based on their LDL-C levels. Using a combination of
genome-wide association analyses and exome sequenc-
ing, a significant association of genetic variants in PCSK7,
a member of the subtilisin-like/kexin proprotein conver-
tase family, with sdLDL-C and other lipid traits was discov-
ered. Therefore, a combination approach of more specific
lipid phenotyping, genome-wide association analyses of
common genetic variants, and exome sequencing of rare
loss-of-function/gain-of-function genetic variants may
prove to be helpful in identifying novel genes and path-
ways related to dyslipidemia and atherosclerosis. A
different analysis approach is used in genetic linkage
studies, which involve a genome-wide scan among
related family members to identify potential genes related
to disease susceptibility (see Table 14-1). Although the
genetic linkage approach has been successful in the
detection of genes for single-gene disorders with large
genetic effects, it has been less successful for investiga-
tions into complex genetic traits, such as CVD.

Recent Advances in Micro-RNA Research
for Cardiovascular Risk Prediction
miRNAs are short (�19–25 nucleotides in length) non-
coding RNA molecules that modulate the stability and/
or the translational efficiency of target messenger RNAs
(mRNA) by base pairing with complementary sites within
these target mRNAs. Generally, miRNAs act as negative
regulators of gene expression because the miRNA:mRNA
duplex formation leads to degradation or translational
inhibition of the target mRNA; however, a few exceptions
to this have been reported.62,63 Currently, greater than
2500 miRNAs have been identified, and it is estimated
that greater than 50% of the human genome is under
miRNA control.64,65

Evidence from a number of recent studies highlights the
important role of miRNAs in regulating key biologic path-
ways related to lipid metabolism,66 oxidative stress, and sys-
temic inflammation67; all of these are known to be involved
in the etiology of cardiometabolic disease. A number of
miRNAs have been shown to control the expression of genes
affecting lipoproteins and the RCT pathway (see Rayner and
Moore68 for review and Fig, 14-1). In particular, miR-33a

and miR-33b have been shown to repress the expression
of ABCA1, ABCG1, and Niemann–Pick disease type C1
(NPC1), thereby inhibiting cellular cholesterol efflux.66,69

Interestingly, both miR-33a and miR-33b are embedded in
the intronic regions of the genes that encode the nuclear
transcription factors SREBP1 and SREBP2, which control
the expression of a number of genes involved in cholesterol
and fatty acid synthesis. Inhibition of miR-33 results in
increased cholesterol efflux from hepatocytes to apoA-I
in vitro and raises HDL-C levels in mice.66,69 Furthermore,
miR-33a/b inhibition also has been shown to raise HDL-C
and lower very-low-density lipoprotein TGs in nonhuman
primates.70 Although miRNAs act intracellularly, extracellu-
lar miRNAs can be detected in the circulation bound to
proteins,71 on lipoproteins,72 or within vesicles such as
microparticles, exosomes, and apoptotic bodies.73–75 Inter-
estingly, miRNAs are remarkably stable in circulation and
share many of the essential characteristics of a good bio-
marker, such as noninvasive measurability, a long half-life
in the sample, a high degree of sensitivity and specificity,
and cost-effective laboratory testing. A number of recent
studies have investigated the use of circulating miRNAs as
biomarkers for the diagnosis and prognosis of CVDs (see
Condorelli et al.76 for review), including acute myocardial
infarction,77,78 heart failure,79 cardiomyopathy,80 and ath-
erosclerosis.81 Despite these promising findings, the use of
miRNAs as biomarkers of CVD will have to be validated in
large population-based studies. Furthermore, the potential
for miRNAs as therapeutic targets for the treatment of CVD
remains an active topic of research.

PROTEOMICS-BASED DEVELOPMENT OF
CARDIOVASCULAR BIOMARKERS

Despite the considerable progress that has been made
through genetics and genomics research, it is clear that
the complexity of CVD requires a more complete under-
standing of the role of gene expression in the pathogenesis
of CVD. This can be achieved in part through characteriza-
tion of proteins, the products of gene expression that are the
essential biologic determinants of disease phenotype. Pro-
teins are the major constituents of cellular structures and
are the mediators for most cellular functions, either directly
or indirectly through their actions on other molecules. The
recent advent of novel multiplexing methods and proteomic
approaches allows for a more systematic investigation of
complex human diseases and provides new tools for bio-
marker development.

Although a number of different proteomic approaches
have been applied to identify new biomarkers for CVDs,
the principle underlying all proteomic approaches is the
comparative analysis of protein expression profiles in nor-
mal versus diseased tissues. Several recent studies have used
proteomic analysis of different types of tissues, including vas-
cular cells, atherosclerotic plaques, heart, and blood, to
identify potential novel protein biomarkers associated with
the pathogenesis of CVD.82–86 Furthermore, the Human Pro-
teome Organization (www.HUPO.org) initiatives have been
created to aid in the development of a human protein refer-
ence database derived from different biologic compart-
ments, including plasma, urine, brain, heart, and liver.
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Tools Used in Proteomics
The human proteome is far more complex than the human
genome because of the intricacy of a number of specific pro-
tein features, such as posttranscriptional modification, intra-
cellular compartmentalization, and interactions with other
molecules (Fig. 14-2).87 Therefore, unlike genomics
research, which employs a common technologic approach,
proteomics relies on a vast number of different technologies
that often focus on a specific protein subset isolated from a
specific tissue, cell type, or intracellular compartment (see
Mayr et al.88 for review).
MS is the most common technology used in proteomics

research because of its unique ability to identify proteins
in a nonbiased manner. The mass-to-charge (m/z) ratio of
a molecule is the principal measurement obtained from
MS analysis, and data from a specific sample are usually dis-
played as a “spectrum,”which is a plot of them/z ratio on the
x-axis versus the level of intensity on the y-axis. Currently, a
number of different instruments are being manufactured
that employ MS sometimes combined with a chromato-
graphic technique to aid in the separation of molecules in
a complex sample matrix. The twomost common chromato-
graphic techniques used in combination with MS are LC and
GC. By using LC-MS/MS, captured ions are subjected to
sequential ionization, and fragmented products of these ions
can be analyzed, which allows for the identification of differ-
ent peptides. A large number of different methods for sample
preparation and protein separation and identification have

been described (Fig. 14-3),89 and have been the topic of
a number of recent reviews. Generally, proteomic methods
involve a number of critical steps that need to be optimized
according to the specific aims of a study (Fig. 14-4).89 These
steps include sample collection, sample processing, protein
separation, and protein identification. Sample collection is a
critical step in proteomic analysis and must be compatible
with the subsequent separation and quantification methods.
Furthermore, the complexity of the sample matrix needs
to be taken into consideration, because the wide range of
protein expression levels in biologic samples can greatly
influence the identification of potential biomarkers that
are present at extremely low concentrations.90 Sample pro-
cessing usually includes protocols to solubilize proteins in
chaotropic agents (e.g., urea) or nonionic detergents (e.g., 3-
[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
[CHAPS]). These typesof reagentsdonot substantially alter the
protein charge, which affects the chromatographic properties
of proteinsduring fractionation. Furthermore,protocols tocon-
centrate low-abundance proteins and removal of high-
abundance, constitutively expressed proteins are generally
included in sample processing techniques.

A large number of different proteomic research techniques
have been described for the separation of proteins in com-
plex sample matrices. However, the most widely used tech-
nique for proteomic protein separation is two-dimensional
electrophoresis (2-DE).91,92 Proteins are amphoteric mole-
cules that carry a negative, positive, or zero net charge, which
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is determined by their amino acid composition and the pH of
their environment (molecular charge). In 2-DE, proteins are
first separated based on the differences in their molecular
charge, a process known as isoelectric focusing. The proteins
are then separated according to their molecular weight by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
in the second dimension. Following separation by 2-DE, the
proteins can be visualized via a number of different tech-
niques, such as staining, radiolabeling, and immunodetec-
tion. The final step in the proteomic analysis is protein
identification, which almost always involves some form of
MS as mentioned previously.

Although 2-DE andMS have been themethods of choice for
proteomic analysis, other methodologies are currently being
developed. Protein microarray technology generally employs

a platform for capturing proteins by immobilizing potential
ligands (binding partners) on a solid surface, followed by
detection and identification of the bound protein.93 Potential
ligands include antibodies and nucleic acids, among other
molecules. A specific example of microarray technology has
been developed by the Luminex Corporation (Austin, Texas).
The Luminex xMAP system is a multiplexed, microsphere-
based suspension array platform for high-throughput protein
and nucleic acid detection.94 This platform is unique in that
it combines flow cytometry with conventional ELISA technol-
ogy, which makes it relatively cost-effective and accessible to
routine laboratories. Several recent studies have demonstrated
its use as an efficient tool for both genetic and proteomic bio-
marker discovery.94–97 Multiplex analysis can be very useful
to examine the effects of an intervention on numerous
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biomarkers in clinical research studies, particularly when sam-
ple volumes of stored plasma or serum may be small.95 How-
ever, some multiplex assays may require validation before
selection inaclinical researchprotocol, because lowassaysen-
sitivity and relatively poor correlation to conventional ELISA
methods may be problematic, particularly for some analytes
with very low plasma concentrations.95 Other proteomic
approaches under development include microfluidic in-
solution assay systems and yeast two-hybrid systems.

“SYSTEMS BIOLOGY”: AN INTEGRATED
APPROACH TO FUTURE BIOMARKER
DISCOVERY

In an attempt to capture the full complexity of disease phe-
notypes, several other areas of “omics” research are being
explored. These include the fields of transcriptomics, which
explores the analysis of universal gene expression through
cellular mRNA expression profiles, and metabolomics,
which aims to identify andmeasure the time-related concen-
tration, activity, and flux of endogenous small molecules or
metabolites (<2 kD, e.g., carbohydrates, peptides, and
lipids) in various cell types, tissues, and biofluids.
Transcriptomics has been successfully used to identify

molecular signatures based on specific gene expression pro-
files and has led to the development of molecular signature–
based biomarkers in oncology. In cardiovascular research,
transcriptomics has been used as a tool to identify specific
gene expression profiles for the differentiation between
ischemic and nonischemic cardiomyopathy98 and to
improve the diagnosis of transplant rejection in cardiac allo-
graft recipients.99

It is estimated that the human metabolome comprises
approximately 3000 small molecules, and efforts are cur-
rently under way to record the complete human plasma
metabolome.100 Examination of the human metabolome,
which is significantly smaller in comparison to the genome,
transcriptome, and proteome, may allow for a more efficient
approach to gaining in-depth understanding of disease

phenotypes. However, this remains purely speculative at this
time, because there are insufficient data available from
metabolomics studies.

Recently, investigators have attempted to use an inte-
grated approach, also known as systems biology, or inte-
gromics, to systematically assess variations in genes,
RNA, proteins, and metabolites.101 The Human Micro-
biome Project (HMP) is one of the most recent
approaches to systems biology.102 The HMP program aims
to develop tools and datasets for the research community
for studying the role of microbes in human health and dis-
ease. An example of the exploration of a possible link
between diet, intestinal microbiota, and risk for CVD in
humans was first described by Wang et al.103 The authors
used a metabolomics approach to search for circulating
metabolites that were predictive of risk for CVD. They dis-
covered that TMAO, an oxidation product of trimethyl-
amine (TMA) and a common metabolite of choline in
animals, was the candidate compound associated with
risk for CVD. Furthermore, they identified a critical meta-
bolic pathway involving flavin monooxygenase (FMO) in
the liver, which is required for the formation of TMAO.
Subsequent animal studies showed that diets rich in phos-
phatidylcholine resulted in increased circulating levels of
TMAO and promoted atherosclerosis in an atherosclerosis-
prone mouse model (Fig.14-5103). More recently, the
same investigators showed that plasma and urine levels
of TMAO and other choline metabolites increased in a
time-dependent manner following a dietary phosphatidyl-
choline challenge in healthy participants.104 Furthermore,
the authors showed that increased fasting plasma levels of
TMAO predicted an increased risk of major cardiovascular
events during 3 years of follow-up and after adjustment for
traditional risk factors in 4007 adults who underwent elec-
tive diagnostic cardiac catherization. In summary, these
studies highlight the importance of a possible link
between diet, gut microbiota, and the metabolic pathways
involving TMAO that may lead to an increased risk for
CVD. However, it is important to note that further research
studies are needed to address lingering questions. First,
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there is the question as to whether TMAO is causally
related to CVD or simply a biomarker of disease risk.
Although Tang et al. have demonstrated that an elevated
TMAO level is an independent risk predictor for major car-
diovascular events,104 their study was in a high–cardiovas-
cular risk population with limited follow-up time. Large
population-based studies are needed to investigate the
association of circulating TMAO levels with risk for CVD
in the general population. In addition, clinical interven-
tion trials would need to address the causal relationship
between circulating TMAO and CVD. Second, what is
the importance of FMO and kidney function in the regula-
tion of TMAO metabolism in relation to cardiovascular
risk? Trimethylaminuria is an autosomal recessive meta-
bolic disorder caused by a defect in the production of
FMO3.105,106 Therefore, individuals with this disease are
not able to convert TMA to TMAO, resulting in increased
excretion of TMA in their corporal fluids.107 However, it
is currently not known whether individuals with trimethyl-
aminuria exhibit a different cardiovascular risk than the
general population, and whether the risk for CVD is asso-
ciated with circulating TMAO levels in these patients. Fur-
thermore, urinary and plasma TMAO levels are highly
correlated,104 and it is believed that circulating TMAO is
efficiently excreted into the urine in most individuals with
normal kidney function. To this end, future nutritional
studies will have to address whether choline-rich diets will
result in prolonged elevated TMAO levels. Finally, a variety
of methodologies to determine TMAO levels have been
described in the literature, including nuclear magnetic res-
onance (NMR) and various chromatography methods with
online MS or other high-sensitivity detection methods.
TMAO assay standardization will be critical to assess accu-
rately the association of TMAO with risk for CVD in routine
clinical chemistry laboratories; efforts for assay standardi-
zation using NMR-based technology are currently
ongoing.108

Most likely, future technologic advances in systems biol-
ogy will continue to drive the development of new tools
for biomarker development and improve the understanding
of the pathogenesis of human diseases. However, for the
field of systems biology to contribute significantly to the cur-
rent understanding of CVD phenotypes, it is paramount that
generally accepted standards for biomarker discovery and
validation be established.

SUMMARY/CONCLUSIONS

Identificationof individuals at increased risk of cardiovascular
events is a key concept todeterminewhich individuals require
the initiationof lipid-modifying therapyand the intensity of this
therapy. The use ofmultiple newbiomarkers has shownprom-
ise for assessing risk for CHD and stroke.109–111 Accurate iden-
tification of individuals at increased risk for CVD events will
allowclinical trials inprimaryprevention tobeperformedwith
smaller and more manageable sample sizes and shorter dura-
tionof follow-up, thus reducing the cost of research.112 In addi-
tion, the identification of populations who do not meet the
treatment criteria of the current guidelines will allow for the
use of a placebo control group, aswas used in the Justification
for the Use of Statins in Primary Prevention: an Intervention
Trial Evaluating Rosuvastatin (JUPITER),113,114 which was
stopped early because of clear benefit.115

However, the development of personalized medicine and
successful clinical development of novel therapies for ath-
erosclerosis will require much greater advances in bio-
marker discovery and validation, because there are
currently no validated assays that quantitatively assess either
the burden or activity of atherosclerosis in humans.
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INTRODUCTION

Although mortality from coronary heart disease (CHD) has
declined significantly over the past three decades, it remains
the leading cause of death in adults. It is estimated that the
lifetime risk of CHD in asymptomatic patients at age 40 years
is 49% in men and 32% in women.1 In light of this, there is
considerable interest in identifying individuals with height-
ened risk for CHD at an early, presymptomatic stage so that
appropriate preventive therapy can be offered.
The concepts of risk assessment and reduction remain the

cornerstones of preventive cardiology practice. For risk
assessment, the Framingham Risk Score (FRS) remains a
widely used clinical tool that has guided the delivery of pre-
ventive cardiology over the past 30 years.2,3 It has moderate
accuracy for the prediction of incident CHD over modest
time periods; however, it is limited because of its lack of
inclusion of all contributory factors for CHD (e.g., lifestyle
factors and family history) and its reduced applicability in
non-Caucasian ethnic populations and select age groups
(particularly the old and the young), In addition, the FRS
assigns a large group of middle-aged patients to intermediate
CHD risk, a category for which treatments and targets are less
informed by guidelines, and does not accurately discrimi-
nate the lifelong risk for CHD. Newer risk calculators from
population data, including the Framingham Heart Study
(FHS), have yet to be validated and likely carry similar lim-
itations.4 Subsequently, many patients are not fully identified
as candidates for preventive therapy with medications (e.g.,
statins and aspirin) because they are deemed at “low or
intermediate” risk for incident CHD. Presymptomatic testing,
by detecting subclinical atherosclerosis, refines the assess-
ment of global risk, specifically in those individuals classi-
fied as intermediate risk by the FRS. Patients' individual
cardiovascular risk can be better defined by subclinical ath-
erosclerosis assessment, either anatomically by phenotypic
techniques, such as noncontrast coronary computed tomog-
raphy (CT) for coronary artery calcium (CAC) detection, or
by carotid ultrasound for detection of carotid intima–media
thickness (CIMT) and plaque.

RATIONALE FOR SCREENING

The first clinical manifestation of CHD can range from stable
angina to unstable angina, acute myocardial infarction (MI),
and even sudden cardiac death.5 Such catastrophic conse-
quences can surface without previous warning signs in the
asymptomatic patient. By screening for the early detection
of CHD during the subclinical stage of disease, individuals
at increased risk of an adverse cardiac event can be identi-
fied and offered appropriate preventive therapy and educa-
tion for behavioral change. Thus, the risk stratification of
asymptomatic patients and identification of high-risk
patients is a critical initial step in preventing future adverse
cardiac events, such as MI and sudden cardiac death.

CARDIOVASCULAR RISK ESTIMATION USING
POPULATION-BASED EQUATIONS:
APPLICATION, LIMITATIONS

The use of cardiovascular risk calculators, such as the FRS, is a
well-characterized method of risk assessment. By including
the risk factors of gender, age, total cholesterol, high-density
lipoprotein cholesterol, systolic blood pressure, and cigarette
use, a patient’s 10-year risk for MI and cardiac death can easily
be estimated. The clinical importance of the risk calculators is
underscored by their inclusion in lipid treatment guidelines,
such as the National Cholesterol Education Program (NCEP)
Adult Treatment Panel (ATP) III guidelines, which were
released in 2001, and the modified approach suggested by
the American College of Cardiology and American Heart
Association in 2013.6,7 The 2013 guidelines endorse intensive
management of low-density lipoprotein cholesterol (LDL-C)
in individuals known to have CHD or CHD risk equivalents,
while providing a new focus on intensive management of
LDL-C for primary prevention in individuals with multiple risk
factors when their risk exceeds a threshold (e.g., a 7.5% risk of
a cardiovascular event over 10 years). The overarching goal is
to match the intensity of treatment to the intensity of risk, and
to concentrate risk-reducing therapeutic approaches in those
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patients most likely to benefit. Traditional guidelines such as
NCEP ATP III support treatment of individuals with a 10-year
predicted CHD risk of 20% or higher (high risk), who are con-
sidered to have CHD risk equivalents and urged to maintain
an LDL-C level of less than 100 mg/dL. For thosewith an FRS of
10% to 20% (intermediate risk), an LDL-C goal of less than
130 mg/dL is advised in NCEP ATP III. Low-risk patients have
a FRS of less than 10%. Recently, these recommendations
have been revised for patients without pre-existing high-risk
indicators (e.g., diabetes, LDL-C >190 mg/dL, known athero-
sclerotic vascular disease), including the use of a newly pro-
posed Pooled Cohort Equation to assess risk and providing
either moderate- or high-intensity statin therapy as treatment
when a threshold of risk is exceeded (>7.5% risk over
10 years).6

Although this is a logical starting point, population-based
tools such as the Pooled Cohort Equations have incomplete
accuracy for risk asssessment, and there are gaps in their
identification of at-risk persons. The NCEP ATP III guidelines
were applied to 13,769 participants in the Third National
Health and Nutrition Examination Survey.8 Extrapolating
these results to the U.S. population between the ages of 20
and 79 years revealed that approximately 81.7% (140 million
adults) of the population fell into the low-risk group, 15.5%
(23 million adults) fell into the intermediate-risk group, and
only 2.9% (4 million adults) fell into the high-risk group for
CHD over the next 10 years. Thus, only 2.9% of the popula-
tion would be defined as having CHD risk equivalents and
would therefore be recommended for intensive lipid therapy
according to the traditional NCEP ATP III guidelines. This
clearly represents a gross underestimation of the overall life-
time cardiovascular risk by the FRS and underestimates the
size of the intermediate-risk group among middle-aged
individuals.

Although the FHS has been a rich source of information
regarding risk assessment for cardiovascular diseases, there
are several limitations that need to be considered when
applying the FRS to an individual patient. Young patients
were under-represented and had few coronary events in
the FHS cohort. Because of the dominant effect of age as
a primary risk factor for cardiovascular disease (reflecting
age-related incidence of coronary risk factors and account-
ing for duration of exposure), there is a low likelihood of
identifying young patients with a high lifetime risk by using
the FRS. One study suggested that almost 70% of young men
and women (defined as ages �55 years in men and
�65 years in women) who presented with acute MI as their
first manifestation of CHD were classified as low risk by the
FRS.9 As a 10-year model, the FRS is ideal for identifying
patients who are at increased short-term risk for future inci-
dent coronary events, but it does not accurately reflect the
effect of risk factor exposure over time and the overall life-
time risk of coronary disease, particularly in young patients.
This is illustrated by a study from the Framingham cohort in
which the lifetime rate of developing CHD was compared
with the 10-year prediction rates for various age groups.10

It was found that younger individuals in the lower risk groups
who had a very low 10-year risk of CHD still had a substantial
lifetime risk for CHD. As an example, 50-year-old men in the
lowest risk tertile had a 10-year cumulative risk of 1 in 25, but
had a lifetime risk of 44%, which was similar to that observed
in high-risk patients (54%).

The risk equations are also limited by their lack of inclu-
sion of other potential risk predictors of coronary disease,

such as a family history of premature coronary disease.
A family history of premature coronary disease is a widely
accepted risk factor for the development of coronary dis-
ease. In an analysis of the Framingham cohort by Lloyd-
Jones et al., a validated positive family history of premature
coronary disease conveyed a two-fold increased risk for
future coronary events in men and a 70% increase in
women.11 Lastly, because of the relatively homogenous
demographics of the Framingham cohort (predominantly
a white, middle-class population), the results of the FRS
are most applicable to Caucasians and may be inaccurate
when considering other ethnic groups.12–14 Although the
FRS performed well for white and black men and women,
one study showed that the FRS overestimated the cardiac
event rate for Japanese American men, Hispanic men, and
Native American women.15

The optimal approach to patient-level risk stratification
involves integration of risk factor–based assessments with
atherosclerosis imaging for phenotypic diagnosis. Two
methods, CAC scoring, which uses noncontrast cardiac
CT, and CIMT, which uses carotid ultrasonography, have
more than two decades of research supporting their use,
and both have achieved guideline consensus for the detec-
tion of cardiovascular risk in asymptomatic persons.

CORONARY ARTERY CALCIUM SCORING

The association between vascular calcification and vascular
disease has long been appreciated by pathologists. Calcifica-
tion of the coronary arteries is part of the atherosclerotic pro-
cess, occurring in small amounts in early atherosclerotic
lesions, and then it is found more frequently with advanced
lesions and older age. The origins of radiographic detection
of calcified coronary atherosclerosis began with cardiac
fluoroscopy, which was a primarily qualitative technique.16

The development of electron-beam CT scanning in 1984 per-
mitted noninvasive quantification of CAC. Coronary calcium
deposits have a high x-ray density that is approximately 2 to
10 times higher than the low-density adjacent noncalcified
tissue and surrounding fat tissue (Fig. 15-1A). The area–
density method of coronary calcium quantitation, also
known as the Agatston score, is the most widely adopted
method of quantifying CAC. This unitless measurement is
derived from the product of the area of calcification (in
square millimeters) and its x-ray coefficient, which is a mea-
sure of maximal density that is measured in Hounsfield units
(HU) (Fig. 15-1B). During the scan, approximately 40 axial
slices, 3 mm in thickness, are obtainedwithin seconds, deliv-
ering a relatively low dose of radiation estimated at less than
1 mSv. Today, electron-beam CT has been supplanted by
multidetector CT for quantification of epicardial CAC.17

Rationale of Coronary Artery Calcium
Scoring for Risk Assessment
Although coronary calcium is observed more extensively in
atherosclerotic plaques associated with stable angina pec-
toris, patients with elevated CAC have higher incident rates
of MI and cardiac death.18 This paradox can be readily
explained by the fact that patients with a high burden of cal-
cified plaque are also more likely to have noncalcified pla-
que that is more prone to rupture and thrombosis.
Pathologic data suggest that previous subclinical plaque rup-
tures presage subsequent plaque calcification during
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healing (Fig. 15-2). Coronary calcium represents a “history”
of the arterial wall, indicating areas of previous plaque hem-
orrhage, inflammation, and healing.19 Thus, although CAC
detection does not specifically predict a stenotic or
rupture-prone lesion,20,21 its correlation with overall athero-
sclerotic disease burden has been well established.22,23

The ability to detect and quantify CAC as an early marker
for subclinical atherosclerosis is the cornerstone of the role

of CAC screening as a risk stratification tool in preventive car-
diology. The limited ability of the FRS to identify patients at
high risk for CHD was illustrated in a report of 1611 asymp-
tomatic individuals who underwent CAC screening. Using
the guideline recommendations for lipid-lowering therapy,
59% of those who had a CAC score greater than 400, and
73% of those who had a score greater than the 75th percen-
tile, would not have qualified for pharmacotherapy.24

FIGURE15-1 A, Thick-slab noncontrast cardiac CT showing diffuse coronary calciumwithin the left coronary system. B, Example of coronary artery calcium scoring
from a noncontrast CT (left panel) (A) in which calcified foci are identified within the left anterior descending (orange) and left circumflex (pink outlined in blue)
coronary arteries. The region’s area (R-Ar) and its average density in Hounsfield units (R-Av) are displayed and used in the area-density calcium scoring calculation.
CT, computed tomography.

Erosions

None
Speckled

Vulnerable plaques Healed ruptures

Acute ruptures

None

Fragmented
Speckled

Diffuse

None

Fragmented
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Diffuse
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FIGURE 15-2 Diffuse calcified elements are most commonly present within plaques with healed areas of rupture, and least commonly present in plaque erosion.
Small foci of calcification (speckled elements) are the dominant form of plaque element in vulnerable plaques and acute plaque ruptures. (From Burke AP, Taylor A, Farb A, et al.
Coronary calcification: insights from sudden coronary death victims. Z Kardiol. 2000;89(Suppl 2):49-53.)
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The presence and extent of CAC is dependent on age,
gender, ethnicity, and standard cardiac risk factors. CAC
scores are higher for age and gender in Caucasians.25,26 It
is well established that the detection of CAC indicates an
increased risk of incident CHD over that predicted by stan-
dard risk factors, ranging from 2-fold for CAC scores of up to
100 to 11-fold for scores greater than 1000 (Table 15-1).
Similar findings have been reported regarding gender
and ethnicity in the Multi-Ethnic Study of Atherosclerosis
(MESA),27 and among both young (ages 40–50 years)28

and older29 patient populations. Middle-aged women with
any detectable CAC have an incident CHD event risk that
exceeds 2% per year.30 Recent data indicate that the spatial
distribution of CAC may provide further risk stratification
beyond the total calcium score. A coronary CAC coverage
score was devised from the MESA and showed greater pre-
dictive accuracy for future CHD events than the area–den-
sity scoring system.31 This finding is in line with other
observations that higher clinical risk is associated with mul-
tivessel CAC (for an equivalent score, three-vessel CAC
carries a worse prognosis than two- or one-vessel CAC),
the number of calcified lesions (the more lesions, the worse
the prognosis),32 and diffuse spotty (small foci <3 mm)
lesions33 (Fig. 15-3). Conversely, data from 13 studies
involving 75,000 patients over 4 years showed that a CAC
score of 0 was associated with a very high event-free prob-
ability (99.9% per year).34

Based on the consistency of studies that showed indepen-
dent prediction of CHD risk, the present appropriate-use cri-
teria support the use of CAC scanning as a risk stratification
tool when an initial evaluation of clinical risk that used tra-
ditional risk prediction tools indicates an intermediate level
of CHD risk (10%–20% over 10 years, or young individuals
with a low-intermediate risk, 6%–10% over 10 years) or in
the setting of low-risk patients with a family history of prema-
ture CHD.35 The 2010 American College of Cardiology Foun-
dation36 Guideline for Assessment of Cardiovascular Risk in
Asymptomatic Adults indicates that CAC scanning is a rea-
sonable testing option (Class 2A recommendation) in such
patients, based on the possibility that these patients may be
reclassified to a higher risk status because of a high CAC
score, and therefore, subsequent patient management may

be modified. The Centers for Medicare and Medicaid Ser-
vices provided a national coverage decision for calcium
scanning under Current Procedural Terminology (CPT)
code 75571 in January 2010.

Online tools provide the ability to adjust CAC values
for age, gender, and ethnicity by comparing patient
data with the population norms established in MESA (avail-
able at http://www.mesa-nhlbi.org). In addition, data from
MESA integrate CAC values with FRSs, leading to adjusted
estimates for incident CHD. Risk estimates are generally
revised downward for low CAC scores and upward for high
CAC scores. Data from MESA show significant net reclassi-
fication improvement with both downward and upward
classification of cardiovascular risk based on CAC
results.29,37 Within initial risk strata, the range of risk
varied from 2.5- to 20-fold dependent on the conditional
presence or absence of CAC.

Community-based screening cohorts38,39 have shown up
to threefold greater use of aspirin, statins, and other proven
cardiovascular risk reduction interventions in the setting of
CAC. A single randomized trial addressed the relationship
between CAC screening and preventive therapy with a
statin.40 Among participants in the St. Francis Heart Study
(n¼1005), randomization to atorvastatin treatment
(20 mg/day) was associated with a 3% absolute risk reduc-
tion (P¼0.08) for composite cardiovascular events in those
with a CAC score greater than the 80th percentile, and a sig-
nificant 6.3% absolute risk reduction in those with a baseline
CAC score greater than 400. Beyond recommendations for
the provision of and adherence to risk-reducing therapies,
an abnormal CAC scan in an asymptomatic patient can be
associated with an increased likelihood of silent ischemia
by stress myocardial perfusion imaging,41,42 and the absence
of myocardial ischemia may moderate the event risk associ-
ated with a very high CAC score.43 However, such testing is
not recommended in the absence of clinical trial evidence
showing patient benefit from such an approach.

The use of serial testing to define progression of CAC has
been suggested as a method of further defining evolving
CHD risk. Once present, CAC tends to progress at a rate of
approximately 20% per year.44 Middle-aged individuals with
a CAC score of 0 have an approximately 5% per year conver-
sion rate to a non-zero score.45 Although observational data
from referred populations suggest that individuals with clin-
ically significant CAC progression (>15%/year) may have a
substantially higher clinical event risk for a given CAC score
and a threefold increased risk for all-cause mortality,46 data
show that risk-reducing interventions do not retard CAC pro-
gression, indicating that CAC progression is a complex phe-
nomenon that likely involves a mixture of both plaque
healing and plaque progression.19 Because of concerns
about radiation exposure, intertest variability, and unde-
fined management implications, present guidelines do not
support the performance of serial CAC testing. However, this
remains an active area of investigation.

CORONARY MULTISLICE COMPUTED
TOMOGRAPHY ANGIOGRAPHY

The presence of CAC is associated with increased plaque
burden and increased cardiovascular risk. A potential
concern, however, is the presence of isolated noncalcified
plaques (Fig. 15-4) in the setting of a CAC score of 0.

TABLE 15-1 Incremental Predictivity of CAC Presence
beyond Traditional Risk Factors for CHD Events inMen:
Prospective Army Coronary Calcium Project
VARIABLE HR P VALUE 95% CI

Model I: Controlling for Framingham Risk Score only (n¼1627)

Framingham Risk Score 1.10 0.37 0.90–1.35

Any CAC 11.82 0.002 2.45–56.93

Model II: Controlling for Framingham Risk Score and family history
of CHD (n¼1607)

Framingham Risk Score 1.10 0.4 0.89–1.35

Family history of CHD 2.53 0.043 1.03–6.20

Any CAC 10.75 0.003 2.23–51.84

Cox proportional hazards models; Framingham Risk Score per 1% absolute risk
change. CAC, coronary artery calcium; CHD, coronary heart disease; CI, confidence
interval; HR, hazard ratio.
(Reprinted with permission. Taylor AJ, Bindeman J, Feuerstein I, et al. Coronary calcium
independently predicts incident premature coronary heart disease over measured
cardiovascular risk factors: mean three-year outcomes in the Prospective Army
Coronary Calcium [PACC] project. J Am Coll Cardiol 2005;46(5):807-814.)
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3.98 mm

F

5.44 mm

FIGURE 15-4 Examples of noncalcified coronary artery plaques as shown by contrast enhanced coronary computed tomography angiography. Amild stenosis (left
panel), severe stenosis (center panel), and severe stenosis (right panel) are shown. In each case, coronary calcium is absent.

FIGURE 15-3 Distributions of coronary calcium, including (A) no detectable coronary calcium; (B) coronary calcium in all three epicardial coronary arteries,
including (clockwise) the right coronary artery, left anterior descending, and left circumflex coronary arteries; (C) a “spotty” or diffuse pattern of coronary
calcium with multiple small (<3 mm) foci of coronary calcium; and (D) a large calcified lesion in the left anterior descending coronary artery.
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Theoretically, the identification of patients with noncalcified
plaques could possibly improve or refine risk stratification.
With the advent of multidetector CT contrast angiography,
direct visualization of noncalcified coronary plaque is
now possible. This has stimulated interest in the angio-
graphic evaluation of coronary plaque as a potential tool
for risk assessment in CHD.

Invasive angiographic studies of CHD established that
increasing severity of coronary involvement is associated
with less favorable prognosis. Two approaches have been
studied: (1) calculation of a segment involvement score,
and (2) counting to the number of involved vessels. The seg-
ment stenosis score takes into account the segmental
involvement of atherosclerosis based on the number of cor-
onary segments showing plaque and its severity. A simpler
approach determines involvement as the number of coro-
nary arteries involved (1–3, and left main). According to
either approach, greater severity of coronary artery involve-
ment is associated with a worse cardiovascular outcome,
even after excluding early revascularization procedures that
may be induced by the test result. In the Coronary CT Angi-
ography Evaluation for Clinical Outcomes: An International
Multicenter Registry,47 the annual risk-adjusted hazard ratio,
compared with normal coronary arteries, was 1.62 for non-
obstructive CHD, 2.00 for 1-vessel CHD, 2.92 for 2-vessel
CHD, and 3.70 for 3-vessel or left main CHD (Fig. 15-5)
Extending these results, individuals studied with coronary
CT angiography appear more likely to receive aspirin and
statin preventive therapies.48

Beyond detection of coronary stenosis or CAC, noncalci-
fied plaque detection is an appealing approach to risk
assessment, but it is one that has not yet achieved a recom-
mendation for general use. Defined as any coronary arterial
wall lesion with an x-ray attenuation detectable below the
iodine contrast medium, but higher than the surrounding
tissue, such plaque is difficult to quantify, with limited

accuracy and reproducibility. Detection requires maximal
spatial and temporal resolution, and minimized image noise
through higher radiation exposures. Compared with intra-
vascular ultrasound, the correlation coefficient for plaque
volumes is approximately 0.69, with a sensitivity of approxi-
mately 80%.49 In general, noncalcified plaque severity tends
to be underestimated, particularly for small plaques. Among
asymptomatic patients, noncalcified plaque frequently is
found along with CAC, but it is the sole finding in only 5%
to 10% of patients, and it is found very infrequently in an
obstructive pattern.49,50 For this reason, screening CT angiog-
raphy is not advocated in asymptomatic patients for the
purpose of detecting noncalcified plaque.

Among symptomatic patients, noncalcified plaque tends
to be a common finding. Based on correlations with intravas-
cular ultrasound, plaques with low attenuation values (15–
50 HU) tend to be morphologically classified as lipid rich,
and those with attenuation values of approximately 100
HU tend to be fibrous plaques. This finding has generated
interest in noninvasive plaque characterization and quanti-
fication as a method to identify patients with greater vulner-
ability for subsequent acute coronary syndrome. Plaque
features proposed to be associated with greater risk for pla-
que rupture or acute coronary syndrome include low atten-
uation (plaque of <30 HU), outward arterial remodeling
(artery diameter ratio of the involved segment to a proximal
reference of 1.1 or greater), and a spotty pattern (<3 mm in
size) of calcification.33 In particular, the presence of both
low-attenuation plaque and outward arterial remodeling
have been associated with an increased risk (hazard ratio
23) of acute coronary syndrome.51 Problems with this assess-
ment include the infrequent nature of these findings, sub-
stantial overlap, and the impact of scan technique on
attenuation values. More validation work is needed to eluci-
date further the prognostic value of plaque characterization.
In patients with non–ST-elevation MI, quantitative CT
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FIGURE 15-5 Data from the CONFIRM registry showing worse cardiovascular prognosis based upon increasing severity of CAD, as defined by cardiac computed
tomography angiography. An adverse prognosis was noted for nonobstructive CAD, in addition to one-, two-, or three-vessel CAD. CAD, coronary artery disease; CONFIRM,
Coronary CT Angiography Evaluation for Clinical Outcomes: An International Multicenter Registry. (From Min JK, Dunning A, Lin FY, et al. Age- and sex-related differences in all-
cause mortality risk based on coronary computed tomography angiography findings: results from the International Multicenter CONFIRM (Coronary CT Angiography Evaluation for
Clinical Outcomes: An International Multicenter Registry) of 23,854 patients without known coronary artery disease. J Am Coll Cardiol. 2011;58:849-860.)
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angiographic plaque volume assessments using virtual intra-
vascular ultrasound techniques have demonstrated an 18%
increase in risk for subsequent events with each 100 mm3 of
plaque burden.52 Emerging methods with high-definition CT
with a spatial resolution of approximately 0.3 mm may over-
come some of the limitations of noncalcified plaque
underdetection.

CAROTID INTIMA–MEDIA THICKNESS

CIMT is associated with known cardiovascular risk factors,
and accurately detects the presence and extent of athero-
sclerosis. This relationship allows for its use as a noninvasive
marker of early, preclinical atherosclerosis. CIMT is related
to CHD risk factors, future cardiovascular events, and athero-
sclerosis elsewhere in the vascular system. Although ultra-
sound assessment of CIMT is primarily used as a research
tool in epidemiologic trials and in clinical trials that assess
the therapeutic effect of antiatherosclerotic drugs, because
it is a simple, low-cost, safe test it has the potential to have
a clinical role in the primary prevention of CHD. Specific
imaging advantages of CIMT include its noninvasive nature,
which does not require ionizing radiation or intravenous
contrast, and the low likelihood of incidental scan findings.

Definition and Measurement of Carotid
Intima–Media Thickness
The arterial wall consists of three layers—the intima, the
media, and the adventitia. Clinically detectable atheroscle-
rosis initially consists of gradual thickening of the intima
and media layers. Through direct visualization of the arterial
wall of a superficial artery, such as the carotid artery, B-mode
ultrasound can measure this thickening as the combined
thickness of the intima and media, because these two layers
cannot be reliably distinguished using ultrasound. The
intima–media thickness, defined as the thickness between

the intimal–luminal and the medial–adventitial interfaces,
is measured (Fig. 15-6).

Sonograms are generally obtained with the patient in the
supine position and with the head turned slightly to the con-
tralateral side. Longitudinal images of the carotid artery
focusing on the imaging target of interest (e.g., far wall of
the common carotid artery) are acquired with linear digital
ultrasound probes at high frequency (�10–13 MHz).
Because of systolic arterial expansion and the resultant CIMT
thinning, digital images are acquired from an end-diastolic
frame of the cine-loop recording, electronically stored,
and transferred to a workstation for quantification. The
intimal–luminal and medial–adventitial borders can be
traced manually or automatically (using edge-detection soft-
ware (Fig. 15-7) to measure the CIMT. Measurement of the
far wall of the distal 1 cm of the common carotid artery is pre-
ferred over measurement of other segments, such as the
carotid bulb or internal carotid artery, because of its greater
reproducibility and completeness of evaluation. In addition
to the assessment of quantitative CIMT, a general survey for
focal atherosclerotic plaque should be included in the
examination. This includes a two-dimensional image survey
of the carotid bulb and internal carotid artery for areas of
focal atherosclerotic plaque, which is defined as any region
with focal CIMT more than 1.5� the surrounding CIMT
(Fig. 15-8). Methods and performance standards for CIMT
performance have been published by the American Society
of Echocardiography.53

CIMT in different segments is equally predictive of future
cardiovascular events.54–58 An imaging protocol consisting
of CIMT and plaque detection in the common carotid artery
is a simplified, but fully accurate, method of risk assess-
ment.59 Several studies have verified the reproducibility of
CIMT measurements. Most of the measurement variability
in CIMT is caused by differences between observers,
whereas the within-observer variability over time appears
to be very small.60

Intimal-luminal interfaceB A

Medial-adventitial interface

FIGURE 15-6 Left panel, histologic section showing intimal layer (red arrow) andmedial layer (green arrow), which together account for intima–media thickness,
as the region between the intimal–luminal and medial–adventitial interfaces (right panel).
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FIGURE 15-7 Automated border detection method for CIMT. CIMT, carotid intima– media thickness; IMT, intima–media thickness.

FIGURE 15-8 A focus of atherosclerotic plaque seen as a raised area (arrow) along the far wall of the carotid artery.
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Normal CIMT values have been defined based on CIMT
distribution within a general healthy population and have
been classified according to age and sex.53,61,62 CIMT
increases with age, and on average, is slightly greater in
men than women. Slight racial differences have also been
reported for CIMT; CIMT is highest in African Americans, low-
est in Hispanics, and intermediate in Caucasians.55,63,64 The
definition of the upper limit of normal is arbitrary, but is fre-
quently set at the 75th percentile of CIMT distribution for the
determination of increased relative CHD risk. Alternatively,
epidemiologic studies suggest that a CIMT greater than or
equal to 1 mm is associated with a significantly increased
absolute risk of CHD.61 Reliance on a single absolute thresh-
old abnormality will result in underdetection of disease in
younger individuals and overdetection in older individuals.

Surrogate Marker for Atherosclerosis Risk
The Muscatine study followed 725 individuals from child-
hood to early adulthood (ages 33–42 years) and found that
CIMT was associated with the childhood presence of cardio-
vascular risk factors, especially total cholesterol and LDL-C
in both sexes and diastolic blood pressure in women.65

Raitakari et al. also confirmed an association between child-
hood cardiovascular risk factors, namely, LDL-C, systolic
blood pressure, and smoking, and CIMT measured 21 years
later.66 In this study, adolescents with these cardiac risk fac-
tors had an approximately 0.1-mm greater CIMT as adults
compared with those without risk factors. In the Bogalusa
Heart Study, metabolic syndrome during childhood was
associated with a 2.5-fold increased likelihood of having
CIMT in the highest quintile.67 In addition to reflecting an
individual’s past exposure to cardiovascular risk factors,
CIMT is associated with prevalent cardiovascular disease
and future cardiovascular risk. The Atherosclerosis Risk in
Communities (ARIC) study demonstrated a prevalence of
MI of 5% in individuals in the highest quartile of CIMT.68 In
the Cardiovascular Health Study (CHS), the odds ratio for
symptomatic CHD was 2.8, comparing the highest with the
lowest quartile of CIMT.69

The relationship between CIMT and incident CHD events
first became evident in the Kuopio Ischemic Heart Disease
risk factor study, in which, for every 0.1-mm increment in
CIMT, the risk of future MI in Finnish men increased by
11%.70 For CIMT values>1 mm, risk for acute MI over 3 years
was twofold greater. The ARIC study provided further sup-
port, noting that for every 0.19-mm increment in CIMT, the
risk of death or MI increased by 36% in middle-aged Amer-
icans (45–65 years of age).61 The CHD risk was almost two-
fold greater in men with a mean CIMT >1 mm and fivefold
greater in women. Not all studies, however, have shown gen-
der differences in the predictive value of CIMT. For example,
the Rotterdam study found that the risk of CHD events pre-
dicted by CIMT was similar in both men and women.71

The association between CIMT and incidence of MI and
stroke has been noted in older populations as well. In
CHS, the adjusted relative risk for MI was 3.6, holding true
for both patients with and without known cardiovascular
disease.62

A meta-analysis of patient-level data from 16 prospective
cohort studies involving 36,984 patients encompassed 71%
of the worldwide data on the topic.72 It included 2028 events
(MI, stroke, and death). Baseline CIMT predicted each of
these outcomes, with hazard ratios of 10% to 22% for each

0.1-mm increase in CIMT (Fig. 15-9) These data were
obtained after full adjustment for patient data on all cardio-
vascular risk factors, demographic characteristics, and
socioeconomic adjusters. These data are the most definitive
assessment of the independent predictive value of CIMT,
and directly support the prognostic utility of the technique.
The authors also evaluated whether progression of CIMT pre-
dicted events. The data did not support evaluating CIMT pro-
gression in individuals through serial testing, which is a
potential clinical application of CIMT.

An analysis from the ARIC study showed that the addition
of CIMT and focal atherosclerotic plaque information signif-
icantly improved CHD risk prediction73 (Fig. 15-10). Specif-
ically, the net reclassification improvement was 9.9% with
this combined clinical approach recommended by the
American Society of Echocardiography. The ARIC study
has provided online resources, including population refer-
ence values for CIMT and tools to recalculate cardiovascular
risk, including cardiovascular risk factors, CIMT, and plaque
(http://aricnews.net/CIMTCHD/RiskCalc2.html).

Because CIMT testing at any given moment reflects the
integrated effect of cumulative risk factor exposure, it is pri-
marily a reliable predictor of future CHD risk in those
patients whose risk factor status (including lifestyle behav-
ior) is stable. However, in patients undergoing risk factor
modification, CIMT testing likely will not accurately reflect
current risk factor burden, and subsequently, may be a poor
predictor of outcome. It has been proposed that CIMT pro-
gression in such individuals might be a better index of risk
for future CHD.74 In the Cholesterol Lowering Atherosclero-
sis Study, men who had undergone previous coronary artery
bypass graft surgery were treated with colestipol and nia-
cin.75 An annual CIMT increase>0.033 mm/year was associ-
ated with a 2.8-fold increased risk of MI, death, or need for
revascularization over 7 years. CIMT and progression of
CIMT predicted CHD risk beyond that predicted bymeasure-
ments of coronary atherosclerosis by angiography and lipid
measurements.76 The strategy of using serial CIMT studies as
a surrogate of atherosclerosis effects has been used in mul-
tiple clinical lipid trials. In a placebo-controlled study of

1
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2.0
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FIGURE 15-9 Results from a meta-analysis that pooled individual, patient-
level data (vs. study-level pooling) from 16 prospective cohort studies
involving 36,984 patients, encompassing 71% of the worldwide data on the
topic. The meta-analysis included 2028 events (Myocardial Infarction, stroke,
death). An increased HR for events was seen across increasing quintiles of carotid
intima–media thickness. These data were obtained after full adjustment for patient
data on all cardiovascular risk factors, demographics characteristic, and
socioeconomic adjusters. HR, hazard ratio.
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statin monotherapy (Regression Growth Evaluation Statin
Study), a 0.05-mm annual reduction in mean carotid and
femoral artery intima–media thickness led to an absolute
risk reduction of 10% over 2 years in the incidence of cardiac
events.77 Because of the relatively high interscan variability
of CIMT (>0.02 mm) relative to the annual progression rate
(typically�0.01 mm/year), the serial use of CIMT for individ-
ual patient assessment is difficult unless performed after an
extended time interval, to permit discrimination of true CIMT
progression from measurement variability.

Ultrasound plaque composition using grayscale and inte-
grated backscatter within carotid ultrasound images has
been correlated to the extent of lipid deposition within pla-
ques.78 Individuals with stable CHD and low-intensity (lipid-
rich) carotid plaques are predicted to have a higher risk of
subsequent recurrent CHD events.79 Standardized methods
of determining plaque composition by ultrasound are
needed.

Role of Carotid Intima–Media Thickness
in Risk Assessment
CIMT has favorable characteristics as a CHD screening tool.
It is an office-based, noninvasive, and quantitative proce-
dure, and correlates with clinical outcome. Because coro-
nary calcium may be absent in young individuals, for
whom concern about radiation exposure is heightened,
CIMT testing may offer specific advantages in the young.
The selection of patients for CIMT testing can be guided
by appropriate use criteria, as developed by the Society of
Atherosclerosis Imaging and Prevention.80 Appropriate test-
ing indications include patients at intermediate risk for CHD,
and those with metabolic syndrome, diabetes, or a
positive family history of premature CHD. As noted previ-
ously, the ARIC study has developed a risk calculator in
which cardiovascular risk variables and CIMT with a plaque
assessment are combined (http://www.aricnews.net/
CIMTCHD/RiskCalc2.html). In 2010, a guideline published
by the American College of Cardiology identified CIMT test-
ing as “reasonable” for the initial assessment of cardiovascu-
lar risk in individuals with an intermediate level of predicted
CHD risk.36 In 2014, a category 1 code was approved by the
CPT Editorial Panel of the American Medical Association.

BEYOND RISK ASSESSMENT: MOTIVATIONAL
EFFECTS OF ATHEROSCLEROSIS IMAGING

Atherosclerosis imaging has been postulated to motivate
patient behavioral change. However, despite anecdotal
and logical plausibility, the evidence to date fails to suggest
a long-term, durable, motivational effect of atherosclerosis
imaging. Several survey studies using either cardiac CT for
the detection of CAC81 or carotid ultrasonography for the
detection of CIMT or plaque82 have suggested that survey
respondents among primarily referred populations report
being motivated to healthy behavioral change with a com-
mon theme of increased perception of risk. In contrast, stud-
ies of actual behavioral change have yielded conflicting
results. Although a study of carotid ultrasonography showed
improved success at smoking cessation in smokers shown
ultrasound evidence of carotid plaque,83 in general, biomed-
ical aids to enhance smoking cessation have not been
shown to be effective.84 Two randomized trials of coronary
calcium have also shown imaging to be ineffective in moti-
vating behavioral change. In studies of coronary calcium
screening in healthy middle-aged military personnel (the
Prospective Army Coronary Calcium [PACC] study)85 and
postmenopausal women,86 no relationship was observed
between imaging and behavioral change or motivation after
1 year. These findings parallel the limited motivational
impact that even definite cardiac events, such as MI, have
on long-term patient behavior. Within the factorial design
of the PACC project randomized trial, a nurse-based case
management approach to behavioral change was successful
in stabilizing coronary risk, in reducing the incidence of met-
abolic syndrome, and in increasing patient motivation for
change.85,87 Thus, although the available data suggest
against a large and directly attributable effect of atheroscle-
rosis imaging on patient motivation, incorporating these
data into a recurring clinical patient–physician relationship
could lead to behavioral modification.88

CONCLUSION

Standard CHD risk assessment with the FRS is imprecise and
leaves a large proportion of individuals classified as “inter-
mediate risk,” which effectively underestimates the actual
lifetime risk of CHD in a large group of individuals. It is
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logical to conclude that using atherosclerosis imaging in
addition to the risk models previously discussed could
improve the predictive power of the FRS with enhancements
in sensitivity and specificity. An improved model could help
to identify individuals whose lifetime risk of CHD may be
under-represented by the standard FRS and could improve
risk stratification of the large population of individuals in
the intermediate-risk category.
Plaque burden has been the most extensively studied var-

iable of subclinical atherosclerosis. Currently, CAC scoring
and CIMT testing remain the most accepted means of improv-
ing risk stratification (Fig. 15-11) from an evidence-based
approach, while multidetector CT coronary angiography is
undergoing further technical development and scientific eval-
uation. Screening for subclinical atherosclerosis has been
advocated for individuals at intermediate global risk for
CHD. An improved integrated risk-scoring system is needed
in which biological age, as determined by CIMT and/or
CAC, replaces chronologic age as in the FRS. Future studies
assessing outcome improvement and cost effectiveness of
these primary prevention efforts are warranted.

References
1. Lloyd-Jones DM, Larson MG, Beiser A, et al. Lifetime risk of developing coronary heart disease.

Lancet 1999;353:89–92.
2. Wilson PW, D'Agostino RB, Levy D, et al. Prediction of coronary heart disease using risk factor

categories [see comments]. Circulation 1998;97:1837–47.
3. D'Agostino RB, Russell MW, Huse DM, et al. Primary and subsequent coronary risk appraisal: new

results from the Framingham study. Am Heart J 2000;139:272–81.
4. Ridker PM, Cook NR. Statins: new American guidelines for prevention of cardiovascular disease.

Lancet 2013;382:1762–5.
5. Lerner DJ, Kannel WB. Patterns of coronary heart disease morbidity and mortality in the sexes: a

26-year follow-up of the Framingham population. Am Heart J 1986;111:383–90.
6. Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood

cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of the American

College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll
Cardiol 2014;63:2889–934.

7. NCEPWriting Group. Executive summary of the third report of the National Cholesterol Education

Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood Choles-

terol in Adults (Adult Treatment Panel III). JAMA 2001;285:2486–97.
8. Ford ES, Giles WH, Mokdad AH. The distribution of 10-year risk for coronary heart disease among

US adults: findings from the National Health and Nutrition Examination Survey III. J Am Coll
Cardiol 2004;43:1791–6.

9. Akosah KO, Schaper A, Cogbill C, et al. Preventing myocardial infarction in the young adult in the

first place: how do the National Cholesterol Education Panel III guidelines perform? J Am Coll
Cardiol 2003;41:1475–9.

10. Lloyd-Jones DM, Wilson PW, Larson MG, et al. Framingham risk score and prediction of lifetime

risk for coronary heart disease. Am J Cardiol 2004;94:20–4.

11. Lloyd-Jones DM, Nam BH, D'Agostino Sr. RB, et al. Parental cardiovascular disease as a risk factor

for cardiovascular disease in middle-aged adults: a prospective study of parents and offspring.

JAMA 2004;291:2204–11.
12. Brindle P, Emberson J, Lampe F, et al. Predictive accuracy of the Framingham coronary risk score

in British men: prospective cohort study. BMJ 2003;327:1267.
13. Empana JP, Ducimetiere P, Arveiler D, et al. Are the Framingham and PROCAM coronary heart

disease risk functions applicable to different European populations? The PRIME Study. Eur Heart J
2003;24:1903–11.

14. Marrugat J, D'Agostino R, Sullivan L, et al. An adaptation of the Framingham coronary heart dis-

ease risk function to European Mediterranean areas. J Epidemiol Community Health
2003;57:634–8.

15. D'Agostino Sr RB, Grundy S, Sullivan LM, et al. Validation of the Framingham coronary heart dis-

ease prediction scores: results of a multiple ethnic groups investigation. JAMA 2001;286:180–7.
16. Taylor AJ, O'Malley PG, Detrano RC. Comparison of coronary artery computed tomography ver-

sus fluoroscopy for the assessment of coronary artery disease prognosis. Am J Cardiol
2001;88:675–7.

17. Horiguchi J, Yamamoto H, Akiyama Y, et al. Coronary artery calcium scoring using 16-MDCT and

a retrospective ECG-gating reconstruction algorithm. AJR Am J Roentgenol 2004;183:103–8.
18. Schmermund A, Erbel R. Unstable coronary plaque and its relation to coronary calcium. Circu-

lation 2001;104:1682–7.
19. Burke AP, Taylor A, Farb A, et al. Coronary calcification: insights from sudden coronary death

victims. Z Kardiol 2000;89:49–53.
20. Haberl R, Becker A, Leber A, et al. Correlation of coronary calcification and angiographically

documented stenoses in patients with suspected coronary artery disease: results of 1,764 patients.

J Am Coll Cardiol 2001;37:451–7.
21. Rumberger JA, Brundage BH, Rader DJ, et al. Electron beam computed tomographic coronary

calcium scanning: a review and guidelines for use in asymptomatic persons. Mayo Clin Proc
1999;74:243–52.

22. Rumberger JA, Simons DB, Fitzpatrick LA, et al. Coronary artery calcium area by electron-beam

computed tomography and coronary atherosclerotic plaque area. A histopathologic correlative

study [see comments]. Circulation 1995;92:2157–62.
23. Sangiorgi G, Rumberger JA, Severson A, et al. Arterial calcification and not lumen stenosis is

highly correlated with atherosclerotic plaque burden in humans: a histologic study of 723 coro-

nary artery segments using nondecalcifying methodology. J Am Coll Cardiol 1998;31:126–33.
24. Nasir K, Michos ED, Blumenthal RS, et al. Detection of high-risk young adults and women by cor-

onary calciumand National Cholesterol Education ProgramPanel III guidelines. J AmColl Cardiol
2005;46:1931–6.

25. Greenland P, Bonow RO, Brundage BH, et al. ACCF/AHA 2007 clinical expert consensus docu-

ment on coronary artery calcium scoring by computed tomography in global cardiovascular risk

assessment and in evaluation of patients with chest pain: a report of the American College of Car-

diology Foundation Clinical Expert Consensus Task Force (ACCF/AHA Writing Committee to

Update the 2000 Expert Consensus Document on Electron Beam Computed Tomography) devel-

oped in collaboration with the Society of Atherosclerosis Imaging and Prevention and the Society

of Cardiovascular Computed Tomography. J Am Coll Cardiol 2007;49:378–402.
26. McClelland RL, Chung H, Detrano R, et al. Distribution of coronary artery calcium by race, gen-

der, and age: results from the Multi-Ethnic Study of Atherosclerosis (MESA). Circulation
2006;113:30–7.

27. Detrano R, Guerci AD, Carr JJ, et al. Coronary calcium as a predictor of coronary events in four

racial or ethnic groups. N Engl J Med 2008;358:1336–45.
28. Taylor AJ, Bindeman J, Feuerstein I, et al. Coronary calcium independently predicts incident

premature coronary heart disease over measured cardiovascular risk factors: mean three-year

outcomes in the Prospective Army Coronary Calcium (PACC) project. J Am Coll Cardiol
2005;46:807–14.

29. Vliegenthart R, Oudkerk M, Hofman A, et al. Coronary calcification improves cardiovascular risk

prediction in the elderly. Circulation 2005;112:572–7.
30. Lakoski SG, Greenland P, Wong ND, et al. Coronary artery calcium scores and risk for cardiovas-

cular events in women classified as “low risk” based on Framingham risk score: the multi-ethnic

study of atherosclerosis (MESA). Arch Intern Med 2007;167:2437–42.
31. Brown ER, Kronmal RA, Bluemke DA, et al. Coronary calcium coverage score: determination,

correlates, and predictive accuracy in the Multi-Ethnic Study of Atherosclerosis. Radiology
2008;247:669–75.

Intermediate risk
FRS 6%–20%

Low risk
FRS <6%

CAC scoring
not indicated

Consider statins
if LDL >160

Consider statins
if LDL >130

Consider CAC
scoring or

carotid IMT

CAC or CIMT <75
percentile for age/gender

and no focal plaque

CAC or CIMT ≥75
percentile for age/gender

or focal plaque

High risk
FRS >20%

CAC scoring
not indicated

Statin

FIGURE15-11 Implementing CAC in risk stratification of asymptomatic patients to guide initiation of lipid therapy. CAC, coronary artery calcium; CIMT, carotid intima–
media thickness; FRS, Framingham Risk Score; LDL, low-density lipoprotein.

183

15Im
ag

in
g
A
th
ero

sclero
sis

fo
r
R
isk

Stratificatio
n
b
y
C
ard

iac
C
T
o
r
C
aro

tid
U
ltraso

u
n
d



32. Williams M, Shaw LJ, Raggi P, et al. Prognostic value of number and site of calcified coronary

lesions compared with the total score. JACC Cardiovasc Imaging 2008;1:61–9.
33. Motoyama S, Kondo T, Sarai M, et al. Multislice computed tomographic characteristics of coro-

nary lesions in acute coronary syndromes. J Am Coll Cardiol 2007;50:319–26.
34. Sarwar A, Shaw LJ, Shapiro MD, et al. Diagnostic and prognostic value of absence of coronary

artery calcification. JACC Cardiovasc Imaging 2009;2:675–88.
35. Taylor AJ, Cerqueira M, Hodgson JM, et al. ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/SCAI/SCMR

2010 appropriate use criteria for cardiac computed tomography. A report of the American Col-

lege of Cardiology Foundation Appropriate Use Criteria Task Force, the Society of Cardiovascular

Computed Tomography, the American College of Radiology, the AmericanHeart Association, the

American Society of Echocardiography, the American Society of Nuclear Cardiology, the North

American Society for Cardiovascular Imaging, the Society for Cardiovascular Angiography and

Interventions, and the Society for Cardiovascular Magnetic Resonance. J Cardiovasc Comput
Tomogr 2010;4:e1–401.e33.

36. Greenland P, Alpert JS, Beller GA, et al. 2010 ACCF/AHA guideline for assessment of cardiovascular

risk in asymptomatic adults: a report of the American College of Cardiology Foundation/American

Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol 2010;56:e50–e103.
37. Polonsky TS, McClelland RL, Jorgensen NW, et al. Coronary artery calcium score and risk clas-

sification for coronary heart disease prediction. JAMA 2010;303:1610–6.
38. Nasir K, McClelland RL, Blumenthal RS, et al. Coronary artery calcium in relation to initiation and

continuation of cardiovascular preventive medications: the Multi-Ethnic Study of Atherosclerosis

(MESA). Circ Cardiovasc Qual Outcomes 2010;3:228–35.
39. Taylor AJ, Bindeman J, Feuerstein I, et al. Community-based provision of statin and aspirin after

the detection of coronary artery calcium within a community-based screening cohort. J Am Coll
Cardiol 2008;51:1337–41.

40. Arad Y, Spadaro LA, Roth M, et al. Treatment of asymptomatic adults with elevated coronary cal-

cium scores with atorvastatin, vitamin C, and vitamin E: the St. Francis Heart Study randomized

clinical trial. J Am Coll Cardiol 2005;46:166–72.
41. Anand DV, Lim E, Raval U, et al. Prevalence of silent myocardial ischemia in asymptomatic indi-

viduals with subclinical atherosclerosis detected by electron beam tomography. J Nucl Cardiol
2004;11:450–7.

42. He ZX, Hedrick TD, Pratt CM, et al. Severity of coronary artery calcification by electron beam com-

puted tomography predicts silent myocardial ischemia. Circulation 2000;101:244–51.
43. Rozanski A, Gransar H, Wong ND, et al. Clinical outcomes after both coronary calcium scanning

and exercise myocardial perfusion scintigraphy. J Am Coll Cardiol 2007;49:1352–61.
44. Taylor AJ, Bindeman J, Le TP, et al. Progression of calcified coronary atherosclerosis: relationship

to coronary risk factors and carotid intima-media thickness. Atherosclerosis 2008;197:339–45.
45. Kronmal RA, McClelland RL, Detrano R, et al. Risk factors for the progression of coronary artery

calcification in asymptomatic subjects: results from the Multi-Ethnic Study of Atherosclerosis

(MESA). Circulation 2007;115:2722–30.
46. Budoff MJ, Hokanson JE, Nasir K, et al. Progression of coronary artery calcium predicts all-cause

mortality. JACC Cardiovasc Imaging 2010;3:1229–36.
47. Min JK, Dunning A, Lin FY, et al. Age- and sex-related differences in all-cause mortality risk based

on coronary computed tomography angiography findings results from the International Multicen-

ter CONFIRM (Coronary CT Angiography Evaluation for Clinical Outcomes: An International

Multicenter Registry) of 23,854 patients without known coronary artery disease. J Am Coll Cardiol
2011;58:849–60.

48. Min JK, Koduru S, Dunning AM, et al. Coronary CT angiography versus myocardial perfusion

imaging for near-term quality of life, cost and radiation exposure: a prospective multicenter

randomized pilot trial. J Cardiovasc Comput Tomogr 2012;6:274–83.
49. Leber AW, Becker A, Knez A, et al. Accuracy of 64-slice computed tomography to classify and

quantify plaque volumes in the proximal coronary system: a comparative study using intravascu-

lar ultrasound. J Am Coll Cardiol 2006;47:672–7.
50. Hausleiter J, Meyer T, Hadamitzky M, et al. Prevalence of noncalcified coronary plaques by

64-slice computed tomography in patients with an intermediate risk for significant coronary artery

disease. J Am Coll Cardiol 2006;48:312–8.
51. Motoyama S, Sarai M, Harigaya H, et al. Computed tomographic angiography characteristics of

atherosclerotic plaques subsequently resulting in acute coronary syndrome. J Am Coll Cardiol
2009;54:49–57.

52. Kristensen TS, Kofoed KF, Kuhl JT, et al. Prognostic implications of nonobstructive coronary pla-

ques in patients with non-ST-segment elevation myocardial infarction: a multidetector computed

tomography study. J Am Coll Cardiol 2011;58:502–9.
53. Stein JH, Korcarz CE, Hurst RT, et al. Use of carotid ultrasound to identify subclinical vascular

disease and evaluate cardiovascular disease risk: a consensus statement from the American Soci-

ety of Echocardiography Carotid Intima-Media Thickness Task Force. Endorsed by the Society for

Vascular Medicine. J Am Soc Echocardiogr 2008;21:93–111.
54. O'Leary DH, Polak JF, Wolfson SKJ, et al. Use of sonography to evaluate carotid atherosclerosis in

the elderly. The Cardiovascular Health Study CHS Collaborative Research Group. Stroke
1991;22:1155–63.

55. Howard G, Sharrett AR, Heiss G, et al. Carotid artery intimal-medial thickness distribution in general

populations as evaluated by B-mode ultrasound. ARIC Investigators. Stroke 1993;24:1297–304.
56. Crouse III JR, Craven TE, Hagaman AP, et al. Association of coronary disease with segment-

specific intimal-medial thickening of the extracranial carotid artery. Circulation 1995;92:1141–7.
57. Stensland-Bugge E, Bonaa KH, Joakimsen O. Reproducibility of ultrasonographically determined

intima-media thickness is dependent on arterial wall thickness. The Tromso Study. Stroke
1997;28:1972–80.

58. del Sol AI, Moons KG, Hollander M, et al. Is carotid intima-media thickness useful in cardiovas-

cular disease risk assessment? The Rotterdam Study. Stroke 2001;32:1532–8.

59. Nambi V, Chambless L, He M, et al. Common carotid artery intima-media thickness is as good as

carotid intima-media thickness of all carotid artery segments in improving prediction of coronary

heart disease risk in the Atherosclerosis Risk in Communities (ARIC) study. Eur Heart J
2012;33:183–90.

60. Kanters SD, Algra A, van Leeuwen MS, et al. Reproducibility of in vivo carotid intima-media thick-

ness measurements: a review. Stroke 1997;28:665–71.
61. Chambless LE, Heiss G, Folsom AR, et al. Association of coronary heart disease incidence with

carotid arterial wall thickness and major risk factors: the Atherosclerosis Risk in Communities

(ARIC) Study, 1987–1993. Am J Epidemiol 1997;146:483–94.
62. O'Leary DH, Polak JF, Kronmal RA, et al. Carotid-artery intima andmedia thickness as a risk factor

for myocardial infarction and stroke in older adults. Cardiovascular Health Study Collaborative

Research Group. N Engl J Med 1999;340:14–22.
63. Urbina EM, Srinivasan SR, Tang R, et al. Impact of multiple coronary risk factors on the intima-

media thickness of different segments of carotid artery in healthy young adults (The Bogalusa

Heart Study). Am J Cardiol 2002;90:953–8.
64. D'Agostino Jr RB, Burke G, O'Leary D, et al. Ethnic differences in carotid wall thickness. The Insu-

lin Resistance Atherosclerosis Study. Stroke 1996;27:1744–9.
65. Davis PH, Dawson JD, Riley WA, et al. Carotid intimal-medial thickness is related to cardiovascu-

lar risk factors measured from childhood through middle age: the Muscatine Study. Circulation
2001;104:2815–9.

66. Raitakari OT, Juonala M, Kahonen M, et al. Cardiovascular risk factors in childhood and carotid

artery intima-media thickness in adulthood: the Cardiovascular Risk in Young Finns Study. JAMA
2003;290:2277–83.

67. Tzou WS, Douglas PS, Srinivasan SR, et al. Increased subclinical atherosclerosis in young adults

with metabolic syndrome: the Bogalusa Heart Study. J Am Coll Cardiol 2005;46:457–63.
68. Burke GL, Evans GW, Riley WA, et al. Arterial wall thickness is associated with prevalent cardio-

vascular disease in middle-aged adults. The Atherosclerosis Risk in Communities (ARIC) Study.

Stroke 1995;26:386–91.
69. O'Leary DH, Polak JF, Kronmal RA, et al. Distribution and correlates of sonographically detected

carotid artery disease in the Cardiovascular Health Study. The CHS Collaborative Research

Group. Stroke 1992;23:1752–60.
70. Salonen JT, Salonen R. Ultrasound B-mode imaging in observational studies of atherosclerotic

progression. Circulation 1993;87:II56–II65.
71. Bots ML, Hoes AW, Koudstaal PJ, et al. Common carotid intima-media thickness and risk of stroke

and myocardial infarction: the Rotterdam Study. Circulation 1997;96:1432–7.
72. Lorenz MW, Polak JF, Kavousi M, et al. Carotid intima-media thickness progression to predict car-

diovascular events in the general population (the PROG-IMT collaborative project): a meta-

analysis of individual participant data. Lancet 2012;379:2053–62.
73. Nambi V, Chambless L, Folsom AR, et al. Carotid intima-media thickness and presence or

absence of plaque improves prediction of coronary heart disease risk: the ARIC (Atherosclerosis

Risk In Communities) study. J Am Coll Cardiol 2010;55:1600–7.
74. Crouse III JR. Predictive value of carotid 2-dimensional ultrasound. Am J Cardiol

2001;88:27E–30E.
75. Cashin-Hemphill L, MackWJ, Pogoda JM, et al. Beneficial effects of colestipol-niacin on coronary

atherosclerosis. A 4-year follow-up. JAMA 1990;264:3013–7.
76. Hodis HN, Mack WJ, LaBree L, et al. The role of carotid arterial intima-media thickness in predict-

ing clinical coronary events. Ann Intern Med 1998;128:262–9.
77. de Groot E, Jukema JW, van Boven AJ, et al. Effect of pravastatin on progression and regression of

coronary atherosclerosis and vessel wall changes in carotid and femoral arteries: a report from

the Regression Growth Evaluation Statin Study. Am J Cardiol 1995;76:40C–6C.
78. Gronholdt ML, Nordestgaard BG, Wiebe BM, et al. Echo-lucency of computerized ultrasound

images of carotid atherosclerotic plaques are associated with increased levels of triglyceride-rich

lipoproteins as well as increased plaque lipid content. Circulation 1998;97:34–40.
79. Honda O, Sugiyama S, Kugiyama K, et al. Echolucent carotid plaques predict future coronary

events in patients with coronary artery disease. J Am Coll Cardiol 2004;43:1177–84.
80. Society of Atherosclerosis Imaging and Prevention Developed in collaboration with the Interna-

tional Atherosclerosis Society. Appropriate use criteria for carotid intima media thickness testing.

Atherosclerosis 2011;214:43–6.
81. Rupard EJ, O'Malley PG, Jones DL, et al. Knowledge of preclinical coronary artery disease: the

effect on motivation to change smoking behavior. West J Med 2002;167:211–4.
82. Shahab L, Hall S, Marteau T. Showing smokers with vascular disease images of their arteries to

motivate cessation: a pilot study. Br J Health Psychol 2007;12:275–83.
83. Bovet P, Perret F, Cornuz J, et al. Improved smoking cessation in smokers given ultrasound pho-

tographs of their own atherosclerotic plaques. Prev Med 2002;34:215–20.
84. Bize R, Burnand B, Mueller Y, et al. Biomedical risk assessment as an aid for smoking cessation.

Cochrane Database Syst Rev 2005, CD004705.

85. O'Malley PG, Feuerstein IM, Taylor AJ. Impact of electron beam tomography, with or without case

management, on motivation, behavioral change, and cardiovascular risk profile: a randomized

controlled trial. JAMA 2003;289:2215–23.
86. Lederman J, Ballard J, Njike VY, et al. Information given to postmenopausal women on coronary

computed tomography may influence cardiac risk reduction efforts. J Clin Epidemiol
2007;60:389–96.

87. O'Malley PG, Kowalczyk C, Bindeman J, et al. A randomized trial assessing the impact of cardio-

vascular risk factor case-management on the metabolic syndrome. J Cardiometabolic Syndrome
2006;1:6–12.

88. Vale MJ, Jelinek MV, Best JD, et al. Coaching patients On Achieving Cardiovascular Health

(COACH): a multicenter randomized trial in patients with coronary heart disease. Arch Intern
Med 2003;163:2775–83.

184

II

R
IS
K
A

SS
ES

SM
EN

T



SECTION III

THERAPY
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This chapter provides a general overview of treatment
approaches for dyslipidemias commonly encountered in
clinical practice. Specific treatment guidelines are reviewed
in Chapter 17, individual therapies are discussed in
Chapters 18 through 31, and considerations in treating spe-
cial patient populations are presented in Chapters 35
through 43. Although these recommendations are intended
as a practical guide for clinicians, clinical judgment is
required to determine an individual’s absolute risk, and
thus, the need for and optimal intensity of therapy. For all
patients, management should also include assessment for,
and if possible, treatment of causes, of secondary dyslipid-
emias (see Chapter 11), as well as reduction of other mod-
ifiable risk factors to decrease overall risk. Lifestyle
modifications (seeChapters 18 through 20) are an essential
component of therapy for lipid disorders, either alone or in
conjunction with drug therapy.

ELEVATED LOW-DENSITY LIPOPROTEIN
CHOLESTEROL

The association between low-density lipoprotein cholesterol
(LDL-C) and cardiovascular disease (CVD) has been well
established in observational epidemiologic studies and
interventional clinical trials; LDL-C remains the primary rea-
son for therapy in the American College of Cardiology/Amer-
ican Heart Association (ACC/AHA) guidelines and in other
major guidelines1–5 (see Chapter 17). Absolute cardiovas-
cular risk assessment is used to determine the need for
and intensity of lipid-regulating therapy. The recent ACC/
AHA guideline for the treatment of cholesterol in adults

identifies four patient groups with randomized clinical trial
evidence of statin benefit: (1) group 1 includes patients with
established atherosclerotic vascular disease (myocardial
infarction, acute coronary syndrome, stable or unstable
angina, revascularization, stroke, transient ischemic attack,
and peripheral vascular disease) who do not have heart fail-
ure (class II–IV) or who are on hemodialysis; (2) group 2
includes patients with a primary elevation of LDL-C to
190 mg/dL or greater (this includes all patients with familial
hypercholesterolemia); (3) group 3 includes patients ages
40 to 75 years with diabetes and no known CVD, with
LDL-C of 70 to 189 mg/dL; and (4) group 4 includes patients
ages 40 to 75 years without diabetes or CVD who have LDL-C
of 70 to 189 mg/dL and a 10-year CVD risk of 7.5% or greater,
as determined by the Pooled Cohort Equation (Fig. 16-1).
Further detailed discussion of these guidelines can be found
in Chapter 17. To refine risk assessment in individuals with
less than 7.5% 10-year CVD risk in group 4, measurement of
biomarkers (see Chapters 12 through 14), such as C-
reactive protein (see Chapter 12), and noninvasive imag-
ing, such as coronary calcium scores and ankle–brachial
index (see Chapter 15), may be helpful.

The ACC/AHA guidelines do not recommend targeting
either LDL-C or non–high-density lipoprotein cholesterol
(non–HDL-C) level with statin treatment. Instead, on the
basis of randomized clinical trial data, the recommendation
is to use high-intensity statin doses for groups 1 and 2 and to
use moderate-intensity statin doses for groups 3 and 4. The
expected effect of high-intensity statins (atorvastatin 40–
80 mg, rosuvastatin 20–40 mg) is to reduce LDL-C by 50%
or more in groups 1 and 2 and to reduce LDL-C by 30% to
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ASCVD statin benefit groups
Heart healthy lifestyle habits are the foundation of ASCVD prevention.

In individuals not receiving cholesterol-lowering drug therapy, recalculate estimated
10-y ASCVD risk every 4–6 y in individuals aged 40–75 y without clinical ASCVD or

diabetes and with LDL–C 70–189 mg/dL.

Adults age >21 y and
a candidate for statin

therapy

Definitions of high- and
moderate-intensity statin

therapy

Moderate
Daily dose

lowers LDL–C
by appox.

30% to <50%

High
Daily dose

lowers LDL–C
by appox.

≥50%

Estimated 10-y ASCVD risk ≥7.5%*
High-intensity statin

Estimate 10-y ASCVD risk
with Pooled Cohort Equations†

ASCVD prevention benefit of statin
therapy may be less clear in other groups

In selected individuals, consider additional factors
influencing ASCVD risk‡ and potential ASCVD risk
benefits and adverse effects, drug-drug interactions,

and patient preferences for statin treatment

High-intensity statin
(Moderate-intensity statin if not

candidate for high-intensity
statin)

Age >75 y OR if not candidate for
high-intensity statin

Moderate-intensity statin

Age ≤75 y
High-intensity statin

(Moderate-intensity statin if not
candidate for high-intensity statin)

Moderate-to-high intensity statin

Moderate-intensity statin

≥7.5% estimated
10-y ASCVD risk
and age 40–75 y

Diabetes
Type 1 or 2

Age 40–75 y

LDL–C ≥190
mg/dL

Clinical
ASCVD

FIGURE 16-1 ACC/AHA cholesterol treatment algorithm.
*Percent reduction in LDL-C can be used as an indication of response and adherence to therapy, but is not in itself a treatment goal.
†The Pooled Cohort Equations can be used to estimate 10-year ASCVD risk in individuals with and without diabetes.
{Primary LDL-C �160 mg/dL or other evidence of genetic hyperlipidemias, family history of premature ASCVD with onset <55 years of age in a first-degree male relative or
<65 years of age in a first-degree female relative, high-sensitivity C-reactive protein >2 mg/L, CAC score �300 Agatston units or �75 percentile for age, sex, and ethnicity,
ankle–brachial index <0.9, or elevated lifetime risk of ASCVD.
ACC/AHA, American College of Cardiology/American Heart Association;ASCVD, atherosclerotic cardiovascular disease; LDL-C, low-density lipoprotein cholesterol. (Modified from

Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 AHA/ACC guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of the
American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol 2014;63:2889–2934.)
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50%with moderate-intensity statins in group 3 and 4. Clinical
judgment should be used to consider high-intensity statins in
group 3 patients if they have a 10-year CVD risk of 7.5% or
greater. A more detailed discussion of the clinical manage-
ment decisions in the guidelines is in Chapter 17.
Statins are the first choice of therapy for lowering LDL-C

(see Chapter 21). Other agents that reduce LDL-C include
bile acid sequestrants (see Chapter 22), ezetimibe (see
Chapter 23), niacin (see Chapter 24), fibrates (see
Chapter 25), and certain dietary components, such as sol-
uble fiber and plant sterols and stanols (see Chapters 18
and 28). Combination treatment with statins and these other
drugs, as well as nonstatin combinations, may be used to
lower LDL-C (see Chapter 27). In the most severe hypercho-
lesterolemias, such as homozygous and heterozygous famil-
ial hypercholesterolemia, LDL apheresis, oral lomitapide (a
microsomal triglyceride transfer protein inhibitor), or a sub-
cutaneous injection of mipomersen (an antisense oligonu-
cleotide to apolipoprotein B [apoB]) may be used (see
Chapter 38).

MIXED DYSLIPIDEMIA

Mixed dyslipidemia is the combination of elevated LDL-C
and triglyceride (TG) and decreased HDL-C, and it may
occur with certain genetic disorders (familial combined
hyperlipidemia, familial dysbetalipoproteinemia [also
known as type III hyperlipoproteinemia]), diabetes mellitus,
and metabolic syndrome, or with the use of drugs (e.g.,
immunosuppressive agents or protease inhibitors). Patients
with mixed dyslipidemia have increased numbers of TG-rich
remnant lipoproteins, including very-low-density lipoprotein
(VLDL) remnants and intermediate-density lipoproteins
(IDLs), as well as increased numbers of small, dense LDL
particles. VLDL cholesterol is typically increased, and most
VLDL cholesterol is in smaller VLDL remnants.
Non–HDL-C is a useful measure of both TG-rich and

cholesterol-rich particles. It can be calculated easily from
the standard lipid profile by subtracting HDL-C from total
cholesterol, which reflects the combined cholesterol in all
apoB-containing (i.e., atherogenic) lipoproteins, including
VLDL, IDL, LDL, and lipoprotein(a) [Lp(a)]. Non–HDL-C is
recommended as a primary lipid for assessment and inter-
vention in the recent International Atherosclerosis Society
guidelines (Table 16-1).4

Treatment should begin with lifestyle modification therapy,
including diet, weight reduction, and increased physical
activity. Statins decrease LDL-C, non–HDL-C, and TGs, reduce
apoB and LDL particle number, and modestly increase
HDL-C. Additional therapies to achieve reductions in non–
HDL-C and apoB include ezetimibe, bile acid–binding resins
(which may, however, increase TGs), niacin, fibrates, and
prescription omega-3 fatty acids (especially icosapent ethyl
or pure eicosapentaenoic acid). The most effective therapies
for additional TG reduction are niacin, fibrates, and omega-3
fatty acids. Niacin, fibrates, and omega-3 fatty acids also
increase LDL particle size, and niacin both increases HDL-C
and reduces Lp(a).

SEVERE ELEVATIONS OF TRIGLYCERIDES

TGs may become elevated with obesity, physical inactivity,
high-carbohydrate diet, smoking, alcohol, diseases such as
diabetes and renal failure, drugs such as estrogen and cortico-
steroids, and genetic disorders (familial hypertriglyceridemia,
familial combined hyperlipidemia, and familial dysbetalipo-
proteinemia). Evaluation of secondary causes of dyslipidemia
(see Chapter 11) is especially important in patients with
hypertriglyceridemia. In patients with very high TG levels
(�500 mg/dL), the initial goal of therapy is to prevent acute
pancreatitis. Therapy should include a very-low-fat diet
(�15% of total calories as fat), weight reduction, increased
physical activity, and drug therapywith niacin, fibrates, or pre-
scription omega-3 fatty acids. When TGs are reduced to less
than 500 mg/dL, LDL-C becomes the primary concern, and
non–HDL-C may be a consideration as well. Combination
therapy (see Chapter 27) is usually required to manage dys-
lipidemia in patients with severe elevations of TGs. Lifestyle
modification, including reduction or cessation of alcohol con-
sumption (see Chapter 18), weight loss (see Chapter 20),
and glycemic control (see Chapter 35) are all critical for suc-
cessful treatment of these patients.

LOW HIGH-DENSITY LIPOPROTEIN
CHOLESTEROL

In the ACC/AHA guidelines, low HDL-C is defined as less
than 40 mg/dL in men and less than 50 mg/dL in women
for use in the Pooled Cohort Equation.1 Low HDL-C may
be caused by elevated TGs, diabetes, obesity, physical inac-
tivity, a high-carbohydrate diet, smoking, and drugs such as

TABLE 16-1 International Atherosclerosis Society Global Recommendations for the Management of
Dyslipidemia

OPTIMAL LIPIDS, mg/dL
(mmol/L)

PREVENTION
GROUP LDL-C Non–HDL-C LONG-TERM RISK* INTENSITY OF THERAPY

Primary <100 (2.6) <130 (3.4) Low (<15%) Public health recommendations

Moderate (15%–29%) Maximal lifestyle therapy; addition of drug optional†

Moderately high (30%–44%) Maximal lifestyle therapy; consider addition of drug

High (�45%) Maximal lifestyle therapy; addition of drug indicated

Secondary <70 (1.8) <100 (2.6) Maximal tolerated statin therapy for most, combination required in
some to achieve optimal LDL-C, with maximal lifestyle therapy

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
*To age 80 years, as assessed by Framingham risk scoring recalibrated by country, for primary prevention.
†Usually only for patients with high atherogenic cholesterol.
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β-blockers and anabolic steroids, as well as rare genetic
disorders.

HDL-C may be increased with an increase in physical
activity and with weight reduction. Niacin is the most effica-
cious HDL-C–raising drug; fibrates also increase HDL-C sub-
stantially, and statins provide modest increases in HDL-C.
Although estrogen increases HDL-C, estrogen was not shown
to reduce cardiovascular risk in the Women’s Health Initia-
tive6 and the Heart and Estrogen/Progestin Replacement
Study,7 and therefore, it is not recommended for this pur-
pose. Because of lack of clinical trial data, the ACC/AHA
guidelines make no recommendation for drug treatment
specifically to increase HDL-C, and as such, they do not des-
ignate a target of treatment.1 Further information about the
clinical trials with drugs that increase HDL-C, such as niacin
added to optimal statin therapy (Atherothrombosis Interven-
tion in Metabolic Syndromewith LowHDL/High TGs: Impact
on Global Health Outcomes [AIM-HIGH] and Heart Protec-
tion Study 2–Treatment of HDL to Reduce the Incidence
of Vascular Events [HPS2-THRIVE]) and cholesteryl ester
transfer protein inhibitors added to optimal statin therapy
is provided in Chapters 27 and 29.

ELEVATED LIPOPROTEIN(a)

Lp(a) and considerations about measuring Lp(a) are dis-
cussed in depth in Chapter 10. Although elevated Lp(a)
is an independent risk factor for CVD, the level at which risk

increases has not been established; Lp(a) particle levels of
75 nmol/L or greater are generally considered elevated,
and the European Atherosclerosis Society has used the
Lp(a) total particle measurement of greater than 50 mg/dL
as an identifier of high risk.8 The optimal treatment approach
for elevated Lp(a) is not known. Lifestyle modifications do
not affect the Lp(a) level. Niacin and estrogen reduce
Lp(a), but statins and fibrates usually have no effect.
Lp(a) is also removed with LDL apheresis. For patients with
elevated Lp(a), an alternative to reducing Lp(a) is to lower
LDL-C and apoB more intensively, for example, with high-
dose statin therapy.
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2013 AMERICAN COLLEGE OF CARDIOLOGY/
AMERICAN HEART ASSOCATION GUIDELINE
ON THE TREATMENT OF BLOOD CHOLESTEROL
TO REDUCE ATHEROSCLEROTIC
CARDIOVASCULAR RISK IN ADULTS

In November 2013, the American College of Cardiology
(ACC) and the American Heart Association (AHA) pub-
lished new prevention guidelines for adults. Assessment of
Cardiovascular Risk,1 Lifestyle Management to Reduce Car-
diovascular Risk,2 Treatment of Blood Cholesterol to Reduce
Atherosclerotic Cardiovascular Risk,3 and Management of
Overweight and Obesity4 provided detailed recommenda-
tions to improve the health of all the people of the United
States. Unlike previous guideline efforts, these guidelines
derived the great majority of the recommendations from ran-
domized clinical trials (RCTs) and systematic reviews of the
RCTs, with synthesis of the independently rated high-quality
evidence that was obtained in response to critical questions.
Although expert opinion was used in the guidelines, it had a
lesser role than in previous guidelines.5

Chosen by the National Heart, Lung, and Blood Institute
(NHLBI) in the fall of 2008, the majority of the panel mem-
bers disclosed no relationships with industry at the start
and during the prolonged (5-year) information gathering
and recommendation process. Only those with no conflicts
of interest voted on the evidence statements and recommen-
dations. To minimize bias, panel members were chosen
from diverse backgrounds for their expertise in primary care,
cardiology, clinical guidelines, endocrinology, clinical trials,
cardiovascular epidemiology, nutrition, biostatistics, and
healthcare economics. This led to the creation of guidelines
that were aligned closely with the evidence. In 2013, the
NHLBI decided to focus the guideline resources on eviden-
tiary reviews only.6 With the support of the NHLBI, the ACC
and the AHA were chosen to help bring the guideline efforts
to fruition because of their ongoing commitment to a high-
quality guideline process.7 This allowed the panels to
include major trial data up to July 2013 in their final docu-
ments. The ACC and the AHA staff members then helped
with the adjudication and implementation of the guideline
efforts.
The previously described process was transparent. The

methodology for all the panels was presented in detail at
the meetings of the AHA in November 2011. The panels

selected critical questions, and an independent contractor
searched the literature based on defined inclusion and
exclusion criteria. The Cholesterol Panel posed three ques-
tions, the Lifestyle Panel posed three questions, the Risk
Assessment Panel posed two critical questions, and the Obe-
sity Panel posed five questions (Table 17-1). Some of the
questions were complex in nature and had multiple parts.
For example, although the first two questions from the Cho-
lesterol Panel looked at the evidence supporting treatment
to low-density lipoprotein cholesterol (LDL-C) or non–
high-density lipoprotein cholesterol (non–HDL-C) goals
from RCTs, the third question examined the six groups of
lipid drugs: (1) statins, (2) bile acid sequestrants, (3)
fibrates, (4) niacin, (5) cholesterol absorption inhibitors,
and (6) omega-3 fatty acids. The objectives of this critical
question included identifying those patient groups shown
to benefit from each lipid drug class, to examine the net ben-
efit of each drug class, and to understand the appropriate
intensity of pharmacologic treatment needed to lower
LDL-C. Further questions were suggested, but could not be
addressed because of resource limitations.

The panel found that the statin RCTs provided the most
convincing evidence for atherosclerotic cardiovascular dis-
ease (ASCVD) event reductionwith the best margin of safety.
It was not evident to the panel how additional observational
data could override the conclusions from the extensive body
of evidence from the statin RCTs and the less robust evi-
dence from available nonstatin RCTs. Biases inherent in
observational studies include selection bias, measurement
bias, and outcome ascertainment bias. To avoid these issues,
the panel focused on the intent-to-treat analyses of the RCTs.
The panel acknowledged in their report that the RCTs do not
include all the patients who might be prescribed lipid drugs.
Nonetheless, as a deterrent against overprescribing, the prin-
ciple of reviewing the potential for benefit of a lipid drug
together with the potential for adverse effects (including
drug–drug interactions) with the patient is applicable in clin-
ical situations in which evidence for drug therapy added to a
healthy lifestyle is less certain.

To better understand the scope of the Risk Assessment,
Lifestyle, and Cholesterol Panel reports, Table 17-1 lists
the critical questions that were addressed. This resulted in
detailed evidence statements that were published with the
guideline panel reports. This formed the basis for the recom-
mendations that are seen in Tables 17-2 through 17-7.
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WHAT IS NEW IN THESE GUIDELINES?

Adult Treatment Panel III (ATP III) contained risk assess-
ment, lifestyle, and medication recommendations, all in
one report. As noted previously, the Cholesterol guideline
integrates some, but not all, information from both the Risk
Assessment and Lifestyle guideline reports. Those two
reports should be reviewed to fully appreciate the basis
for the panel’s recommendations. ATP III covered topics
such as treatment of severe hypertriglyceridemia and com-
plex lipid disorders. For the current guidelines, a large
amount of information discussed by the panel is presented
in an online supplement to the report. This provides informa-
tion that will be of use to lipid specialists (http://jaccjacc.
cardiosource.com/acc_documents/2013_FPR_S5_Blood_
Cholesterol.pdf). Nonetheless, patients with complex lipid
disorders should be referred to clinicians with specific
expertise in these areas.

The new guidelines provide a strong evidence-based
approach for clinicians who wish to respond to their
patient’s question, “What will it take to lower my cholesterol
and best reduce my risk of heart attack and stroke?” The
guidelines focus on statins, because they are proven to be
effective, safe when taken as directed, and inexpensive, with
both high- and moderate-intensity statins available as low-

cost generic medications. The Cholesterol guideline offers
firm direction for those at highest risk. In those at lower risk,
it endorses clinician–patient discussions to be sure that
issues such as adherence to a healthy lifestyle, treatment
of reversible risk factors, and appropriate use of statin ther-
apy are addressed along with patient preferences. Finally,
in those who appear not to be addressed by the four major
groups that are shown to benefit from statins, six factors are
given to inform clinician judgment about statin treatment.

The remainder of this chapter reviews eight major themes
adapted from the synopsis of the 2013 Cholesterol guideline
that appeared in the Annals of Internal Medicine in early
20148 (see Table 17-2). Additional information useful in
understanding the guidelines are presented in Tables 17-3
through 17-7.

SYNOPSIS OF RECOMMENDATIONS

Recommendation 1
A heart-healthy lifestyle is the foundation for ASCVD preven-
tion. This recommendation was not only endorsed for all
healthy adults, but was considered especially important if
the patient merits statin therapy. For those on statins, the
guidelines recommend repeat lipid testing (and safety

TABLE 17-1 Critical Questions Posed by the ACC/AHA Panels

Lifestyle Panel

CQ1 Among adults, what is the effect of dietary patterns and/or macronutrient composition onCVD risk factors, comparedwith no treatment or with other types of
interventions?

CQ2 Among adults, what is the effect of dietary intake of sodium and potassium on CVD risk factors and outcomes, compared with no treatment or with other
types of interventions?

CQ3 Among adults, what is the effect of physical activity on blood pressure and lipids compared with no treatment or with other types of interventions?

Risk Assessment Panel

CQ1 What is the evidence regarding reclassification or contribution to risk assessment when hsCRP, apoB, GFR, microalbuminuria, family history, cardiorespiratory
fitness, ABI, CIMT, or CAC score are considered in addition to the variables that are in the traditional risk scores?

CQ2 Are models constructed to assess the long-term (�15 years or lifetime) risk for a first CVD event in adults effective in assessing variation in long-term risk
among adults at low and/or intermediate short-term risk, whether analyzed separately or combined?

Cholesterol Panel

CQ1 What is the evidence for LDL-C and non–HDL-C goals for the secondary prevention of ASCVD?

CQ2 What is the evidence for LDL-C and non–HDL-C goals for the primary prevention of ASCVD?

CQ3 For primary and secondary prevention, what is the impact on lipid levels, effectiveness, and safety of specific cholesterol-modifying drugs used for lipid
management in general and in selected subgroups?

ABI, ankle-brachial index; ACC/AHA, American College of Cardiology/American Heart Association; apo, apolipoprotein; ASCVD, atherosclerotic CVD; CAC, coronary artery calcium;
CIMT, carotid intima-media thickness; CQ, critical question; CVD, cardiovascular disease; GFR, glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hsCRP, high-
sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol.

TABLE 17-2 Synopsis of Recommendations

1 A heart-healthy lifestyle is the foundation for ASCVD prevention.

2 The panel recommends statin therapy in three “high-risk” groups shown to benefit. In lower-risk primary prevention groups shown to benefit with �7.5%
ASCVD risk, statins are recommended after a clinician–patient discussion (see #4).

3 Statins are safe when taken as directed and monitored regularly.

4 A clinician–patient discussion is needed before initiating therapy with statins, especially in low-risk primary prevention patients.

5 The newly developed Pooled Cohort Equations for estimating 10-yr ASCVD risk represent an important advance in risk prediction for U.S. cohorts.

6 The appropriate intensity of statin therapy matters. Nonstatins can be used in specific circumstances.

7 The guideline could not recommend for or against specific LDL-C or non–HDL-C targets of therapy.

8 Patients should be monitored for adherence to a healthy lifestyle and the recommended intensity of statin therapy.

ASCVD, atherosclerotic cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
(Adapted from the Risk Assessment Guidelines, Cholesterol Guidelines, and Annals of Internal Medicine.1–3,8)
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TABLE 17-3 Cholesterol Recommendations

RECOMMENDATIONS
ACC/AHA

COR
ACC/AHA

LOE

Treatment Targets

1. The panel makes no recommendations for or against specific LDL-C or non–HDL-C targets for the primary or secondary prevention
of ASCVD.

N/A N/A

Secondary Prevention

1. High-intensity statin therapy should be initiated or continued as first-line therapy in women and men �75 yrs of age who have clinical
ASCVD,* unless contraindicated.

I A

2. In individuals with clinical ASCVD* in whom high-intensity statin therapy would otherwise be used, when high-intensity statin therapy is
contraindicated† or when characteristics predisposing to statin-associated adverse effects are present, moderate-intensity statins should
be used as the second option if tolerated (see Table 17-5, Statin Safety Recommendations, #1).

I A

3. In individuals with clinical ASCVDwho are>75 yrs of age, it is reasonable to evaluate the potential for ASCVD risk reduction benefits and
for adverse effects and drug–drug interactions, and to consider patient preferences, when initiating a moderate- or high-intensity statin.
It is reasonable to continue statin therapy in those who are tolerating it.

IIa B

Primary Prevention in Individuals �21 Yrs of Age with LDL-C �190 mg/dL

1. Individuals with LDL-C �190 mg/dL or triglycerides �500 mg/dL should be evaluated for secondary causes of hyperlipidemia (see
Table 17-6).

I{ B

2. Adults �21 yrs of age with primary LDL-C �190 mg/dL should be treated with statin therapy (10-yr ASCVD risk estimation is not
required):

Use high-intensity statin therapy unless contraindicated.
For individuals unable to tolerate high-intensity statin therapy, use the maximum tolerated statin intensity.

I} B

3. For individuals�21 yrs of agewith an untreated primary LDL-C�190 mg/dL, it is reasonable to intensify statin therapy to achieve at least
a 50% LDL-C reduction.

IIa B

4. For individuals �21 yrs of age with an untreated primary LDL-C �190 mg/dL, after the maximum intensity of statin therapy has been
achieved, addition of a nonstatin drug may be considered to further lower LDL-C. Evaluate the potential for ASCVD risk reduction
benefits, adverse effects, and drug–drug interactions, and consider patient preferences.

IIb C

Primary Prevention in Individuals with Diabetes and LDL-C 70–189 mg/dL

1. Moderate-intensity statin therapy should be initiated or continued for adults 40–75 yrs of age with diabetes mellitus. I A

2. High-intensity statin therapy is reasonable for adults 40–75 yrs of age with diabetes mellitus with a�7.5% estimated 10-yr ASCVD riskk
unless contraindicated.

IIa B

3. In adults with diabetes mellitus who are <40 or >75 yrs of age, it is reasonable to evaluate the potential for ASCVD benefits, adverse
effects, and drug–drug interactions and to consider patient preferences when deciding to initiate, continue, or intensify statin therapy.

IIa C

Primary Prevention in Individuals without Diabetes and with LDL-C 70–189 mg/dL

1. The Pooled Cohort Equations should be used to estimate 10-yr ASCVDk risk for individuals with LDL-C 70–189 mg/dL without clinical
ASCVD* to guide initiation of statin therapy for the primary prevention of ASCVD.

I B

2. Adults 40–75 yrs of age with LDL-C 70–189 mg/dL, without clinical ASCVD* or diabetes, and with an estimated 10-yr ASCVDk risk
�7.5% should be treated with moderate- to high-intensity statin therapy.

I A

3. It is reasonable to offer treatment with a moderate-intensity statin to adults 40–75 yrs of age with LDL-C 70–189 mg/dL, without clinical
ASCVD* or diabetes, and with an estimated 10-yr ASCVDk risk of 5% to <7.5%.

IIa B

4. Before initiating statin therapy for the primary prevention of ASCVD in adults with LDL-C 70–189 mg/dL without clinical ASCVD* or
diabetes, it is reasonable for clinicians and patients to engage in a discussion that evaluates the potential for ASCVD risk reduction
benefits, adverse effects, and drug–drug interactions, and considers patient preferences for treatment.

IIa C

5. In adults with LDL-C <190 mg/dL who are not otherwise identified in a statin benefit group, or for whom after quantitative risk
assessment, a risk-based treatment decision is uncertain, additional factors}may be considered to inform treatment decision making. In
these individuals, statin therapy for primary prevention may be considered after evaluating the potential for ASCVD risk reduction
benefits, adverse effects, and drug–drug interactions, and discussion of patient preferences

IIb C

Heart Failure and Hemodialysis

1. The Expert Panel makes no recommendations regarding the initiation or discontinuation of statins in patients with NYHA class II–IV
ischemic systolic heart failure or in patients on maintenance hemodialysis.

ABI, ankle–brachial index; ACC, American College of Cardiology; AHA, American Heart Association; ASCVD, atherosclerotic cardiovascular disease; CAC, coronary artery calcium;
CHD, coronary heart disease; CK, creatine kinase; COR, Class of Recommendation;HDL-C, high-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein; LDL-C, low-
density lipoprotein cholesterol; LOE, level of evidence; MI, myocardial infarction; NHLBI, National Heart, Lung, and Blood Institute; NYHA, New York Heart Association;
RCT, randomized controlled trial; TIA, transient ischemic attack.

*Clinical ASCVD includes acute coronary syndromes, history of MI, stable or unstable angina, coronary or other arterial revascularization, stroke, TIA, or peripheral arterial
disease presumed to be of atherosclerotic origin.

†Contraindications, warnings, and precautions are defined for each statin according to the manufacturer’s prescribing information.
{Individuals with secondary causes of hyperlipidemia were excluded from the reviewed RCTs. Triglycerides >500 mg/dL were an exclusion criteria for almost all RCTs.

Therefore, ruling out secondary causes is necessary to avoid inappropriate statin therapy.
}No RCTs included only individuals with LDL-C �190 mg/dL. However, many trials did include individuals with LDL-C �190 mg/dL, and all of these trials consistently

demonstrated a reduction in ASCVD events. In addition, the Cholesterol Treatment Trialists (CTT) meta-analyses have shown that each 39-mg/dL reduction in LDL-C with
statin therapy reduced ASCVD events by 22%, and the relative reductions in ASCVD events were consistent across the range of LDL-C levels. Therefore, individuals with
primary LDL-C�190 mg/dL should be treated with statin therapy.

kEstimated 10-year or “hard” ASCVD risk includes first occurrence of nonfatal MI, CHD death, and nonfatal and fatal stroke as used by the Risk Assessment Work Group in
developing the Pooled Cohort Equations.

}These factors may include primary LDL-C�160 mg/dL or other evidence of genetic hyperlipidemias; family history of premature ASCVD with onset at <55 years in a first-degree
male relative or <65 years in a first-degree female relative; hsCRP �2 mg/L; CAC score �300 Agatston units or �75 percentile for age, gender, and ethnicity (for additional
information, see http://www.mesa-nhlbi.org/CACReference.aspx); ABI<0.9; or lifetime risk of ASCVD. Additional factors that may aid in individual risk assessment may be identified
in the future.
(From Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2014;129(25 Suppl 2):S1–S45.)
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determinations as appropriate) to determine adherence to
an optimal lifestyle and statin therapy.

The major recommendation2 from the Lifestyle guideline
panel to advise adults who would benefit from LDL-C lower-
ing is to do the following:
• Consume a diet that emphasizes intake of vegetables,
fruits, and whole grains; includes low-fat dairy products,
poultry, fish, legumes, nontropical vegetable oils, and nuts;
and limits intake of sweets, sugar-sweetened beverages,
and red meats.

• Adapt this dietary pattern to appropriate calorie require-
ments, personal and cultural food preferences, and nutri-
tion therapy for other medical conditions (including
diabetes mellitus).

• Achieve this pattern by following plans such as the Dietary
Approaches to Stop Hypertension dietary pattern, the U.S.
Department of Agriculture Food Pattern, or the AHA Diet.

• Aim for a dietary pattern that achieves 5% to 6% of calories
from saturated fat.

• Reduce percent of calories from saturated fat.
• Reduce percent of calories from trans fat.
• Engage in aerobic physical activity to reduce LDL-C and
non–HDL-C: three to four sessions a week, lasting on aver-
age 40 minutes per session, and involving moderate-to-
vigorous intensity physical activity.

Recommendation 2
Statin therapy is recommended in three “high-risk” groups
shown to benefit from it. In lower-risk primary prevention
groups with 7.5% or greater ASCVD risk shown to benefit,
statins are recommended after a clinician–patient discussion
(see the following).

Careful review of RCT data helped the panel define three
“high-risk” groups of patients:
1. Secondary prevention patients;
2. Those with primary elevations of LDL-C levels 190 mg/dL

or greater; and
3. Those with diabetes, ages 40 to 75 years, with LDL-C levels

of 70 to 189 mg/dL.
Review of three primary prevention RCTs also showed

strong evidence that those primary prevention patients with
a 10-year estimated ASCVD risk of 7.5% or more would also
benefit from statin therapy. Moderate evidence suggested that
an even lower-risk group, thosewith 5% to less than 7% 10-year
estimatedASCVD risk, benefitted aswell. Thismeans that if the
risk calculation slightly overpredicts ASCVD risk, the patient is
still in a risk–benefit group for statin therapy.

Two factors distinguish the high-risk groups and the lower-
risk primary prevention group. In the former, the focus is on
achieving the proper intensity of therapy. High-intensity
statin therapy was associated with optimal ASCVD risk

TABLE 17-4 Summary of Recommendations for Monitoring, Optimizing, and Insufficient Response
to Statin Therapy

RECOMMENDATIONS
ACC/AHA

COR
ACC/AHA

LOE

Monitoring Statin Therapy

1. Adherence to medication and lifestyle, therapeutic response to statin therapy, and safety should be regularly assessed. This should also
include a fasting lipid panel performed within 4–12 weeks after initiation or dose adjustment, and every 3–12 months thereafter. Other
safety measurements should be measured as clinically indicated.

I A

Optimizing Statin Therapy

1. The maximum tolerated intensity of statin should be used in individuals for whom a high- or moderate-intensity statin is recommended,
but not tolerated.

I* B

Insufficient Response to Statin Therapy

1. In individuals who have a less-than-anticipated therapeutic response or who are intolerant of the recommended intensity of statin
therapy, the following should be performed:
a. Reinforce medication adherence.
b. Reinforce adherence to intensive lifestyle changes.
c. Exclude secondary causes of hyperlipidemia.

I A

2. It is reasonable to use the following as indicators of anticipated therapeutic response to the recommended intensity of statin therapy.
Focus is on the intensity of the statin therapy, as an aid to monitoring.
a. High-intensity statin therapy† generally results in an average LDL-C reduction of �50% from the untreated baseline.
b. Moderate-intensity statin therapy generally results in an average LDL-C reduction of 30% to <50% from the untreated baseline.
c. LDL-C levels and percent reduction are to be used only to assess response to therapy and adherence. They are not to be used as

performance standards.

IIa B

3. In individuals at higher ASCVD risk receiving the maximum tolerated intensity of statin therapy who continue to have a less-than-
anticipated therapeutic response, addition of a nonstatin cholesterol-lowering drug(s) may be considered if the ASCVD risk reduction
benefits outweigh the potential for adverse effects.

Higher-risk individuals include:
a. Individuals with clinical ASCVD{ <75 yrs of age.
b. Individuals with baseline LDL-C �190 mg/dL.
c. Individuals 40–75 yrs of age with diabetes mellitus. Preference should be given to nonstatin cholesterol-lowering drugs shown to

reduce ASCVD events in RCTs.

IIb C

4. In individuals who are candidates for statin treatment, but who are completely statin intolerant, it is reasonable to use nonstatin
cholesterol-lowering drugs that have been shown to reduce ASCVD events in RCTs if the ASCVD risk reduction benefits outweigh the
potential for adverse effects.

IIa B

ACC, American College of Cardiology; AHA, American Heart Association; ASCVD, atherosclerotic cardiovascular disease; COR, Class of Recommendation; LDL-C, low-density
lipoprotein cholesterol; LOE, level of evidence; MI, myocardial infarction; RCT, randomized controlled trial; TIA, transient ischemic attack.

*Several RCTs found that low-intensity and low- to moderate-intensity statin therapy reduced ASCVD events. In addition, the Cholesterol Treatment Trialists (CTT) meta-
analyses found each 39-mg/dL reduction in LDL-C reduces ASCVD risk by 22%. Therefore, the Panel considered that submaximal statin therapy should be used to reduce
ASCVD risk in those unable to tolerate moderate- or high-intensity statin therapy.

†In those already on a statin, in whom baseline LDL-C is unknown, an LDL-C level <100 mg/dL was observed in most individuals receiving high-intensity statin therapy.
{Clinical ASCVD includes acute coronary syndromes, or a history of MI, stable or unstable angina, coronary or other arterial revascularization, stroke, TIA, or peripheral

arterial disease presumed to be of atherosclerotic origin.
(From Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2014;129(25 Suppl 2):S1–S45.)
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reduction efforts in those groups shown to benefit. The
guidelines could make no recommendation for initiation
of statin therapy in the two high-risk groups not found to ben-
efit: (1) those on maintenance hemodialysis, and (2) those
in NYHA heart failure classes II through IV. However, to

include patient preference and focus attention on compre-
hensive risk reduction efforts, the guideline insists that in
asymptomatic primary prevention patients, a clinician–
patient discussion is required before a statin is prescribed.
This is discussed in greater detail in the following.

TABLE 17-5 Statin Safety Recommendations

RECOMMENDATIONS
ACC/AHA

COR
ACC/AHA

LOE

1. Tomaximize the safety of statins, selection of the appropriate statin and dose inmen and nonpregnant or non-nursingwomen should be
based on patient characteristics, level of ASCVD* risk, and potential for adverse effects.

I B

Moderate-intensity statin therapy should be used in individuals in whom high-intensity statin therapy would otherwise be
recommended when characteristics predisposing them to statin-associated adverse effects are present.

Characteristics predisposing individuals to statin adverse effects include, but are not limited to:
a. Multiple or serious comorbidities, including impaired renal or hepatic function.
b. History of statin intolerance or muscle disorders.
c. Unexplained ALT elevations �3 times ULN.
d. Patient characteristics or concomitant use of drugs affecting statin metabolism.
e. >75 yrs of age.

Additional characteristics that may modify the decision to use higher statin intensities may include, but are not limited to:
a. History of hemorrhagic stroke.
b. Asian ancestry.

2a. CK should not be routinely measured in individuals receiving statin therapy. III: No Benefit A

2b. Baseline measurement of CK is reasonable for individuals believed to be at increased risk for adverse muscle events based on a personal
or family history of statin intolerance or muscle disease, clinical presentation, or concomitant drug therapy that might increase the risk
for myopathy.

IIa C

2c. During statin therapy, it is reasonable to measure CK in individuals with muscle symptoms, including pain, tenderness, stiffness,
cramping, weakness, or generalized fatigue.

IIa C

3a. Baseline measurement of hepatic ALT levels should be performed before initiating statin therapy. I† B

3b. During statin therapy, it is reasonable to measure hepatic function if symptoms suggesting hepatotoxicity arise (e.g., unusual fatigue or
weakness, loss of appetite, abdominal pain, dark-colored urine, or yellowing of the skin or sclera).

IIa C

4. Decreasing the statin dose may be considered when two consecutive values of LDL-C levels are <40 mg/dL. IIb C

5. It may be harmful to initiate simvastatin at 80 mg daily or to increase the dose of simvastatin to 80 mg daily. III: Harm A

6. Individuals receiving statin therapy should be evaluated for new-onset diabetes mellitus according to the current diabetes screening
guidelines. Those who develop diabetes mellitus during statin therapy should be encouraged to adhere to a heart-healthy dietary
pattern, engage in physical activity, achieve and maintain a healthy body weight, cease tobacco use, and continue statin therapy to
reduce their risk of ASCVD events.

I{ B

7. For individuals taking any dose of statins, it is reasonable to use caution in individuals >75 yrs of age, as well as in individuals who are
taking concomitant medications that alter drug metabolism, taking multiple drugs, or taking drugs for conditions that require complex
medication regimens (e.g., those who have undergone solid organ transplantation or are receiving treatment for HIV). A review of the
manufacturer’s prescribing information may be useful before initiating any cholesterol-lowering drug.

IIa C

8. It is reasonable to evaluate and treat muscle symptoms, including pain, tenderness, stiffness, cramping, weakness, or fatigue, in statin-
treated patients according to the following management algorithm:
a. To avoid unnecessary discontinuation of statins, obtain a history of previous or current muscle symptoms to establish a baseline

before initiating statin therapy.
b. If unexplained severe muscle symptoms or fatigue develop during statin therapy, promptly discontinue the statin and address the

possibility of rhabdomyolysis by evaluating CK, creatinine, and urinalysis for myoglobinuria.
c. If mild to moderate muscle symptoms develop during statin therapy:

• Discontinue the statin until the symptoms can be evaluated.
• Evaluate the patient for other conditions that might increase the risk for muscle symptoms (e.g., hypothyroidism, reduced renal or
hepatic function, rheumatologic disorders such as polymyalgia rheumatica, steroid myopathy, vitamin D deficiency, or primary
muscle diseases).

• If muscle symptoms resolve, and if no contraindication exists, give the patient the original or a lower dose of the same statin to
establish a causal relationship between the muscle symptoms and statin therapy.

• If a causal relationship exists, discontinue the original statin. Once muscle symptoms resolve, use a low dose of a different statin.
• Once a low dose of a statin is tolerated, gradually increase the dose as tolerated.
• If, after 2 months without statin treatment, muscle symptoms or elevated CK levels do not resolve completely, consider other causes
of muscle symptoms listed previously.

• If persistent muscle symptoms are determined to arise from a condition unrelated to statin therapy, or if the predisposing condition
has been treated, resume statin therapy at the original dose.

IIa C

9. For individuals presenting with a confused state or memory impairment while on statin therapy, it may be reasonable to evaluate the
patient for nonstatin causes, such as exposure to other drugs as well as systemic and neuropsychiatric causes, in addition to the
possibility of adverse effects associated with statin drug therapy.

IIB C

ACC, American College of Cardiology; AHA, American Heart Association; ALT, alanine transaminase; ASCVD, atherosclerotic cardiovascular disease; CK, creatine kinase; COR,
Class of Recommendation; HIV, human immunodeficiency virus; LDL-C, low-density lipoprotein cholesterol; LOE, level of evidence; RCT, randomized controlled trial; TIA,
transient ischemic attack; ULN, upper limit of normal.

*Based on the presence of clinical ASCVD, diabetes mellitus, LDL-C �190 mg/dL, or level of estimated 10-year ASCVD risk.
†Individuals with elevated ALT levels (usually >1.5 or 2 times ULN) were excluded from RCT participation. Unexplained ALT >3 times ULN is a contraindication to statin

therapy as listed in manufacturer’s prescribing information.
{Statin use is associated with a very modest excess risk of new-onset diabetes in RCTs and meta-analyses of RCTs (i.e., 0.1 excess case per 100 individuals treated 1 year

with moderate-intensity statin therapy and 0.3 excess cases per 100 individuals treated for 1 year with high-intensity statin therapy). The increased risk of new-onset diabetes
appears to be confined to those with risk factors for diabetes. These individuals are also at higher risk of ASCVD because of these risk factors. Therefore, if a statin-treated
individual develops diabetes as detected by current diabetes screening guidelines, they should be counseled to adhere to a heart-healthy dietary pattern, engage in physical activity,
achieve and maintain a healthy body weight, cease tobacco use, and continue statin therapy to reduce their risk of ASCVD events.
(From Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2014;129(25 Suppl 2):S1–S45.)
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TABLE 17-7 High-, Moderate-, and Low-Intensity Statin Therapy (Used in the RCTs reviewed by the Expert Panel)*
HIGH-INTENSITY STATIN THERAPY MODERATE-INTENSITY STATIN THERAPY LOW-INTENSITY STATIN THERAPY

Daily dose lowers LDL-C on average by approximately
�50%

Daily dose lowers LDL-C on average by approximately
30% to <50%

Daily dose lowers LDL-C on average
by <30%

Atorvastatin 40† or 80† mg
Rosuvastatin 20† or 40 mg

Atorvastatin 10† or 20 mg
Rosuvastatin 5 or 10† mg
Simvastatin 20† or 40† mg{

Pravastatin 40† or 80 mg
Lovastatin 40† mg
Fluvastatin XL 80 mg
Fluvastatin 40† mg bid
Pitavastatin 2 or 4 mg

Simvastatin 10 mg
Pravastatin 10† or 20† mg
Lovastatin 20† mg
Fluvastatin 20 or 40 mg
Pitavastatin 1 mg

bid, twice daily; FDA, Food and Drug Administration; IDEAL, Incremental Decrease through Aggressive Lipid Lowering study; LDL-C, low-density lipoprotein cholesterol; RCT,
randomized controlled trial.

*Individual responses to statin therapy varied in the RCTs and should be expected to vary in clinical practice. A biologic basis may exist for a less-than-average response.
†Statins and doses evaluated in RCTs included in critical questions 1 and 2, and the Cholesterol Treatment Trialists (CTT) 2010 meta-analysis included in critical question 3

(see Table 17-1). All of these RCTs demonstrated a reduction in major cardiovascular events. Evidence for atorvastatin 40 mg is from 1 RCT only, IDEAL, in which downtitration
occurred in patients unable to tolerate atorvastatin 80 mg.

{Although simvastatin 80 mg was evaluated in RCTs, initiation of simvastatin 80 mg or titration to 80 mg is not recommended by the U.S. FDA because of the increased risk of
myopathy, including rhabdomyolysis.
(From Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2014;129(25 Suppl 2):S1–S45.)

TABLE 17-6 Nonstatin Safety Recommendations
ACC/AHA

COR
ACC/AHA

LOE

Safety of Niacin

1. Baseline hepatic transaminases, fasting blood glucose or hemoglobin A1c, and uric acid should be obtained before initiating niacin,
during uptitration to a maintenance dose, and every 6 months thereafter.

I B

2. Niacin should not be used if:
a. Hepatic transaminase elevations are higher than 2–3 times ULN. III: Harm B
b. Persistent severe cutaneous symptoms, persistent hyperglycemia, acute gout, unexplained abdominal pain, or gastrointestinal

symptoms occur.
III: Harm B

c. New-onset atrial fibrillation or weight loss occurs. III: Harm B

3. In individuals with adverse effects from niacin, the potential for ASCVD benefits and the potential for adverse effects should be
reconsidered before reinitiating niacin therapy.

I B

4. To reduce the frequency and severity of adverse cutaneous symptoms, it is reasonable to:
a. Start niacin at a low dose and titrate to a higher dose over a period of weeks as tolerated.
b. Take niacin with food or premedicate with aspirin 325 mg 30 min before niacin dosing to alleviate flushing symptoms.
c. If an extended-release preparation is used, increase the dose of extended-release niacin from 500 mg to a maximum of 2000 mg/day

over 4–8 weeks, with the dose of extended-release niacin increasing not more than weekly.
d. If immediate-release niacin is chosen, start at a dose of 100 mg 3 times daily and uptitrate to 3 g/day, divided into 2 or 3 doses.

IIa C

Safety of BAS

1. BAS should not be used in individuals with baseline fasting triglyceride levels �300 mg/dL or type III hyperlipoproteinemia, because
severe triglyceride elevations might occur. (A fasting lipid panel should be obtained before BAS is initiated, 3 months after initiation, and
every 6–12 months thereafter.)

III: Harm B

2. It is reasonable to use BAS with caution if baseline triglyceride levels are 250–299 mg/dL, and to evaluate a fasting lipid panel in
4–6 weeks after initiation. Discontinue the BAS if triglycerides exceed 400 mg/dL.

IIa C

Safety of Cholesterol-Absorption Inhibitors

1. It is reasonable to obtain baseline hepatic transaminases before initiating ezetimibe. When ezetimibe is coadministered with a statin,
monitor transaminase levels as clinically indicated, and discontinue ezetimibe if persistent ALT elevations >3 times ULN occur.

IIa B

Safety of Fibrates

1. Gemfibrozil should not be initiated in patients on statin therapy because of an increased risk for muscle symptoms and rhabdomyolysis. III: Harm B

2. Fenofibrate may be considered concomitantly with a low- or moderate-intensity statin only if the benefits from ASCVD risk reduction or
triglyceride lowering when triglycerides are �500 mg/dL are judged to outweigh the potential risk for adverse effects.

IIb C

3. Renal status should be evaluated before fenofibrate initiation, within 3 months after initiation, and every 6 months thereafter. Assess
renal safety with both a serum creatinine level and an eGFR based on creatinine.
a. Fenofibrate should not be used if moderate or severe renal impairment, defined as eGFR <30 mL/min/1.73 m2, is present.
b. If eGFR is between 30 and 59 mL/min/1.73 m2, the dose of fenofibrate should not exceed 54 mg/day.
c. If, during follow-up, eGFR decreases persistently to �30 mL/min/1.73 m2, fenofibrate should be discontinued.

I B

III: Harm B

Safety of Omega-3 Fatty Acids

1. If EPA and/or DHA are used for the management of severe hypertriglyceridemia, defined as triglycerides�500 mg/dL, it is reasonable to
evaluate the patient for gastrointestinal disturbances, skin changes, and bleeding.

IIa B

ACC, American College of Cardiology; AHA, American Heart Association; ALT, alanine transaminase; ASCVD, atherosclerotic cardiovascular disease; BAS, bile acid sequestrants;
COR, Class of Recommendation; DHA, docosahexanoic acid; eGFR, estimated glomerular filtration rate; EPA, eicosapentaenoic acid; LOE, level of evidence; ULN, upper limit
of normal.
(From Stone NJ, Robinson J, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of
the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2014;129(25 Suppl 2):S1–S45.)
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Recommendation 3
Statins are safe when they are taken as directed and the patient
is monitored regularly. The Cholesterol guideline provides
detailed information about safety issues obtained from
review of individuals enrolled in large scale RCTs. It recom-
mends adjustments to statin intensity in those older than age
75 years, those who developed adverse reactions or had
drug–drug interactions necessitating a dosage change, or
those with varying degrees of statin intolerance. The guide-
line emphasizes the role of pharmacists, manufacturers' pre-
scribing information, and drug information centers in the
safe use of lipid drugs. This is especially important before
using lipid drugs in complex or multidrug situations. These
sources provide needed information about contraindica-
tions and the potential for drug–drug interactions pertinent
to the patient. If baseline liver transaminases are normal, rou-
tinemonitoring of liver status is not recommended. Likewise,
in the absence of a personal or family history of muscle
symptoms or disorders, routine monitoring of creatine
kinase is not recommended.
An increased risk of new diagnosis of diabetes was present

in most, but not all, of those assigned to statin treatment in
the RCTs. A new diagnosis of diabetes was more likely in
those RCTs that employed high-intensity versus moderate-
intensity statins. The Cholesterol guideline estimates that
the excess risk of diabetes results in 0.1 excess cases per
100 individuals treated with a moderate-intensity statin for
1 year and 0.3 excess cases per 100 individuals treated with
a high-intensity statin for 1 year. Thus, primary prevention
patients with 10-year estimated ASCVD risk of 7.5% or more
show net benefit if treated with a statin. The expert panel rea-
soned that the occurrence of a major ASCVD event (defined
as a fatal or nonfatal myocardial infarction or stroke) led to a
greater harm in health status compared with an increase in
blood glucose leading to a diagnosis of diabetes. The advan-
tage of a clinician–patient discussion would be to empha-
size benefits of adherence to a healthy lifestyle and to
consider the patient’s risk factors for diabetes and for
ASCVD. It is reassuring to note that in the large Justification
for the Use of Statins in Primary Prevention: an Intervention
Trial Evaluating Rosuvastatin RCT in primary prevention
patients, which did not include those with diabetes, progres-
sion to diabetes with a high-intensity statin was not seen in
the short duration of the trial if the participants did not have
any of four diabetes risk factors.9

Recommendation 4
A clinician–patient discussion is needed before initiating ther-
apy with statins, especially in low-risk primary prevention
patients. Although those with an estimated 10-year ASCVD
risk show net benefit in the primary prevention RCTs with
statin therapy, individual patients vary in risk characteristics,
potential for adverse effects and drug–drug interactions, and
individual preferences. Accordingly, the panel insisted on a
clinician–patient discussion to inform the decision as to
whether therapy was consistent with sound clinical judgment
and the patient’s preferences. The clinician–patient discussion
is also the time to focus on treatable risk factors (e.g, smoking
and elevated blood pressure) and reemphasize a healthy life-
style. The Risk Assessment group noted that additional factors
could be added to inform the treatment decision when a deci-
sion was uncertain. These included high-sensitivity C-reactive
protein (hsCRP) levels of 2 mg/L or greater; coronary artery

calcium (CAC) score 300 Agatson units or greater, or in or
above the 75th percentile for age, sex, and ethnicity; ankle–
brachial index (ABI) less than 0.9; and family history of prema-
ture ASCVD. To these, on the basis of RCT data, the Cholesterol
Panel added LDL-C levels 160 mg/dL or greater and elevated
lifetime risk of ASCVD. Lifetime risk, however, is used mainly
to emphasize lifestyle to improve all risk factors andnotby itself
as a reason to add statin therapy. A few examples are worth
mentioning. Use of these factors would allow the clinician to
recommendstatin treatment toyoungadults in their 30sorearly
40s who have a family history of premature ASCVD and
an LDL-C level of 180 mg/dL. Likewise, in an older adult who
was concerned that theASCVD riskwas too heavily influenced
by age, the hsCRP level or CAC score could help inform the
treatment decision.

Recommendation 5
The newly developed Pooled Cohort Equations for estimating
10-year ASCVD risk represent an important advance in risk
prediction for U.S. cohorts. These equations represent pooled
recent data from several well-described, long-standing
community-based U.S. cohorts that were broadly representa-
tive of the U.S. population. This allowed new gender-specific
and race-specific equations to estimate 10-year risk for
ASCVD.1 The addition of stroke risk improves on older cal-
culators that estimated only coronary heart disease (CHD)
risk. Moreover, the new Pooled Cohort Equations include
African American status as a separate input. African Ameri-
can women should benefit substantially, because stroke
may occur in these groups before the onset of CHD. This
is the reverse of what is seen in their male counterparts.

Initially, the concern was that the risk estimator would
overpredict the risk of ASCVD, especially in some high-risk
groups. This may well have been caused by incomplete
ascertainment and downstream statin treatment unrecog-
nized by the investigators. The likelihood of this was noted
when the observed or expected rates in high-risk groups in
the Multi-Ethnic Study of Atherosclerosis (MESA) were
examined.10 In MESA, very high rates of initiation of statins
were seen after baseline examinations that included CAC
scores.

Recommendation 6
The appropriate intensity of statin therapy matters. Nonstatins
could be used in specific circumstances. High-intensity statin
therapy was defined by the panel as that which lowered
LDL-C by 50% or more (see Table 17-7). This can be
achieved with atorvastatin 40 mg or 80 mg daily, as well as
with rosuvastatin 20 mg or 40 mg daily. Moderate-intensity
statin therapy can be achieved with lower doses of atorva-
statin and rosuvastatin, as well as with defined doses of lova-
statin, pravastatin, fluvastatin, simvastatin, and pitavastatin.
Cost should not be a barrier. Atorvastatin, fluvastatin, lova-
statin, pravastatin, and simvastatin are available as lower-cost
generics. Patients given high-intensity statin therapy could
have the potential for adverse effects; therefore, drug–drug
interactions should be reviewed before the prescription is
written. The guideline indicated that the statin intensity may
be reduced if adverse effects appear. It furthermore indicated
that nonstatins could be used in high-risk groups when the
response to the tolerated statin dosewas less than anticipated.
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The guideline recommended preference for evidence from
RCT data that the addition of a nonstatin cholesterol-lowering
drug(s) may be considered if the ASCVD risk reduction ben-
efits outweigh the potential for adverse effects. Also, the addi-
tion of nonstatin therapy should take into account safety
information as noted in Table 17-6.

Recommendation 7
The guideline could not recommend for or against specific
LDL-C or non–HDL-C targets of therapy. Although targets
have been used consistently over the past two decades,
the panel could not find evidence to recommend for or
against using them. Also, it could not determine the magni-
tude of additional ASCVD risk reduction with one target
compared with another (e.g., 90 vs. 100 mg/dL; 80 vs.
70 mg/dL). The panel noted that treating to an LDL-C goal
may mean that a suboptimal intensity of statin is used
because an arbitrary LDL-C or non–HDL-C goal has been
achieved, or that adding a nonstatin to achieve a specific
target could result in downtitration of the evidence-based
intensity of statin. If the full statin dose could be safely
given, this would be more consistent with available evi-
dence. In addition, using a multidrug regimen to achieve
a specific goal could be associated with an unknown rate
of additional adverse effects.

Recommendation 8
Patients should be monitored for adherence to a healthy life-
style and the recommended intensity of statin therapy. Rather
than asking patients to achieve an arbitrary LDL-C or non–
HDL-C goal, the recommendations found strong evidence
for recommending adherence to the appropriate intensity
of statin therapy and adherence to a healthy lifestyle. This
check for adherence was done in the RCTs. Thus, clinicians
are recommended to check lipids at 4 to 12 weeks after the
initial statin prescription and then at 3 to 12 months as clin-
ically appropriate thereafter. As a practical note, this will
require clinicians to understand the complex nature of med-
ication adherence and employ strategies to address the bar-
riers seen with individual patients.11

CONCLUSION

The Cholesterol guideline incorporates important features of
the Lifestyle and Risk Assessment guidelines. In addition to
an emphasis on adherence to an optimal lifestyle, the Cho-
lesterol guideline addresses the reduction of ASCVD risk
through treatment of blood cholesterol, with an emphasis
on statins. The guidelines will likely increase the numbers
of patients taking statins. They likely will change the propor-
tion of patients taking higher-intensity statin therapy, and
they may reduce statin therapy use in lower-risk middle-aged
adults, usually white women, who, despite a mildly elevated
LDL-C, have a low risk of an ASCVD event (<5%). The RCTs
show that for those who benefit, statins are the most proven
lipid drug class. To achieve optimal benefit, the guidelines
offer clear direction on the appropriate intensity of statin
therapy in defined high-risk groups. Thus, for secondary
prevention patients, patients with primary elevations of
LDL-C levels of 190 mg/dL or greater, and patients with dia-
betes who are 40 to 75 years of age and have LDL-C levels of

70 to 189 mg/dL, the focus is on achieving a maximally tol-
erated statin dose along with optimal adherence to a
healthy lifestyle. In primary prevention, the guidelines
stress shared decision making through a clinician–patient
discussion before initiation of statin treatment. This discus-
sion should focus on other treatable risk factors, emphasize
optimal lifestyle, and evaluate the potential for benefit,
adverse effects, and drug–drug interactions, as well as eval-
uating patient preferences. The guidelines point out that
the RCTs have shown that some high-risk groups may not
benefit from initiation of statin therapy. Thus, the guide-
lines could not recommend for or against statin therapy
in those on long-term hemodialysis or in stages II through
IV of heart failure.

In primary prevention, in addition to utilizing the ASCVD
risk calculator, six other factors besides the ASCVD risk
determination inform decision making. These include:
(1) a family history of premature ASCVD; (2) an hsCRP
level of 2 mg/dL or greater; (3) a CAC score of 300 Agatson
units or greater or in the 75th percentile or higher based on
age, race, and sex; (4) an ABI less than 0.9; (5) an LDL-C
level of 160 mg/dL or greater; and (6) an increased lifetime
risk of ASCVD. Despite these options, the guideline specif-
ically noted that clinician judgment is important for patient
groups such as younger adults (<40 years of age) who have
a low estimated 10-year ASCVD risk, but a high lifetime
ASCVD risk based on a single strong risk factor or multiple
risk factors. This judgment about whether to use statin ther-
apy and the intensity of treatment would also pertain to
groups that have serious comorbidities and increased
ASCVD risk, for example, individuals with human immuno-
deficiency virus infection or rheumatologic or inflamma-
tory diseases, and those who have undergone
transplantation of a solid organ. The basic principle of
the clinician–patient discussion, that is, to address the
potential for benefit with statin therapy, the potential for
statin-induced adverse effects or drug–drug interactions,
and patient preferences, is crucial in these instances
because of the paucity of RCT data to guide therapy. Sound
clinical judgment is emphasized throughout the guideline
report because individual patient characteristics and pref-
erences should be expected to vary.
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INTRODUCTION

Healthy lifestyle practices are the foundation of prevention
and treatment efforts to reduce cardiovascular disease
(CVD) morbidity and mortality. A cardioprotective diet is
a key lifestyle practice that continues to be the cornerstone
of CVD risk management. A large evidence base has demon-
strated convincingly the beneficial effects of several dietary
patterns on multiple risk factors for CVD, including major
risk factors, that is, lipids and lipoproteins, blood pressure
(BP), insulin sensitivity, body weight and fatness, and emerg-
ing risk factors.1–3

The role of nutrition is of paramount importance for
reducing the burden of CVD despite advances in pharmaco-
logic and surgical management. Thus, the identification and
implementation of dietary strategies with the greatest poten-
tial for reducing CVD risk are of major scientific and public
health importance. Nutrition plays a key role in preventing
and treating CVD by modifying multiple risk factors. This
chapter focuses on dietary patterns that have demonstrated
efficacy for reducing CVD risk factors, morbidity, andmortal-
ity. When healthy dietary patterns are implemented, risk fac-
tor reduction includes both the well-characterized CVD risk
factors, as well as emerging, and yet to be discovered risk
factors and their accompanying mechanisms of action.
Great interest has been generated in therapeutic

approaches that target multiple risk factors to reduce CVD
risk, and thus, dietary patterns that improve multiple CVD
risk factors have become the “gold standard” for achieving
maximal CVD risk reduction. Several dietary patterns have
been defined that are currently available for implementation
in clinical practice. These include the Dietary Approaches to
Stop Hypertension (DASH)/DASH Sodium Diet,4,5 diets
higher in protein and unsaturated fat evaluated in the Opti-
mal Macronutrient Intake for Heart Health (OmniHeart)
study,6 the Portfolio diet,7 Mediterranean-type diets,8–10

and the Ornish Plan,11 which are discussed in this chapter.
Specific strategies for implementing healthy dietary patterns
to decrease CVD risk are provided at the end of the chapter.
In addition, key web-based resources for clinicians are pro-
vided. Thus, the purpose of this chapter is to inform clini-
cians about the current evidence base in support of
cardioprotective practices and provide information about
practical tools that are available for implementing dietary
patterns for CVD prevention and treatment.

THE ROLE OF DIET IN CARDIOVASCULAR
DISEASE

Epidemiologic, mechanistic, and interventional studies
provide robust support for the role of nutrition in preventing
and treating heart disease by reducing modifiable risk
factors.12,13 Evidence-based recommendations have been
issued for dietary patterns that reduce CVD risk. In practice,
however, a major concern is that patients may focus on spe-
cific macronutrients and consume a diet that does not meet
food-based recommendations that are the basis of a healthy
diet pattern. Moreover, focusing on elevated cholesterol
levels and high BP alone fails to identify about half of the
1.3 million individuals who have a myocardial infarction
(MI) each year without presenting with these factors.14 It is
clear that other risk factors, such as chronic inflammation
and oxidative stress, also are involved. Current recommen-
dations focus on food-based approaches and dietary pat-
terns that target both low-density lipoprotein cholesterol
(LDL-C) and BP reductions while also benefitting other
CVD risk factors.

Diet has been a cornerstone in the management of heart
disease risk factors for more than 50 years. The American
Heart Association (AHA) published its first dietary recom-
mendations for CVD risk reduction in 1957.15 The AHA
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updates dietary recommendations routinely as the science
evolves. Other organizations such as the United States
Department of Agriculture and Department of Health and
Human Services, the National Cholesterol Education Pro-
gram (NCEP; until 2002), the Academy of Nutrition
and Dietetics (AND; formerly the American Dietetic Associa-
tion), and the American Diabetes Association continually
update and publish diet and lifestyle recommendations to
reduce risk of chronic diseases, including (or specific to)
CVD. Traditionally, these organizations have made dietary
recommendations based on target nutrient levels (e.g., less
than 7% to less than 10% of calories from saturated fatty
acid [SFA]). Recently, food-based dietary recommendations
have beenmade, which are featured in the Dietary Guidelines
for Americans (DGA) 2010.16 These food-based recommenda-
tions are supported by the macronutrient and micronutrient
recommendations made by the National Academies
(Dietary Reference Intakes) and other organizations (e.g.,
AHA/American College of Cardiology, ACC). The AND Evi-
dence Analysis Library on Disorders of Lipid Metabolism is
an excellent summary of the literature about the role of diet
on lipid and lipoprotein risk factors, including dietary recom-
mendations for themanagement of CVD risk factors.17 A food-
based approach that integrates all nutrient recommendations
is encouraged because it targets multiple CVD risk factors and
many other chronic diseases. Food-based approaches that
encompass all dietary recommendations translate to greater
health benefits.

Modifying macronutrient type and amount is a focus of
the dietary recommendations. Historically, recommenda-
tions have centered on modifying type and amount of fat.
More recently, modifying the type and amount of carbohy-
drates and proteins to lower CVD risk has received greater
attention. The reduction and replacement of SFA and trans
fatty acid (TFA) with unsaturated fat or unrefined carbohy-
drates (i.e., whole grains, vegetables, and fruit sources) cur-
rently is one of the most widely accepted approaches to
decrease major CVD risk factors. In addition, the evidence
base for dietary protein as a substitute for SFA and TFA
has increased. The effects of the type and amount of protein
on CVD are areas of ongoing research. With respect to die-
tary carbohydrates, studies have examined the impact of
dietary fiber, the glycemic index of carbohydrate-rich foods,
and the glycemic load of the diet on CVD risk factors.

Dietary recommendations have beenmade for other nutri-
ents based on the emerging evidence. These new CVD die-
tary recommendations are notable in that they do not
address an essential nutrient deficiency and do not always
result in quantifiable effects on standard risk markers. For
example, the cardioprotective benefits of a diet rich in
omega-3 fatty acids, both marine-based and plant-based,
have been studied intensively, leading to specific dietary rec-
ommendations from multiple agencies and professional
organizations. Recommendations to increase vegetable
and fruit consumption relate, in part, to the understanding
that plant phytochemicals, such as phenolic antioxidants,
potentially ameliorate oxidative stress and inflammation.
Dietary recommendations for CVD are now focusing on die-
tary patterns that have the potential to optimize multiple risk
factors, including traditional targets.

Food-based dietary recommendations not only include
strategies that target lipid and lipoprotein risk factors, but
also include dietary patterns that address a wide array of
nonlipid and lipoprotein CVD risk favors. Emphasizing

nutrient-dense foods provides a strategy for building a
healthy diet that has greater cardiovascular benefits than
that attainable simply by targeting nutrients. Dietary patterns
that emphasize nutrient-dense foods deliver multiple well
characterized and yet to be characterized nutrients/bioactive
compounds for CVD risk reduction. Evidence from interven-
tion studies has identified several healthy dietary patterns
that include nutrient-dense foods that are high in fiber and
low in solid fats, added sugars, sodium, and refined grains.
These specific dietary patterns and food-based recommen-
dations are presented in the following sections.

DIETARY GUIDELINES
AND RECOMMENDATIONS

Evidence-based dietary guidelines for reducing risk of CVD
(and other chronic diseases) have been established by the
DGA 201016 and the AHA’s diet and lifestyle recommenda-
tions for CVD risk reduction.2 Nutrient-dense foods—
particularly those high in dietary fiber, vitamin D, calcium,
and potassium—are encouraged. Foods high in solid fats
(SFA, TFA), sodium, dietary cholesterol, added sugars,
and refined grains should be limited. Vegetables, fruits,
whole grains high in fiber, seafood, eggs, low-fat dairy, nuts,
lean meat, and poultry, all prepared without solid fats and
added sugars, are considered “nutrient-dense foods.”16

The AHA/ACC evaluated the research evidence for critical
questions regarding the efficacy of dietary and lifestyle
changes. Table 18-1 summarizes the “moderate” and “high”
evidence-based recommendations made by the AHA/ACC
to improve BP and LDL-C/lipids based on these critical ques-
tions. Recommendations focus on utilizing dietary pattern
approaches such as the DASH diet and its variations to meet
macronutrient targets and reduce sodium intake. DGA 2010
recommends consuming less than 10% of calories from SFA
to less than 7% of calories to further reduce CVD risk.16 TFA
should be as low as possible.16 The AHA/ACC recommend
limiting SFA to 5% to 6% of calories and reducing dietary
TFA.2 Both DGA 2010 and the AHA/ACC recommend that
adults who drink alcohol limit their consumption to 1 drink
per day for women and up to 2 drinks per day for men.16 The
AHA/ACC recommends that sodium intake be less than
2400 mg/day, and ideally less than 1500 mg/day for adults,
excluding individuals at risk for losing large amounts of
sodium through sweat,2 whereas DGA 2010 recommends
that the current sodium goal be less than 2300 or
1500 mg/day, depending on individual characteristics that
may affect sodium sensitivity, for example, age, body weight,
race or ethnicity, and genetics.16 Older adults (�51 years),
younger children (�8 years), African Americans, and individ-
uals with hypertension, diabetes, or chronic kidney disease
are advised to limit their sodium intake to less than 1500 mg/
day.16 These groups represent about 50% of the population.
Increasing consumption of fruits and vegetables that are rich
in potassiummay reduce and even prevent sodium-induced
hypertension.

Additional lifestyle behaviors may be implemented to
reduce BP (Table 18-1). The DASH eating plan (discussed
below), including dietary sodium restriction (<2.3 g/day,
with the goal of 1.5 g/day), may markedly decrease BP. Alco-
hol should be limited, and moderation is recommended for
those who choose to consume alcohol. Regular aerobic
physical activity, such as brisk walking for at least 30 minutes

198

III

TH
ER

A
PY



per day most days of the week, is recommended for the con-
trol of both lipids/lipoproteins and BP.

RECOMMENDED DIETARY PATTERNS

Dietary guidelines issued by DGA 2010, the AHA/ACC, and
other professional organizations focus on dietary patterns
designed to prevent CVD and other chronic diseases.
Evidence-based research shows that the DASH diet, certain
vegetarian diets (e.g., Portfolio diet and Ornish diet), and
Mediterranean-style diets, all reduce risk factors associated
with CVD.16 All of these dietary patterns are low in SFA,
TFA, and dietary cholesterol and high in dietary fiber. In addi-
tion, they meet current recommendations for sodium
(<2300 mg/day) when appropriately implemented. The key
characteristics of each dietary pattern are discussed below.

Dietary Approaches to Stop
Hypertension Diet
The DASH diet recommends increased intake of fruits, veg-
etables, and low-fat dairy foods while limiting intake of red
meat and added sugars.4 Whole grains, poultry, fish, and
nuts also are emphasized. The DASH4 and DASH-Sodium5

trials were seminal studies designed to evaluate the effects
of modifying dietary patterns, including sodium restriction,
in individuals with diastolic BP (DBP) of 80 to 95 mm Hg
and systolic BP (SBP) of less than 160 mm Hg.
In the DASH trial, three intervention diets were provided to

the participants for 8weeks: (1) a control diet; (2) a diet rich in
fruits and vegetables; or (3) a combination (DASH) diet.4 The
fruits and vegetables diet provided approximately 8 to 10 serv-
ings of fruits and vegetables per day andwas similar to the con-
trol diet in macronutrient content. The combination diet was

high in fruits and vegetables (approximately 9 servings per
day), low-fat dairy products, whole grains, fish, poultry, and
nuts, and was low in fat, red meat, and sweets. The DASH diet
was reduced in SFA, total fat, and cholesterol, andmoderately
high inprotein, calcium, potassium, andmagnesium.All three
diets provided about 3000 mg of sodium per day, and body
weight was maintained throughout the study.

Both intervention diets reduced BP compared with the
control diet. The DASH diet significantly lowered SBP by
5.5 mm Hg and DBP by 3.0 mm Hg compared with the con-
trol diet.4 However, to a lesser degree, the fruits and vegeta-
bles diet also significantly lowered BP by 2.8/1.1 mm Hg
compared with the control diet. In individuals with stage 1
hypertension (140/90 to 159/95 mmHg, 29% of the total sam-
ple), the combination diet decreased SBP by 11.6 mm Hg
and DBP by 5.3 mmHg. Normotensive participants had a sig-
nificant reduction in BP, but to a much lesser extent (3.5/
2.2 mm Hg). African Americans with hypertension had the
greatest response to the combination diet, reducing BP by
13.2/6.1 mm Hg compared with the control diet.

To evaluate the effect of sodium reduction in the context
of the combination diet, the DASH-Sodium trial was con-
ducted.5 The three levels of sodium intake were: (1) the
“high” level of 3300 mg/day, which is similar to the average
U.S. intake; (2) the “intermediate” level of 2400 mg/day,
which is the upper level of current recommendations; and
(3) the “low” level of 1500 mg/day.

The reduction in sodium intake decreased BP (from high
sodium to low sodium, a decrease of 3.0/1.6 mm Hg on the
DASH diet and 6.7/3.5 mm Hg on the control diet).5 Com-
pared with the DASH diet, the sodium-related decrease in
BP was greater in the control diet. The greatest BP reduction
was achieved in participants who consumed the DASH diet
with the lowest level of sodium (Fig. 18-1). The hypotensive

TABLE 18-1 Summary of Recommendations from the 2013 ACC/AHA Guideline on Lifestyle Management
to Reduce Cardiovascular Risk

MODIFICATION RECOMMENDATIONS

SYSTOLIC AND DIASTOLIC
BLOOD PRESSURE

REDUCTION*
(STRENGTH OF EVIDENCE)

LIPID EFFECTS*
(STRENGTH OF EVIDENCE)

Adopt DASH
eating plan1

Consume a diet high in vegetables, fruits, low-fat dairy
products, whole grains, poultry, fish, and nuts; low in
sweets, sugar-sweetened beverages, and red meats

5–6 mm Hg
(High)

# LDL-C by 11 mg/dL
# HDL-C by 4 mg/dL
$ TG
(High)

DASH variations2 DASH dietary pattern with 10% of total daily energy from
carbohydrate replaced with protein

1 mm Hg (systolic)
(Moderate)

# LDL-C by 3 mg/dL
# HDL-C by 1 mg/dL
# TG by 16 mg/dL
(Moderate)

DASH dietary pattern with 10% of total daily energy
from carbohydrate replaced with unsaturated fat
(8% MUFA, 2% PUFA)

Similar LDL-C reduction as DASH
" HDL-C by 1 mg/dL
# TG by 10 mg/dL
(Moderate)

Dietary sodium
restriction

Reduce sodium intake by at least 1000 mg/day; consume
no more than 2400 mg/day; further reduction to
1500 mg/day is desirable

2 mm Hg with 2400 mg sodium
7 mm Hg with 1500 mg sodium
(Moderate)

—

Physical activity3 Engage in regular aerobic physical activity such as brisk
walking (�40-min sessions, 3–4 times a week)

2–5 mm Hg
(High)

# LDL-C by 3–6 mg/dL
# non–HDL-C by 6 mg/dL
(Moderate)

ACC/AHA, American College of Cardiology/American Heart Association; BP, blood pressure; DASH, Dietary Approaches to Stop Hypertension; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; TG, triglycerides.

*Strength of the evidence-base for each recommendation as graded by AHA/ACC Work Group given in parentheses.
1Compared to typical 1990s American diet.
2Compared to DASH dietary pattern (i.e., additional reductions in BP and lipids, relative to those achieved by standard DASH dietary pattern).
3Aerobic exercise primary physical activity recommendation. Resistance exercise training reduced LDL-C, TG, and non-HDL-C by 6-9 mg/dL with no effect on HDL-C, but no

consistent evidence found for BP reduction.
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effects were significant in all subgroups, although individ-
uals with hypertension, those older than 45 years of age,
women, and African Americans derived the greatest benefit
from the DASH diet.18 The DASH-Sodium trial demonstrated
hypotensive benefits of the DASH dietary pattern over a
range of sodium intakes, and the combined effects of the
DASH diet and sodium restriction elicited the greatest BP-
lowering effect.

Clinical evidence consistently has demonstrated that the
DASH diet reduces total cholesterol (TC) and LDL-C, but also
reduces high-density lipoprotein cholesterol (HDL-C). It
does not affect triglycerides (TG). In the DASH trial,19 partic-
ipants who consumed a DASH diet high in fruits, vegetables,
and low-fat dairy products for 8 weeks had significantly great-
er reductions in TC (�13.7 mg/dL), LDL-C (�10.7 mg/dL),
and HDL-C (�3.7 mg/dL) levels compared with individuals
who consumed the typical American control diet, which is
relatively low in fiber and high in SFA. Men had a greater
reduction in TC and LDL-C compared with women.19 Using
the Framingham risk equations, the estimated reduction in
the 10-year coronary heart disease (CHD) risk was 18% ver-
sus the control diet.20

Consistent with the original DASH trial, a prospective
cohort study in 88,517 women reported a beneficial associ-
ation between DASH-style dietary patterns and CHD risk in
women.21 Dietary data were obtained via food frequency
questionnaires administered seven times during 24 years
of follow-up. A DASH score was calculated on the basis of
eight food and nutrient components (fruits, vegetables,
whole grains, nuts and legumes, low-fat dairy, red and pro-
cessed meats, sweetened beverages, and sodium). Women
in the highest quintile for DASH scores had a 24% lower CHD
risk compared with women in the lowest quintile. The risk
reduction was significant for both fatal and nonfatal CHD.
In an examination of 5532 adults with hypertension in the
Third National Health and Nutrition Examination Survey, a
DASH-like diet was associated with a 31% lower all-cause
mortality compared with a typical American diet, but no

differences in mortality risk from CVD were observed.22 In
addition to the smaller sample size, a potential limitation
of this study was that dietary intakes were estimated from
a single 24-hour dietary recall. Additional epidemiologic
studies with more rigorous dietary data are needed to eval-
uate the effectiveness of a DASH-like diet for reducing CVD
risk among various populations. Modifications of the DASH
diet that replace some carbohydrates with protein or unsat-
urated fat (i.e., the OmniHeart study diets) have improved
lipids, BP, and 10-year CHD risk.6 The decrease in HDL-C
on the unmodified DASH diet suggests that either substitu-
tion of carbohydrates with protein or unsaturated fat, or
other concurrent strategies, such as increasing aerobic exer-
cise and weight loss, may optimize the effectiveness of the
DASH diet in reducing CVD risk.

Because the DASH trials were controlled feeding studies,
the PREMIER study was conducted to test the implementa-
tion of the DASH dietary pattern under free-living conditions
after 6 or 18 months of follow-up.23,24 Dietary guidance was
provided, and the BP response was evaluated in three
groups of individuals with above-optimal BP: (1) advice
only: participants were given a single counseling session
and printed handouts; (2) established recommendations:
participants attended 18 sessions of behavioral counseling;
and (3) established recommendations plus instructions for
the DASH diet. The counseling sessions addressed weight
loss (when indicated), moderate-intensity physical activity,
dietary sodium, and alcohol intake guidance. Participants
(800 men and women) with an SBP of 120 to 159 mm Hg
and a DBP of 80 to 95 mm Hg were studied. After 6 months,
both groups that received the established recommenda-
tions, with and without the DASH diet, lost substantial weight
(5–6 kg). The effects attributed to the DASH diet were less
than those in previous studies and were not significantly dif-
ferent from the established recommendations group. How-
ever, hypertension was best controlled in the established
recommendations plus DASH group; 77% of participants
with stage 1 hypertension ended the study with BP less than
140/90 mm Hg.

In the 18-month follow-up of the PREMIER study,24 relative
to the advice-only group, the odds ratio (OR) for hyperten-
sion was 0.83 (95% confidence interval [CI] 0.67–1.04) for
the established recommendations group and 0.77 (95% CI
0.62–0.97) for the established recommendations plus DASH
group. At 18 months, the mean SBP and DBP had decreased
from baseline in participants in every treatment group. These
reductions were greater for the established recommenda-
tions and the established recommendations plus DASH
group than for the advice-only group (by 0.9 and 1.9 mm
Hg SBP, respectively); however, the treatments did not differ
statistically. Thus, individuals can make healthful behavior
changes to reduce high BP, but the 18-month follow-up of
the PREMIER study points out the challenges of attaining
multiple behavior changes in a sustained manner.

Vegetarian Diets
Vegetarian diets emphasize fruits, vegetables, whole grains,
legumes, nuts, seeds, and soy foods, and include little or no
animal products. Vegetarians typically consume fewer calo-
ries, SFA, cholesterol, and sodium, but more fiber and carbo-
hydrates than nonvegetarians.25,26 Overall, these dietary
characteristics typically impart favorable effects on CVD
risk factors. However, individuals choosing to consume
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FIGURE 18-1 Reduction in systolic blood pressure in the DASH-Sodium study.
Participants were randomized to a control diet or the DASH diet; within each group,
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vegetarian dietary patterns must be well-informed to ensure
adequate nutrient intake. Poorly planned vegetarian diets
increase the potential for nutrient deficiencies and do not
decrease CVD risk.
The “Portfolio diet” is a vegetarian diet designed to

achieve maximal LDL-C–lowering effects. The diet includes
plant sterols, viscous fibers primarily from oats, barley, and
psyllium, soy protein (21 g/1000 kcal), and almonds (14 g/
1000 kcal).27,28 In a controlled feeding study, individuals
with hyperlipidemia who followed the Portfolio diet (22%
of calories as vegetable protein, 50.6% carbohydrate,
27.0% fat [4.3% SFA, 11.8% monounsaturated fatty acid
(MUFA), and 9.9% polyunsaturated fatty acid (PUFA)],
10 mg cholesterol per 1000 kcal, 30.7 g fiber per 1000 kcal)
for 4 weeks had reduced TC and LDL-C (22.4% and 29.0%,
respectively) with no significant effects on HDL-C or TG.27

A follow-up study demonstrated a greater cholesterol-
lowering effect of the Portfolio diet than the Step II diet
(a diet containing <7% of calories as SFA).28 TC and LDL-
C decreased by 9.9% and 12.1%, respectively, on the
Step II diet, whereas on the Portfolio diet, TC and LDL-C
decreased by 26.6% and 35.0%, respectively.
In a 1-year, free-living study of individuals with hypercholes-

terolemia, the LDL-C–lowering effects of the Portfolio
diet were more modest.29 A 14% reduction in LDL-C was
achieved after 12 weeks and sustained after 1 year (12.8%).
Self-reported dietary compliance over 1 year correlated with
LDL-C reduction (r¼�0.42), illustrating the importance of
adherence to achieve maximal diet effectiveness.
Recently, it was demonstrated that counseling to follow

the Portfolio diet reduced LDL-C by greater than 13% versus
low-SFA dietary advice during 6 months of follow-up.30 An
important finding of this study was that the intervention
was equally effective regardless of whether participants
received seven instructional sessions or only two instruc-
tional sessions over the course of the 6-month intervention.
In addition, the reduction in LDL-C was associated with
dietary adherence as assessed by intake of plant sterols,
viscous fibers, soy protein, and nuts. Therefore, the Portfolio
diet is an effective option for lowering blood lipids.
Striking reductions in LDL-C, angina, and stenosis have

been demonstrated with a very-low-fat vegetarian diet,
termed the Ornish Plan, which also includes comprehensive
lifestyle changes.11,31–33 In the Lifestyle Heart Trial, 48
patients with moderate to severe CVD were randomized to
an intensive lifestyle intervention, including a vegetarian diet
with only 10% fat, or to a usual care control group. The foods
emphasized in this diet included beans and legumes, fruits,
grains, and vegetables; however, all sources of fat, including
plant sources such as avocados, seeds, and oils, were
restricted. The additional lifestyle interventions included
aerobic exercise, stress management training, smoking ces-
sation, and group psychologic support. Thirty-five partici-
pants completed the 5-year evaluation with similar
compliance between groups (71% of intervention patients
vs. 75% for the control patients.) The intervention group
had significant reductions in arterial stenosis, a 91% reduc-
tion in angina, less than half the number of cardiac events,
and a 40% reduction in LDL-C. Although the feasibility of
such marked dietary changes has been questioned by some,
this trial demonstrated the efficacy of this strategy in high-risk
patients, and Medicare has begun covering the Ornish Plan.
Additional criticism has been raised about the lack of
distinction between different types of fats. However, in a

very-low-fat, vegetarian diet, an unfavorable fatty acid profile
would be unlikely. This low-fat, vegetarian diet combined
with lifestyle strategies was the first dietary pattern shown
to reverse arterial stenosis.

Mediterranean Diet
The Mediterranean diet represents an eating pattern of the
countries in the broad geographic area surrounding the
Mediterranean Sea. The Mediterranean-style diet empha-
sizes fruits, root vegetables, grains (mostly whole), legumes,
nuts, seeds, and olive oil. Dairy products, fish, and poultry
are consumed in low to moderate amounts, whereas red
meat and eggs are limited. Wine also is consumed in low
to moderate amounts in non-Islamic countries. Overall,
Mediterranean-style diets tend to be low in SFA and high
in MUFA.

Clinical and epidemiologic studies have reported benefits
of a Mediterranean diet on CVD risk factors. The Seven Coun-
tries Study created great interest in the Mediterranean diet
when it reported in the 1980s that the 15-year mortality rate
from CVD in Southern Europe was two to three times lower
than that in Northern Europe or the United States.34 Several
years later the Lyon Diet Heart Study35 was designed to test
the effects of the Mediterranean diet versus the Western diet
on the secondary prevention of MI. Participants were ran-
domized to consume a control diet or the Mediterranean-
style diet containing higher amounts of α-linolenic acid
(ALA) for 104 weeks. Despite no changes in blood lipids,
and having similar body mass index (BMI) and BP as
the control group, participants who consumed the
Mediterranean-style diet had a markedly lower incidence of
cardiac death and nonfatal MI, fewermajor secondary events,
and decreased hospitalizations. Participants who consumed
the Mediterranean-style diet had a 50% to 70% lower risk of
recurrent heart disease based on these outcomes.35 It can
be speculated that the abundance of bioactive compounds
in the Mediterranean-style diet accounted for these decreases
in CVD outcomes, in part, by their favorable effects on vascu-
lar function, arrhythmia, and oxidative stress. Another consid-
eration is that ALA could have contributed to the effects
observed. ALA was the only plasma fatty acid that was signif-
icantly associated with a lower risk of MI plus cardiovascular
death (relative risk [RR]0.20; 95% CI 0.05, 0.84).8

Additional studies have validated the findings of the Lyon
Diet Heart Study. A systematic review of 12 prospective
cohort studies reported that greater adherence to a Mediter-
ranean diet was associated with a significant reduction in
mortality from CVD and total mortality.36 In addition, a
meta-analysis of cohort studies found that greater adherence
to a Mediterranean dietary pattern was protective against
CVD.37 More recently, an analysis of 81,722 women in the
Nurses’ Health Study found that women in the highest quin-
tile for the Mediterranean diet score (high intake of vegeta-
bles, fruits, nuts, whole grains, legumes, and fish; MUFA/SFA
ratio; moderate intake of alcohol; and low intake of red and
processed meat) had a 40% reduction in sudden cardiac
death relative to the women who consumed diets least rep-
resentative of this dietary pattern.38

The Prevención con Dieta Mediterránea (PREDIMED)
study was a multicenter clinical trial that evaluated the effi-
cacy of a Mediterranean diet on the primary prevention of
CVD.10,39 In 2003, the PREDIMED trial began randomizing
participants 55 to 80 years of age with diabetes or three or
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more major CVD risk factors (hypertension, hypercholester-
olemia, family history of heart disease, tobacco use, and
overweight or obesity) to consume: (1) a lower-fat diet;
(2) the Mediterranean diet with virgin olive oil (1 L/wk);
or (3) the Mediterranean diet with tree nuts (hazelnuts,
almonds, and walnuts; 30 g/day). After 3 months, partici-
pants in both Mediterranean diet groups that contained olive
oil or nuts had lower TC/HDL-C ratios compared with the
lower-fat group (�0.38 and�0.26, respectively). In addition,
the Mediterranean diet with nuts reduced fasting glucose
(�5.4 mg/dL), SBP (�7.1 mm Hg), DBP (�2.6 mm Hg),
and TG concentrations (�13 mg/dL) relative to the lower-
fat diet.39 The Mediterranean diet with olive oil also reduced
fasting glucose (�7.0 mg/dL), and SBP and DBP (�5.9 and
�1.6 mmHg), but did not reduce TG concentrations com-
pared with the lower-fat diet. After 4 years of follow-up, both
Mediterranean diets reduced the incidence of diabetes by
52% compared with a lower-fat diet in individuals with high
CVD risk.40 The trial was discontinued early when significant
benefits were discovered for the combined CVD outcomes
endpoint of stroke, MI, or death from cardiovascular out-
comes.10 Both the higher nut and higher extra virgin olive
oil diets reduced incidence of the combined endpoint by
approximately 30% relative to the lower-fat diet that limited
intake of these foods.10 In interpreting the results of the
PREDIMED study, it is important to note that all three diets
were quite similar in overall composition, differing by only
4% total fat between the “low-fat” and Mediterranean diets.
Thus, small dietary changes contributed greatly to CVD out-
comes. Results of the PREDIMED study have provided further
evidence that the Mediterranean diet is effective for improv-
ing multiple CVD risk factors, and the AHA/ACC and DGA
2010 continue to include the Mediterranean-style diet as a
dietary pattern that can be implemented to lower CVD risk.

In conclusion, several evidence-based dietary patterns can
be implemented to reduce CVD risk in accordance with the
guidelines issued by the AHA andDGA 2010.Table 18-2 sum-
marizes the key recommendations of the DASH, vegetarian,
and Mediterranean dietary patterns. Increased consumption
of vegetables and fruits with decreased consumption of solid
fats and added sugars is common to all recommended dietary
patterns. The evidence base about the specific macronutrient
components within these dietary patterns is discussed in fur-
ther detail in the following sections.

STRATEGIES FOR IMPLEMENTING
HEALTHFUL DIETARY PATTERNS

Providing patients with practical, ready-to-use nutritional
guidance that can be implemented in their busy lifestyles
is essential for CVD risk factor management. Although most
patients, particularly those presenting with multiple risk fac-
tors, would benefit from a referral to a Registered Dietitian
(RD)/Registered Dietitian Nutritionist (RDN) trained in
CVD nutrition, the cardiologist plays a unique role in facili-
tating lifestyle change. Regardless of motivation level, ongo-
ing reinforcement, education, and appropriate follow-up to
measure risk factor status is essential.

This section provides first-line nutrition strategies for physi-
cians to present to patients. The foundation of maximal CVD
risk reduction bydiet includes theDASH,Mediterranean, Port-
folio, andOmniHeart eating plans, all of which provide similar
guidance. Although there are subtle differences in the eating
patterns, a theme among the dietary approaches is that all
include an abundance of vegetables and fruits, one serving
(or less) of meat (lean) daily, lower sodium levels, and an
overall improved fatty acid profile. The following steps high-
light dietary strategies that individuals should implement to
achieve optimal CVD risk factor status. Additional strategies
are available online through resources available from the
AHA and the National Heart, Lung, and Blood Institute.

Step 1: Reduce Solid Fats and Added Sugars
In the United States, consumption of solid fats (the sum of SFA
and TFA) and added sugars continues to greatly exceed rec-
ommendations. SFA should be limited to less than 7% of cal-
ories (and preferably 5%–6% of calories) for patients with an
increased risk of developing CVD, existing coronary disease,
or elevated LDL-C. TFA intake should be as low as possible.
Intake of added sugars promotes obesity and insulin resis-
tance. The AHA recommends that added sugar intake not
exceed 100 calories per day for women and 150 calories
per day for men.41 Instead of choosing “reduced-fat” or “low-
fat” foods high in refined carbohydrates, including added
sugars, patients should be counseled to reduce highly refined,
processed foods. Additionally, patients must prioritize a
reduction in calories consumed in sweetened beverages,
because they are the top source of added sugars (Fig. 18-2).
These changes may seem difficult at first, but will become eas-
ier over time as new, healthier habits are developed.

Solid fats are present in many popular foods in the Amer-
ican diet (Fig. 18-3) because these fats (e.g., butter, shorten-
ing) are used in the preparation of grain-based foods. Fatty
meats and full-fat dairy products are also major sources of
solid fats. Patients should become familiar with foods high
in SFA and be encouraged to reduce overall consumption.
SFA reduction can be achieved by: (1) reducing the portion
size, choosing leaner versions of foods, (i.e., lean cuts of
meat and reduced-fat dairy products), or eliminating
saturated-fat rich foods; and (2) replacing SFA with unsatu-
rated fat sources (e.g., replacing butter with liquid oils;
Fig. 18-4 lists the comparisons of fatty acids). The former
is ideal for patients who are in energy excess who would
benefit from weight loss. However, removing food sources
of SFA in the diet can be problematic since these calories
are often replaced with refined carbohydrate food sources.
Replacing carbohydrates for fat may yield small reductions
in TC and LDL-C. However, when carbohydrates are not

TABLE 18-2 Dietary Patterns Associated with Reducing
Cardiovascular Disease Risk

DIETARY PATTERN

DASH Vegetarian* Mediterranean

Emphasizes Vegetables,
fruits,
whole
grains, and
low-fat milk
products

Plant foods:
vegetables,
fruits, whole
grains,
legumes, nuts,
seeds, soy foods

Grains, vegetables,
fruits, nuts,
legumes, seafood,
oils

Limits Red meats,
sweets, and
sugar-
containing
beverages

Meat, poultry,
fish, dairy, eggs;
added sugars

Meat; added sugars

CVD, cardiovascular disease; DASH, Dietary Approaches to Stop Hypertension.
*Foods may vary depending on the strictness and type of vegetarian diet. The Ornish

Plan excludes nuts, seeds, and oils.
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chosen wisely, they also may decrease HDL-C and increase
TG. Ideally, unsaturated fats should be substituted for SFA
while keeping total calories (and, thus, portion size) in
check. Food sources of unsaturated fats that can be used
to replace SFA include olive oil and olives, canola oil, pea-
nut butter and peanut oil, avocados, salad dressings (vege-
table oil based), some soft spreads (free of partially
hydrogenated oils), seeds (sunflower, pumpkin), nuts or
legumes (e.g., peanuts, walnuts, almonds, pistachios, hazel-
nuts), and tree nut butters (e.g., almond, cashew). The fatty
acid composition of common dietary fats and oils is pre-
sented in Figure 18-4.

Patients should be encouraged to also read the nutrition
labels on food items and choose those low in SFA. A
reduced-fat food may not necessarily be low in SFA. A sim-
ple rule of thumb is to choose foods that contain no more
than 1 g of SFA per 100 calories. However, patients also must
recognize that reduced-fat foods may be higher in sugar,
sodium, or both. Helping patients understand how to iden-
tify key nutrients on the Nutrition Facts panel will help
achieve their healthy diet goals.

Patients should determine how much TFA is in a serving of
food using the Nutrition Facts panel. Although TFA has been
reduced or eliminated in many commercially available foods,
it is stillpresent insomefoods. It is important forpatients toknow
that theamountofTFA in foodsvariesappreciably (http://www.
cdc.gov/nutrition/everyone/basics/fat/transfat.html).

One approach for reducing TFA is to read the ingredients
list and look for the words hydrogenated or partially hydroge-
nated, which indicate that the food contains TFA. As a result
of the January 2006 mandate established by the U.S. Food
and Drug Administration (FDA), food labels must list TFA
on the Nutrition Facts panel. The claim “0 grams trans fat”
can be found on many food products, some of which do
contain some TFA. Individuals must be aware that the term,
“trans fat free,” similar to “saturated fat free,” allows a food to
contain up to but less than 0.5 g of TFA per serving. Several
servings of these foods could contribute a significant amount
of TFA to the diet. Patients should be encouraged to choose
foods that do not list hydrogenated or partially hydrogenated
oils in the ingredients list.
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FIGURE 18-2 Sources of added sugars in the diets of the U.S. population ages 2 years and older, National Health and Nutrition Examination Survey, 2005–2006.*
*Data are drawn from analyses of usual dietary intake conducted by the National Cancer Institute. Foods and beverages consumed were divided into 97 categories and ranked
according to added sugars contribution to the diet. “All other food categories” represents food categories that each contributes to less than 2% of the total added sugar intake.
(Modified from Dietary Guidelines for Americans 2010 7th Edition, U.S. Department of Agriculture and U.S. Department of Health and Human Services. Source: National Cancer
Institute. Sources of added sugars in the diets of the U.S. population ages 2 years and older, NHANES 2005–2006. Risk Factor Monitoring and Methods. Cancer Control and
Population Sciences. http://appliedresearch.cancer.gov/diet/foodsources/added_sugars/table5a.html. Accessed August 19, 2014.)
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Step2:Make Fruits, Vegetables, and Legumes
the Foundation of the Diet
Fruits, vegetables, and legumes (beans, lentils, split peas)
are not only excellent sources of dietary fiber, they also
are rich in antioxidant phytonutrients, vitamins, and min-
erals essential for optimal cardiovascular health. Individuals
who eat more fruits and vegetables have better overall diet
quality and tend to weigh less because the high water and
fiber content of these foods promote satiety. Few Americans
consume the recommended 8 to 10 servings per day of fruits
and vegetables. To help patients increase fruits and vegeta-
bles, consider the following tips:
• Remember that fresh, frozen, and canned options are
available; check the sodium content of canned options.
Stock up on varieties of sliced, frozen vegetable mixes
for convenient meal preparation.

• Keep raw, cut fruits and vegetables handy for quick snacks.
Snack ideas: fresh fruit; sliced fruit dipped in yogurt; fresh
vegetables dipped in hummus or a dressing made with
unsaturated fat.

• Add dark-green, red, and orange vegetables to soups,
stews, casseroles, stir-fries, and other main and side dishes.
Use dark leafy greens such as romaine lettuce and spinach
to make salads.

• Try roasting or baking vegetables brushed with olive oil and
seasonedwithblackpepper,crushedgarlic, andother spices.

• Experiment with stir-fried entrées and other recipes that
incorporate an abundance of vegetables.

• For breakfast: Top cereal or yogurt with fresh fruit or frozen
berries. Add sautéed vegetables to egg-white omelets or
add fruit to smoothies.

• For lunch: Incorporate vegetables into sandwiches or
wraps, make tossed salads or vegetable or bean soups; fin-
ish lunch with fresh fruit.

• For dinner: Fill half of the dinner plate with vegetables
(cooked or raw); serve vegetable or bean soup with or
before the meal; finish the meal with fresh fruit.

• When eating out, choose a vegetable as a side dish. With
cooked vegetables, request that they be prepared with little
or no fat and salt. With salads, ask for the dressing on the
side so you can decide how much to use.

Step 3: Increase Intake of Omega-3
Fatty Acids
The long-chain PUFAs eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), both derived from marine
sources, as well as the essential fatty acid, ALA, derived from
plant sources (Table 18-3), have been shown to confer pro-
tection against CVD and related risk factors. As a result,
patients should be encouraged to increase consumption
of food sources of all omega-3 fatty acids. The AHA, in its
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FIGURE 18-4 Fatty acid composition of common solid fats and liquid oils. a, Coconut oil, palm kernel oil, and palm oil are called oils because they come from plants.
However, they are semi solid at room temperature because of their high content of short-chain saturated fatty acids. They are considered solid fats for nutritional purposes.
b, Partially hydrogenated vegetable oil shortening, which contains trans fats. c, Most stick margarines contain partially hydrogenated vegetable oil, a source of trans fats.
d, The primary ingredient in soft margarine with no trans fats is liquid vegetable oil. (Modified from Dietary Guidelines for Americans 2010, 7th Edition, U.S. Department of
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latest scientific statement regarding omega-3 fatty acids, rec-
ommends the following:42

• Patients without documented coronary disease should
consume a variety of oily fish at least twice a week
(cold-water varieties of fish like mackerel, tuna, salmon,
sardines, and herring are good sources of omega-3
EPA+DHA), and include oils and foods rich in ALA. This
equates to approximately 500 mg of EPA+DHA daily.

• Patients with documented coronary disease should con-
sume 1000 mg EPA+DHA per day, preferably from oily fish.
Fish oils supplements could be considered. It is important
that a patient knows how to read a label to evaluate the
EPA+DHA content of a fish oil product (Fig. 18-5). Fish
oil products contain the EPA+DHA content claimed on
the label and do not contain heavy metal contaminants,
such as methylmercury. Patients should be advised to take
capsules with meals. Freezing capsules or purchasing
“enteric coated” capsules are options for patients who
report bothersome “fishy burps.”

• For patients with hypertriglyceridemia, 2 to 4 g of EPA+DHA
per day provided as fish oil capsules under physician’s
care is recommended. Some physicians may choose to
prescribe a prescription formulation to reduce the

number of capsules required to meet this pharmacologic
recommendation.
Although the conversion rate of ALA to EPA+DHA is min-

imal, up to 1.2% of energy (approximately 2.7 g/day for a 2000-
calorie diet) should be derived from ALA-rich food sources,
according to the Institute of Medicine’s Dietary Reference
Intakes for Energy and Macronutrients.43 In addition to being
a source of PUFA, ALA-rich plant foods and their oils (flax,
walnuts, canola, and soybean;Tables 18-3 and 18-4) contain
other heart-protective nutrients (e.g., ground flaxseed is a
good source of fiber) and should be encouraged.

The availability of omega-3–fortified foods in the market-
place has increasedmarkedly in recent years. Fortified foods
such as eggs, milk, soymilk, margarine, waffles, cereal,
breads, pasta, juice, peanut butter, and chocolate contain
small amounts of added omega-3. Often, the omega-3 fatty
acid contained in these foods is ALA, although a growing
number of foods do contain small quantities of marine-
derived omega-3 fatty acids. It is important to read the labels
to determine the amount of omega-3 fatty acids in these
products, along with the calories and SFA content of the
food. A peanut butter product that is marketed as an excel-
lent source of EPA+DHA contains 32 mg per 2 tablespoon
serving (190 calories). Therefore, almost 10 servings (supply-
ing about 1900 calories) would be needed to achieve the
amount of EPA+DHA in just one standard fish oil capsule
containing 300 mg EPA+DHA.

Step 4: Decrease Sodium Intake
The daily value (DV) for sodium is 2300 mg, and the AHA
recommends a more aggressive target of 1500 mg of sodium
daily, which equals less than one teaspoon of table salt per
day. To increase consumer awareness, top dietary sources of
sodium have been labeled as “The Salty Six”: (1) breads and

TABLE 18-3 ALA Content of Select Foods
FOOD SOURCE SERVING SIZE AMOUNT OF ALA (g)

Flaxseed oil 2 teaspoons (tsp) 4.83

Ground flaxseed 2 tablespoon (tbsp) 3.71

Walnuts, raw 1 ounce 2.57

Walnut oil 2 tsp 0.94

Canola oil 2 tsp 0.87

ALA, alpha-linolenic acid.
(Data from ESHA Food Processor for Windows, version 8.6.0, ESHA Research, Salem,
Oregon.)

Supplement facts
Serving size: 1 softgel
Servings per container: 120

* Daily value not established.

Amount per serving

Calories

Calories from fat

DHA (Docosahexaenoic Acid)

Total fat

Saturated fat

Cholesterol

Polyunsaturated fat

Fish oil concentrate

EPA (Eicosapentaenoic Acid)

Monounsaturated fat

% daily value

–

–

*

2%

3%

2%

*

*

–

*

10

10

120 mg

1

0.5 g

5 mg

Less than 0.5 g

1,000 mg

180 mg

0 g

FIGURE 18-5 When choosing supplements as a source of EPA+DHA, it is
important to check the Supplement Facts to determine the amount of
EPA+DHA per capsule. In this example, a single 1-g fish oil capsule provides
180 mg EPA and 120 mg DHA, a total of 300 mg EPA+DHA. Therefore, a patient
with documented coronary heart disease could take approximately three capsules of
this product per day (providing 900 mg EPA+DHA) to meet the AHA
recommendations for secondary prevention.
Note: Some products list the serving size as two or more capsules, so it is important to

check this. AHA, American Heart Association; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid.

TABLE 18-4 Soluble Fiber Content of Select Foods

FOOD SOURCE SERVINGSIZE
AMOUNT OF

SOLUBLE FIBER (g)

Dried plums (prunes) 6 medium 3.1

Kidney beans, canned,
drained

1/2 cup 2.7

Pear, fresh 1 medium 2.4

Pinto beans, canned,
drained

1/2 cup 2.1

Garbanzo beans, canned,
drained

1/2 cup 2.1

Orange, peeled 1 medium 2.1

Oat bran, dry 1/2 cup 2.0

Broccoli, cooked 1 cup 2.0

Old fashioned oatmeal,
dry

1/2 cup 1.9

Brussel sprouts, cooked 1 cup 1.9

Carrot, raw sticks 1 cup 1.5

Grapefruit 1/2 medium 1.4

Whole barley, cooked 1/2 cup 1.4

Flaxseed, ground or milled 2 tablespoons 1.1

Apple, with peel 1 medium 1.0

Eggplant, cooked with
skin

1 cup 1.0

(Data from ESHA Food Processor for Windows, version 8.6.0, ESHA Research, Salem,
Oregon.)

205

18D
ietary

Pattern
s
fo
r
th
e
Preven

tio
n
an

d
Treatm

en
t
o
f
C
ard

io
vascu

lar
D
isease



rolls; (2) cold cuts and cured meats; (3) pizza; (4) poultry;
(5) soup; and (6) fast food sandwiches or burgers. In addi-
tion to eating less of these high-sodium foods, dietary sodium
can be decreased by reading the Nutrition Facts panel and
paying attention to portion sizes (Fig. 18-6). Sodium also
can be decreased by preparing meals at home and replacing
sodium with spices and herbs. “Lite” table salt made, in part,
with potassium chloride may be an option for some patients.
Specialty salts such as sea salt and gourmet varieties (e.g.,
lava salt) contain the same amount of sodium as regular salt
on a gram weight basis. When purchasing “convenience”
foods, options that are lower in sodium should be chosen,
particularly with regard to frozen dinners, pizza, packaged
mixes, soups and broths, and salad dressings—which are
typically high in sodium. Individuals can easily identify
foods high in sodium by looking at the % DV on the nutrition
label. If a serving of food has 0% to 5% DV for sodium, it is
considered to be low in sodium, foods that have more than
20% DV for sodium are high-sodium foods. Any foods
between 5% and 20% of the DV should be limited. Patients
pursuing the more aggressive target of 1500 mg of sodium
per day should be more careful in their selection and avoid
foods containing greater than 10% of the DV.

Step 5: Substitute Processed Grains with
Whole Grains, and Choose Foods High in
Soluble Fiber
Dietary fiber plays a key role in cardiovascular risk factor
management. Adequate intake (AI) for fiber is 14 g per
1000 calories, or 25 g/day for women and 38 g/day for
men. Most Americans significantly under consume dietary
fiber; the usual intake is approximately 15 g/day. The NCEP

Adult Treatment Panel (ATP) III guidelines recommended
that diets be enriched by foods that provide a total of at least
5 to 10 g of viscous (soluble) fiber daily. Patients with ele-
vated LDL-C may benefit from even higher intakes of 10 to
25 g daily. Examples of foods rich in soluble fiber are pre-
sented in Table 18-4.

To encourage a higher intake of whole grains, without
increasing energy intake, emphasis should be placed on
substituting whole-grain foods for their refined-grain coun-
terparts, rather than adding whole grains to the existing diet.
Examples include substituting brown rice for white, whole
wheat pasta for enriched pasta, whole grain cereals for
refined, sugary cereals, and 100% whole grain breads for
white, enriched versions. The following guidelines will help
determine what foods constitute a whole grain.
• Look for foods that list 100% whole grain (wheat, oat, bar-
ley, etc.) as the first ingredient. Terms like enriched,
bleached, or refined are indications that the food has been
processed.

• Look for foods that contain the voluntary food label called
theWhole Grain Stamp, a special packaging symbol found
on a growing list of packaged foods. The Whole Grain
Stamp ensures that a food contains 100% whole grain.
For more information on the stamp, visit http://www.
wholegrainscouncil.org.

• When purchasing grain-based foods, choose those that
contain adequate amounts of fiber:
• Breads should contain at least 2 to 3 g of fiber per serving
• Ready-to-eat cereals should provide at least 5 g of fiber
per serving (with less than 8 g of sugar)

• Hot cereals, such as oatmeal, provide the greatest
amount of soluble fiber when in their least processed
state (old-fashioned oats)

• Choose crackers and snack items that are made from
whole grains and provide at least 2 g of fiber per serving.

Step 6: Choose Leaner Sources of Animal
Protein, and Replace at Least Some Animal
Protein with Legumes, Nuts, and Soy Foods
Epidemiologic evidence, including prospective cohort stud-
ies, demonstrates benefits of consuming a typical American
diet in which some of the animal-based meals are replaced
by plant protein alternatives. Reducing intake of higher fat
animal protein foods for plant food sources may decrease
SFA and increase cardioprotective components, such as die-
tary fiber, potassium, B vitamins, antioxidants, and phytonu-
trients. To help encourage individuals to adopt higher intake
of plant protein, the following tips may be offered:
• Reduce portion size (3 to 4 ounces) of meat, and choose
the leanest cuts possible (i.e., the loin and round). Con-
sider meat as accompaniment rather than the central com-
ponent of a meal. The practice of reducing serving sizes
can have considerable benefits.

• Substitute canned or dried beans, lentils, nuts, and soy pro-
tein (e.g., tofu, edamame, tempeh, soy milk) for animal
protein in family-favorite recipes. Some examples: stir-fry
with tofu, black bean burrito, spaghetti with cannellini
beans, three-bean chili, grilled tempeh, adding toasted
nuts to a salad.

• Experiment with unfamiliar ingredients and recipes to
expand meatless meal options. Encouraging at least one
meatless meal per week is a reasonable goal that promotes
exploration of new protein options.

Nutrition facts
Serving size: 1 cup (228g)
Servings per container: 2

Amount per serving

Calories: 260 Calories from fat: 120

% daily value*

Trans fat 2g

Total carbohydrate 31g 10%

Sugars 5g

Protein 5g

Vitamin A 4%    •    Vitamin C 2%

Dietary fiber 0g 0%

Saturated fat 5g 25%

Cholesterol  30mg 10%

Total fat  13g 20%

Sodium  660mg 28%

* Percent daily values are based on a 2,000
   calorie diet.

Calcium 15%    •    Iron  4%

There may be
more than one
serving in the
package, so be
sure to check
serving size.

This number
tells you the
% DV for
sodium in
one serving.

FIGURE 18-6 The Nutrition Facts label is a valuable tool for evaluating the
sodium content of foods. In this example, the product contains two servings,
which combined provide more than half of the 2300 mg daily value (DV) for
sodium. Foods that supply more than 20% of the DV of sodium should be avoided.
(Modified from The National Kidney Disease Education Program website, http://
nkdep.nih.gov/resources/nutrition-sodium.shtml. Accessed February 27, 2013.)
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Step 7: Add Foods and Drinks That Enhance
Cardiovascular Health and Well-Being
Additional advice for achieving healthy dietary practices is
to include rich dietary sources of antioxidants and func-
tional foods. Fruits and vegetables are great examples of
foods to select, and encouraging individuals to consume a
variety of fruits and vegetables will facilitate achieving a diet
high in functional foods that is rich in antioxidants. Also,
consuming more water in place of soft drinks and other
sugar-sweetened commercial beverages is recommended
to control calories and to avoid “empty” calories. In addition,
a variety of low-calorie, high-flavonoid beverage options are
available: tea, cocoa powder, and coffee. The bioactive
components in these beverages may affect a number of car-
diovascular risk pathways, including inflammation, vascular
function, and reverse cholesterol transport. Similarly, the
bioactive compounds in spices, for example, may contribute
antioxidant compounds and flavor to the diet without add-
ing significant calories. Using flavorful seasonings and bever-
ages may also decrease feelings of deprivation a patient may
experience when reducing or eliminating foods that should
be decreased in the diet.
As noted earlier, the NCEP ATP III guidelines recom-

mended the use of soluble fiber and plant sterols or stanols
as therapeutic options for managing lipids. Tips on increas-
ing soluble fiber are given in Step 5. The use of plant sterols
or their hydrogenated counterpart, stanols, in cholesterol
management has been studied widely. The NCEP ATP III
guidelines recommended 2 g or more plant sterols or stanols
consumed daily, generally via two servings of the sterol- or
stanol-fortified food. A growing list of foods marketed in
the United States is fortified with plant sterols or stanols.
These include tub margarine spreads, yogurt and flavored
yogurt drinks, juice, chocolate, cheese, and granola bars.
Patients and physicians need to be aware that these fortified
foods, although effective at lowering cholesterol, must be
added to a patient’s diet carefully to avoid caloric excess
and corresponding weight gain. Sterol/stanol supplements
are also available and provide few calories.
These first-line nutrition steps help patients make healthful

food choices to decrease risk of CVD. With appropriate guid-
ance and continued reinforcement, these dietary changes
are a practical, cost-effective means for improving cardiovas-
cular health.

The Role of Registered Dietitians/Registered
Dietitian Nutritionists or Nutrition
Professionals in Nutrition Counseling
Individualized nutrition counseling is important for long-
term adherence to a healthy dietary pattern. An RD/RDN
is uniquely qualified to provide individualized nutrition
counseling, termed medical nutrition therapy (MNT). MNT
is a specific application of the nutrition care process in clin-
ical settings that focuses on the nutritional management of
diseases. The nutrition care process consists of four distinct,
but interrelated and connected steps: (1) nutrition assess-
ment; (2) nutrition diagnosis; (3) nutrition intervention;
and (4) nutrition monitoring and evaluation.44

The evidence to support the effectiveness of RDs/RDNs in
utilizing MNT for managing disorders of lipid metabolism
and the prevention of CVD is summarized in a commen-
tary.44 Following RD-delivered MNT for patients with hyper-
cholesterolemia consisting of two to six planned visits,

patients reported dietary reductions in total fat from 32%
to 36% of calories to 25% to 28% of calories, and from 11%
to 12% of calories to 7% to 9% of calories for SFA. This was
accompanied by reductions of 6% to 13% in TC and of 7%
to 14% in LDL-C. Decreases in TG and changes in HDL-C were
inconsistent. MNT included an initial scheduled visit ranging
from 45 to 90 minutes and scheduled follow-up visits ranging
from 30 to 60 minutes over 6 weeks to 6 months. Data on
long-term adherence and sustained lipid response are not
available. Thus, because of their expertise in nutrition,
counseling, and behavioral change, the services of an RD/
RDN are important for optimizing implementation of recom-
mended dietary patterns that lower CVD risk.

Recently, a shift toward amore patient-centered approach
in terms of healthcare and delivery has been taking place.
The term patient-centered approach may be interpreted
broadly, but the method typically utilizes a nondirective
approach focused on the concerns of a particular patient
in contrast to a more general, guidelines-based instruction.
Growing evidence suggests that the patient-centered
approach, which incorporates effective communication
and motivational interviewing strategies, achieves better
and more consistent long-term adherence. Communication
skills are explicitly included in RD/RDN professional stan-
dards, and a patient-centered counseling approach is an
essential component of dietetic practice. Therefore, MNT
provided by an RD/RDN has the potential to greatly improve
patient outcomes and should be considered in conjunction
with physician management.

The Role of Physicians in Facilitating
Behavior Change toward a Healthful
Lifestyle
The physician plays a critical role in helping patients initiate
and maintain lifestyle change. A physician’s expertise,
awareness of patient needs, and motivational skills will
strongly influence the success of behavior change. As a first
step, the physician should assess the patient’s attitude
toward acceptance of and commitment to implementing
dietary change. This involves helping patients become
aware of the consequences of their current behaviors and
identifying the gap between where they are and where they
want to be. The multiple benefits of lifestyle change should
be emphasized, and the promotion of the previously
described seven steps should be stressed, even with the
use of pharmacotherapy. The scope of the information pro-
vided may be modified according to the constraints of the
practice setting. In any setting, however, the physician’s pri-
mary responsibility in facilitating lifestyle change is the intro-
duction of dietary therapy and open communication with
the patient to assess his or her level of understanding.

Growing evidence from the behavioral therapy literature
suggests that cognitive-based behavior change strategies
may be the key to successful change and long-term adher-
ence. These strategies focus on changing how an individual
thinks about himself or herself and his or her behavior and
life circumstances. The following strategies have merit for
successful lifestyle change, especially when two or more
strategies are employed simultaneously:
• Goal setting. Help patients set goals that are specific, short-
term, and realistic. Motivation is enhanced when the
patient sets achievable goals.
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• Self-monitoring. Encourage patients to employ self-
monitoring techniques (e.g., daily food intake records, fre-
quent measurements of body weight).

• Frequent contact. Schedule a follow-up session; this may be
in person, over the phone, or online. Consider referring the
patient to a group intervention in which weekly sessions
may be available to provide additional support.

• Feedback and reinforcement. Patients will be able to mea-
sure progress if they receive feedback on a regular basis.

• Self-efficacy.Help build patient self-efficacy by expressing a
belief in the patient’s ability to perform a particular behav-
ior or accomplish a specific task.

• Identifying barriers to change. The use of open-ended ques-
tions and reflective listening helps patients to identify their
problems and possible solutions.

• Relapse prevention. Remind patients that getting off track is
not a failure. It is normal to deviate from a prescribed plan
for change, and they should not give up on achieving
their goals.
Further lessons learned from the behavioral studies

emphasize the importance of communicating health mes-
sages that show respect for the patient. Specifically, express
empathy by avoiding communication that implies the
patient is inferior, respect the patient’s freedom of choice
and self-direction, and focus on listening rather than telling.

Given the barriers that physicians often face, including
lack of time, lack of adequate referral strategies, and lack
of third-party reimbursement, other healthcare professionals
associated with physicians should be utilized to facilitate
patient management. The role of the RD/RDN or the nutri-
tion professional was discussed previously in detail. Other
healthcare professionals, if trained in dietary education
and counseling, may assist in patient education and imple-
menting the strategies for lifestyle change (i.e., goal setting,
feedback, and relapse prevention). Physicians can improve
their patients’ success by recognizing when a referral to an
RD/RDN or other healthcare professional is appropriate.
Physicians should be aware of available resources and pro-
grams in their communities and educate patients about
these resources (i.e., RDs/RDNs, diabetes programs, support
groups, community health programs). It is also important
that physicians continue to advocate for insurance coverage
of evidence-based wellness programs to aid in the preven-
tion of chronic disease.

RESOURCES FOR CLINICAL PRACTICE

Resources from the American Heart Association:
My Life Check—Life’s Simple 7

http://mylifecheck.heart.org/multitab.aspx?navid¼3&
culturecode¼en-us

The Salty Six
http://www.heart.org/HEARTORG/General/Salty-Six—
Common-Foods-Loaded-with-Excess-Sodium_UCM_
446090_Article.jsp

My Fats Translator. This website presents a “fat calculator”
for planning diets that contain healthy fats.
http://www.myfatstranslator.com

Nutrition Facts. This website presents information about
“Nutrition Facts” and reading Food Nutrition Labels.
http://www.heart.org/HEARTORG/GettingHealthy/
NutritionCenter/HeartSmartShopping/Reading-Food-
Nutrition-Labels_UCM_300132_Article.jsp

Face the Fats. This website presents much information
about dietary fat.
http://www.heart.org/HEARTORG/GettingHealthy/
NutritionCenter/HealthyEating/Fats-101_UCM_304494_
Article.jsp

Resources fromTheNational Heart, Lung, and Blood Institute:
Portion Distortion Quiz. This website presents a Power-

Point file on portion sizes.
http://www.nhlbi.nih.gov/health/educational/wecan/
eat-right/portion-distortion.htm

10-year CVD Risk Calculator. This website can be
used by individuals to calculate their 10-year risk of CVD.
http://cvdrisk.nhlbi.nih.gov/calculator.asp

Body Mass Index Calculator. This website can be used by
individuals to calculate their BMI.
http://www.nhlbi.nih.gov/guidelines/obesity/BMI/
bmicalc.htm

Sample Menus. This website can be used by individuals to
plan healthy menus.
http://www.nhlbi.nih.gov/health/public/heart/obesity/
lose_wt/sampmenu.htm

Heart Health and Nutrition. This website presents a great
deal of information for the public about heart health
and nutrition.
http://www.nhlbi.nih.gov/health/indexpro.htm#info

Other Resources:
Fruits and Veggies Matter. This website is a great resource

for learning how to incorporate more fruits and vegeta-
bles into your diet.
http://www.fruitsandveggiesmorematters.org

The Academy of Nutrition and Dietetics (AND) is the
world’s largest organization of food and nutrition pro-
fessionals. Also, if anyone is looking for a Registered
Dietitian, this is the site to visit.
www.eatright.org

The International Food Information Council provides food
safety, nutrition, and healthful eating information to
help you make good and safe food choices.
http://www.foodinsight.org

Kidnetic. This website is for children and teaches princi-
ples of good nutrition and physical activity.
http://www.kidnetic.com

United States Department of Agriculture and The Depart-
ment of Health and Human Services ChooseMyPlate.
gov. This website presents the Dietary Guidelines for
Americans 2010, along with information for adults
and children for planning diets.
http://www.choosemyplate.gov

FDA. This website provides brochures and other educa-
tional tools and information to help consumers under-
stand the Nutrition Facts panel and nutrient content
claims on food labels.
http://www.fda.gov/Food/ResourcesForYou/
Consumers/ucm239035.htm

The Weight-Control Information Network (WIN). Provides
up-to-date, science-based information on weight con-
trol, obesity, physical activity, and related nutritional
issues.
http://win.niddk.nih.gov/index.htm

Nutrition.Gov. Provides easy, online access to government
information on food and human nutrition for
consumers.
http://www.nutrition.gov
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SUMMARY

Evidence from clinical trials has been integral in defining die-
tary patterns that benefit the lipid profile and BP, two major
risk factors for CVD. These dietary patterns result in multiple
nutrient changes that most likely act in an additive, or even
synergistic, manner. If these healthy dietary patterns can be
sustained long-term, the evidence base is clear that CVD risk
can be markedly reduced. Importantly, even small dietary
modifications can have a clinically significant benefit.
Many studies have shown that significant dietary changes

can be achieved in the short term. However, over the long
term, behavior changes are difficult to sustain, which
adversely affects CVD risk reduction. Thus, the need to iden-
tify behavior-change strategies that help patients maintain
dietary changes is a pressing one to sustain an optimal
reduction in CVD risk long-term.
Achieving optimal reductions in CVD risk that are main-

tained long-term is related to understanding implementation
of a recommended dietary pattern that can be sustained over
the long term. Thus, physicians and dietitians are important
resources for providing useful information and ongoing sup-
port to individuals to achieve and maintain a healthy dietary
pattern.
A recommended dietary pattern that meets food and nutri-

ent goals promotes consumption of fruits, vegetables, whole
grains, legumes (including soy products) or lean meat, low-
fat or skim dairy products, oily fish, nuts and seeds, and liquid
vegetable oils. This dietary pattern limits solid fats, including
SFAs, TFAs, sodium, high-glycemic foods, and added sugars.
Implementation of recommended dietary patterns affects

multiple CVD risk factors, including lipids and lipoproteins,
BP, body weight, and other factors that can markedly
decrease CVD risk. Thus, a healthful dietary pattern is impor-
tant for the prevention and treatment of heart disease, and
implementation of the food-based dietary recommendations
that have been made by many organizations has an impor-
tant public health benefit. In addition to recommending a
healthy dietary pattern, physicians and other healthcare pro-
fessionals are encouraged to implement behavior-change
techniques that improve long-term adherence with lifestyle
recommendations.
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EXERCISE VERSUS PHYSICAL ACTIVITY

Before examining the relationship between exercise and
cholesterol, the working definitions of exercise in compari-
son to physical activity need to be examined. In general
terms, aerobic exercise is defined as planned and structured
bodily movement, resulting in increased oxygen consump-
tion, heart rate, and caloric expenditure over an extended
period of time. The specific goals of structured aerobic exer-
cise may be improvements in fitness or general well-being,
or aerobic exercise may be part of a weight loss (or mainte-
nance) program. Examples include walking, jogging, swim-
ming laps, and participating in an aerobics class. Physical
activity represents any bodily movement produced by skel-
etal muscle that results in energy expenditure. Exercise is
a type of physical activity, but most common forms of phys-
ical activity are activities of daily living, such as climbing
stairs, gardening, and walking the dog. It is important to note
that one can be physically very active and yet never exercise.
Because the research literature uses both exercise and phys-
ical activity, this chapter uses both terms throughout.

EXERCISE AND CORONARY HEART DISEASE

In examining the role of exercise in lipid therapy, one must
keep in mind the overall protective role of regular exercise
in the primary and secondary prevention of coronary heart
disease (CHD) morbidity and mortality. The first modern epi-
demiologic studies that examined exercise and health were
focused on occupational physical activity. In his report pub-
lished in 1953, Dr. Jeremy Morris compared the risk of having
a myocardial infarction (MI) in bus drivers compared with
bus conductors.1 The buses were double-deckers, and
although the bus drivers’work daywas composed of very little
physical activity, conductors accumulated a substantial
amount of walking each day as they climbed up and down
the bus stairs to check tickets. The active conductors had
about one third the rate of CHD events compared with the
sedentary bus drivers (Fig. 19-1, Panel A). In 1975, Dr. Ralph
Paffenbarger reported an inverse relationship between risk of
CHD death and work-related caloric expenditure in long-
shoremen (persons who load and unload ships) (see
Fig. 19-1, Panel B).2 As fewer individuals had physically
active jobs,3 research shifted away fromwork-related physical

activity and toward total physical activity, with an emphasis
on exercise. Blair et al.4–7 published a series of articles that
examined the risk of morbidity and mortality across levels
of cardiorespiratory fitness as assessed by amaximal treadmill
test, which was taken as an excellent marker of physical activ-
ity habits in the weeks ormonths before the test. The Aerobics
Center Longitudinal Study included men and women who
went to the Cooper Clinic for a preventive medicine examina-
tion and underwent a maximal treadmill test. On the basis of
the duration of exercise on the treadmill, age, and gender,
each individual’s fitness was categorized as low, moderate,
or high. For both men and women, an inverse relationship
existed between fitness level and risk of cardiovascular death.
For bothmen andwomen, the risk of cardiovascularmortality
in the moderate-fitness group was less than half the risk in the
low-fitness group. Thus, substantial health benefit was associ-
ated with moving from being sedentary to being active. A
large number of epidemiologic studies were performed in a
variety of populations, which confirmed the benefits of regu-
lar physical activity and high fitness levels in the primary and
secondary prevention of CHD and other morbidities.7–11

Although the goal of this chapter is to examine the role of
exercise training in modifying lipids, it is necessary at least to
review the numerous benefits from regular exercise that con-
tribute to the reduction in cardiovascular disease (CVD) risk
associated with physical activity as described previously. As
summarized in Table 19-1, the benefits associated with
physical activity are diverse and include lowered blood pres-
sure, reduced sympathetic nervous system activity, preven-
tion of insulin resistance, improved fibrinolytic activity,
reduced visceral fat, lower markers of systemic inflamma-
tion, better cardiac function, healthier blood vessels, and
lowered heart rate at rest. Furthermore, it is widely accepted
that regular physical activity reduces the risk of developing
hypertension, diabetes, and metabolic syndrome. Thus, by
exploring the role of physical activity in modifying lipids,
the many mechanisms, other than just lipids, whereby exer-
cise confers health benefits, must be appreciated.

EXERCISE AND CHOLESTEROL

Despite an abundance of data that demonstrate the benefits
of regular exercise on CHD incidence and mortality, the
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benefits of exercise training with regard to blood lipids are
relatively modest (see Table 19-1).

Total Cholesterol
The studies that examined exercise as a means to reduce
total cholesterol (TC) are disappointing. Although some
studies demonstrated that exercise decreased TC, the major-
ity of exercise training studies did not show that training
lowered TC.12–40 The studies that reported improvements
in TC typically also reported that participants had substantial
amounts of weight loss following exercise training.13,41

Low-Density Lipoprotein Cholesterol
and Low-Density Lipoprotein Subfractions
Similar to TC, the majority of data suggests that exercise
training does not substantially improve plasma low-density
lipoprotein cholesterol (LDL-C) concentrations in the
absence of significant weight loss.13–17,19,21,25–29 However,
both cross-sectional and longitudinal data suggest that
exercise training results in a shift away from smaller, more

atherogenic LDL particles to larger, less atherogenic LDL
particles. For example, it has been reported that both
higher levels of activity42–44 and cardiorespiratory fitness45

are associated with lower concentrations of small, dense
LDL. Similarly, Halverstadt et al. reported significant reduc-
tions in the concentrations of total, medium, and very small
LDL particles after exercise training.46 Kraus et al. reported
that despite no change in LDL-C concentration, exercise
training resulted in an increase in LDL particle size and a
reduction in the concentration of the atherogenic small
LDL particles in a dose–response fashion to exercise vol-
ume (Fig. 19-2A).47 This is an interesting and provocative
finding, which may, in part, explain the apparent discrep-
ancy between the benefit of regular exercise on reducing
CHD risk despite not improving LDL-C concentration. This
observation was groundbreaking and progressive because
it was initiated before the widespread acceptance of LDL
particle size as an important CHD risk factor.

High-Density Lipoprotein Cholesterol,
High-Density Lipoprotein Subfractions,
and Triglyclerides
Following the pioneering work of Haskell and Wood in
the 1980s,20 numerous cross-sectional and prospective
studies demonstrated that exercise training leads to signifi-
cant increases in high-density lipoprotein cholesterol
(HDL-C)14,15,21,25–29,48,49; the range of reported increases in
HDL-C as a result of exercise training was quite large (3%–
22%). A recent meta-analysis of randomized controlled trials
by Kodama et al. reported that aerobic exercise resulted in a
modest increase in HDL-C levels (2.5 mg/dL), with greater
exercise duration and caloric expenditure associated with
improvements in HDL-C.50 It was noted that individuals with
low HDL-C but normal triglycerides (TGs) had much smaller
(if any) improvements in HDL-C in response to exercise
training compared with individuals with low HDL-C and ele-
vated TGs.51,52 Because of the inverse relation between HDL-
C and TGs, it is not surprising that regular exercise is usually
reported to result in a decrease in TGs.14,15,21–23,25,27,28,53,54

Typically, in individuals without genetic abnormalities in
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FIGURE 19-1 Work-related physical activity and risk for CHD. A, Physical activity at work and CHD events in 31,000 London Transport workers, (Modified from Morris JN,
Heady JA. Mortality in relation to the physical activity of work: a preliminary note on experience in middle age. Br J Ind Med. 1953;10:245-254.) B, Physical activity at work and CHD
deaths in 6,451 longshoremen. CHD, coronary heart disease. (Modified from Paffenbarger RS, Jr., Laughlin ME, Gima AS, et al. Work activity of longshoremen as related to death
from coronary heart disease and stroke. N Engl J Med. 1970;282:1109-1114.)

TABLE19-1 Benefits of Regular Exercise on Primary and
Secondary Prevention of CHD

PHYSIOLOGIC BENEFITS

Helps maintain healthy weight Reduces abdominal adiposity

Improves heart rate variability Reduces systemic inflammation

Reduces blood pressure Improves insulin sensitivity

Improves endothelial function Decreases myocardial oxygen demand

Increases myocardial function Maintains lean mass

Decreases platelet aggregation Increases fibrinolysis

Reduces blood and plasma viscosity Increases capillary density

Increases mitochondrial density

REDUCES RISK OF DEVELOPING

Hypertension Depression

Metabolic syndrome Type 2 diabetes

CHD, coronary heart disease.

211

19Exercise
an

d
Lip

id
s



TGmetabolism, the higher the initial TG level, the greater the
observed reductions in response to exercise training.55

In the early 1980s, Nye et al. noted the importance of eval-
uating HDL subfractions rather than total HDL-C level
because they found that exercise training caused reciprocal
changes in plasma HDL2-C (increased) and HDL3-C
(decreased), resulting in an overall masking effect on total
HDL-C.56 Subsequent reports showed variability in HDL sub-
fraction responses to exercise training, with some studies
showing that the improvements in total HDL-C were primar-
ily driven by increases in the HDL2-C subfraction, whereas
others showed that it was the HDL3-C subfraction.36,56,57

Recently, two separate groups examined the impact of reg-
ular exercise on nuclear magnetic resonance–based HDL
particle traits.46,58 Kraus et al. reported that exercise training
increased HDL particle size and the concentration of total
and large HDL particles (Fig. 19-2B).47 In addition, these
beneficial changes appeared to persist even after a detrain-
ing period (up to 2 weeks), especially following
high-volume, vigorous-intensity exercise training.58 Simi-
larly, Halverstadt et al. reported decreases in the concentra-
tion of small HDL particles and increased HDL particle size
following exercise training.46 Cardiorespiratory fitness level
was also shown to be directly associated with mean HDL
particle size.44

Potential Mechanisms For Improvements
Although the mechanisms by which regular exercise
improves HDL and TGs are not fully understood, at least
two potential physiologic pathways likely play a role55: (1)
lipoprotein lipase (LPL) lowers very-low-density lipoprotein
(VLDL) and chylomicron TG levels, and (2) exercise training
increases LPL activity in plasma, adipose tissue, and mus-
cle.59–61 VLDL TGs are exchanged for cholesteryl esters in
HDL and LDL, which are then hydrolyzed by lipases, causing
a decrease in the size of particles. The exercise-induced
decrease in VLDL TGs results in reduced availability of TG
for exchange, and is probably a major mechanism underly-
ing the increases in HDL-C levels and LDL particle size.55 In
addition, hepatic lipase degrades HDL phospholipids, thus
producing smaller HDL particles that are rapidly catabo-
lized; exercise has also been shown to decrease hepatic
lipase activity.56,61–63 Thus, both LPL and hepatic lipase

undergo beneficial changes with exercise, which contribute
to HDL maturation, and thus, the ability of HDL to promote
reverse cholesterol transport (RCT). The antiatherogenic
properties of HDL are largely thought to stem from its role
in RCT, a multistep process in which HDL promotes the
efflux of excess cholesterol from peripheral tissues and
returns it to the liver for excretion. Few exercise studies have
included direct measures of RCT; however, several small
studies have shown that exercise is associated with markers
of RCT, including increased cholesterol efflux.41,64

INTERACTIONS OF EXERCISE AND
CHOLESTEROL IN MORTALITY

As noted in the beginning of this chapter, the modest
improvements in lipid profiles associated with exercise train-
ing need to be kept in proper context. The reduction in CHD
risk associated with regular exercise is well established, and
the many mechanisms responsible for such benefit are
detailed in Table 19-2. Thus, the enthusiasm toward exer-
cise prescription should not be lost because of the modest
benefits of exercise with regard to lipids. This concept was
well demonstrated by Ardern et al., who examined the ben-
efit of fitness within the treatment categories of the Adult
Treatment Panel III (ATP III) guidelines.65 As depicted in
Figure 19-3, within each treatment category of ATP III, the
risk for CVD mortality was at least two-fold higher for unfit
individuals compared with fit individuals. In other words,
even in individuals whose LDL-C level and risk factor profile
qualified them for cholesterol-lowering medications, living
an active lifestyle and avoiding being unfit greatly reduced
the risk of mortality from CVD. Thus, despite the minimal
potential benefit of regular exercise on reducing LDL-C level,
individuals with elevated LDL-C, in a relative sense, stand to
benefit the most from being physically active. A recent study
in men showed similar findings, that is, men with moderate
to high fitness levels had lower adjusted mortality rates com-
pared withmenwith low fitness levels within each LDL-C cat-
egory defined by the ATP III cutpoints.66 Several studies in
individuals with hypertension, obesity, diabetes, or meta-
bolic syndrome suggest that physical activity improves sur-
vival without reversal of risk factors.67–70 Although this
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may seem counterintuitive, it is not surprising given the
broad range of physiologic benefits associated with physical
activity.

EXERCISE PRESCRIPTION

Because of the well-established health benefits associated
with regular physical activity, including potentially improv-
ing plasma lipid levels, healthcare professionals should

make physical activity counseling a regular component of
patient education during healthcare visits. For the purposes
of general health, professionals should recommend
30 minutes or more of moderate-intensity physical activity,
such as brisk walking, on most, preferably all, days of the
week.71 Adults starting a new activity program need to be
reminded of the importance of starting slowly and gradually
increasing the amount and intensity of exercise.

The amount of physical activity needed for weight loss or
weight maintenance is a topic of ongoing research; however,
the recommendation is greater than 150 min/wk for general
health. For example, data from the National Weight Loss
Registry indicated that individuals who achieved and main-
tained considerable weight reduction over an extended
period, on average, performed more than 60 min/day of
physical activity at least 6 days per week.72 No consensus
exists as to how much daily physical activity is necessary
to promote weight loss. Although greater doses of exercise
(e.g., 200–300 min/wk) have been shown to produce larger
amounts of weight loss, smaller doses (e.g., 150 min/wk)
have not been as effective. Regardless of the prescribed exer-
cise dose, exercise is generally most effective in producing
weight loss when combined with caloric restriction.73,74

CARDIAC REHABILITATION AND EXERCISE
TRAINING

Because cardiac rehabilitation and exercise training (CRET)
programs have been shown to be beneficial to individuals
with CHD, with exercise training playing an important role,
the effect of therapy deserves mention. Standard CRET pro-
grams involve not only exercise, but also stress manage-
ment, diet counseling, and smoking cessation. Thus, it is
hard to attribute the benefits of CRET to any single compo-
nent of the program; this requires that CRET be addressed
separately from exercise-only studies.

Numerous benefits of formal CRET programs have been
established. In the early 1990s, before the routine use of sta-
tins, the effects of CRET programs on many of the CVD risk
factors, including plasma lipids, were evaluated.75 Following
CRET, significant improvements were observed in a variety
of lipid parameters, including TC (�2%), TGs (�13%),
HDL-C (+7%), LDL-C (�4%), and the LDL-C/HDL-C ratio
(�10%). In addition, improvements were also observed in
body mass index (BMI) (�2%), percent body fat (�5%),
and estimated exercise capacity (+26%).75 Although it is
impossible to separate the benefits of exercise from the ben-
efits of weight loss, it is clear that participation in CRET
improves lipid profiles. Importantly, adults were more likely
to have improvements in lipids following CRET if they had
abnormal baseline values (elevated LDL-C or TGs, low
HDL-C).75 In multivariable models, other independent pre-
dictors of improvements of LDL-C following CRET were male
gender, low change in exercise capacity, and low baseline
TGs. Independent predictors for improving TGs with CRET
were reduction in BMI, older age, and greater increases in
HDL-C. Independent predictors of improving HDL-C follow-
ing CRET were high reduction in TGs, low baseline TGs, and
female gender.

Low levels of HDL-C are prevalent in patients with CHD
and may be the most potent lipid predictor of CHD.76,77 A
substantial number of patients with CHD have “isolated”
low levels of HDL-C, with relatively normal or only

TABLE 19-2 Effects of Exercise on Lipids
and Lipoproteins

LIPID/
LIPOPROTEIN

RELATIONSHIP
TO CHD

EFFECT OF
REGULAR
EXERCISE COMMENTS

Total cholesterol Positive Little to no change Exercise-induced
improvements
usually
associated with
weight loss

LDL-C Positive Little to no change Exercise-induced
improvements
usually
associated with
weight loss

HDL-C Negative Increased but
highly variable

Response greatest
in those with
elevated
triglycerides

Triglycerides Positive Decrease

LDL particle size Negative Increases particle
size and
decreases
percent of small
LDL

HDL particle size Negative Increases HDL
particle size and
increases
percent of large
HDL

CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol.
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borderline-elevated levels of LDL-C and TGs. In these
patients, marked improvements occur in HDL-C (+17%; P
<0.0001) and in the LDL-C/HDL-C ratio (�11%; P <0.0001)
following CRET.75

EXERCISE AND MARKERS OF INFLAMMATION

Measures of inflammation are increasingly being used in
CHD risk stratification, and the most commonly used marker
of inflammation is C-reactive protein (CRP). Although CRP is
not a type of cholesterol, given the strong influence that
weight and fitness have on CRP, the effect of exercise on
CRP levels deserves mention. Abundant cross-sectional evi-
dence suggests that physical activity (inversely) and weight
(directly) are independently associated with CRP.78–85 How-
ever, although a number of intervention trials have shown
that weight loss reduces CRP, the available intervention trials
that have examined the role of exercise in reducing CRP are
both limited and conflicting.86–93 One of the critical issues to
be resolved is whether exercise independently reduces sys-
temic inflammation, or if the improvements in CRP are really
caused by the reductions in body fat and weight associated
with exercise training.

Milani et al. observed that CRET reduced CRP by nearly
40% and that this reduction was independent of both
changes in weight and the use of statins (Fig. 19-4).94 Even
patients who gained weight with CRET had similar signifi-
cant improvements in CRP levels. Once again, it needs to
be pointed out that standard CRET programs involve not
only exercise, but also stress management, diet counseling,
and smoking cessation, which could have contributing
effects to the overall improvement in systemic inflammation.

RISK AND SAFETY OF EXERCISE

Participation in physical activity or exercise is not without
risk. However, these risks can be substantially minimized
with a few simple steps; the risk of serious events is small
when appropriate precautions are taken.71 The most com-
mon risk of physical activity is musculoskeletal injury; the
risk increases in individuals who are obese and those with
a previous sedentary lifestyle and low previous participation
in competitive sports. As a general principle, to minimize
injury, the amount or volume of physical activity should
be increased gradually over time.

Risk of serious events, such as sudden cardiac death or MI
acutely increases with participation in higher-intensity activ-
ities in individuals with diagnosed or occult heart disease.
For most individuals, it is not necessary to undergo exercise
stress testing before starting a moderate-intensity exercise
program that also includes a moderate rate of progression.
However, individuals who wish to participate in higher-
intensity activities, particularly those withmajor CVD risk fac-
tors, may need physician clearance before participation,
and in some cases, this should include an exercise stress test.
The American College of Sports Medicine provides compre-
hensive screening algorithms for assessing the need for med-
ical clearance and exercise stress testing before starting a
new physical activity program.95 As a general summary,
for men younger than 45 years of age and women younger
than 55 years with one or no CVD risk factors, exercise test-
ing is not suggested before starting an exercise program of
any intensity. Men 45 years or older and women 55 years
or older, or those with two or more CVD risk factors, should
undergo exercise stress testing before initiating a high-
intensity (vigorous) exercise program. Individuals with signs
or symptoms of CVD or known cardiovascular, pulmonary,
or metabolic disease should have a stress test before starting
a moderate or intense (vigorous) exercise program. Thus,
the higher the intensity of the proposed exercise program,
the older the participant, and the more risk factors or disease
present, the greater the need for exercise stress testing before
starting an exercise program.

OTHER EXERCISE OPTIONS

Resistance training (weight lifting) has, in general, not been
shown to improve any lipid measures substantially.28 How-
ever, the amount of research focused on resistance training
is much smaller than that available on aerobic exercise, and
thus, resistance training is an area deserving of further
exploration.

SUMMARY

Despite the well-established benefits of regular exercise in
the prevention of CHD, the benefits of exercise on plasma
lipids are relatively modest and somewhat conflicting. It is
generally accepted that exercise training results in a small
increase in HDL-C and a reduction in TGs. Regular exercise
has not been shown to improve TC or LDL-C consistently, but
has been shown to decrease the percentage of the more ath-
erogenic, small LDL particles and increase the percentage of
larger, less atherogenic LDL particles. Most importantly, it
has been shown that in individuals with elevated LDL-C
(or diabetes, hypertension, or metabolic syndrome), leading
a more physically active lifestyle is associated with a greatly
reduced risk of CHD.
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Obesity is highly prevalent in the United States and is a grow-
ing problem throughout the world. The World Health Orga-
nization (WHO) has declared overweight as one of the top
10 risk conditions in the world and top 5 in developed
nations. In 2008, an estimated 1.46 billion adults (1.41–
1.51 billion) worldwide had a body mass index (BMI) of
25 kg/m2 or greater, and of these, 205 million men (193–
217 million) and 297 million women (280–315 million) were
obese.1 The projection for 2015 is that approximately 2.3 bil-
lion adults will be overweight andmore than 700 million will
be obese. This also affects children, with at least 1 million
children younger than 5 years being overweight. The U.S.
National Health and Nutrition Examination Survey
(NHANES)2 indicates that the prevalence of obesity was
35.5% in adult men and 35.8% in adult women in 2009–
2010.2 This is a large and unanticipated leap since the late
1980s.3

The National Center for Health Statistics4 has reported
overweight in children and adolescents, tracking data
acquired from 1963 to 2010. A significant increase in the
prevalence of overweight has occurred in children ages
6 to 11 years, from 4% in 1963 to 1970, to 16% in 1999 to
2002, to 18.4% in 2009 to 2010, and in adolescents ages
12 to 19 years, from 5% in 1963 to 1970, to 16% in 2002, to
18% in 2009 to 20104 (Centers for Disease Control and Pre-
vention [CDC] website: http://www.cdc.gov). Many humans
seem unable to regulate energy intake appropriately, given
the temptation of the modern supply of food and beverages.
The environment is so intrusive that only a consciously
restrained eater can withstand the temptation to overeat in
today’s world. As a result, the average adult in the United States
gains about 1.8 to 2.0 lbs per year between 20 and 60 years
of age.5

The dramatic decrease in physical activity over the last
few decades has also helped fuel the obesity epidemic.6

Through mechanization and the creation of labor-saving
devices, physical labor at work has all but disappeared. In
addition, leisure-time activities have moved from active to
passive, with the Internet, television, and spectator sports
replacing active movement. Prentice and Jebb7 have
reported that the increase in weight in the United Kingdom
in recent years has been attributed primarily to the decrease
in energy expenditure rather than to an increase in food
intake. As a result, people are expending less energy daily
while consuming more calories, leading to inexorable
weight gain.

Obesity brings with it a certain number of health risks.
These include diabetes mellitus, dyslipidemia, hyperten-
sion, and cardiovascular disease. An increased risk for non-
alcoholic steatohepatitis, gall stones, sleep apnea,
osteoarthritis, and depression also exists. Dyslipidemia is a
common problem in obese persons, particularly if the obe-
sity is coupled with type 2 diabetes.

ASSESSMENT OF THE OBESE PATIENT WITH
DYSLIPIDEMIA

It is important to know the total fat burden and the body fat
distribution of a patient for themanagement of dyslipidemia.
Dyslipidemia includes any of the following: total cholesterol
(TC) 240 mg/dL or greater, triglycerides (TGs) greater than
200 mg/dL, low-density lipoprotein cholesterol (LDL-C)
greater than 160 mg/dL, or high-density lipoprotein choles-
terol (HDL-C) less than 40 mg/dL in men and less than
50 mg/dL in women. A simple and relatively accurate way
to estimate total fat burden is to calculate the BMI, which
is the weight in kilograms divided by the square of the height
in meters (kg/m2). The BMI correlates fairly well with the
degree of obesity, except in very muscular individuals.8

According toWHO and the U.S. National Institutes of Health,
a BMI of 18.5 to 24.9 kg/m2 is defined as normal, 25 to
29.9 kg/m2 as overweight, and more than 30 kg/m2 as obese,
with 30% to 34.9% defined as class 1 obesity, 35% to 39.9% as
class 2, andmore than 40% as class 3.9 The prevalence of dys-
lipidemia increases with increase in BMI.10

Central fat distribution is also correlated with dyslipide-
mia. Central obesity is evaluated by measuring the waist cir-
cumference or the waist/hip ratio. Waist circumference
should be measured at the uppermost border of the iliac
crest. A waist circumference greater than 102 cm (40 in.)
in men and 88 cm (35 in.) in women is considered abnor-
mal and indicates increased risk for dyslipidemia, type 2 dia-
betes, hypertension, and cardiovascular disease.9 A waist/
hip ratio greater than 1.0 in men and greater than 0.85 in
women is considered abnormally high.9

Weight loss has been associated with an improvement in
abnormal circulating lipids in a number of studies.11 Weight
loss can be achieved with lifestyle interventions, such as diet
and exercise, with pharmacotherapy, or with surgery. The
initial target of weight loss therapy should be a reduction
in body weight of approximately 10%. This weight loss goal,
which can reasonably be achieved with a combination of
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lifestyle modification and drug therapy, is associated with
significant improvement in dyslipidemia.9,11–13 With weight
loss, patients with dyslipidemia may be able to discontinue
antilipid medications.

OVERVIEW OF WEIGHT LOSS THERAPY

Before starting a weight loss program, a careful preliminary
assessment has to bemade. This should include the patient’s
usual diet, food preferences, and eating habits. Also, a his-
tory of previous weight loss attempts and the reason for their
failure should be noted. Losing weight is a difficult and time-
consuming process, so the patient has to be appropriately
motivated. Behavior modification focuses mainly on chang-
ing eating habits, increasing physical activity, altering atti-
tudes, and developing support systems.

Patient motivation is a prerequisite for achieving the target
of weight loss. Motivation can be increased by describing to
the patient the health risks of obesity. Before starting the
weight loss procedure, the following should be considered:
1. How serious and determined is the patient to lose weight?
2. How well does the patient understand the dangers of

being obese?
3. Can the patient’s family and friends help him or her in the

attempt to lose weight?
4. Is the patient prepared to start exercise together with diet

therapy?
5. Does the patient have adequate time to spend on diet and

exercise therapy?
6. Does the patient have adequate time to devote to the

overall attempt to lose weight?
It is crucial for the patient to trust the physician or other

healthcare workers involved in the weight loss program
and for the physician to show respect and concern for the
patient. The patient–physician partnership is basic for the
success of the weight loss program.

Initially, the patient and the physician need to set an
achievable goal. Patients usually have unrealistic and un-
achievable goals when they start on a weight loss program.14

It is wise to begin with a modest goal of 8% to 10% weight
loss, because this can be met by a motivated person who
is well managed. A number of recent guidelines have sug-
gested a loss of approximately 10% from baseline
weight.9,15,16 This is realistic, attainable, and maintain-
able.12,17 If the patient is successful at this reduction, then
maintenance of this lower weight for a time is wise. If the
patient continues to follow the guidelines successfully, then
further weight loss may be attempted. Setting more ambi-
tious goals at the start may lead to disappointment, anger,
and abandonment of the program.

BEHAVIOR THERAPY

The original premise of behavior therapy was that for obese
patients, eating is maladaptive, and that this can be changed
for the better. More recently, because the cause of obesity
has been recognized as being affected by much more than
maladaptive eating, especially genetic, environmental, and
social factors, the attempt at behavior change has broad-
ened to include changes in physical activity, the environ-
ment, and the social setting of an individual attempting to
lose weight.18,19 Over the years, refinements of techniques
have been proposed, particularly in cognitive behavioral

therapy.20 The aim of behavioral therapy is to change behav-
ior by means of small, achievable steps. Because the behav-
ior change focuses on diet and exercise, knowledge about
these is a necessary step in therapy.

Specific behavioral strategies include self-monitoring,
stress management, stimulus control, problem solving, con-
tingency management, cognitive restructuring, and social
support.8 Self-monitoring has been found to be extremely
important in weight control. It consists of observing and
recording faithfully, and as truthfully as possible, various
aspects of behavior, such as food intake, physical activity,
and medication use.

Stimulus control is working at identifying what social or
environmental cues lead to undesirable behavior. Once
identified, a sustained effort is made to eliminate, change,
or avoid these cues. This again requires self-examination
by the patient with the help of the counselor. It requires hon-
est confronting of people and situations that cause excess
eating. Stimulus control is closely tied to stress management.
Stress may be free floating or brought on by special situa-
tions and circumstances. Learning to identify these causes
and trying to change or avoid them is an important aim of
behavior modification.

Contingency management involves the application of
rewards for moving to appropriate behavior patterns for
weight loss and maintenance. Behavior therapy stresses that
a component of the therapy should be reward. This is based
on the premise that weight control is difficult, and that rein-
forcement of constructive behavior leads to patient satisfac-
tion and continued motivation. This is done by exploring the
kinds of rewards a patient finds positive and pleasurable (a
movie, a new CD, some jewelry, a book, among others). This
contingency management is often done with the use of con-
tracts, whereby the patient agrees to modify a certain behav-
ior (increase exercise bouts, decrease alcohol, decrease
fried foods, and so forth) in return for which a reward is
negotiated.

Problem solving is based on individual requirements. A
patient needs to identify particular problems that affect eating
and exercise, and formulate strategies for reversing them. This
may be related to particular types of foods that are a problem,
particular cooking techniques, portion sizes, snacking, caloric
beverages, and so forth. Also, particular situations or people
may be involved. Each must be confronted in turn and
reversed. It is important to take the identified problems one
at a time and not try to change all of them at once.

Cognitive restructuring is aimed at altering inappropriate
cognition that affects eating and activity behavior. Because
individuals develop behavior patterns primarily through
cognitive processes, it is necessary to identify these and
attempt to change maladaptive ones. These include coping
skills strategies and problem solving strategies.20

Social support can be helpful in achieving success. It is for
this reason that group therapy has been the method of choice
to deliver behavior therapy. Peers can help to establish appro-
priate and realistic intragroup norms for eating and exercise.
They can help to counter the pressure of the outside world to
see obese persons as unsuccessful if they do not reach ideal
weight. Thinking patterns need to be diverted away from self-
rejection and toward self-acceptance.18

Relapse prevention is an important component of behav-
ior therapy. A major problem with all treatments for obesity
is a slow return to baseline weight after the treatment inter-
vention ends.21 By 5 years after the start of a treatment
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program, most patients are back to baseline or beyond.22

Relapse prevention training aims at teaching how to avoid
or cope with slips and slides backward.23 Continuing treat-
ment beyond 6 months improves the maintenance of weight
loss. Contact may be through group sessions, individual
sessions, telephone calls, postcards, mailings, or Internet
dialog. These have been found to enhance weight mainte-
nance.12,17,24 Providing a locale for continued peer support
group sessions has also proved helpful.
A positive effect of behavior therapy is giving patients the

major responsibility for the weight loss strategy, so that with
success they can attribute increased power to themselves.
This improves their self-image, reinforces their motivation,
increases their confidence, and is important in producing
the will to maintain the effort over a long period.
It is important to individualize behavior change. The ini-

tial steps are to carefully identify present lifestyle habits
and focus on what needs to be modified. This is greatly
helped if a period of self-monitoring is used to detail dietary
and activity habits. This includes time, quantity, and quality
of meals and snacks, beverage intake, relationship to social
and work situations, and mood changes. It is important to
carefully evaluate macronutrient content of the diet, which
may be done with food intake diaries and food frequency
questionnaires. In addition, physical activity throughout
the day should be carefully documented.
After a thorough account of present lifestyle habits has

been documented, the next step is to begin to change
habits to a more coherent and healthy way of eating. This
deals with portion sizes, types of foods, kinds and amounts
of beverages and snacks, macronutrient content of the diet,
where and how food is eaten, and with whom food is eaten.
Stimuli that lead to eating need to be eliminated or con-
trolled. For instance, stress-related eating, mood-related
eating, and site-related eating need to be identified and
changed accordingly. In addition, a beginning needs to
be made in increasing physical activity, usually primarily
by increased walking.
Stress management is often important in helping a patient

correct dysfunctional eating. Meditation, relaxation tech-
niques, and social engagement all may help. Also, social
support from family, friends, and colleagues can be helpful
in weight loss and weight maintenance.
Maintenance of ideal weight is a difficult issue. It is com-

mon for persons to regain their weight in a period ranging
from a fewmonths to a few years. A weight maintenance pro-
gram is considered successful when weight regain is not
more than 3 kg in 2 years.8 Thus, the same effort at diet
and physical activity needs to continue if maintenance is
to be successful. The National Weight Loss Registry has
shown that a continued effort in this regard is necessary to
maintain weight.25

DIET

Diet is a key component of a weight reduction effort. Obese
persons consume a very high amount of calories,26 and this
must be reduced. A calorie-deficit diet may lead to signifi-
cant weight loss and to improvement in an obese person
with dyslipidemia. The typical American diet consists of
about 15% protein, 35% fat, and 50% carbohydrates.27 Fat
should be decreased and total calories reduced. Sugar
intake should be discouraged. High-fiber foods, such as

fruits and vegetables, should be encouraged. Alcohol
should be eliminated or drastically curtailed. One should
aim at a deficit of about 1000 kcal/day; this would translate
initially to about 1 kg of weight loss per week.

Many persons can benefit from a low-calorie formula diet
for a period, usually 12 to 16 weeks.28,29 Initially, this method
may be followed for all meals, and eventually it may be used
for one or two meals a day. The advantage is that it gives
good control of caloric intake. The disadvantage is that it
may become extremely monotonous.

The aim of weight loss is to lose fat without losing too
much lean body mass. The loss of some is inevitable, but
it should be kept as low as possible. This is done by eating
enough protein and making it high-quality protein (e.g., egg
whites, low-fat dairy products, lean meat, fish, poultry). The
intake of protein should be at a level of 1.0 to 1.5 g/kg of ideal
body weight. The ideal weight is calculated by using a BMI of
25 kg/m2 and finding the appropriate weight for height in a
BMI table. A vegetarian diet may be used, but protein com-
plementation is required to ensure appropriate essential
amino acid intake.30 Total fat should not exceed 30% of cal-
ories, with saturated fat not more than 8% to 10% of total cal-
ories. This is also true of polyunsaturated fats, whereas
monounsaturated fats may be as high as 15%. The daily
carbohydrate intake should include 20 to 30 g of fiber from
fruits, vegetables, legumes, and grains. Fiber seems to help
satiety at lower levels of caloric intake. It is important also
that adequate amounts of vitamins and minerals be
taken daily.

Long-term trials (1 year or more) of both the low-fat bal-
anced diet and the Mediterranean diet have shown both
their effectiveness and their safety.12,13,31–33 One long-term
trial of the high-carbohydrate, low-fat diet34 also showed
its effectiveness and safety over time. A number of random-
ized clinical trials (RCTs) comparing high-fat, low-
carbohydrate diets with more balanced diets have shown
equally good or better weight loss with the former compared
with the latter.35–39

The effort to achieve a caloric deficit of about 1000 kcal/
day requires a careful dietary history. This deficit may lead
to a loss of between 1 and 2 lbs/wk. A low-calorie diet
includes 800 to 1500 kcal/day. A diet of 1200 to
1500 kcal/day for men and a diet of 1000 to 1200 kcal/
day for women is usually appropriate, but it needs to be
individualized in relation to original intake and physical
activity. These kinds of diets may cause an 8% to 10%
weight loss in 6 months, with 75% being fat and 25% lean
body mass.40 Very-low-calorie diets of 300 to 800 kcal/day
have been used in the past, but are not recommended.
They require careful medical supervision because of poten-
tial electrolyte abnormalities, cardiac changes, and excess
diuresis. They also have not been shown to produce greater
weight loss.41 Also, a rapid regain tends to occur once the
very-low-calorie diet is abandoned.42

Generally, weight loss may continue for 4 to 6 months
and then plateaus. This plateauing is caused by a new equi-
librium, in which energy intake once again is equivalent to
energy expenditure. Maintenance of the weight loss
requires continuing the same energy intake and at least
as much physical activity as the patient has been doing dur-
ing active weight loss while his or her weight loss plateaus.
Therefore, no liberalization of food intake or reduction of
physical activity should be allowed, or else weight regain
will occur.
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PHYSICAL ACTIVITY

A number of studies have shown that increased physical
activity does not particularly help in weight loss but may
be effective in weight maintenance after excess weight is
lost. Wing,43 in a review of 13 RCTs of weight loss with
and without an exercise component, found only two trials
that demonstrated a significantly greater weight loss in the
group that exercised. Wing also reviewed four studies that
had a resistance exercise component, and again, found
no statistically greater weight loss with exercise.43 Contro-
versy as to whether exercise is helpful for weight mainte-
nance has been less. A study by Pavlou et al.44 reported a
strong effect of exercise during the maintenance period
on the ability to maintain weight loss. Those individuals
who maintained an exercise regimen maintained their
weight loss, whereas those who abandoned the exercise
regained their weight. Also, other carefully conducted stud-
ies have reported the superiority for maintenance of adding
exercise to diet.45 For this reason, it is important to begin to
modify behavior with regard to physical activity as a weight
loss program is started. In the absence of a contraindication,
such as a cardiac, orthopedic, or metabolic condition, exer-
cise should always be encouraged. Initially, an effort is made
simply to increase walking at a normal pace. The goal is to
increase initially to 30 min/day and eventually to 60 min/
day. The exercise does not need to be done all at once,
but may be done in bouts. The program needs to start slowly
because many obese individuals are extremely sedentary.
Eventually, depending on the age, weight, and fitness of
the individual, jogging or biking may be done. Other activi-
ties such as swimming, golf, and tennis are also encouraged.

The National Weight Loss Registry is a registry of persons
who have lost at least 25 lbs of their excess weight and kept it
off for 5 years. To maintain their weight loss, these individ-
uals expend at least 400 kcal/day in physical activity.46 Other
studies are available that also have documented that long-
term weight loss is associated with increased physical activ-
ity.47–50 For maintenance, therefore, good evidence exists
that exercise will contribute to success. Exercise has also
been shown to improve lipid profiles.49,50

DRUG TREATMENT FOR WEIGHT LOSS

Because of the great difficulty of achieving weight loss and
maintaining it over time, drug therapy is sometimes
used. Because data have been reported for the genetic under-
pinnings of obesity,51,52 it is evident that obesity is a chronic
disease that requires chronic treatment. Thus, if drug therapy
is successful, it generally needs to be continued indefinitely.
However, drug therapy should always be given in conjunc-
tion with diet and exercise. The inclusion of lifestylemodifica-
tion in a program using drug therapy for weight loss leads to
significantly greater weight loss and weight maintenance.53

Currently, only three drugs are approved for long-term use
for weight loss in the United States (Table 20-1): (1) orlistat
(Xenical [Genentech, South San Francisco, California] or
Alli [GlaxoSmithKline, Moon Township, Pennsylvania]);
(2) a combination of phentermine and topiramate (Qsymia
[Vivus, Mountain View, California]); and (3) lorcaserin (Bel-
viq [Arena, Zofingen, Switzerland]). Another drug, phenter-
mine, although approved only for short-term use, is widely
used long-term with no objection from the U.S. Food and
Drug Administration (FDA).

Orlistat (Xenical or Alli)
Orlistat is an inhibitor of pancreatic lipase.54 The result of this
inhibition is that approximately 30% of the daily ingested fat
intake is not absorbed. This leads to a 200-kcal/day deficit in
an individual who consumes a diet of 2000 kcal/day with
30% of calories as fat. The most common side effects of orli-
stat are gastrointestinal, such as fatty or oily stools, more fre-
quent defecation, and fecal incontinence. Another side
effect is a slight reduction in absorption of fat-soluble vita-
mins, but this reduction is generally not outside the normal
reference range.

Several studies have confirmed the efficacy of orlistat in
losing weight. The European Multicentre Orlistat Group con-
ducted a double-blind study in which 688 obese individuals
(average BMI, 36 kg/m2) were assigned to orlistat therapy or
placebo for 1 year, in combination with a hypocaloric diet
(minimum energy intake, 1000–1200 kcal/day). At the end
of the first year, they were reassigned randomly to either orli-
stat or placebo for another year. At the end of the first year of
the study, the mean weight loss was 10.2% in the orlistat
group and 6.1% in the placebo group. During the second
year of the study, the participants who were switched to pla-
cebo gained twice as much weight as those who continued
on orlistat therapy. Participants who were switched from pla-
cebo to orlistat lost 0.9 kgmore weight than in the first year of
the trial.55

A U.S. study showed similar results.56 In this trial, 892
obese individuals (BMI, 30–43 kg/m2) who were previously
on a 4-week, controlled-energy diet plus placebo were ran-
domized into either continuing placebo or starting orlistat
120 mg three times a day. After 52 weeks, the participants
started a weight-maintenance diet, and those in the orlistat
group were rerandomized to continuing orlistat (60 or
120 mg three times a day) or placebo for another 52 weeks.
Participants who were already taking placebo continued
taking it. At the end of the first year, the participants taking
orlistat had lost more weight than those taking placebo
(8.76�0.37 versus 5.81�0.67 kg). At the end of the second
year, participants taking orlistat 120 mg three times a day
regained less weight than those taking orlistat 60 mg three
times a day or placebo (3.2�0.45, 4.26�0.57, and
5.63�0.42 kg, respectively).

These studies demonstrated significant weight loss with
the use of orlistat in combination with diet during the first
year, and the tendency for less weight regain during the sec-
ond year with the use of orlistat. Weight loss with orlistat also
helps in the treatment of comorbidities, including
cholesterolemia.57

Phentermine
Other anorexia drugs have been approved for short-term use
in the United States. They all act on the central nervous
system, affecting either noradrenergic or serotoninergic

TABLE 20-1 Drugs Approved by the U.S. Food and Drug
Administration for Treating Obesity
GENERIC NAME TRADE NAME

Topiramate and phentermine Qsymia

Orlistat Xenical, Alli

Phentermine Adipex, Fastin, Lonamin

Lorcaserin Belviq
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systems. One of these drugs, phentermine, is being used
long-term in the United States. It is an adrenergic drug.
Two longer term trials have been conducted with this
drug.58,59 One was conducted for 36 weeks as an RCT, with
the drug arms being given the medication continually or
intermittently every other week.57 Weight loss was similar
in the two drug arms. The drug regimens yielded a 20.5%
weight loss, whereas the placebo yielded a 6% loss. A second
RCT conducted for 6 months reported a weight loss of 12.6%
in the drug arm and 9.2% in the placebo arm.
Phentermine was half of the phentermine and fenflur-

amine combination that was effective in eliciting weight loss
but had severe adverse side effects of heart valve abnormal-
ities and pulmonary fibrosis.60–62 Although the FDA banned
fenfluramine, no evidence existed to implicate phenter-
mine, and phentermine has remained on the market. No
other long-term trials have been conducted, but no evidence
of long-term toxicity has been reported.

Phentermine and Topiramate (Qsymia)
The combination of phentermine and topiramate received
FDA approval in 2013. Phentermine is released immediately,
whereas topiramate extended release is released later. Both
are thought to suppress appetite and enhance satiety, but the
precise mechanisms of action of phentermine and topira-
mate are not known. The drugs are given in stepwise dos-
ages, starting at 3.75 mg phentermin and 23 mg topiramate
and increasing to 15 and 92 mg, respectively. The drug is
indicated as an adjunct to a reduced-calorie diet and
increased physical activity for long-term weight manage-
ment in adult patients with an initial BMI of 30 kg/m2 or
greater (men) or 27 kg/m2 or greater (women) in the pres-
ence of at least one weight-related comorbidity (e.g., hyper-
tension, type 2 diabetes, or dyslipidemia). The phentermine
and topiramate combination (Qsymia) is contraindicated in
pregnancy, glaucoma, and hyperthyroidism, during or
within 14 days following the administration of monoamine
oxidase inhibitors, and known sensitivity or idiosyncrasy
to sympathomimetic amines. Side effects include paraesthe-
sia, dizziness, dysgeusia, insomnia, constipation, and dry
mouth. Phentermine–topiramate may cause mood disor-
ders, including depression and anxiety. Phentermine–topir-
amate should be discontinued in patients who have suicidal
thoughts or behaviors and is not recommended in patients
with a history of suicidal attempts or active suicidal ideation.
An increase in heart rate at rest has been noted. Phenter-
mine–topiramate has not been studied in patients with
recent or unstable cardiac or cerebrovascular disease, and
therefore, its use is not recommended in these patients.
Because phentermine–topiramate has the potential to
impair cognitive function, patients should be cautioned
about operating dangerous machinery, including automo-
biles. Phentermine–topiramate may cause harm to the fetus.
A fetus exposed to topiramate in the first trimester of preg-
nancy has an increased risk of oral clefts. If a patient
becomes pregnant, phentermine–topiramate should be dis-
continued immediately. In a comparison of phentermine–
topiramate 7.5/46 mg, phentermine–topiramate 15/92 mg,
and placebo in 1267 adults with BMIs of 35 to 70 kg/m2

and two or more comorbidities, 10.9% weight loss was
achieved in patients who took the higher dose, 5.1% weight
loss was achieved in patients who took the lower dose, and
1.6% weight loss in the placebo group.63 In a second study,

2487 patients with a BMI of 27 to 45 kg/m2 and two or more
comorbidities were treated with phentermine–topiramate or
placebo. A weight loss of 9.8% was achieved by patients who
took phentermine–topiramate 15/92 mg, and 7.8% weight
loss was achieved by those who took phentermine–topira-
mate 7.5/46 mg, compared with 1.2% weight loss in the pla-
cebo group.64

Lorcaserin (Belviq)
Lorcaserin hydrochloride is a selective serotonin 2C receptor
agonist (5-HT2C). The 5-HT2C receptor is involved in the cen-
tral regulation of satiety, as validated in both animal models
and human studies. It is believed that lorcaserin decreases
food intake and promotes satiety by selectively activating
5-HT2C receptors in the brain. Lorcaserin was approved by
the FDA in 2013, on the basis of two phase 3 trials in patients
without diabetes—Behavioral Modification and Lorcaserin
for Overweight and Obesity Management [BLOOM]65 and
Behavioral Modification and Lorcaserin Second Study for
Obesity Management [BLOSSOM]66—and one in patients
with type 2 diabetes (BLOOM-DM).67 Patients who received
20 mg twice daily showed a placebo-adjusted mean weight
loss of 3.6% in BLOOM, 3% in BLOOM-DM, and 3% in BLOS-
SOM. Comparing the drug versus placebo groups, weight loss
of 5% or more from baseline weight was reported in 47.5%
versus 20.3%, 37.5% versus 16.1%, and 47.2% versus 25.0%
of patients in the BLOOM, BLOOM-DM, and BLOSSOM stud-
ies, respectively. Weight loss of 10% or more from baseline
weight occurred in 22.6% versus 7.7%, 16.3% versus 4.4%,
and 22.6% versus 9.7% of patients in the respective trials.
The trials showed no serious safety problems. Echocardio-
graphic safety studies done at 52 weeks showed that FDA-
defined valvulopathy occurred in 2.7% of the lorcaserin
group compared with 2.3% of the placebo group
(P¼0.70). At 2 years, the rates were 2.6% for the drug group
and 2.7% for the placebo group.

SURGERY FOR WEIGHT LOSS

Obesity is increasing not only in prevalence but also in the
size of individuals. Many have tried to lose weight numerous
times and have failed repeatedly. As a result, they are turning
to surgery to resolve their predicament. A National Institutes
of Health consensus conference68 has produced guidelines
suggesting that a BMI of 40 kg/m2 or greater without comor-
bidities and a BMI of 35 kg/m2 or greater with comorbid con-
ditions are appropriate for referral to surgery.

The surgical procedures currently performed for the treat-
ment of obesity are gastric banding, gastric bypass, sleeve
gastrectomy, and biliopancreatic bypass. Gastric banding
and sleeve gastrectomy are restrictive procedures, reducing
the ability to ingest food. Gastric bypass and biliopancreatic
bypass primarily cause malabsorption. In general, weight
loss is the least with banding, followed by vertical-banded
gastroplasty, sleeve gastrectomy, and gastric bypass; weight
loss is the greatest with biliopancreatic bypass. Biliopancrea-
tic bypass is not commonly performed in the United States
because it has significantly more adverse side effects. These
include severe diarrhea and liver disease.69,70

The Swedish Obese Subjects (SOS) study followed the out-
comes of patients who underwent surgery compared with a
parallel group of patients who received medical therapy.71

The weight loss was 23�10% of excess weight in those
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who underwent vertical-banded gastroplasty and 33�10%
for those who underwent gastric bypass.72 More improve-
ment in glucose levels, lipids, and blood pressure was
observed in the surgical group than in the medical group.
In the 8-year follow-up report, blood pressure returned to
preoperative levels, but lipids improved, and the develop-
ment of type 2 diabetes was prevented.73 The SOS study
showed that weight losses from baseline stabilized after
10 years at 25% for gastric bypass, 16% for vertical-banded
gastroplasty, and 14% for banding (Fig. 20-1). Of the 2010
volunteers who underwent surgery and 2037 who received
conventional medical treatment (matched control group),
with a follow-up rate of 99.9% for an average of 10.9 years,
101 deaths occurred in the surgery group and 129 deaths
in the control group (Fig. 20-2).73

Adams et al.74 published a retrospective study that com-
pared patients who underwent gastric bypass with a baseline
weight–matched control group and showed a 40% decreased
mortality rate in the surgery group over a mean follow-up of
7.1 years. A similar striking decrease occurred in cardiovascu-
lar mortality.

WEIGHT MAINTENANCE

Maintaining reduced weight after achieving weight loss is
extremely difficult. The reasons for this phenomenon are not
known. A number of forces, however, seem relevant to this.

First, persons following hypocaloric diets decrease their
basal metabolic rate (BMR) and, therefore, require fewer cal-
ories to maintain weight.75,76 Thus, as the weight loss pro-
ceeds, the caloric deficit becomes less than it originally
was. At the end of the weight loss phase, a patient will have
a lower BMR than at the start. This occurs because lean body
mass is lost as well as fat, and the BMR is directly related to
the lean bodymass.77 Thus, patients require fewer calories at
the end of a weight loss period than they required before
starting to lose weight.78

Second, as individuals lose weight, they become more effi-
cient; that is, they require less energy to do the same physical
task.79 Thus, when individuals who have lost weight return to
the total physical activity done previously, they are in positive
caloric balance because fewer calories are required to
accomplish the same physical task. It is incumbent on every
patient who has lost weight to increase physical activity, and
to increase it markedly (for some, an extra 500–700 kcal/day).

Third, the levels of lipoprotein lipase (LPL), an enzyme
that breaks down circulating lipoprotein TGs and thus facil-
itates the entry of free fatty acids into cells, are increased in
persons who are obese.80 With weight reduction, the respon-
siveness of adipose tissue LPL to meals increases,80,81 which
suggests increased ability to dispose of the TGs. This physio-
logic avidity of adipose cells for TGs makes the post-weight-
loss period a particularly difficult one in terms of regaining
weight.
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FIGURE 20-1 Mean percent weight change during a 15-year period in the control and the surgery groups in the Swedish Obese Subjects Study, according to the
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Finally, a heightened sensitivity to palatable foods seems
to exist.82 Although this has not been adequately studied, an
enhanced taste threshold seems to exist, and an increased
natural intake after a period of deprivation seems to occur.83

A common psychologic change with weight loss is actu-
ally overconfidence: the feeling that the weight has been lost
and that the individual can now deal withmaintenancewith-
out help. This is clearly not the case. Studies have shown
repeatedly that the longer the relationship between the
patient and the therapeutic team is continued, the greater
the likelihood of success.84 As a result, caloric intake should
be liberalized carefully and slowly after the goal weight is
reached, with daily weight monitoring. A permanent reduc-
tion in caloric intake is required because a patient’s total
energy expenditure declines after weight loss. All the lifestyle
changes learned during the weight loss period, including
increased physical activity, must be continued. If weight loss
drugs have been successful and without adverse effects,
their long-term use can be recommended, with careful track-
ing for potential adverse effects.

EFFECT OF WEIGHT LOSS ON LIPIDS

The dyslipidemia of obesity is characterized by high TGs,
reduced HDL-C, and small, dense LDL particles.85,86 With
weight loss, TG concentrations decline, HDL-C levels
increase, and small, dense LDL particles become larger
and less atherogenic.87,88 TC and LDL-C levels may be
increased in some, but not all, obese persons.89 Conversely,
HDL-C levels and HDL-C/LDL-C ratios are typically decreased
in obesity, whereas TG levels are generally increased, lead-
ing to a greater atherogenic risk.83 Short-term studies have
confirmed the value of behavioral, low-calorie diet, and
very-low-calorie diet interventions in decreasing TC and
LDL-C levels, increasing HDL-C levels and the HDL-C/LDL-
C ratio, and reducing TG levels.90–95 Inmost cases, short-term

improvements have been observed in patients who lost sub-
stantial amounts of weight and in those who attained only
moderate weight loss. The results of important long-term
studies of the effects of weight loss on dyslipidemia are
shown in Table 20-2.

In an early long-term study of the relationship between
weight loss and dyslipidemia, Hall et al.96 evaluated the effi-
cacy of the cholesterol-lowering diet used in the Coronary
Prevention Evaluation Program in controlling hypertriglycer-
idemia in 114 men, including 90 with obesity and 50 with
hypertriglyceridemia. At the end of 1 year, patients lost a
mean of 10 lbs, whereas mean serum cholesterol levels
decreased by 12.1% and mean serum TG levels decreased
by 17.3% (P¼0.01 for all changes). Maximum weight loss
occurred at 7.4 months after the start of the study. Patients
who regained less than 4 lbs by the end of the study at most
had a 14.6% decrease in serum cholesterol and a 24.5%
decrease in serum TGs at 1 year; patients who gained 4
lbs or more had decreases of 8.4% and 10.0%, respectively.

In their long-term study of the health benefits of weight
loss, Mancini et al.97 monitored lipid levels in 71 patients
who were treated for severe obesity as hospital inpatients,
receiving a very-low-calorie diet for 4 to 8 weeks, and who
were then monitored for 54 months. Their mean body
weights were 110.1�2.8 kg at study entry, 97.7�2.4 kg after
30 months, and 99.9�2.6 kg after 54 months, indicating that
these patients succeeded in sustaining marked weight loss
over a long period. TG levels decreased significantly,
although no significant change in TC levels occurred.

Wood et al.98 compared the effects on fat weight of
decreasing energy intake without increasing exercise or of
increasing energy expenditure without altering energy con-
sumption in a 1-year RCT, which included 121 men whose
weight was 120% to 160% of ideal body weight. By the end
of the study, mean decreases in fat weight for participants
in the exercise, diet, and control groups were 4.1�3.7 kg,
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5.9�4.1 kg, and 0.3�3.3 kg, respectively (P �0.001 for both
active treatment groups vs. control). Both exercisers and
dieters lost significant amounts of total body weight com-
pared with control participants (P �0.001), whereas dieters
lost significantly more weight than exercisers (P �0.01).
Weight loss had a beneficial effect on some lipid values,
significantly increasing HDL-C levels and significantly
decreasing the TC/HDL-C ratio and the concentrations of
TC and LDL-C.

Brolin et al.99 assessed the effect of weight loss in 38
patients who had dyslipidemia when they underwent gastric
bypass surgery for severe obesity. At 24 months after surgery,
patients were divided into those who had lost at least 50% of
their excess weight (group 1) and those who had not (group
2). Group 1 included 26 patients who had lost between 51%
and 88% of excess weight, with amean loss of 64.5%. Group 2
consisted of 12 patients who had lost between 20% and 47%
of their excess weight, with a mean loss of 35.2%. Although

TABLE 20-2 Summary of Long-Term Studies of the Effects of Weight Loss on Dyslipidemia

REFERENCE (yr): STUDY
NAME, OBJECTIVE

NO. AND
CHARACTERISTICS

OF PATIENTS

STUDY
DURATION AND
INTERVENTION

WEIGHT CHANGE (kg,
UNLESS OTHERWISE

NOTED)

CHANGES IN LIPID LEVELS
(mmol/L, UNLESS OTHERWISE

NOTED)

Hall et al. (1972)96 Evaluation
of the cholesterol-lowering
diet used in the Coronary
Prevention Program in
controlling
hypertriglyceridemia

140 men, 90 with
obesity and 50 with
hypertriglyceridemia

1-year intervention
with reduced-fat
low-calorie diet

–10 lbs TC reduced by 12.1%
TG reduced by 17.3%
(P¼0.01)

Mancini et al. (1981)94

Evaluation of the medical
benefits of weight loss,
including improved lipid
levels

71 severely obese adults
who maintained
relatively stable
weight losses

4- to 8-week
intervention with
very-low-calorie
diet, followed by
monitoring for 54
months

110.0�2.8 (weight at start),
99.9�2.6 (weight at 54
months) (P <0.005)

TC: 4.8�0.3 at start; 5.0�0.2 at end (NS)
TG: 2.0�0.2 at start; 1.5�0.1 at end (P

<0.05).

Wood et al. (1988)95

Randomized, controlled
comparisons of the effect of
decreased energy intake or
increased exercise on fat
weight

131 overweight
sedentary men, 47 in
the exercise group
and 42 each in the
diet and control
groups

1-yr intervention Exercisers: �4.0�3.9
Dieters: �7.2�3.7
Control subjects: +0.6�3.7

TC: �0.25�0.64 in exercisers
–0.36�0.56 in dieters
–0.23�0.65 in controls (NS)
LDL: –0.25�0.61 in exercisers;

�0.31�0.64 in dieters; �0.21�0.067
in controls (NS)

HDL: +0.11�0.15 in exercisers*;
0.12�0.16 in dieters; �0.22�0.11 in
controls

TC/HDL ratio: �0.62�0.86 in exercisers*;
+0.79�0.69 in dieters†; �0.04�0.84
in controls

TG: �0.16�0.53 in exercisers†;
�0.27�0.72 in dieters{; +0.08�0.60
in controls

*P <0.01; †P<0.001; {P <0.05, versus
controls

Brolin et al. (1990)96 Evaluation
of the effect on dyslipidemia
of weight loss after gastric
bypass surgery

38 patients who
underwent gastric
bypass for severe
obesity and had
abnormal lipid levels
at time of surgery

Mean follow-up of
29 months

Weight of patients who lost
<50% of excess weight:

Group 1: 303�53 at start;
251�41 at 24 months;
group 2: 303�53 at start;
251�41 at 24 months

Levels are given in mg/dL:
TC: group 1: 263�40 at start, 206�36*

at 24 months; group 2: 257�37 at
start, 240�22 at 24 months

HDL: group 1: 42�3 at start, 55�5* at 24
months; group 2: 36�2 at start, 41�5
at 24 months

TG: group 1: 365�275 at start, 150�58*
at 24 months; group 2: 341�216 at
start, 208�107 at 24 months

*P <0.05, versus group 2

Higgins et al. (1993)97

Longitudinal epidemiologic
study of subset of
Framingham Study
population to determine the
health effects of weight loss

2500 adults 10-yr segment of a
20-yr study

Weight changes are age-
adjusted annual changes

Men who lost weight:
�0.52�1.14*

Men with constant weight: +
0.05�1.14

Men who gained weight:
0.60�1.33*

Women who lost weight:
�0.39�0.86*

Women with constant
weight: +0.16�0.36 (NS)

Women who gained weight:
+0.71�1.58*

TC levels are given in mmol/L; changes in
TC levels are age-adjusted means

Men who lost weight: 6.1 at start; 5.9 at
end†

Menwith constant weight: 6.1 at start; 6.1
at end (NS)

Men who gained weight: 6.0 at start; 6.1
at end (NS)

Women who lost weight: 6.1 at start; 6.4
at end (NS)

Women with constant weight: 5.9 at start;
6.4 at end (NS)

Women who gained weight: 5.8 at start;
6.4 at end (NS)

*P <0.001, †P <0.05, both compared
with no change

HDL, high-density lipoprotein; LDL, low-density lipoprotein; NS, not significant; TC, total cholesterol; TG, triglyceride.
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lipid levels improved in both groups, significant intergroup
differences were noted. By the end of the study, dyslipide-
mia had resolved in 32 patients, improved in 4 patients,
and remained unchanged in 2 patients, although these
results were not reported by treatment group. The authors
observed that as long as satisfactory weight loss was main-
tained, the greatest postoperative reductions in cholesterol
and TG levels were likely to occur in the patients with the
highest preoperative levels.
Schauer et al.100 conducted an RCT comparing intensive

medical therapy alone versus medical therapy plus Roux-
en-Y gastric bypass or sleeve gastrectomy. A significant
decrease in TGs occurred at 12 months after gastric bypass
compared with medical therapy. A marked increase in
HDL-C and a significant decrease in high-sensitivity C-
reactive protein were reported. Although the levels of TC
and LDL-C did not differ significantly after 12 months, a sig-
nificant reduction in the number of medications used to
treat hyperlipidemia was observed in the two surgical
groups.
Another RCT that compared medical and surgical

therapy found that after 2 years, TC levels normalized in
27.3% of patients in the medical therapy group compared
with 100% of those in both the gastric bypass and
biliopancreatic-diversion groups. TG levels normalized in
0%, 85.7%, and 92.3% of patients, respectively, and HDL-C
levels normalized in 11.1%, 100%, and 72.7% of patients,
respectively.101

As part of their 10-year study that investigated the
health effects of weight loss in 2500 members of the Fra-
mingham Study cohort, Higgins et al.102 considered the
relationship between weight loss and TC levels. Changes
in TC levels ranged from a decrease of 0.02 mmol/L per
year for men who lost weight (P <0.05 vs. men in the
stable-weight group) to increases of 0.01 to 0.02 mmol/
L per year for those whose weight increased or remained
unchanged. In women who lost weight, TC levels
increased by 0.03 mmol/L per year, whereas the other
women had annual increases of 0.05 mmol/L. Because
this study did not distinguish between voluntary and
disease-related involuntary weight loss, it was not possi-
ble to determine the health consequences of these
changes in TC levels. By the end of the study, prevalence
rates for both cardiovascular disease and coronary
heart disease were greatest among men and women
who lost weight.
In two studies of lifestyle intervention in individuals with

impaired glucose tolerance (IGT), a modest weight loss of
6% from baseline led to an improvement in TGs, LDL-C,
and HDL-C.12,31 In a report of lifestyle intervention in individ-
uals with type 2 diabetes, a weight loss of 9% was associated
at 1 year with a similar improvement in TGs, LDL-C, and
HDL-C (Table 20-3).17 Thus, the beneficial effect of weight
loss on lipids occurs not only in individuals with normal glu-
cose metabolism but also in individuals with IGT and type 2
diabetes.
Additional investigations are likely to elucidate

further the relationship between weight loss and lipid
levels. In the meantime, however, the small size of the
lipid changes reported in some studies should not serve
as a disincentive to embarking on a weight loss program,
because even modest improvements in lipid levels
are associated with a decreased risk for cardiovascular
disease.

CONCLUSION

Weight loss is difficult to achieve and even more difficult to
maintain. Lifestyle change is themethod of choice, but it can
often be aided by pharmacotherapy. Surgery is becoming
significantly more popular for individuals with higher BMIs.
Weight loss generally improves lipids in obese patients with
dyslipidemia. The triad of low HDL-C level, high TG concen-
tration, and small, dense LDL particles is common and
responds well to weight loss.
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INTRODUCTION

The identification of inhibitors of the 3-hydroxy-3-
methylglutaryl–coenzyme A (HMG-CoA) reductase enzyme
led to the class of drugs known as statins. These agents have
become arguably one of the most important discoveries
ever made in mankind’s effort to reduce the burden of the
number one killer of people throughout the world, athero-
sclerotic cardiovascular disease (ASCVD). This discovery
culminated in the laboratory of Dr. Akira Endo at Sankyo
in Japan in the early 1970s, when the first statin, called
ML-236B (later called mevastatin and compactin), was
extracted from the fungus Penicillium citrinum.1 Mevastatin
was not developed because of undefined “toxic effects”
observed in dogs. However, another statin, pravastatin,
was subsequently developed in this laboratory a decade
later and then marketed.
Building on Dr. Endo’s discovery, scientists at Merck &

Company (Whitehouse Station, New Jersey) isolated their
first statin (initially called mevinolin, monacolin K, and
MK803) from Aspergillus terreus in 1976, and after com-
pleting clinical trials, demonstrated its low-density
lipoprotein-cholesterol (LDL-C)–lowering efficacy and
safety. They launched the first statin made available to the
public, lovastatin (Mevacor) in 1987. Lovastatin and the
other statins that followed resulted in a substantial reduction
in virtually all clinical manifestations of ASCVD, including
coronary events, strokes, and revascularization procedures.
These statins have prolonged the lives of millions of people.

CHEMISTRY

Seven statins are currently on the U.S. market; three are
derived from fungi, and four are synthetic (Fig. 21-1). All sta-
tins share an HMG-CoA–like moiety, a dihydroxy heptanoic
acid, which competes with HMG-CoA for binding with the
HMG-CoA reductase enzyme. The fungal statins have a
naphthalenyl ester base structure in common and differ from
each other only by a methyl or hydroxyl side group. The syn-
thetic statins have in common a fluorinated phenyl group, a
methylethyl side chain, and a base structuremadeup of a five-
or six-member ring with one or two carbon atoms substituted
with a nitrogen atom (i.e., indole [fluvastatin], pyrrol [atorva-
statin], pyrimidine [rosuvastatin], and quinolyl [pitavasta-
tin]), rings, and side groups. Each of these structural
elements participates in the interaction with the reductase
enzyme, aswill beexplained in the following.2–8 Fluvastatin ex-
ists as a racemicmixture with an active 3R,5S enantiomer that
contributes to LDL-C lowering and an inactive 3S,5R enantio-
mer does not contribute to LDL-C lowering.

3

MECHANISM OF ACTION

All isoprenoids and sterols in the body, including choles-
terol, are derived from mevalonate. Mevalonate is derived
from a 4-electron reduction of HMG-CoA, an early step in
the biosynthesis of cholesterol catalyzed by the enzyme,
HMG-CoA reductase. All statins inhibit this step by compet-
ing with HMG-CoA for the catalytic binding domain in the
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HMG-CoA reductase molecule (Fig. 21-2). Using x-ray crys-
tallography, it has been found that the HMG-CoA–likemoiety
of each statin (the dihydroxy heptanoic acid group) (see
Fig. 21-1) occupies the HMG-CoA binding pocket in the
HMG-CoA reductase molecule and links via its O5-hydroxyl
group.9 Statins are competitive inhibitors of HMG-CoA and
have a several-fold higher affinity for binding sites in the
reductase molecule than does HMG-CoA. Inhibition con-
stants (Ki) for statins are in the range of 5 to 44 nM, whereas
the Michaelis constant (Km) for HMG-CoA is 4 μM. Once the
HMG-CoA moiety is in the binding pocket, the remainder of
the statin structure undergoes a conformational change to
maximize contact with and binding to amino acid residues
of the reductase enzyme. A variety of bonds are in play,
including van der Waals contacts, hydrogen bonds, and
polar interactions. The number and strength of these bonds
vary between statins, and these, in part, dictate the length
and degree of inhibition, which results in the varying levels
of LDL-C–lowering efficacy. For example, rosuvastatin forms
nine bonding interactions with the reductase enzyme and is
the most efficacious statin for LDL-C lowering. Atorvastatin
forms eight bonding interactions with the enzyme and is
the next most efficacious. The fungal statins have six bond-
ing interactions with the enzyme.9 Using a purified catalytic
fragment of human HMG-CoA reductase in a cell-free system,
the absolute potency of the statins has been determined.
In these experiments, the statin concentrations required
to inhibit 50% of the HMG-CoA reductase activity (IC50)
for pravastatin, fluvastatin, simvastatin, cerivistatin, atorva-
statin, and rosuvastatin were 44, 28, 11, 10, 8, and 3.5 nM,
respectively.10,11

Inhibition of HMG-CoA reductase leads to a reduction of
cholesterol synthesis in the hepatocyte, a drop in the choles-
terol pool, and subsequently, an upregulation of nuclear
transcription factors, specifically sterol regulatory element–
binding proteins, that increase the transcription of LDL
receptors (also called B/E receptors), which migrate to the
hepatic cell surface. There, these receptors link with apolipo-
protein (apo) B and apoE on the surface of circulating LDL

and very-low-density lipoprotein (VLDL) particles and inte-
grate them and their lipid content into the hepatocyte12

(Fig. 21-3). The blood concentration of LDL-C and VLDL-C
is thus reduced. LDL receptors are upregulated whenever
there is a reduction in hepatic cholesterol, not only by the
action of a therapeutic lifestyle change (reduced-fat,
limited-cholesterol) diet or therapy with a statin, cholesterol
absorption inhibitor, or bile acid sequestrant, but also when
hepatic cholesterol is transformed to bile acids through the
action of cytochrome P450 (CYP) 7A1, 7α-hydroxylase, to
aid in the absorption of food from the gastrointestinal tract.

Recently, it was discovered that upregulation of sterol
regulatory element–binding proteins subsequent to a reduc-
tion in the intracellular cholesterol concentration not only
increases the transcription of LDL receptors, but also
increases the transcription of the serine protease proprotein
convertase subtilisin/kexin type 9 (PCSK9).13 PCSK9 is pro-
duced mainly in the liver and small intestine and, after
undergoing autocatalytic cleavage, is secreted into the sys-
temic circulation, where it binds to LDL receptors on the
hepatocyte cell membrane surface. The resulting PCSK9–
LDL receptor complex is transported intracellularly to endo-
somes and lysosomes, where it is degraded, thus reducing
the number of functioning LDL receptors and limiting the
influx of cholesterol into the hepatocyte. In this manner,
PCSK9 offers a counter regulatory mechanism that has the
net effect of limiting the extent to which cholesterol can
be removed from the circulation by LDL receptors. With
statin therapy, blood levels of PCSK9 are increased addition-
ally by 30% to 40%, thereby blunting its potential effect on
lowering LDL-C levels in the circulation.14 Several drugs
are under development to limit the effect of PCSK9 and
enhance cholesterol influx; these are described elsewhere
in this text (see Chapter 30).

Every cell in the body has the ability to synthesize choles-
terol and to upregulate LDL receptors to help assure that the
cholesterol required to maintain membrane integrity and
perform other cellular functions is preserved. The reduction
of cholesterol in the systemic circulation from the action of
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statin therapy in the hepatocyte has not been found to cause
adverse effects in nonhepatic cells that use cholesterol to
manufacture sterol and other important biological products.
Andrology studies in patients receiving statins have shown
that the quantity, quality, and functioning of sperm are not
affected, and that adrenal gland hormones are not altered.

In addition to lowering blood cholesterol levels by remov-
ing circulating LDL and VLDL particles via upregulated LDL
receptors, statins also reduce assembly and secretion of
VLDL particles from the liver.15,16 The greater the inhibiting
effect of the statin on HMG-CoA reductase, the more this
mechanism contributes to LDL-C–lowering efficacy.
Because of this mechanism, statins can lower LDL-C levels
in patients with no functional LDL receptors, which occurs
in homozygous familial hypercholesterolemia patients.

MECHANISM OF RISK REDUCTION

There is an ongoing debate regarding the mechanisms by
which statin therapy reduces the risk of cardiovascular dis-
ease (CVD) events. Most authorities attribute it simply to
the reduction of blood cholesterol levels and point to the
strong statistical association between the reduction in events
and the reduction in LDL-C. Several studies demonstrate that
progressively more intensive lowering of LDL-C is associated
with progressively greater risk reduction, which affirms the
direct relationship between LDL-C lowering and event reduc-
tion.17,18 A meta-analysis of 26 randomized controlled clini-
cal trials involving approximately 170,000 patients has also
shown a consistent proportional relationship between low-
ering of LDL-C and reduction of major vascular events (non-
fatal myocardial infarction [MI], coronary heart disease
[CHD] death, stroke, and revascularization).19 By combin-
ing data from each of these studies, the principal investiga-
tors found that for every 39-mg/dL (1-mmol/L) reduction in
LDL-C with statin therapy, major vascular events were
reduced by 22% (hazard ratio [HR] 0.78; 95% confidence
interval [CI] 0.76–0.80; P<0.001) after approximately 5 years
of statin therapy compared with placebo or less efficacious
LDL-C–lowering therapy. The investigators interpreted these
data to indicate that doubling the LDL-C reduction (to
78 mg/dL) would lower the risk of a major vascular event
by 40% (0.78�0.78) and tripling it (to 117 mg/dL) would
lower risk by 53% (0.78�0.78�0.78). The conclusion of
these trialists, based on this very large data set, is that there
is a proportional, persistent, and direct relationship between
the lowering of blood cholesterol levels and the lowering of
vascular events, which implies that the mechanism of risk
reduction is simply lower blood cholesterol levels. Further
support for this conclusion is that therapies that lower cho-
lesterol independently of HMG-CoA reductase inhibition,
including partial ileal bypass surgery and cholestyramine,
also improve cardiovascular (CV) outcomes.20,21

Recognizing the importance of lowering LDL-C to lower
events makes sense because cholesterol deposition into
the subendothelial space is one of the early events in the
development of atherosclerosis.22 Once there, LDL particles
are modified (i.e., oxidized), and this triggers an inflamma-
tory reaction that results eventually, over years, in atheroscle-
rotic lesions. The culprit lesion, the one that causes clinical
manifestations of the underlying ASCVD, is thought to be a
lesion with a large lipid core and a thin fibrous cap, which
may fissure or rupture, causing a thrombosis that either par-
tially or fully occludes blood flow.

Despite the strength of this argument, statins appear to
also have non-LDL-related, pleiotropic effects that contribute
to the reduction of CV events.23–25 This non-LDL viewpoint is
bolstered by the following observations that are not easily
explained by LDL-C reduction alone. (1) Blood high-
sensitivity C-reactive protein (hs-CRP), a biomarker of
inflammation, is reduced by statins independently of the
magnitude of cholesterol lowering,26,27 and may be lowered
too rapidly to be attributable to lipid lowering.28,29 (2) In
humans, statins improve endothelial function rapidly, before
any appreciable reduction in serum cholesterol occurs.30

(3) In head-to-head comparisons, only statins, and not eze-
timibe, improve endothelial function when identical reduc-
tions in LDL-C are achieved by these agents.31,32 (4) Statins
reverse endothelial dysfunction in young smokers with nor-
mal LDL-C levels.33 (5) Regression of coronary atherosclero-
sis26 and the improvement in clinical outcomes34 with
intensive statin therapy are also related equally and indepen-
dently to hs-CRP and LDL-C reductions.

A number of proteins downstream from mevalonate
appear to play amajor role in the development of atheroscle-
rosis. One such group includes Rac, Rho, Ras, cell division
control protein 42 (CDC42), and many other proteins that
are less well defined35 (see Fig. 21-2). These proteins
undergo posttranslational modification with isoprenoid,
which is a step called isoprenylation. These proteins are pre-
sent in the cytoplasm of the cell in an inactive guanosine
diphosphate (GDP)–bound state, and isoprenylation targets
them to the cell membrane, where they cycle between the
active guanosine triphosphate (GTP)–bound and inactive
GDP-bound states.23 Through these interchanging states,
these proteins serve as signaling proteins that regulate cell
growth, morphogenesis, cell migration, cytokinesis, and
molecular trafficking.36 These signaling proteins, in turn,
generate effector proteins (e.g., Rho kinase [ROCK]), and
many others that help regulate vascular smooth muscle, oxi-
dative stress, aortic stiffness, changes in blood pressure, and
angiogenesis, among other things.37,38 The activators of the
Rho/ROCK pathway include oxidized LDL, various growth
factors, cytokines, integrins, hormones, and G protein–
coupled receptor ligands, which are all factors involved in
the formation of atherosclerosis.39–42 Not surprisingly, stimu-
lation of Rho/ROCK has proatherogenic consequences.
These include reduced endothelial-derived nitric oxide
synthase expression,42–48 enhanced vascular smoothmuscle
contraction,49,50 heightened vascular inflammation,49,51–53

and increased vascular smooth muscle proliferation.54

Decreasing mevalonate and the downstream products
with statins, especially the isoprenylated proteins farnesyl
pyrophosphate and geranylgeranyl pyrophosphate, reduces
Rho and other signaling proteins, and their subsequent acti-
vation of ROCK and other effector proteins39,41,42,55 (see
Fig. 21-2). This has been shown to reduce, even reverse,
most of the proatherogenic cellular dysfunctions listed pre-
viously, including reducing inflammation by decreasing leu-
kocyte migration and adhesion and by decreasing
interleukin-6 (IL-6) and IL-8 expression by vascular smooth
muscle cells.48,51–53 This prevents the downregulation of
endothelial nitric oxide synthase,46 which thereby enhances
endothelial-derived nitric oxide synthase expression and
causes vasodilation,42,44,45,48,55 reduces vascular smooth
muscle cell proliferation,54 and reduces the propensity for
thrombosis.56–58 In animal studies, the inhibitory effects of
statins are reversed by the addition of mevalonate and
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geranylgeranyl pyrophosphate, but not by the addition of
squalene, to the test preparation, which suggests the involve-
ment of signaling and effector proteins in these processes.59

Administration of fasudil, a selective inhibitor of the Rho/
ROCK pathway, has also been shown to improve endothelial
function in patients.60 These studies help demonstrate the
importance of these mevalonate byproducts to the develop-
ment of atherosclerosis-related malfunctions, and how sta-
tins may help ameliorate these effects.
From the previous discussion, the effects of statins appear

to have both lipid-independent and lipid-dependent mech-
anisms. The evidence supporting the role of cholesterol in
atherosclerosis is irrefutable, as is the fact that a reduction
in LDL-C with statin therapy produces a proportional, consis-
tent reduction in atherosclerosis-associated events. The
reduction is associated with the inhibition of HMG-CoA
reductase in the hepatocyte, the consequent upregulation
in LDL receptors, and the influx of cholesterol from the sys-
temic circulation into the liver. In contrast, inhibition of
mevalonate and downstream signaling and effector proteins
reverses many, or most, of the aberrant vascular effects asso-
ciated with atherosclerosis. This result is attained with statins
by the same mechanism by which statins lower blood cho-
lesterol levels, namely, the inhibition of HMG-CoA reductase.
To take full advantage of both lipid and nonlipid mecha-
nisms for risk reduction, clinicians should simply aggres-
sively lower LDL-C in patients with CHD risk that warrants
medical therapy, and thereby, allow the full benefit of this
therapy for their patients.

PHARMACOKINETIC CHARACTERISTICS

Statins possess different pharmacokinetic properties that
may explain the clinically relevant differences in their effi-
cacy and safety. A comparison of some of the pharmacoki-
netic properties of these agents is listed in Table 21-1.

Lactone Forms
Two of the statins, lovastatin and simvastatin, are adminis-
tered as prodrugs, in that they exist as an inactive lactone

and must be converted to the active, open acid form once
administered (see Fig. 21-1 and see Table 21-1). The lac-
tone bond is easily hydrolyzed by enzymatic action, proba-
bly in the liver and potentially also in the gut. In vivo, statin
prodrugs, and possibly all statins, exist in equilibrium
between the lactone and open acid form. Lactone forms
are highly lipid soluble and easily diffuse across cell
membranes.

Lipophilicity
Statins differ in their degree of lipophilicity (lipid solubility)
(see Table 21-1). The most lipid soluble are the lactone sta-
tins, lovastatin and simvastatin. The open acid forms of lov-
astatin and simvastatin, as well as fluvastatin, pitavastatin,
and atorvastatin, have a relatively high lipophilicity.61 The
more lipid soluble the statin, the more easily it crosses cell
membranes and gains access to hepatic and nonhepatic
cells by passive diffusion. The hydroxyl substitution in the
pravastatin molecule and the methane sulfonamide group
in the rosuvastatin molecule render these statins relatively
hydrophilic. The practical significance of this property is
unknown, because even the hydrophilic statins, pravastatin
and rosuvastatin, are transported across hepatic cell mem-
branes by organic anion transporting polypeptides (OATPs),
most frequently OATP1B1.62

Bioavailability
Relatively small amounts (<25%) of the administered statin
dose actually reach the systemic circulation (see
Table 21-1). This is probably a desirable feature because
the statin’s systemic concentration correlates with its pro-
pensity to cause adverse effects. The more bioavailable
the statin, the higher the systemic concentration and the
greater the risk for adverse effects. Pitavastatin, fluvastatin,
rosuvastatin, and pravastatin (in descending order) are
the most bioavailable statins. Pitavastatin has a 51% absolute
bioavailability and may be the most prone to adverse effects
based on this parameter. As part of the development of pita-
vastatin, doses of 8 to 64 mg/day were tested (exceeding the
eventual approved doses of 1–4 mg/day); 9 cases (1.4%) of

TABLE 21-1 Pharmacokinetic Variables of Marketed Statins
VARIABLE ATORVASTATIN FLUVASTATIN LOVASTATIN PITAVASTATIN PRAVASTATIN ROSUVASTATIN SIMVASTATIN

Prodrug No No Yes No No No Yes

High lipid
solubility

Yes Yes Yes Yes No No Yes

Tmax (h) 1.0–2.0 <1.0 2.0–4.0 1.0 1.0–1.5 3.0–5.0 4.0

Absorption (%) 30 98 30 75 34 40–60 60–80

Bioavailability (%) 14 24 <5 51 17 20 <5

Protein
binding (%)

>98 98 >95 99 50 88 95

Major P-450
metabolic
enzyme

CYP3A4 CYP2C9 (minor) CYP3A4 CYP2C9
CYP2C8 (minor)

None CYP2C9 (minor) CYP3A4

Systemic active
metabolites (n)

Yes (2) No Yes (4) No No Minimal Yes (3)

Renal
excretion (%)

<2 <6 10 15 20 10 13

T½ (h) 14 <3 2 12 2 19 1.4–3.0
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rhabdomyolysis were encountered in 648 patients, illustrat-
ing how close the margin of error is with this highly bioavail-
able statin.63 However, even statins with low bioavailability
are not devoid of safety concerns, because they may move
across cell membranes by passive diffusion or active trans-
port and cause adverse effects, including muscle-related
symptoms.

Renal Elimination
Following oral administration, most of the statin dose (i.e.,
>80%) is eliminated via the liver and gastrointestinal tract,
but some small portion is excreted through the kidneys.
A greater proportion of pravastatin, pitavastatin, and simva-
statin is eliminated through the kidney; a small proportion of
atorvastatin and fluvastatin undergoes renal elimination (see
Table 21-1). In patients with severe renal impairment (i.e.,
estimated glomerular filtration rate [eGFR] <30 mL/min/
1.73 m2) or in patients with end-stage renal disease, choos-
ing a statin that has little renal elimination (such as atorva-
statin or fluvastatin) is desirable. Avoid using a statin with
greater than 10% renal elimination or limit doses to the low-
est daily doses in these patients.

Elimination Half-Life
The elimination half-life of the statins varies from 1 to
3 hours for lovastatin, simvastatin, pravastatin, and fluvasta-
tin, and 12 to 19 hours for pitavastatin, atorvastatin, and
rosuvastatin (see Table 21-1). Theoretically, the longer
the half-life, the longer the statin inhibits the reductase
enzyme and the greater is the reduction in LDL-C. However,
the impact of inhibiting cholesterol synthesis persists even
with statins that have a relatively short half-life because of
their ability to reduce blood levels of lipoproteins that have
a half-life of approximately 2 to 3 days. This allows all statins
to be dosed once daily. The preferable time of administra-
tion of all statins is in the evening, just before the peak in
cholesterol synthesis. The LDL-C–lowering efficacy has
been shown to be slightly less when lovastatin is adminis-
tered in the morning and slightly greater when the dose
is administered twice daily, especially with doses of 40 to
80 mg/day.6 However, these differences are modest and
not clinically important. Therefore, if a patient prefers to
administer their statin in the morning rather than at night-
time, this is acceptable to encourage adherence with the
therapy.

Metabolism
Lipid-soluble statins are metabolized by converting them
into water-soluble salts and glucuronide conjugates for
elimination from the body by the CYP enzymes foundmostly
in the liver and gastrointestinal tract (see Table 21-1)
Simvastatin, lovastatin, and atorvastatin are metabolized
by CYP3A4 enzymes. This is important because a large num-
ber of drugs are either inhibitors of or substrates for this
enzyme system and can interfere with the statin’s metabo-
lism and increase statin blood levels. Fluvastatin is con-
verted by hydroxylation mostly by CYP2C9 (accounting for
approximately 75%) and to a lesser extent by CYP2C8
(5%) and CYP3A4 (20%). Pitavastatin undergoes minimal
metabolism via CYP2C9 and CYP2C8, accounting for

approximately 10% of the administered dose. Pravastatin,
a hydrophilic statin, undergoes no metabolism through
the CYP enzyme system.10 Rosuvastatin, another hydrophilic
statin, is largely eliminated from the body unchanged by
transporter-mediated excretion mechanisms in the liver into
the feces via bile and into the urine; only 10% of the admin-
istered dose is excreted as a metabolite, and this is mostly
through an action of the CYP2C9 enzyme.

A portion of the open acid statins, whether administered
as the lactone form or not, are converted to the glucuronide
conjugate through the action of uridine diphosphate (UDP)
glucuronosyltransferase (UGT1A1 and UGT1A3), which
accounts for approximately 20% of the administered dose,
and subsequently, to the lactone form, which accounts for
approximately 10% of the administered dose.64 As noted pre-
viously, lactonized statins may be converted to the open
acid form again by an esterase enzyme and glucuronidated,
or excreted into the bile or urine unchanged, or metabolized
to a soluble salt by a CYP enzyme. UDP glucuronosyltransfer-
ase is important because gemfibrozil can interfere with this
mechanism and lead to serious muscle-related adverse
events (reviewed in the following).

DRUG INTERACTIONS

CYP3A4 Interactions
Drugs that inhibit the CYP3A4 enzyme can interfere with the
metabolism of simvastatin, lovastatin, and, to a lesser extent,
atorvastatin. This can result in an increase in the area under
the statin concentration–time curve (AUC) and themaximum
concentration (Cmax) achieved with the statin, and the result-
ing higher blood levels are associated with a higher risk of
adverse effects. The principal drugs that inhibit CYP3A4
are the azole antifungals intraconazole and ketoconazole
(but not fluoconazole); the macrolide antibiotics erythromy-
cin and clarithromycin (but not azithromycin); the human
immunodeficiency virus (HIV) protease inhibitors amprena-
vir, darunavir, fosamprenavir, indinavir, nelfinavir, ritonavir,
and saquinavir; the nondihydropyridine calcium-channel
blockers diltiazem and verapamil (no effect on atorvastatin),
but not the dihydropyridine calcium-channel blockers
amlodipine and nifedipine; and the immunosuppressant
cyclosporine (Table 21-2).65,66 These inhibitors have
been reported to raise the AUCs of statins at least twofold
to as much as 20-fold. Conversely, the AUCs for fluvastatin,
pitavastatin, rosuvastatin, and pravastatin are minimally
affected when given with the CYP3A4 inhibitor intraconazole.
These interactions expose the patient to a higher risk of
concentration-related toxicity; cases of rhabdomyolysis have
been encountered more often when a CYP3A4-metabolized
statin is given with an inhibitor of this system.66

If a patient taking a statin that is metabolized by CYP3A4
requires therapy with a CYP3A4 inhibitor, the clinician has
several options. First, a drug that does not inhibit CYP3A4
could be selected. For example, use of the antifungal agent
fluoconazole or the antibiotic azithromycin may be good
alternatives. Alternatively, if a short course of a potentially
interacting therapy is indicated, statin therapy can be safely
suspended or the dose of the statin reduced for this period.67

Finally, one of the statins that is not affected by CYP3A4 inhi-
bition, such as pravastatin, fluvastatin, or rosuvastatin, may
replace the affected statin to allow concurrent use of the
CYP3A4-inhibiting drug.
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Freshly squeezed grapefruit juice, grapefruit juice
from a concentrate, and grapefruit itself contain 6',7'-
dihydroxybergamottin and other furanocoumarins that
inhibit intestinal CYP3A4 and increase the AUC and/or Cmax

of lovastatin, simvastatin, and atorvastatin.68 Pravastatin,
pitavastatin, and rosuvastatin are not affected by these
enzymes. The inhibition is dose dependent and increases
with the concentration and volume of grapefruit consumed.
Consumption of grapefruit juice, studied in 200-mL, 200-mL
double-strength, and 600-mL double-strength doses, has
been reported to increase the AUC of simvastatin or lova-
statin 3.6-fold, 12-fold, and 13.5-fold, respectively.69–71 The
AUC for atorvastatin was raised 2.5-fold when administered
with 200 mL of double-strength grapefruit juice and approx-
imately 25% when given with 300 mL of grapefruit juice daily
for 90 days.72,73 The interaction also appears to persist. When
simvastatin was given with 600 mL of double-strength grape-
fruit juice, the AUC of simvastatin was increased 13.5-fold.
When simvastatin was administered 3 days later, the AUC
was 1.5-fold higher, and when it was administered 7 days
later, there was no change in the AUC.71 In practical terms,
it is best to avoid consumption of grapefruit products while
administering lovastatin or simvastatin and to use lower
doses of atorvastatin if a large quantity or concentrated
grapefruit juice is consumed daily. Alternatively, any of
the statins that are not metabolized by CYP3A4 enzymes
may be safely used.

CYP2C9 Interactions
Among the drugs that inhibit CYP2C9 are omeprazole, tolbu-
tamide, cimetidine, fluvoxmine, and azole antifungals (see
Table 21-2). These drugs should theoretically affect the
metabolism of fluvastatin, but few clinically important
drug–drug interactions with fluvastatin have been reported.
The most significant drug interaction occurs with flucona-
zole, which modestly increases the AUC of fluvastatin by
84%.74 The prescribing information for fluvastatin advises
that doses not exceed 20 mg/day when used concomitantly
with fluconazole.3 The AUC for rosuvastatin is also increased
when administered with fluconazole, but only marginally;
no dose adjustments are recommended.2 No cautions are
recommended for the use of pitavastatin when administered
with CYP2C9-inhibiting drugs.5

OATP1B1 Interactions
Drugs that interfere with OATP1B1 interfere with one of
the most important mechanisms by which hydrophilic sta-
tins and other statins are transported into the liver, gut,
and kidney cells. Some of the inhibitors of CYP3A4 also
inhibit this transporter, includingmacrolide antibiotics (clar-
ithromycin) and protease inhibitors (ritonavir, indinavir,
and saquinavir). Another potent inhibitor of this and other
transporters of statins is cyclosporine.62 Cyclosporine has
been reported to raise the AUC of most statins (except

TABLE 21-2 Selected and Significant Drug Interactions with Statins
VARIABLE ATORVASTATIN FLUVASTATIN LOVASTATIN PITAVASTATIN PRAVASTATIN ROSUVASTATIN SIMVASTATIN

Major P-450
metabolic enzyme

CYP3A4 CYP2C9
CYP2C8

CYP3A4 CYP2C9
CYP2C8 (minor)

None CYP2C9 (minor) CYP3A4

Azole antifungals
(ketoconazole,
itraconazole, not
fluoconazole)

Yes No Yes No No No Yes

Nondihydropyridine
channel blockers
(diltiazem,
verapamil)

Rare cases No Yes
(up to a fourfold
increase in
statin blood
level)

No No No Yes
(up to a fourfold
increase in
statin blood
level)

Amiodarone NR No Yes No No No Yes

Cyclosporine Yes NR Yes Yes Yes Yes Yes

Macrolide antibiotics
(erythromycin,
clarithromycin, not
azithromycin)

No No Yes No No No Yes

Gemfibrozil NR No Yes Yes Yes Yes

Fenofibrate NR NR NR No No No No

HIV protease
inhibitors (indinavir,
nelfinavir, ritonavir,
saquinavir,
indanavir less
potent inhibitor)

Yes No Yes No No No Yes

Warfarin No No Yes No No Yes Yes

Antidepressants
(fluoxetine,
fluoxamine,
nefazodone, and
sertraline, not
paroxetine or
venalafaxine)

Yes No Yes No No No Yes

HIV, human immunodeficiency virus; NR, not reported.
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fluvastatin) by 2- to 25-fold by inhibiting OATP1B1 and
various other drug transporters.75 Inhibition of OATP1B1
and other transporters increases the systemic concentration
of statins and is associated with an increased prevalence
of rhabdomyolysis and other muscle toxicities. Fluvastatin
appears to have a much milder interaction with cyclospor-
ine. A long-term study of fluvastatin 40 mg/day in renal trans-
plant recipients who received immunosuppressive therapy
with cyclosporine did not find that cases of myopathy, cre-
atine kinase elevations, or rhabdomyolysis differed between
the fluvastatin and placebo groups during the 5-year study or
a 2-year extension to the study.76,77 Because most patients
who receive cyclosporine also require antiatherosclerosis
treatment, the clinician will have to determine how to
meet this challenge. Two solutions are available: (1) using
small doses of a highly efficacious statin (e.g., 5 mg/day of
rosuvastatin) or (2) using 40 mg/day of fluvastatin. The latter
is supported by the evidence cited.

Fibrate Interactions
Gemfibrozil, but not fenofibrate, adversely affects the phar-
macokinetics of most statins (Table 21-3). Several mecha-
nisms are responsible for this interaction.78 Gemfibrozil
interferes with the OATP1B1-mediated transport of the statin
into the hepatocyte and gut cells, and also inhibits the
CYP2C8-metabolizing enzymes.79 The latter does not appear
to result in any clinically significant interactions. Gemfibrozil
also inhibits the UGT1A1 and UGT1A3 enzymes, which
catalyze glucuronidation and subsequent lactonization
of statins.80 In one study, gemfibrozil caused a fourfold
increase in simvastatin blood levels because of an inhibition
of the glucuronidation process and a reduction of the clear-
ance of simvastatin, probably because of inhibition of
OATPs.81 The net result of these interactions is a higher con-
centration of active, open acid statins in the systemic circu-
lation and a greater risk of adverse effects. This is particularly
problematic because gemfibrozil may be added to statin
therapy to further lower triglycerides (TGs) in patients with
mixed dyslipidemia. Most prescribing information for cur-
rently marketed statins advises against using a gemfibro-
zil–statin combination because of the risk of
concentration-related adverse effects. An alternative would
be to use the fibrate fenofibrate, because it does not cause
this interaction. Fenofibrate is a good choice for patients
at risk of pancreatitis because these patients can have very
high TG levels of greater than 500 mg/dL while receiving
statin therapy. However, there is very limited evidence that

fenofibrate adds to the CV risk reduction of a statin, and
so the combination is harder to justify in patients with
dyslipidemia who have borderline-high TG levels (i.e.,
200–500 mg/dL.15,82,83

Warfarin
Minor increases of a few seconds in prothrombin time have
been described in studies, and individual patient case
reports have described bleeding and/or increased prothrom-
bin time in patients started on statin therapy. No clinically
meaningful reports of a significant interaction with warfarin
appear in the prescribing information for the currently mar-
keted statins. Given this, the best approach is to do what is
normally prudent to do in patients receiving warfarin ther-
apy. An international normalized ratio should be obtained
before and after initiating statin therapy or raising the statin
dose. Thereafter, the patient should be monitored periodi-
cally for bleeding episodes and for international normalized
ratio results.

LIPID-ALTERING EFFICACY

Effects on Low-Density Lipoprotein
Cholesterol
The evidence that lowering LDL-C reduces CV risk is
unequivocal. Therefore, statins have become the preferred
first-line treatment, after therapeutic lifestyle change, in
patients with sufficient CHD risk to warrant pharmacologic
therapy. Furthermore, the accumulated evidence supports
the “lower-is-better” paradigm, and therefore, additional
emphasis is placed on statin therapy because of its superior
LDL-C–lowering efficacy compared with other LDL-C–
lowering therapies (bile acid sequestrants and cholesterol
absorption inhibitors).

LDL-C lowering by statins can be described in two ways:
efficacy and potency. Efficacy speaks to the degree of LDL-
C lowering that is possible with a given statin. As suggested
by experiments that compared the strength with which
statins bind to HMG-CoA reductase in a cell-free system
(see “Mechanism of Action”), the order of least to most
efficacious statins is pravastatin, fluvastatin, simvastatin,
cerivastatin, atorvastatin, and rosuvastatin (pitavastatin
was not included in this experiment).10,11 Comparative effi-
cacy has also been evaluated in humans; the best of these
trials is the Statin Therapies for Elevated Lipid Levels
Compared across Doses to Rosuvastatin (STELLAR) trial
because it included a sufficient number of participants
to provide statistical power to compare four statins at
each of their doses head-to-head. STELLAR was a random-
ized, parallel-group, open-label, comparator-controlled
trial in 2431 hypercholesterolemic adults. The results dem-
onstrated that rosuvastatin lowered LDL-C by 46% to 55%
across its dose range of 10 to 40 mg, compared with LDL-
C reductions of 37% to 51% with atorvastatin across
its dose range of 10 to 80 mg, 28% to 46% with simvastatin
across its dose range of 10 to 80 mg, and 20% to 30%
with pravastatin across its dose range of 10 to 40 mg
(Table 21-4).84 Large meta-analyses of placebo- and active
treatment–controlled efficacy trials of statins corroborated
these results.85,86

The LDL-C–lowering efficacy of statins is also reflected in
their ability to attain treatment goals. Again using the

TABLE 21-3 Effect of Fibric Acid Derivatives
on Statin Cmax

STATIN WITH GEMFIBROZIL WITH FENOFIBRATE

Atorvastatin " in Cmax (expected) No effect

Fluvastatin No effect No effect

Lovastatin " in Cmax by 2.8-fold Not available

Pitavastatin " in Cmax by 31% No effect

Pravastatin " in Cmax by twofold No effect

Rosuvastatin " in Cmax by twofold No effect

Simvastatin " in Cmax by twofold No effect

Cmax, maximum concentration. (Data from Bellosta S, Paoletti R, Corsini A. Safety of
statins: focus on clinical pharmacokinetics and drug interactions. Circulation 2004;109
(suppl:III) 50-57.)
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STELLAR trial as a reference, the percent of patients
with CVD, peripheral artery disease, or diabetes who
achieved a treatment goal of less than 100 mg/dL with rosu-
vastatin 10 mg, atorvastatin 20 mg, simvastatin 40 mg, or
pravastatin 40 mg was 55%, 43%, 31%, and 11%, respec-
tively.87 Furthermore, the percent of patients with baseline
TGs greater than 200 mg/dL who achieved an LDL-C goal
of less than 100 mg/dL and a non–high-density lipoprotein
cholesterol (non–HDL-C) goal of less than 130 mg/dL with

rosuvastatin 10 mg, atorvastatin 20 mg, simvastatin 40 mg,
or pravastatin 40 mg was 80%, 60%, 46%, and 37%,
respectively.

The power of a highly efficacious statin to lower LDL-C
in individual patients who started with very high baseline
LDL-C levels (range 190–240 mg/dL) is illustrated in
Figure 21-4. When rosuvastatin was given to these patients,
37% achieved a treatment goal of less than 100 mg/dL
with 10 mg/day, and 66% achieved the same goal with

TABLE 21-4 Comparison of the Lipid Altering Effects with Statins from the STELLAR Trial
DAILY STATIN DOSE (mg) ROSUVASTATIN ATORVASTATIN SIMVASTATIN PRAVASTATIN

LDL-C (baseline 187–194 mg/dL)

10 �46% �37% �28% �20%

20 �52% �43% �35% �24%

40 �55% �48% �39% �30%

80 NA �51% �46% NA

HDL-C (baseline 50–51 mg/dL)

10 8% 6% 5% 3%

20 10% 5% 6% 4%

40 10% 4% 5% 6%

80 NA 2% 7% NA

Triglycerides (baseline 172–187 mg/dL)

10 �20% �20% �12% �8%

20 �24% �23% �18% �8%

40 �26% �27% �15% �13%

80 NA �28% �18% NA

Non–HDL-C (baseline mean 222–230 mg/dL)

10 �42% �34% �26% �19%

20 �48% �40% �33% �22%

40 �51% �45% �35% �27%

80 NA �48% �42% NA

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein.
(From Jones PH, DavidsonMH, Stein EA, et al. Comparison of the efficacy and safety of rosuvastatin versus atorvastatin, simvastatin, and pravastatin across doses (STELLAR Trial). Am J
Cardiol 2003;92:152-160.)
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FIGURE 21-4 Reduction in LDL-C from a baseline of 190 to 240 mg/dL with rosuvastatin 10 mg (n¼59) and 20 mg (n¼68) in the STELLAR trial at 6 weeks. LDL-C,
low-density lipoprotein cholesterol; STELLAR, Statin Therapies for Elevated Lipid Levels Compared across Doses to Rosuvastatin.
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20 mg/day. Most patients had a substantial LDL-C reduction,
especially with the 20-mg dose, even if the treatment goal
was not achieved. A few patients shown in Figure 21-4
had minimal LDL-C lowering, most likely because of nonad-
herence to therapy.

The other factor describing statins is their potency.
Potency speaks to the degree of LDL-C lowering per milli-
gram dose. In this case, pitavastatin is the most potent statin,
lowering LDL-C by 31% to 45% across its dose range of 1 to
4 mg/day (Table 21-5).

Effects on Triglycerides
Statins also lower TG levels, generally in the range of 15% to
30% (see Table 21-4). The statins that are more efficacious at
lowering LDL-C are alsomore efficacious at lowering TGs. The
lowering of TGs is also progressively greater with increasing
TG levels and with escalating statin doses. For example, sim-
vastatin at a starting dose of 20 mg/day has been shown to
lower TGs two times more in patients with TGs greater than
250 mg/dL at baseline than in those with baseline TGs less
than 150 mg/dL (see Table 21-5).88 Furthermore, simvastatin
has only amodest and rather flat TG-lowering effect across the
dose range of 20 to 80 mg in patients with TGs less than
150 mg/dL; however, an escalating TG-lowering effect has
been seen in patients with TGs between 150 and 250 mg/dL
or greater than 250 mg/dL (Table 21-6).

Effects on Atherogenic Dyslipidemia and
Non–High-Density Lipoprotein Cholesterol
Virtually all patients with a TG level greater than 200 mg/dL
have atherogenic dyslipidemia, a lipid disorder character-
ized by cholesterol-enriched VLDL remnant particles, small
dense LDL, low HDL-C, and increased LDL particle number.
The key to reducing CV risk in these patients is not by low-
ering their TG level, but by lowering their LDL-C and VLDL
levels, which will simultaneously reduce the number and
composition of cholesterol-carrying particles, including
VLDL remnant particles. Studies have shown that statins
are highly efficacious in accomplishing these goals.

Studies in patients with atherogenic dyslipidemia have
shown that particle concentration (number) is a strong pre-
dictor of ASCVD, and that reducing this concentration
reduces risk.89 By their very mechanism of action, statins
remove LDL and VLDL particles from the circulation (by upre-
gulating LDL receptors to bind with apoB and apoE on circu-
lating lipid particles). All subfractions of VLDL, large and
small, as well as VLDL particles containing apoC-III, a partic-
ularly atherogenic particle, are effectively removed with statin
therapy.90,91 The cholesterol and TG content of these particles
is also reduced. The same is true for LDL particles; particle
number as well as cholesterol and TG composition is
reduced, but there is an important exception. In patients with
atherogenic dyslipidemia, the concentration of small dense
LDL particles makes up 50% to 70% of LDL particles before
treatment, and these appear to be preferentially removed
by statins.90-92 In one study, atorvastatin removed 44% of small
dense LDL particles, but only 10% of larger particles.92

The National Cholesterol Education Program (NCEP)
Adult Treatment Panel (ATP) III guidelines offer an easy
way of addressing atherogenic dyslipidemia in the
clinic.93,94 They recommend that patients be treated first
to their LDL-C goal, and then if TG levels remain greater than
200 mg/dL once this LDL-C goal is reached, treatment is
accelerated to reach a second treatment goal defined by
non–HDL-C. The non–HDL-C goal is set 30 mg/dL above
the LDL-C goal, to account for the usual cholesterol level
in VLDL particles. The rationale for using non–HDL-C is that
it is a good surrogate for the multiple lipid disorders encoun-
tered in patients with atherogenic dyslipidemia, including
increased cholesterol in both LDL and VLDL particles, as
well as an increased number of particles.

Statins are highly effective at reducing non–HDL-C, as
reflected in the STELLAR study data and in other studies
(see Table 21-4).84,95 The more efficacious the statin in low-
ering LDL-C, the more effective it is in lowering non–HDL-C.
In one study, when atorvastatin doses were titrated to
achieve LDL-C goals, atorvastatin lowered LDL-C and non–
HDL-C by 42% and 38%, respectively, compared with 36%
and 32% for simvastatin, 36% and 32% for lovastatin, 29%
and 26% for fluvastatin, and 28% and 26% for pravastatin.95

Some authorities argue that targeting apoB lowering with
statin therapy may be a more precise predictor of CV risk. If
the clinician chooses to use apoB as the target of therapy,
statins are highly effective at lowering apoB and do so in pro-
portion to their lowering of LDL-C. Although the American
College of Cardiology/American Heart Association (ACC/
AHA) treatment guidelines do not address this parameter,96

the International Atherosclerosis Society and National Lipid
Association (NLA) have endorsed an apoB level of less than
90 mg/dL as optimal in primary prevention.97,98

TABLE 21-5 LDL-C Lowering Efficacy of Moderate-
Intensity and High-Intensity Statins

STATIN

MODERATE-INTENSITY
(AVERAGE LDL-C
REDUCTION)

HIGH-INTENSITY
(AVERAGE LDL-C
REDUCTION)

Atorvastatin 10 mg/day (�39%)
20 mg/day (�43%)

40 mg/day (�50%)
80 mg/day (�60%)

Fluvastatin 40 mg twice daily (�36%)
80 mg XL daily (�35%)

Lovastatin 40 mg/day (�30%)
40 mg twice daily (�40%)

Pitavastatin 2 mg/day (�39%)
4 mg/day (�45%)

Pravastatin 40 mg/day (�34%)
80 mg/day (�37%)

Rosuvastatin 5 mg/day (�45%)
10 mg/day (�52%)

20 mg/day (�55%)
40 mg/day (�63%)

Simvastatin* 20 mg/day (�38%)
40 mg/day (�41%)

LDL-C, low-density lipoprotein cholesterol.
*An 80-mg/day dose of simvastatin is not recommended for new patients because of

the increased risk of muscle-related adverse events.
(Data from references 2–8.)

TABLE 21-6 Mean Percent Lowering of TG with 20 to
80 mg/day of Simvastatin
TG LEVELS
(mg/dL) 20 mg/day 40 mg/day 80 mg/day

<150 �12% �7% �11%

150–250 �30% �22% �25%

>250 �24% �29% �40%

TG, triglyceride.
(From Stein EA, Lane M, Laskarzewski P. Comparison of statins in hypertriglyceridemia.
Am J Cardiol. 1998;81 (suppl 4A):66B-69B.)
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Effects on High-Density Lipoprotein
Cholesterol and Apolipoprotein A-I
Statins generally increase HDL-C modestly, but even this
small change may be important (see Table 21-4). An anal-
ysis of the Scandinavian Simvastatin Survival Study (4S)
found that the 6% mean increase in HDL-C with simvastatin
made a small, but statistically significant, contribution to the
reduction in CHD events.99 Most statins increase HDL-C by
5% to 7%. Rosuvastatin raises HDL-C by 8% to 10%, whereas
increases in HDL-C with atorvastatin diminish with increas-
ing doses (see Table 21-4).84

Statins may raise HDL-C by upregulating the adenosine
triphosphate–binding cassette (ABC) transport protein
ABCA1, which delivers free cholesterol to the cell surface
in macrophages. A second potential mechanism is a reduc-
tion in the transfer of cholesteryl esters from HDL to VLDL
and LDL particles via an inhibition of cholesteryl ester trans-
fer protein.100 Regardless of the mechanism, statins reduce
the concentration of pre-β1 particles (nascent HDL), suggest-
ing that these particles are picking up cholesterol. In addi-
tion, mature α1- and α2-HDL particles are increased with
statin therapy, which further suggests that statins increase
the uptake of cholesterol in these particles.101

Administration
Patients should be started on a therapeutic lifestyle change
diet and exercise before or simultaneously with the initiation
of statin therapy. Statins are best given once daily in the eve-
ning to coincide with the peak cholesterol biosynthesis at
night, although the long-acting statins, atorvastatin and rosu-
vastatin, may be given any time of day. From a practical
point of view, the difference in LDL-C lowering between
morning and evening dosing is small, and so patients who
prefer to take their statin dose in the morning can do so with-
out significant loss of efficacy. It is recommended that lova-
statin be administered with food to enhance its absorption,
but the other statins may be taken with or without food.
The LDL-C lowering–effect may be seen within 2 weeks of
initiating statin therapy, but the peak steady-state lowering
effects are usually seen withmost statins after 4 weeks of ther-
apy, and may take as long as 6 weeks with atorvastatin and
rosuvastatin.
According to the 2013 ACC/AHA treatment guidelines,

statin therapy should be initiated at moderate- or high-
intensity doses depending on the patient population (see
Table 21-5) (see Chapter 17).96 If there are extenuating cir-
cumstances (e.g., drug interactions, previous statin intoler-
ance), a lower starting dose may be utilized, but if there
are no extenuating circumstances, one of the higher doses
should be selected in keeping with the clinical trial evidence
and the lower-is-better mantra. As discussed earlier (see
Mechanism of Risk Reduction section), the Cholesterol
Treatment Trialists (CTT) Collaboration analysis of 170,000
patients participating in 1 of 26 randomized statin outcome
trials concluded that CV risk reductionwas proportional, per-
sistent, and directly related to the degree of LDL-C lowering,
such that a reduction of 39, 78, and 117 mg/dLwould result in
a 22%, 40%, and 53% reduction in risk.19 The ACC/AHA treat-
ment guidelines do not recommend treatment to a defined
LDL-C or non–HDL-C target. However, the authors of this
chapter encourage the clinician to utilize the targets

recommended by the International Atherosclerosis Society
and NLA in the management of patients, namely, an LDL-C
level of less than 100 mg/dL and a non–HDL-C level of less
than 130 mg/dL for primary prevention patients and an
LDL-C level of less than 70 mg/dL and a non–HDL-C level
of less than 100 mg/dL for secondary prevention
in patients with ASCVD. Alternatively, an apoB level of
less than 90 mg/dL may be used as a treatment target for
primary prevention, and less than 80 mg/dL for secondary
prevention.97,98

No guidelines clearly define the safety of low LDL-C levels.
To date, all analyses of randomized clinical trial results
comparing adverse events in patients who reached very
low LDL-C levels compared with patients with higher on-
treatment values have found no causes for concern. Clinical
trials have studied patients receiving statins who had mean
LDL-C levels as low as 55 mg/dL (and a small number of
patients <40 mg/dL) for as long as 2 years without evidence
of associated toxicity.17 Dosing in geriatric, pediatric, renally
impaired, and immunosuppressed patients is described in
the following. Asian patients may achieve higher blood
levels of rosuvastatin than non-Asians and should be started
at a dose of 5 mg and titrated upward as needed.

IMPACT ON MORBIDITY AND MORTALITY

Evidence supporting a positive impact of statin therapy on
mortality andmorbidity is overwhelming and emanates from
an expanse of outcome trial results that, arguably, is as large
and rich as any in the field of cardiology. To date, 27 such
trials involving more than 174,000 patients have provided
answers for all but a few questions regarding the benefit of
statin therapy.102 The good news is that all ASCVD adverse
consequences have been shown to be reduced with statin
therapy. Further, the risk reduction benefit extends from
individuals with advanced existing CVD to those with no
clinically evident disease and low risk for ASCVD. Benefit
has been reported in younger and older patients, in men
and women, in premenopausal and postmenopausal
women, in patients with comorbidities (including hyperten-
sion and diabetes) and those without comorbidities, in
patients with varying degrees of renal and hepatic impair-
ment, and in patients with strokes.

Some of the study details and the outcomes for key out-
come studies comparing statins with placebo and compar-
ing more efficacious with less efficacious statin therapy
are summarized in the following (see also Tables 21-7
and 21-8). One striking observation found in these tables
is the close and consistent 1:1 relationship between percent
LDL-C lowering and percent reduction in CHD risk (i.e., non-
fatal MI and coronary death).

To present and discuss these data logically, an overview of
the data in aggregate is first presented. Specific patient popu-
lations andmedical conditions are then discussed, as well as
important and unique data from individual trials. The CTT
Collaboration meta-analyses are used to review the aggre-
gate data, as these analyses provide the best source from
which to view the breadth and depth of the outcome
research involving statin therapy. The CTT Collaboration,
which is made up of the principal investigators of the cited
outcome trials, present their reports periodically using a pro-
tocol for analyzing trial data that was developed before the
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TABLE 21-7 Summary of Major Placebo-Controlled, Randomized Endpoint Trials with Statins

STUDY DESIGN PATIENTS TREATMENT

LDL-C AT
BASELINE
(END)

% LDL-C
CHANGE

% CHANGE
IN CHD* COMMENT

4S103 Randomized,
DB, PC,
5.4 yr f/u

4444 adults with angina or
previous MI

Simvastatin
40 mg/day

190 mg/dL
(117 mg/dL) �35%

�34% Total mortality �30%
(P¼0.003), CVA �30%
(P¼0.024)

LIPID104 Randomized,
DB, PC,
6.1 yr f/u

9014 adults with Hx of MI
or UA (10% smoker, 9%
DM, 42% HTN, 18% obese)

Pravastatin
40 mg/day

150 mg/dL
(112 mg/dL) �25%

�24% Total mortality �22%
(P¼0.001), CVA �19%
(P¼0.048)

CARE105 Randomized,
DB, PC, 5 yr
f/u

4159 adults with previous MI Pravastatin
40 mg/day

139 mg/dL
(98 mg/dL) �32%

�24%

HPS106 Randomized,
DB, PC, 5 yr
f/u

20,536 adults, CHD, arterial
disease, or diabetes (HTN
41%, no CHD 35%)

Simvastatin
40 mg/day

132 mg/dL
(89 mg/dL) �32%

�27% All-cause mortality �13%
(P¼0.0003), CVA �25%
(P¼0.001)

ALERT77 Randomized,
DB, PC,
5.1 yr f/u

2102 renal transplant
patients (19% smoker,
DM 19%, HTN 76%)

Fluvastatin
40 mg/day

159 mg/dL
(108 mg/dL) �32%

�35% Primary endpoint: cardiac
death, nonfatal MI,
revascularization
(P¼0.139)

ALLHAT-LLT107 Randomized,
DB, PC,
4.8 yr f/u

10,355 adults (smokers 23%,
DM 35%, HTN 100%,
CHD 14%)

Pravastatin
40 mg/day

146 mg/dL
(105 mg/dL) �17%

�9% (NS) CVA �9% (P¼0.31)

GREACE108 Randomized,
DB, OL, 3 yr
f/u

1600 adults with previous MI
within 1 yr or>70% stenosis
in �1 coronary artery, LDL-C
>100 mg/dL

Atorvastatin to
LDL-C<100mg/
dL, mean dose
24 mg/day vs.
usual care (12%
on a statin)

180 mg/dL
(97 mg/dL)
vs.179 mg/dL
(169 mg/dL)

�46%
(vs. �6%)

�54% CVA –47%,
revascularization �51%,
total mortality �43%

PROSPER109 Randomized,
DB, PC,
3.2 yr f/u

5804 adults aged 70–82 yr
(smokers 26%, DM 11%,
PAD 7%, CHD 13%, TIA
11%, vascular disease 44%)

Pravastatin
40 mg/day

147 mg/dL
(107 mg/dL) �27%

�19% Total mortality �3%
(P¼0.74), CVA or TIA
�4% (P¼0.64), vascular
event �15% (P¼0.014)

LIPS110 Randomized,
DB, PC ,
3.9 yr f/u

1677 adults post-PCI, (Hx MI
44%, smokers 25%, DM
14%, PAD 6%)

Fluvastatin
80 mg/day

132 mg/dL
(96 mg/dL) �27%

�31%
(P¼0.07)

Primary endpoint: cardiac
death, nonfatal MI,
revascularization �22%
(P¼0.01)

SPARCL111 Randomized,
DB, PC,
4.9 yr f/u

4731 adults with previous CVA
or TIA and no CHD (smokers
19%, HTN 62%, DM 17%)

Atorvastatin
80 mg/day

132 mg/dL
(73 mg/dL) �45%

�35% First fatal or nonfatal CVA
�16% (P¼0.03), CVA or
TIA �23% (P¼0.001),
hemorrhagic CVA +68%

CARDS112 Randomized,
DB, PC,
3.9 yr f/u

2838 adults with T2DM+1 RF,
no CVD (smoker 23%, HTN
84%, obese 37%)

Atorvastatin
10 mg/day

118 mg/dL
(78 mg/dL) �31%

�35% CVA �48% (P¼0.001),
total mortality �27%
(P¼0.059), cardiovascular
events �37% (P¼0.001)

WOSCOPS113 Randomized,
DB, PC,
4.9 yr f/u

6595 men, no CHD (HTN 15%,
smoker 44%, DM 1%)

Pravastatin
40 mg/day

192 mg/dL
(142 mg/dL) �26%

�31% Total mortality �22%
(P¼0.051), CVA �11%
(P¼0.37)

AFCAPS/
TexCAPS114

Randomized,
DB, PC,
5.2 yr f/u

6605 adults, no CHD, HDL-C
<35 mg/dL men,<40 mg/dL
women (HTN 22%, smoker
13%)

Lovastatin
20–40 mg/day

150 mg/dL
(115 mg/dL) �25%

�40% CHD events �37%
(P¼0.001), CV events
�25% (P¼0.003)

ASCOT-LLA115 Randomized,
DB, PC,
3.3 yr f/u

10,305 adults with HTN+�3
RF (DM 25%, smoker 32%,
CVA/TIA 10%, PAD 5%)

Atorvastatin
10 mg/day

133 mg/dL
(87 mg/dL) �35%

�36% CVA�27% (P¼0.0236),
CV events �31%
(P¼0.0005), total
mortality �13%
(P¼0.1649)

MEGA116 Randomized,
OL, blinded
endpoint,
5.3 yr f/u

7,832 adults, TC 220–270,
no CHD or CVA

Diet vs diet + prava
statin10–20 mg/
day (mean dose
8.3 mg/day)

158 mg/dL
(128 mg/dL) �18%

�33% MI �48%, CVA �17 (NS),
mortality �28% (NS)

JUPITER117 Randomized,
DB, PC,
median
1.9 yr f/u

17,802 adults, no CHD, men
>50 yr, women >60 yr,
LDL-C <130 mg/dL,
hsCRP >2.0 mg/L

Rosuvastatin
20 mg/day

108 mg/dL
(55 mg/dL) �50%

�54% Nonfatal MI �65%, CVA
�48%, revascularization
�46%, all-cause death
�20%

ALERT, Assessment of Lescol in Renal Transplantation; ALLHAT-LLT, Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial; ASCOT-LLA, Anglo-Scandinatian
Cardiac Outcomes Trial–Lipid Lowering Arm; CARDS, Collaborative Atorvastatin Diabetes Study; CARE, Cholesterol And Recurrent Events; CHD, coronary heart disease; CV,
cardiovascular; CVA, cerebrovascular accident; CVD, cardiovascular disease; DB, double blind; DM, diabetes mellitus; GREACE, GREek Atorvastatin and Coronary-heart-disease
Evaluation; f/u, follow-up; HDL-C, high-density lipoprotein cholesterol; HPS, Heart Protection Study; hsCRP, high-sensitivity C-reactive protein; HTN, hypertension; Hx, history;
JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL, low-density lipoprotein; LIPID, Long-Term Intervention with Pravastatin in
Ischaemic Disease; LIPS, Lescol Intervention Prevention Study;MI, myocardial infarction; OL, open label; PAD, peripheral artery disease; PCI, percutaneous coronary intervention; PC,
placebo controlled; PROSPER, Prospective Study Of Pravastatin In The Elderly At Risk; RF, risk factor; -4S, Scandinavian Simvastatin Survival Study; SPARCL, Stroke Prevention by
Aggressive Reduction in Cholesterol Levels; T2DM, type 2 diabetes mellitus; TC, total cholesterol; TIA, transient ischemic attack; TexCAPS, Texas Coronary Atherosclerosis Prevention
Study; UA, unstable angina; WOSCOPS, West of Scotland Coronary Prevention Study.

*CHD death and nonfatal MI.

III

TH
ER

A
PY



publication of the first statin outcome trial.121 In 2010, the CTT
published its second summary paper of a meta-analysis of
data from a little less than 170,000 participants in 26 random-
ized trials,19 and in 2012, they published an analysis of benefit
in lower risk patients from slightly more than 174,000 partici-
pants in 27 randomized trials.102 These analyses were derived
from individual participant data. The major outcome findings
of these analyses are discussed in the following.

Major Coronary Events
Major coronary events, defined as the occurrence of coro-
nary death or nonfatal MI, were reduced by 24% (95% CI
0.73–0.79; P <0.0001) per 39-mg/dL LDL-C reduction in
statin-treated patients compared with placebo.19 Highly sig-
nificant reductions were reported for both nonfatal MI (27%;
HR 0.73; 95% CI 0.70–0.77; P <0.0001) and coronary death
(20%; HR 0.80; 95% CI 0.75–0.85; P <0.0001). These reduc-
tions would be expected to be proportionally greater with
higher reductions in LDL-C, as noted previously (24% mean
event reduction with a 39-mg/dL LDL-C reduction, 43%mean
event reduction with a 78-mg/dL LDL-C reduction, and 57%
mean event reduction with a 117-mg/dL LDL-C reduction).
Further, these reductions were derived from trials that had
approximately 5 years of follow-up, and therefore, would
be expected to be larger if statin therapy was continued
for years and decades beyond the study end. In addition,
if the study dose was escalated or a more efficacious statin
was initiated that resulted in greater LDL-C lowering, greater
risk reduction would be expected. These expectations were
confirmed in the CTT analysis. According to the CTT collab-
orators, major coronary events were reduced by 13% (HR
0.87; 95% CI 0.81–0.93; P <0.0001) when more efficacious
statin therapy produced an additional 20-mg/dL reduction
in LDL-C.19 In this “more-versus-less” analysis of statin

studies, nonfatal MIs were significantly reduced by 15%;
(HR 0.85; 95% CI 0.75–0.94; P <0.0001), whereas coronary
deaths were not (HR 0.93; 95% CI 0.81–1.07; P¼0.2).

Other Vascular Events
The same pattern was found for other vascular endpoints
(Table 21-9). The first occurrence of a major vascular event,
defined as coronary death, nonfatal MI, coronary revascular-
ization, or stroke, was reduced by 22% (HR 0.78; 95% CI
0.76–0.8; P <0.0001) per 39-mg/dL reduction in LDL-C in
the 26 trials.19 Similarly, first coronary revascularizations
were reduced by 25% (HR 0.75; 95% CI 0.72–0.78;
P <0.0001) per 39-mg/dL reduction in LDL-C. Both coronary
artery bypass surgery (25%; HR 0.75; 99% CI 0.69–0.82;
P <0.0001) and coronary angioplasty (28%; HR 0.72; 95%
CI 0.65–0.80; P <0.0001) were also significantly reduced.

TABLE 21-8 Summary of the Major Active-Controlled, Randomized Endpoint Trials with Statins

STUDY DESIGN PATIENTS TREATMENT
LDL-C AT BASELINE
(END)

LDL-C
DIFFERENCE

COMPOSITE
ENDPOINT COMMENT

PROVE IT–TIMI
2217

Randomized,
DB, AC, 24
months f/u

4162 ACS Prava 40 mg/day
vs. atorva
80 mg/day

106 mg/dL (95 mg/dL
with prava)

(62 mg/dL with atorva)

�35% �16%* (P¼0.005)
(emerged by 30 days,
significant at
180 days)

�18% death or MI,
�28% total mortality
(NS)

TNT18 Randomized,
DB, AC,
4.9 yr f/u

10,001
stable
CHD

Atorva 10 mg/
day vs. atorva
80 mg/day

182 mg/dL (101 mg/dL
with atorva 10)
(77 mg/dL with
atorva 80)

�24% �22%† (P <0.001) �20% major CHD event
(P¼0.002), –23%CVA
(P¼0.007), 1% total
mortality (NS)

A to Z118 Randomized,
DB, AC,
6–24
months f/u

4497 ACS Simva 20 mg/day
vs. simva
80 mg/day

(77 mg/dL with simva
20) (63 with simva 80)

�18% �11%{ (P¼0.5) �21% total mortality
(P¼0.08), �25% CV
mortality (P¼0.05)

IDEAL119 Randomized,
DB, AC,
4.8 yr f/u

8888 stable
CHD

Simva 20 mg/day
vs. atorva
80 mg/day

(104 mg/dL with simva
20) (81 mg/dL with
atorva 80)

�22% �16%} (P¼0.001) �13% CV event (CHD
event+CVA)
(P¼0.02), �2% total
mortality (P¼0.81)

SEARCH120 ` 12,064
previous
MI

Simva 80 mg/day
vs. simva
20 mg/day

98 mg/dL
(84 mg/dL)

�14% �6%k

(P¼0.10)
�9% CVA (NS), �6%

vascular events (NS)

A to Z, Aggrastat to Zocor; AC, active controlled; ACS, acute coronary syndrome; CHD, coronary heart disease; CV, cardiovascular; CVA, cerebrovascular accident; CVD,
cardiovascular disease; DB, double blind; DM, diabetes mellitus; f/u, follow-up; IDEAL, Incremental Decrease in End Points Through Aggressive Lipid Lowering; LDL-C, low-density
lipoprotein cholesterol;MI, myocardial infarction; PROVE IT–TIMI 22, Pravastatin or Atorvastatin Evaluation and Infection Therapy–Thrombolysis inMyocardial Infarction 22; SEARCH,
Study of the effectiveness of additional reductions in cholesterol and homocysteine; TNT, Treating to New Targets.

*Death, nonfatal MI, unstable angina requiring hospitalization, revascularization, stroke.
†CHD death, nonfatal MI, resuscitation arrest, fatal or nonfatal stroke.
{CV death, nonfatal MI, readmission for ACS, stroke.
}CHD event¼CHD death, nonfatal MI, cardiac arrest with resuscitation.
kMajor coronary events¼CHD death, MI, or coronary revascularization.

TABLE 21-9 Weighted Risk Ratios for Major Event
Categories per 39-mg/dL LDL-C Reduction in 169,138
Participants in 26 RCTs

EVENT CATEGORIES

MORE VS.
LESS STATIN
(�95% CI)

STATIN VS.
CONTROL
(�95% CI)

Any major coronary
event

0.74 (0.65–0.85),
P <0.0001

0.76 (0.73–0.79),
P <0.0001

Any coronary
revascularization

0.66 (0.60–0.73),
P <0.0001

0.76 (0.73–0.80),
P<0.0001

Any stroke 0.74 (0.59–0.92),
P¼0.007

0.85 (0.80–0.90),
P <0.0001

CI, confidence interval; LDL-C, low-density lipoprotein cholesterol; RCT, randomized
clinical trial.
(From Cholesterol Treatment Trialists’ (CTT) Collaboration. Efficacy and safety of more
intensive lowering of LDL cholesterol: ameta-analysis of data from 170 000 participants
in 26 randomised trial. Lancet 2010;376:1670–1681.)
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Strokes were reduced by 16% (HR 0.84; 95% CI 0.79–0.89;
P <0.0001) per 39-mg/dL LDL-C reduction. This included a
highly significant reduction in ischemic stroke of 21% (HR
0.79; 95% CI 0.74–0.85; P <0.0001) and a nonsignificant
excess of hemorrhagic stroke risk of 12% (HR 0.88; 95% CI
0.93–1.35; P¼0.2). More discussion on hemorrhagic strokes
in statin-treated individuals is provided in the following.

Risk reductions in each of these vascular endpoints were
similar among the statin-versus-placebo studies and the
more-versus-less statin studies (Table 21-9). The degree of
LDL-C reduction was also proportional to the event reduc-
tion seen for each endpoint.

Death
All-cause mortality was proportionally reduced by 10%
(HR 0.90; 95% CI 0.87–0.93; P <0.0001) per 39-mg/dL
LDL-C reduction in the 26 trials (Table 21-10). Of the
15,969 total deaths recorded, 9014 (56%) were due to vascu-
lar causes, and these deaths were reduced by 14% (HR 0.86;
95% CI 0.82–0.90; P <0.0001) per 39-mg/dL LDL-C reduction
with statin therapy.19 Statin therapy appeared to play no role
in reducing deaths among the 5937 (37%) who died of
nonvascular causes (HR 0.97; 95% CI 0.92–1.03; P¼0.3).
Deaths that were due to CHD accounted for the majority
of the reduction in all-cause deaths (20% per 39-mg/dL
LDL-C reduction; HR 0.80; 99% CI 0.74–0.87; P <0.0001),
whereas a minor contributor was a reduction in deaths
due to other cardiac causes (11% per 39-mg/dL LDL-C reduc-
tion; HR 0.89; 99% CI 0.81–0.98; P¼0.002).

Statin therapy had no apparent effect on deaths caused by
stroke (HR 0.96; 95% CI 0.84–1.09; P¼0.5). Importantly, no
association was found between statin therapy and deaths
from cancer (HR 0.99; 99% CI 0.91–1.09), respiratory disease
(HR 0.88; 99% CI 0.70–1.11), or trauma (HR 0.98; 99% CI
0.70–1.38). In addition, there was no indication of increased
nonvascular or cancer mortality in individuals placed on
statin therapy who had a baseline LDL-C level of less than
78 mg/dL and who were treated with a statin to less than
50 mg/dL (HR 0.92; 99% CI 0.76–1.10).122

Primary versus Secondary Prevention
When the results of the early randomized clinical trials of
statin versus placebo, most of which were conducted in
patients with CHD (e.g., 4S, Long-Term Intervention with
Pravastatin in Ischaemic Disease [LIPID], and the Choles-
terol and Recurrent Events (CARE) trial; see Table 21-7),
were reported, it became quickly evident that people with
known vascular disease deserve to be treated aggressively

to lower LDL-C to reduce their risk of recurrent events. The
NCEP ATP II guidelines, which were the first U.S. guidelines
published after the marketing of statin therapy at the same
time as the first statin outcome study (4S) was published,
strongly advocated aggressive LDL-C lowering in people with
known, symptomatic CHD.123 Nearly two decades later, with
the publication of the ACC/AHA treatment guidelines (see
Chapter 17), patients with ASCVD are recommended to
receive high-intensity statin therapy.96 Patients with ASCVD
are those who have had an acute coronary syndrome (unsta-
ble angina or MI), peripheral arterial disease or revasculari-
zation, stable angina, coronary revascularization, stroke, or a
transient ischemic attack presumed to be of atherosclerotic
origin. The International Atherosclerosis Society and NLA
have determined that the optimal LDL-C in these patients
is less than 70 mg/dL, and the optimal non–HDL-C is less
than 100 mg/dL.97,98

The following randomized clinical trials of statins in
patients without evidence of CHD quickly followed and
helped support treatment recommendations for primary pre-
vention (see Table 21-7).

The West of Scotland Coronary Prevention Study
(WOSCOPS)113 included men with no CHD but who had risk
factors, including diabetes. The predicted risk of a major vas-
cular event in this studypopulationwas 18.4% in10years. Prav-
astatin 40 mg/day reduced LDL-C by 26% and lowered major
coronary events (i.e., nonfatal MI or CHD death) by 31%.

The Air Force/Texas Coronary Atherosclerosis Prevention
Study (AFCAPS/TexCAPS)114 included adults with no CHD,
but who had other risk factors, including HDL-C less than
35 mg/dL. The predicted risk of a major vascular event in this
study population was 10.4% in 10 years. Treatment with lov-
astatin 20 to 40 mg/day reduced LDL-C by 25% and major
coronary events by 40%.

The Anglo-Scandinatian Cardiac Outcomes Trial–Lipid
Lowering Arm (ASCOT-LLA)115 included adults with three
or more risk factors, including cerebrovascular accident
and peripheral artery disease. The predicted risk of a major
vascular event in this study population was 16.2% in 10 years.
Atorvastatin 20 mg/day reduced LDL-C by 35% and major
coronary events by 36%.

Management of Elevated Cholesterol in the Primary Pre-
vention Group of Adult Japanese (MEGA)116 included Japa-
nese adults with a total cholesterol level between 230 and
270 mg/dL and no CHD or cerebrovascular accidents. The
predicted risk of a major vascular event in this study popu-
lation was 5.4% in 10 years. Pravastatin at a mean dose of
8 mg/day plus diet lowered LDL-C by 18% and reduced
major coronary events by 33%.

Justification for the Use of Statins in Prevention: an Inter-
vention Trial Evaluating Rosuvastatin (JUPITER)117 included
adults with LDL-C level less than 130 mg/dL and hs-CRP level
greater than 2 mg/L, who would not have qualified for
treatment based on ATP III. The predicted risk of a major vas-
cular event in this study population was 8.8% in 10 years.
Rosuvastatin 20 mg/day reduced LDL-C by 50% and major
CV events by 54%.

Based in large part on these trial results, the ACC/AHA
treatment guidelines (see Chapter 17) recommended that
primary prevention patients 40 to 75 years of age with an
LDL-C level greater than 70 mg/dL and less than 190 mg/
dL and a 10-year risk of ASCVD greater than or equal to
7.5% are candidates for moderate- to high-intensity statin
therapy (see Table 21-5).96 The International

TABLE 21-10 Weighted Risk Ratios for Cause-Specific
Mortality per 39 mg/dL LDL Reduction in 169,138
Participants in 26 RCTs
CAUSE-SPECIFIC
MORTALITY

RISK RATIOS FOR CAUSE-SPECIFIC
DEATHS (�95% CI)

Any cardiac 0.84 (0.80–0.88)

Stroke 0.96 (0.84–1.09)

Nonvascular 0.97 (0.92–1.03)

Any death 0.90 (0.87–0.93)

CI, confidence interval; LDL, low-density lipoprotein; RCT, randomized clinical trial.
(From Cholesterol Treatment Trialists’ (CTT) Collaboration. Efficacy and safety of more
intensive lowering of LDL cholesterol: ameta-analysis of data from 170 000 participants
in 26 randomised trial. Lancet 2010;376:1670–81.)
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Atherosclerosis Society and NLA have determined that the
optimal LDL-C in these primary prevention patients is less
than 100 mg/dL, and the optimal non–HDL-C is less than
130 mg/dL.97,98

In addition to these data from individual trials, the CTT
meta-analysis of 27 randomized outcome trials in aggregate
also helped show that the relative risk reduction is similar
with statin therapy whether the patient population was being
treated for primary or secondary prevention. This analysis
showed that patients without vascular disease had an event
reduction of 25% (HR 0.75; 95% CI 0.70–0.80; P¼0.001) com-
pared with an event reduction of 20% (HR 0.80; 95% CI 0.77–
0.82; P¼0.0001) in patients with known vascular disease
before treatment with a statin. A reduction of 39% in the
occurrence of major vascular events per 39-mg/dL LDL-C
reduction was observed among participants who were with-
out vascular disease at baseline, whereas those who had a
5% to 10% 5-year estimated risk had a reduction of 34% in
major vascular events per 39-mg/dL LDL-C reduction. This
compared with a 19% to 22% reduction per 39-mg/dL LDL-C
reduction in patients with vascular disease and a greater than
10% 5-year estimated risk at baseline (Table 21-11).102

The cost-effectiveness issue has also advanced in recent
years as more statins have become available as generic
drugs. One cost-effectiveness analysis estimated that full
implementation of ATP III guidelines in primary prevention
patients would result in the treatment of 17 million addi-
tional people (compared with the ATP II guidelines), and
would prevent 14,000 CHD deaths and save $1.4 billion/year
for 30 years.124 Further, even more dramatically, this analysis
estimated that statin treatment in all primary prevention
patients who have a 5% to 20% 10-year CHD risk and an

LDL-C greater than 100 mg/dL would result in the treatment
of 27 million people and would prevent 27,000 CHD deaths.
This “maximum-impact” primary prevention strategy would
cost $21,000 per quality-adjusted life-year, a figure well
within the expenditures before the availability of generic sta-
tins. These data point clearly in the direction of using
statin therapy in patients with moderate to moderately high
CHD risk to save lives and money. To choose not to treat
these patients would be a more costly decision than to
treat them.

Bringing together the clear benefit demonstrated and the
cost-effectiveness considerations, the bottom-line conclu-
sion is that high-intensity statin therapy in patients
with ASCVD, and moderate- to high-intensity statin therapy
in patients who have no evidence of ASCVD but
who have one or more risk factors and a predicted 10-year
ASCVD risk of greater than 7.5%, should be the standard
of care. Furthermore, these treatments are quite likely to
save money.

Treating to a Low-Density Lipoprotein Goal
or Just Lowering Low-Density Lipoprotein
Cholesterol
The CTT's conclusion from their large meta-analysis of
170,000 patients participating in 26 statin outcome trials
was that the reduction in major vascular events was directly
proportional to the absolute reduction in LDL-C regardless of
whether treating patients for primary or secondary preven-
tion.19 The CTT data showed that statin therapy reduces
the risk of vascular disease by approximately one fifth by
lowering LDL-C approximately 39 mg/dL, regardless of the
baseline LDL-C (Table 21-12). On the low end, patients with
an LDL-C level of approximately 78 mg/dL (2 mmol/L),
which is already close to the lowest levels recommended
by the International Atherosclerosis Society andNLA, benefit
from a further reduction of 39 mg/dL down to an on-
treatment level of 39 mg/dL (HR 0.78; 95% CI 0.61–0.99).
Even at this low level, risk of cancer or nonvascular mortality
is not increased.122 On the high end of these data, an LDL-C
reduction of 39 mg/dL with statin therapy would lower the
occurrence of a major vascular event by approximately
one fifth (e.g., by lowering LDL-C from 150 to 121 mg/dL).
However, it should be possible to lower a patient’s LDL-C
by 50% (in this example, from 150 to 75 mg/dL) easily with

TABLE 21-11 Weighted Risk Ratios per 39 mg/dL
Reduction in LDL-C at Different Levels of Vascular Risk
and at Different Levels of Predicted Risk

5-YEAR
ESTIMATED
RISK AT
BASELINE

EVENTS
(% PER YEAR)

RELATIVE
RISK
REDUCTION
PER 39 mg/dL
REDUCTION
IN LDL-C
(�95% CI)

Statin/More
Statin

Control/Less
Statin

Patients without vascular disease at baseline

<5% 148 (0.35) 229 (0.53) 0.61 (0.45–0.81)

�5 to <10% 487 (1.02) 716 (1.53) 0.66 (0.57–0.77)

�10 to <20% 854 (2.52) 1003 (2.98) 0.82 (0.72–0.93)

�20 to <30% 294 (4.40) 351 (5.28) 0.81 (0.65–1.01)

�30 121 (7.29) 126 (8.16) 0.83 (0.58–1.18)

Total 1904 (1.44) 2425 (1.84) 0.75 (0.70–0.80)

Patients with vascular disease at baseline

<5% 19 (0.87) 25 (1.18) 0.73 (0.33–1.61)

�5 to <10% 117 (1.56) 131 (1.80) 0.84 (0.62–1.14)

�10 to <20% 2760 (3.13) 3192 (3.71) 0.78 (0.72–0.85)

�20 to <30% 3814 (4.77) 4568 (5.85) 0.81 (0.74–0.84)

�30 2666 (7.66) 3332 (9.90) 0.79 (0.74–0.84)

Total 9376 (4.41) 11,248 (5.43) 0.80 (0.77–0.82)

CI, confidence interval; LDL-C, low-density lipoprotein cholesterol.
(From Cholesterol Treatment Trialists' (CTT) Collaboration. The effects of lowering LDL
cholesterol with statin therapy in people at low risk of vascular disease: meta-analysis of
individual data from 27 randomized trials. Lancet 2012;380:581–90.)

TABLE 21-12 Weighted Risk Ratios for Major Vascular
Events per 39 mg/dL LDL-C Reduction in 169,138
Participants in 26 RCTs by Baseline LDL-C
BASELINE LDL-C
(mg/dL)

RISK RATIOS PER 39 mg/dL
(�95% CI)

<78 0.78 (0.61–0.99)

79–97 0.77 (0.67–0.89)

98–117 0.77 (0.70–0.85)

118–136 0.76 (0.70–0.82)

>137 0.80 (0.76–0.83)

Overall 0.78 (0.76–0.80)

CI, confidence interval; LDL-C, low-density lipoprotein cholesterol; RCT, randomized
clinical trial.
(From Cholesterol Treatment Trialists' (CTT) Collaboration. Efficacy and safety of more
intensive lowering of LDL cholesterol: ameta-analysis of data from 170 000 participants
in 26 randomised trial. Lancet 2010;376:1670–1681.)
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one of the highly efficacious statins, and therefore, to lower
the patient’s risk of a major vascular event by 40% (i.e.,
0.78�0.78). This is the projected risk reduction one can
achieve with approximately 5 years of statin therapy; longer
courses of treatment would be expected to produce even
greater reductions. Therefore, the conclusions from these
data are that the ACC/AHA guidelines’ approach of initiating
moderate- to high-intensity statin therapy to maximize LDL-C
lowering is supported; however, so is the definition of opti-
mal LDL-C and non–HDL-C levels by the International Ath-
erosclerosis Society and NLA. Their definition is supported
because it encourages further LDL-C reduction in patients
who do not achieve these optimal goals by considering com-
bination therapy with statins.

SPECIAL POPULATIONS

Elderly
The clinical trial data for the elderly clearly supports the use
of statin therapy to decrease vascular events in individuals
older than 65 years of age. Benefit has even been demon-
strated in patients older than 80 years of age.125 Restraint
in using statin therapy occurs because of the concern that
adding any medication in the elderly population may clutter
an already full medication regimen and may increase the
potential for adverse effects. These are valid concerns, but
statins require only once-a-day administration and have a
very safe profile. The elderly may have reduced renal and
hepatic function and altered body composition, but these
conditions are probably aminor issue with statins, especially
those statins eliminated mostly via the gastrointestinal tract.
Atorvastatin has been shown to have a 43% higher Cmax and
a 36% longer elimination half-life in older patients, but these
changes alone are unlikely to increase the risk of adverse
reactions by a measurable amount; increased blood levels
are generally more of a concern if they are increased fivefold
or more.126 Nevertheless, the consequences of myopathies
from statin therapy could be significant in this population,
and close monitoring for this adverse event is advised.

Clinical trials have shown the same risk-reducing benefits
with statin therapy in elderly individuals as those found in
younger individuals. The CTT reported that reduction of vas-
cular events among the 170,000 people who participated in 1
of 26 randomized outcome trials of statin therapy was 22% in
those 65 years old or younger, 22% in those 66 to 75 years old,
and 16% in those 76 or older for every 39-mg/dL reduction in
LDL-C.19 The Prospective Study of Pravastatin in the Elderly
at Risk (PROSPER) was specifically designed to examine the
benefit of statin therapy in the elderly. The study included
patients ages 70 to 82 years who had risk factors and/or evi-
dence of vascular disease (estimated vascular risk for the
study population was 22.4% in 5 years). Treatment with prav-
astatin 40 mg/day for 3.2 years reduced LDL-C by 27% and
CHD events by 19% without producing a significant effect
on cognitive functioning or disability.109 The adverse event
profile with LDL-C lowering has not been found to be differ-
ent between older and younger age groups.127,128

The Framingham risk equation shows that increasing age
is a driver of the overall CHD risk.93 Simply living long
enough with any level of cholesterol may be sufficient to
cause an older person to become a candidate for statin ther-
apy. For example, a 70-year-old man with no risk factors or
vascular disease has an estimated 10-year CHD risk of 10%,

which is at the threshold for requiring therapeutic lifestyle
change and statin therapy if the patient’s LDL-C is greater
than 100 mg/dL. If just one or two additional risk factors were
added, the same 70-year-old person would have an esti-
mated 10-year CHD risk of more than 20%, which would
qualify the patient for aggressive LDL-C lowering. Based on
this alone, some experts advocate prescribing statin therapy
as a prophylactic treatment inmen older than 60 years of age
and women older than 70 years of age.

Clinical judgment should be used to determine whether to
prescribe statin therapy in an elderly patient. If the patient’s
quality of life and prognosis are sufficient to support preven-
tive therapy, and if statin therapy is compatible with the con-
current drug regimen, evidence is certainly sufficient to
support initiation of statin therapy, including the concept
of prophylactic therapy. The avoidance of vascular events
would provide a better quality of life and save money.

Women
Women have traditionally been underrepresented in statin
outcome trials, which has left open the question of benefit
of statin therapy in women for many years. Because of the
large meta-analyses of the CTT program, there is now better
knowledge of the impact of statin therapy in women. In these
analyses, the vascular event rates were different (4.4% per
year in men and 2.9% per year in women). The lower event
rate in women was expected and is one of the reasons for the
bias against the enrollment of women in outcome trials,
which seek to document benefit with the fewest participants
and in the shortest time. However, the power provided by
combining many clinical trials enables a clearer view of
the impact of statin therapy in women. Overall, during the
approximate 5-year follow-up of 170,000 participants in 26
outcome studies, men had a 23% reduction in vascular
events per 39-mg/dL reduction in LDL-C, whereas women
had a 17% reduction per 39-mg/dL LDL-C reduction.19 These
differences may have been due to differences in medical his-
tory, event rate, and other characteristics. However, a fair
interpretation of these data is that women benefit from statin
therapy when presenting with the same risk history, and that
women deserve to be considered for statin therapy to pre-
vent future vascular events, especially in this era of generic
statin therapy. Statin use should be limited or avoided during
pregnancy, or in women of childbearing potential who are
planning a family, because it is considered unsafe.

Pediatrics
The NCEP recommends screening children and adolescents
older than 2 years of age if a parent has a known genetic lipid
disorder or if there is a documented family history of prema-
ture CVD in a parent or grandparent.129 Documented LDL-C
levels of 190 mg/dL or greater in children with no risk factors,
or 160 mg/dL or greater with a family history of premature
CHD events and two or more risk factors, warrants treatment,
with a minimal LDL-C treatment goal of less than 130 mg/dL,
but ideally less than 110 mg/dL. Lifestyle modification is
the cornerstone of therapy in this population, but high-risk
pediatric patients warrant treatment of genetic lipid abnor-
malities with pharmacologic agents if a change in lifestyle
alone is insufficient to control the problem. All of the statins
(except pitavastatin, at the time of this writing) have
been evaluated in children and adolescents (beginning at
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8–10 years of age) who have very high cholesterol levels,
which is usually associated with familial hypercholesterol-
emia. These studies did not detect adverse effects on growth
or sexual maturation in adolescent boys or on menstrual-
cycle length in girls, but the studies documenting these
effects were short (i.e., 2 years or less). The AHA recom-
mends that statin therapy be withheld until 10 years of age
in boys and until after the onset of menses in girls.130 How-
ever, other experts have suggested that statins may be started
as early as age 8 years in children with familial hypercholes-
terolemia. The lowest effective doses of a statin should be
used in these patients. The maximum daily dose studied is
40 mg for lovastatin, pravastatin, and simvastatin; 20 mg
for atorvastatin and rosuvastatin; and 80 mg for fluvastatin.
Girls given a statin should be advised about concerns with
pregnancy, and all children and parents should be advised
about potential drug interactions and symptoms of adverse
effects. In addition to monitoring for liver- and muscle-
related adverse effects in pediatric patients receiving statin
therapy, some experts suggest that these patients also be
monitored for growth (height, weight, and body mass
index).131–134

Renal Impairment
Many specialists believe that the presence of renal impair-
ment is a risk factor for the development of statin-associated
myopathy, especially for those statins that undergo signifi-
cant renal elimination (see Table 21-2). The National Kid-
ney Foundation has offered general guidance on the use
of statins with varying degrees of GFR reduction.135 Gener-
ally, atorvastatin is the preferred statin in patients with
severely reduced GFR (<15 mL/min/1.73 m2) because very
little of the parent drug or active metabolites depend on
renal mechanisms for elimination. Fluvastatin, the next least
renally excreted statin, may be an alternative, although
doses greater than 40 mg/day have not been studied in
patients with severe renal impairment. Prescribing informa-
tion for the remaining statins generally advises caution
and close monitoring for potential adverse events (particu-
larly myotoxicity) in patients with moderate to severe
renal impairment, and advises that the following dose
parameters be used: 5 to 10 mg/day maximum for rosuvasta-
tin, 20 mg/day maximum for lovastatin, 1 to 2 mg/day max-
imum for pitavastatin, and a 5-mg/day starting dose for
simvastatin.2–8 Statin therapy has been shown to have CV
benefit in patients with chronic kidney disease (CKD),
except in those receiving dialysis (see Chronic Renal Dis-
ease and Renoprotection section). The reason for this differ-
ence is not clear, but may have to do with the severity of the
end-stage disease or the fact that the CV events tend not to be
atherosclerotic in nature.136,137

Liver Dysfunction
Patients with nonalcoholic fatty liver disease and nonalco-
holic steatohepatitis have a significantly increased CV risk
and are candidates for lipid-lowering therapy. According
to the NLA’s Liver Expert Panel, statins can be used safely
in these patients.138 This recommendation is based on the
expert opinion of experienced authorities in the field and
a forming evidence base. This evidence includes case–
control studies that show that patients with presumed non-
alcoholic fatty liver disease and elevated liver transaminases

are not at a higher risk of statin hepatoxicity than those with
normal baseline liver enzymes.139,140 The evidence also
includes descriptive studies that reported that statins may
actually improve liver histology in patients with nonalco-
holic steatohepatitis.141,142

Statin treatment is seen as improving liver densities (prob-
ably as a result of diminishing fat content), reducing trans-
aminase levels, and improving the extent of inflammation.
However, no change in the extent of fibrosis has been seen.
A recent review of clinical trial data of various statins con-
firms these results.143 The NLA Liver Expert Panel advises
that clinicians be alert to patient reports of jaundice, malaise,
fatigue, lethargy, and related symptoms while receiving
statin therapy. Evidence for hepatotoxicity includes jaun-
dice, hepatomegaly, increased indirect bilirubin level, and
elevated prothrombin time.

EMERGING USES

Chronic Renal Disease and Renoprotection
Are statins renoprotective? The answer to the question is still
unknown and was not helped by the publishing of the Study
of Heart and Renal Protection (SHARP) in 2011.144 SHARP,
the largest trial of lipid-lowering therapy in patients with
CKD, was anticipated to help clarify the renoprotective
effects of statins. Previously, multiple post hoc analyses of
other statin trials had suggested improvement, or slowing
deterioration, of GFR or creatinine with statin therapy com-
pared with placebo.145,146 SHARP included 9270 patients
with CKD (3023 on dialysis and 6247 not on dialysis) with
no history of MI or coronary revascularization. Patients were
randomized to simvastatin 20 mg plus ezetimibe 10 mg/day
versus placebo and followed for a median of 4.9 years. In the
6247 patients not on dialysis at randomization, allocation to
simvastatin plus ezetimibe did not produce significant
reductions in any of the prespecified measures of renal dis-
ease progression: end-stage renal disease defined as com-
mencement of maintenance dialysis or transplantation
(HR 0.97; 95% CI 0.89–1.05; P¼0.41); end-stage renal disease
or death (HR 0.97; 0.90–1.04; P¼0.34); and end-stage renal
disease or doubling of baseline creatinine (HR 0.93; 0.86–
1.01; P¼0.09). Because SHARP was the largest prospective
randomized study targeted specifically to CKD patients to
date, the results appear to negate the previous post hoc
results of multiple other studies. Some criticisms of the
SHARP study include the unknown effect of the use of eze-
timibe with statin in these patients and the potential that a
CKD patient without vascular disease is clinically different
than one with known coronary artery disease or vascular dis-
ease, as studied in the other statin trials that suggest renopro-
tection by statins. Thus, the question of renoprotection
remains unanswered, but it appears less likely than it did sev-
eral years ago.

Many lipid specialists believe that CKD should be consid-
ered a CHD risk equivalent because of the strong association
with ASCVD and the increased risk of vascular events.
A recent population-level cohort study in greater than
1.25 million people followed for 4 years looked at the inci-
dence of MI and all-cause death in those patients with previ-
ous MI, diabetes mellitus, CKD, both diabetes and CKD, or
neither.147 CKD diagnosis was based on the presence of
proteinuria and eGFR laboratory results. The study showed
that patients with CKD had a higher incidence of MI (2.8% vs.
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2.4%) and all-cause death (19.0% vs. 8.0%) than patients with
diabetes, which is considered a CHD risk equivalent. How-
ever, after adjustment for age, gender, socioeconomic status,
and 12 comorbidities, diabetes was shown to have a greater
risk than CKD. If the proteinuria was severe, the risk in CKD
was similar to diabetes.

The question of CKD being a CHD risk equivalent still
remains controversial based on clinical trial data, but the
majority of opinions appears to favor this classification. What
is known is that the evidence for benefit from statin therapy
in CKD has been demonstrated in all but dialysis patients.
This position is mainly based on the previously discussed
SHARP study, which showed a significant 17% reduction
in the primary endpoint of major atherosclerotic events
(nonfatal MI, CHD death, nonhemorrhagic stroke, and
revascularization procedures).144 The SHARP study
suggested that dialysis patients also had benefit from lipid-
lowering therapy, but several other studies looking specifi-
cally at dialysis patients have not shown benefit.148,149 There-
fore, the evidence suggests that CKD classes I to IV benefit
from statin therapy and class V (dialysis patients) may not.
The most severe CKD patients appear to have more non-
atherosclerotic events and deaths than patients with milder
CKD, which may explain why statin therapy may be effective
in some, but not other patient populations.

Cerebrovascular Accident
Statins have been shown to have neuroprotective effects,
including an improvement of endothelial function, modula-
tion of brain endothelial-derived nitric oxide synthase, inhi-
bition of inflammatory processes associated with brain
injury, and stabilization of cerebrovascular atherosclerotic
plaques.150 Statins have also been shown to significantly
reduce the risk of ischemic stroke in CHD patients and are
recommended by the American Stroke Association for use
in the prevention of first stroke in patients with previous
MI and average cholesterol levels, as well as in patients with
known CHD.151,152 The ACC/AHA cholesterol treatment
Guidelines recognize stroke or transient ischemic attack to
be evidence of ASCVD and recommend treatment for these
patients with a high-intensity statin.96

A number of individual statin outcome trials have
reported a significant reduction in ischemic strokes when
statins were given to patients with coronary or other vascular
disease. The meta-analysis by the CTT in 170,000 individuals
participating in 1 of 26 trials documented a risk reduction in
first stroke of 16% (HR 0.84; 95% CI 0.79-0.89; P <0.0001) per
39 mg/dL LDL-C reduction; when the occurrence of ische-
mic strokes only was specifically considered, the results
showed a 21% risk reduction (HR 0.79; 95% CI 0.74–0.85;
P <0.0001).

The first study to evaluate the benefit of statin therapy
exclusively in a patient population with a history of a stroke
or transient ischemic attack, and not CHD, was the Stroke
Prevention by Aggressive Reduction in Cholesterol Levels
(SPARCL) study.111 Participants received atorvastatin
80 mg/day or placebo for 4.9 years, which achieved a reduc-
tion in LDL-C of 45% and a 16% relative reduction in the rates
of nonfatal and fatal strokes compared with placebo (HR
0.84; 95% CI 0.71–0.99; P¼0.03).111 Major coronary events
(i.e., cardiac death, nonfatal MI, and resuscitation after
cardiac arrest) were reduced by 35% (HR 0.65; 95% CI
0.49–0.87; P¼0.003) in the statin-treated group.

However, the SPARCL study also contained a surprise. The
study reported a significant increase in hemorrhagic strokes
(HR 1.66; 95% CI 1.08–2.55) in those receiving atorvastatin. A
multivariable Cox regression analysis showed that the occur-
rence of hemorrhagic strokes occurred mostly in individuals
who had a history of hemorrhagic stroke at study entry and
progressively higher blood pressure readings (especially
stage II hypertension, systolic blood pressure �160 mm Hg
or diastolic blood pressure�100 mm Hg) on the visit before
the event.153 Neither total cholesterol nor LDL-C at baseline
or at the visit before the hemorrhagic stroke was associated
with an increased risk of hemorrhagic stroke, even in those
patients with on-treatment LDL-C levels less than 40 mg/dL.

The CTT meta-analysis also reported a nonsignificant
excess of hemorrhagic stroke of 12% (HR 1.12; 95% CI
0.93–1.35; P¼0.2) per 39-mg/dL LDL-C reduction in statin-
treated patients. When the results of SPARCL111 and the Con-
trolled Rosuvastatin Multinational Study in Heart Failure
(CORONA)154 (a study of statins vs. placebo therapy in
5000 individuals older than 60 years with systolic heart fail-
ure that reported a very small increase in hemorrhagic
strokes) studies were added to the CTTmeta-analysis, a hem-
orrhagic stroke rate ratio of 1.21 (95% CI 1.05–1.41; P¼0.01)
per 39 mg/dL reduction of LDL-C was reported.19 In absolute
terms, the CTT investigators interpreted this outcome as indi-
cating that a few extra hemorrhagic strokes would occur per
10,000 patients treated with a statin, whereas a few hundred
ischemic strokes would be avoided per 10,000 patients trea-
ted with a statin within a population of people with a high
risk of vascular events.

Based on these data, the conclusion is that a very small
relationship exists between statin therapy and hemorrhagic
stroke, which is clustered in patients who have had a previ-
ous hemorrhagic stroke and who have poorly controlled
high blood pressure. This finding suggests a risk–benefit
decision needs to be made when deciding whether to initi-
ate statin therapy in older hypertensive individuals with a
history of hemorrhagic stroke.

Peripheral Artery Disease
Patients with peripheral artery disease are considered to
have ASCVD and are candidates for treatment with a high-
intensity statin. Treatment would be expected to reduce
atherosclerosis-related events. However, there is limited evi-
dence that statins might also improve claudication symp-
toms. A post hoc analysis of 4S reported that simvastatin
treatment led to a 38% reduction in the development or pro-
gression of intermittent claudication.155 The Treatment of
Peripheral Atherosclerotic Disease with Moderate or Inten-
sive Lipid Lowering study reported significant improvement
in pain-free walking time, time to onset of claudication pain,
and activity level in patients randomized to a 12-month
course of atorvastatin versus placebo.156 A meta-analysis
looking at 46 randomized clinical studies of a variety of med-
ications in patients with peripheral artery disease found that
statins (simvastatin and atorvastatin) offered the greatest
benefit on modestly improving walking distance after
months of treatment compared with other treatments,
including vasodilators, prostaglandins, phosphodiesterase
inhibitors, and proteoglycans.157 The conclusion is that
the strongest indication for statin therapy in patients with
peripheral artery disease is to prevent ASCVD events, but
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some patients who receive treatment for this indication may
also experience an improvement in pain-free walking time
after months of statin treatment.

Osteoporosis
Significant controversy surrounds the proposition that statins
may increase bone mineral density or reduce fracture rates.
The rationale for statin therapy for this indication comes
from the observation that statins may increase osteoblast cell
numbers and new bone formation.
Most of the evidence that statins may improve osteoporo-

sis comes from observational studies. Some populations of
statin-taking patients were found to have as many as 50%
fewer hip fractures compared with patients not taking sta-
tins,158,159 but in other populations no differences in fracture
rates with statin therapy were found.160 A population-based
cohort observational study of 80,000 women aged 45 to
75 years reported that women receiving a statin had 29%
fewer hip fractures compared with women receiving antihy-
pertensive medication.161 At best, these studies are
hypothesis-generating and beg for randomized clinical trial
evidence that statin therapy alters bone mineral density or
otherwise influences fracture rates.
Unfortunately, randomized clinical trials offer less support

for a positive statin effect on osteoporosis. Post hoc analyses
of two placebo-controlled statin outcome trials—4S with the
lipophilic statin simvastatin and LIPID with the hydrophilic
statin pravastatin—found no difference in fracture
rates.162,163 In the only randomized, placebo-controlled trial
that used atorvastatin 10- to 80-mg/day in 626 postmeno-
pausal women with high LDL-C and a lumbar spine bone
mineral density T-score between 0.0 and �2.5 (i.e., osteope-
nia), no significant changes in spine or hip bone mineral
density or biomarkers were found.164 Based on the informa-
tion available, there is no support for the use of statin therapy
in postmenopausal women to enhance bone mineral den-
sity or prevent bone fractures.

Alzheimer Disease
Alzheimer disease (AD) is a neurodegenerative disorder
manifested by cognitive decline, neuropsychiatric symp-
toms, and diffuse structural abnormalities in the brain. It is
characterized by the deposition of extraneuronal amyloid-
β and by accumulation of intraneuronal neurofibrillary tan-
gles, which are insoluble depositions resulting from altered
metabolism of the cytoskeletal tau protein. Some experts in
the field have speculated that the synthesis of cholesterol
and isoprenoid lipids is needed to provide amyloid peptides,
which may provide the substrate for development of AD.
Most of the evidence that links cholesterol and AD has

come from observational studies. For example, it has been
observed that an elevated cholesterol level in midlife
increases the risk of AD by two- to threefold later in life.165

Conversely, it has been observed that people who take sta-
tins and other lipid-lowering agents have a 60% to 75% reduc-
tion in the future risk of AD.166,167

Two prospective randomized clinical trials have tested the
benefit of statins in AD patients, with disappointing results.
The Lipitor’s Effect in Alzheimer’s Dementia trial tested ator-
vastatin 80 mg versus placebo for 72 weeks in 640 patients
ages 50 to 90 years with mild to moderate AD.168 There
was a 50% reduction in the LDL-C in the atorvastatin group,
but no clinical benefit related to cognition or global function

was found. The second study randomized 406 individuals
with mild to moderate AD to simvastatin 40 mg/day versus
placebo for 18 months. LDL-C was reduced by 37% with
the statin, but no difference was found in the cognitive test
ADAScog or in other neurocognitive or functioning evalua-
tions.169 This evidence is obviously not supportive of the
use of statins in the treatment of patients with AD.

SAFETY

Very Low Levels of Low-Density
Lipoprotein Cholesterol
With emphasis on aggressive LDL-C lowering to achieve opti-
mal CVD risk reduction, the question becomes how low is
too low? Or, stated another way, is there a LDL-C level at
which body functions and processes begin to malfunction?

Some answers to this question are available from the statin
outcome trials in which the statin-taking population is well
defined, compliance with statin therapy is documented,
and adverse events are systematically monitored and char-
acterized (see Tables 21-7 and 21-8) Of these, the trials with
the lowest on-statin treatment mean LDL-C levels include
ASCOT-LLA (87 mg/dL), SPARCL (73 mg/dL), Collaborative
Atorvastatin Diabetes Study (CARDS) (78 mg/dL), Prava-
statin or Atorvastatin Evaluation and Infection Therapy Trial
(PROVE IT) (62 mg/dL), Treating to New Target (TNT)
(77 mg/dL), Aggrastat to Zocor Trial (A to Z) (63 mg/dL),
JUPITER (55 mg/dL), and Incremental Decrease in End
Points Through Aggressive Lipid Lowering (IDEAL)
(81 mg/dL). All of these trials reported significant improve-
ment in event rates with statin therapy compared with con-
trol groups, suggesting that achieving these levels of LDL-C
contributed to the successful reduction in CVD risk. Impor-
tantly, none of these trials reported an increasing frequency
of adverse events with lower on-treatment LDL-C levels.

A case in point is the PROVE IT trial. A post hoc analysis of
this trial showed incrementally better risk reduction inpatient
groups that received atorvastatin 80 mg/day with progres-
sively lower on-treatment LDL-C levels of 60 to 80 mg/dL, 40
to 60 mg/dL, and less than 40 mg/dL compared with the
group with LDL-C between 80 and 100 mg/dL (Fig. 21-5).
However, the occurrence of adverse events across these
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FIGURE 21-5 Hazard ratios for the primary endpoint in subgroupswith LDL-C
<100 mg/dL while receiving atorvastatin 80 mg in the PROVE IT study. Primary
endpoint: coronary heart disease death, nonfatal myocardial infarction,
cerebrovascular accident, recurrent ischemia, revascularization. *Adjusted for age,
gender, baseline LDL-C, diabetes mellitus, and previous myocardial infarction. LDL-C,
low-density lipoprotein cholesterol; PROVE IT, Pravastatin or Atorvastatin Evaluation
and Infection Therapy Trial.
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LDL-Cgroupswerenot different170 (Table21-13). Likewise, a
post hoc analysis of the JUPITER study showed that patients
whoachievedanLDL-C level less than50 mg/dLwith rosuvas-
tatin 20 mg/day had a better outcome (Fig. 21-6), but no
more frequent adverse effects, than those with an LDL-C
greater than 50 mg/dL while receiving rosuvastatin 20 mg/
day or those receiving placebo (Table 21-14).171 Taken
together, these data do not reveal any particular treatment-
emergent adverse effects that suggest LDL-C levels are too
low, but instead support the currently recommended goal
of less than 70 mg/dL for high-risk patients.97,98

A special comment should be made about statin therapy
and the relationship between low LDL-C and hemorrhagic
strokes. This topic was previously reviewed in detail (see
Cerebrovascular Accident section). An association was first
reported in the SPARCL study, a study in patients with a his-
tory of a transient ischemic attack or stroke (ischemic or
hemorrhagic).111 The study found a significant increase in
hemorrhagic strokes (HR 1.66; 95% CI 1.08–2.55) in those
who received atorvastatin. Importantly, neither LDL-C levels
at baseline nor on-treatment levels were associated with the
occurrence of hemorrhagic stroke, including those individ-
uals with on-treatment LDL-C of less than 40 mg/dL. The
investigators reported that they could find no LDL-C thresh-
old below which hemorrhagic stroke was increased. These
and other data support the conclusion that hemorrhagic
strokes in statin-treated patients are not associated with a
low LDL-C.

Another way to try to answer the “is low LDL-C safe” ques-
tion is to look at naturally occurring, genetically determined
low–LDL-C populations. One such condition, familial hypo-
betalipoproteinemia (FHBL), is a rare disorder (1:500 for het-
erozygotes and 1:1,000,000 for homozygotes) in which there
is a mutation that results in a reduced synthesis of apoB. In
heterozygous FHBL, LDL-C levels are approximately 30 to
50 mg/dL, whereas in homozygous FHBL, LDL-C levels are
approximately 0 to 20 mg/dL. The latter patients often
develop fat malabsorption and hepatic steatosis, and some
develop progressive neurologic degenerative disease, retini-
tis pigmentosa, and acanthocytosis over the first three
decades of life.172 In contrast, individuals with heterozygous
FHBL are usually asymptomatic and may have a decreased
risk of atherosclerosis and improved longevity.

Another group of genetically defined low LDL-C patients
are those with loss-of-function PCSK9mutations. PCSK9 binds
with LDL receptors and increases their degradation; therefore,
a loss-of-function mutation will blunt this activity and allow
more circulating LDL particles to be taken up by LDL recep-
tors, thus lowering blood LDL-C levels. Patients with one such
mutation have been found to have LDL-C levels approxi-
mately 30% lower and fewer CVD events over a 15-year period
than people without the mutation.173 To date, three individ-
uals have been described with double (compound) loss-of-
function PCSK9mutations, resulting in no measurable PCSK9
levels and LDL-C levels in the 14- to 16-mg/dL range
(Table 21-15).174–176 All of these individuals are healthy,
functioning adults (21–49 years old) who show no evidence
of fat malabsorption, vitamin deficiency, hemorrhagic stroke,

TABLE 21-13 Percent of Patients with Safety Measures
Receiving Atorvastatin 80 mg/day in the PROVE IT
Trial Stratified by On-Treatment LDL-C

SAFETY MEASURES

LDL-C (mg/dL)

80–100 60–80 40–60 <40 P trend

Muscle AEs

Myalgia 6.4 4.3 6.2 5.7 0.75

Myositis 0.4 0.6 0.6 0 0.75

CK >10 � ULN 0 0 0.3 0 0.45

Rhabdomyolysis 0 0 0 0 1.0

Liver AEs

ALT >3 � ULN 3.2 3.0 3.2 2.6 0.98

Study drug discontinued
because of LFT

2.0 2.6 2.4 1.6 0.83

Other AEs

Study drug discontinued
because of any AE

10.2 9.4 9.7 9.8 0.99

Hemorrhagic stroke 0.4 0.2 0 0 0.12

Retinal AE 0.4 0.9 1.0 0 0.48

Study endpoints

Death 1.1 1.4 1.3 0.5 0.59

Myocardial infarction 1.0 0.7 0.5 0.6 0.009

Stroke 0.8 0.9 0.6 1.6 0.32

Composite endpoint* 26.1 22.2 20.4 20.4 0.10

AE, adverse event; ALT, alanine aminotransferase; CK, creatine kinase; LDL-C, low-
density lipoprotein cholesterol; LFT, liver function test; PROVE IT, Pravastatin or
Atorvastatin Evaluation and Infection Therapy; ULN, upper limit of normal.

*Primary composite percent of subjects with any of the following: death, myocardial
infarction, stroke, unstable angina requiring rehospitalization, and revascularization.
(From Wiviott SD, Cannon CP, Morrow DA, et al. Can low-density lipoprotein be too
low? The safety and efficacy of achieving very low low-density lipoprotein with intense
statin therapy. a PROVE IT–TIMI 22 substudy. J Am Coll Cardiol 2005;46:1411–1416.)

Placebo (n=8150)

LDL-C not <50 (n=4000) versus placebo

LDL-C <50† (n=4154) versus placebo

LDL-C <50 versus not <50

Referent 

0.76 (0.57, 1.00)

0.35 (0.25, 0.49)**

0.39 (0.26, 0.59)**

Hazard ratio

100 0.1 1

FIGURE 21-6 Hazard ratios of the primary endpoint* among subgroups in the JUPITER trial. *Events: myocardial infarction, stroke, revascularization, unstable angina, and
cardiovascular death. †Median 44 mg/dL; range 38–50mg/dL. **P¼0.0001. JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin;
LDL-C, low-density lipoprotein cholesterol.
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neuropathies, vision abnormalities, or any other pathology
that may be associated with low LDL-C levels. In one individ-
ual, there is the suggestion of longevity in the family.
So the question, how low is too low, is left incompletely

answered. From clinical trials, it can be concluded that there
is no evidence that an on-treatment LDL-C level of less than
50 mg/dL is dangerous. Even in the case of hemorrhagic
strokes, the evidence suggests this is more the result of a nat-
urally higher recurrence rate in patients with a history of
hemorrhagic stroke associated with hypertension. Genetic
mutations associated with low LDL-C levels, even as low as
14 to 16 mg/dL, do not appear to be associated with adverse
consequences. Rather, from both clinical trials and genetic
studies, it can be concluded that LDL-C levels less than
50 mg/dL might enhance CVD risk reduction and promote
longevity. The big unknown at this point is the impact of
low LDL-C levels over a lifetime in millions of people receiv-
ing statin therapy. Clinical trials only offer information on
approximately 5 years of treatment, and studies of gene
mutations causing low LDL-C levels are in small populations.
Perhaps the only way of detecting rare occurrences because

of low LDL-C is the Adverse Event Reporting System (AERS)
database of the U.S. Food and Drug Administration (FDA),
which systematically collects case reports from clinicians
and patients from what must be a population of tens of mil-
lions of people receiving statin therapy over the past 25 years.
To date, the FDA has not released information about a clus-
tering of events that might be taken as a indication of LDL-C
levels that are too low. This is, to some extent, comforting.

Liver
Elevations of alanine aminotransferase (ALT) or aspartate
aminotransferase (AST) liver enzymes to greater than 3 times
the upper limit of normal (ULN) are rare with statins, and are
often just slightly more frequent than seen in placebo-treated
patients. In one survey of 35 randomized trials involving
74,102 patients, elevations in transaminase levels were
reported in 1.4% of statin-treated patients compared with
1.1% of control patients.177 In another review of 21 random-
ized trials involving 180,000 patients, only 300 of the approx-
imately 90,000 patients randomized to statin therapy for
3 years of treatment had a transaminase elevation 3 times
the ULN.178 When liver function tests (LFTs) were repeated
in these 300 individuals, only 110 had persistent elevations,
illustrating the transient nature of these elevations
(Table 21-16).178 This suggests that elevations resolve spon-
taneously in 70% of patients. It further suggests that clinicians
should repeat a LFT when faced with an isolated elevation.

Transaminase elevations with statins appear related to the
dose, not the degree of LDL-C lowering. Transaminase eleva-
tions 3 times the ULN have been observed in less than 1% of
patients receiving low and intermediate statin doses (e.g.,
10–40 mg/day of most statins or 1–4 mg/day of pitavastatin)
and in 2% to 3% of patients receiving 80-mg doses.138 Further-
more, there is no relationship between the LDL-C–lowering
efficacy of the statin and elevations in ALT or AST
(Fig. 21-7).2–8,179 The most efficacious statins, atorvastatin
and rosuvastatin, cause nomore frequent, and perhaps even
fewer, elevations than the least efficacious statin, fluvastatin.

The more clinically relevant issue is whether statins cause
serious liver dysfunction or failure.138 Data for the oldest mar-
keted statin, lovastatin, reveal that 22 cases of liver failure have
been reported to the Merck Worldwide Adverse Event Data-
base and/or the FDA AERS, representing a rate of 1 case
per 1.14 million patient-treatment years.175 The 30 cases of
liver failure in individuals taking any statin reported to the
FDA AERS database through 1999 represent a reporting rate
of approximately 1 case per 1 million person-years of statin
prescription use.180 The reporting rate of liver failure in the
population not taking a statin is the same, about 1 case per
million people.181 This suggests one of two conclusions: (1)
there is no relation between statin therapy and liver failure;
or (2) there may be a relationship, but cases of liver failure
represent idiosyncratic reactions and occur very rarely in
patients receiving statins, which is themore likely conclusion.

TABLE 21-14 Rates (per 100 person-years) of Treatment-
Emergent Adverse Events in Patients Attaining LDL-C
Less than 50 mg/dL by Treatment Group and Attained
LDL-C in JUPITER trial

ADVERSE EVENTS

LDL-C
>50 mg/dL
(N¼4000)

LDL-C
<50 mg/dL
(N¼4154) P

Myalgia 4.0 3.5 0.49

Gastrointestinal 14.0 14.4 0.32

Respiratory 8.0 8.9 0.10

Central nervous system 8.3 8.3 0.60

Memory loss 0.2 0.1 0.06

Renal 4.3 4.8 0.30

Cancer 1.5 1.4 0.36

Diabetes 1.2 1.6 0.70

ALT >3� ULN 0.7 0.7 0.78

CK <10� ULN 0.01 0.01 0.99

Proteinuria 2.5 2.6 0.29

ALT, alanine aminotransferase; CK, creatine kinase; JUPITER, Justification for the Use of
Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL-C, low-density
lipoprotein cholesterol; ULN, upper limit of normal.
(From Hsia J, MacFadyen JG, Monyak J, et al. Cardiovascular event reduction and
adverse events among subjects attaining low-density lipoprotein cholesterol
<50 mg/dL with rosuvastatin. Am J Cardiol 2011;57:1666–1675.)

TABLE 21-15 Case Reports of Patients with Double
Loss-of-Function PCSK9 Mutations
• 32-year-old woman had compound mutations of PCSK9 that disrupted its

autocleavage and secretion. She had no measurable PCSK9, LDL-C of 14 mg/dL,
was healthy and normotensive, had normal liver, and renal function, was college
educated, and was an aerobics instructor. Her mother and two daughters were
heterozygous for Y142X allele mutation and had LDL-C levels of 49, 39, and
37 mg/dL.174

• 21-year-old African American woman who was a “homozygote” for C679X
mutation of PCSK9. She had no measurable PCSK9 and LDL-C of 15 mg/dL.175

• 49-year-old French man with no detectable PCSK9 levels had LDL-C of 16 mg/dL
and apolipoprotein B of 25 mg/dL. He was found to be heterozygous for two
PCSK9 missense mutations, R104C and V114A. Sister and daughter had low
PCSK9 levels and LDL-C levels of 57 and 58 mg/dL, respectively. His mother was
deceased of dementia at 66 years; his father was alive at 79 years. His
grandparents died at 79, 87, 91, and 94 years.176

LDL-C, low-density lipoprotein cholesterol; PCSK9, proprotein convertase subtilisin/
kexin type 9.

TABLE 21-16 Number of Individuals with ALT Greater
than 3 Times the ULN of 280,000 Randomized to Statin
Therapy or Placebo for an Average of 3 Years
VARIABLE STATIN PLACEBO NET RISK

Single ALT >3� ULN 300 200 100

Consecutive ALT >3� ULN 110 40 70

ALT, Alanine Aminotransferase; ULN, Upper Limit of Normal.
(From Law M, Rudnicka AR. Statin safety: a systemic review. Am J Cardiol 2006;97
(suppl):52C–60C.)
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Based on this information, in 2006, the NLA Statin Safety
Task Force concluded that routine monitoring of LFTs in
patients taking statins is not necessary because: (1) monitor-
ing is not likely to detect rare cases of serious liver injury;
and (2) detection of an isolated LFT elevation in an asymp-
tomatic patient may prompt health professionals to discon-
tinue statin therapy, thus depriving the patient of treatment
to reduce a greater risk, CV events.182 In 2012, the FDA
acknowledged these recommendations and updated their
analysis of cases of serious liver injury in the AERS database
to again find these were extremely rare (<2 cases per million
patient-years). They further consulted their Drug Induced
Liver Injury Network database, a database into which statin
manufacturers report cases of potentially drug-induced liver
injury, and reported that 30 of the 75 most severe cases were
possibly or probably related to statin therapy, but none were
highly likely or definitely likely to be associated with statin
therapy. Finally, they reviewed recent findings of the Acute
Liver Failure Study Group.183 This group reported 15 cases of
acute liver failure in 10.5 years, of which 6 were in individ-
uals receiving a statin as the only potential drug that could
have caused the injury. The FDA’s summary conclusion of
these data was that the occurrence of serious liver injury
caused by statin therapy is very rare, and that there has been
no increase in severe or fatal liver injury reports since statins
were first introduced to the market. The FDA agrees that
these data mean that routine monitoring of LFT values are
no longer necessary in patients receiving statin therapy.

In patients receiving statin therapy, the NLA Statin
Safety Task Force recommends that patients be routinely
monitored for symptoms of hepatic dysfunction, including
jaundice, malaise, lethargy, anorexia, and fatigue182

(Table 21-17). If symptoms are identified, in the absence
of biliary obstruction, a fractionated bilirubin should be eval-
uated because it is a more accurate prognosticator of liver
injury than isolated transaminase elevations. If an amino-
transferase level is found to be greater than 3 times ULN
on consecutive occasions, or if the fractionated bilirubin is
elevated greater than 2 times ULN, in a symptomatic patient,
the statin should be withdrawn, and the patient followed.
However, if LFT tests are 1 to 3 times the ULN without a
change in bilirubin, there is no need to discontinue the

statin. Furthermore, if ALT and/or AST are greater than 3
times ULN in an asymptomatic patient with normal bilirubin,
the tests should be repeated, other etiologies ruled out, and,
based on this analysis, consideration given to continuing
statin therapy, reducing statin dose, or discontinuing statin
therapy (see Table 21-17).

Muscle
In 2001, cerivastatin was withdrawn from the market
because of a high incidence of rhabdomyolysis and associ-
ated deaths, which put a spotlight on the seriousness of this
statin-related adverse event. Fortunately, serious muscle-
related adverse effects such as these with the statins
that remain on the market are rare. For example, based
on 21 randomized clinical trials providing 180,000 person-
years of follow-up on statin therapy or placebo, myopathy
(muscle symptoms plus an increase in creatine kinase of
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FIGURE 21-7 Increases in ALT greater than 3 times the ULN versus LDL-C reduction with statins across their dose range. ALT, alanine aminotransferase; LDL-C, low-
density lipoprotein cholesterol; ULN, upper limit of normal.

TABLE 21-17 Recommendations to Health
Professionals Regarding the Liver and Statin Safety
1. During the routine general evaluation of patients being considered for statin and

other lipid-lowering therapy, it is advisable to obtain liver transaminase levels. If
these tests are found to be abnormal, further investigation should be performed
to determine the etiology of the abnormal test results.

2. The clinician should be alert to patient reports of jaundice, malaise, fatigue,
lethargy, and related symptoms in patients taking statin therapy as a signal of
potential hepatotoxicity. Evidence for hepatotoxicity includes jaundice,
hepatomegaly, increased indirect bilirubin level, and elevated prothrombin time
(rather than simple elevations in liver transaminase levels).

3. The preferred biochemical test to ascertain significant liver injury is fractionated
bilirubin, which, in the absence of biliary obstruction, is a more accurate
prognosticator of liver injury than isolated aminotransferase levels.

4. If the clinician identifies objective evidence of significant liver injury in a patient
receiving a statin, the statin should be discontinued. The etiology should be
sought and, if indicated, the patient referred to a gastroenterologist or
hepatologist.

5. If an isolated asymptomatic transaminase level is found to be elevated 1 to 3
times the upper limit of normal (ULN), there is no need to discontinue the statin.

6. If an isolated asymptomatic transaminase level is found to be greater than 3 times
the ULN during a routine evaluation of a patient administering a statin, the test
should be repeated and, if still elevated, other etiologies should be ruled out.
Consideration should be given to continuing the statin, reducing its dose, or
discontinuing it based on clinical judgment.

(From McKenney JM, Davidson MH, Jacobson TA, et al. Final conclusions and
recommendations of the National Lipid Association’s Statin Safety Task Force. Am J
Cardiol 2006;97:88C–94C.)
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>10 times ULN) occurred in only 5 patients per 100,000
person-years, and rhabdomyolysis in 1.6 patients per
100,000 person-years (placebo corrected).178 In the FDA
AERS database, myopathy occurred in 0.3 to 2.2 cases
and rhabdomyolysis in 0.3 to 13.5 cases per million statin
prescriptions.61 Plus, from a large administrative managed-
care claims database of 473,343 statin-taking, hospitalized
patients, 42 cases of rhabdomyolysis were identified
with currently marketed statins for an incidence of between
0.6 and 1.2 cases per 10,000 person-years (there were no
significant differences in the incidences between in-
dividual statins) compared with a significantly different
8.4 cases of rhabdomyolysis per 10,000 person-treatment
with cerivastatin (HR 4.74; 95% CI 1.2–21.2; P¼0.041)
(Table 21-18).184,185

One of the major risk factors for the occurrence of muscle
toxicity is the dose, or more likely, the blood concentration,
of the statin. As partial evidence of this, in 2011, the FDA
restricted the use of the 80-mg dose of simvastatin because
of the associated risk of muscle injury.180 Rosuvastatin was
approved for use with a 5- to40-mg/day dose; the 80-mg
dose had to be dropped when an increased incidence of

muscle-related adverse effects was encountered. Pitavastatin
was approved for use with a 1- to 4-mg/day dose when doses
of 8 to 64 mg/daywere found to cause 9 cases (1.4%) of rhab-
domyolysis in 648 individuals.186 Both pravastatin and sim-
vastatin have been evaluated in daily doses as high as
160 mg, a dose that was abandoned when, among other rea-
sons, the incidence of muscle adverse events was found to
be higher.187,188 The lesson of these observations is that there
is a dose, or more precisely a blood concentration, beyond
which the risk of muscle toxicity significantly increases for
all statins. The incidence of serious muscle toxicity with
recommended doses of currently marketed statins is small.
High doses of cerivastatin and simvastatin have the highest
incidence of persistent elevations of creatine kinase, despite
their moderate LDL-C–lowering efficacy (Fig. 21-8). Cerivas-
tatin has been removed from the market, and the use of
80-mg/day doses of simvastatin has been discouraged.180

The key to using statins safely is to employ approved doses
to effectively lower LDL-C and help patients minimize factors
that may increase the risk of muscle toxicity. Some of these
factors are drug interactions that interfere with the statin’s
degradation and/or elimination, heavy exercise, older age,
low body mass index, frailty, major surgery, family history
of myopathy, severe renal insufficiency, untreated hypothy-
roidism, and even certain genetic factors (Table 21-
19).189,190 Care must be taken to educate patients to avoid
advancing doses beyond those prescribed and to carefully
monitor concurrent drug use for potential drug interactions
that may raise statin blood levels.

Although the incidence of serious muscle injury is small,
the incidence of myalgias (symptoms of muscle weakness,
soreness, and/or pain with or without any elevation in crea-
tine kinase) is relatively high and may lead to many more
statin discontinuations, resulting in the loss of highly effec-
tive, risk-reducing therapy. In clinical trials, myalgias, with
or without a creatine kinase elevation, have been reported
in approximately 3% to 15% of patients receiving statins ther-
apy and cause about 10% of patients to stop statin therapy
altogether.177,178 Because there are no equally effective
risk-reducing alternatives for these patients, every effort
needs to be made to keep patients on statin therapy, even
if doses or regimens are reduced.

TABLE 21-18 Incident Rates of Rhabdomyolysis from a
Managed Care Claims Database of 875,000 Statin-
Taking Individuals in which 42 Cases were Confirmed
with Chart Review

DRUG
PATIENT-
YEARS

INCIDENT RATES
(PER 10,000 PERSON-YEARS)
(95% CI)

Atorvastatin 261,567 0.6 (0.3–0.9)

Fluvastatin 12,635 1.6 (0.2–5.7)

Lovastatin 26,122 0.3 (0.1–2.1)

Pravastatin 64,254 1.1 (0.4–2.2)

Rosuvasatin 8213 1.2 (0.03–6.7)

Simvastatin 54,394 0.6 (0.1–1.6)

Cerivastatin 4719 8.4 (2.3–21.7)

CI, confidence interval.
(From Cziraky MJ, Willey VJ, McKenney JM, et al. Risk of hospitalized rhabdomyolysis
associated with lipid-lowering drugs in a real-world clinical setting. J Clin Lipidol
2013;7:102–108.)
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FIGURE 21-8 Incidence of increases in CK levels greater than 10 times the ULN versus LDL-C reduction with statins across their dose ranges. CK, creatine kinase;
LDL-C, low-density lipoprotein cholesterol; ULN, upper limit of normal.
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Unfortunately, despite the fact that statin therapy has been
available for decades and its link to muscle symptoms is well
known, the exact mechanism(s) of skeletal muscle injury
and how these can be overcome is still unknown. The search
for causes has followed the downstream effects of the inhi-
bition of HMG-CoA reductase by statins. One such effect is
the reduced synthesis of ubiquinone (coenzyme Q10, also
called CoQ10) (see Fig. 21-2). CoQ10 is a part of the elec-
tron transport system of oxidative phosphorylation in the
mitochondria, and is an antioxidant and free radical scaven-
ger. Approximately 58% of CoQ10 is transported in LDL par-
ticles; therefore, when LDL-C is reduced with statin therapy,
CoQ10 levels are reduced 20% to 40%.191,192 The change in
intracellular CoQ10 levels is more important; attempts to
measure intramuscular levels have rendered equivocal data.
Furthermore, efforts to supplement CoQ10 in statin-treated
patients to prevent or treat muscle symptoms have been
largely unsuccessful.191–193

Another attractive theory for the cause of statin-related
muscle injury is statin-induced apoptosis of skeletal muscle
cells. The regulation of apoptosis is thought to be at least in
part related to prenylated proteins, including Rho, Ras, and
Rac-GTP. Current thinking is that there are proapoptotic and
antiapoptotic factors at play, and that statin inhibition of the
mevalonate pathway, including a downturn in farnesyl pyro-
phosphate production and the prenylated proteins, disrupts
the balance of factors regulating apoptosis. Statin therapy
results in an increase in the apoptotic signaling proteins
caspase-9 and caspase-3, which stimulate the release of cyto-
chrome C from the mitochondria, which, in turn, may push
the system toward cellular apoptosis.194 Supporting this the-
ory is the observation that pretreatment withmevalonate pre-
vents the apoptotic process, and that inhibition of squalene
synthase, which reduces cholesterol synthesis beyond
the inhibition of isoprenoid compounds (e.g., the farnesyl
pyrophosphate step), does not cause apoptosis195 (see
Fig. 21-2). Scarce practical information has emerged from
this line of investigation to treat or prevent statin-induced
myopathy, except for the observation that cotreatment of
bicarbonate with a statin in a cell line of skeletal muscles
controlled intracellular pH and reduced apoptosis.196

Unlike the preceding mechanisms, which are related to
inhibition of the mevalonate pathway, a direct physiologic
effect of statins on calcium homeostasis has been proposed.
Statin therapy has been observed to increase the level of
cytosolic calcium in animal studies; these increased levels
change the activation of the skeletal muscle fiber response
to depolarization.195 The sarcoplasmic reticulum may take
up some of this calcium, but when it is overloaded, it may
release calcium through ryanodine receptors to generate a

calcium wave that could result in membranolysis and mus-
cle symptoms (e.g., cramps and myalgias).

In a physiogenomic study of 31 candidate genes that have
been previously found to be associated with statin myalgias,
three genes were found to be associated with statin-induced
myalgias (two related to the preceding mechanisms) in 377
individuals diagnosed with statin myalgias compared with
416 asymptomatic individuals who received statins.190 One
gene, COQ2, encodes a mitochrondrial enzyme that is
involved with the biosynthesis of CoQ10, and as indicated
previously, low levels of CoQ10 have been hypothesized
to be related to statin myalgias. A second gene related to
statin myalgias is ATP2B1, which encodes plasma mem-
brane calcium-transporting ATPase 1, an enzyme involved
in the removal of calcium ions from the cell’s interior and
in calcium homeostasis. The final gene connected to statin
myalgia is DMPK, which encodes myotonin–protein kinase.
This enzyme has been implicated in myotonic dystrophy, a
muscle-wasting disease. The authors of this study suggest
that a test for the presence of these biomarker genes may
be available, in time, to identify individuals who are at
higher risk of statin-induced myalgias.

The challenge is what to do when confronted with a pos-
sible statin-induced myalgia or myopathy. It may be possible
to switch patients who develop therapy-limiting muscle
symptoms to a better-tolerated statin. One such statin is prav-
astatin. Considering only large randomized outcome trials,
pravastatin therapy has not been associated with even 1 case
of rhabdomyolysis in the 19,768 patients studied on a 40-mg/
day dose for 5 years.104,105,113 It may also be possible to man-
age the problem through a reduction in dose of the offend-
ing or an alternative statin. In an attempt to help preserve as
much LDL-C lowering as possible to maximize CVD risk
reduction, some clinicians choose rosuvastatin or atorva-
statin, two of the most efficacious statins available, but then
utilize low doses and less frequent dosing (e.g., every other
day or 3 times a week). Concurrent supplementation of
CoQ10 has not consistently shown benefit in studies, but
because of the proposed mechanisms reviewed previously,
CoQ10 may help some patients, not necessarily because of
the CoQ10, but by the placebo effect. Finally, whether coad-
ministration of bicarbonate with the statin may help reduce
statin-induced muscle symptoms has not been tested, but
may help.

When faced with a patient with adverse muscle symp-
toms, measuring the creatine kinase level can help gauge
the severity of muscle damage and facilitate a decision of
whether to continue therapy or alter doses. According to
the NLA Statin Safety Task Force in 2006, in patients who
develop tolerable muscle complaints or who are asymptom-
atic with a creatine kinase level less than 10 times the ULN,
statin therapy may be continued at the same or reduced
doses, and symptoms may be used as the clinical guide to
stop or continue therapy (Table 21-20).182 In patients
who develop intolerable muscle symptoms with or without
a creatine kinase elevation and in whom other etiologies
have been ruled out, the statin should be discontinued.
Once the patient is asymptomatic, the same or a different
statin at the same or a lower dose or less frequent adminis-
tration can be tried to test the reproducibility of symptoms.
Recurrence of symptoms with multiple statins and doses will
probably require initiation of other lipid-altering therapy.

Patients who develop severe symptoms and have a
creatine kinase greater than 10,000 IU/L probably have
rhabdomyolysis. Other findings associated with

TABLE 21-19 Risk Factors for Myotoxicity from Statins
• Patient Characteristics
▪ Increasing age
▪ Female gender
▪ Renal insufficiency
▪ Hepatic dysfunction
▪ Hypothryoidism
▪ Polypharmacy

• Statin Properties
▪ High systemic exposure
▪ Lipophilicity
▪ High statin bioavailability
▪ Limited protein binding
▪ Metabolized by CYP3A4

(From Abd TT, Jacobson TA. Statin-induced myopathy: a review and update. Expert
Opin Drug Saf 2011;10:373–387.)
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rhabdomyolysis include elevated serum creatinine and pos-
itive myoglobin in the urine. Statin therapy should be
stopped. Intravenous hydration therapy in a hospital or mon-
itored setting should be instituted as indicated. Once the
patient has recovered, the risk versus benefit of statin ther-
apy should be carefully reconsidered.

Diabetes
In 2012, the FDA announced that it had added the risk of inci-
dent diabetes and increases in glycosylated hemoglobin and/
or fastingplasmaglucose to the labelsof all currentlymarketed
statins.180 The first report of the association between statin use
and diabeteswas in the JUPITER trial.117 This report documen-
ted 270 cases of incident diabetes in patients who received
rosuvastatin 20 mg compared with 216 incident cases in
placebo-treated individuals (HR 1.25; 95% CI 1.05–1.49;
P¼0.01). Most of the participants who developed diabetes
while receiving rosuvastatin had baseline evidence of
impaired fasting glucose.197 For those individuals with one
or more diabetes risk factors, rosuvastatin therapy resulted in
a 39% risk reduction (HR 0.61; 95% CI 0.47–0.79; P¼0.0001),
whereas thosewithnodiabetes risk factorswhowereallocated
to rosuvastatin had a 52% risk reduction (HR0.48; 95%CI 0.33–
0.68; P¼0.0001). For patients with diabetes risk factors, treat-
ment with rosuvastatin caused 134 vascular events or deaths
to be avoided, but resulted in 54 new cases of diabetes. None
of thepatientswithoutdiabetes risk factorsdevelopeddiabetes
during treatment with rosuvastatin.

A meta-analysis of 13 statin outcome trials involving 91,140
individuals confirmed that this association of a statin with
new-onset diabetes was evident with all statins.198 The
meta-analysis found that the risk of incident diabetes overall
in this population was 9% (HR 1.09; 95% CI 1.02–1.17). The
risk was associated with age, but not baseline body mass
index or on-statin LDL-C. A second meta-analysis including
113,394 individuals and 17 clinical outcome trials reported
a relationship between new-onset diabetes and statin dose
or efficacy.199 Treatment with rosuvastatin 20 mg/day resulted
in a 25% increase in new diabetes, whereas atorvastatin
80 mg/day increased the diabetes risk by 15%, pravastatin
40 mg/day increased the risk by 7%, and simvastatin 40 mg/
day increased it by 21% compared with placebo. An analysis
of 161,808 postmenopausal women in the Women’s Health
Initiative showed that statin therapy increased the risk of
self-reported diabetes among those who were initially free
of diabetes (adjusted HR 1.48; 95% CI 1.38–1.59).200 Finally,
another meta-analysis found that the reduction in CVD events
was much greater than the number of new cases of diabetes.
This analysis showed that 498 individuals would have to be
treated with intense statin therapy to produce one new dia-
betic patient, but only 155 subjects would need to be treated
to prevent one CVD event.201

Although statin therapy appears to definitely increase
the risk of incident diabetes, little is known about the mecha-
nismsof thiseffect. Speculation is thatanabnormal lipidprofile
in diabetic patients may interfere with beta cell survival and
insulin secretion, or may contribute to insulin resistance.202–
204 Studies are needed to unravel this relationship.

Statin therapy should not be denied to patients with
increased CVD risk. As discussed previously, the reduction
in CVD risk is substantially greater than the risk incurred
by causing some patients to develop diabetes. It appears that
the vulnerable population for this risk is the population with
impaired fasting glucose before statin treatment. These
patients have an inherent increased risk of CVD and warrant
LDL-C–lowering therapy with a statin to reduce this risk.
Also, careful attention must be made to managing their
diabetes risk factors, including poor diet, physical inactivity,
and smoking, with good therapeutic lifestyle changes con-
current with initiation of statin therapy.

Renal
During the premarket development for rosuvastatin, particu-
larly with the 80-mg/day dose (which was ultimately not mar-
keted), cases of 2+ or greater dipstick proteinuria in patients
with previously negative or trace dipstick proteinuria
were reported. This finding raised concerns about whether
rosuvastatin, and possibly other statins, may impair renal
function.

In evaluating this finding, amechanismwas uncovered that
may cause proteinuria to occurwith any statin. Low–molecular
weight proteins are filtered by the glomerulas and reabsorbed
in the renal tubules.However, in an in vitro experiment in opos-
sum kidney proximal tubule cells, it was demonstrated that
inhibition of cholesterol synthesis with high concentrations
of statins reduces renal tubular reabsorption of albumin.205

When mevalonate is added to the mixture, normal tubular
reabsorption processes is restored. This experiment establishes
the principle that the inhibition of HMG-CoA reductase in
renal proximal tubule cells can reduce the rate of tubular
protein uptake in vivo, providing a mechanistic explanation
of statin-associated proteinuria.

TABLE 21-20 Recommendations to Healthcare
Professionals Regarding Muscle and Statin Safety
1. Whenever muscle symptoms or an increased creatine kinase (CK) level is

encountered in a patient receiving statin therapy, health professionals should
attempt to rule out other etiologies, because these are most likely to explain the
findings. Other common etiologies include increased physical activity, trauma,
falls, accidents, seizure, shaking chills, hypothyroidism, infections, carbon
monoxide poisoning, polymyositis, dermatomyositis, alcohol abuse, and drug
abuse (cocaine, amphetamines, heroin, or phencyclidine).

2. Obtaining a pretreatment, baseline CK level may be considered in patients who
are at high risk of muscle toxicity (e.g., older individuals or patients receiving a
statin combined with an agent known to increase myotoxicity), but this is not
routinely necessary in other patients.

3. It is not necessary to measure CK levels in asymptomatic patients during the
course of statin therapy, because marked, clinically important CK elevations are
rare and are usually related to physical exertion or other causes.

4. Patients receiving statin therapy should be counseled about the increased risk of
muscle complaints, particularly if the initiation of vigorous, sustained endurance
exercise or a surgical operation is being contemplated; they should be advised to
report such muscle symptoms to a health professional.

5. CKmeasurements should be obtained in symptomatic patients to help gauge the
severity of muscle damage and facilitate a decision of whether to continue
therapy or alter doses.

6. In patients who develop intolerable muscle symptoms with or without a CK
elevation and in whom other etiologies have been ruled out, the statin should be
discontinued. Once the patient is asymptomatic, the same or a different statin at
the same or a lower dose can be used to test the reproducibility of symptoms.
Recurrence of symptoms with multiple statins and doses requires initiation of
other lipid-altering therapy.

7. In patients who develop tolerable muscle complaints or are asymptomatic with a
CK level less than 10 times the upper limit of normal (ULN), statin therapy may be
continued at the same or reduced doses and symptoms may be used as the
clinical guide to stop or continue therapy.

8. In patients who develop rhabdomyolysis (CK >10,000 IU/L or CK >10 times the
ULN with an elevation in serum creatinine or requiring intravenous hydration
therapy), statin therapy should be stopped. Intravenous hydration therapy in a
hospital setting should be instituted if indicated for patients with rhabdomyolysis.
Once the patient has recovered, the risk versus benefit of statin therapy should be
carefully reconsidered.

(From McKenney JM, Davidson MH, Jacobson TA, et al. Final conclusions and
recommendations of the National Lipid Association's Statin Safety Task Force. Am J
Cardiol 2006;97:88C–94C.)
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A number of analyses of databases have been undertaken
to address this finding. For example, one group evaluated
the finding of proteinuria in 50 patients who received statins
and found that the majority was tubular in origin, based on
the presence of low–molecular weight proteins, which is
compatible with the preceding mechanism.206 A post hoc
analysis of 40,600 dyslipidemic individuals who participated
in three randomized, placebo-controlled, outcome studies
with rosuvastatin versus placebo (Measuring Effects on
Intima-Media Thickness: An Evaluation of Rosuvastatin
[METEOR], JUPITER, and CORONA) found no differences
between treatment arms in the occurrence of renal impair-
ment or renal failure (acute, chronic, or unspecified) (HR
1.03; 95% CI 0.86–1.23; P¼0.777).207 Also, a number of
meta-analyses have reported improved proteinuria with
statin therapy.208,209

Recently, two studies, one in diabetic patients and one in
nondiabetic patients who had proteinuria associated with
CKD, were conducted in which patients were randomly
assigned to atorvastatin 80 mg, rosuvastatin 10 mg, or rosu-
vastatin 40 mg/day combined with angiotensin-converting
enzyme inhibitors or angiotensin-receptor blocker therapy.
These patients were followed for 1 year.210,211 In the 325 dia-
betic patients, atorvastatin was associated with a 20% reduc-
tion in proteinuria and no substantial change in the eGFR
(a loss of about 1 to 2 mL/min/1.73 m2 in 12 months),
whereas rosuvastatin resulted in no significant change in
proteinuria and a dose-dependent increased rate of kidney
function loss (approximately 4 mL/min/1.73 m2 with the 10-
mg dose and approximately 8 mL/min/1.73 m2 with the 40-
mg dose) by 12 months. Results in the 220 nondiabetic
patients were similar, but were less pronounced. These data
suggest that atorvastatin (and possibly other statins) is pre-
ferred in patients with existing proteinuria from a safety point
of view, and that rosuvastatin might best be reserved as an
alternative statin in those patients if greater LDL-C lowering
is required.

Statins have also been associated with acute renal failure,
most often in association with rhabdomyolysis. The report-
ing rate for renal failure from the FDA AERS database
in statin-treated patients is low, 0.3 to 0.6 case per 1 million
statin prescriptions.61 This reporting rate is similar to that in a
population not receiving statins. Data from the three ran-
domized outcome trials with pravastatin (CARE, LIPID,
and WOSCOPS) revealed that renal failure or other renal
disease occurred more frequently in placebo controls
(0.8%) than pravastatin-treated patients (0.5%).179 In 2005,
an investigator-initiated analysis of the FDA AERS database
reported a higher risk of renal failure with rosuvastatin
than pravastatin, simvastatin, and atorvastatin,212 but
later that year, the FDA reported the results of a case-by-case
review of the 38 reports of renal failure and/or insufficiency
associated with rosuvastatin and concluded that, “No consis-
tent pattern of clinical presentation or of renal injury
(i.e., pathology) is evident among the cases of renal
failure reported to date that clearly indicates causation by
rosuvastatin or other statins” (U.S. FDA Public Health
Advisory 2006).213 In a large 2 million–person prospective
cohort study, 10% of whom had been prescribed statin ther-
apy, acute renal failure was found to have occurred with sim-
vastatin, atorvastatin, fluvastatin, and pravastatin, with HRs
ranging from 1.50 to 2.19; no differences in risk were seen
by type of statin.214 These data clearly show that acute renal
failure is a rare, but possible, occurrence of statin therapy

that is most likely caused by rhabdomyolysis, but also poten-
tially caused by other, possibly idiosyncratic, causes.

The consensus recommendations of the NLA Statin Safety
Task Force regarding the kidneys and statins are that routine
monitoring of serum creatinine and proteinuria during statin
therapy is not necessary for the purposes of identifying an
adverse effect, and if serum creatinine becomes elevated
in the absence of rhabdomyolysis during statin therapy,
statin therapy does not need to be discontinued.182

However, a dose adjustment may be required based on pre-
scribing information, and especially with those statins that
utilize renal elimination more. For patients with existing pro-
teinuria, atorvastatin may be the preferred statin over
rosuvastatin.

Peripheral Neuropathy
The potential risk of peripheral neuropathy with statin ther-
apy is very small.182,215 This issue has been raised mostly by
case reports suggesting an association between peripheral
neuropathy and statin use.216 In these reports, symptoms
of peripheral neuropathy appeared in 1 day to 7 years (aver-
age 6 months), were confirmed by nerve conduction tests,
and improved in all patients, some completely, within 1 to
9 months of discontinuing the statin. A meta-analysis of four
cohort observational studies yielded a summary OR of 1.8
(95% CI 1.1–3.0; P <0.001) consistent with an increased risk
of peripheral neuropathy with statin treatment.178 Amultivar-
iate logistic regression analysis of 7900 individuals aged
older than 40 years who had a lower extremity examination
in the National Health and Nutrition Examination Survey
between 1999 and 2004 found statin use to be significantly
associated with peripheral neuropathy (HR 1.3; 95% CI
1.1–1.6; P¼0.04), after controlling for, among other things,
diabetes, age, gender, hemoglobin A1c, alcohol abuse,
use of vitamin B12, and non–HDL-C.217

These observational data suggest an association between
statin therapy and peripheral neuropathy, but these data
alone are insufficient to prove causality. Large randomized
clinical trials are required, but here there is little or no proof
of an association. For example, during an average of 5 years
of therapy in 20,536 patients randomized in the Heart Protec-
tion Study (HPS), no significant excess of peripheral neurop-
athy occurred in simvastatin-treated patients (11 cases)
compared with placebo controls (8 cases).218 Similarly,
PROSPER investigators found no evidence of statin-related
peripheral neuropathy in the 5804 elderly patients (ages
70–82 years) who received pravastatin 40 mg/day or pla-
cebo for 5 years.219 To make matters even more muddled,
some reports have suggested that statins have a protective
effect against the development of peripheral neuropathy.220

Neurologists commenting on these data concluded that
“statin neuropathy likely occurs (with statin therapy) but
may be much less frequent than recently thought, and the
class appears to be neuroprotective in some settings.”221

The NLA Statin Safety Task Force concluded that although
routine neurologic monitoring of patients for changes
indicative of peripheral neuropathy are not necessary, sys-
tematic evaluation of patients who develop symptoms of
peripheral neuropathy while taking a statin is a reasonable
approach to rule out secondary causes (e.g., diabetes, renal
insufficiency, alcohol abuse, vitamin B12 deficiency).182

If another etiology is not identified, statin therapy should
be withdrawn for 3 to 6 months to establish whether an
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association with the statin exists. Although a presumptive
diagnosis of statin-induced peripheral neuropathy can be
made if the symptoms improve while off statin therapy,
rechallenge (with a different statin and dose) should be con-
sidered because of the proven benefits of statin therapy in
reducing CVD risk.

Memory Loss
As with peripheral neuropathy, case reports suggest that
memory loss or cognitive impairment may occur rarely with
statin therapy.222 In these case reports, memory loss is
reported to begin approximately 6 months after starting
the statin. Typically, before and after validated memory tests
were not performed. Upon withdrawing the statin, 42% of
cases reported subjective improvement. In the four cases
in which statin therapy was rechallenged, memory loss
reoccurred.
Many observational studies have been conducted to

assess the relationship between statin use and cognitive
functioning; these studies produced equivocal results. One
meta-analysis of eight prospective cohort studies with a 4-
year follow-up reported a 38% reduction in dementia (HR
0.62; 95% CI 0.43–0.81; P¼0.001), which suggests that statins
may have a beneficial effect on the occurrence of
dementia.223

The more definitive large, randomized clinical trials do
not support a relationship between statins and cognition
changes, either detrimental or beneficial. In the 5-year
HPS (N¼20,536), which assessed cognition at the conclud-
ing study visit, the percent of participants who were classi-
fied with cognitive impairment in those randomly assigned
to simvastatin (23.7%) and placebo (24.2%) was simi-
lar.106,218 In a more rigorous test, cognitive function was sys-
tematically assessed 6 times during a 42-week follow-up
period in the randomized, placebo-controlled PROSPER
trial, in the 70- to 82-year-old patients who initially had a
Mini-Mental State Examination score of greater than or equal
to 24.224 No differences were detected (beneficial or detri-
mental) in cognitive functioning in the 2891 patients who
received pravastatin 40 mg versus the 2913 control partici-
pants. A Cochrane review of three double-blind, random-
ized controlled clinical trials of statins versus placebo
utilizing two well-established cognition tests, the Alzheimer’s
Disease Assessment Scale and the Mini-Mental State Exami-
nation, reported that no differences in the treatment groups
were found.225 These scientists also reported that they could
find no evidence that statins were detrimental to cognition in
rigorously designed trials.
In a drug safety communication in 2012, the FDA reported

that it continued to receive reports of ill-defined cognitive
impairment (e.g., memory loss, forgetfulness, amnesia,
memory impairment, confusion) associated with statin use
from health professionals, patients, and manufacturers.226

These cases were reversible with discontinuation of the
statin. The symptoms occurred between 1 day and years
after the start of statin therapy. There was no relationship
between this occurrence and any specific statin, patient
age, statin dose, or concurrent medication use. The commu-
nication did not result in new advice or recommendations,
or any change in statin labeling, but appeared to simply alert
the practice community of the rather steady flow of case
reports of mental impairment in some individuals receiving
statin therapy.

According to the NLA Statin Safety Task Force, if a patient
experiences symptoms of impaired cognition while receiv-
ing statin therapy, other etiologies should be ruled out,
and if none are found, statin therapy may be withdrawn
for 1 to 3 months. If improvement is not observed, statin ther-
apy should be restarted based on a benefit–risk analysis.182

However, if improvement is observed off of the statin, rechal-
lenge with another statin, preferably one that is hydrophilic
and less likely to pass the blood–brain barrier (e.g., prava-
statin)227 is warranted to seek a way to attain the benefit
of LDL-C lowering with a statin while avoiding changes in
cognition.

Cancer
During the early days of the “cholesterol era,” plots of total
cholesterol levels versus CVD event rates in observational
cohort studies produced a J-shaped curve. As expected,
as cholesterol levels rose in a population, CVD events
also rose. However, on the low cholesterol end of the curve,
there was a sharp increase in death rates, thus the term
J-shaped.228 This was explained by the presence of an excess
of cancer patients and patients dying of other causes, thus,
the higher death rate in the low end of the cholesterol con-
tinuum.229 Some, however, feared the curve showed that a
low cholesterol level somehow contributed to an increased
death rate, and later, with the advent of statins and their abil-
ity to significantly lower blood cholesterol levels, that statins
themselves might cause cancer. This concern was advanced
when an excess of gastrointestinal cancer in the PROSPER
trial109 and of breast cancer in the CARE trial105 was
reported, despite the lack of corroborating evidence from
other trials. Part of the problem with interpreting the results
of any individual trial is that the numbers are too small to
properly interpret the association, especially for any individ-
ual cancers.

In 2010, the CTT Collaboration in their meta-analysis of
170,000 patients participating in 26 randomized outcome tri-
als of statins versus placebo or more-intensive statin use ver-
sus less-intensive statin use reported that there was no
overall evidence for any excess risk of cancer or of cancer
mortality associated with statin therapy.19 They updated
their analysis in 2012 by examining more than 10,000 can-
cers occurring in 175,000 participants in 27 statin outcome
trials.122 The overall incidence of the occurrence of first can-
cer after randomization in statin patients versus control indi-
viduals was found to be 1.0 (95% CI 0.96–1.04); a similar
finding was reported for cancer mortality after randomiza-
tion. Importantly, there was no increase in cancer risk in
any of 23 individual sites, including gastrointestinal and
breast, nor was there any increased risk of death from cancer
at any individual site. Because lowering of LDL-C has been
put forward as a potential cause of cancer risk, CCT scientists
examinedwhether there was any increased incidence of first
cancers yearly over the 5-year follow-up period and found
none. Further, there were no association found between
on-treatment LDL-C levels and cancer rates, but surprisingly,
there were actually fewer cancers among statin-treated par-
ticipants who had lower LDL-C levels (P¼0.008). There were
also no increased cancer rates with age among statin-treated
patients (trend P¼0.34). Finally, no differences in cancer
rates were found with any particular statin, nor was there
a difference in those statins considered lipophilic versus
hydrophilic.

253

21Statin
s



The conclusion for this impressive analysis is that statins
do not cause cancer nor do reductions in LDL-C with statin
therapy. This analysis leaves open the question of whether
lower cholesterol levels with statin therapy may actually
be somehow beneficial. Fueling this question is an analysis
of the entire Danish population older than 40 years of age,
which showed that cancer mortality was 15% lower among
individuals treated with a statin than among those who never
used a statin (HR 0.85; 95% CI 0.82–0.87; P<0.001).230

This finding calls for research to determine whether statin
therapy may help this population.
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INTRODUCTION

Bile acid sequestrants (BASs) effectively reduce plasma low-
density lipoprotein cholesterol (LDL-C) by interrupting the
enterohepatic circulation of bile acids, with consequent
diversion of hepatic cholesterol toward the synthesis of
new bile acids. Multiple randomized trials, including one
large monotherapy cardiovascular outcomes trial, have
shown that BASs can inhibit progression of atherosclerosis
and reduce cardiovascular events. Pharmaceutical BASs
are large polymers that lack systemic absorption, and thus,
avoid systemic side effects. However, their adsorptive mech-
anism of action requires bulk administration, leading to
inconvenience and sometimes to gastrointestinal side
effects. Because of these drawbacks, BASs are generally
regarded as second-line or additive agents for treating hyper-
cholesterolemia. They can be drugs of choice in situations in
which patient safety is the key consideration, such as in chil-
dren or in women of childbearing potential.

HISTORY

Cholestyramine, the first BAS, was developed in the
late 1950s. It is an insoluble styrene–divinylbenzene co-
polymer bearing quaternary ammonium ions—an anion
exchange resin. In 1959, Bergen et al. reported that cho-
lestyramine reduced serum total cholesterol in humans by
an average of 20%.1 This marked the discovery of a
second effective agent for hypercholesterolemia, following
niacin earlier in the decade.
An upper limit to dosing of cholestyramine was estab-

lished in an early study, in which a dose of 30 g/day was
shown to induce steatorrhea by impairing intestinal lipase
activity in normal individuals.2 Subsequently, cholestyr-
amine was used in large clinical trials, with a target of
24 g/day in three divided doses.3,4

Colestipol was introduced at the beginning of the 1970s.
It is a high–molecular weight, insoluble copolymer of diethy-
lenetriamine and 1-chloro-2,3-epoxypropane. Like cholestyr-
amine, colestipol is an insoluble anion exchange compound
with a slightly lower binding capacity for bile salts. Thus,
the highest dose of colestipol recommended clinically is
30 g/day.5 In clinical use, the effects on lipoproteins and
the side effects of colestipol are indistinguishable from those
of cholestyramine.6

Colesevelam is a polyallylamine cross-linked with epi-
chlorohydrin and alkylated with 1-bromodecane and

6-bromohexyltrimethylammonium bromide. The presence
of alkylated amines in this compound enhances the binding
capacity and affinity for bile salts. Colesevelam gained mar-
keting approval in the United States in 2000. It has fewer drug
interactions and lower rates of gastrointestinal side effects
than the first-generation BASs.7

Colestimide, a 2-methylimidazole–epichlorohydrin poly-
mer, is another second-generation BAS administered in tablet
form; it is currentlymarketed in Japan. It has been shown tobe
effective in combination therapy for familial hypercholesterol-
emia (FH).8 Clinical trials with this compound have focused
on phosphate lowering in kidney dialysis patients and on
combined lipid and glucose amelioration in diabetes.9,10

MECHANISM OF ACTION

Bile acids are synthesized by the liver from cholesterol. The
first step in their production is the 7α-hydroxylation of cho-
lesterol by the rate-limiting enzyme cytochrome P450 7A1
(CYP7A1). A series of enzymatic reactions leads to the for-
mation of the most common bile acids in humans, cholic
acid and chenodeoxycholic acid. Before their release from
the liver, bile acids are conjugated with taurine or glycine to
form less toxic, more hydrophilic bile salts. These are then
secreted into the gallbladder, where they are stored and con-
centrated. Bile salts are released from the gallbladder into
the intestine following postprandial stimuli.11

Bile acids act as detergents to solubilize dietary fats and
other nonpolar nutrients via the formation of mixed micelles
in the intestinal lumen, facilitating intestinal absorption of
these substances. Solubilization and absorption of choles-
terol are completely dependent on the presence of bile
acids. Bile acid micelles deliver fatty substances to mucosal
absorptive cells throughout the small intestine, but the bile
acids themselves undergo limited absorption until they
reach the terminal ileum. In the terminal ileum, the apical
sodium bile acid transporter (ASBT, or solute carrier family
10 member 2 [ASBT/SLC10A2]) and the basolaterally local-
ized heterodimeric organic solute transporter Ostα/Ostβ are
responsible for efficient uptake of bile acids.11 More than
95% of intestinal bile acids are absorbed in the small intes-
tine, and less than 5% are excreted in feces (Fig. 22-1).
The absorbed bile acids are carried by portal blood
flow to the liver, where a transport protein (termed the
Na+ -taurocholate cotransporting polypeptide) mediates
their uptake into hepatocytes. Organic anion transporting
polypeptides are also involved in this process.11
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The daily synthetic rate of bile acids in humans, approxi-
mately 500 mg, is essentially equal to fecal bile acid excre-
tion, because no other elimination pathway exists.11–14

Utilization of hepatic cholesterol for bile acid synthesis rep-
resents a substantial fraction of the total body turnover of
cholesterol, which is approximately 1000 mg/day, 800 mg
of which is derived from de novo synthesis and 200 mg from
dietary sources (only half of the usual 400-mg dietary choles-
terol intake is absorbed).14

With administration of BASs, fecal bile acid excretion can
increase to 1000 to 3000 mg/day (Fig. 22-1).15,16 Bile acid
synthesis from cholesterol may increase five- to ten fold. In
addition, the intestinal absorption of cholesterol decreases
modestly because of intestinal bile acid depletion, thus
increasing the fecal elimination of biliary cholesterol. These
effects establish a substantial drain from the total body cho-
lesterol pool, but the decrease is partially compensated by
increased cholesterol synthesis.

In 1999, the key transcriptional regulator of bile acid path-
ways in the intestine and liver was discovered to be the far-
nesoid X receptor (FXR) (Fig. 22-2).17 Bile acids were
identified as the natural ligands of this nuclear receptor,
now known as the farnesoid X receptor/bile acid receptor
(FXR/BAR), or nuclear receptor subfamily 1 group H

member 4 (NR1H4).11 Thus, bile acids are directly involved
in regulation of gene expression in the liver and intestine
because of interaction with FXR. Bile acid production and
circulation are tightly regulated via the FXR, with effects
on genes involved in bile acid synthesis, metabolism, and
transport in the enterohepatic circulation.11,18,19 In addition,
because of the effects of FXR on other metabolic processes,
bile acids are also important metabolic regulators.

FXR forms a heterodimer with its obligate partner, the 9-cis
retinoic acid receptor (RXR), and the FXR/RXR-α heterodi-
mer binds DNA. The hormone response element to which
FXR/RXR binds is termed an FXR response element. Many tar-
get genes for FXR/RXR have been identified.19

Bile acids downregulate the rate-limiting enzyme of bile
acid synthesis, cholesterol 7α-hydroxylase (CYP7A1), by

Enterohepatic Circulation of Bile Acids

Effect of Bile Acid Sequestrant

Depletion of hepatic
cholesterol via diversion
to bile acid synthesis

Retention of bile acids by
nonabsorbable polymer

A

B

Cholesterol

Bile acids

Cholesterol

Bile acids

Fecal
excretion

Increased fecal
excretion

FIGURE 22-1 Effect of bile acid sequestrants on the enterohepatic circulation
of bile acids. A, Bile acids are synthesized in the liver from cholesterol. In the terminal
ileum, more than 95% of bile acids are absorbed and return to the liver. B, Binding of
bile acids to a nonabsorbable polymer leads to a three- to ten fold increase in fecal
excretion. Hepatic synthesis from cholesterol increases to a similar degree in
response to bile acid depletion. Consequently, hepatic cholesterol levels fall, leading
to increased synthesis of cholesterol and increased expression of hepatic low-density
lipoprotein receptors. Plasma low-density lipoprotein levels fall because of increased
uptake in the liver.

CHOL

JNK

SHP
RXR FXR

FGFR-4

ASBT

CYP7A1

FGF-19BA

RXR FXR

BA

(–)

(–)

BA

BA

BA

BA

Hepatocyte

Ileal absorptive cell
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FIGURE 22-2 Regulatory mechanisms of BA metabolism. Cytochrome p450
isoenzyme 7A1 (CYP7A1) mediates 7α-hydroxylation of cholesterol, the rate-limiting
step in BA synthesis from cholesterol. CYP7A1 is under negative regulation via the
JNK cascade and is also subject to transcriptional downregulation via the SHP. Ileal
absorptive cells express the ASBT, which mediates uptake of bile acids from the
intestinal lumen. Bile acids activate the FXR, a transcription factor that binds DNA as
a heterodimer with the 9-cis RXR–α RXR. One target gene upregulated by FXR/RXR
in ileal cells encodes FGF19. FGF19 travels by the portal circulation to the liver,
where it interacts with the transmembrane tyrosine kinase receptor, FGF receptor 4
(FGFR4), on the surface of hepatocytes, negatively regulating bile acid synthesis via
JNK. In hepatocytes, bile acid–activated FXR/RXR promotes transcription of SHP. SHP
dimerizes with and inactivates the transcription factors liver X receptor (not shown)
and liver receptor homolog–1 (not shown), leading to downregulation of CYP7A1
expression and decreased bile synthesis. See references 11 through 20, 24, and 25.
ASBT, apical sodium bile acid transporter; BA, bile acid; CHOL, cholesterol; FGF,
fibroblast growth factor; FXR, farnesoid X receptor; JNK, c-Jun N-terminal kinase;
RXR, retinoic acid receptor; SHP, small heterodimer partner.
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several mechanisms. In ileal absorptive cells, bile salt regu-
lation of FXR increases transcription of fibroblast growth fac-
tor–19 (FGF19; FGF15 in mice), which is secreted into the
portal vein. Subsequently, FGF19 binds the cell surface
receptor FGFR4 on hepatocytes, activating the c-Jun N-
terminal kinase pathway, which inhibits CYP7A1. In hepato-
cytes, bile acid activation of FXR increases the expression of
the small heterodimer partner (SHP, or nuclear receptor sub-
family 0 group B member 2 [NR0B2]), which is a member of
the nuclear receptor superfamily and lacks a DNA-binding
domain. The SHP then dimerizes with and inactivates the
liver X receptor and liver receptor homolog–1 (LRH1),
which leads to decreased CYP7A1 expression.18,19

The diversion of hepatic cholesterol to bile acid synthesis
by BAS ultimately results in lowering of plasma LDL. Deple-
tion of hepatic cholesterol is sensed by endoplasmic reticu-
lum proteins that escort sterol regulatory element–binding
proteins (SREBPs) to the Golgi complex, where they are
cleaved. SREBPs then translocate to the nucleus, where they
increase the expression of 3-hydroxy-3-methylglutaryl–
coenzyme A (HMG-CoA) reductase and the LDL receptor.20

Plasma LDL lowering is a result of increased expression of
hepatic LDL receptors.
Elucidation of the transport and signaling systems for bile

acids and cholesterol has potential implications for the
effects of BASs beyond LDL lowering. FXR affects genes
involved in triglyceride metabolism, mediating positive reg-
ulation of apolipoproteins (apo) C-II and A-V, VLDL receptor,
and phospholipid transfer protein, andnegative regulation of
apoC-III and hepatic lipase. The net result in human clinical
studies appears to be a transient lowering of plasma triglyc-
eride by administration of bile acids, and conversely, a mild
increase in plasma triglyceride by BASs.13,19

Links between glucose and bile acid metabolism have
been described.21 In small, randomized clinical trials, chole-
styramine 24 g/day, given to nondiabetic individuals, and
colesevelam 3.75 g/day, given to diabetic individuals, were
shown to reduce fasting plasma glucose levels.22,23 Coleseve-
lam also lowered hemoglobin A1c levels by 0.5% (P¼0.007)
compared with placebo-treated individuals.23 The effects of
bile acids and of BAS on glucose regulation have been
extensively studied. Activation of FXR in mice has been
shown to increase insulin sensitivity, leading to hypoglyce-
mia.24 Therefore, deactivation of the FXR related to the
use of BASs might be expected to raise glucose, not lower
it. Nevertheless, decreased FXR activity might lead, via a
decreased SHP, to upregulation of the hepatic liver X recep-
tor, which can decrease gluconeogenesis.25 Bile acids may
also act on the G-protein–coupled receptor TGR5, which is
involved in incretin secretion. BASs may increase secretion
of the incretin glucagon-like peptide–1 through this mecha-
nism. Beyson et al. showed an effect on incretins in patients
with type 2 diabetes mellitus who were treated with colese-
velam.26 In addition, other mechanisms may be involved in
the effects of BASs on glucose levels.13,19,27

EFFECTS ON PLASMA LIPOPROTEINS

The major effect of the BASs is the reduction of LDL-C levels,
with a corresponding decrease in total cholesterol. The
effect on high-density lipoprotein cholesterol (HDL-C) is typ-
ically a modest increase of up to 10%.28,29 As monotherapy,
BASs lower LDL-C by 5% to 30% in a dose-dependent

manner.7,30–35 The effect is seen within 2 to 4 weeks of the
start of therapy, and generally remains stable over
time.30,33,36,37 Colestipol tablets or granules lower LDL-C
by 12% at a dose of 4 g/day and by 24% at a dose of
16 g/day.36 The dose response seen in the Lipid Research
Clinics Coronary Primary Prevention Trial (LRC-CPPT) of
cholestyramine, using a dose range of 4 to 24 g/day, was a
6.6% to 28.3% decrease in LDL-C.4,34

Because colesevelam has greater bile acid–binding effi-
cacy than cholestyramine or colestipol, it can be used at
lower doses than those used for the older BASs.28–30 The
decrease seen in LDL-C is usually approximately 15% with
3.8 g/day and 18% with 4.3 g/day (seven 625-mg tablets).7,33

Because the BASs act through a mass effect on adsorption of
bile acids, they should be taken with meals to allow for max-
imum interaction with bile acids released from the gallblad-
der or biliary tree. They can be given once a day or divided,
depending on total dosage.

The BASs can increase cholesterol synthesis by affecting
HMG-CoA reductase. Use of an HMG-CoA reductase inhibi-
tor, or statin, ameliorates this effect and leads to substantial
LDL-C reductions when BASs are combined with statins. The
combination of a BAS and an HMG-CoA reductase inhibitor
can lower LDL-C levels by up to 60%.7,28,29,38–41 The statin
decreases the rise of triglyceride levels that can occur with
BASs, but BASs may also decrease the amount of triglyceride
reduction that can be seen with the more potent statins.

All three of the available BASs have been studied in com-
bination with different HMG-CoA reductase inhibitors. The
decreases in LDL-C range from 24% to 60% depending on
the dose of the BAS and of the statin.38–40,42

Because BASs can provide 10% to 25% further reduction of
LDL-C when added to statins,43 their use canmake it possible
to obtain substantial LDL-C reductions in patients who can-
not tolerate high statin doses. For example, colesevelam
3.8 g/day plus atorvastatin 10 mg/day lowered LDL-C by
48%, compared with a 53% reduction with atorvastatin
80 mg/day monotherapy.39 However, cholestyramine and
colestipol can interfere with the absorption of statins if taken
at the same time, which leads to a decrease in efficacy.41,44

Colesevelam does not affect statin absorption.
The combination of a statin, a BAS, and niacin has also

been used in patients with heterozygous FH, in whom even
greater LDL-C reductions are required.45 A typical approach
would be a statin at maximum dose, a BAS at maximally tol-
erated doses, and niacin at up to 2 g/day. The addition of
colesevelam to a regimen with high-dose statin plus ezeti-
mibe can also provide additional LDL-C reduction (up to
18%), which is a particularly useful strategy in patients
with FH.46

Before the availability of HMG-CoA reductase inhibitors,
the combination of BASs and niacin was a typical drug reg-
imen for patients with high LDL-C levels. This combination
was used in the Cholesterol Lowering Atherosclerosis Study
(CLAS) and the Familial Atherosclerosis Treatment Study
(FATS), which showed reductions in LDL-C of 30% to 40%
with colestipol 30 g/day plus niacin 3 g/day or more.47,48

However, tolerance problems are significant with high-dose
BASs and high-dose niacin.

Some patients are unwilling to take statins or are intolerant
of all statins even when given in very low doses. High doses
of BASs and niacin can be used to treat patients with
very high LDL-C levels. Combining colesevelam and
extended-release niacin can produce good lipid effects
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with fewer side effects than older resins and high-dose crys-
talline niacin. The effect of the BAS on blood glucose can
also mitigate the glucose-raising effect of niacin, as shown
in a study that combined colesevelam and niacin in patients
with impaired fasting glucose.49 Another possibility is the
combination of ezetimibe and colesevelam, which can
lower LDL-C by 32%.50 Patients with high triglycerides who
have elevated LDL-C levels after treatment with a fibric acid
derivative may be candidates for the addition of a BAS.
Because some statin and fibrate combinations increase
the risk of rhabdomyolysis, combining a BAS and a fibrate
can be a reasonable option. BASs have been combined with
clofibrate, bezafibrate, gemfibrozil, and fenofibrate.28,31,32,51

The combination of colesevelam and fenofibrate in patients
with mean baseline LDL-C levels of 159 mg/dL and median
triglyceride levels of 230 mg/dL resulted in a 17% reduction
of LDL-C, a 32% reduction of triglycerides, and an 11.5%
increase of HDL-C.51

NONLIPID EFFECTS

As discussed previously, BASs can lower blood glucose levels.
In several studies of colesevelam in patients with type 2 dia-
betes mellitus, who were treated with sulfonylureas, metfor-
min, insulin, and other diabetes medications, hemoglobin
A1c decreased by approximately 0.5%.23,52–55 The U.S. Food
and Drug Administration has approved colesevelam for
reducing blood glucose in patients with type 2 diabetes.

Reduction in high-sensitivity C-reactive protein levels
(hs-CRP) levels has also been reported with BAS use.56,57

Devaraj et al.57 found a reduction of 18.7% in hs-CRP with
colesevelam compared with placebo. There was no correla-
tion between lowering of LDL-C and lowering of hs-CRP.
No significant changes were seen in levels of interleukin-6
and tumor necrosis factor–α.57 Bays et al. pooled data from
three trials of colesevelam and statin combination therapy
and found that hs-CRP was 23% lower in patients on a statin
plus colesevelam compared with patients on a statin
alone.56

The BASs are useful in the treatment of diarrhea caused by
excessive bile salts and other causes of diarrhea. In addition,
they can decrease the pruritus caused by excessive circulat-
ing bile acids that occurs in primary biliary cirrhosis and
other types of cholestatic jaundice. However, their use is
contraindicated in complete biliary obstruction, in which
no bile is secreted into the intestine.44

PREVENTION OF ATHEROSCLEROSIS
AND CARDIOVASCULAR EVENTS

In randomized trials, BASs have been shown to inhibit pro-
gression of atherosclerosis and reduce cardiovascular
events. The most significant monotherapy outcome trial
was the LRC-CPPT, in which 3806 men, ages 35 to 59 years,
with elevated total cholesterol and without evident coronary
heart disease were randomized to therapy with cholestyr-
amine 24 g/day or placebo. The primary outcome of com-
bined coronary heart disease death and nonfatal
myocardial infarction was significantly reduced by 19%.4,34

In other trials involving resins alone or in combination with
other agents, cholestyramine and colestipol have shown
beneficial effects on coronary disease. The National Heart,
Lung, and Blood Institute (NHLBI) Type II Coronary

Intervention Study used cholestyramine 24 g/day versus pla-
cebo and showed decreased progression of coronary artery
lesions causing greater than 50% stenosis at baseline in the
cholestyramine group.3 The St Thomas’ Atherosclerosis
Regression Study was an angiographic study that compared
the effects of an intensive diet or intensive diet plus chole-
styramine 8 g twice a day compared with usual care in
men with coronary artery disease. Angiographic evidence
of progression of coronary artery disease was less, and there
was more evidence of improvement in luminal diameter in
patients treated with diet and cholestyramine compared
with the group on a usual diet.58

Angiographic studies with colestipol include CLAS,
in which the combination of colestipol 30 g/day and niacin
4.3 g/day was associated with decreased progression
and increased regression of coronary artery atherosclerosis
compared with placebo.47 In FATS, the combinations of
lovastatin 40 mg/day with colestipol 30 g/day and of niacin
4 g/day with colestipol 30 g/day produced greater regres-
sion and decreased progression of atherosclerosis, as
well as fewer clinical events, compared with conventional
therapy.48 Kane et al. used a combination of lovastatin,
niacin, and colestipol compared with diet alone in patients
with FH and very high LDL-C levels, studied in the University
of California, San Francisco Specialized Center of Research
study. Angiographic evidence of regression of atheroscle-
rotic lesions occurred in the drug-combination group,
compared with evidence of progression in the diet-only
group.59

SAFETY AND TOLERABILITY

BASs are regarded as safe LDL-lowering agents because
there is essentially no systemic exposure to the administered
drugs.5,7 By inhibiting the presentation of bile acids to intes-
tinal mucosa and to the liver, they do exert systemic effects,
including the target effect of LDL-C lowering. Nevertheless,
the polymers themselves remain in the gastrointestinal tract,
and they deserve to be called nonsystemic. The safety of
BASs is emphasized by the fact that patients with previous
statin-induced muscle toxicity tolerate colesevelam well,
despite aggravation of myalgia or weakness by most or all
other cholesterol-lowering therapies.60 BASs are the only
cholesterol-lowering agents that should be used by premen-
opausal women who are not using contraception.61

Adverse Effects
Adverse effects associated with BASs are largely gastrointes-
tinal (Table 22-1). Constipation is the most common side
effect, and it can be severe. A large fraction (10%–30%) of
people treated with first-generation BASs (cholestyramine
and colestipol) experience constipation, bloating, abdomi-
nal discomfort, and/or aggravation of hemorrhoids. Bowel
obstruction with BAS is very rare, but it has been reported
in pediatric patients.44 Cholestyramine and colestipol are
essentially equivalent in side effect profiles.5 Colesevelam
appears to be better tolerated than the first-generation BASs,
although no direct comparison has been done.44 In one
analysis of three trials, constipation was reported by 8.5%
to 14.9% of colesevelam-treated subjects.56 The selectivity
of colesevelam for bile acid anions compared with fatty acid
and other organic anions may partly explain the improved
side effect profile.
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Recommendations for minimizing constipation and bloat-
ing associated with BASs include increased fluid intake,
increased fiber, and the provision of stool softeners (e.g.,
docusate sodium). Colesevelam use is less likely to require
such ancillary measures. For first-generation BASs, a slow
increase in dosage has been recommended, perhaps over
a period of months. Dose titration may also be useful with
colesevelam, starting with one or two tablets per day and
increasing by one tablet every 2 to 3 days.
BASs should probably be avoided in patients with motility

disorders of the small and large intestine, patients with
recent abdominal surgery, and patients with recent or
repeated episodes of intestinal obstruction.44 They should
also be used with care in patients with a history of
diverticulitis.
Patients tend to prefer colesevelam or colestipol tablets

instead of cholestyramine or colestipol granules. One should
advise patients to be sure that tablets placed in the mouth
are entirely wet before swallowing, to avoid the discomfort
of a tablet sticking in the back of the throat. For patients
who have trouble swallowing large tablets, there is also a sus-
pension form of colesevelam, with packets containing 3.75
or 1.875 g. When more than 18% to 20% LDL-C lowering is
needed, granular formulations of the first-generation BASs
may be more acceptable than the large number of pills.
Patients should be informed that the granules do not dis-
solve, but can be suspended in a variety of liquids, including
water and fruit juice, or mixed with applesauce. Patients
should not take any of the granule preparations dry.
Experimentation to find a palatable vehicle should be

encouraged. Mixing the granules with psyllium powder
and ample liquid may help to counter constipation and
hardness of stools, while potentially gaining further LDL

lowering from psyllium.62 With either tablets or granules, it
is helpful to advise swallowing carefully, without gulping,
to minimize concomitant air swallowing, a major source
of intestinal gas.

BASs can worsen hypertriglyceridemia. They are contrain-
dicated as monotherapy in persons with high triglycerides
(>400 mg/dL) and in type III hyperlipoproteinemia (dysbe-
talipoproteinemia). Patients with normal baseline triglycer-
ide levels have minimal triglyceride increase, but those
with baseline triglycerides greater than 200 mg/dL may have
substantial further elevation.44,63

Interference with Absorption of Drugs
and Vitamins
First-generation BASs can interfere substantially with the
absorption of concomitantly administered drugs; coleseve-
lam has few drug interactions. Cholestyramine and colesti-
pol bind and inhibit the absorption of a wide range of
drugs. These include, but are not limited to, phenobarbital,
digoxin, levothyroxine, β-adrenergic blocking agents, cyclo-
sporine, warfarin, pravastatin, fluvastatin, aspirin, thiazide
diuretics, furosemide, penicillin, tetracycline, and gemfibro-
zil44 (Table 22-2).

Colesevelam has been shown not to affect the bioavail-
ability of digoxin, lovastatin, metoprolol, quinidine, valproic
acid, aspirin, enalapril, phenytoin, rosiglitazone, sitagliptin,
and warfarin.7,64 It can increase blood levels of extended-
release metformin.65 Colesevelam affects the absorption of
glimepiride, extended-release glipizide, and olmesartan.66

It also interferes with the absorption of levothyroxine67

(Table 22-2).

TABLE 22-1 Adverse Effects Associated with Bile Acid
Sequestrants
NONSELECTIVE POLYMERS: CHOLESTYRAMINE
AND COLESTIPOL

Common Adverse Events

Constipation Bloating

Flatulence Abdominal pain

Aggravation of hemorrhoids Indigestion and heartburn

Increase of plasma triglyceride
(usually mild)

Drug interactions

Infrequent Adverse Events

Nausea and vomiting Diarrhea

Dysphagia, esophageal obstruction
(colestipol tablets)

Rash

Urticaria Dermatitis

Hepatic transaminase elevation Alkaline phosphatase elevation

Musculoskeletal pain Headache

Impaired absorption of vitamins Swelling of hands or feet

Hypoprothrombinemic bleeding (rare) Fatigue, weakness

Hyperchloremic acidosis (at high doses) Steatorrhea (at very high drug
doses)

SELECTIVE POLYMER: COLESEVELAM

Infrequent Adverse Events

Potentially the same as those with nonselective polymers, but less frequently
observed

References from 4, 5, 44, 56, 63, 65, 68, 69, and 71.

TABLE 22-2 Bile Acid Sequestrant Drug Interactions
CHOLESTYRAMINEANDCOLESTIPOL COLESEVELAM

Decreased exposure Decreased exposure

Statins Levothyroxine

Ezetimibe Cyclosporine

Gemfibrozil, fenofibrate Glimepiride

Thiazide diuretics, furosemide Glipizide

Spironolactone Glyburide

Digoxin Olmesartan

Warfarin Some oral contraceptives

Thyroid Hormones

Oral corticosteroids Increased exposure

Phenobarbital

Vitamin K Extended-release
metformin

Cyclosporine

Penicillin, tetracycline

Raloxifine

Nonsteroidal Antiinflammatory Agents

Sulfonylureas

Loperamide

Aspirin

β-adrenergic blocking agents

Tricyclic antidepressants

(From references 7, 29, 44, 64–69, and 71.)
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Although previous recommendations have been to take
other drugs 1 hour before or 4 hours after BASs,44 data from
several colesevelam studies suggest that some medications
should be taken at least 4 hours before the BAS or 4 hours
after.64–67 Particular care is necessary when drugs with nar-
row toxic/therapeutic ratios are prescribed, such as digoxin,
thyroxine, or warfarin. The necessity for scheduling nonse-
lective BASs around other drugs, however, can make adher-
ence difficult.

The possibility of malabsorption of the fat-soluble
vitamins—A, D, E, and K—and the anionic vitamin folate
has been investigated in BAS-treated subjects. Decreased
folic acid was identified among children treated with
cholestyramine; the deficiency could be overcome by sup-
plementing with folic acid 5 mg/day.68 Among children trea-
ted with colestipol, vitamin A and vitamin E were reduced
in a subgroup with high drug adherence, but all vitamin
concentrations remained within normal limits.69 Neither
25-hydroxyvitamin D or parathyroid hormone levels were
altered in cholestyramine-treated patients, suggesting that
BASs do not induce osteomalacia.69,70 Rarely, vitamin K defi-
ciency has occurred after treatment with cholestyramine or
colestipol, and bleeding with hypoprothrombinemia has
been reported.71

THE PLACE OF BILE ACID SEQUESTRANTS IN
DYSLIPIDEMIA THERAPY AND IN TREATMENT
GUIDELINES

Although statins are the first-line medications for the treat-
ment of patients with hyperlipidemia, the BASs have
remained useful second-line medications. For patients
who do not achieve adequate LDL-C reduction on a high-
potency statin or who do not tolerate adequate statin dosing,
the 2013 American College of Cardiology/American Heart
Association cholesterol guideline cites BASs as a possible
additional therapy.72 Because patients with FH often do
not achieve adequate LDL-C reduction even with a high-
potency statin, BASs are part of strategies for treatment of
FH,73–76 with colesevelam being particularly useful com-
pared with the first-generation BASs because of its better tol-
erability and lack of interaction with statins.61

BASs can be used in premenopausal women planning
pregnancy. They are pregnancy class B and can be used
to control hypercholesterolemia during pregnancy. Colese-
velam is more tolerable than older resins, although the gas-
trointestinal discomforts of pregnancy may make BAS use
impossible. BASs can also be used during breastfeeding,
unlike statins, ezetimibe, and niacin.61
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INTRODUCTION

In humans, sterols are required for a number of physiologic
processes, but excessive sterol production or absorption can
be detrimental, because it may contribute to the develop-
ment of atherosclerosis. The net effects of dietary cholesterol
absorption, endogenous cholesterol synthesis, and biliary
cholesterol excretion regulate whole-body cholesterol bal-
ance, either by transformation into bile acids or through
direct cholesterol excretion.1–3 Recent studies have signifi-
cantly advanced our understanding of intestinal sterol
absorption at the molecular level.4 Nuclear hormone recep-
tors (e.g., liver X receptor [LXR], farnesoid X receptor [FXR],
and retinoid X receptor [RXR]) regulate the absorption of
dietary sterols by modulating the transcription of several
genes involved in cholesterol metabolism.4 One of these
genes encodes a molecule (adenosine triphosphate
[ATP]–binding cassette [ABC] transporter) that transports
dietary cholesterol from enterocytes to the intestinal lumen,
thereby limiting the amount of cholesterol absorbed.4 By the
same mechanism, ABC transporters also provide an efficient
barrier against the absorption of plant sterols. Another key
process that affects intestinal sterol absorption is the synthe-
sis of cholesteryl esters. Mice lacking the enzyme for choles-
terol esterification in the small intestine have a reduced
capacity to absorb dietary cholesterol and are protected
against diet-induced hypercholesterolemia, gallstone forma-
tion, and atherosclerosis.4 Furthermore, a key protein
involved in cholesterol transport, named Niemann–Pick
C1–like 1 protein (NPC1L1), has been characterized.
NPC1L1-deficient mice have impaired cholesterol absorp-
tion, and the lack of responsiveness to ezetimibe in these
mice suggests that NPC1L1 is likely to be the main target
of this new cholesterol-lowering drug.

The pharmacologic treatment of elevated blood choles-
terol levels has been dramatically modified over the past
25 years by the introduction of statins as the main approach
to therapy, that is, the focus has switched from reducing the
intake of fat to modulating cholesterol in the body. However,
many patients cannot reach the target for low-density lipo-
protein cholesterol (LDL-C) level through the use of statins,
fibrates, or bile acid sequestrants (BASs) alone. As a conse-
quence, the need for coadministering drugs with different
mechanisms of action has emerged. New molecules are
under intensive investigation, and ezetimibe, a specific
inhibitor of cholesterol absorption that is now available,
appears to complement the efficacy of the major classes
of hypolipidemic drugs.

This chapter focuses on the molecular mechanisms
involved in cholesterol absorption and describes the differ-
ent approaches available that directly or indirectly interfere
with cholesterol absorption.

INTESTINAL CHOLESTEROL ABSORPTION

Within the intestinal lumen, dietary cholesterol is presented
to the brush border of mucosal enterocytes as a micelle
formed by the action of bile salts, cholesterol, and fatty
acids.4,5 The initial point of contact between these micelles
and the intestinal cells that absorb cholesterol occurs at the
surface of the enterocyte brush border in the intestine.4,5

Cholesterol appears to be specifically removed from the
micelles as part of the absorption process; it is absorbed
mainly in the duodenum and jejunum, but bile acids are
not absorbed to an appreciable degree at these sites. Rather,
specific bile acid transporters located in the ileum subse-
quently absorb bile acids, delivering them back to the liver,
and thus, giving rise to enterohepatic circulation.5 A key pro-
tein involved in cholesterol absorption in the intestine,
NPC1L1, has a fundamental role in promoting cholesterol
transport through the enterocyte brush border membrane.6

This critical protein is abundantly expressed in the animal
small intestine, and mice deficient in NPC1L1 have shown
a markedly reduced sterol absorption.6 A specific inhibitor
of this transporter, ezetimibe, is now available for lowering
plasma cholesterol by an additional 15% to 25%. In the past,
noncholesterol sterols were not thought to be absorbed;
however, more recently, insights into sitosterolemia or phy-
tosterolemia depict a different situation. Phytosterolemia is a
rare autosomal recessive disorder caused by hyperabsorp-
tion and impaired biliary secretion of cholesterol and plant
sterols, which subsequently accumulate in tissues, causing
tendon xanthoma and premature coronary artery disease
(CAD). The disease appears to be caused by mutations in
two ABC transporters, ABCG5 and ABCG8, which are local-
ized at the apical membrane of the enterocyte and at the
canalicular membrane in the liver. When functional, these
proteins together form a full, active transporter and limit
the net absorption of both plant sterols and cholesterol by
actively pumping them from enterocytes back into the intes-
tinal lumen. These transporters may also promote the elim-
ination of sterols in the liver by enhancing their excretion
into bile. Mice lacking Abcg5/Abcg8 genes mimic the major
phenotypes of human sitosterolemia.6,7 After absorption,
free cholesterol and fatty acids are reesterified in the
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enterocyte by the action of acyl–coenzyme A:cholesterol
acyltransferase (ACAT), packaged with triglycerides (TGs),
phospholipids, and apolipoprotein B-48 (apoB-48) into chy-
lomicrons, and finally secreted from the basolateral site of
the enterocytes, from where they enter the lymphatic chan-
nels and eventually are transported into the peripheral circu-
lation4,5 (Fig. 23-1).
Recent studies have significantly advanced the under-

standing of intestinal sterol absorption at the molecular
level. Two nuclear hormone receptors are believed to be
involved in the regulation of cholesterol homeostasis: (1)
LXR and (2) FXR. The natural ligands for LXR and FXR are
oxysterols (oxidized derivatives of cholesterol) and bile
acids, respectively.8,9 To modulate transcriptional activity,
ligand-activated LXR or FXR form a heterodimer with one
additional nuclear hormone receptor, RXR. These heterodi-
mers control the transcription of several important genes
that participate in cholesterol metabolism, sometimes
appearing to antagonize the effects of each other. Twomech-
anisms are involved in the reduction of cholesterol following
FXR–RXR and LXR–RXR activation.10,11 The FXR–RXR het-
erodimer suppresses cytochrome P450 (CYP)7A1 expres-
sion and decreases bile acid synthesis. Because nonpolar
lipids, such as cholesterol, have limited solubility in the
aqueous environment of the intestinal lumen, bile acids
are required to solubilize these nonpolar compounds and
allow their absorption. By suppressing bile acid production,
the activated FXR–RXR heterodimer decreases the solubili-
zation and absorption of dietary cholesterol. Althoughactiva-
tion of the LXR–RXR heterodimer could not counterbalance
the FXR–RXR–mediated suppression of CYP7A1 expression,
the activated LXR–RXR heterodimer has a powerful effect on
cholesterol homeostasis by inducing the expression of ABC
transporters (specifically, ABCA1) in enterocytes. This
increase in ABCA1 expression represents the second mecha-
nismbywhich the administration of the RXR ligand decreases
cholesterol absorption. ABCA1 normally pumps cholesterol
from enterocytes back out to the intestinal lumen, thereby lim-
iting the amount of cholesterol absorbed.12 Mice treated with

the RXR ligand have an increased intestinal expression of
ABCA1, mediated by the activation of the LXR–RXR heterodi-
mer. As a consequence, pharmacologic activation of the
nuclear hormone receptors RXR, LXR, and FXR, including per-
oxisome proliferator–activated receptor agonists, positively
affects ABCA1 expression and activity13,14 and may represent
a pharmacologic target for controlling hypercholesterolemia.
In addition to transporting cholesterol, ABC transporters
appear to be involved in the metabolism of plant sterols. Nor-
mally, the human intestineprovides anefficient barrier against
the absorption of plant sterols, that is, less than 5% of dietary
plant sterolsareabsorbedcomparedwith40%to60%ofdietary
cholesterol.15,16

Because plant sterols are also preferentially removed by
the liver and excreted into bile, plasma concentrations of
plant sterols in humans are usually low.17 This defense
against the absorption of plant sterols is disrupted in β-sito-
sterolemia, a rare autosomal recessive disorder character-
ized by the accumulation of large amounts of plant sterols
in most tissues.18 As a result, almost all affected patients
develop CAD at an early age. The genetic defect was local-
ized to chromosome 2p21 in 1998,19 and two groups inde-
pendently identified the genes as members of the ABC
transporter family20,21: ABCG5 and ABCG8, two half-
transporters that associate to form a fully active transporter.
After absorption into the enterocyte, ABCG5 and ABCG8
mediate the transport of plant and shellfish sterols, as well
as cholesterol, from the enterocyte back into the lumen,
thereby decreasing their absorption; thus, a mutation in
ABCG5 or ABCG8 results in a dysfunctional transporter that
fails to eliminate plant and shellfish sterols from the body.12

Another molecule that plays a key role in the absorption of
sterols is ACAT, the enzyme that catalyzes the synthesis of
cholesteryl esters.22–24 The esterification of free cholesterol
within cells allows the cholesterol to be stored as a neutral
lipid in cytosolic droplets.

Cholesteryl ester synthesis also participates in the pack-
aging of cholesterol into lipoprotein particles for export.
The precise role of cholesterol esterification in intestinal
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cholesterol absorption is not fully understood. However,
because enterocytes take up only free cholesterol but
secrete mostly cholesteryl esters onto lipoprotein particles
(chylomicrons), cholesteryl ester synthesis is important in
enhancing cholesterol absorption, perhaps by creating an
intracellular diffusion gradient for free cholesterol.4

AGENTS AFFECTING CHOLESTEROL
ABSORPTION

Different therapeutic approaches that could interfere
with cholesterol absorption are currently available
(Fig. 23-2). These include molecules such as phytosterols
and BASs that interfere with cholesterol dispersion into the
micelles and that bind and impair the reabsorption of bile
acids. More recently, new selective molecules for specific
targets have emerged. These include ezetimibe, which
inhibits NPC1L1; ACAT inhibitors, which inhibit choles-
terol esterification; and microsomal triglyceride transfer
protein (MTP) inhibitors, which indirectly affect choles-
terol absorption.

Phytosterols
Phytosterols are cholesterol-like molecules found in all plant
foods, with the highest concentrations occurring in vegeta-
ble oils.25 They are absorbed only in trace amounts, but
inhibit the absorption of intestinal cholesterol, including
recirculating endogenous biliary cholesterol, a key step in
cholesterol elimination. Natural dietary intake varies from
about 167 to 437 mg/day. Attempts to measure biologic
effects in feeding studies have been impeded by limited sol-
ubility in both water and fat. Esterification of phytosterols
with long-chain fatty acids increases fat solubility by 10-fold
and allows delivery of several grams daily in fatty foods, such
as margarine.25 Phytosterol esters at a dosage of 2 g/day
reduces LDL-C by 10%; little difference is observed in the
hypercholesterolemic activity between Δ5-sterols and
5α-reduced sterols (stanols). Phytosterols may also be dis-
persed in water after emulsification with lecithin and may
reduce cholesterol absorption when added to foods. In con-
trast to these supplementation studies, much less is known
about the effect of low phytosterol levels in the diet.25 How-
ever, reduction of cholesterol absorption can be measured
at a dose as low as 150 mg during otherwise sterol-free test
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meals, which suggests that natural food phytosterols may be
clinically important. Current literature indicates that phytos-
terols are safe when added to the diet and that measured
absorption and plasma levels are very small.26 However,
the effects of large doses on phytosterol levels require careful
evaluation. Increasing the aggregate amount of phytosterols
consumed in a variety of foods may be an important way of
reducing population cholesterol levels and preventing CAD
on a population basis.

Bile Acid Sequestrants
Drugs that interfere with cholesterol absorption have been
used since the discovery in the 1960s that ileal exclusion,
which was designed to reduce dietary cholesterol
intake, also reduced bile acids.27 BASs, including cholestyr-
amine, colesevelam, colestilan, colestimide, and colestipol,
significantly reduce elevated LDL-C levels. The two original
resins, cholestyramine and colestipol, are both bile acid
(anion)–binding exchange resins (Fig. 23-3). Neither is
systemically absorbed or altered by digestive enzymes. The
beneficial clinical effects are indirect. The binding of bile
acids, and the subsequent elimination into the feces,
reduces bile acid reabsorption in the ileum. The liver

synthesizes cholesterol to cope with the increased demand
for bile acids. The effectiveness of these drugs, however, is
limited by the need to mix the powders in liquid. The incon-
venience, combined with the taste and the gastrointestinal
side effects, limits the top dose to 24 g/day of cholestyramine
or 30 g/day of colestipol—enough to result in a mean reduc-
tion in serum cholesterol of 15% to 17% or a reduction in
serum LDL-C of 18% to 25%.28 Coadministration of cholestyr-
amine or colestipol with statins increases the lipid-lowering
effects of statins.28 Gastrointestinal adverse effects (most
commonly flatulence and constipation) are often present
with low dosages, as low as 2 g/day, and increase with
increasing dosage. Most patients stop taking BASs within a
few weeks, although some patients adjust to the therapy.
Patients should have levels of fat-soluble vitamins checked
whenever they have a severe response, such as steatorrhea,
for a prolonged period.

A persistent concern with early lipid-lowering agents was
the potential for reduced steroid hormone levels, because,
like bile, steroid hormones are produced from cholesterol
stores. Many trials examined the effects of various markers
in normal and dyslipidemic populations as an indication
of adequate steroid hormone production. In all of these
trials, growth was not limited; sexual maturation, sperm pro-
duction, and fertility were not affected; and all other similar
endpoints, such as steroid production following stimulation
with cortisone of the adrenal glands, were normal. Early
studies with resins indicated that the levels of steroid
hormones decreased, but rarely below the lower limits of
normal; in addition, patients who were stimulated often
responded as rapidly as patients who were not taking
lipid-altering drugs.29

Colesevelam represents a new formulation of the bile
acid–binding resins.29 It is essentially a more “tailored” com-
pound that offers more bile acid–binding sites for a given
length of polymer backbone. The amount of colesevelam
required to achieve significant results in reducing LDL-C is
less than that needed with colestipol or cholestyramine.29

In combination with statins, colesevelam provided a signifi-
cant incremental additive effect. The combination of 20 mg
of simvastatin with 2.3 g of colesevelam reduced LDL-C by
42%, as did 10 mg of simvastatin with 3.8 g of colesevelam.
In combination with 10 mg of atorvastatin, 3.8 g of coleseve-
lam decreased LDL-C by 48%, which is similar to the effects
expected with 40 mg of atorvastatin alone.30 Although cole-
sevelam binds avidly to bile acids and cholesterol, it does
not have a significant interaction with digoxin, lovastatin,
metoprolol, quinidine, valproic acid, or warfarin.31 Colese-
velam should be used with appropriate caution following
major gastrointestinal surgery and in patients with dyspha-
gia, patients with marked hypertriglyceridemia, and patients
suspected of having or being susceptible to fat-soluble vita-
min deficiencies.

The bile acid–binding resins are widely used for lowering
cholesterol in children. Multiple studies have reported the
experience of long-term treatment, although most of these
studies are of small size. Significant efficacy in children is
usually achieved with doses proportional to body size, or
about half the dose needed in adults. As with adults, the
use of resins does not decrease fat-soluble vitamins in the
blood unless the patient develops significant gastrointestinal
problems. Still, multivitamins are often used in pediatric
practice with patients who are taking these drugs. Children
often tolerate the resins better than adults and have
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significantly fewer adverse events, although they are more
prone to discontinue therapy. Although BASs have not
undergone placebo-controlled testing in children, these
agents have been effectively and safely used in at least
two generations of patients. It has been shown that triple
therapy (using a combination of a stanol ester with a mod-
erate dose of statin and resin) makes it possible to control
LDL-C levels effectively in hypercholesterolemic patients.32

Additional studies are needed to investigate this issue.
In addition to significant lipid-lowering properties, data

from several studies suggest that BASs might also improve
glycemic control in patients with type 2 diabetes.33–36 The
initial observation of a glucose-lowering effect of a BAS
was reported from a study that evaluated cholestyramine
in patients with dyslipidemia and type 2 diabetes; 8 g of cho-
lestyramine twice daily reduced plasma glucose levels by
13% after 6 weeks.33 Subsequently, several small studies
showed that colesevelam, colestilan, and colestimide each
improved glycemic control in patients with type 2 diabe-
tes.34–36 Colesevelam was evaluated in a large clinical trial
program in adults with type 2 diabetes.37 This agent was
shown to improve glycemic control significantly (while also
significantly reducing LDL-C levels) when added to existing
antidiabetes therapy in patients with type 2 diabetes.38–40

The mechanism responsible for the glycemic effect of BASs
remains unexplained, despite ongoing studies. Potential
mechanisms include effects on the FXR (the bile acid recep-
tor) and TGR5 (a G protein–coupled receptor)41 within the
intestine, as well as effects on FXR within the liver, which
may ultimately reduce endogenous glucose production
(reviewed by Goldfine42 and Staels43). Furthermore, BASs
may affect secretion of incretin hormones, particularly
glucagon-like peptide–1 (GLP-1) and glucose-dependent
insulinotropic polypeptide. In patients with type 2 diabetes
and hypercholesterolemia, treatment with 1500 mg/day of
colestimide increased fasting GLP-1 levels.44 Similarly, treat-
ment with 3.75 g/day of colesevelam increased fasting GLP-1
levels as well as postprandial GLP-1 and glucose-dependent
insulinotropic polypeptide levels.45 Additional studies are
needed to elucidate fully the mechanism(s) for the benefi-
cial glycemic effects of BASs.

Ezetimibe
Ezetimibe (Fig. 23-4) is a highly potent and selective choles-
terol absorption inhibitor that reduces absorption of choles-
terol from dietary and biliary sources by preventing transport
of cholesterol through the intestinal wall.46,47

A major advance in the understanding of ezetimibe’s
mechanism of action occurred in 2004, when Altmann
et al. evaluated sequence data from human, rat, and mouse
gastrointestinal complement deoxyribonucleic acid librar-
ies to identify proteins with features such as transmembrane
domains and known cholesterol-sensing motifs that would

be expected to be seen in a putative cholesterol trans-
porter.48 A candidate emerged from this search, namely,
NPC1L1 protein, whose gene is designated as Npc1l1 in mice
and NPC1L1 in humans. NPC1L1 was first described in
200049; its name was derived from the fact that it shared
42% amino acid identity with Niemann–Pick type C1 protein
(NPC1), which encodes a protein involved in intracellular
cholesterol transport and is also the causative gene for
Niemann–Pick disease type C1.50 In mouse, rat, and human
models, the small intestine showed high level of NPC1L1
messenger ribonucleic acid (mRNA) expression.48 With
the exception of the human liver, which showed similar
levels of expression as the intestine, NPC1L1 expression in
all other tissues was less than 10% of intestinal expression
and was barely detectable in many tissues, in contrast to
the fairly ubiquitous tissue expression of NPC1. Further anal-
ysis of the duodenal–ileal axis of rat small intestine demon-
strated that peak expression of Npc1L1 mRNA and Npc1L1
protein occurred in the proximal jejunum, which was also
the predominant site for sterol absorption.48

Interestingly, ezetimibe has also been shown to block the
uptake of oxidized LDL by human macrophages through
inhibition of both NPC1L1 and the annexin-2–caveolin-1 het-
erocomplex,51 which suggests that the actions of this agent
may extend beyond the intestinal epithelium. Aminopepti-
dase N (CD13) in the brush border membrane may repre-
sent an additional molecular target for ezetimibe.
Ezetimibe has been shown to bind to aminopeptidase N,
thereby blocking the endocytosis of cholesterol from
micelles in the intestinal lumen.52 Additional evidence has
come from in vitro binding assays that directly tested the
interaction between the drug and NPC1L1. Garcia-Calvo
et al.53 developed a binding assay and showed that labeled
ezetimibe glucuronide was bound specifically to a single site
in intestinal epithelial brush border membranes and in
embryonic kidney cells engineered to express NPC1L1. Fur-
thermore, the binding affinities of ezetimibe and its analogs
to recombinant NPC1L1 were indistinguishable from those
observed for native enterocyte membranes. Values for the
dissociation constant of ezetimibe glucuronide for NPC1L1
were evaluated in intestinal enterocyte membranes and
human embryonic kidney cells engineered to express
NPC1L1 from various species. Binding affinities were highest
for rhesus monkeys, compared with more moderate values
for rats and humans; the lowest values reported were for
mice, and this also correlates well with the in vivo potency
observed for ezetimibe across species. Also, ezetimibe failed
to affect cholesterol absorption inNpc1l1–/–mice compared
with wild-type mice. These results established NPC1L1 as
ezetimibe’s target. NPC1L1 is expressed in the membrane
of primate hepatocytes, and NPC1L1 facilitates cholesterol
uptake in hepatoma cells.54 Transgenic mice expressing
human NPC1L1 in hepatocytes (L1-Tg mice) show a 10- to
20-fold decrease in biliary cholesterol concentration, but
not in phospholipid and bile acid concentrations. This
decrease is associated with a 30% to 60% increase in plasma
cholesterol, mainly because of the accumulation of apoE-
rich, high-density lipoprotein (HDL). Biliary and plasma cho-
lesterol concentrations in these animals virtually returned to
normal with ezetimibe treatment. These findings suggest that
in humans, ezetimibe may reduce plasma cholesterol by
inhibiting NPC1L1 function in both the intestine and the
liver; furthermore, hepatic NPC1L1 may have evolved to pro-
tect the body from excessive biliary loss of cholesterol.54
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FIGURE 23-4 Molecular structure of ezetimibe.
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Ezetimibe interferes with intestinal absorption of choles-
terol without affecting absorption of TGs, fatty acids, bile
acids, or fat-soluble vitamins,47 unlike pancreatic lipase
inhibitors (e.g., orlistat), which affect the absorption of
TGs and may decrease the absorption of fat-soluble vita-
mins.55 Furthermore, ezetimibe also differs from BASs
(e.g., cholestyramine), which interfere with absorption of
vitamins A, D, E, and K, taurocholate, and bile acids.56 Eze-
timibe undergoes phase II metabolism,46 yielding a glucuro-
nide that is pharmacodynamically active. Following
intraduodenal delivery to rodents, ezetimibe is rapidly and
extensively glucuronidated in the intestinal wall, is absorbed
into the portal plasma, and passes through the liver into the
bile within minutes.46 Once glucuronidated, ezetimibe cir-
culates enterohepatically, repeatedly returning to the pri-
mary site of action (the intestine), thus limiting peripheral
exposure. This recirculation may explain the long duration
of action of ezetimibe. Ezetimibe localizes in the intestinal
wall, mainly as the phenolic glucuronide (SCH 60663).46

Comparative studies suggest that the glucuronide is a more
potent inhibitor of cholesterol absorption than ezetimibe,46

and the localization of the glucuronide at the intestinal villi
may explain apparent increase in potency of the glucuro-
nide compared with ezetimibe. Specific localization of radi-
olabeled ezetimibe to the intestinal villi, which is its site of
action, has been demonstrated in bile-cannulated rats intra-
venously injected with 3H-ezetimibe.46 Autoradiographic
analysis of cross sections of the intestines of these rats shows
that ezetimibe is located throughout the intestinal villi and is
concentrated in the tips of the intestinal villi. Results from
preclinical studies in various animal models have demon-
strated the lipid-lowering and antiatherosclerotic properties
of ezetimibe as a single agent, as well as a synergistic effect
when combined with a statin. In cholesterol-fed rhesus mon-
keys, ezetimibe reduced both plasma cholesterol and LDL-C
in a dose-dependent manner.57 In apoE-knockout mice, eze-
timibe reduced serum cholesterol by more than 50% and
decreased carotid (97%) and aortic (47%–87%) atheroscle-
rosis.58 Ezetimibe inhibited the rise of plasma cholesterol
in cholesterol-fed dogs (median effective dose 0.007 mg/
kg/day).59 In animals fed cholesterol-free diets, ezetimibe
caused only modest reductions in plasma cholesterol levels,
which was likely the result of an upregulation of hepatic cho-
lesterol synthesis.60 Ezetimibe reduces the delivery of dietary
and biliary cholesterol to the liver from the intestine, result-
ing in a decrease of hepatic cholesterol stores and upregula-
tion of hepatic 3-hydroxy-3-methylglutaryl–coenzyme A
reductase activity. The drug therefore has a mode of action
complementary to that of the statins in lowering plasma cho-
lesterol concentrations, because ezetimibe inhibits the
absorption of cholesterol, whereas statins decrease synthesis
of cholesterol. A synergistic reduction in plasma total choles-
terol (TC) concentration was demonstrated in dogs treated
with ezetimibe (0.007 mg/kg/day) combined with lovastatin
(5 mg/kg/day), pravastatin (2.5 mg/kg/day), or fluvastatin
(2.5 mg/kg/day).59

In humans, the efficacy and safety of ezetimibe in mono-
therapy in phase 2 studies were evaluated in patients with
mild to moderate primary hypercholesterolemia (LDL-C
130–250 mg/dL and TG �350 mg/dL), who were given
10 mg of ezetimibe for 12 weeks. According to the study,60,61

compared with placebo, directly measured LDL-C was 17.3%
to 18.5% lower with the use of ezetimibe. This effect occurred
within 2 weeks and persisted throughout the 12-week

treatment period. The response to ezetimibe was generally
consistent across all subgroups, regardless of risk factor sta-
tus, gender, age, race, or baseline lipid profile.60,61 In addi-
tion, a modest increase in HDL cholesterol (HDL-C)
(2.3%–2.9%) was observed. The adverse event profiles for
the ezetimibe and placebo groups were similar. Overall,
the nature, number, and pattern of occurrence of adverse
events that led to study discontinuation suggested no differ-
ential risk with ezetimibe treatment relative to placebo (3%
of placebo and 4% of ezetimibe recipients discontinued
treatment because of adverse events). The incidence of ele-
vated liver function test values (alanine aminotransferase or
aspartate aminotransferase�3� the upper limit of normal at
two consecutive visits >1 week apart) was less than 1% in
both placebo and ezetimibe treatment groups. Elevated
muscle enzyme values (creatine kinase �10� the upper
limit of normal) were reported in less than 1% of both
placebo and ezetimibe treatment groups. All the observed
increases were asymptomatic and either transient with
continued treatment or reversible following treatment
discontinuation (Table 23-1).

The effect of ezetimibe (10 mg/day) on cholesterol
absorption and synthesis, sterol excretion, and plasma con-
centrations of cholesterol and noncholesterol sterols was
investigated in individuals with mild to moderate hypercho-
lesterolemia.62 Ezetimibe reduced cholesterol absorption by
54% (P<0.001) while increasing cholesterol synthesis by
89%; furthermore, bile acid synthesis was slightly but not sig-
nificantly increased. These results suggest that ezetimibe
inhibits cholesterol absorption and promotes a compensa-
tory increase in cholesterol synthesis, followed by clinically
relevant reductions in LDL-C and TC concentrations. Ezeti-
mibe also reduces plasma concentrations of the noncholes-
terol sterols sitosterol and campesterol, which suggests an
effect on the absorption of these compounds as well.

Despite the established efficacy of statins, many patients
taking statins do not achieve their lipid goals. Combining
lipid-modifying agents that act through complementary path-
ways may provide more effective lowering of LDL-C.63 Ezeti-
mibe plus atorvastatin or simvastatin 80 mg was almost four
times more effective in reducing LDL-C compared with dou-
bling the statin dose from 40 to 80 mg, the maximum recom-
mended dose, in patients with homozygous familial
hypercholesterolemia (FH).64 LDL-C reductions were seen

TABLE 23-1 Ezetimibe Monotherapy: Treatment-
Emergent Clinical and Laboratory Adverse Events

VARIABLE
PLACEBO
(n¼226)

EZETIMIBE
(n¼666)

Clinical Adverse Events*

Upper respiratory infection 25 (11%) 57 (9%)

Headache 18 (8%) 53 (8%)

Back pain 11 (5%) 33 (5%)

Musculoskeletal pain 9 (4%) 31 (5%)

Arthralgia 12 (5%) 28 (4%)

Laboratory Adverse Events

ALT �3� ULN, consecutive 0 1 (<1%)

AST �3� ULN, consecutive 1 (<1%) 2 (<1%)

CK �10� ULN 1 (<1%) 3 (<1%)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase;
ULN, upper limit of normal.

*Occurring in more than 4% of patients in any group. From Reference 60.
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within 2 weeks, were sustained throughout the study, and
were obtained in patients receiving dietary therapy and in
half of the patients, concomitant LDL apheresis.64 The rele-
vance of these findings is highlighted by the limitations of
pharmacologic therapy (including high-dose statin therapy)
in reducing LDL-C in patients with homozygous FH com-
pared with other types of hypercholesterolemia. Ezetimibe
exerts comparable actions in other forms of severe hypercho-
lesterolemia. The effect of statins in homozygous FH seems to
be significantly limited by the inability of these patients to
upregulate the LDL receptor effectively, whereas the primary
mechanism responsible for ezetimibe-induced LDL-C lower-
ing, that is, inhibition of cholesterol absorption at the intesti-
nal brush border, seems to be largely unaffected by the
pathophysiologic milieu of homozygous FH. As for safety,
ezetimibe and statins used in combination have shown an
overall tolerability and safety profile similar to statins alone;
no excess of myopathy or myositis associated with ezetimibe
compared with statins or placebo has been observed.64

Moreover, when administered with statins, ezetimibe had
no effect on the pharmacokinetic profile of statins, digoxin,
oral contraceptives (ethinyl estradiol and levonorgestrel),
glipizide, tolbutamide, midazolam, or warfarin64 because
ezetimibe is not metabolized via CYP450. The efficacy of eze-
timibe coadministered with statins has been proved for lova-
statin,65 simvastatin,66 pravastatin,67 and atorvastatin68

(Fig. 23-5). Broader lipid control is achieved when ezeti-
mibe is co-administered with low doses of statins than when
the dose of statin monotherapy is increased.65–68 Pooled effi-
cacy results show an additional reduction in LDL-C of 14% to
18%, an additional reduction in TGs of 10%, and an addi-
tional increase inHDL-C of up to 5%. The combination of eze-
timibe with atorvastatin provided a significant additional
10% reduction in high-sensitivity C-reactive protein versus
atorvastatin alone.68 This finding suggests an added anti-
inflammatory effectof thecombination, possibly resulting from
the overall complex effect of ezetimibe on the lipid profile.

In clinical practice, ezetimibe coadministered with a statin
may enable more patients to achieve recommended LDL-C
levels by offering greater lowering with few dosage titrations
and may also be a well-tolerated alternative for patients in
whom maximum-dose statin monotherapy is inadequate.

The efficacy of ezetimibe was also studied in patients with
β-sitosterolemia.69 Thirty-seven patients were randomized to

receive either ezetimibe 10 mg/day or placebo for 8 weeks in
a double-blind trial. Ezetimibe induced a 21% and 24%
decrease in sitosterol and campesterol concentrations,
respectively, versus a placebo-induced 4% and 3% increase,
respectively.

Clinical endpoint data on the effect of ezetimibe com-
bined with statin in head-to-head comparison with statin
monotherapy have long been awaited, and the Improved
Reduction of Outcomes: Vytorin Efficacy International Trial
(IMPROVE-IT) data will address this issue, although the trial
is investigating a range of LDL-C levels in which only sub-
group analyses have been performed, average LDL-C values
in the range of 50 to 60 mg/dL.70 Data from Simvastatin and
Ezetimibe in Aortic Stenosis (SEAS) subgroups71 and from
the Study of Heart and Renal Protection (SHARP)72 are con-
sistent with an effect related to the LDL-C–lowering efficacy
of the drug. The second-line therapy approach indicated by
the European Society of Cardiology and the European Ath-
erosclerosis Society (ESC/EAS) guidelines on dyslipidemias
is consistent with the available evidence.73

Acyl–Coenzyme A:Cholesterol
Acyltransferase Inhibitors
Enterocytes take up only free cholesterol but secrete mostly
cholesteryl esters onto lipoprotein particles (chylomicrons);
thus, cholesteryl ester synthesis may be important in enhanc-
ing cholesterol absorption, perhaps by creating an intracel-
lular diffusion gradient for free cholesterol.4 Mice lacking
ACAT-2, the main enzyme responsible for cholesterol ester-
ification in the small intestine of mice, that were fed a high-
fat, high-cholesterol diet, showed a twofold decrease in
plasma cholesterol compared with wild-type mice.74 Avasi-
mibe is a novel orally bioavailable ACAT inhibitor that has
been tested in phase 3 trials (Fig. 23-6). It is safe when
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administered to rats, dogs, and humans. In vitro studies in
human macrophages demonstrated that avasimibe
reduces foam cell formation not only by enhancing free
cholesterol efflux, but also by inhibiting the uptake of mod-
ified LDL.75 Avasimibe induces cholesterol 7α-hydroxylase
and increases bile acid synthesis in cultured rat hepato-
cytes; its administration to rats does not produce an
increase in the lithogenicity index of bile. The hypolipi-
demic efficacy of the compound was demonstrated in
cholesterol-fed and in non–cholesterol-fed animals. In
these models, plasma cholesterol levels were reduced,
mainly because of the decrease in the non–HDL-C
fraction.75 In a study performed in 130 men and women
with combined hyperlipidemia and hypoalphalipopro-
teinemia, avasimibe 50 to 500 mg/day significantly
reduced plasma total TG and very-low-density lipoprotein
cholesterol.76 Although TC, LDL-C, and HDL-C were
unchanged, it must be stressed that animal data suggest
that avasimibe may possess direct antiatherosclerotic
activity in addition to its cholesterol-lowering effect. Ava-
simibe treatment may also contribute to increased plaque
stability and prevent the progression of atherosclerosis.77

Moreover, avasimibe and statins have been shown to have
synergistic effects, and the combination may not only
inhibit atherosclerotic lesion progression but also induce
lesion regression, independently of changes in plasma
cholesterol.78 In humans, the effects of avasimibe at dos-
ages of 50, 250, and 750 mg/day on the progression of cor-
onary atherosclerosis was assessed by intravascular
ultrasonography (IVUS).79 Surprisingly, the percentage
of atheroma volume increased by 0.7%, 0.8%, and 1.0%
in the respective avasimibe groups and by 0.4% with pla-
cebo (P¼NS). Furthermore, LDL-C increased during the
study by 1.7% with placebo, but was increased by 7.8%,
9.1%, and 10.9% in the respective avasimibe groups
(P<0.05 in all groups). These data suggest that in humans,
avasimibe did not favorably alter coronary atherosclerosis
as assessed by IVUS.
Similar data were obtained with another ACAT inhibitor,

pactimibe. The ACAT Intravascular Atherosclerosis Treat-
ment Evaluation (ACTIVATE) study80 investigated the
effects of pactimibe in a group of patients with established
coronary disease using IVUS. Although the primary efficacy
endpoint—defined as the change in percentage atheroma
volume—was similar in the placebo and pactimibe treat-
ment groups, both major secondary efficacy measures
(change in the normalized total atheroma volume and
change in the 10-mm subsegment with the greatest disease
severity) showed that less progression of atherosclerosis
was present in the placebo group than in the pactimibe
group. The Carotid Atherosclerosis Progression Trial
Investigating Vascular ACAT Inhibition Treatment Effects
(CAPTIVATE) study81 showed that in patients with FH, pac-
timibe had no effect on atherosclerosis as assessed by
changes in the maximum carotid intima–media thickness
(CIMT) measured by B-mode ultrasound, compared with
placebo, but it was associated with an increase in mean
CIMT and increased incidence of major cardiovascular
events.
In summary, data from studies in humans do not favor fur-

ther development in the field of ACAT inhibitors, although
the possibility that inhibitors of specific ACAT isoforms
(ACAT-2) might show some benefits cannot be excluded.

Microsomal Triglyceride Transfer Protein
Inhibitors
Different proteins and enzymes involved in lipid metabo-
lism are currently under investigation to develop new
therapeutic approaches to limit cholesterol and lipid
absorption. Many of these studies are currently focused
on the role of MTP. MTP is a heterodimeric protein con-
sisting of a unique 97-kDa subunit and a 58-kDa ubiqui-
tous multifunctional protein disulfide isomerase that
possesses both an apoB-binding domain and a lipid
transfer domain. The protein is believed to act as a chap-
erone, stabilizing nascent apoB polypeptide within the
endoplasmic reticulum (ER) and is also known to facili-
tate lipid transfer from the ER membrane to nascent
apoB by a shuttle mechanism. Although the binding
and transfer activities of MTP function independently,
both activities are essential for the assembly and secre-
tion of apoB-containing lipoproteins. MTP transfers lipids
by transiently interacting with a membrane, extracting
the lipids, dissociating from the membrane, and then
binding to another membrane to deliver the lipids. Inhib-
itors of MTP have exhibited potential as lipid-lowering
agents; however, any process that decreases the export
of TG-rich lipoproteins may alter fat absorption and pro-
mote the development of fatty liver and excess fat in the
intestines.82 The MTP inhibitor implitapide has demon-
strated lipid-lowering effects and the ability to suppress
atherosclerosis in apoE-knockout mice. The antiathero-
sclerotic effects of the compound were also associated
with inhibition of the postprandial TG response. How-
ever, the development of this drug has been discontin-
ued for undisclosed reasons. CP-346086 is another
potent inhibitor of MTP. The compound lowered plasma
concentrations of apoB-containing lipoproteins in exper-
imental animals and in humans, with no effect on HDL
levels. However, CP-346086 exhibited a potential for
adverse events related to hepatic lipid accumulation.

The MTP inhibitor lomitapide has completed phase 3
testing. When used as monotherapy or in combination
with conventional lipid-lowering therapy in patients with
homozygous FH83,84 or moderate hypercholesterolemia
(LDL-C 130–250 mg/dL),85 lomitapide reduced LDL-C,
apoB, non–HDL-C, and lipoprotein(a) levels. Given the
mechanism of action, the drug not only reduces lipopro-
tein production by the liver, but also decreases lipid
absorption in the intestine. Adverse effects, such as an ele-
vation of liver enzymes, hepatic fat accumulation, and ste-
atorrhea (expected from the mechanism of action), occur
and may limit the patient population for this drug. How-
ever, for patients with homozygous FH that cannot be con-
trolled with conventional lipid-lowering therapy, MTP
inhibition may be a beneficial approach. Lomitapide
was recently approved by the U.S. Food and Drug Admin-
istration and the European Medicines Agency for the treat-
ment of patients with homozygous FH. To date, no cases of
suspected drug-induced liver injury have been observed in
lomitapide-treated individuals. Because the liver lipid
accumulation may vary greatly from patient to patient, this
matter requires careful consideration and longer follow-up
to definitively exclude specific changes leading to fibrosis
and cirrhosis, especially in light of the fact that patients
studied were adhering to a very-low-fat diet and had low
liver fat content at baseline.
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CONCLUSIONS

Serum cholesterol levels are regulated primarily by two
organs: (1) the liver, which produces cholesterol for use
in digestion; and (2) the intestine, which absorbs choles-
terol from food and from bile. Recent studies show the
involvement of NPC1L1, ABCG5, ABCG8, LXR, and FXR
in cholesterol metabolism in the enterocyte, suggesting
possible new targets to inhibit cholesterol absorption
and control homozygous sitosterolemia. Moreover, drugs
that control cholesterol absorption in the intestine are cur-
rently available or are under clinical development. Statins
inhibit cholesterol biosynthesis in the liver; therefore,
agents that inhibit cholesterol absorption in the intestine
might be expected to have additive effects when used in
combination with statins. These drugs may be useful in
patients at high risk of CAD in whom aggressive lipid-
lowering therapy is required for the optimal management
of dyslipidemia.
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INTRODUCTION

Niacin, or nicotinic acid, was the first pharmaceutical agent
discovered to treat hypercholesterolemia. In the mid-1930s,
niacin was identified as a B-complex vitamin, and in 1955, it
was found that niacin, administered in pharmacologic
doses, reduced plasma cholesterol in humans. By 1975, a
large multicenter, placebo-controlled, randomized trial
showed that niacin reduced the recurrence of nonfatal myo-
cardial infarction (MI) and also reduced cerebrovascular
events. Niacin was shown to have apparently beneficial
effects on a broad spectrum of plasma lipoproteins. In a
series of small randomized clinical trials (RCTs), niacin,
most often employed in combination regimens, was repeat-
edly associated with improvement in atherosclerosis imag-
ing endpoints. In 2003, the niacin receptor was identified
as a Gi/o-coupled transmembrane receptor designated
GPR109A. This receptor mediates niacin effects on skin
flushing, adipocyte metabolism, and macrophage actions,
but GPR109A does not explain the major effects of niacin
on lipoproteins.

In 2011–2013, the clinical rationale for niacin encountered
a roadblock when two large randomized trials showed that
addition of niacin to intensive statin treatment of patients
with cardiovascular disease made no difference in the rates
of major atherothrombotic events. On the basis of these tri-
als, it has been suggested that niacin’s usefulness for cardio-
vascular prevention in the era of routine statin use may be
minimal or limited to special dyslipidemic subgroups or
those intolerant of statins. The authors, however, reserve
judgment. Niacin may continue to have wide applicability,
if its administration is guided by better understanding of
its pharmacophysiology. For example, risk-associated hor-
monal responses to falling plasma nonesterified fatty acids
(NEFAs) can be quite different, depending on whether

niacin is given with meals, as in older trials, or at bedtime,
as in two recent clinical outcome trials.

In this chapter, a brief history of niacin development is pre-
sented, and then the outcomes of clinical trials are dis-
cussed. The paradox of divergent clinical trial results
creates a case for better understanding the pharmacology
of niacin. A more detailed look at niacin pharmacology
and clinical use concludes the chapter.

NOMENCLATURE: NIACIN OR
NICOTINIC ACID?

Nicotinic acidwas originally derived fromnitric acid hydrolysis
of nicotine; however, nicotinic acid andnicotine sharenophar-
macologic properties. The term niacin was coined from nico-
tinic acid vitamin to refer to vitamin B3—either nicotinic acid
or nicotinamide—which prevents and cures pellagra.1 In clini-
cal lipidology practice in the United States, “niacin” refers spe-
cifically to nicotinic acid, because nicotinamide (sometimes
called niacinamide) has no effects on lipoproteins. This recent
usage is used here because “niacin” avoids the problematic
connotation conveyed to patients by the term nicotinic acid.

EARLY HISTORY OF NIACIN

Circa 1937, nicotinic acid and nicotinamide were found
to prevent and cure pellagra. In 1955, Altschul et al.
showed that niacin lowers cholesterol in humans and that
it reduces lipid accumulation in the aortas of cholesterol-
fed rabbits.2 Parsons and Flinn found that niacin reduced
the β-lipoprotein cholesterol/α-lipoprotein cholesterol
ratio (approximately, the ratio of low-density lipoprotein
cholesterol [LDL-C] to high-density lipoprotein cholesterol
[HDL-C]) in humans, first suggesting niacin’s increase of
HDL-C.3
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Early Pharmacologic, Metabolic, and Lipid
Studies
Dr. Lars Carlson and his colleagues forged a pioneering
understanding of the diverse effects of niacin and helped
broaden its use for atherosclerosis prevention.4 Initially, their
research focused on niacin’s suppression of lipolytic fatty
acid release from adipocytes and on plasma NEFA metabo-
lism.5–7 Niacin greatly suppressed the release of NEFA stim-
ulated by norepinephrine. Niacin administered to fasting
humans was shown to reduce plasma levels of NEFA by
60% or more, followed at 1 to 2 hours by rebound and over-
shoot (Fig. 24-1).5 After niacin administration, total body
and transcardiac utilization of fatty acids decreased, and
that of glucose increased, such that oxidative metabolism
shifted isocalorically from fat to carbohydrate.6,8

In the late 1990s, most niacin administration in the clinic
shifted from mealtime to bedtime. Recently, it was noted that
the observed changes in fatty acid and glucose metabolism
could have different consequences depending on whether
niacin is administered at bedtime versus mealtime. Spe-
cifically, a counter regulatory hormone response, which
includes catecholamines, is postulated to occur after bedtime
niacin dosing, but not after mealtime dosing.9–11 This
response would increase hepatic glucose production to
replace the energy supply for the heart and other tissues that
is lost through niacin inhibition of adipocyte fatty acid release.
Catecholamine release following bedtime niacin administra-
tion would be expected to increase cardiovascular events. At
mealtime, energy is supplied from intestinal food absorption,
and insulin inhibits catecholamine release. The older clinical
trials that used mealtime niacin dosing may have avoided
such catecholamine effects.10

As harbingers of the discovery of the niacin receptor,
Carlson and Hanngren demonstrated that following radiola-
beled nicotinic acid infusion into mice, virtually all of the
label was present in adipose tissue, a tissue distribution that
experts in the field had never seen before, but which is now
well explained by the adipocyte location of the niacin
receptor.12 Furthermore, niacin suppressed production of
β-hydroxylated fatty acids and splanchnic ketone bodies.

The niacin flush is associated with an abrupt fourfold rise
in forearm blood flow (but rarely a fall in blood pressure)
that is nearly completely prevented by 1-hour pretreatment
with 100 mg of indomethacin.13 Morrow et al. showed
that the flow increase is followed by an abrupt 500-fold
rise in the prostaglandin D2 (PGD2) metabolite 9α,11β-
PGF2, suggesting that the flush is driven by release of PGD2.

14

Niacin: A Potential Therapy for
Lipid Disorders and Associated
Atherosclerosis
Early clinical trials focused first on the effects of niacin on
serum lipoprotein levels and then on therapeutic reduc-
tion of heart disease risk. In studies of niacin that targeted
diverse lipoprotein phenotypes (IIa, b, and IV), total cho-
lesterol (TC) fell, on average, by 8% to 21% in men and by
25% to 26% in women, and triglycerides (TGs) fell by 29%
to 59%.15 When the niacin dose was increased to 4 g/day,
TC decreased on average by 14%, TGs by 26%, very-low-
density lipoprotein cholesterol (VLDL-C) by 47%, LDL-C
by 16%, and lipoprotein(a) [Lp(a)] by 40%, and HDL-C
increased by 40%.16 Of note, niacin is the only currently
available lipid drug that causes substantial reduction of
Lp(a). Another unique effect of niacin is the powerful
reduction of extremely high TG levels in the rare type V
hyperlipoproteinemia, from 20 to 100 mmol/L (�1170–
8850 mg/dL) to less than 5 mmol/L (�445 mg/dL). This
is associated with a disappearance of the life-threatening
recurrent attacks of pancreatitis characteristic of this
genetic disorder.17

MORBIDITY AND MORTALITY STUDIES
OF NIACIN

Four randomized trials were prospectively designed as clin-
ical endpoint studies of niacin (Table 24-1).

Coronary Drug Project
The Coronary Drug Project (CDP), conducted during 1966–
1974, was a randomized, double-blind, placebo-controlled
trial of five lipid-modifying agents used in 8341 men with pre-
vious MI.23 The treatment regimens included in the study
were conjugated estrogens at two dosage levels (2.5 and
5.0 mg/day), clofibrate (1.8 g/day), dextrothyroxine (6 mg/
day), immediate-release (IR) niacin (3 g/day), and a lactose
placebo. Only niacin remains a viable treatment option
today. A total of 1119 and 2789 men were enrolled in the nia-
cin and placebo groups, respectively. Mean baseline TC was
251 mg/dL, and TGs were 183 mg/dL. All-causemortality was
the primary outcome.18,23,24

Effects on Mortality and Cardiovascular Morbidity
For the present chapter, all data are analyzed to completion
of the treatment trial (mean 6.2 years of follow-up). These
results in comparison to the original 1975 report (5-year
follow-up) have changed little in magnitude, but provide
greater statistical confidence. Niacin did not reduce all-
cause mortality (24.8% vs. 25.9%; P¼NS). However, it
significantly reduced nonfatal MI (10.7% vs. 14.8%; relative
risk [RR] 0.72; P¼0.001), as well as fatal or nonfatal stroke
or transient ischemic attack (TIA) (8.8% vs. 11.1%; RR 0.79;
P¼0.029; Fig. 24-2). Niacin-assigned individuals,

1.5
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200 mg p.o. 100 mg p.o. 100 mg p.o.
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0 60 120
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FIGURE 24-1 Response of plasma NEFA to oral niacin in three fasting human
patients. In each case, NEFA levels fall more than 60% for 1 to 2 hours, recover, and
then overshoot. When the NEFA supply is reduced, myocardial metabolism shifts from
fatty acid to glucose oxidation. Reasons for the overshoot in NEFA are not fully
explored, but may include catecholamines as part of a counter regulatory hormone
response. p.o., by mouth. NEFA, nonesterified fatty acids. (Modified from Carlson LA.
Nicotinic acid: the broad-spectrum lipid drug. A 50th anniversary review. J Intern Med.
2005;258:94-114; Figure 1.)
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compared with the placebo group, had higher rates of atrial
fibrillation (5.3% vs. 3.4%; RR 1.56; P¼0.009) and other
cardiac arrhythmias (37.0% vs. 32.6%; RR 1.13; P¼0.011)
(see Table 24-1).25

Other Effects of Niacin
As expected, 91% of niacin patients described flushing, 49%
reported itching, 7% had urticaria, and 20% had other types
of rash (Table 24-2). Clinical findings of ichthyosis, acantho-
sis nigricans, and hyperpigmentation of the skin were seen in
3%, 4%, and 5% of niacin patients, respectively. Higher per-
centages of niacin-treated patients than placebo patients
had gastrointestinal problems, acute gouty arthritis,
decreased appetite, or unexpected loss of weight.18

Conclusions from the Main Study
The CDP Research Group reasoned that although niacin at
3 g/day might be beneficial with respect to nonfatal MI: (1)
this was not the primary study outcome; (2) niacin showed
no significant benefit at 5-year follow-up for either all-cause
or coronary mortality; and (3) excess incidence of arrhyth-
mias, gastrointestinal problems, and abnormal chemistry
levels, including higher glucose levels, occurred in the niacin
group. Therefore, they concluded that “great care and caution
must be exercised if this drug is to be used for treatment of
persons with coronary heart disease.”18

Mortality Follow-Up
The estimate of clinical benefit from niacin increased follow-
ing publication of the CDP mortality follow-up study. After a
mean total period of 15 years (6.2 years during the study plus
8.8 years poststudy), all-cause mortality was 52% in niacin-
assigned patients compared with 58.2% for those assigned to
placebo (P¼0.0004). Most of this difference was in coronary
heart disease (CHD) mortality (36.5% vs. 41.3%; P¼0.005).24

Mortality and Cardiovascular Morbidity by Levels of
Baseline Plasma Glucose
Because niacin elevates glucose levels, caution has been
urged in the use of niacin in patients with hyperglycemia
or overt diabetes.26,27 In the early 2000s, additional analyses
of CDP results revealed that niacin’s beneficial effects with
respect to 6-year nonfatal MI and 15-year all-cause mortality
(Fig. 24-3) are homogeneous across the different levels of
baseline fasting and 1-hour plasma glucose, as well as across
different levels of 1-year change in these glucose parame-
ters.28 Likewise, the presence or absence of metabolic syn-
drome at baseline made no difference in the total
mortality hazard ratios (HRs) for niacin versus placebo
(0.86 at 15 years with or without metabolic syndrome).29

Therefore, niacin provided apparent clinical benefit even
in patients with impaired glucose metabolism or metabolic
syndrome. Nevertheless, caution is appropriate when start-
ing niacin in a patient with poor glycemic control.
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FIGURE 24-2 Clinical cardiovascular outcomes for complete treatment follow-up (mean 6.2 years) in the CDPwere all significantly reducedwith nicotinic acid. The
predefined primary endpoint was total mortality, which was reduced by 4.3%. CDP, coronary drug project; CHD, coronary heart disease; CV, cardiovascular; MI, myocardial
infarction; TIA, transient ischemic attack.

TABLE 24-1 Randomized Niacin Trials with Clinical Cardiovascular Outcomes
STUDY PATIENTS TREATMENTS (DURATION) PRINCIPAL OUTCOMES WITH NIACIN

Coronary Drug Project18 Men with previous MI
(N¼3899)

IR niacin versus placebo (6 yrs) MI # 26% (P <0.05) and cerebrovascular events #
24% (P <0.05) over 6 yrs.

Total mortality # 11% over 15 yrs (P¼0.0004)

Stockholm Ischaemic
Heart Disease19

Recent MI
(N¼555)

Niacin+clofibrate versus no treatment (5 yrs) Total mortality # 26% (P<0.05) and CHDmortality #
36% (P <0.01)

AIM-HIGH20 Established atherosclerotic
disease and low HDL

(N¼3414)

ER niacin versus placebo added to baseline
simvastatin�ezetimibe (3 yrs)

No effect on primary endpoint of combined CV
events.

HPS2-THRIVE21,22 High-risk established
atherosclerotic disease
(N¼25,673)

ER niacin–laropiprant versus placebo added to
baseline simvastatin�ezetimibe (4 yrs)

No effect on primary endpoint of combined CV
events.

AIM-HIGH, Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides: Impact on Global Health Outcomes; CHD, coronary heart disease; CV,
cardiovascular; ER, extended-release; HDL, high-density lipoprotein cholesterol; HPS2-THRIVE, Heart Protection Study 2 -Treatment of HDL to Reduce the Incidence of Vascular
Events; IR, immediate-release; MI, myocardial infarction;
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The Stockholm Ischaemic Heart Disease
Secondary Prevention Study
This study randomizedMI survivors in a single Stockholmhos-
pital to niacin 3 g/day plus clofibrate 2 g/day or to no lipid
therapy (not placebo controlled). Total mortality and CHD
mortality were reduced in the niacin–clofibrate treatment
group by 26% (P<0.05) and 36% (P<0.01), respectively. Ben-
efit was seen only in the 215 of 276 treated patients who had
baseline TG greater than 1.5 mmol/L (143 mg/dL).19

Atherothrombosis Intervention in
Metabolic Syndrome with Low HDL/High
Triglycerides: Impact on Global Health
Outcomes Trial (AIM-HIGH)
The Atherothrombosis Intervention in Metabolic Syndrome
with Low HDL/High Triglycerides: Impact on Global Health
Outcomes trial (AIM-HIGH) was a randomized, double-blind
clinical outcome trial of extended-release (ER) niacin versus
placebo in 3014 men and women with stable CHD, low
HDL-C, and moderately elevated TGs (150–400 mg/dL).20

LDL-C–lowering therapy (simvastatin with or without ezeti-
mibe) was individually adjusted to a target LDL-C between
40 and 80 mg/dL. Thus, the effects of ER niacin on HDL,
Lp(a), and LDL particle distributions were emphasized,
whereas LDL-C levels were almost matched between
the two groups. The primary endpoint was first occur-
rence of nonfatal MI, CHD death, ischemic stroke, hospital-
ized acute coronary syndrome (ACS), or symptom-driven
revascularization.

At baseline, greater than 90% of the patients had previ-
ously been receiving statin therapy, most for at least 1 year.
The average baseline lipid values were LDL-C, 74 mg/dL;
HDL-C, 35 mg/dL; and TGs, 165 mg/dL. During the trial, the
niacin group had 15% higher HDL-C, 21% lower TGs, and
6.5% lower LDL-C compared with the placebo group.

AIM-HIGHwas terminated early inMay 2011 for lack of effi-
cacy. After an average of 36 months of patient follow-up, 282
primary outcome events (16.4% of assigned participants) in
the ER niacin group and 274 (16.2%) events in the placebo
group (P¼0.79) (Fig. 24-4) were reported. Ischemic stroke
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FIGURE 24-3 Totalmortality in CDP participants at 15 years (amean 6.2 years
on trial and 8.8 years after its completion) was significantly reduced by 11%
overall (P <0.0005). Nonfatal MI was reduced by 28% at 6.2 years (P <0.005).
When event rates were compared within various ranges of pretreatment fasting
glucose, tests for heterogeneity were nonsignificant, supporting the position that
niacin’s generally small effect on insulin resistance does not detract from its clinical
benefits by these measures, even among those with baseline diabetes mellitus. CDP,
coronary drug project; MI, myocardial infarction.

50

40

30

20

10

0
0 1 2

Years
3 4

C
um

ul
at

iv
e 

pe
rc

en
ta

ge
 o

f
pa

tie
nt

s 
w

ith
 p

rim
ar

y 
ou

tc
om

e

P=0.79 by log-rank test

Placebo plus statin

No. at risk
Placebo plus statin
Niacin plus statin

1696
1718

1581
1606

1381
1366

910
903

436
428

Niacin plus statin

FIGURE 24-4 Kaplan–Meier curves for the primary endpoint in the AIM-HIGH
study, defined as the first occurrence of coronary death, nonfatal MI, ischemic
stroke, hospitalized acute coronary syndrome, or symptom-driven coronary or
cerebral revascularization. AIM-HIGH, Atherothrombosis Intervention in Metabolic
Syndrome with Low HDL/High Triglycerides: Impact on Global Health Outcomes; MI,
myocardial infarction. (Modified from Boden WE, Probstfield JL, Anderson T, et al.
Niacin in patients with low HDL cholesterol levels receiving intensive statin therapy.
N Engl J Med. 2011;365:2255-2267.)

TABLE 24-2 Percentages of Patients with Selected
Findings in the Coronary Drug Project,* Niacin and
Placebo Groups, Total Follow-Up (Mean 6.2 Years)

% WITH EVENT

Finding
Niacin Placebo

z-
value

P
Value

All-cause mortality 24.8 25.9 �0.75 NS

Cardiovascular findings:

Definite nonfatal MI 10.7 14.8 �3.3 0.001

Coronary death or definite
nonfatal MI

27.0 32.0 �3.08 0.002

Cardiovascular surgery 3.4 7.4 �4.55 <0.0001

Fatal or nonfatal stroke or
transient ischemic attack

8.8 11.1 �2.19 0.029

New definite angina
pectoris

28.6 36.2 �2.81 0.005

Atrial fibrillation 5.3 3.4 2.62 0.009

Other cardiac arrhythmias 37 32.6 2.55 0.011

Other clinical findings:

Gastrointestinal problems 27.5 21.8 3.66 0.0003

Acute gouty arthritis 8.3 4.7 4.08 <0.0001

Acanthosis nigricans 3.7 0.7 6.72 <0.0001

Patient complaints:

Flushing 90.7 4.3 53.77 <0.0001

Itching of the skin 48.8 6.4 30.84 <0.0001

Urticaria 7.2 1.5 9.37 <0.0001

Other types of rash 19.8 5.8 13.36 <0.0001

Decreased appetite 4 1.5 4.72 <0.0001

Unexpected loss of weight 2.7 0.9 4.28 <0.0001

MI, myocardial infarction.
*The values in this table were recomputed by Paul L. Canner for the first edition of

this chapter,21 updating the values originally published,19 most of which were for
the first 5 years of follow-up rather than the total follow-up period. Only variables
with z-value for niacin versus placebo exceeding �2.00 are presented in this table
(with one exception).
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occurred more frequently in the ER niacin group—29
patients (1.7%) versus 18 patients (1.1%) assigned to
placebo—but the difference was not significantly different
(P¼0.11).20

Various reasons have been advanced to explain the lack
of efficacy of niacin in addition to existing statin therapy,
including stabilization of plaque that resulted from extended
treatment with a statin before the study; the provision of 100
to 150 mg of IR niacin daily in the placebo tablets; insuffi-
cient duration of follow up; or bedtime dosing of study drug
(see section on pharmacologic effects).

Heart Protection Study 2–Treatment of
HDL to Reduce the Incidence of Vascular
Events (HPS2-THRIVE)
Heart Protection Study 2–Treatment of HDL to Reduce the
Incidence of Vascular Events (HPS2-THRIVE) was a random-
ized, double-blind, placebo-controlled study that enrolled
25,673 patients in the United Kingdom, Scandinavia, and
China to test whether combined therapy with simvastatin
and ER niacin–laropiprant would be superior to simvastatin
alone in reducing vascular events in patients with atheroscle-
rotic disease.21 Laropiprant is a PGD2 receptor–1 (DP1)
antagonist that reduces niacin-associated flushing.30

The primary endpoint was defined as the first occurrence
of a major vascular event (nonfatal MI, coronary death, fatal
or nonfatal stroke, or arterial revascularization). Baseline
lipid values after the initial statin stabilization phase were
LDL-C 63 mg/dL, HDL-C 44 mg/dL, and TGs 125 mg/dL. On
average, during the trial, HDL-C increased by 6 mg/dL
(�15%), TGs decreased by 33 mg/dL (�26%), and LDL-C
decreased by 10 mg/dL (�16%) in the ER niacin–laropiprant
group.22

At a median follow-up of 4 years in HPS2-THRIVE, no ben-
efit on major vascular events was observed from adding ER
niacin–laropiprant versus placebo (RR 0.96; 95% confidence
interval [CI] 0.90–1.03).22 An excess of adverse events was
seen in the ER niacin–laropiprant group, including elevated
liver enzymes, myopathy (especially in the Chinese
patients), new-onset diabetes, diabetes complications, gas-
trointestinal bleeding, infections, and serious adverse events
affecting the skin.21

Implications of the Null Results from
AIM-HIGH and HPS2-THRIVE
The most apparent conclusion from these large clinical trials
is that niacin does not add to the clinical benefit of LDL-
lowering therapy with statins, with or without ezetimibe,
when LDL-C is reduced to a range averaging 65 to 70 mg/
dL. If this is true, then the clinical role for niacin treatment
in dyslipidemia should shrink substantially. Niacin may
retain a role in the treatment of patients with hypercholester-
olemia who do not meet LDL-C or non–HDL-C treatment
goals because of statin intolerance or inadequacy of statin
response. A role for treating severe hypertriglyceridemia also
remains valid. However, the entire agenda of using niacin to
treat low HDL-C comes under serious question.

However, caveats to these conclusions should be consid-
ered. In HPS2-THRIVE, for example, the effects of the prosta-
noid receptor antagonist laropiprant administered
concurrently with niacin cannot be distinguished from those
of niacin, and therefore, adverse effects of laropiprant that

may have offset any cardiovascular benefit of ER niacin can-
not be ruled out.

Perhaps the most serious caveat about AIM-HIGH and
HPS2-THRIVE may be the bedtime dosing regimen. Every
trial of niacin with clinical endpoints, beginning with the
CDP and ending with the Armed Forces Regression Study
(AFREGS; published in 2005),31 used mealtime niacin dos-
ing. Those trials consistently provided evidence of clinical
benefit from niacin with regard to lesion progression or
regression, as well as clinical outcomes. After 2005, every
clinical trial has been performed with bedtime niacin dos-
ing. Interestingly, the trials with anatomic imaging during
this period also showed improvement in lesions (see the fol-
lowing), and this fact makes it paradoxical that AIM-HIGH
and HPS2-THRIVE found no reduction in clinical outcomes.

Earlier in this chapter, the likelihood that bedtime dosing
of niacin produces a catecholamine surge was discussed,
whereas mealtime dosing makes a catecholamine response
unlikely. Because catecholamines are highly proaggregatory
for platelets and increase cardiovascular events. including
MI, this consideration opens up the possibility that bedtime
niacin in clinical outcomes trials such as AIM-HIGH and
HPS2-THRIVE may generate extra events that contravene
the benefit of lesion improvement. Four earlier trials with
mealtime niacin dosing and presumably no catecholamine
increases all showed reduction of clinical events.19,26,31,32

Results from lipoprotein correlation analysis in AIM-HIGH
provided indirect support for the catecholamine hypothe-
sis.10 LDL-C level during the treatment period in AIM-HIGH
was highly correlated with the probability of having a cardio-
vascular event (HR 1.39 for each 1-SD variation) in the con-
trol group, but this effect essentially disappeared in the
group assigned to ER niacin (HR 1.01), and the statistical test
for heterogeneity was significant (P <0.001). This was inter-
preted to suggest a strong association between the nonlipo-
protein effects of niacin and cardiovascular events,
consistent with the hypothesis of a counter regulatory hor-
mone response, including catecholamines.

NIACIN IN ATHEROSCLEROSIS IMAGING
TRIALS

Niacin has been extensively examined in clinical trials
with imaging endpoints. Ten trials are summarized in
Table 24-3.31–41 The highlights from selected trials are given
in the following.

Cholesterol Lowering Atherosclerosis
Study
The Cholesterol Lowering Atherosclerosis Study (CLAS)
compared IR niacin (3–12 g/day) plus colestipol (30 g/
day) versus double placebo in patients with previous coro-
nary bypass surgery. Over 2 to 4 years, the active drug com-
bination reduced the frequency of native artery lesion
progression, as assessed by repeat coronary angiography,
and increased the frequency of regression.33

Familial Atherosclerosis Treatment
Study
In the Familial Atherosclerosis Treatment Study (FATS), con-
ducted in 146 men with established CHD, family history of
CHD, and high levels of apolipoprotein (apo) B, two active
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treatment combinations (niacin 4–6 g/day plus colestipol
30 g/day, and lovastatin 40 mg/day plus colestipol 30 g/day)
were compared with placebo; placebo-allocated patients
whose LDL-C was above the 90th percentile (about half
of placebo patients) also received colestipol 30 g/day.35

Placebo patients had mean stenosis progression, whereas
both combination-therapy groups had net regression (see
Table 24-3). The combination-therapy groups together had
a 73% lower frequency (P <0.03) of cardiovascular events
(death, MI, or revascularization) compared with the control
group. Subsequent detailed analysis of angiograms suggested
that intensive lipid therapy in FATS mostly prevented abrupt
progression of mild and moderate stenoses to severe obstruc-
tive atherothrombotic lesions. That is, lipid therapy appeared
to stabilize the vulnerable plaques against rupture.42

Circa 1988, when half the participants in FATS had com-
pleted that study and returned to the usual care of their phy-
sicians, greater than 70% were not prescribed any lipid drugs.
As a consequence, all patients completing FATS from then on
were offered triple therapy that included niacin, lovastatin,
and colestipol. This resulted in two groups: 101 patients
receiving usual care and 75 patients receiving triple therapy.
At a median follow-up of 10 years, intention-to-treat analysis
demonstrated a first-event rate for cardiac death or nonfatal
MI of 22% in the usual-care group and of 7% in the triple-
therapy group (P <0.025).43 A random subgroup of eight
triple-therapy patients underwent carotid magnetic reso-
nance imaging studies; a matched control group comprised
eight patients who had never received any lipid therapy.44

The only difference in carotid magnetic resonance imaging
between these two groups was the percent lipid content of

plaques: 17% of the plaque area was lipid in the untreated
patients versus 1% in the patients who received triple therapy
for 10 years (P<0.01). Thus, plaque lipid depletion appeared
to be the principal effect of intensive lipid therapy.

HDL Atherosclerosis Treatment Study
The HDL Atherosclerosis Treatment Study (HATS) random-
ized 160 patients with established coronary disease and
low HDL-C to simvastatin plus niacin or to their placebos,
and in a 2�2 factorial design, to antioxidant vitamins
(E, C, β-carotene, and selenium) or to their placebos.
Patients given simvastatin and niacin had a virtual halting
of the progression of coronary stenosis. Those given only pla-
cebos had, on average, 3.9% worsening of stenosis (see
Table 24-4). An atherothrombotic composite endpoint (car-
diovascular death, MI, stroke, and revascularization) was
reduced by 70% (P <0.02). Antioxidant vitamins signifi-
cantly blunted the HDL response to simvastatin and niacin
and did not protect against stenosis progression or prevent
atherothrombotic events.32

Armed Forces Regression Study
In AFREGS, a triple-drug nonstatin combination (niacin,
gemfibrozil, and cholestyramine) was associated with mod-
est regression of coronary stenosis, whereas patients who
received placebos had moderate progression (P <0.05;
see Table 24-3). A prespecified cardiovascular event com-
posite was reduced by 54% in those who received the inten-
sive regimen.31

TABLE 24-3 Randomized Niacin Trials with Arterial Imaging Endpoints
STUDY PATIENTS TREATMENTS (DURATION) PRINCIPAL OUTCOMES WITH NIACIN

CLAS33 Previous CABG and
hypercholesterolemia

(N¼162)

IR niacin+colestipol versus placebo
(2–4 yrs)

Fewer progressing lesions (P <0.03), less new atheroma
formation (P <0.03), more overall regression (P¼0.002)

UCSF-SCOR34 Heterozygous familial
hypercholesterolemia

(N¼72)

Niacin+colestipol� lovastatin versus
placebo� low-dose colestipol
(2 yrs)

Coronary angiographic regression with intensive treatment
versus progression in control patients (P¼0.039)

FATS35 Men with elevated apoB and
family history of CHD

(N¼146)

Niacin (SR and IR)+colestipol versus
lovastatin+colestipol versus
placebo (2.5 yrs)

Coronary angiographic regression in intensively treated
groups versus progression in control group (P <0.003);
clinical events reduced by 73% (P <0.05)

HARP36 CHD and total cholesterol
<6.5 mmol/L (252 mg/dL)

(N¼79)

Stepwise pravastatin, SR niacin,
cholestyramine, gemfibrozil versus
no lipid treatment

No change in coronary angiographic progression

HATS32 CHD and low HDL
(N¼160)

Niacin (SR and IR)+simvastatin versus
placebo (3 yrs)

Coronary angiographic regression with niacin–statin
combination (P <0.001 versus placebos); clinical events
reduced by 70% (P¼0.03)

AFREGS31 CHD and low HDL
(N¼143)

Niacin+gemfibrozil+cholestyramine
versus limited cholestyramine
alone (2.5 yrs)

Coronary angiographic regression with intensive treatment
versus progression in controls (P <0.05); clinical events
reduced by 50% (P <0.05)

ARBITER 2
and 337,38

Low HDL
(N¼167)

ER niacin added to simvastatin
(1–2 yrs)

Mean regression of CIMT at 2 yrs (P �0.001 versus baseline)

Thoenes CIMT39 Metabolic syndrome
(N¼50)

ER niacin or placebo (12 months) Mean regression of CIMT (P¼0.021)

ARBITER 6–HALTS40 CHD and LDL <100 mg/dL and
low HDL

(N¼208)

ER niacin and statin versus ezetimibe
and statin (14 months)

Reduction in CIMT (P �0.001)

Oxford Niaspan
Study41

Low HDL, atherosclerotic disease
(N¼71)

ER niacin added to statin therapy
(12 months)

Reduction in carotid wall area by MRI (P¼0.03)

AFREGS, Armed Forces Regression Study; apoB, apolipoprotein B; ARBITER, Arterial Biology for the Investigation of the Treatment Effects of Reducing Cholesterol; CABG, coronary
artery bypass grafting; CHD, coronary heart disease; CIMT, carotid intima–media thickness; CLAS, Cholesterol Lowering Atherosclerosis Study; ER, extended-release; FATS, Familial
Atherosclerosis Treatment Study;HALTS, HDL and LDL Treatment Strategies; HARP, Harvard Atherosclerosis Reversal Project;HATS,HDL Atherosclerosis Treatment Study;HDL, high-
density lipoprotein cholesterol; IR, immediate-release; LDL, low-density lipoprotein cholesterol; MRI, magnetic resonance imaging; SR, slow-release; UCSF-SCOR, University of
California, San Francisco, Arteriosclerosis Specialized Center of Research.
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Arterial Biology for the Investigation of
the Treatment Effects of Reducing
Cholesterol
The Arterial Biology for the Investigation of the Treatment
Effects of Reducing Cholesterol (ARBITER) trials 2 and 3
were the first to demonstrate an atherosclerosis treatment
benefit with the addition of niacin to an established statin
regimen. Mean regression of carotid intima–media thickness
(CIMT) was achieved only when bedtime ER niacin 1000 mg
was added to ongoing statin therapy.37,38 ARBITER 6–HDL
and LDL Treatment Strategies (HALTS) compared the effects
of adding either ER niacin 2000 mg or ezetimibe 10 mg on
CIMT in 208 patients already receiving a statin.40 Treatment
with niacin decreased CIMT at both 8 and 14 months,
whereas ezetimibe had no effect (difference between
groups, P¼0.003; Fig. 24-5).40

Oxford Niaspan Study
Investigators at Oxford University reported a 52-week trial
examining carotid wall area quantified by magnetic reso-
nance imaging in 71 statin-treated patients with low HDL-C.
Carotid wall area decreased with ER niacin 2000 mg/day
and increased with placebo (P¼0.03).41

DIVERSE PHARMACOLOGIC EFFECTS OF
NIACIN

Receptor-Mediated versus Non-Receptor-
Mediated Effects: Mechanism of Action
The impact of niacin on atherosclerotic cardiovascular dis-
ease could occur through: (1) changes in lipoprotein levels
and composition, which are generally considered to repre-
sent hepatic effects of niacin; (2) nonlipoprotein effects
on macrophages, endothelial cells, and adipocytes, mostly
mediated by GPR109A activation; or (3) a combination of
both. The most readily observed lipoprotein change is an
increase in HDL-C, but AIM-HIGH and HPS2-THRIVE results
raise serious questions about whether increasing HDL-C has
any effect on cardiovascular events in patients receiving
intensive statin therapy, especially in those on long-term
statin therapy. An analysis of lipoprotein correlations with
cardiovascular events in AIM-HIGH found no correlation
with baseline or on-trial HDL-C.10

The presence of a G protein–coupled receptor to explain
niacin’s antilipolytic effect in adipocytes was long suspected
because of mediation via decreased cyclic adenosinemono-
phosphate.45 In 2003, three groups identified the human nia-
cin receptor as GPR109A (initially called HM74A) and the
homologous mouse receptor as PUMA-G.46–48 The mouse
gene is expressed in adipose tissue, spleen, adrenal gland,
and lungs.47,48

GPR109A mediates cutaneous flushing with niacin via
stimulation of PGD2 production by dermal Langerhans den-
dritic cells, followed by activation of DP1 receptors on vascu-
lar and other cells (Fig. 24-6).49 Laropiprant, a DP1 receptor
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FIGURE 24-5 Niacin-induced decrease of carotid plaque dimensions in
patients receiving ongoing statin treatment, comparing the addition of ER
niacin versus ezetimibe (left) or ER niacin versus placebo (right). ARBITER
6–HALTS study was a 14-month randomized trial that used ultrasonography to
evaluate the thickness of the far wall of bilateral distal common carotid arteries
(CIMT). The Oxford Niaspan study, a 12-month randomized trial, used MRI to
evaluate the change of mean wall area extending over 2 cm of the common carotid
and carotid bulb to the flow divider bilaterally. In both studies, the difference
between the ER niacin and comparison groups was significant (P¼0.003 and
P¼0.03, respectively). ARBITER6-HALTS, Arterial Biology for the Investigation of the
Treatment Effects of Reducing Cholesterol–HDL and LDL Treatment Strategies;
CIMT, carotid intima–media thickness; ER, extended-release; MRI, magnetic
resonance imaging. (Based on data from Taylor AJ, Villines TC, Stanek EJ, et al.
Extended-release niacin or ezetimibe and carotid intima-media thickness. N Engl J
Med. 2009;361:2113-2122; and Lee JM, Robson MD, Yu LM, et al. Effects of high-
dose modified-release nicotinic acid on atherosclerosis and vascular function: a
randomized, placebo-controlled, magnetic resonance imaging study. J Am Coll
Cardiol. 2009;54:1787-1794.)

TABLE 24-4 Approximate Changes in Lipids and Lipoproteins Associated with 2000 mg Total Daily Dose of
Different Types of Niacin
NIACIN TYPE DOSING TOTAL CHOLESTEROL TRIGLYCERIDE HDL-C LDL-C

IR bid or tid �12% �30% +25% �15%

ER hs �12% �30% +25% �15%

SR bid (am/pm) �14% �30% +15% �18%

bid, two times daily; ER, extended-release; HDL-C, high-density lipoprotein cholesterol; hs, at bedtime; IR, immediate-release; LDL-C, low-density lipoprotein cholesterol; SR, slow-
release; tid, three times daily.
(Based on data from Guyton JR, Blazing MA, Hagar J, et al. Extended-release niacin versus gemfibrozil for treatment of low levels of high density lipoprotein cholesterol. Arch Intern
Med. 2000;160:1177-1184; Brown BG, Bardsley J, Poulin D, et al. Moderate dose, three-drug therapy with niacin, lovastatin, and colestipol to reduce low-density lipoprotein
cholesterol <100 mg/dl in patients with hyperlipidemia and coronary artery disease. Am J Cardiol. 1997;80:111-115; and Knopp RH, Retzlaff BM, Fish B, et al. The SLIM study: Slo-
Niacin® and Atorvastatin Treatment of Lipoproteins and Inflammatory Markers in Combined Hyperlipidemia. J Clin Lipidol. 2009;3:167-178.)
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FIGURE 24-6 Niacin-induced dermal flushing involves at least twoG protein–
coupled receptors, GPR109A on Langerhans dendritic cells and DP1 responding
to PGD2 on microvascular and possibly other dermal cells. Niacin binding to
GPR109A on Langerhans cells produces PGD2, mostly through the COX-1
pathway. COX-1, cyclooxygenase-1; DP1, prostaglandin D2 receptor–1; PGD2,
prostaglandin D2. (Based on data from Lai E, De Lepeleire I, Crumley TM, et al.
Suppression of niacin-induced vasodilation with an antagonist to prostaglandin D2

receptor subtype 1. Clin Pharmacol Ther. 2007;81:849-857; and Benyó Z, Gille A,
Bennett CL, Clausen BE, et al. Nicotinic acid-induced flushing is mediated by
activation of epidermal Langerhans cells. Mol Pharmacol. 2006;70:1844-1849.)
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antagonist, inhibits flushing symptoms, although not
completely.29 As illustrated in Figure 24-7, GPR109A medi-
ates flushing and antilipolysis through distinct postreceptor
signal transduction pathways. Suppression of adenylate
cyclase mediates antilipolysis, whereas flushing follows a
β-arrestin-1–dependent pathway.50
Taggart et al. identified β-hydroxybutyrate as an important

endogenous ligand for GPR109A. In the setting of prolonged
fasting or starvation, β-hydroxybutyrate can regulate its own
production, homeostatically limiting ketoacidosis through
GPR109A; this decreases plasmaNEFAs, which provide a sub-
strate for hepatic production of β-hydroxybutyrate and aceto-
acetate.51 This key discovery suggests that niacin (and other
organic anions that activate GPR109A) may co-opt a regula-
tory system that evolved to enhance survival in starvation
(Fig. 24-8). This system includes effects on macrophages
and endothelial cells, as well as on adipocytes.
Antiinflammatory GPR109A-dependent effects of niacin

have been demonstrated in adipocytes and monocytes. Nia-
cin inhibited secretion of proinflammatory chemokines by
adipocytes and stimulated secretion of antiinflammatory
adiponectin.52 In several human monocyte models of
inflammation, niacin reduced cytokine secretion and inhib-
ited cell adhesion and chemotaxis.53

Niacin also modulates key receptors and transporters
related to reverse cholesterol transport. In monocytoid
cells, niacin increased cholesterol efflux and expression of
adenosine triphosphate (ATP)–binding cassette protein
(ABC) A1 and CD36, the scavenger receptor for modified

lipoproteins.54 Lukasova et al. translated the cellular actions
to the LDL receptor–negative mouse model of atherosclero-
sis. Niacin inhibited atherogenesis independently of lipopro-
tein alterations, but no inhibition of atherogenesis occurred
in GPR109A and LDL receptor–double-knockout mice.
Moreover, only bone marrow cells competent for GPR109A
transplanted into irradiated animals were able to support the
antiatherosclerotic effect of niacin. In peritoneal macro-
phages from GPR109A-competent mice only, niacin pro-
moted cholesterol efflux via the cholesterol transporter
ABCG1.55

The major effects of niacin on plasma lipoproteins are
likely caused by the hepatic actions of niacin independent
of GPR109A. Hepatocytes do not express GPR109A. Initially,
the dramatic fall in NEFAs supplying substrate for hepatic
lipid metabolism was postulated to account for lipoprotein
changes. However, non niacin GPR109A agonists that

FlushingAntilipolysis

cPLA2

GRKs
P

βγ

βγ

Gαi/o

Gαi/o

PGD2PKA

cAMP

β-arrestin1

NA

FIGURE 24-7 GPR109A postreceptor signaling pathways. In adipocytes, NA
binding to GPR109A leads to exchange of GTP for the bound GDP in the
heterotrimeric G-protein complex. The α subunit, Gαi/o, dissociates from the β and γ
subunits. Free Gαi/o downregulates adenylate cyclase, decreasing cAMP levels and
consequently reducing PKA activity. This leads to decreased hormone-sensitive
triglyceride lipase activity. In dermal Langerhans cells, GPR109A is phosphorylated
by GRKs, which leads to binding of β-arrestin-1. Translocation of β-arrestin-1 to the
receptor complex results in activation of cPLA2. Arachidonic acid is thereby released
from phospholipids, providing substrate to produce PGD2, which mediates the
flushing response. cAMP, cyclic adenosine monophosphate; cPLA2, cytosolic
phospholipase A2; GDP, guanosine diphosphate; GRKs, G protein–coupled receptor
kinases; GTP, guanosine triphosphate; NA, niacin; PGD2, prostaglandin D2; PKA,
protein kinase A. (Based on data from Walters RW, Shukla AK, Kovacs JJ, et al.
beta-Arrestin1 mediates nicotinic acid-induced flushing, but not its antilipolytic
effect, in mice. J Clin Invest. 2009;119:1312-1321.)
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FIGURE 24-8 GPR109A as a regulator of metabolic responses to prolonged
fasting or starvation. Lack of availability of carbohydrate leads to production of
ketone bodies—β-hydroxybutyrate and acetoacetate—to supply energy to the brain.
β-hydroxybutyrate regulates its own production, in part by suppressing adipocyte
lipolysis and release of nonesterified fatty acids, an effect dependent on GPR109A. In
macrophages, GPR109A mediates suppression of inflammatory responses and
augmentation of cholesterol efflux. Endothelial cells show decreased inflammatory
responses in response to niacin, but it is not known if these depend on GPR109A.
Physiologic concentrations of β-hydroxybutyrate activate GPR109A, but physiologic
concentrations of niacin do not, suggesting that niacin engages these metabolic
responses only when administered pharmacologically. (Based on data from Taggart
AK, Kero J, Gan X, et al. (D)-beta-Hydroxybutyrate inhibits adipocyte lipolysis via the
nicotinic acid receptor PUMA-G. J Biol Chem. 2005;280:26649-26652; Digby JE,
Martinez F, Jefferson A, et al. Antiinflammatory effects of nicotinic acid in human
monocytes are mediated by GPR109A dependent mechanisms. Arterioscler Thromb
Vasc Biol. 2012;32:669-676; Rubic T, Trottmann M, Lorenz RL. Stimulation of CD36
and the key effector of reverse cholesterol transport ATP-binding cassette A1 in
monocytoid cells by niacin. Biochem Pharmacol. 2004;67:411-419; and Lukasova M,
Malaval C, Gille A, et al. Nicotinic acid inhibits progression of atherosclerosis in
mice through its receptor GPR109A expressed by immune cells. J Clin Invest.
2011;121:1163-1173.)
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decreased NEFAs in humans failed to alter lipoprotein levels
apart from minor increases (<5%) in HDL-C.56

In a radioisotope tracer study using [3H]glycerol in
humans, niacin decreased production of VLDL-TG.57 Niacin
added to human hepatoblastoma (HepG2) microsomal
preparations noncompetitively inhibited diacylglycerol acyl-
transferase–2 (DGAT2), a key enzyme in TG synthesis.58 In
HepG2 cell cultures, niacin increased posttranslational apoB
degradation, presumably because of the decreased lipida-
tion of apoB peptide in the endoplasmic reticulum.59 Niacin
also decreases plasma Lp(a) levels by an unknown
mechanism.16

Niacin increases HDL-C levels by as much as 25% to 30%,
but has lesser effects on apoA-I (the major protein in HDL).
Therefore, niacin chiefly increases the size and cholesterol
content of HDL particles.60 Niacin inhibited HDL protein
degradation by HepG2 cells but did not inhibit the selective
uptake of HDL cholesteryl esters.61 These effects favor
increased reverse cholesterol transport. Niacin reduced cell
surface expression of the ATP synthase β-chain, which acts
as a receptor for endocytic uptake of whole HDL particles.62

In a stable isotope study in humans, niacin increased the
apoA-I production rate.63

Pharmacodynamics
After oral administration, niacin is well absorbed. IR niacin
gives peak plasma concentrations within 1 hour and
undergoes urinary excretion largely as unchanged nicotinic
acid.64 ER niacin and slow-release (SR) niacin exhibit over-
lapping pharmacokinetics, with peak plasma levels at 0.5 to
5 hours. They undergo extensive hepatic metabolism,
including conversion to nicotinamide and nicotinuric
acid.65 Niacin doses as low as 200 mg orally activate
GPR109A, causing flushing in the dermis and antilipolysis
in adipose tissue.4 The vitamin dose of 25 mg/day, however,
appears to be too low to activate GPR109A.

Doses in the range of 0.5 to 2 g/day are required to mod-
ify lipoprotein levels. IR niacin may be dosed as high as 4 to
4.5 g/day divided into two or three doses. Increases in HDL-
C occur at doses ranging from 0.5 to 2.5 g/day. Niacin
reduces the levels of atherogenic lipoproteins—VLDL, β-
VLDL, intermediate-density lipoprotein (IDL), LDL, small
dense LDL, and Lp(a)—and raises the levels of HDL and
HDL2, which are associated with protection from athero-
sclerosis.4,66 Niacin formulation and dosing regimen influ-
ence lipoprotein effects (see Table 24-4).66–68 The dose
response of lipoproteins to niacin is generally linear up to 2
to 2.5 g/day, unlike the log-linear relationship evident with
statins. ER niacin (1–2 g/day) and IR niacin (1 g three times
daily) given to patients with hypertriglyceridemia raised
apoA-I by 10% to 11% and lowered apoB by 7% to 12%.66,69

SAFETY AND TOLERABILITY OF NIACIN

Hyperglycemia
Niacin causes insulin resistance and increases fasting glu-
cose levels by approximately 5%.19,70,71 Mean increase in glu-
cose was approximately 10% after 8 to 12 weeks of niacin
administration, but this increase subsided with longer
use.72 Before and after 4 months of treatment with ER niacin
2 g at bedtime, glucose and insulin responses to an oral glu-
cose challenge were indistinguishable.9 In the CDP study,
niacin did not increase new prescriptions for insulin, new

prescriptions for oral hypoglycemics, or instances of
dipstick-positive glycosuria.19 However, a recent random-
ized trial suggested that following 1 year of use, approxi-
mately 1% of patients started on ER niacin 2 g/day had
new-onset diabetes attributable to niacin.72

Recent data suggest that niacin can be used safely in
patients with diabetes.22 In HPS2-THRIVE, in which approx-
imately one third of participants had diabetes at baseline,
approximately 2.5% of patients stoppedER niacin–laropiprant
treatment for diabetes-related reasons.28

Liver Function
SR niacin, which is generally prescribed twice daily, once in
the morning and once in the evening, has a much greater
propensity for hepatic toxicity than IR or ER niacin. Although
some preparations of SR niacin may be used safely in doses
up to 1 g twice daily, other formulations have given signifi-
cant hepatic transaminase elevations in up to 25% of patients
at this dose.73–76 Patients who had liver toxicity with SR nia-
cin have subsequently used IR niacin without liver dysfunc-
tion.74 ER niacin given once daily at bedtime has modest
adverse effects on the liver. In HPS2-THRIVE, only 1.2% of
patients on statin plus ER niacin–laropiprant had alanine
aminotransferase levels greater than 2 times the upper limit
of normal during the preliminary run-in phase, and only 0.8%
had consecutive alanine aminotransferase greater than 3
times the upper limit of normal during the 4-year study.28

Myopathy
Myopathy has not been described as an adverse effect of nia-
cin monotherapy in clinical trials involving IR or ER formu-
lations.19,77 The few case reports associated with niacin in
clinical practice generally did not meet current criteria for
myopathy.78,79 In HPS2-THRIVE, the addition of ER niacin–
laropiprant to statin therapy was associated with a fourfold
increased risk of myopathy, which occurred in 1.2% of
patients on combined treatment. However, the excessmyop-
athy risk was almost entirely confined to Chinese partici-
pants.28 Overall, the risk of potentiating myopathy by
using IR or ER niacin with a statin appears to be small, with
the possible exception of East Asian populations. Niacin-
induced hepatic toxicity in a statin-treated patient, perhaps
caused by SR niacin, could lead to decreased first-pass
hepatic extraction of the statin, increased peripheral blood
levels of the statin, and the potential for myopathy.80

Other Safety Issues with Niacin
Uncommon adverse events in the skin, eyes, gastrointes-
tional tract, and joints may be caused by niacin. Flushing
is almost universal, and on occasion, a skin rash may persist
between doses. The rash generally should not be regarded
as allergic or urticarial, but it may be an eczematoid reaction
related to skin dryness. Acanthosis nigricans is an idiosyn-
cratic reaction in a few patients, and is generally manage-
able by reducing the dose.80 Blurring of vision may occur
with high doses of niacin, generally 3 g/day or higher.81 Fun-
doscopic examination may show cystoid macular edema.82

In the past, peptic ulcer, nausea, and vomiting were associ-
ated with high niacin doses,83 but these adverse effects are
rare today. Niacin may raise uric acid levels by approxi-
mately 10% via competitive inhibition of the tubular secre-
tion of uric acid, leading to gout in susceptible persons.70,84
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Although atrial fibrillation was reported with increased
frequency in niacin-treated patients in the CDP,19 it did
not emerge as a significant adverse event in initial reports
from AIM-HIGH or HPS2-THRIVE. Clinical trials have
revealed small laboratory variations of uncertain signifi-
cance, including reductions in platelet counts (�10%)
and in serum phosphorus (�10%), and increases in pro-
thrombin time (mean 4%).19,80

PRESENT AND FUTURE USE OF NIACIN

At the time of the previous edition of this text, niacin was one
of the most promising pharmacologic agents available for
modifying the course of atherosclerotic disease, lacking only
documentation of clinical event reductions in the current
era of widespread statin use.
This chapter reviewed why niacin generated enough

enthusiasm by the early 2000s that two large randomized
clinical trials were planned and conducted. The enthusiasm
was based largely on evidence of success in modifying ath-
erosclerotic lesions (see Table 24-3). Net regression of
lesions was documented in eight small randomized trials,
which were generally conducted with a combination of nia-
cin with another lipid-modifying drug (statin, fibrate, bile
acid sequestrant, or some combination of these) versus pla-
cebo only. Net lesion regression was noteworthy, because
similar trials of statin monotherapy with anatomic lesion
imaging rarely achieved this benchmark.
Moreover, in two early randomized clinical trials—the

CDP and the Stockholm Ischaemic Heart Disease Study—
niacin alone or niacin combined with clofibrate, respec-
tively, reduced cardiovascular events. In two of the small
randomized trials with anatomic endpoints—HATS and
AFREGS—events were reduced by 70% and 50%, respec-
tively, as secondary endpoints.
Subsequently, AIM-HIGH and HPS2-THRIVE, both con-

ducted in high-risk patients who entered the trials with a high
burden of atherosclerosis, showed that the addition of bed-
time ER niacin to intensive LDL-lowering therapy did not
lead to reduction of atherothrombotic events. Nevertheless,
the abnormal physiology invoked by bedtime dosing must
be considered. The relationship of on-trial lipoprotein levels
to events was markedly altered in AIM-HIGH, suggesting that
niacin may have influenced events in a non-lipoprotein-
related manner.
Besides clinical research, the molecular characterization

of niacin action has advanced tremendously in the past
10 years. Where does the new information leave us with
regard to clinical indications for niacin use? This chapter
concludes with thoughts on: (1) limitations on niacin use;
(2) areas of need for new research; and (3) ongoing recom-
mendations for clinical use of niacin.
First, in clinically stable patients receiving intensive statin

therapy who have well-controlled LDL-C and are presumed
to have a residual high burden of atherosclerosis, bedtime
niacin provides no benefit with regard to cardiovascular
events and generally should not be used. AIM-HIGH in par-
ticular suggests that the HDL-C–raising effect of niacin is less
beneficial than previously supposed, once LDL-C has been
stabilized to less than 70 mg/dL.
The suggestion that nonlipoprotein effects of niacin may

influence cardiovascular events needs to be further
explored in appropriate research studies. The impact of

bedtime dosing versus mealtime dosing on antilipolysis
and stress hormone response requires full characterization.
Basic cellular and animal research suggests that receptors
on macrophages and endothelial cells may mediate the anti-
atherosclerotic effects of niacin. Translational research
should explore the effects of the multiple other known
GPR109A agonists and the effects of activating GPR109A at
niacin doses much lower than those commonly used to
modify lipoprotein levels.

Finally, the authors think that clinicians may continue to
employ mealtime dosing of IR niacin on the basis of the ben-
eficial effects demonstrated before the AIM-HIGH and HPS2-
THRIVE studies. Reasonable evidence suggests that a stress
hormone response occurs daily with bedtime niacin, which
may have increased cardiovascular events in the treatment
groups in AIM-HIGH and HPS2-THRIVE; mealtime niacin
dosing should avoid the hormonal response. Unless this
effect can be shown to be inconsequential, the clinical
impact of mealtime niacin dosing should be based on pre-
vious clinical evidence and not on the recent trials.
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The fibrate drug class has been in clinical use since the
late 1960s, with clofibrate as the first member followed by
the approval of fenofibrate, bezafibrate, gemfibrozil, and
ciprofibrate over the next several decades. Early clinical
investigations with clofibrate in the World Health Organiza-
tion (WHO) primary prevention trial1,2 and in secondary
prevention trials (Coronary Drug Project, Newcastle, and
Edinburgh)3–5 suggested that this class had benefit in coro-
nary heart disease (CHD) risk reduction, but raised some
questions about noncardiovascular disease adverse out-
comes. Although it was known that clofibrate and gemfibro-
zil primarily reduced serum triglycerides (TGs) along with
modest reductions in total cholesterol (TC), the newer-
generation fibrates (fenofibrate, bezafibrate, ciprofibrate)
had greater TC and low-density lipoprotein cholesterol
(LDL-C) reductions. Despite this, the mechanism of action
of fibrates was not known before the early 1990s. More
recent clinical trials with both angiographic outcomes and
hard CHD outcomes confirmed the benefits of fibrates and
alleviated most of the safety concerns. This chapter reviews
the mechanism of action of fibrates on lipid and lipoprotein
metabolism, the demonstrated clinical efficacy and safety of
fibrates inmonotherapy and in combination with other lipid-
modifying drugs, and the clinical trials with surrogate and
clinical cardiovascular disease event outcomes.

MECHANISM OF ACTION ON LIPID
METABOLISM AND CELLULAR FUNCTION

The fibrates are synthetic ligands that bind to peroxisome
proliferator–activated receptor (PPAR)–α. PPARs belong to
a family of nuclear hormone receptors, and they can bind
to natural ligands such as fatty acids and fatty acid–derived
eicosanoids, resulting in a conformational change in the
PPAR protein, such that it forms a heterodimer partnership
with another nuclear hormone receptor, the retinoid X
receptor (RXR).6 This heterodimer complex can then bind
to certain PPAR response elements (PPREs) in the promoter
region of selected target genes. This binding to PPREs can
affect gene transcription by either activation, or infrequently,
by repression (Fig. 25-1).7 The recruitment of coactivators,
release of corepressors, or both, are also an important com-
ponent of proper gene transcription. There are two other
types of PPARs, PPAR-γ and PPAR-δ. PPAR-α is expressed
in metabolically active tissues such as the liver, kidney,
heart, skeletal muscle, and brown fat, as well as in

monocytes and vascular endothelial and smooth muscle
cells. Fibrates are known to clinically reduce serum TG
levels, and this depends on PPAR-α–mediated mechanisms,
which include: (1) increased fatty acid uptake (by inducing
fatty acid transport protein) and increased fatty acid β-oxida-
tion, which reduces the substrate needed for the formation
of very-low-density lipoproteins (VLDL); and (2) increased
transcription of lipoprotein lipase (LPL) and repressed tran-
scription of apolipoprotein C-III (apoC-III), which inhibits
LPL activity.8,9 These two actions result in enhanced TG-rich
lipoprotein lipolysis, which results in lower chylomicron and
VLDL levels and allows released free fatty acids to be stored
in adipose tissue or used for energy in skeletal muscle.
Fibrates also increase high-density lipoprotein cholesterol
(HDL-C) levels, and this depends on PPAR-α activation of
hepatic apoA-I and apoA-II production.10 The process of
reverse cholesterol transport, which is thought to be one
of the main beneficial actions of HDL particles, may be
enhanced by PPAR-α activation in macrophages, which
increases the expression of the adenosine triphosphate–
binding cassette A1 (ABCA1) transporter, possibly through
a modest effect on the liver X receptor.11

In addition to the PPAR-α–mediated effects of fibrates
that result in lower serum TGs and increased HDL-C, other
PPAR-α in vitro experiments have demonstrated that fibrates
reduce the expression of vascular cell adhesion molecule–1
(VCAM-1) on cytokine-stimulated endothelial cells and also
reduce the release of monocyte chemoattractant protein–1
(MCP-1), both of which should reduce the attachment and
transmigration of monocytes into the arterial wall.12 PPAR-α
agonists have also been shown to reduce the expression of
tissue factor and the release of matrix metalloproteinases
by monocytes and macrophages, actions that could reduce
the vulnerability of plaques to rupture and subsequent throm-
bosis.13,14 Many proinflammatory genes depend on nuclear
factor–κB (NF-κB), and it has been suggested that PPAR-α
agonists may reduce the expression of these genes.15 As a
result, PPAR-α agonists such as fibrates have been shown to
reduce inflammatory markers such as interleukin-6 (IL-6),
fibrinogen, serum amyloid A, C-reactive protein (CRP), and
tumor necrosis factor–α (TNF-α), which aremechanisms that
could be considered antiinflammatory and antiatherosclero-
tic (Table 25-1).

As mentioned previously, there are other PPARs, such as
PPAR-γ and -δ, and synthetic ligands that activate each have
been made. Some synthetic ligands have activity on more
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than one PPAR, such as dual PPAR-α and -γ agonists and pan-
PPAR agonists. The fibrates most common in clinical use,
gemfibrozil, bezafibrate, and fenofibrate, are mostly PPAR-α
agonists; however, bezafibrate and fenofibrate may also have
weak PPAR-γ agonist activity. Evidence suggests that fenofi-
brate and bezafibrate improve insulin sensitivity, potentially
through increased expression of adiponectin.16,17

CLINICAL EFFICACY OF FIBRATES ON LIPIDS,
LIPOPROTEINS, AND APOLIPOPROTEINS

Fibrates are prescribed as first-line agents for reducing
elevated TGs because of their superior efficacy in decreasing
TG-rich lipoproteins (VLDL and intermediate-density lipopro-
teins).18 Fibrates also reduce the magnitude and duration of

postprandial lipemia in patients with hypertriglyceridemia.19

All of the clinically available fibrates reduce fasting TG levels
by 30% to 50% on average, and the higher the baseline TG
level, the greater the reduction canbe.20–26 In the rare genetic
dyslipidemia resulting from homozygosity for apoE2, termed
type III dysbetalipoproteinemia, the fibrates produce very sig-
nificant reductions in the cholesterol-enriched VLDL rem-
nants, resulting in large decreases in TC (40%–50%) and
TGs (50%–70%) and in regression of the xanthomas typically
found in this disorder.27

Low levels of HDL-C may occur in isolation from abnormal-
ities in other lipoproteins but more frequently are associated
with elevated TGs. Fibrates increase total HDL-C levels most
effectively in individuals with hypertriglyceridemia,28 and this
results from several mechanisms. First, reducing TG-rich lipo-
proteins will decrease the neutral lipid exchange by choles-
teryl ester transfer protein between TG-rich lipoproteins and
HDL, which results in less TG enrichment of HDL particles
and less opportunity for hepatic lipase remodeling of these
particles to a smaller size. Second, the enhanced LPL-induced
lipolysis of TG-rich lipoproteins by fibrates provides important
surface coat constituents that facilitate HDL maturation, and
the increase in hepatic apoA-I production also contributes
to increased HDL precursors. Although most patients will
have an increase in HDL-C with fibrates, there have been rare
reports of a profound, paradoxical decrease in HDL-C in
patients with type 2 diabetes when fenofibrate or bezafibrate
was added to a thiazolidinedione.29–31 This was reversible
when the fibrate was discontinued. The mechanism responsi-
ble for this rare occurrence is not known.

Fibrates are not considered first-line therapy for lowering
LDL-C because of their limited efficacy comparedwith statins.
The newer-generation fibrates (fenofibrate, bezafibrate,

PPAR

PPAR

Ligands

Cell membrane

Cytoplasm

Ligand 
activation

p65 p50
Fos Jun

Transrepression
Antiinflammatory

properties

Transrepression
Antiinflammatory

properties

NF-κB-RE TRE ISGF-RE PPRE

PPAR target
genes

Transactivation
Lipid and glucose

homeostasis

Corepressor

ligand activationHeterodimerization

Coactivator

Nucleus

RXR

STAT3

STAT1

RXR

RXRPPAR

PPAR

FIGURE 25-1Mechanisms by which PPARs affect gene transcription. ISGF-RE, interferon-stimulated gene factor responsive element; NF-κB-RE, nuclear factor–κB response
element; PPAR, peroxisome proliferator–activated receptors; PPRE, PPAR response element; RXR, retinoid X receptor; STAT, signal transducer and activator of transcription; TRE,
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TABLE 25-1 PPAR–α Effect on Cellular Function and
Inflammation

Decreases vascular cell adhesion molecule–1

Decreases tissue factor expression

Decreases matrix metalloproteinase release

Decreases monocyte chemoattractant protein–1

Reduces inflammatory markers

Fibrinogen

Interleukin-6

C-reactive protein

Serum amyloid A

Tumor necrosis factor–α

PPAR, peroxisome proliferator–activated receptors.
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ciprofibrate) have modest LDL-C–lowering efficacy (�15% to
�20%) in patients with hypercholesterolemia and normal
baseline TGs.18,26 ApoB levels are also reduced by 10% to
20%. If baseline TGs are high, LDL-C levelsmay increase, prob-
ably because of a shift in the size of LDL particles from small
and dense to a larger particle without a significant change in
LDL particle number.8,32 Total apoB and non–HDL-C may
decline, however, because of reduced VLDL particle num-
bers. The effect of fibrates on levels of lipoprotein(a) [Lp
(a)] are mixed. In some studies, bezafibrate and gemfibrozil
were shown to reduce Lp(a), but this did not occur in all stud-
ies. It appears that the heterogeneity of the response of Lp(a)
to fibrates depends on baseline TG levels. In patients with nor-
motriglyceridemia, gemfibrozil reduced Lp(a) by 17%, and
those with baseline Lp(a) levels greater than 20 mg/dL had
a reduction of 25%. However, in patients with hypertriglycer-
idemia, gemfibrozil had no significant effect on Lp(a). The
reason for such a difference of response based on pretreat-
ment TG levels is not clear, but possible explanations are that
reduced VLDL production by fibrates in individuals with
hypertriglyceridemia permits more apoB availability for Lp
(a) assembly, thereby increasing Lp(a) production, or that
reduced VLDL levels decrease the interaction of Lp(a) with
VLDL to form complexes that would normally be cleared
by the LDL receptor, or a combination of both.33

Head-to-head comparative trials of the lipid efficacy of the
fibrates are limited but generally show equivalent TG lower-
ing and HDL-C increases at their recommended doses.23,25

The range of lipid, lipoprotein, and apolipoprotein efficacy
for the fibrates is provided in Table 25-2.

FIBRATES AND OTHER BIOCHEMICAL EFFECTS

As previously mentioned, fibrates may alter cellular pro-
cesses through PPAR-α activation that may result in
antiinflammatory activities. CRP is primarily produced by
the liver in response to cytokine mediators and has been
shown to be an independent predictor of CHD in men
and women. Many therapies that are known to be beneficial
in reducing CHD risk, such as weight loss, exercise, aspirin,
and statins, have been shown to reduce CRP. Similarly,
fibrates have been shown to reduce CRP in patients with dys-
lipidemia in most studies, but not in all patients.17,26,34–37

Lipoprotein-associated phospholipase A2 (Lp-PLA2) has also
been suggested as a marker of increased vascular disease
risk, particularly stroke. Statins have been shown to reduce
Lp-PLA2, probably because most Lp-PLA2 mass is carried in
LDL particles. Fenofibrate has been shown to lower Lp-PLA2

to a similar degree as statins in type 2 diabetes and mixed
dyslipidemia patients.35 Fibrinogen has been associated
with increased vascular risk and is an acute-phase reactant.
The newer-generation fibrates have all been shown to lower
fibrinogen levels in patients with dyslipidemia.17,23,25,26,37,38

Elevated uric acid levels are frequently seen in individuals
with the metabolic characteristics of the metabolic
syndrome,39 and hyperuricemia has been suggested as an
independent predictor of cardiovascular disease.40,41 Fenofi-
brate has been shown to reduce uric acid levels, most likely
by increasing renal excretion42; however, this has not been
demonstrated for bezafibrate or gemfibrozil.43 Homocysteine
elevations appear to have an association with increased vas-
cular disease risk, but randomized clinical trials of folate plus
vitamin B12 and vitamin B6 supplementation in high-risk
patients have failed to demonstrate any risk reduction by low-
ering homocysteine levels.44 Fenofibrate has increased homo-
cysteine levels in short-term efficacy studies45–48 and in long-
term cardiovascular disease outcome trials (Fenofibrate Inter-
vention and Event Lowering in Diabetes [FIELD] and Diabe-
tes Atherosclerosis Intervention Study [DAIS]).49,50 In the
FIELD trial, the homocysteine increase was reversible when
fenofibrate was discontinued, and the clinical impact of this
elevation on the primary endpoint, which did not reach statis-
tical significance, is not clear. In the quantitative angiographic
analysis in DAIS, the increase in homocysteine by fenofibrate
did not appear to alter the favorable fenofibrate effect of slow-
ing atherosclerosis progression compared with placebo.51

Serum creatinine levels have increased in some patients
treated with fenofibrate and ciprofibrate.26,49 The increase
with fenofibrate occurs shortly after starting treatment, and
the frequency of at least a 20% increase is approximately
47% of patients with type 2 diabetes, as shown in the Action
to Control Cardiovascular Risk in Diabetes (ACCORD)
study.52 The increase in creatinine with fenofibrate does
not appear to be a real nephrotoxic effect, because both
the FIELD and ACCORD trials have shown reversibility with
discontinuation over both short-term and long-term use.
Renal function in patients with type 2 diabetes who had a
rise in creatinine during the ACCORD trial demonstrated a
return to the same level of renal function as in the placebo
group, and this was confirmed by simultaneous measure-
ments of cystatin C. In the FIELD washout substudy
(n¼661), not only did the creatinine levels return to base-
line, but the estimated glomerular filtration rate (eGFR)
levels of these patients also fell less than those of the
matched placebo group over 5 years, suggesting renal pres-
ervation.53 In addition, the fenofibrate-treated patients had a
reduction in the albumin/creatinine ratio, a reduction in
albuminuria progression, and an increase in albuminuria
regression. The mechanism for this rise in creatinine in some
patients is unknown, but it is possibly related to increased
creatine production, reduced renal tubular secretion of
creatinine, reduced renal blood flow, reduced GFR, or any
combination of these.54 The parallel increase or decrease
in cystatin C seen in the ACCORD study suggests that
increased creatine production, reduced tubular secretion
mechanisms, or both, are not likely causes. Finally, in an

TABLE 25-2 Clinical Lipid Efficacy of Fibrates
FIBRATE TG HDL LDL TC ApoB ApoA-I

Gemfibrozil 1200 mg/day �30% to �50% + 5% to +20% �10% �10% to �15% �10% to �20% +5%

Bezafibrate 400–600 mg/day �30% to �48% + 5% to +17% �15% (type II); +7% (type IV) �15%

Ciprofibrate 100 mg/day �37% to �73% + 18% to +39% �18% to�29% (type II); +36%
(type IV)

�15% to �25% �15% to �20% +8% to+10%

Fenofibrate 200–300 mg/day �30% to �45% + 10% to +15% �10% to �15% �10% to �15% �10% to �15% +10%

apo, apolipoprotein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglycerides.
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analysis of patients in the Veterans Affairs High-Density Lipo-
protein Intervention Trial (VA-HIT) with a baseline eGFR of
30 to 60 mL/min/1.73 m2, no change was observed in the
eGFR with gemfibrozil treatment compared with placebo
over 5 years, whether or not the patients had type 2 diabetes
or metabolic syndrome. Also, a transient increase in serum
creatinine was noted in 10% of the gemfibrozil group com-
pared with 4% of the placebo group.55

The National Kidney Foundation56 and the National Lipid
Association57 have provided practical advice about the use
of fibrates in patients with stage 2 or greater chronic kidney
disease, because fibrates require renal excretion for elimina-
tion. In general, the dose of fenofibrate should be reduced
for a GFR of 30 to 60 mL/min/1.73 m2, and fibrates should
be avoided in end-stage renal disease. Caution should be
used in combining fibrates with statins in stage 2 to 4 chronic
kidney disease; fenofibratemay be considered at a low dose,
and gemfibrozil is not recommended.

The dyslipidemia of insulin resistance, which is character-
ized by elevated serum TGs and lowHDL-C, is uniquely suited
for fibrates. The important question is whether fibrates have
mechanisms of action that could also improve insulin sensi-
tivity, for example, by serving as weak agonists for PPAR-γ,
thus increasing adiponectin levels. Bezafibrate does have
weak agonist effects for PPAR-γ, and it was shown in the Beza-
fibrate Infarction Prevention (BIP) trial to reduce the progres-
sion to type 2 diabetes in a post hoc analysis of patients with
metabolic syndrome.58 The same authors showed in another
post hoc subgroup analysis that insulin resistance measured
by homeostasis model assessment of insulin resistance
progressed in the placebo group, whereas no significant
change was seen in the bezafibrate group over 2 years.59,60

Gemfibrozil did not change the progression rate to diabetes
in VA-HIT compared with placebo.55 It is not clear if fenofi-
brate has an agonist effect on PPAR-γ, but evidence suggests
that measures of insulin resistance are improved with treat-
ment in patients with metabolic syndrome.17 Fenofibrate
has been shown to increase adiponectin levels,17,38 which
is an adipocyte-secreted protein that seems to improve glu-
cose use and correlates inversely with insulin resistance.
Whether this effect on adiponectin has clinical relevance
for fenofibrate-treated patients awaits further investigation.

REVIEW OF FIBRATE RANDOMIZED
CLINICAL TRIALS

The history of cardiovascular event outcome trials with
fibrates started with clofibrate in the 1960s. Table 25-3 pre-
sents the important fibrate trials that evaluated either cardio-
vascular outcomes or the effect of therapy on a surrogate
measure of atherosclerosis, such as quantitative angiogra-
phy or B-mode ultrasonography. All of these studies were
placebo-controlled trials of fibrate monotherapy, except
for ACCORD,64 which compared fibrate–statin combination
therapy with statin monotherapy.

The early clofibrate studies, Newcastle4 and Edinburgh,5

were small and performed in patients with CHD who
had high TC levels. Both trials reported significant reductions
in fatal and nonfatal CHD events, and one (Newcastle) had a
reduction in total mortality over 5 to 6 years that accompa-
nied a modest 10% to 20% reduction in TC. The Coronary
Drug Project, performed in men with CHD, included a clofi-
brate arm inwhich a nonsignificant 9% reduction in fatal and

nonfatal CHD events over 5 years was reported.3 The WHO
primary prevention trial evaluated 5000 individuals treated
with clofibrate, and found a significant 25% reduction in non-
fatal myocardial infarction (MI) and no change in CHD
death; this trial also raised concern, as previouslymentioned,
with the finding that total mortality was increased.1,2 Impor-
tantly, the first post–acute coronary syndrome trial, the Stock-
holm Ischaemic Heart Disease Study, treated consecutive
survivors of an MI with clofibrate plus niacin versus placebo
and found that CHD death was reduced by 36% and total
mortality was reduced by 26% over 5 years.56

Despite the success of most of these trials, the acceptance of
clofibrate treatment for CHD prevention was limited by the
adverse effect on mortality noted in the WHO study. Fibrate
therapy received an important lift from the results of the Hel-
sinkiHeart Study in1987.57Thisprimaryprevention trialof gem-
fibrozil or placebo inmenwithout CHDwhohad a non–HDL-C
level of 200 mg/dL or greater demonstrated a significant 34%
reduction in the primary endpoint of fatal and nonfatal MI,
and most importantly, found that gemfibrozil had no adverse
effect on total or noncardiovascular disease mortality. Post
hoc analysis revealed that the greatest CHD benefit occurred
in the subgroup with an LDL-C/HDL-C ratio greater than 5 plus
TG levels greater than 204 mg/dL whowere treated with gemfi-
brozil.58Ananalysisof18yearsof follow-up,comparingtheorig-
inal placebo and gemfibrozil groups, showed that CHD death
was significantly lower in the original gemfibrozil cohort and
that total mortality was also lower in the gemfibrozil subgroup
with a body mass index of 27.5 kg/m2 or greater and TGs
184 mg/dL or greater; increased body mass index and TGs
are components suggestive of the metabolic syndrome.59 The
other pivotal gemfibrozil trial was VA-HIT, which randomized
men with CHD and low HDL-C to gemfibrozil or placebo for
5 years.65 Nearly half of the population had either type 2 diabe-
tes ormetabolic syndrome, andmean baseline lipids included
LDL-C levels of 111 mg/dL, HDL-C levels of 32 mg/dL, and TG
levels of 160 mg/dL. Gemfibrozil increased HDL-C by 6% and
reducedTGsby31%,and thesechanges resulted ina22% lower
incidence of the composite endpoint of nonfatal MI, CHD
death, and stroke. A nonsignificant reduction in total mortality
was observed. Further subgroup analysis of those with type 2
diabetes provided evidence of gemfibrozil’s significant reduc-
tion of stroke risk and showed that gemfibrozil had the greatest
benefit on CHD events in individuals without diabetes who
were in the highest quartile of fasting plasma insulin levels.60

These trials with gemfibrozil provided important informa-
tion about the target population most likely to benefit from
fibrate treatment. This included primary prevention patients
witheitherhighnon–HDL-CorLDL-C/HDL-Cratiosgreater than
5 with TGs greater than 200 mg/dL, and secondary prevention
patients with predominantly low HDL-C and either type 2 dia-
betes or evidence of insulin resistance. The studies with beza-
fibrate further elucidated the role of fibrates in patients with
metabolic syndrome and dyslipidemia. In the BIP trial, CHD
patients with low HDL-C had a nonsignificant 9% reduction
inCHDeventsover6yearswithbezafibratecomparedwithpla-
cebo.66 Post hoc analysis showed a significant 39% reduction
inCHDevents in the subgroupwith baselineTGs of 200 mg/dL
or greater, and in patients with metabolic syndrome, the pri-
mary endpoint (fatal and nonfatal MI and sudden death)
was significantly reduced by 23% (Fig. 25-2).53 In addition,
on-treatment HDL-C significantly affected subsequent cardiac
mortality, such that a 5-mg/dL increase in HDL-C resulted in a
27% decrease in cardiac death.67

288

III

TH
ER

A
PY



TABLE 25-3 Summary of Clinical Trials with Fibrates

TRIAL
POPULATION;
DURATION

LIPID/NONLIPID
EFFECTS OUTCOME

Clofibrate

Coronary Drug
Project3

1103 men with CHD;
5 yrs

TC �6.5%
TG �22%

No effect on total mortality; �9% reduction in CHD death and nonfatal MI (NS).

WHO1,2 15,745 men without CHD;
5000 received clofibrate;
5.3 yrs

TC �9% Nonfatal MI reduced by 25%; no effect on CHD death. Increased total mortality with clofibrate.

Newcastle4 497 CHD subjects;
PBO-controlled;
5 yrs

TC �9% to �15% Significant reduction in total mortality, particularly sudden death. Significant reduction in nonfatal MI.

Edinburgh5 717 CHD subjects;
PBO-controlled;
6 yrs

TC �15% to �20% Significant reduction in fatal and nonfatal CHD events. No effect on total mortality.

Stockholm
IHD67

556 consecutive MI
survivors;

clofibrate plus
niacin versus PBO;

5 yrs

Clofibrate plus niacin reduced total mortality by 26%and CHDmortality by 36% compared with PBO.

Gemfibrozil

HHS61 4081 men without CHD;
PBO-controlled;
5 yrs

TC �11%
TG �43%
HDL +10%
LDL �10%
Non–HDL-C �14%

Reduced CHD events by 34%. In subgroup with LDL/HDL ratio >5 and TG >200 mg/dL, CHD events
reduced by 71%.

VA-HIT66 2531 men with CHD;
PBO-controlled;
5 yrs

TC �4%
LDL no change
TG �31%
HDL +6%

22% reduction in CHD death and nonfatal MI.

Angiographic

LOCAT68 395 men post-CABG with
HDL <43 mg/dL;

PBO-controlled;
2.5 yrs

LDL �5%
TG �36%
HDL +21%

QCA at 32 months showed less progression in native coronaries and fewer new lesions.

Bezafibrate

BIP74 3090 with CHD;
PBO-controlled;
6.2 yrs

TG �21%
HDL +18%
LDL �6.5%
Fibrinogen �12%

10% reduction in CHD events (NS).
40% reduction in CHD events if TG >200 mg/dL (post hoc).

LEADER62 1568 men with PAD;
PBO-controlled;
3 yrs

TC �8%
LDL �8%
HDL +8%
TG �23%
Fibrinogen �13%

No effect on CHD or stroke. Benefit on nonfatal MI in men younger than 65 yrs. Reduced severity
of claudication.

Angiographic

BECAIT69 92 post MI;
PBO-controlled;
5 yrs

TC �9%
TG �37%
HDL +9%
Fibrinogen �12%

QCA at 2 and 5 yrs showed less angiographic progression and fewer coronary events (NS).

B-mode Ultrasound

SENDCAP63 164 type 2 DMwithout CVD;
PBO-controlled;
3 yrs

TC �7%
TG �32%
HDL +6%
LDL �10%
Fibrinogen �18%

No benefit on carotid or femoral B-mode ultrasound measurement of progression.

Fenofibrate

FIELD49 9795 type 2 DM;
PBO-controlled;
5 yrs

TC �11%
LDL �12%
TG �29%
HDL +2%
apoB �7.5%

11% (NS) reduction in fatal CHD and nonfatal MI.
24% reduction in nonfatal MI.

ACCORD
Lipid64

5518 type 2 DM;
simvastatin control;
4.7 yrs

HDL +2%
TG �15%
LDL no change

Total CV events reduced significantly by 11%.
9% (NS) reduction in fatal CV events, nonfatal MI, nonfatal stroke
40% (P¼0.006) reduction in rate of diabetic retinopathy progression

Angiographic

DAIS50 418 type 2 DM;
PBO-controlled;
3 yrs

TC �10%
LDL �5%
HDL +8%
TG �28%

QCA showed significantly smaller increase in percent diameter stenosis and decrease in MLD with
fenofibrate. Fewer CHD events with fenofibrate (NS).

ACCORD, Action to Control Cardiovascular Risk in Diabetes; BECAIT, Bezafibrate Coronary Atherosclerosis Intervention Trial; BIP, Bezafibrate Infarction Prevention; CABG, coronary artery
bypass grafting;CHD, coronaryheart disease;CV, cardiovascular;CVD, CVdisease;DAIS, DiabetesAtherosclerosis Intervention Study;DM, diabetesmellitus; FIELD, Fenofibrate Intervention
andEvent Lowering inDiabetes;HDL, high-density lipoprotein cholesterol;HHS, HelsinkiHeartStudy; IHD, IschaemicHeartDisease; LDL, low-density lipoproteincholesterol; LEADER, Lower
Extremity Arterial Disease Event Reduction; LOCAT, Lopid Coronary Angiography Trial;MI, myocardial infarction;MLD, minimum lumen diameter;NS, nonsignificant; PBO, placebo;QCA,
quantitative coronaryangiography;SENDCAP, St.Mary’s, Ealing,NorthwickParkDiabetesCardiovascularDiseasePrevention;TC, total cholesterol; TG, triglycerides;VA-HIT, VeteransAffairs
High-Density Lipoprotein Intervention Trial;WHO, World Health Organization.
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The quantitative angiographic trials with gemfibrozil,
fenofibrate, and bezafibrate have all shown a slowing of ath-
erosclerosis progression, which is similar to the placebo-
controlled studies of statins.50,68,69 The most recent large
fibrate monotherapy trial was the FIELD study.49 This study
randomized 9795 patients with type 2 diabetes and TC level
of 115 to 250 mg/dL, TG level of 89 to 443 mg/dL, a TC/HDL-C
ratio of 4 or greater, and no indication for lipid therapy to
receive either placebo or fenofibrate (micronized, 200 mg)
for 5 years. Most of the population (78%) had no clinical
history or evidence of baseline cardiovascular disease.
The primary endpoint of CHD death and nonfatal MI was
somewhat lower with gemfibrozil but the diference was
not statistically significant (11% relative reduction;
P¼0.16). The secondary endpoint of total cardiovascular
disease events was significantly reduced by 11%, as was
the incidence of nonfatal MI (–24%) and coronary revascu-
larizations (–21%). In a prespecified analysis, the patients
without baseline cardiovascular disease (n¼7664) had a
significant 25% reduction in the primary endpoint
(P¼0.014) and an 11% reduction in the secondary endpoint
(P¼0.004) (Fig. 25-3). The FIELD protocol did allow for
other lipid-lowering agents to be prescribed by the patients’
healthcare provider if necessary, and at the end of the study,
32% of the placebo group and 16% of the fenofibrate group
were taking a statin. It appeared that this disproportionate
use of statins in the placebo group had an effect on the pri-
mary outcome, because a prespecified adjustment for statin
use showed that the original randomization to fenofibrate
had a significant 19% reduction in the primary endpoint.
Fenofibrate therapy significantly reduced the tertiary end-
points of need for laser treatment for retinopathy and the
progression of microalbuminuria.

Two recent systematic reviews and meta-analyses of
the effects of fibrates on outcomes have been published.

The first concerned the effect of fibrates on cardiovascular
outcomes and identified 18 trials with 45,058 participants
in randomized control trials of fibrates compared with pla-
cebo. This analysis found that fibrates significantly reduced
major cardiovascular events by 10% and coronary events by
13%, with no benefit on stroke, cardiovascular mortality, or
all-cause mortality.51 The second meta-analysis concerned
the effect of fibrates in kidney disease and identified 10 trials
with 16,869 patients.70 The main findings were: (1) a reduc-
tion in the risk of albuminuria progression in type 2 diabetes;
(2) a rise in serum creatinine, with no effect on the risk of
developing end-stage renal disease; and (3) in patients with
an eGFR of 30 to 59 mL/min/m2, a reduction in major cardio-
vascular events by 30% and in cardiovascular death by 40%,
with no change in all-cause mortality.

COMBINATION TREATMENTOF FIBRATESWITH
OTHER LIPID-ALTERING AGENTS

For the majority of patients at significant risk for cardiovasu-
lar disease, statins are the cornerstone of lipid treatment.
Residual risk exists for some people with low HDL-C, high
TGs, or both, and who are at their LDL-C goal on statins;
the addition of fibrates could be useful in these patients.
For a few selected individuals with severe hypertriglyceride-
mia, two or more drugs, such as fibrates, niacin, and omega-
3 fatty acids, may be needed to reduce TGs to less than
500 mg/dL. In addition, a few individuals who are intolerant
to statins because of muscle-related adverse symptoms may
benefit from fibrates plus drugs that act on the intestine, such
as bile acid resins, ezetimibe, or both, to control their dysli-
pidemia. The efficacy and safety studies discussed here were
not designed to evaluate hard cardiovascular disease out-
comes. As mentioned previously, the Stockholm Ischaemic
Heart Disease Study with clofibrate plus niacin is the only
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favorable clinical event outcome trial of fibrate combination
therapy. This trial was conducted in the prestatin era, and
the control group received placebos. The ACCORD trial eval-
uated simvastatin plus fenofibrate versus simvastatin mono-
therpy in 5518 patients with type 2 diabetes, and the
combination did not provide any incremental benefit in car-
diovascular disease events (hazard ratio 0.92; P¼0.32). A
prespecified subgroup analysis in patients with both high
TGs (�204 mg/dL) and low HDL-C (�34 mg/dL), which
was 17% of the total population, revealed a 30% reduction
in the primary endpoint with combination treatment.64

Fibrates and Statins
After the introduction of lovastatin in 1987, the concept of
combining lovastatin for reducing LDL-C with the TG-
lowering and HDL-C–increasing efficacy of gemfibrozil in
people with mixed dyslipidemia was introduced.71,72 It
became apparent, however, that there was a significant risk
of myopathy and rhabdomyolysis with this combination,73

which was later confirmed with cerivastatin and gemfibro-
zil.74 Nonetheless, the effectiveness of statins combined with
fibrates has been demonstrated in mixed dyslipidemias, and
a better understanding of fibrate pharmacokinetic interac-
tions with statins has provided clinicians with recommenda-
tions for reducing the myopathy risk.
Themajorityof the recent statin–fibrateefficacystudieshave

evaluated fenofibrate or fenofibric acid, the active component
of fenofibrate (Table 25-4).64,80–85 In general, the addition of
fenofibrate or fenofibric acid to a statinprovides greater reduc-
tions in TGs and increases in HDL-C compared with statin
monotherapy. In the study by Ellen and McPherson, the com-
binationof simvastatinand fenofibrate resulted ina shift of LDL
particle size from predominantly small to intermediate and
large, whereas no change was seen in particle size in the sim-
vastatin monotherapy group.85 This was also shown with the
use of fenofibric acid in combination with rosuvastatin 10
and 20 mg; LDL particle size increased significantly in patients
with baseline mixed dyslipidemia who received combination
therapy compared with rosuvastatin 10 and 20 mg monother-
apy.86 In a few of these trials, fenofibrate was found to reduce
uric acid levels and to result in a slight increase in serum cre-
atinine. None of these studies reported a significant difference
in the incidence ofmuscle adverse events betweenmonother-
apy and combination therapy.
The myositis risk of gemfibrozil coadministered with sta-

tins may be related to the pharmacokinetic interaction it
has with all statins, except fluvastatin, resulting in significant
increases in the serum concentration maximum (Cmax)
of each statin. 87,88 Gemfibrozil interferes with the glucuroni-
dation of statins, which is an important process for statin
elimination, whereas fenofibrate does not. Similar pharma-
cokinetic studies with fenofibrate coadministration with
statins revealed no change in statin Cmax.

87 Although the
mechanism by which statins may cause myositis is not clear,
higher than expected active statin blood concentrations do
appear to be an important factor.

Fenofibrate and Ezetimibe
Recent clinical trials suggest that the combination of fenofi-
brate and ezetimibe in patients with mixed dyslipidemia
results in better lipid effects than either treatment alone. In
one study, fenofibrate 160 mg/day and ezetimibe 10 mg/
day reduced LDL-C by 5% and 13%, respectively.89 The

combination reduced LDL-C by 20% without additional
TG and HDL-C effects beyond that of fenofibrate monother-
apy. The combination was well tolerated without signifi-
cantly increased adverse events compared with the
monotherapies. In a placebo-controlled trial of fenofibrate
160 mg/day (n¼160), ezetimibe/simvastatin 10/20 mg/day
(n¼179), and the combination (n¼180) in patients with
mixed dyslipidemia, LDL-C was reduced by 16%, 47%, and
46%, TGs were reduced by 41%, 29%, and 50%, and HDL-C
was increased by 18%, 9%, and 19%, respectively.90 No signif-
icant differences in safety and tolerability were observed
among the three active treatment groups, including muscle
or liver adverse events. More patients had slight creatinine
elevations in the two fenofibrate arms, but no discontinua-
tions occurred because of this finding. Finally, fenofibric
acid 135 mg (n¼272) or placebo (n¼271) was added to
atorvastatin 40 mg plus ezetimibe 10 mg over 12 weeks in
patients with mixed dyslipidemia.91 The fenofibric acid com-
bination reduced TGs (�57% vs.�40%), non–HDL-C (�56%
vs. �51%), and apoB (�49% vs. �45%), and increased HDL-
C (+13% vs. +4%) compared with placebo, with no differ-
ences in adverse events or tolerability.

TABLE 25–4 Combination Statin and Fenofibrate
Efficacy Studies

% CHANGE IN LIPIDS/
LIPOPROTEINS

N LDL TG
HDL-
C

Non–
HDL-C ApoB

Ellen and McPherson85

Statin 39 �30 �9 +15

Statin plus fenofibrate 80 �28 �41 +22

Farnier and Dejager75

Fenofibrate plus fluvastatin
20 mg

33 �32 �39 +14

Fenofibrate plus fluvastatin
40 mg

31 �41 �40 +3

Athynos et al.76

Atorvastatin 20 mg 40 �40 �30 +9

Atorvastatin plus fenofibrate 40 �46 �50 +22

Derosa et al.77

Fluvastatin 80 mg 23 �25 �17 +14

Fluvastatin 80 mg plus
fenofibrate 200 mg

25 �35 �32 +34

Durrington et al.78

Rosuvastatin 5 mg plus
fenofibrate 201 mg

60 �34 �41 +11

Rosuvastatin 10 mg plus
fenofibrate 201 mg

53 �42 �47 +12

Grundy et al.79

Simvastatin 20 mg 207 �26 �20 +10

Simvastatin 20 mg plus
fenofibrate 160 mg

411 �31 �43 +19

Jones et al.86

Fenofibric acid 135 mg
+statin (low dose)

409 �33 �44 +18 �40 �36

Fenofibric acid 135 mg
+statin (moderate dose)

489 �35 �42 +18 �42 �37

apoB, apolipoprotein B; HDL-C, high-density lipoprotein cholesterol; LDL, low-density
lipoprotein cholesterol; N, number of subjects; TG, triglyceride.
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Fibrates and Bile Acid Resins
In a trial in which fenofibrate 160 mg/day for 8 weeks fol-
lowed by randomization to coadministration of colesevelam
3.75 g/day or placebo for an additional 6 weeks,92 the com-
bination produced greater reductions in LDL-C and apoB
compared with fenofibrate monotherapy, but did not
change HDL-C and TGs compared with fenofibrate mono-
therapy.92 No significant adverse event differences were
observed with the combination.

A substantialminority of patients, particularly at older ages,
have adverse events with statin treatment, which are mostly
related to myalgias with normal creatine kinase levels. Many
of thesepeoplewill not continue to take statins becauseof the
symptoms. Bile acid resins and ezetimibe are alternatives to
statins for lowering LDL-C, and the previously discussed trials
that combined the intestinally active drugs with fibrates may
be important options for such individuals. In a quantitative
coronary angiography trial in men with CHD and low HDL-
C, the stepwise addition of gemfibrozil 1200 mg/day, niacin
3000 mg/day, and cholestyramine 16 g/day was compared
with placebo in 71 and 72 individuals, respectively, for
30 months.93 Compared with placebo, the combination ther-
apy reduced LDL-C by 26% and TGs by 50%, and increased
HDL-C by 36%. The triple therapy led to reduced progression
of atherosclerosis andanonsignificant trend toward reducing
the composite cardiovascular disease endpoint.

SAFETY OF FIBRATES

As mentioned previously, the early trials with clofibrate
raised concern about an increase in noncardiovascular dis-
ease mortality. Part of this was related to increases in chole-
lithiasis, in complications from cholecystectomy, and in
pancreatitis; however, some concern also existed about
an increase in gastrointestinal malignancies. Experience
with the newer fibrates has not demonstrated a relationship
with malignancy risk, but higher incidences of cholelithiasis
and pancreatitis were observed. A thorough review of the
safety of fibrates has addressed these risks and other safety
concerns, such as increases in serum creatinine and homo-
cysteine, changes in the international normalized ratio (INR)
with concomitant warfarin administration, myopathy risk
in monotherapy and in combination with statins, and a risk
of thromboembolic events.87,88,94 The authors made the
following recommendations to healthcare professionals:
1. Obtain baseline serum creatinine before initiating fibrate

therapy. If impaired renal function is present at baseline,
for example, if the eGFR is less than 60 mL/min/1.73 m2,
use the lowest dose of fenofibrate or gemfibrozil. It is
recommended that fenofibrate not be used with an eGFR
of less than 30 mL/min/1.73 m2.

2. It is not necessary to monitor creatinine levels, but if they
are found to be increased without another cause, con-
sider stopping the fibrate.

3. Obtain baseline creatine kinase level if adding fenofibrate
to a statin, and monitor symptoms of muscle pain or
weakness. It is suggested that gemfibrozil not be used
with any statin other than fluvastatin. It is best to use as
low a statin dose as possible. If the patient has renal insuf-
ficiency (eGFR 30–60 mL/min), caution should be used
when adding any fibrate to statin therapy.

4. Routine monitoring of homocysteine is not indicated at
this time.

5. Monitor the INR in patients on warfarin when a fibrate
is added.

6. Although fibrates may increase the risk for cholelithiasis,
it is not recommended to screen for gallstones before ini-
tiating fibrate therapy. The benefit versus the risk for giv-
ing a fibrate to patients with known cholelithiasis should
be weighed.
More recently, the National Kidney Foundation’s recom-

mendation for the management of dyslipidemia in patients
with diabetes and chronic kidney disease concluded that
the outcomes benefit of fibrates in these patients was incon-
clusive. However, they found that fibrates were safe and that
they increased the regression of microalbuminuria to nor-
mal and the regression of macro- to microalbuminuria.95

CONCLUSION

The fibrate class of drugs is clinically indicated to lower serum
TGs and increase HDL-C. Fibrates also reduce postprandial
lipemia and increase the size of LDL particles. The newer
fibrates, fenofibrate and bezafibrate, may moderately reduce
LDL-C in patients with hypercholesterolemia, and they may
improve insulin sensitivity in insulin-resistant individuals.
The lipid-modifying effects of fibrates are mediated through
activation of PPAR-α, and this effect may also have
antiinflammatory and antiatherosclerotic consequences.
The FIELD and ACCORD data suggest that fenofibrate
increases both the regression and progression of albuminuria
in diabetes, as well as reducing the progression of diabetic ret-
inopathy.96 Randomized clinical trials show that fibratemono-
therapy is most effective in reducing quantitative measures of
coronary atherosclerosis progression and in reducing cardio-
vascular events in patients with high TGs, low HDL-C, or both,
especially in those who have metabolic syndrome. However,
the relative risk reduction in clinical outcomes is not as great
as that with statin monotherapy in similar high-risk popula-
tions. The suggested clinical indications for fibrate monother-
apy are listed inTable 25-5 and are derived from both clinical
trial evidence and clinical practice experience. The substan-
tial cardiovascular disease risk that remains in statin-treated
high-risk patients may, in part, be related to persistent eleva-
tion in TG-rich lipoproteins and lowHDL-C levels, and it would
appear that compared with statins or fibrates alone, concom-
itant fibrate and statin therapy is more effective in improving
all lipoprotein levels and is comparably safe. Whether this
combination will provide incremental risk reduction over
statin monotherapy awaits future trial evidence.

TABLE 25-5 Clinical Indications for Fibrate Therapy

1. TGs >500 mg/dL

2. Primary prevention in men without CHD and with non–HDL-C>200 mg/dL,
especially if LDL-C/HDL-C ratio >5 and triglycerides >200 mg/dL, and statin
intolerant

3. Patients with type 2 diabetes but without CVD who are statin intolerant;
combined with statin if persistent elevation in TG+ low HDL-C

4. Men with CHD and low HDL-C and near LDL-C goal, especially those who
are statin intolerant

5. Combination therapy with fenofibrate and statin if TGs >200 mg/dL and
non–HDL-C is not at goal in high-risk patients

6. Combination therapy with niacin, omega-3 fatty acids, or both for persistent
severe hypertriglyceridemia

CHD, coronary heart disease; CVD, cardiovascular disease; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TGs, triglycerides.
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INTRODUCTION

The pioneering observations made in the 1970s by Dyerberg
et al. among Greenland Inuits were primarily responsible for
the modern interest in marine oils and cardiovascular disease
(CVD).1,2 These Danish investigators reported that, despite a
diet high in saturated fat and cholesterol, serum lipids—
particularly triglycerides (TG)—were significantly lower in
the Inuits compared with Danes.3 They also found prolonged
bleeding times.4 More importantly, the Inuits were reported to
have a markedly reduced incidence of acute myocardial
infarction.5 It was hypothesized that the omega-3 fatty acids
(FAs) found in abundance in marine oils may have been
responsible for these observations.6

DEFINITIONS

The two families of dietary polyunsaturated FAs are: (1)
omega-3 and (2) omega-6 (or n-3 and n-6, respectively). In
1964, Ralph Holman proposed this nomenclature based on
the locationof the finaldoublebond in themolecules,whether
3 or 6 positions from the terminalmethyl group (the omega, or
nth, carbon).7 These families are depicted in Figure 26–1, in
which the shorthand names (CX:Yn-Z) represent the number
of carbon atoms (X, 18–22), the number of double bonds
(Y, 0–6), and the family (Z, 3 or 6). In each family, two sub-
classes are present: (1) the plant-derived FAs and (2) the
animal-derived FAs. The omega-6 family includes linoleic acid
(C18:2n-6) and arachidonic acid (C20:4n-6), and the omega-3
family includes α-linolenic acid (ALA; C18:3n-3) and three
marine sources of omega-3 FAs: (1) eicosapentaenoic acid
(EPA; C20:5n-3), (2) docosapentaenoic acid (DPA; C22:5n-3),
and (3) docosahexaenoic acid (DHA; C22:6n-3). This chapter

focuses only on the omega-3 family; the relations between
omega-6 FAs and CVD have been discussed elsewhere.10,11

EFFECTS ON LIPIDS AND LIPOPROTEINS

Triglycerides
The Danes were not the first to observe the lipid-lowering
effects of marine oils. Ahrens et al.12 reported in 1959 that
a diet containing 40% of energy as menhaden (fish) oil low-
ered serum TGs by 50% in a patient whose TG levels were 486
mg/dL on a corn oil diet rich in linoleic acid (the primary
omega-6 FA in the diet). In 1981, the effect on TG concentra-
tions was replicated by feeding purified EPA and DHA
to healthy individuals,13 confirming that these particular
FAs had the hypotriglyceridemic effects. Consistent meta-
analyses14,15 have shown that 3 to 4 g of EPA+DHA produces
TG reductions of approximately 25%, with greater reductions
in patients with higher TG levels (Fig. 26–2).

Cholesterol
The early high-dose (15–25 g EPA+DHA/day) studies17,18

also reported cholesterol-lowering effects (relative to a satu-
rated fat diet) that were similar to those seen with vegetable
oils. This effect was later shown to be largely caused by the
removal of saturated fat, not by the addition of omega-3 FAs
per se. Fish oils, when given as supplements to a stable back-
ground diet, do not typically affect the total cholesterol (TC)
level.14 The only exception is when TC is elevated because of
excessive numbers of chylomicrons, very-low-density lipo-
proteins (VLDLs; Fredrickson types I or V hyperlipoproteine-
mia), or both. In these cases, omega-3 FAs, in reducing the
concentrations of these TG-rich particles (and thus, the cho-
lesterol they carry), also reduce the serum TC levels.
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Chylomicrons
Chylomicrons are the largest and most TG-rich lipoproteins
in blood. Chylomicrons are usually present only in the post-
prandial state because they serve only to carry dietary fat
from the intestines to other tissues (see Chapter 1). Because
omega-3 FAs were known to reduce fasting TG concentra-
tion significantly, their effects on postprandial TG metabo-
lism have been examined in some detail. As expected,
treatment with omega-3 FAs markedly reduced the rise in
serum TG after a fatty meal.19,20 The effect was not caused
by malabsorption of omega-3 FA, because fish oil–rich test
meals produced similar postprandial triglyceridemic curves
as control fats19,21; their effect on the postmeal excursion of
serum TG appeared only after weeks of prefeeding with
omega-3 FA, and the blunting of postprandial triglyceride-
mia occurred regardless of the type of fat in the test meal.
The dose of omega-3 FA necessary to effect a reduction
in postprandial lipemia has been shown to be as low as
1 g/day.22,23 The extent to which the diminution of postmeal
lipemia contributes to cardiovascular (CV) risk reduction is
currently unknown, but this may be one mechanism by
which these FAs mitigate against the development of coro-
nary heart disease (CHD).

Very-Low-Density Lipoproteins
Because VLDL particles carry the majority of TGs, even in the
fed state, effects on TG levels are virtually always effects on
VLDL particle concentrations. Although some evidence
exists that omega-3 FAs are more effective in lowering levels
of larger than smaller VLDL particles,24,25 the clinical rele-
vance of this observation remains to be established.

Low-Density Lipoproteins
Diets rich in the omega-6 FA linoleic acid may actively
reduce low-density lipoprotein cholesterol (LDL-C) levels

beyond the reduction seen from simply removing saturated
FAs (see Chapter 18). The long-chain omega-3 FAs, how-
ever, may paradoxically have the opposite effect. When con-
centrated omega-3 FA products became available in the
mid-1980s, supplementation trials (instead of whole-food
substitution trials) revealed that when given in doses of
approximately 6 g/day to patients with hypertriglyceridemia,
omega-3 FA raised LDL-C and apolipoprotein B-100 (apoB-
100) levels.26,27 This effect, which is now well-known,15,28

occurs most commonly in patients with very high TG levels
(i.e., TG>500mg/dL). Other hypotriglyceridemic drugs, such
as gemfibrozil29 and fenofibrate,30 have the same effect in
these patients. Thus, this effect is not specific to omega-3 FAs.

In patients with more moderate hypertriglyceridemia,
increases in LDL-C with omega-3 FA administration are min-
imal to nonexistent. A recent meta-analysis of 40 studies in
greater than 14,000 individuals, in which the mean dose of
EPA+DHA was 3.25 g/day (very close to that provided by
the indicated dose of EPA+DHA ethyl esters, 3.4 g/day), a
net 2-mg/dL increase in LDL-C was observed.31 The rise in
LDL-C may be attributed to an increase in LDL particle num-
ber or particle size (i.e., with each particle carrying more
cholesterol), to a shift in particle lipid composition (more
cholesterol and less TG), or some combination. Evidence
for all of these effects may be found; it has been reported that
omega-3 FA treatment increased concentrations of both
large and small LDL,24 increased the larger class only,32 or
decreased the smaller class only.33 The primary determinant
of whether a decrease in TG levels will result in a shift in LDL
particle size appears to be related to the ultimate TG concen-
tration reached, with size distributions shifting from small,
dense toward large, buoyant particles when the TG levels fall
to approximately less than 150 mg/dL.34 The LDL-C rise does
not typically involve an increase in LDL particle numbers,
but an increase in the cholesteryl ester/TG ratio of LDL.32

This may be secondary to a decrease in cholesteryl ester
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cyclo oxygenases and lipoxygenases, each producing a different family of compounds with differing physiologic actions.8,9 In addition, the concerted action of these two enzyme
families can convert AA, EPA, and DHA to resolvins, protectins, andmaresins.146 All members of these two families can be converted into epoxide, alcohol, and ketone derivatives via
cytochrome P450 enzymes. AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid. (Modified from Shearer GC, Harris WS, Pedersen TL, et al. Detection of
omega-3 oxylipins in human plasma and response to treatment with omega-3 acid ethyl esters. J Lipid Res. 2010;51:2074–2081.)
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transfer activity.35 The small rise in LDL-C in most patients is
of doubtful clinical significance. Whether the larger increase
in LDL-C seen in patients with very high TG has clinical
sequelae is unknown, but because of the other salutary
effects of omega-3 FA discussed in the following, including
the decrease in TGs, it seems doubtful.

High-Density Lipoproteins
Omega-3 FAs typically have only a minor high-density lipo-
protein (HDL)–raising effect. In the meta-analysis described
previously,14 HDL cholesterol (HDL-C) concentrations
increased (relative to baseline) by 3% to 5% in both normo-
lipidemic and very-high-TG patients (P<0.008 in the former;
not statistically significant in the latter). In patients with very
high TGs (>500 mg/dL), 4 g of EPA+DHA per day produced
a 13% increase in HDL-C.36

EFFECTS OF OMEGA-3 FATTY ACIDS IN
PATIENTS WITH HYPERLIPIDEMIA

Although omega-3 FAs have a minimal impact on the lipid
profile in patients with isolated hypercholesterolemia (type

IIa),37 they have been effective in lowering TG levels in
virtually every clinical setting. These include familial hyper-
triglyceridemia (type IV),26,38,39 familial hyperchylomicro-
nemia (type V),40–42 dysbetalipidemia (type III),38,43,44

and combined hyperlipidemia (type IIb).26,32,45 Serum TG
is also reduced in patients with atherogenic dyslipide-
mia.46,47 Patients with hemodialysis-induced hypertriglycer-
idemia respond to omega-3 FA treatment,48 as do those with
the nephrotic syndrome.49 Patients with type 250 and type
151 diabetes mellitus respond to fish oil supplementation
with a decrease in TG, but there is no effect on glycemia.
Finally, drug-induced hypertriglyceridemia is also responsive
to omega-3 FA treatment. For example, hypertriglyceridemia
associated with the use of antiretroviral drugs52 has been
treated with omega-3 FAs. The most extensive experience
with omega-3 FA in the treatment of hypertriglyceridemia
accumulated during the development of the two currently
approved (as of December 2013) pharmaceutical agents
derived from fish oils: (1) EPA+DHA ethyl esters (omega-3
acid ethyl esters; Lovaza, GlaxoSmithKline, Philadelphia,
Pennsylvania) and (2) EPA ethyl esters (icosapent ethyl, Vas-
cepa, Amarin Corp, Bedminster, New Jersey). Another agent
that has been extensively tested and is now (August 2014)
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U.S. Food and Drug Administration (FDA) approved com-
prises the free fatty acids (FFAs) of EPA+DHA (Epanova,
AstraZeneca, Inc., Wilmington, Delaware). These studies
are summarized in the following.

Severe Hypertriglyceridemia
The four largest studies using omega-3 FAs to treat patients
with severe hypertriglyceridemia (TG >500 mg/dL) used
either 4 g/day of ethyl esters of EPA+DHA or EPA alone, or
free (unesterified) EPA+DHA. These were not head-to-head
trials, but all four included essentially the same kinds of
patients. Two separate studies with EPA+DHA ethyl esters
were combined35,36 and eventually reported their findings
in a single article in 2009.28 Both of these studies included
patients with TG >500 and <2000 mg/dL, but one36 was a
16-week study (n ¼ 42) and the other35 a 6-week study
(n ¼ 40). In the former study, the percent changes in mean
levels from baseline were �45% for TG and +32% for LDL-C.
In the latter study, the percent changes in median levels
from baseline were �36% for TG and +23% for LDL-C. When
combined,28 the median percent changes from baseline
were reported to be �45% for TG and +45% for LDL-C

(Fig. 26–3A). (The different ways of expressing the effects
of treatment may help explain why the pooled data do not
obviously reflect that from the individual studies.) For the
study with EPA ethyl esters alone (n¼ 151), the median per-
cent changes from baseline were�27% for TG and�4.5% for
LDL-C (P¼NS)50 (Fig. 26–3B). Finally, in the largest study in
this patient population (n ¼ 399), the effects of three doses
(2, 3, and 4 g/day) of EPA+DHA FFAs vs. olive oil (as the con-
trol) were tested in a 6-week intervention.53 Focusing only on
the 4-g/day dose (the dose used in the other studies, n¼ 99),
the effect of treatment expressed as the least-squares geomet-
ric mean change was �31% for TG and +19% for LDL-C.

Several difficulties exist in comparing these studies. First,
they used different statistical approaches to express the
effects of treatment. Second, they used different control oils:
corn oil for the EPA+DHA ethyl ester studies, light paraffin oil
for the EPA ethyl ester study, and olive oil for the EPA+DHA
FFA study. The potentially different lipid responses to these
“placebos”54 makes comparisons of the “placebo-corrected”
changes among these agents difficult. Nevertheless, TG
reductions ranged from about 25% to 45% across these
agents, and LDL-C levels increased more for the products
containing EPA+DHA versus EPA alone.
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FIGURE 26–3 Effects of EPA_DHA ethyl esters (omega-3 acid ethyl esters, Lovaza, GlaxoSmithKline, Inc.; four 1-g capsules/day) versus placebo (A25 and C53) and of
EPA ethyl esters (icosapent ethyl, Vascepa, Amarin, Corp; four 1-g capsules/day) versus placebo (B60 and D187) on serum lipid and lipoprotein levels in (A and B)
patients with severe hypertriglyceridemia and in (C and D) statin-treated patients with TG levels between 200 and 499 mg/dL. All changes were different from placebo
(P <0.01) with the following exceptions: (B) P >0.05 for HDL-C and LDL-C and (C) P ¼ 0.052 for LDL-C. Chol, cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides; VLDL-C, very-low-density lipoprotein cholesterol. (Adapted from published data.)28,56,57,64
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Moderate Hypertriglyceridemia
In 2013, the first head-to-head study of EPA+DHA ethyl esters
and EPA ethyl esters was reported by Tatsuno et al.55 After
an 8-week stabilization period, these investigators ran-
domized 611 Japanese patients to 12 weeks of treatment
with 4 g/day or 2 g/day of EPA+DHA ethyl esters, or with
1.8 g/day of EPA ethyl esters. Randomization was stratified
for statin use (approximately 42% in each group). Baseline
TG concentrations were approximately 270 mg/dL and
LDL-C approximately 127 mg/dL. In this setting, EPA+DHA
ethyl esters 2 g/day or EPA ethyl esters 1.8 g/day had similar
effects on major lipid endpoints (Table 26–1), whereas
the higher dose of EPA+DHA ethyl esters produced slightly
(but significantly) less LDL-C lowering and more HDL-C
raising compared with the EPA-alone product. Responses
in the on-statin and off-statin subgroups were not different
from each other. Hence, at approximately 2 g/day, essen-
tially no difference exists in effects of these two types of
omega-3 products, but the effects are quite mild (i.e., TG low-
ering of approximately 11%). Whether these findings will
translate to the U.S. setting, where background omega-3
intake is about one eighth of that in Japan, remains to
be seen.

EFFECTS OF OMEGA-3 FATTY ACIDS IN
COMBINATION DRUG THERAPY

Combined Hyperlipidemia (Elevated Low-
Density Lipoprotein Cholesterol and
Triglyceride)
Statins are the cornerstone of therapy for patients with ele-
vated LDL-C. Many patients on statins who have LDL-C at
goal will still have residual CHD risk because of elevated
TG or non–HDL-C, or low HDL-C. Three large studies
examined the effects of 4 g/day of omega-3 FA in statin-
treated patients with TG between 200 and 499 mg/dL
(Table 26–2). The products tested were EPA+DHA ethyl
esters (Combination of Prescription Omega-3 with Simva-
statin [COMBOS]56), EPA ethyl esters (Effect of AMR101
[Ethyl Icosapentate] on Triglyceride Levels in Patients on
Statins with High Triglyceride Levels [ANCHOR]57), and

nonesterified (or free) EPA+DHA (Efficacy and Safety of
Add-on Epanova® to Statin in Subjects with Persistent Hyper-
triglyceridemia and High Risk for Cardiovascular Disease
[ESPIRIT]58). TGs were lowered by approximately 30% from
baseline in COMBOS, approximately 18% in ANCHOR
(Figs. 26–3C and 26–3D), and approximately 21% in
ESPIRIT. LDL-C increased from baseline by 0.7%, 1.5%, and
1.3%, respectively. Therefore, coadministration of statins
appears to blunt significantly the increase in LDL-C reported
with EPA+DHA (as previously described). On top of statin
therapy, either EPA+DHA or EPA alone moderately
decreased non–HDL-C, the secondary goal of therapy
according to the Adult Treatment Panel III (ATP III) guide-
lines for patients with TGs between 200 and 499 mg/dL.
Effects on other LDL-related markers have been mixed.
The uniform agreement is that the LDL particle number is
not increased by EPA ethyl esters in patients with very high
TGs,59 by EPA+DHA ethyl esters in patients on statins,60,61

or in obese individuals taking pure DHA.62 However, for
apoB, some studies reported no elevations53,63–65 with
omega-3 FA treatment, whereas others found significant
increases.26,27,32,66 Again, the clinical importance of these
effects is unclear.

Several advantages exist in choosing to use omega-3 FAs
with statins versus combining statins with niacin or fibrates
in patients. A particular advantage is that no drug–drug
interactions occur between statins and omega-3 products,67

and omega-3 FAs do not worsen blood glucose control50 (as
may occur with niacin68) or creatinine and homocysteine
(as may occur with fibrates69). Omega 3 FAs may, thus, have
particular advantages in patients with hypertriglyceridemia
who also have diabetes and renal insufficiency, or in those
who are on multiple medications known to interact with the
cytochrome P450 system, which includes statins. Disadvan-
tages include the need for four capsules, which may be
given either once or twice a day. It remains to be deter-
mined if the doses of omega-3 FA necessary for TG reduc-
tion (4 g/day) in addition to statin therapy can reduce
CHD risk.

FREE FATTY ACIDS VERSUS ETHYL ESTERS

As noted previously, the two forms of pharmaceutical
omega-3 FA products that are currently approved by the
FDA are ethyl esters (Lovaza and Vascepa) and FFA (Epa-
nova). The rationale behind the use of the FFA form is poten-
tially improved absorption, and thus, bioavailability, with
the possibility that lower doses of FFA could be equally effec-
tive as higher doses of ethyl esters. There is now good evi-
dence from single-dose70 and multidose (14-day)71

pharmacokinetic studies that the FFA form is absorbed to
a greater extent compared with the ethyl ester, particularly
when given without food (Fig. 26–4). Ingestion with food
(including some fat) increases biliary secretion, which pro-
vides more lipolytic enzymes (especially carboxyl ester
lipases) needed to hydrolyze the ethanol moiety of the
EPA and DHA ethyl esters. In the fasting state, apparently
insufficient enzyme is available, and hydrolysis is slowed.
The FFA form does not require hydrolysis and is thus
absorbed more readily, in the fasting or fed state. The
2-g/day dose of Epanova lowered TG levels by approxi-
mately 26% in patients with very high TG levels,51 suggesting
that this dose may be as effective as 4 g/day of ethyl ester
products. More importantly, the question of whether a

TABLE 26–1 Effects of EPA+DHA Ethyl Esters and EPA
Ethyl Esters on Lipid Parameters*

EPA+DHA
(4 g/day)
n=210

EPA+DHA
(2 g/day)
n=206

EPA
(1.8 g/day)
n=195

TG �22.9% �10.8% �11.2%

LDL-C �1.1%† �2.1% �4.3%

ApoB �2.7% �3.9% �4.3%

Non–HDL-C �5.9% �4.2% �5.7%

HDL-C +4.3%† +2.4% +1.6%

apoB, apolipoprotein B; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
TG, triglyceride.

*Percent change from baseline after 12weeks in patients with elevated TG and LDL-C.
†P <0.05 versus EPA ethyl esters.

(Data from Tatsuno I, Saito Y, Kudou K, et al. Efficacy and safety of tak-085
compared with eicosapentaenoic acid in Japanese subjects with
hypertriglyceridemia undergoing lifestyle modification: the Omega-3 Fatty Acids
Randomized Double-Blind (ORD) study. J Clin Lipidol. 2013;7:199–207; and
Davidson MH, Stein EA, Bays HE, et al. Efficacy and tolerability of adding
prescription omega-3 fatty acids 4 g/d to simvastatin 40 mg/d in
hypertriglyceridemic patients: an 8-week, randomized, double-blind, placebo-
controlled study. Clin Therapeutics. 2007;29:1354–1367.)
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TABLE26–2SummaryoftheEffectsofOmega-3FattyAcidsGiveninCombinationwithOtherDrugsintheTreatmentofDyslipidemia
AGENTPATIENTCHARACTERISTICS*N-3FADURATIONOFCOMBINATION

THERAPY(WEEKS)
EFFECTOFDRUG+N-3FAVERSUSDRUG+PLACEBO

†
(%CHANGEFROM

BASELINE)

Non–HDL-CTGLDL-CHDL-C

Statinsn-3FAPbon-3FAPbon-3FAPbon-3FAPbo

Simvastatin
56

40mg
TG>200and<500,LDL-C<10%ofATPIIIgoal
(N¼254)

Lovaza
4g

8�9.9
c

�2.2�29.5
c

�6.3+0.7
(P¼0.052)

�2.8+3.4
c

�1.2

Atorvastatin
72

10mg
20mg
40mg

Non–HDL-C>160,TG>250and�599
(N¼245)

Lovaza
4g

8
12
16

�40.2
c

�46.9
c

�50.4
c

�33.7
�39.0
�46.3

�45.4
c

�26.9�29.3�31.5+12.4
b

+10.0

Atorvastatin
73

40mg
Obesemenwithinsulinresistance,TG>105,TC

>201
(N¼24)

Lovaza
4g

6�47.2�46.4�40.0
c

�26.3�46.8�51.7+13.6
a

+4.0

MixedStatins
57

Statin-treatedindividualswithTG>200and<500,
LDL>40and<100

(N¼702)

Vascepa
4g
2g

12
�5.0

c

+2.4
b

+9.8�17.5
c

�5.6
c

+5.9+1.5
b

+2.4
+8.8�1.0

b

0.0
+4.8

MixedStatins
58

Statin-treatedindividualswithTG>200and<500,
LDL<110%ofATPIIIgoal

(N¼627)

Epanova
4g
2g

6
�6.9

c

�3.9
a�0.9�20.6

c

�14.6
c�5.9+1.3

+4.6
a

+1.1+3.3
+2.6

+2.2

Otheragents

Fenofibrate
74

130mg
TG>500and<1300
(N¼167)

Lovaza
4g

8�8.2�7.1�60.8
(P¼0.059)

�53.848.2
a

39.0�1.9+1.3

HAART
52

HIVpositivewithinitialTG>300,TG>200and
<1000afterdiet

(N¼122)

Maxepa
6g

8NANA�25.5
b

+1.0NANA6.69.0

NiacinER
75

2g
MetabolicsyndromewithTG150–750,
TG/HDL-C>3.5,LDL-C<145,HDL-C>10
(N¼28)

Lovaza
4g

16�4.1
a

�12.9�33
f

(P¼0.09)
�21+2.1

a
�11.419.512.3

Phytosterols
76

2g
HyperlipidemicindividualswithTC>230,TG>130
(N¼30)

Numega
4g

3NANA�25.9
b

�8.4�12.6
b,e

�5.8+8.6
a,d

+2.5

ATPIII,U.S.NationalCholesterolEducationProgramAdultTreatmentPanelIII;DHA,docosahexaenoicacid;EPA,eicosapentaenoicacid;ER,extendedrelease;HAART,highlyactiveantiretroviraltherapy;HDL-C,high-densitylipoprotein
cholesterol;HIV,humanimmunodeficiencyvirus;LDL-C,low-densitylipoproteincholesterol;n-3FA,omega-3fattyacidgroup;NA,notavailable;Pbo,placebogroup;Rx,treatment;TC,totalcholesterol;TG,triglycerides.
Pvaluesbetweengroups:

a
P<0.05;

b
P<0.01;

c
P<0.001;Pvalueswithingroups(ifnotavailablebetweengroups):

d
P<0.05;

e
P<0.01;

f
P<0.001.

Dosesbyproductnormalizedtofreefattyacid–basedequivalents(i.e.,ignoringtheethylgroupinethylesterproducts)areLovaza,425mgEPAand345mgDHA;Vascepa,876mgEPA.Maxepadosecontains1.8gEPA+DHA;Numega
dosecontains1.44gEPA+DHA.

*
Lipidsinmg/dL.

†
Paraffinoiloroliveoil,respectively,inthetrialswithmixedstatins.
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2-g/day (or a 4-g/day) dose of Epanova or a 4-g/day dose of
ethyl esters (whether EPA alone or EPA+DHA) will lower risk
for CVD remains to be answered. At present, properly pow-
ered CVD endpoint trials are either under way (Reduction
of Cardiovascular Events With EPA—Intervention Trial
[REDUCE-IT] with 4 g/day Vascepa; NCT01492361) or in prep-
aration (Statin Residual Risk Reduction with Epanova in High
CV Risk Patients with Hypertriglyceridemia [STRENGTH;
NCT02104817] with 4 g/day Epanova); to our knowledge,
no such trials using 4 g/day of Lovaza have been planned.

EICOSAPENTAENOIC ACID VERSUS
DOCOSAHEXAENOIC ACID

The introduction of EPA-only products into the market
underscores the growing interest in defining the separate
effects of EPA and DHA. It is possible one FA (or its metab-
olites) might affect CHD risk factors (lipids, blood pressure,
inflammatory markers, gene expression, membrane proper-
ties, etc.) differently than the other. The success of EPA ethyl
esters alone, in addition to statin therapy, in the Japan EPA
Lipid Intervention Study showed that this FA alone has car-
dioprotective effects.78 However, EPA alone (at 1.8 g/day)
did little to alter serum lipid levels (the greatest being a

5% decrease in TG), yet major cardiac events were reduced
by 19%. No similar study has been conducted with a DHA-
only product. Qualitative evidence, however, suggests that
EPA and DHA may have differential effects on serum lipid
and lipoproteins.79 A recent meta-analysis comparing EPA
with DHA concluded that the latter increased LDL-C but low-
ered TG better than the former did; DHA also tended to
increase HDL-C better80 (Fig. 26–5). Another meta-analysis
focusing only on algal DHA products also showed that com-
pared with placebo, a mean dose of 1.7 g/day of DHA raised
LDL-C by 8% andHDL-C by 5% and lowered TG by 15%.81 The
rise in LDL-C with DHA may reflect an increase in LDL parti-
cle size more than particle number,82 because EPA was
reported to lower levels of small, dense LDL.83 Mori and
Woodman conducted a series of studies comparing 4 g of
EPA to 4 g of DHA.84 Their findings are summarized as fol-
lows: DHA has a greater effect than EPA on lowering blood
pressure, heart rate, platelet aggregation, and TGs and on
raising LDL-C, LDL size, HDL-C, and HDL2-C. Kelly and
Adkins have also summarized the differences between these
two omega-3 FAs on markers of atherosclerosis.84,85 Although
DHA was reported to be somewhat more effective in suppres-
sing the activity of hepatic cholesteryl ester transfer protein
than EPA in humans,86 the opposite was observed in a
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FIGURE 26–4 Effects on the absorption of a single dose of omega-3 fatty acids provided as FFA (Epanova, AstraZeneca Pharmaceuticals) or as EE (Lovaza,
GlaxoSmithKline) without (A) or with (B) a concomitant meal.77 Peak (i.e., 5-hour) EPA+DHA levels are approximately ninefold higher with the FFA form than the EE
form without food, but only approximately 40% higher when taken with food. Consumption with food doubled plasma EPA+DHA levels with the FFA form but increased
them about 16-fold with the EE form. DHA, docosahexaenoic acid; EE, ethyl esters; EPA, eicosapentaenoic acid; FFA, free fatty acids. (Modified from Kataoka Y, Uno K, Puri R,
et al. Epanova® and hypertriglyceridemia: pharmacological mechanisms and clinical efficacy. Future Cardiol. 2013;9:177–186.)
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hamster hyperlipidemia model, with DHA also uniquely
reducing hepatic LDL receptor expression.87 These new data
suggest that DHA may slow LDL clearance relative to EPA.
More to the point, the relative effects of these two marine
omega-3 FAs on the risk for CVD events is unknown.

MECHANISMS UNDERLYING THE
TRIGLYCERIDE-LOWERING EFFECTS OF
OMEGA-3 FATTY ACIDS

Omega-3 FA may lower TG levels by blocking hepatic pro-
duction and secretion of VLDL particles, by stimulating

VLDL clearance, or by both mechanisms. Studies uniformly
support the former mechanism, but fewer studies demon-
strate clearance effects. These studies have been recently
reviewed in depth by Shearer et al.88 (Fig. 26–6) and are
summarized in the following.

Reduced Hepatic Secretion
Lipoprotein kinetic studies in hypertriglyceridemic patients
given omega-3 FAs have consistently reported reduced
appearance (hepatic production and secretion) of VLDL-
TG. A review of mechanistic studies conducted in fish oil–
fed rats demonstrated that omega-3 FAs inhibited hepatic

Nestel    1.29 6.55 (–15.11, 28.21)

Nestel  11.43 2.31 (–4.02, 8.64)

Study Mean difference (95% CI) Weight, % Mean difference (95% CI)
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Woodman  16.75 1.17 (–2.55, 4.89)

Mori  20.98 3.86 (2.27, 5.45)

Egert  18.30 5.79 (2.77, 8.81)

Grimsgaard  21.04 –1.93 (–3.48, –0.38)

Total (95% CI)  100.00 2.15 (–0.92, 5.23)

0–5 5
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Favors EPA Favors DHA

Park    3.70 –1.93 (–14.55, 10.69)

Woodman    7.46 –3.09 (–11.79, 5.61)

Mori  10.15 7.34 (–0.01, 14.69)

Egert  16.43 3.46 (–2.11, 9.03)

Grimsgaard  60.97 5.79 (3.85, 7.73)

Total (95% CI)  100.00 4.63 (2.15, 7.10)

0–50 50

Nestel    0.80 23.89 (–17.09, 64.87)

Study Mean difference (95% CI) Weight, % Mean difference (95% CI)

Triglycerides

Favors EPA Favors DHA

Mori    1.84  28.32 (1.29, 55.35)

Woodman    4.36 3.54 (–13.90, 20.98)

Park    9.04 0.89 (–11.10, 12.88)

Grimsgaard  83.96 6.19 (2.98, 9.40)

Total (95% CI)  100.00 6.14 (2.47, 9.82)

0 100–50 50

FIGURE 26–5 Meta-analysis comparing the effects of EPA versus DHA on LDL-C, TGs, and HDL-C. CI, confidence interval; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride. (Modified from Wei MY, Jacobson TA. Effects of
eicosapentaenoic acid versus docosahexaenoic acid on serum lipids: a systematic review and meta-analysis. Curr Atheroscler Rep. 2011;13:474–483.)
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FA synthesis (lipogenesis) and stimulated FA β-oxidation.89
Omega-3 FAs accomplish these effects by altering levels of a
group of nuclear transcription factors (e.g., peroxisome pro-
liferator–activated receptors, hepatic nuclear factor–4α, ret-
inoid X receptors, and liver X receptors),90,91 which activates
suites of genes that together result in diminished hepatic TG
production and, consequently, reduced VLDL-TG secre-
tion92,93 (see Figs. 26–6 and 26–7). Based on the fact that
nonesterified FAs (NEFAs, or FFAs) are, by far, the primary
source of FAs for VLDL-TG production, a reduction in plasma
NEFAs could be the primary driver of the hypotriglyceri-
demic effect. Plasma NEFAs arise largely from adipose tissue
stores following activation of hormone-sensitive lipase
(HSL). Omega-3 FAs may suppress the secretion of adipose
tissue inflammatory molecules that activate HSL, thus

reducing NEFA release.63 In addition, a systemic increase
in β-oxidation provides a sink for FA disappearance and con-
tributes to decreased hepatocyte availability of FAs for VLDL-
TG production.

Enhanced Plasma Lipolytic Activity
and Endothelial Binding
Studies of lipoprotein lipase (LPL) activity in postheparin
plasma have typically shown no effect of omega-3 FA supple-
mentation,19,94 although exceptions do exist.95 However, the
lipolytic activity of normal (non-heparin-stimulated) plasma
is enhanced by omega-3 FA treatment.96,97 In addition to,
and perhaps independent of, enhanced LPL activity, the
binding of chylomicron-like particles to the endothelium
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FIGURE 26–6 FA transport and effects of omega-3 FAs. FAs are transported in plasma in two major forms: esterified in TG, which are carried by VLDL, and NEFA, which are
associated with serum albumin. From these two pools, FAs are distributed to different tissues, depending on the energy requirements and hormonal status. In the tissues, FAs are
used for adenosine triphosphate production via β-oxidation, reesterification in TG for energy storage, incorporation into lipids composing cell membranes, and production of
signaling molecules. Nonessential FAs may also be synthesized from other carbon sources. The liver (top left) acts as a major site for FA distribution, processing FAs from all
sources—diet, de novo lipogenesis, circulating NEFA, and chylomicron or VLDL remnants—and producing VLDL-TG, which is secreted into the circulation. Adipose tissue (right)
is the main storage depot for FA (as TG storage in lipid droplets). Adipocyte uptake of FAs from the circulation occurs via LPL–mediated lipolysis of VLDL-TG. Adipocytes largely
contribute to the plasma NEFA pool by regulated release of FAs from lipid droplets via hormone-sensitive lipase–mediated lipolysis. Adipose tissue macrophages (bottom right)
influence intracellular lipolysis in adipocytes by secreting inflammatory cytokines. Heart and skeletal muscle (bottom left) obtain FAs from the NEFA pool and from the VLDL-TG
pool via LPL–mediated lipolysis. β-oxidation plays a major role in FA disposal in the heart and skeletal muscle. In hepatocytes, omega-3 FAs (a) downregulate VLDL production,
and (b) upregulate β-oxidation; in adipocytes, they (c) increase FA uptake from LPL–mediated lipolysis of plasma TG, (d) decrease intracellular lipolysis in adipocytes, and
(e) increase β-oxidation. Omega-3 FAs also (f) reduce the secretion of proinflammatory cytokines from adipose tissue macrophages; in heart and skeletal muscle, they
(g) upregulate LPL–mediated lipolysis of plasma TG and (h) β-oxidation. Pathways enhanced by omega-3 FAs are indicated by bold arrows, and those reduced by omega-3 FAs
are indicated by dotted arrows. FA, fatty acids; GPCR, G-protein–coupled receptor; LPL, lipoprotein lipase; NEFA, nonesterified fatty acid; PPAR, peroxisome proliferator–
activated receptor; TG, triglyceride; VLDL, very low-density lipoprotein. (Modified from Shearer GC, Savinova OV, Harris WS. Fish oil—how does it reduce plasma triglycerides?
Biochim Biophys Acta. 2012;1821:843–851.)
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appears to be enhanced by omega-3 FA treatment.98

Together, these findings suggest that omega-3 FAs stimulate
plasma TG clearance. However, numerous studies tracing
lipoprotein kinetics have consistently failed to document
enhanced VLDL particle (i.e., VLDL-apoB) clearance,73,89

which suggests that although the TG component of these
particles may be removed more quickly, the particles

themselves are not. The effects of omega-3 FA on
angiopoietin-like protein–4 (a natural inhibitor of LPL)99

are unclear, because infusion of these FAs blunted the nor-
mal drop in angiopoietin-like protein–4 in the hyperinsuline-
mic setting.100 Such an effect should cause a relative
inhibition of LPL by omega-3 FA, which is obviously incon-
sistent with other data that showed increased lipolytic
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proresolving mediators; SREBP, sterol regulatory element–binding protein. (Modified from Mozaffarian D, Wu JHY. Omega-3 fatty acids and cardiovascular disease: effects on risk
factors, molecular pathways and clinical events. J Am Coll Cardiol. 2011;58:2047–2067.)
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activity with these FAs. How omega-3 FAs may affect another
modulator of LPL activity, apoA-V,101 is not known.

Low-Density Lipoprotein Cholesterol–
Raising Effect
The LDL-C–raising effect of omega-3 FAs appears to be caused
by the removal of the blockade in VLDL catabolism (which is
partly responsible for both the hypertriglyceridemia and the
unusually low baseline LDL-C seen in patients with severe
TG elevations). Kinetic studies have shown that treatment
with 4 g of omega-3 acid ethyl esters reduces the hepatic pro-
duction (secretion) of VLDL particles and enhances the con-
version of VLDL to LDL.73 With the improvement in VLDL
clearance (by stimulation of lipolysis), LDL levels rise. The
molecular basis for this remains obscure, but factors intrinsic
to omega-3 FA–enriched VLDL appear to be at play as well,
because VLDL particles derived from patients taking
omega-3 FAs are more susceptible to lipolytic degradation
and conversion to LDL, even in vitro, compared with particles
taken from the same patients taking placebos.24

EFFECTS ON CARDIOVASCULAR EVENTS

A wealth of data are available from population,102 case–
control,103 prospective cohort,104,105 and randomized con-
trolled trials78,106,107 to support a cardioprotective effect of
omega-3 FAs. Eight major randomized controlled trials
(each including at least 2000 patients) have examined the
effects of omega-3 FAs and risk for CV endpoints, death, or
both (Table 26-3). These have been widely reviewed and
summarized.116–119 This extensive literature has generated
multiple meta-analyses over the years, with four being pub-
lished in 2012.120–123 The report by Rizos et al., published in
JAMA, garnered the greatest attention.120 This group con-
cluded that the evidence was insufficient to conclude that
omega-3 FA supplements reduced risk for CVD. This was a
surprising conclusion, given that they reported a significant
9% reduction in risk for cardiac death (P ¼ 0.01). The
authors took the position that the alpha (normally 0.05)
should be adjusted for multiple testing (to <0.006). This
highly unusual and controversial statistical maneuver con-
verted a positive finding to a null finding, and injected

TABLE 26-3 The 10 Largest (>2000 Participants) RCTs of n-3 Fatty Acids Assessing Cardiovascular Outcomes
TRIAL,
YEAR POPULATION

INTERVENTIONS
COMPARED

DURATION
(YRS) LIPID EFFECTS ENDPOINTS RR (95% CI)

DART
1989107

2033 men with
recent MI (mean
41 days)

2 servings/week fatty fish (or
fish oil capsules) versus
other dietary advice

2 No change in TC IHD events
Total deaths

0.84 (0.66–1.07)
0.71 (0.54–0.93)

GISSI-P
1999106

11,324 men with recent
MI (�3 months)

Usual care plus 882 mg/day
EPA+DHA, vitamin E,
both, or neither

3.5 No change in TC, LDL-
C, or HDL-C; 5%
decrease in TG

Major CV events
Nonfatal events
Cardiac deaths
Sudden deaths

0.90 (0.82–0.99)
0.98 (0.83–1.15)
0.78 (0.65–0.92)
0.74 (0.58–0.93)

DART 2
2003110

3114 men with angina 2 servings/week fatty fish (or
fish oil capsules) versus
other dietary advice

3–9 NR Cardiac deaths
Sudden deaths

1.26 (1.00–1.58)
1.54 (1.06–2.23)

JELIS
200778

18,645 patients with TC
�6.5 mmol/L (with and
without CHD history)

1.8 g/day EPA versus usual
care

4.6 No change in TC, LDL-
C, or HDL-C; 6%
decrease in TG

Coronary events
Nonfatal events
Coronary deaths
Sudden deaths

0.81 (0.69–0.95)
0.81 (0.68–0.96)
0.94 (0.57–1.56)
1.06 (0.55–2.07)

GISSI-HF
2008108

6975 patients with heart
failure

840 mg/day EPA+DHA
versus placebo (not
defined)

3.9 No change in TC, LDL-
C, or HDL-C; 5%
decrease in TG

Total deaths
Death or

hospitalization
for CVD

0.91 (0�83–0�99)
0.94 (0.89–099)

OMEGA
2010111

3851 patients with recent
MI (�2 weeks)

840 mg/day EPA+DHA
versus placebo (olive oil)

1 No change in LDL-C;
4% decrease in TG

Major CV events
Sudden deaths

1.21 (0.96–1.52)
0.95 (0.56–1.60)

Alpha Omega
2010109

4837 patients with history
of MI (median 3.7 yrs)

376 mg/day EPA+DHA
versus placebo margarine
and ALA (1.9 g/day)
groups combined

3.4 No change in any lipid
class

Major CV events
CHD deaths

1.01 (0.87–1.17)
0.95 (0.68–1.32)

SU.FOL.OM3
2010112

2501 patients with recent
coronary or cerebral
ischemic event (median
101 days)

600 mg/day EPA+DHA
versus placebo (not
defined) and B vitamin
groups combined

4.2 NR Major CV events 1.08 (0.79–1.47)

ORIGIN
2012113

12,536 patients with
diabetes, IGT, or IFG,
most with CVD

840 mg EPA+DHA versus
olive oil placebo

6.2 No change in TC, LDL-
C, or HDL-C; 11%
decrease in TG

CVD deaths
Major CV events

0.98 (0.87–1.10)
1.01 (0.93–1.10)

Risk and
Prevention
2013114

12,513 patients at
increased risk for CHD
but without MI

850 mg EPA+DHA versus
olive oil placebo

5.0 NR Death, nonfatal
MI, or nonfatal
stroke

CVD death

0.98 (0.88–1.08)
1.02 (0.82–1.30)

ALA, α-linolenic acid; CHD, coronary heart disease; CI, confidence interval; CV, cardiovascular; CVD, cardiovascular disease;DART, Diet and Reinfarction Trial;DHA, docosahexaenoic
acid; EPA, eicosapentaenoic acid; GISSI-P, Gruppo Italiano per lo Studio della Soppravvivenza nell'Infarto Miocardico – Prevenzione; HDL-C, high-density lipoprotein cholesterol; IFG,
impaired fasting glucose; IGT, impaired glucose tolerance; IHD, ischemic heart disease; JELIS, Japan EPA Lipid Intervention Study; LDL-C, low-density lipoprotein cholesterol; MI,
myocardial infarction; NR, not reported; ORIGIN, Outcome Reduction with Initial Glargine Intervention; RCT, randomized control trial; RR, relative risk; SU.FOL.OM3,
Supplémentation en Folates et Omega-3; TC, total cholesterol; TG, triglycerides.
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considerable confusion into the omega-3 FA and CVD
issue.124 Other recent meta-analyses have reached different
conclusions.122,125

Special Cardiac Populations: Implantable
Cardiac Defibrillators, Atrial Fibrillation,
and Heart Failure
Several studies have tested the therapeutic effects of omega-3
FAs in patients without CHD. On the basis of the hypothesis
that omega-3 FAs reduce the risk for arrhythmic events,
patients with implantable cardioverter defibrillators were
tested.126–128 The primary outcomes of these studies were con-
sistent: omega-3 FA supplementation had no effect on time to
first device discharge. A similar fate occurred with studies
treating paroxysmal,129 and attempting to prevent postopera-
tive, atrial fibrillation.130 The effects of these FAs in improving
outcomes in cardioverted patients have been mixed.131 Nev-
ertheless, in prospective cohort studies in which the effects of
decades of exposure to higher versus lower blood omega-3
FA levels could be tested, DHA, in particular, was found to
be associated with a lower incidence of atrial fibrillation in
older adults.132 Outcomes in heart failure have been more
encouraging. A 2012 meta-analysis concluded that fish oil
treatment improved left ventricular ejection fraction, end-
diastolic volume, cardiac oxygen consumption, and New
York Heart Association (NYHA) functional class.133 The ben-
eficial effects appeared to be more pronounced in patients
with nonischemic disease. The Gruppo Italiano per lo Studio
della Sopravvivenza nell’Infarto miocardico (GISSI)–Heart
Failure study108 tested the effects of 1 g of Omacor (about
850 mg EPA+DHA ethyl esters; Pronova Biocare, Oslo, Nor-
way) versus placebo in nearly 7000 patients with chronic
heart failure (NYHA functional classes II–IV) from any etiol-
ogy. After amedian of 3.9 years of follow-up, omega-3 FA treat-
ment reduced risk for death from any cause by 9% (P¼ 0.04)
and death or hospitalization for a cardiac cause by 8% (P ¼
0.009). The results were significant only after adjusting for pre-
specified differences in baseline characteristics. In the per-
protocol analysis (at least 80% compliance), total mortality
was reduced by 14% (P ¼ 0.004). Benefit appeared to be
greater in those with an ejection fraction less than 40% com-
pared with those with an ejection fraction greater than 40%.
The epidemiologic support for reduced risk of developing
congestive heart failure with higher fish intakes or blood
omega-3 FA levels is encouraging.132,134,135

NONLIPID MECHANISMS OF ACTION OF
OMEGA-3 FATTY ACIDS

The mechanisms responsible for the reduction in risk for
CVD with omega-3 FAs may have little to do with reducing
serum TG levels, because the dietary intakes at which CVD
risk reduction is observed (<1 g) and the doses used inmajor
clinical trials (typically 1–2 g) have little to no effect on serum
TG levels.22,136,137 It is beyond the scope of this chapter to
cover in detail the proposed non-lipoprotein-related mecha-
nisms of omega-3 FAs. Briefly, however, these include reduc-
tions in risk for fatal arrhythmias,138 enhanced plaque
stability,139 reductions in heart rate,140 improved endothelial
function,141,142 and a variety of antiatherosclerotic and
antithrombotic processes.143 Among the latter two are their
antiinflammatory and proresolution properties.144 The cellu-
lar and molecular bases for these effects of omega-3 FAs are

summarized in Figure 26–7. The interested reader is referred
to recent reviews.118,144–146With respect to circulating inflam-
matory biomarkers commonly used in clinical practice, C-
reactive protein (CRP) has been inversely related to long-
term omega-3 FA intake147,148 and biostatus,149,150 but was
inconsistently shown to be responsive to relatively short-term
supplementation with fish oil.15,151,152 Another marker of
inflammation more directly tied to vascular inflammation
is lipoprotein-associated phospholipase A2 (Lp-PLA2), which
has been linked closely with CVD events and localized in ath-
erosclerotic plaques.153 Levels of Lp-PLA2 were reduced by
treatment with EPA154 and with EPA+DHA.61

DIETARY AND SUPPLEMENTAL SOURCES OF
OMEGA-3 FATTY ACIDS

The intakes of EPA+DHA associated with these benefits are
typically around 1 g/day, a dose that is 5 to 10 times higher
than current U.S. dietary intakes.155 Dietary sources of the
marine-based omega-3 FAs are given in Table 26–4, and a
selection of omega-3 FA supplements is presented in
Table 26–5. The pharmaceutical products approved by the
FDA for the treatment of severe hypertriglyceridemia as of
December 2013, EPA+DHA ethyl esters and EPA ethyl esters,
as well as the FFA form, which was approved in 2014, have
been discussed earlier in this chapter. A phospholipid-based
product (CaPre, Acasti Pharma, Laval, Quebec, Canada) is
also in development. The most common dietary supplements
are in the TG form; restructured TG, ethyl esters, and phospho-
lipid forms (krill oil) are also available (Fig. 26–8). The
approved dose of EPA+DHA ethyl esters or EPA ethyl esters
is four 1-g capsules per day, which provides 3.4 g of EPA+DHA
or 3.9 g of EPA, respectively. To obtain this dose (for example)
of EPA+DHA from dietary supplements (which range from
830 to 250 mg EPA+DHA per 1-g capsule) would require from
4 to 14 capsules per day, respectively. It should be noted, how-
ever, that as an FDA-approved drug, omega-3 acid ethyl esters
have been tested for purity, potency, safety, and efficacy, and
manufacturing processes are subject to FDA investigation.
The same cannot be said about dietary supplements, which
are not subject to the same level of regulatory oversight
and are not intended to treat disease. That said, a Consumers
Union evaluation of 16 fish oil supplements reported that
label potencies for EPA and DHA were generally achieved
and that the capsules were free of pollutants.156 Conse-
quently, supplements are likely to be safe, and may be effec-
tive in TG lowering, but (depending on the product) the large
number of capsules required to achieve TG-lowering doses
may hinder compliance. The additional non–omega-3 FAs
contained in low-concentration supplements also provide
extra, unneeded calories. Ultimately, direct evidence for the
efficacy of most supplements is lacking, but may be reason-
ably inferred from studies with other omega-3 products.

α-LINOLENIC ACID AS A SOURCE OF
EICOSAPENTAENOIC ACID AND
DOCOSAHEXAENOIC ACID

ALA, which is typically derived from soybean oil, canola oil,
and (one of the richest sources) flaxseed oil, can be con-
verted into EPA and DHA, but conversion is very limited.
Plourde and Cunnane157 summarized the estimates from
tracer-based studies, which ranged from less than 0.1% to

306

III

TH
ER

A
PY



9% for conversion to EPA, and from less than 0.1% to 10.4%
for conversion to DHA. These reported differences span a
greater than 90-fold range. For DHA, the weighted (by num-
bers) mean conversion was 0.8%, and for EPA, 3.8%. Conver-
sion involves many enzymatic steps, generally alternating
desaturation (adding double bonds) and elongation (add-
ing two-carbon units). Recent genetic studies indicate that
mutations in the genes encoding these enzymes may influ-
ence the efficiency of conversion and affect tissue levels
of these FAs.158,159

Although ALA may raise EPA levels to a small extent, it is
not a substitute for EPA and DHA as a TG-lowering agent. In a
2006 meta-analysis of 14 studies, ALA was found to be

ineffective at lowering serum TG levels or altering other
CVD risk factors.160 In one study, a TG-lowering effect was
reported,161 but that required 38 g of ALA per day (normal
intakes are about 1.5 g/day). Increased ALA intakes, blood
levels, or both were recently reported to be associated with
improved CHD outcomes,162 but the extent to which this is
attributable to conversion to EPA, DHA, or both is unclear.
Only one reasonably powered and properly randomized
controlled trial of ALA supplementation has been reported,
the Alpha Omega trial109 (see Table 26–3). It found no effect
on CVD outcomes in the primary analysis, but did report a
trend (P ¼ 0.07) for benefit in women. Nevertheless, a
2012 meta-analysis of epidemiologic studies based on ALA

TABLE 26–4 Approximate Levels of EPA+DHA in Fish, and the Corresponding Amounts Required to Provide
Approximately 1 g/day of EPA+DHA

EPA DHA EPA+DHA AMOUNT PROVIDING 1 g EPA+DHA

(mg per 3-oz [85-g] serving) (oz)

Salmon, Atlantic, farmed 587 1238 1825 1.6

Herring, Atlantic 773 939 1712 1.8

Salmon, Atlantic, wild 349 1215 1564 1.9

Tuna, Bluefin 309 970 1279 2.3

Salmon, Chum 460 778 1238 2.4

Herring, pickled 717 464 1181 2.5

Salmon, Coho farmed 347 740 1087 2.8

Mackerel (canned) 369 677 1046 2.9

Salmon, Coho, wild 341 559 900 3.3

Oysters (steamed) 523 327 850 3.5

Sardines (canned in oil) 402 433 835 3.6

Swordfish 108 656 764 3.9

Trout, Rainbow, farmed 220 524 744 4.0

Tuna, Albacore (White) (canned in water) 198 535 733 4.1

Salmon, Sockeye 228 445 673 4.5

Bass, Sea 175 473 648 4.6

Salmon, Pink 185 339 524 5.7

Crab, Dungeness 357 144 501 6.0

Pollock, Alaskan 73 360 433 6.9

Crab, King 251 100 351 8.5

Walleye 93 245 338 8.9

Flat fish (Flounder/Sole) 143 112 255 11.8

Tuna, Light (canned in water) 40 190 230 13.0

Halibut 68 132 200 15.0

Lobster, Northern (steamed) 99 66 165 18.2

Clams (canned) 60 90 150 20.0

Scallops (steamed) 61 88 149 20.1

Crab, Blue 86 57 143 21.0

Haddock 43 93 136 22.1

Cod 3 131 134 22.4

Mahi-Mahi (dolphin fish) 22 96 118 25.4

Tilapia 4 111 115 26.1

Tuna, Yellowfin 13 89 102 29.4

Shrimp 43 44 87 34.5

Catfish, farmed 17 59 76 39.5

Roughy, Orange 5 21 26 115.4

Values are derived from the U.S. Department of Agriculture Nutrient Data Laboratory.115

Amounts of EPA+DHA are estimates because they can vary markedly with season, diet, age, and storage or preparation methods.
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intakes or biomarker levels did report lower CVD risk,162 so
further studies of ALA are needed.

One approach to meeting the demand for EPA and DHA
without harvesting fish has been the development of new
products that, when consumed, raise tissue EPA levels via
internal bioconversion. One such product is a genetically
engineered variety of soybean oil containing the omega-3
FA stearidonic acid (SDA; C18:4n-3). This FA is the first prod-
uct in the pathway from ALA to EPA and is catalyzed by the
rate-limiting enzyme in the pathway, Δ6-desaturase. Intake
of SDA-enriched soybean oil has been shown to raise signif-
icantly the levels of EPA in blood and tissues in humans.163

Products such as this could, in theory, provide unlimited
amounts of omega-3 FA for the human diet.164 Much like
the fortification of salt with iodine reduced the incidence
of goiter, adding effective omega-3 FA precursors to

commonly consumed foods could remediate the chroni-
cally low omega-3 FA levels so common in western cultures.

SAFETY AND TOLERABILITY OF OMEGA-3
FATTY ACIDS

The safety of EPA and DHA was from the outset assumed
because Inuit populations have been consuming gram quan-
tities of these FAs from seal, whale, and fish for millennia,
and, the Japanese traditionally consume 800 to 1000 mg/
day, about eight times the typical Western intake.73 Neither
of these populations demonstrate any obvious harm from
this intake; the latter are remarkably free of CHD.165 Because
omega-3 FAs may inhibit platelet function via competition
with arachidonic acid for incorporation into membrane
phospholipids and for conversion to eicosanoids by cyclo-

TABLE 26–5 EPA+DHA Content in Selected Products*
PRODUCT OIL (mg) EPA (mg) DHA (mg) EPA+DHA (mg) EPA+DHA (%)

Nature Made krill oil 1000 50 24 74 7

Nature’s Bounty krill oil 1000 57 45 102 10

Source Naturals Neptune krill oil 1000 150 90 240 24

Schiff MegaRed krill oil 300 50 24 74 25

Nature Made fish oil 1000 130 120 250 25

Onemia Omega-3 phospholipids 500 54 86 140 28

Spring Valley Omega-3 fish oil 1000 180 120 300 30

Eye Omega Advantage 1000 230 230 460 46

Carlson’s Super Omega-3 Gems fish oil 1000 300 200 500 50

Carlson’s Very Finest fish oil 1000 300 200 500 50

Nordic Naturals Ultimate Omega 1000 325 225 550 55

GNC Triple Strength fish oil 1500 1500 540 360 900 60

Omegor Vitality 1000 420 210 630 63

Source Natural’s Ultra Potency fish oil 1250 450 340 790 63

Nature’s Bounty Fish Oil Triple Strength 1400 647 253 900 64

Omegavia 1500 780 260 1040 69

Vascazen 1000 680 110 790 79

VitalOils 1000 1200 250 750 1000 83

Minami CardiO-3 1000 635 194 829 83

Non–Fish (Plant)-Derived Products

Ovega-3 (algae oil) 2000 130 320 450 23

Deva Vegan Omega-3 (algae oil) 500 130 70 200 40

New Harvest Omega-3 (yeast oil) 1200 600 0 600 50

Pharmaceutical Products†

Epanova 1000 550 200 750 75

Lovaza 1000 465 375 840 84

Vascepa 1000 960 0 960 96

Liquid Oils

Carlson’s Very Finest fish oil 4500 800 500 1300 29

Nordic Natural’s Liquid fish oil 4500 825 550 1375 31

Barlene’s Fresh Catch 4500 880 585 1465 33

Cardiotabs Omega-3 4500 610 1570 2180 48

Carlson’s Medomega fish oil 4500 1200 1200 2400 53

Stronger Faster Healthier SO3 4500 2209 990 3199 71

*Per softgel capsule or, for liquid oils, per teaspoon.
†EPA and DHA are present in these products as ethyl esters, which have a higher molecular weight than free EPA and DHA. For comparison with Epanova (free fatty acid form), Lovaza
contains 425 mg of free EPA and 345 mg of free DHA, or 770 mg per capsule (77%); Vascepa contains 876 mg of free EPA per capsule (88%).
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oxygenase,166 concerns regarding bleeding exist. However,
these have been more theoretical than real. A review167 of
several studies in which lipid-lowering doses of EPA+DHA
have been given to patients who underwent major vascular
surgery revealed no evidence for clinically significant bleed-
ing, even when combined with other antiplatelet drugs,168

including clopidogrel.169 The package inserts for Lovaza
and Vascepa list no contraindications (other than hypersen-
sitivity to the agents) and no warnings; the only precautions
of note are recommendations to monitor liver function tests
(and LDL for Lovaza) periodically, and to watch for signs of
bleeding in patients taking these agents together with antico-
agulants. The only clinical side effects include occasional
eructation (<5%) or a fishy aftertaste (<3%). Both are listed
as Pregnancy Category C.

BLOOD OMEGA-3 FATTY ACID LEVELS
AS A RISK FACTOR

In 2004, the omega-3 index was proposed as a new marker
of risk for death from CHD.170 The omega-3 index is the
EPA+DHA content (expressed as a percent of total FAs) of
erythrocyte membranes, and has been validated as a bio-
marker of tissue omega-3 FA status.171 It reflects the longer
term omega-3 FA status, just like hemoglobin A1c does for
glucose. The omega-3 index has been shown to be an inde-
pendent risk predictor for cardiac disease,172–176 cellular
aging,177 and cognitive dysfunction.178,179 A low omega-3
index is also a marker for increased inflammatory status.149

Plasma phospholipid EPA and DHA levels (which strongly
correlate with red blood cell levels)170 were recently
reported to be independent predictors of CHD death and
total mortality in older Americans in the Cardiovascular
Health Study, with those in the top quintile living approxi-
mately 2.2 years longer than those in the bottom quintile.180

Although an omega-3 index of greater than 8% has been
proposed as optimal for cardioprotection,181 the average

in the United States is approximately 4% to 5%182; only
approximately 10% of Americans have an index of greater
than 8%.183 The omega-3 index increases across the lifespan;
average values are approximately 4% in 30-year-olds and
approximately 5.1% in 70-year-olds.183 Optimal membrane
levels of omega-3 FA usually are achieved with consumption
of 1 to 1.5 g of EPA+DHA daily,170 an intake not different from
that in Japan. The omega-3 index test does not require fasting
and is generally covered by third-party payers; it is not, how-
ever, internationally standardized.

RECOMMENDED INTAKES

The American Heart Association (AHA) currently recom-
mends that patients with CHD consume “about 1 g” of a com-
bination of EPA+DHA per day.184 This recommendation is
based largely on the results of the GISSI-Prevenzione study,
in which 850 mg was used. For individuals without known
CHD or hypertriglyceridemia, the AHA recommends con-
sumption of about two (preferably oily) fish meals per week.
This would translate into 450 to 500 mg EPA+DHA on a per-
day basis and would raise EPA+DHA levels in red blood cells
by at least 50%.185 Even 50% of this intake has been sug-
gested as a cardioprotective target in the general popula-
tion.186 For TG lowering, as noted earlier, doses of 3 to 4 g
of EPA or EPA+DHA are indicated.

CONCLUSIONS

Evidence continues to accumulate for a beneficial effect of
omega-3 FAs in forestalling CHD. Future large-scale,
placebo-controlled endpoint trials are needed with doses
greater than 1 g/day in patients with low baseline omega-3
blood levels to establish confidently the utility of these nutri-
ents in CV protection and to determine whether TG-lowering
doses of omega-3 FAs are equally or even more effective at
reducing CHD risk than lower doses.

Phospholipid (Krill oil)
CaPre (Neptune/Acasti)
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Re-esterified triglycerideNatural triglyceride – fish oil
(most supplements)
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(AstraZeneca)
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FIGURE 26–8 Available forms of omega-3 fatty acids for supplement and pharmaceutical use. Fatty acid chains with five to six double bonds represent long-chain omega-
3 fatty acids. Restructured TG products contain omega-3 fatty acids that have been reesterified back to glycerol in higher than naturally occuring amounts. DHA, docosahexaenoic
acid; EPA, eicosapentaenoic acid; GSK, GlaxoSmithKline; TG, triglyceride.
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RATIONALE FOR COMBINATION THERAPY

3-Hydroxy-3-methylglutaryl–coenzymeA reductase inhibitors
(statins) are used in coronary heart disease (CHD)prevention
to target the reductionofelevated low-density lipoproteincho-
lesterol (LDL-C) and to improve the lipid-level profile. Statins
are among the most widely prescribed drugs in the world.
Clinical trials during the past 25 years have demonstrated
that statins are well tolerated and prevent cardiovascular
(CV) deaths, major CV events (stroke, myocardial infarction
[MI]), and totalmortality in high-risk patients.1 Although a sig-
nificant decline in CV mortality began before the regulatory
approval of statins in 1987, cholesterol lowering with statins
to prevent CHD has been credited with much of the marked
reduction of CHD incidence worldwide.2 Little controversy
remains regarding the clinical benefits of statins in high-risk
patients, and increasingly, data and guidelines support more
widespread statin use and more intensive statin therapy.1

Statins have other, non-LDL lipid effects, including
decreasing triglycerides (TGs) and raising high-density lipo-
protein cholesterol (HDL-C), which could also contribute to
the CV risk reduction seen with statin therapy.3,4 Other ther-
apies with significant non-LDL lipid effects, such as fibrates
and niacin, which lower TGs and raise HDL-C, also have
been shown to reduce CHD events despite less potent effects
on reducing LDL-C.5 However, despite these therapeutic
options, a significant number of patients with CHD do not
achieve LDL-C goals. The National Cholesterol Education
Program Adult Treatment Panel III (NCEP ATP III) guidelines
recommend consideration of combination therapy with a
fibrate or nicotinic acid in addition to an LDL-C–lowering
drug in high-risk patients with a low HDL-C level.6

In addition, a significant number of patients (perhaps 10%
or more)7 develop symptoms of intolerance to statins, and
another 1% to 2% develop serious side effects (e.g., myositis
or liver enzyme elevations).8 Thus, there are several reasons
for combining therapeutic modalities to increase the likeli-
hood of achieving desirable target lipid levels, especially
in patients with residual CV disease risk. These include lack
of achievement of LDL-C or non–HDL-C goals, safety of high-
dose statins, and residual risk despite statin therapy in many
patients with CHD. Recently, combination therapy has come
under closer scrutiny in light of several trials that failed to

demonstrate benefit on the primary outcome when different
classes of lipid-altering medications were used in combina-
tion with statins, including Atherothrombosis Intervention in
Metabolic Syndrome with Low HDL/High Triglycerides:
Impact on Global Health Outcomes (AIM-HIGH) (niacin),9

Ezetimibe and Simvastatin in Hypercholesterolemia
Enhances Atherosclerosis Regression (ENHANCE) (ezeti-
mibe),10 Action to Control Cardiovascular Risk in Diabetes
(ACCORD) (fenofibrate),11 and dal-OUTCOMES (dalcetra-
pib).12 In light of these recent trials, the 2013 American Col-
lege of Cardiology (ACC)/American Heart Association
(AHA) Guideline on the Treatment of Blood Cholesterol to
Reduce Atherosclerotic Cardiovascular Risk in Adults,
which focused primarily on an evidence-based review rather
than expert opinion, recommended high-efficacy statin ther-
apy for at-risk patients and discouraged combination ther-
apy because of a lack of evidence for benefits from
randomized clinical trials.1 The ACC/AHA panel concluded
that there were no data to support the routine use of nonsta-
tin drugs in combination with statin therapy to further
reduce atherosclerotic CV disease events. However, the
panel did suggest that there is a role for combination therapy
in treating high-risk patients (those with clinical atheroscle-
rotic CV disease who are <75 years of age, those with LDL-C
�190 mg/dL, or those with diabetes who are ages 40–
75 years) who have an inadequate response to statin therapy
or who have issues with statin intolerance. The panel recom-
mended that clinicians choose nonstatin agents with dem-
onstrated efficacy in reducing atherosclerotic CV disease
risk, and suggested that the benefits of therapy should out-
weigh the potential risk for adverse effects related to the non-
statin therapy.1 Other guideline committees from societies
such as the International Atherosclerosis Society, the Euro-
pean Atherosclerosis Society, and the American Association
of Clinical Endocrinologists continue to recommend goals of
therapy for lipid levels and judicious use of combination
therapy, if necessary (Fig. 27-1).

In addition, recent trials identified either prespecified or post
hoc subgroups in which combination therapy may have dem-
onstrated an additional reduction in major adverse CV events.
Therefore, for subgroups with residual dyslipidemia on opti-
mal statin therapy, appropriate combination therapy may be
warranted. This chapter reviews the use of combination
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therapy for dyslipidemia, highlighting the options available for
potentially maximizing risk reduction in CHD.

HIGH RESIDUAL RISK

With the recognition that additional event reduction can be
obtained by more intensive LDL-C reductions in some
patients at very high risk for CHD events, the NCEP ATP III
update recommended the therapeutic optional goals of
LDL-C less than 70 mg/dL and non–HDL-C less than
100 mg/dL.6 Cholesterol-lowering therapy with statins has

been established as an effective method of reducing death
and MI in patients with CHD. However, a significant number
of individuals who are receiving statin therapy continue to
have high residual risk. An important clinical challenge
exists in reducing residual CHD risk with optimal therapies
without increasing adverse effects. Combination therapy
appears most appropriate for patients with a high rate of
events while taking optimal statin therapy. In addition to life-
style modification, the use of combination therapy in CHD is
an acknowledged strategy in optimal management to pre-
vent or delay the morbidity and mortality associated with
CHD and its risk factors. Current recommendations for

CARDIOVASCULAR DISEASE RISK FACTOR MODIFICATIONS ALGORITHM

DYSLIPIDEMIA

b: If statin-intolerant, evaluate for
 tolerance to statin substitute(s),
 lower dose or frequency; if true
 statin-intolerance, add non-statin
 LDL-C- lowering therapies

c: If TG>200 mg/dL, secondary
 target is non-HDL-C; 'Metabolic
 Syndrome' also secondary target
d: Intensify therapies to attain goals

a: Optimize Glycemic Control
 and co-morbidities;  
 consider whether 
 medications are 
 contributing to dyslipidemia

b: Baseline lipid panel; Assess risk
 and targets of therapy
c: Statin therapy; titrate to maximally
 tolerated dose to achieve
 30% - 50% reduction in LDL-C

d: If TG >500 mg/dl
 → omega-3 ethyl esters,
 fibrates, niacin;
 If TG <500 mg/dL, use statin
 therapy

a: Assess adequacy and
  tolerance of therapy; repeat
 lipid panel and patient
 follow-up

Moderate Risk:
DM but no other major
risk and/or age <40

Ideal levels: Ideal levels:Ideal levels:

High Risk:
DM + >1 additional major
risk (hypertension, family 
history, low HDL-C, smoking,
hsCRP>2)

Very High Risk:
DM + CVD

Reassess risk and re-evaluate lipid profile (LDL-C, HDL-C, TG, and non-HDL-C, optional LDL-P or apoB); intensify therapy

STEP 3: EXPERT OPINION

RISK LEVELS

<100

<130

<200

<3.5

<90

<1200

<70

<100

<150

<3.0

<80

<1000

<50

<80

<100

<2.5

<70

<800

STEP 2: EVIDENCE BASED

STEP 1: EVIDENCE BASED

If not at ideal lipid levels: Intensify therapeutic lifestyle changes (weight loss, physical activity, dietary 
changes) and glycemic control; consider additional therapy

Assess adequacy & tolerance of therapy with focused repeated laboratory evaluation and patient follow-up

To lower LDL-C:  add ezetimibe, colesevelam, niacin, fibrates
Non-HDL-C, TG:  add omega 3-fatty acids, fibrates, niacin

ApoB, LDL-P: add ezetimibe, niacin,
colesevelam, fibrates

LDL-C (mg/dL)

Non-HDL-C

TG

TC/HDL-C

ApoB

LDL-P (nmol/L)

THERAPEUTIC LIFESTYLE MODIFICATIONS

FIGURE 27-1 Algorithm for CVD Factor Modification. apoB, apolipoprotein B; CVD, Cardiovascular Disease; DM, Diabetes Mellitus; HDL-C, high-density lipoprotein
cholesterol; hsCRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; LDL-P, low-density lipoprotein particle number; TG, Triglycerides; TC, total
cholesterol.
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CHD prevention and treatment advise the use
of combination drug therapy for high-risk patients, including
those with combined hyperlipidemia and diabetic
dyslipidemia.13,14

Despite the widespread use of statin therapy, a consider-
able residual risk of CV events remains.15 Although statins
reduce the relative risk of CV events by approximately
20% to 50%, depending on the degree of LDL-C reduction,16

considerable risk of future events remains in some sub-
groups of patients. One of the strongest predictors of residual
risk is hypertriglyceridemia associated with low levels of
HDL-C.11,17–19 In the ACCORD Lipid trial, patients with diabe-
tes on simvastatin monotherapy in the upper tertile of TGs
(�204 mg/dL) and the lower tertile of HDL-C (�34 mg/dL)
had a CV event frequency of 17.3%, compared with 10.1%
in all other patients who received simvastatin monother-
apy.11 This subgroup of patients with high TG and low
HDL-C represented approximately 17% of the study popula-
tion that received statin monotherapy, but accounted for
25% of the CV events. The high TG and low HDL-C subgroup
in the ACCORD Lipid trial had not only a higher CV event
rate, but also a 29% relative risk reduction on fenofibrate
combination therapy with simvastatin, compared with sim-
vastatin monotherapy (12.4% vs. 17.3% events; P¼0.032).
However, the patients outside of this dyslipidemic subgroup
did not benefit from the addition of fenofibrate to simva-
statin therapy (10.1% vs. 10.1% event rates; P¼0.06 for the
treatment-by-subgroup interaction).11 These results are
consistent with those from the six other CV outcome trials
that evaluated the benefits of TG-lowering therapy in a sub-
group of patients with significant hypertriglyceridemia
(Table 27-1).9,17–25

In light of the residual risk of CHD events in statin trials
within certain subgroups, combination therapy appears to
be most appropriate in patients with a high rate of events
despite optimal statin therapy. The updated NCEP ATP III
guidelines recommended an optional LDL-C goal of less than
70 mg/dL in patients at very high risk, including those with
established CV disease in conjunction with multiple major
risk factors, severe or poorly controlled risk factors, multiple

metabolic syndrome components, or acute coronary syn-
dromes.6 In a national survey of compliance with the NCEP
ATP III guidelines, 75% of patients with CHDmet the definition
of “very high risk,” yet only 18% had an LDL-C level less than
70 mg/dL, and only 4% had an LDL-C level less than 70 mg/dL
and a non–HDL-C level less than 100 mg/dL when TGs were
greater than 200 mg/dL.26 These data substantiate the use of
more aggressive statin therapy and the implementation of
combination therapy to reduce residual risk.

SPECIFIC INDICATIONS FOR COMBINATION
THERAPY

Lack of Achievement of Low-Density
Lipoprotein Cholesterol Goals
Statin outcome trials have proven conclusively that lowering
LDL-C results in significant improvement in CV morbidity and
mortality. The relationship between LDL-C and CHD events
appears to be linear, with considerable evidence supporting
the “lower is better” hypothesis. However, even with low LDL-
C levels, the residual risk for subsets of high-risk patients con-
tinues to be elevated. For example, in the Treating to New Tar-
gets trial, patients receiving atorvastatin 80 mg (with a mean
on-treatment LDL-C of 77 mg/dL) had a CV event rate of
28%, compared with a 33% event rate in patients receiving
10 mg atorvastatin (with a mean on-treatment LDL-C of
101 mg/dL), which represents a 16% relative risk reduction.27

Statin therapy generally reduces LDL-C by 25% to 35% with
fluvastatin, lovastatin, or pravastatin, and 35% to 45% with
atorvastatin, simvastatin, or rosuvastatin.28–30 Each doubling
of the dose usually produces an additional 5% to 7% reduc-
tion in LDL-C and a slightly smaller percentage decrease in
non–HDL-C.28,30 Larger incremental reductions of 10% to
20% may be achieved by adding a second agent targeting
enhanced LDL-C reduction. The second agent may be a non-
pharmacologic product, such as viscous fiber, plant sterols,
or plant stanols,28,31,32 or another pharmacologic agent,
such as a cholesterol absorption inhibitor or a bile acid
sequestrant.33,34

TABLE 27-1 Results of Cardiovascular Outcomes Trials of Drugs that Modulate TG Levels for the Entire Cohort and
for Subgroups Based on TG or TG and BMI or HDL-C at Baseline

TRIAL (DRUG) PRIMARY ENDPOINT

ENTIRE COHORT:
PRIMARY ENDPOINT

HR
(95% CI) SUBGROUP

SUBGROUP:
PRIMARY ENDPOINT

HR
(95% CI)

HHS (gemfibrozil)20,21 Death from CV causes, fatal or nonfatal MI 0.66 (0.47–0.92) TG �184 mg/dL
BMI >27.5 kg/m2

0.30 (0.15–0.58)

BIP (bezafibrate)22 Sudden death, fatal or nonfatal MI 0.91 (NR) TG �200 mg/dL 0.60 (NR)

VA-HIT (gemfibrozil)23 Death from CV causes or nonfatal MI 0.78 (0.65–0.93) TG �151 mg/dL 0.73 (0.58–0.93)

FIELD
(fenofibrate)17,24

Death from coronary heart disease or nonfatal MI 0.89 (0.75–1.05) TG �204 mg/dL
HDL-C<42 mg/dL

0.73 (0.58–0.91)

ACCORD (fenofibrate
and simvastatin)11

Death from CV causes, nonfatal MI, or nonfatal stroke 0.92 (0.79–1.08) TG �204 mg/dL
HDL-C �34 mg/dL

0.69 (NR)

JELIS (ethyl-EPA and
statin)18,25

Death from CV causes, fatal or nonfatal MI, unstable
angina, angioplasty, stenting, or CABG

0.81 (0.69–0.95) TG >150 mg/dL
HDL-C <40 mg/dL

0.47 (0.23–0.98)

AIM-HIGH (niacin and
simvastatin)9,19

Death from CV causes, nonfatal MI, nonfatal stroke,
acute coronary syndrome, or revascularization

1.02 (0.87–1.21) TG >198 mg/dL
HDL-C <33 mg/dL

0.74 (0.50–1.09)

ACCORD, Action to Control Cardiovascular Risk in Diabetes; AIM-HIGH, Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides: Impact on Global
Health Outcomes; BIP, Bezafibrate Infarction Prevention Study; BMI, body mass index; CABG, coronary artery bypass graft; CI, confidence interval; CV, cardiovascular; EPA,
eicosapentaenoic acid; FIELD, Fenofibrate Intervention and Event Lowering in Diabetes; HDL-C, high-density lipoprotein cholesterol; HHS, Helsinki Heart Study; HR, hazard ratio;
JELIS, Japan EPA Lipid Intervention Study; MI, myocardial infarction; NR, not reported; TG, triglyceride; VA-HIT, Veterans Affairs HDL Intervention Trial.
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Compared with adding an agent to target LDL-C, the addi-
tion of a fibrate or niacin usually has a lesser impact on LDL-
C; however, it reduces non–HDL-C because of the lowering
of very-low-density lipoprotein cholesterol (VLDL-C).35

Lack of Achievement of Non–High-Density
Lipoprotein Cholesterol Goals
The NCEP ATP III identified non–HDL-C as a secondary ther-
apeutic target for individuals with elevated TGs (�200 mg/
dL). Non–HDL-C goals are set 30 mg/dL above the LDL-C
goal for the patient’s risk category,6 a level based on the Frie-
dewald formula,36 in which VLDL-C levels are estimated to
be one fifth of the TG concentration. Because TG concentra-
tions less than 150 mg/dL are considered normal, a VLDL-C
concentration less than 30 mg/dL represents the normal
range. As TG levels increase, the fraction of non–HDL-C
accounted for by LDL-C declines.

Non–HDL-C is routinely calculated as total cholesterol
minus HDL-C, but it is mainly the sum of LDL-C and VLDL-
C, and includes cholesterol carried by all lipoproteins that
contain apolipoprotein B (apoB). Non–HDL-C correlates
well with apoB concentration and is therefore a good proxy
for the total number of circulating atherogenic particles.13

Consistent with this relationship, population studies have
shown non–HDL-C to be a somewhat stronger predictor of
CV disease37,38 and mortality39 risk than LDL-C.

When TGs are greater than 200 mg/dL, most cholesterol
in the VLDL fraction is contained in smaller (atherogenic
remnant) VLDL.28 Therefore, when serum TGs are high,
VLDL-C can reasonably be combined with LDL-C to use
non–HDL-C as a secondary target of treatment and a means
to enhance risk prediction. The TG-rich lipoproteins associ-
ated with elevated non–HDL-C (versus cholesterol-rich
LDL; i.e., non–HDL-C minus LDL-C) are likely atherogenic,
particularly small VLDL and intermediate-density lipopro-
tein particles. Elevation of these remnant lipoproteins has
been shown to contribute to atherosclerosis in mice.40 Evi-
dence exists that genetic dyslipidemias characterized by
increased concentrations of remnant lipoproteins are associ-
ated with the development of premature CHD, and remnant
lipoprotein levels strongly predict the progression of athero-
sclerosis.28 Remnants are known to cross the endothelial bar-
rier of the arterial wall. In addition, evidence from
observational studies suggests that elevated levels of remnant
cholesterol are associated with an increased CV risk,41–43

although confounding because of other risk factors and met-
abolic interrelationships with HDL-Cmay limit determinations
of causality.

In a recent genomics study, the causal effect of lifelong
exposure to elevated remnant cholesterol concentration
on risk for coronary disease was evaluated in three major
Danish studies (two in the general population and one in
individuals with ischemic heart disease). A total of 73,513
individuals (11,984 with ischemic heart disease) were geno-
typed for 15 genetic variants that affect the levels of remnant
cholesterol alone, both remnant cholesterol and HDL-C,
HDL-C alone, or LDL-C alone (positive control).44

The investigators showed that remnant cholesterol con-
centration was a causal risk factor for ischemic heart disease.
A 1-mmol/L (39-mg/dL) increase in nonfasting remnant
cholesterol was associated with a 2.8-fold causal risk for
ischemic heart disease, which was higher than the

observational risk (hazard ratio 1.4; 95% confidence interval
[CI] 1.3–1.5). The association was independent of HDL-C
concentration.44 In further support, genome-wide associa-
tion studies showed concordance between genetic variants
that influenced TG-rich lipoprotein pathways and the associ-
ated increase in coronary risk.45 Studies of genetic variants
influencing HDL concentration failed to show a causal asso-
ciation between genetically raised plasma HDL-C levels and
the risk for MI, in contrast to observational data.46

In addition, in both observational studies and during
treatment in clinical trials, levels of apoB, which reflects
the total number of circulating atherogenic particles (LDL
plus VLDL), have been found to have stronger associations
with CHD risk than do levels of LDL-C.47 In patients with
hypertriglyceridemia, non–HDL-C goals are frequently not
achieved. In the National Cholesterol Education Program
Evaluation Project Utilizing Novel E-Technology (NEPTUNE
II) study, only 4% of patients with TGs greater than 200 mg/
dL and at very high risk were at the optimal non–HDL-C
goal of less than 100 mg/dL.26 To reduce non–HDL-C in
patients with hypertriglyceridemia, combination therapy
with statins is frequently necessary to maximize goal
achievement. NCEP ATP III recognized that statins are not
powerful TG-lowering drugs, and therefore recommended
the use of specific add-on therapies to lower TG levels in
patients with hypertriglyceridemia (fish oils to replace
some long-chain TG levels in diet, as well as fibrates or nic-
otinic acid).28

It is recognized that more aggressive therapy is needed to
achieve non–HDL-C goals than LDL-C goals. In the Atorva-
statin Comparative Cholesterol Efficacy and Safety Study,
fewer patients on statin therapy achieved non–HDL-C targets
than LDL-C targets. For example, with atorvastatin therapy,
72% of patients achieved an LDL-C concentration of less than
or equal to 100 mg/dL, compared with 60% who reached a
non–HDL-C level of less than or equal to 125 mg/dL (the
level corresponding to the population percentile for non–
HDL-C that is equivalent to an LDL-C concentration of
100 mg/dL).13 After achievement of LDL-C goals, non–HDL-C
can be managed more aggressively by lowering LDL-C or
by using strategies that target a reduction in VLDL-C.48

Because the prevalence of hypertriglyceridemia is increas-
ing, enhanced efforts to improve non–HDL-C goal achieve-
ment has the potential to produce a substantial effect
on CHD.

Severe Hypertriglyceridemia
Severe hypertriglyceridemia is usually caused by impair-
ment or deficiency of lipoprotein lipase, the vascular
enzyme that degrades chylomicrons into remnant particles
and liberates the TG into free fatty acids for energy use or
for fat storage. In some cases, severe forms of familial dysbe-
talipoproteinemia (type III hyperlipidemia) or overproduc-
tion of VLDL (familial hypertriglyceridemia) may result
in severe hypertriglyceridemia. If the total cholesterol con-
centration is greater than 300 mg/dL and the TG concentra-
tion is between 500 and 1000 mg/dL, the patient may have a
genetic cause of dyslipidemia (type III or familial combined
hyperlipidemia). One of the major clinical risks of dramati-
cally elevated TGs is acute pancreatitis. The risk of pancrea-
titis is clinically significant if TG concentration exceeds
500 mg/dL and especially if TG concentration is more
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than 885 mg/dL (>10 mmol/L). In these cases, actions to
prevent acute pancreatitis are mandatory.49 Notably, hyper-
triglyceridemia is the cause of 10% of all cases of pancreati-
tis, and patients can develop pancreatitis even when their TG
concentration is between 440 and 880 mg/dL (5–10 mmol/
L). Studies have shown an approximate 5% decrease in
the risk of pancreatitis for each 100-mg/dL decrease in TG
levels.50

Serum TGs are primarily carried in apoB-containing lipo-
proteins and have been demonstrated to be predictive of
CHD risk.51 High levels of fasting TG (�200 mg/dL) often rep-
resent an increase in plasma concentration of VLDL parti-
cles, the cholesterol content of which is correlated with
the number of atherogenic particles.4 According to the
NCEP ATP III guidelines, a statin is recommended as initial
therapy for lowering LDL-C and non–HDL-C in patients
with hypertriglyceridemia (200–499 mg/dL). However,
statin monotherapy is often insufficient to achieve non–
HDL-C targets. For patients with persistent hypertriglyceride-
mia (�200 mg/dL) on statin therapy, adding a TG-lowering
agent is recommended as a therapeutic option to reduce
non–HDL-C.6

Dietary fat and simple carbohydrate restriction are indi-
cated to reduce chylomicrons and VLDL. If dietary therapy
fails, drug therapy options include niacin and fibrates.
Fibrates are recommended therapy in patients whose
primary abnormality is elevated TG levels and low HDL-C.
Both fibrate–niacin and fibrate–omega-3 fatty acid combina-
tion therapy can also be used for the management of severe
hypertriglyceridemia.

Low High-Density Lipoprotein Cholesterol
Low serum concentrations of HDL-C have consistently
emerged as an independent risk factor for CHD. In the Fra-
mingham Study52 and the Quebec Cardiovascular Study,53

there was a well-defined escalation in risk as HDL-C levels
decreased. Results from the Framingham Study demon-
strated that for every 20-mg/dL decrement in HDL-C, CHD
risk increased by 50%. Several studies, including the Hono-
lulu Heart Study,54 Israeli Ischemic Heart Disease Study,55

Belgian Interuniversity Research on Nutrition and Health
Study,56 and Poland and United States Collaborative Study
on Cardiovascular Epidemiology,57 demonstrated that low
serum levels of HDL-C predispose to the development
of CHD.
Often, lifestyle modification can be used to target com-

mon causes of low HDL-C, such as excess body weight
and physical inactivity. The NCEP ATP III guidelines iden-
tify therapeutic lifestyle changes as the initial intervention
for increasing HDL-C levels. These changes include target-
ing dietary intake of cholesterol; use of plant stanols, plant
sterols and fiber to lower LDL-C; and a focus on total calo-
ries and physical activity to maintain desirable weight.
Additional components, such as smoking cessation, weight
loss, aerobic exercise, and moderate alcohol intake, are
also advocated.
Pharmacologic therapy is indicated in the management of

low HDL-C when therapeutic lifestyle changes are not ade-
quate to achieve target goals. The NCEP ATP III guidelines
outline that in high-risk patients with low HDL-C levels, con-
sideration should be given to combination therapy in addi-
tion to an LDL-lowering drug.28 Traditionally, the principal

drug classes used for the management of low HDL-C include
statins, niacin, and fibrates.

Based on the results of the large statin trials with clinical
event endpoints (e.g., West of Scotland Coronary Prevention
Study58 and the Air Force/Texas Coronary Atherosclerosis
Prevention Study3), patients with high LDL-C and low HDL-
C may have significant benefits from statin therapy. Statins
should be used as first-line agents in patients with CHD or
CHD risk equivalents and in patients with isolated low
HDL-C or low HDL-C combined with elevated LDL-C.

Niacin is the most effective HDL-C–raising pharmacologic
agent, and although the specific mechanism of action of nia-
cin is not well understood, it appears that niacin reduces
apoB secretion, thereby lowering both VLDL and LDL,
increasing apoA-I, and lowering lipoprotein(a).

Fibrates are peroxisome proliferator–activated receptor
(PPAR)–α ligands and therefore lead to increased lipoprotein
lipase expression and decreased apoC-III expression, which
results in enhanced catabolism of TG-rich particles. Fibrates
also increase the expression of apoA-I and apoA-II, with the
net result of decreasing hypertriglyceridemia and increasing
HDL-C. As a result, fibrate combination therapy is used for
patients with hypertriglyceridemia and low HDL-C.

Combination therapy is often indicated for the manage-
ment of low HDL-C in patients with CHD. Options include
a statin combined with ezetimibe, a fibrate, or niacin. Add-
ing niacin to a statin is the most likely combination, because
niacin has the most significant effects on raising HDL-C. Add-
ing a fibrate is desirable when TGs are elevated.

A newer approach to elevating HDL-C is through the inhi-
bition of cholesteryl ester transfer protein (CETP). CETP plays
an important role in cholesterol metabolism; it is responsible
for the transfer of cholesteryl esters from HDL to VLDL and
LDL.59 Results from clinical trials called into question the ther-
apeutic use of the CETP inhibitor torcetrapib, which was dem-
onstrated to increase blood pressure and both total and CV
mortality.60,61 A second CETP inhibitor, dalcetrapib,
increased HDL-C by approximately 30% and did not increase
blood pressure, but also failed to reduce major adverse CV
events in patients following acute coronary syndrome.12,62

However, other CETP inhibitors, such as anacetrapib and eva-
cetrapib, are in development, with CV outcome trials pend-
ing.63,64 These CETP inhibitors lower LDL-C by 30% to 40%
and increase HDL-C, often by greater than 100%, andmay pro-
vide CV benefits because of LDL-C reduction.65–68

Other emerging approaches to increasing HDL-C include
infusion ofmutant forms of apoA-I, such as apoA-IMilano, delipi-
dated HDL-C, oral apoA-I mimetics, and apoA-IMilano gene
transfer. Additional novel therapies that may prove
beneficial in elevating HDL-C levels include activators of the
nuclear receptors liver X receptor and farnesoid X receptor,
which may also stimulate reverse cholesterol transport, and
PPAR agonists targeting one or more of PPAR-α, -δ, and -γ.

Statin Intolerance
Concerns about the safety and tolerance of high-dose statins
and associated adverse events have surfaced as a result of
statin-associated myotoxicity, including skeletal muscle
necrosis that may result in life-threatening rhabdomyolysis,
and persistent liver enzyme elevation. The heightened
awareness of rhabdomyolysis is related, in part, to the clini-
cal experience with cerivastatin (Baycol; Bayer Corp, West
Haven, Connecticut), a statin that was associated with an
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increased reporting rate of fatal rhabdomyolysis that was
nearly 80 times higher than rates reported for other statins
available at the time, specifically atorvastatin (Lipitor; Pfizer
Inc, New York, New York), fluvastatin (Lescol and Lescol XL;
Novartis, East Hanover, New Jersey), lovastatin (Mevacor;
Merck & Co, West Point, Pennsylvania), pravastatin (Prava-
chol; Bristol-Myers Squibb, Princeton, New Jersey), and sim-
vastatin (Zocor; Merck & Co).69,70

Although the reported occurrence of muscle-related
adverse events in clinical trials of statins is low, few clinical tri-
als are of sufficient size, duration, or design to detect rhabdo-
myolysis. In addition, differing definitions of adverse events
are used. Nonfatal rhabdomyolysis may be defined as muscle
symptomsplus creatine kinase greater than 40 times the upper
limit of normal. In theHeart Protection Study,71 the largest clin-
ical trial of statin therapy to date, five cases (0.05%) of nonfatal
rhabdomyolysis were reported in patients who received sim-
vastatin 40 mg compared with three cases (0.03%) in patients
who received placebo. Although the absolute event rate
for rhabdomyolysis remains low at all doses for approved
statins, the highest approved dose of a statin does increase risk
for muscle adverse effects. Therefore, an important clinical
challenge remains to further reduce the residual CHD risk
on optimal statin therapy without adversely affecting patient
safety. Use of nonstatin therapies should be considered in
patients who develop statin intolerance, which limits the
use of statins, including the use of the optimal intensity or dose
of a statin.72

SPECIFIC COMBINATION THERAPIES

Statin–Ezetimibe
LDL-C lowering can be enhanced by combining a statin,
which reduces hepatic cholesterol synthesis and increases
hepatic LDL receptor activity, with ezetimibe, a selective
cholesterol absorption inhibitor that blocks cholesterol
absorption at the intestinal brush border by inhibiting
the sterol transporter Niemann–Pick C1–like 1 protein
(NPC1L1) (Fig. 27-2). A recent meta-analysis looked at eight
randomized controlled trials of ezetimibe monotherapy
in the treatment of primary hypercholesterolemia. Although
the meta-analysis was restricted to short-term trials
(12 weeks), a 19% decrease in LDL-C with ezetimibe, com-
pared with placebo, was seen, and ezetimibe was equally
well tolerated.73 Combination therapy with ezetimibe plus
statins has been evaluated in several randomized clinical
trials in patients with primary hypercholesterolemia.

Ezetimibe 10 mg coadministered with simvastatin 10 mg
resulted in a 44% LDL-C reduction, similar to that obtained
with simvastatin 80 mg alone, and coadministration of
ezetimibe 10 mg with simvastatin 10, 20, 40, or 80 mg
resulted in TG reductions of 25% to 31% and HDL-C increases
of 8% to 11%.74 Similarly, compared with monotherapy, co-
administration of ezetimibe 10 mg and atorvastatin 10, 20,
40, or 80 mg resulted in significant improvements in LDL-C
(12% reduction), HDL-C (3% increase), TGs (8% reduction),
and high-sensitivity C-reactive protein (10% reduction).75
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FIGURE 27-2 Ezetimibe inhibits intestinal absorption of cholesterol and plant sterols by blocking the sterol transporter NPC1L1 at the jejunal intestinal
brush border. ACAT, acyl–coenzyme A:cholesterol acyltransferase; HMGCoA Red, 3-hydroxy-3-methylglutaryl–coenzyme A reductase; LDL, low-density lipoprotein; MTP,
microsomal triglyceride transfer protein; NPC1L1, Niemann–Pick C1–like 1 protein; VLDL, very-low-density lipoprotein.
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In a study that compared monotherapy with lovastatin 10,
20, or 40 mg or ezetimibe 10 mg, with combination therapy
of ezetimibe 10 mg plus lovastatin 10, 20, or 40 mg, the co-
administration of ezetimibe provided an incremental 14%
LDL-C decrease, 5% HDL-C increase, and 10% TG decrease
compared with lovastatin alone pooled across doses. Ezeti-
mibe plus lovastatin provided mean LDL-C decreases of
33% to 45%, median TG decreases of 19% to 27%, and mean
HDL-C increases of 8% to 9%, depending on the statin dose.76

Similarly, compared with monotherapy, combination
therapy with ezetimibe 10 mg and pravastatin 10, 20, or
40 mg resulted in significant incremental reductions in
LDL-C and TG compared with pravastatin alone pooled
across doses (P <0.01). Combination therapy reduced
LDL-C by 34% to 41% and TGs by 21% to 23%, and increased
HDL-C by 7.8% to 8.4%, depending on the dose of
pravastatin.77

Another study confirmed the safety and efficacy of com-
bining simvastatin 80 mg with either placebo or ezetimibe
10 mg for lowering LDL-C in patients with familial hypercho-
lesterolemia (FH). Although the trial did not demonstrate a
difference in the primary endpoint, which was the mean
change in the carotid artery intima–media thickness, the
group that received combination therapy had significantly
greater reductions in LDL-C and C-reactive protein without
an increase in side effects. Both groups showed very little
progression of carotid intima–media thickness (0.0058 mm
versus 0.0111 mm), and ezetimibe was proven to be a safe
adjunct for additional LDL-C reduction in high-risk patients.10

More recently, the Study of Heart and Renal Protection
(SHARP) demonstrated that the combination of simvastatin
20 mg plus ezetimibe 10 mg, compared with placebo,
resulted in a 17% relative risk reduction for major athero-
sclerotic events in patients with impaired renal function.
Ischemic strokes and need for arterial revascularization
procedures were also significantly reduced. The SHARP
investigators also found no excess safety risks with combina-
tion therapy compared with placebo.78

However, controversy remains regarding the use of ezeti-
mibe to improve CV outcomes, which is being examined in
the Improved Reduction of Outcomes: Vytorin Efficacy Inter-
national Trial (IMPROVE-IT), which involves approximately
18,000 acute coronary syndrome patients and compares the
effects of simvastatin 40 mg with the effects of a combination
of simvastatin plus ezetimibe on major adverse CV events.79

The projected LDL-C difference between the two treatment
arms is approximately 15 mg/dL, which provides 90% power
to determine a 9% relative risk reduction.

Statin–Bile Acid Sequestrant
Bile acid sequestrants are a class of antihyperlipidemic
drugs developed to lower LDL-C levels. Two of the most com-
monly prescribed bile acid sequestrants, cholestyramine
and colestipol, have been used since the 1980s and have
proven effective and safe as nonsystemic approaches to cho-
lesterol reduction. The clinical benefit of bile acid seques-
trants has been demonstrated in several clinical trials,
including the Lipid Research Clinics Coronary Primary Pre-
vention Trial80 and the Familial Atherosclerosis Treatment
Study.81 The use of bile acid sequestrants in clinical practice
is difficult, partly because of adherence issues related to
poor palatability of the drug and to the occurrence of
adverse gastrointestinal effects, particularly constipation.

As a result, colesevelam hydrochloride has become the pre-
ferred drug of this class.

Colesevelam hydrochloride (Sankyo Pharma Inc., Parsip-
pany, New Jersey) is a nonabsorbed lipid-lowering agent
that can be used as monotherapy or in combination therapy
to reduce LDL-C in patients with hypercholesterolemia.
Combination therapy with colesevelam hydrochloride and
lovastatin,82 simvastatin,83 or atorvastatin84 can significantly
lower LDL-C levels in patients with hypercholesterolemia.

Low-dose combination therapy with colesevelam hydro-
chloride (2.3 g) and lovastatin (10 mg) resulted in LDL-C
decreases of 34% (60 mg/dL, P <0.0001) and 32% (53 mg/
dL, P <0.0001), when colesevelam and lovastatin were
administered together or separately, respectively, in patients
with primary hypercholesterolemia.82 Similarly, combina-
tion therapy with simvastatin 10 or 20 mg and colesevelam
hydrochloride 2.3 or 3.8 g resulted in mean LDL-C level
decreases in all active treatment groups (P<0.0001). Groups
treated with combination therapy had a mean reduction in
LDL-C levels of 42% (�80 mg/dL, P <0.0001 compared with
baseline) that exceeded reductions for simvastatin 10 mg
(�26%; �48 mg/dL) or 20 mg (�34%; �61 mg/dL) alone
or for colesevelam hydrochloride 2.3 g (�8%; �17 mg/dL)
or 3.8 g (�16%; �31 mg/dL) alone (P <0.001).83

In another study, in which patients with hypercholesterol-
emia were randomized to receive colesevelam hydro-
chloride 3.8 g, atorvastatin 10 mg, coadministration of
colesevelam hydrochloride 3.8 g and atorvastatin 10 mg,
atorvastatin 80 mg, or placebo, LDL-C decreased by 12% to
53% in all active treatment groups (P <0.01). Combination
therapy resulted in significant decreases in LDL-C (48%)
compared with monotherapy with colesevelam hydrochlo-
ride (12%) or atorvastatin 10 mg (38%; P <0.01 for both),
but the LDL-C reduction was similar to that achieved with
atorvastatin 80 mg (53%). In addition, total cholesterol
decreased by 6% to 39% in all active treatment groups,
and HDL-C increased significantly in all groups (P <0.05).84

Statin–Fibrate
Fibrates are an important class of drugs for the management
of dyslipidemia. This class of drugs is generally well toler-
ated, but it is infrequently associated with several safety
issues. Fibrates, most likely by an effect mediated by
PPAR-α, may reversibly increase creatinine and homocyste-
ine, but these agents are not associated with an increased
risk for renal failure in clinical trials. In patients with com-
bined dyslipidemia, fibrate–statin therapy can be used to
promote reductions in LDL-C and TGs and simultaneous
increases in HDL-C.

Fibrates are associated with a slightly increased risk
(<1.0%) for myopathy, cholelithiasis, and venous thrombo-
sis. In clinical trials, fibrates have been associated with an
increase in non-CV mortality.85 The combination of gemfi-
brozil with statins generally should be avoided. The pre-
ferred option is fenofibrate, which is not associated with
an inhibition of statin metabolism. Clinicians are advised
to measure serum creatinine before fibrate use and adjust
the dose accordingly for renal impairment. Routine monitor-
ing of creatinine is not required, but if a patient has a clini-
cally important increase in creatinine, and other potential
causes of a creatinine increase have been excluded, consid-
eration should be given to discontinuing fibrate therapy or
reducing the dose.86
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The additive effects of simvastatin and fenofibrate on lipid
parameters have been documented in the Simvastatin Plus
Fenofibrate for Combined Hyperlipidemia trial.87 Monother-
apy with simvastatin 20 mg/day was compared with combi-
nation therapy of simvastatin 20 mg/day plus fenofibrate
160 mg/day in patients with combined hyperlipidemia
(fasting TG levels �150 and �500 mg/dL, and LDL-C
>130 mg/dL). Compared with monotherapy, mean LDL-C
levels significantly decreased with combination therapy
(25.8% and 31.2%, respectively; P <0.001). In addition, com-
pared with monotherapy, mean HDL-C levels significantly
increased with combination therapy (9.7% and 18.6%,
respectively; P <0.001), without the occurrence of any
drug-related serious adverse events.87

A recent meta-analysis of randomized clinical trials exam-
ined the efficacy of combination therapy with statins and
fibrates versus treatment with statins alone. Compared with
statin monotherapy, combination therapy was found to pro-
duce significantly greater reductions in total cholesterol,
LDL-C, and TGs as well as significantly greater increases in
HDL-C. However, compared with combination therapy, treat-
ment with a statin alone resulted in significantly less total
adverse events, liver-related adverse events, and kidney-
related adverse events. Importantly, the rate of muscle-related
adverse events was not significantly different with combina-
tion therapy compared with statin monotherapy.88

Statin–Niacin
Statin–niacin combination therapy has been examined in tri-
als to reduce residual CV risk. Niacin is often added to a
statin in patients with combined hyperlipidemia, especially
if HDL-C is low or lipoprotein(a) is high. Although statins
have demonstrated an approximate 30% reduction in CHD
events, early small angiographic trials showed that combina-
tion therapy with statins and niacin resulted in reductions of
75%. This significant reduction in CHD events suggested that
other effects of niacin, such as TG lowering, lipoprotein(a)
lowering, and HDL-C raising, may also contribute to the
benefits.

Adding niacin to a statin is a likely combination because
niacin has the most significant effects on raising HDL-C.
A number of trials have also demonstrated the safety of this
combination and efficacy in inhibiting the progression of
atherosclerosis. Most trials have used either immediate-release
niacin or extended-release niacin (Niaspan; AbbVie, North
Chicago, Illinois). Because of the safety data on extended-
release niacin in combination with a statin, there has been
increased interest in the use of combination therapy to
maximize risk reduction in patients with dyslipidemia.

In the Arterial Biology for the Investigation of the Treatment
Effects of Reducing Cholesterol (ARBITER) 2 trial, the addi-
tion of extended-release niacin to statin therapy was demon-
strated to increase HDL-C by 21% and to slow the progression
of atherosclerosis, as measured by a change in the carotid
intima–media thickness, compared with statin therapy alone
in patients with known CHD and low HDL-C levels.89

In the HDL-Atherosclerosis Treatment Study (HATS), sim-
vastatin (10–20 mg/day) plus niacin (2–4 g/day) therapy
resulted in significant risk reduction for composite CV end-
points (death from coronary causes, confirmed MI or stroke,
or revascularization) by 90% in the group treated with simva-
statin plus niacin compared with placebo (P¼0.03).90 In
addition, simvastatin–niacin combination therapy resulted

in a 0.4% regression in coronary stenosis, whereas progres-
sion occurred in the other treatment groups (antioxidants
alone, simvastatin plus niacin plus antioxidants, or placebo;
P<0.001).91 Studies that evaluated statin–niacin combina-
tion therapy have consistently demonstrated efficacy in
increasing HDL-C and reducing TG and LDL-C.92–95 Addi-
tional studies that compared statin monotherapy with
statin–niacin combination therapy indicate that statins and
niacin have additive effects on HDL-C. Angiographic studies
further support the effect of statin–niacin combination ther-
apy in impeding the progression of CHD.90

However, the effect of niacin–statin combination therapy
on CV events seen in HATS was not replicated in the AIM-
HIGH trial. The AIM-HIGH trial examined the effect of
extended-release niacin (1500–2000 mg/day) in combina-
tion with simvastatin versus simvastatin monotherapy on
CV events in patients aged 45 years or older with established
CV disease. Ezetimibe 10 mg was also used in both groups as
needed to keep LDL-C at a goal of 40 to 80 mg/dL. Partici-
pants had low baseline HDL-C (<40 mg/dL for men,
<50 mg/dL for women), high TGs (150–400 mg/dL), and
LDL-C less than 180 mg/dL if not already on statin therapy.
The trial was terminated early (after an average of 3 years
of follow-up) because of lack of efficacy. Event rates were
not significantly different between the two groups, despite
significant elevations in HDL-C, as well as reductions in
TGs and LDL-C, in the niacin group. The primary endpoint
(the composite of the first event of death from CHD, nonfatal
MI, ischemic stroke, hospitalization [for >23 hours] for
acute coronary syndrome, or symptom-driven coronary or
cerebral revascularization) occurred in 282 participants in
the niacin group (16.4%) and 274 participants in the placebo
group (16.2%) (hazard ratio with niacin 1.02, 95% CI 0.87–
1.21; P¼0.79).9

Heart Protection Study 2–Treatment of HDL to Reduce the
Incidence of Vascular Events (HPS2-THRIVE) also examined
the effect of extended-release niacin 2 g plus laropiprant
40 mg in combination with simvastatin 40 mg (with or with-
out ezetimibe) on major vascular event rates (defined as a
major coronary event [nonfatal MI or coronary death],
stroke, or revascularization) in patients with a history of
CV disease. A total of 25,673 patients underwent randomiza-
tion. Similar to the findings of AIM-HIGH, the study partici-
pants in the extended-release niacin arm did not have a
lower rate of major vascular events compared with those
in the placebo arm. At 4 years of follow-up, the percentage
of participants with major vascular events was 14.5% in
the extended-release niacin–laropiprant group and 15% in
the placebo group (risk ratio 0.96, 95% CI 0.90–1.03;
P¼0.29). The occurrence of side effects was significantly
greater in the niacin arm; extended-release niacin–laropipr-
ant was associated with serious adverse events in approxi-
mately 30 participants per 1000. Side effects involved
multiple organ systems, and included increased diabetic
complications and new-onset diabetes, infections,
gastrointestinal-related events, musculoskeletal-related
events, bleeding events, and skin-related events.96,97

Statin–Omega-3 Fatty Acids
Omega-3 fatty acids, or fish oils, are essential fatty acids that
are thought to inhibit VLDL and TG synthesis in the liver,
although the exact molecular mechanisms are not well
understood. Omega-3 fatty acids have been demonstrated
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to reduce TG levels significantly and to increase LDL-C levels
in patients with high TG. Dietary supplementation with the
n-3 polyunsaturated fatty acids (PUFAs) eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) has also been
shown to lower the risk of death, nonfatal coronary events,
and stroke after MI.98 PUFAs have been demonstrated to
reduce TG levels by 20% to 30%, and up to 50% in patients
with severe hypertriglyceridemia (TGs >750 mg/dL
[>8.47 mmol/L]).99,100 In studies of combination therapy
with statins and n-3 PUFAs, LDL-C reductions of 13% to
24% and TG reductions of 27% to 30% have been demon-
strated when n-3 PUFAs were added to pravastatin 40 mg/
day101 or simvastatin 20 mg/day.102 Similarly, combination
therapy with atorvastatin 10 mg/day resulted in significant
reductions of the concentration of small, dense LDL particles
and increases in HDL-C compared with monotherapy.103

A highly purified pharmaceutical grade omega-3 fatty acid
marine fish oil formulation contains high concentrations
of EPA and DHA (465 mg and 375 mg, respectively, for a
total of 840 mg EPA+DHA), along with 4 mg (6 IU) vitamin
E in each 1-g capsule. Prescription omega-3 fatty acid marine
oils are indicated for the treatment of hypertriglyceridemia
and have been demonstrated to reduce serum TGs sig-
nificantly by 19% to 55% at doses of 4 capsules/day when
administered over periods of 6 weeks to several years. When
combined with gemfibrozil and simvastatin, marine oil
reduces TG levels by an additional 37% and 46%, res-
pectively. In a study that assessed combination therapy with
simvastatin 40 mg and omega-3 acid ethyl esters 4 g/day,
the median percent decrease in non–HDL-C was signifi-
cantly greater with combination therapy compared with pla-
cebo plus simvastatin (9.0% vs. 2.2%, respectively; P<0.001).
In addition, combination therapy significantly lowered
TGs (29.5%) and VLDL-C (27.5%), raised HDL-C (3.4%),
and lowered the total cholesterol/HDL-C ratio (9.6%;
P �0.001 vs. placebo for all).104

A novel omega-3 formulation in carboxylic acid (free fatty
acid) form (OM3-CA) has as much as fourfold greater bio-
availability than ethyl ester forms105,106 and reduces TG
levels in patients with hypertriglyceridemia.107,108 OM3-CA
has greater bioavailability compared with currently avail-
able omega-3 ethyl ester drugs, an effect that is particularly
pronounced under conditions of low dietary fat consump-
tion. This has been attributed to its delivery of EPA and
DHA in the free fatty acid form, which circumvents the need
for hydrolysis by dietary fat–stimulated pancreatic lipases.
This finding has important clinical implications because
patients with severe hypertriglyceridemia may be counseled
to adhere to a low-fat diet.105,106 OM3-CA has been demon-
strated to be efficacious in the lowering of TG at 2 and
4 g/day dosages in patients with elevated TGs.107,108

Prescription omega-3 fatty acids are currently undergoing
large CV outcome trials to determine if their addition to statins
in patientswith hypertriglyceridemia results in a CVbenefit.109

Until these trials are completed, the regulatory guidance for
prescription omega-3 fatty acids is limited to therapy for
patients with severe hypertriglyceridemia (>500 mg/dL) that
does not adequately respond to lifestyle changes.

Niacin–Bile Acid Sequestrant
In patients treated with niacin for dyslipidemia, high-dose nia-
cin monotherapy (1000–3000 mg nightly) lowers plasma LDL-
C and TGs and raises plasma HDL-C.110 In both nondiabetic

and diabetic patients with dyslipidemia, niacin raises plasma
glucose in a dose-dependent fashion.110–113 Further in this
regard, strong clinical evidence exists that the risk of CV dis-
ease increases significantly when fasting plasma glucose is
greater than 90 mg/dL; this increased risk occurs even after
adjusting the analysis for diabetes, impaired glucose toler-
ance, or impaired fasting glucose.114–117 Therefore, an
increase in plasma glucose levels from niacin administration
alone could increase risk in patients with impaired fasting glu-
cose who are taking niacin for dyslipidemia.

Combination therapy that uses niacin with other lipid-
lowering therapies has the potential to improve dyslipidemia
while reducing the niacin dose and the undesirable effects
of niacin on glycemic control. The combination of niacin
and bile acid sequestrants was shown to improve dysli-
pidemia in patients with atherosclerotic disease, resulting
in significant improvement in the divergence of progression
and regression rates of native coronary artery lesions.118,119

Colesevelam, a bile acid sequestrant, was shown to decrease
plasma glucose in patientswith type 2 diabetesmellitus.120–124

In three randomized, double-blinded, placebo-controlled
clinical trials that investigated inadequately controlled type 2
diabetes mellitus, colesevelam reduced hemoglobin A1c
by 0.50% in patients on a sulfonylurea, metformin, or both,121

0.54% in patients on a sulfonylurea alone or combined with
oral antidiabetes agents,122 and 0.50% in patients on insulin
alone or combined with oral antidiabetes agents.123

A combination therapy study with colesevelam and niacin
demonstrated that adjunct colesevelam had a significantly
greater LDL-C–lowering effect than niacin alone (–20.67% vs.
�12.86%, respectively; P¼0.0088). Niacin-mediated increases
in fasting plasma glucose were significantly less with adjunct
colesevelam (1.8 mg/dL vs. 6.7 mg/dL; P¼0.0046), and fewer
patients who received colesevelam had increases of greater
than 10 mg/dL in fasting plasma glucose (8 vs. 17, respec-
tively). Adjunct colesevelam resulted in significantly smaller
increases in hemoglobin A1c than placebo (0.06% vs. 0.18%,
respectively; P¼0.005). Consistent with hemoglobin A1c
and fasting plasma glucose changes, fructosamine levels
significantly decreased with colesevelam–niacin treatment
(�5.00 μmol/L), but increased with niacin alone (2.98 μmol/
L; P¼0.0255). Therefore, colesevelam as an adjunct to niacin
therapy further lowered LDL-C while obviating the adverse
effects of niacin on glucose metabolism in patients with dysli-
pidemia and impaired fasting gluocose.125

EMERGING LIPID-LOWERING THERAPIES

Several new classes of lipid-lowering medications are cur-
rently being studied for the treatment of hypercholesterol-
emia. These agents include microsomal TG transfer
protein (MTP) inhibitors, apoB synthesis inhibitors (mipo-
mersen), CETP inhibitors, and inhibitors of proprotein con-
vertase subtilisin/kexin 9 (PCSK9).59 The development of
such therapies is particularly important for patients with
hyperlipidemia who cannot meet their lipid goals by using
statins and other traditional lipid-lowering agents. In many
of the clinical trials involving these emerging therapies,
patients continue to take other lipid-lowering agents such
as statins. As data emerge in support of the effectiveness
of these new therapies, an important role for their use will
likely be in combination with more traditional therapies,
especially statins.
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Microsomal Triglyceride Transfer Protein
Inhibitors (Lomitapide)
MTP plays an important role in the formation and secretion
of apoB-containing lipoproteins from the cells of the liver
and intestine. Mutations in the gene for MTP lead to a rare,
autosomal recessive condition known as abetalipoproteine-
mia, in which apoB-containing lipoproteins typically arising
from the liver and intestine are not present in the blood-
stream, including VLDL (the precursor to LDL). Inhibiting
MTP with drug therapy has been pursued with the goal of
developing an agent that decreases circulating VLDL and
LDL, and reduces CV risk.126

Early MTP inhibitors, such as implitapide, were found to
reduce LDL-C. However, development of most of these drugs
was discontinued because of concerns related to gastroin-
testinal side effects and hepatic fat accumulation. Lomita-
pide has therefore become the only MTP inhibitor to be
developed beyond a phase 2 clinical trial.126

Lomitapide has been studied in combination with ezeti-
mibe. Specifically, in a phase 2 trial involving 85 adult
patients (67 of whom completed the study) with hypercho-
lesterolemia, patients were randomized to receive ezetimibe
10 mg plus placebo, dose-escalating lomitapide (5, 7.5, and
10 mg) plus placebo, or dose-escalating lomitapide (5, 7.5,
and 10 mg) plus ezetimibe 10 mg. All patients discontinued
other lipid-lowering medications before the study and were
required to adhere to a low-fat diet. The study was carried
out over 12 weeks, and lipid levels were measured at 4, 8,
and 12 weeks. Participants taking lomitapide had a dose-
dependent reduction in LDL-C. With combination therapy,
this reduction in LDL-C ranged from 35% to 46% (P <0.001
vs. ezetimibe monotherapy); with lomitapide monotherapy,
LDL-C was reduced by 19% to 30% (P¼0.013 for the
increased LDL-C reduction with lomitapide 10 mg vs.
ezetimibe 10 mg). Importantly, compared with ezetimibe
monotherapy, lomitapide use (both alone and in combina-
tion with ezetimibe) resulted in reductions in total choles-
terol, non–HDL-C, apoB, and lipoprotein(a). Lomitapide
was generally well tolerated, but adverse effects included
transaminase elevation (which resolved within 2 weeks of
medication cessation) and gastrointestinal upset.127

Lomitapide has also been studied as part of combination
therapy including apheresis in patients with homozygous
FH. A phase 3 study, involving 29 patients from multiple
centers and four countries, tested the effect of lomitapide
dose-escalated up to 60 mg/day on LDL-C measured at
26, 56, and 78 weeks. The mean LDL-C was decreased by
50% from baseline at week 26, 44% from baseline at week
56, and 38% from baseline at week 78. The most common
symptoms were gastrointestinal related. Ten patients had
elevated levels of aspartate aminotransferase, alanine ami-
notransferase, or both, to greater than 3 times the upper
limit of normal. Only four patients had transaminase levels
that reached greater than 5 times the upper limit of normal,
which resolved with decreasing the drug dose or temporar-
ily stopping the medication. Three of these patients admit-
ted to having consumed alcohol at levels higher than
allowed by the protocol. Mean hepatic fat was elevated
above baseline in the patients (20 total) who were able
to undergo nuclear magnetic resonance spectroscopy.128

Based on these additional findings, lomitapide has been
approved as an orphan drug in the treatment of
homozygous FH.

Therefore, lomitapide is an effective LDL-C–lowering
agent for patients with FH who do not respond adequately
to existing therapies, and clinical trials have demonstrated
that the initiation of very low doses with gradual titration
of the dose generally results in tolerability and liver
safety.128,129 Even so, the long-term health consequences
of mild to moderate hepatic steatosis are uncertain, and
therefore, continued monitoring for potential safety issues
is important. Additional data from patients with FH and from
those with hypercholesterolemia without FH will be neces-
sary to help establish the role of lomitapide as a part of com-
bination therapy in clinical practice.

Apolipoprotein B Synthesis Inhibitors
(Mipomersen)
Mipomersen is an oligonucleotide antisense inhibitor that
targets apoB mRNA. The drug binds to the mRNA sequence,
resulting in degradation of the mRNA. This prevents transla-
tion of the mRNA, and therefore, inhibits production of
apoB. ApoB is a critical component of VLDL, and without
this protein, VLDL levels, and therefore, LDL-C levels, would
be expected to fall.130,131

An early study of mipomersen in healthy individuals
helped to establish its efficacy with regard to significant low-
ering of apoB and LDL-C levels. This work also helped to
define characteristic adverse effects associated with mipo-
mersen, namely, injection site reaction and transaminase
elevation.132

A recent randomized controlled trial assessed the effect of
mipomersen on LDL-C and other aspects of the lipid profile
in patients with hypercholesterolemia (fasting LDL-C �100
mg/dL, TG <200 mg/dL) with, or at high risk for, CHD who
were unable to meet LDL-C targets despite treatment with
other lipid-lowering agents, including a maximally tolerated
dose of statin. Mipomersen was administered as a 200-mg
weekly subcutaneous injection for 26 weeks, followed by
a 24-week period to further assess safety. A total of 105
patients were randomized to receive mipomersen, and 60
completed treatment; 44 patients who received placebo
completed treatment. The primary endpoint was percent
reduction in LDL-C at the primary efficacy timepoint of
28 weeks. At the primary efficacy timepoint, LDL-C was
reduced by an average of approximately 37% from baseline,
compared with an average reduction of 4.5% in the placebo
group. The mipomersen group also had significantly greater
reductions in apoB, lipoprotein(a), total cholesterol, non–
HDL-C, TGs, VLDL-C, and the LDL/HDL ratio. Adverse effects
in the mipomersen group included injection site reactions,
flulike symptoms, transaminase elevations, and elevations
in liver fat. Importantly, alanine aminotransferase levels were
observed to downtrend toward baseline levels during the
safety follow-up period.133

A similar trial was also recently completed comparing
mipomersen with placebo in patients with severe hypercho-
lesterolemia with or without known CHD. Patients in the
active-treatment study arm received mipomersen 200 mg
weekly subcutaneously for 26 weeks. Compared with pla-
cebo, the mipomersen group had significant reductions from
baseline values for LDL-C (average approximate 36% change
from baseline), apoB, TC, non–HDL-C, lipoprotein(a), TG,
VLDL, and the LDL/HDL ratio (all P <0.001, except for TG,
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P¼0.034, and for VLDL, P¼0.030). Injection site reactions,
flulike symptoms, transaminase elevation and hepatic steato-
sis were associated with mipomersen use.134

Mipomersen has also been studied in statin-intolerant
patients with hypercholesterolemia (including patients
with FH). Patients in this study had to have been unable
to tolerate at least two statins, most commonly related to
myalgia. Patients continued other lipid-lowering drugs as
long as they had been on stable doses for more than
8 weeks before screening. Twenty-two patients were ran-
domized to mipomersen, and 12 to placebo. The mipo-
mersen group received 200 mg mipomersen per week
subcutaneously for 26 weeks. At the primary efficacy time-
point (2 weeks after the last dose of mipomersen), com-
pared with placebo, participants in the mipomersen
group had greater reductions from baseline in LDL-C,
apoB, total cholesterol, non–HDL-C, TGs, lipoprotein(a),
VLDL-C, and the LDL/HDL ratio. Similar to other studies
of mipomersen, adverse effects included injection site
reactions and transaminase elevations. Hepatic steatosis
was also observed, and confirmed by biopsy in
two patients. Importantly, transaminase levels returned
to normal (<1.5 times the upper limit of normal) in all par-
ticipants once treatment was discontinued.135

Mipomersen has also been studied as part of combina-
tion lipid-lowering therapy in patients with FH. A recent ran-
domized, double-blind, placebo-controlled phase 3 study of
mipomersen involved 34 patients with homozygous FH
who received mipomersen and 17 individuals who
received placebo. Mipomersen was given at a 200-mg dose,
subcutaneously, once a week. The treatment period was
26 weeks. Patients continued other lipid-lowering agents.
The mean percent change in LDL-C with mipomersen
was �24.7% (vs. placebo, which produced a �3.3%
change). Mipomersen was also associated with a significant
reduction in non–HDL-C, VLDL, apoB, and lipoprotein(a),
as well as a significant elevation in HDL-C (P¼0.0326).
The most common adverse reaction was localized reaction
at the injection site. Four patients had significant elevations
in alanine aminotransferase to 3 or more times the upper
limit of normal. Three patients underwent a magnetic reso-
nance imaging (MRI) scan, and only one had an elevation
in hepatic fat content compared with MRI obtained at
baseline.131

A phase 2 randomized, double-blind, placebo-controlled,
dose-escalation study involving 44 participants with hetero-
zygous FH tested a range of mipomersen doses, from 50 to
300 mg, over a 6-week period. The primary endpoint was
LDL-C reduction from baseline. Other lipid-lowering agents
were continued during the study. At the highest doses of
mipomersen, LDL-C was significantly reduced from baseline
by 21% to 34%. At the highest doses of mipomersen, apoB,
non–HDL-C, and total cholesterol levels were also signifi-
cantly reduced. Local injection site reaction was the most
common adverse event. Significant transaminase elevation
(�3 times the upper limit of normal) occurred in only four
patients receiving treatment. Three patients had more persis-
tent transaminase elevations, and these patients received the
highest dose of mipomersen. Upon evaluation with a com-
puted tomographic scan, two had a steatotic liver and one
had hepatomegaly without steatosis; any kind of causal rela-
tionship was not clear because no baseline scans were avail-
able for comparison.136

Thus, mipomersen appears to have significant potential to
become an important tool in combination therapy for
patients, both with and without FH, who cannot reach cho-
lesterol goals with more traditional therapies and for patients
who cannot tolerate statin therapy. However, long-term
safety monitoring, especially with regard to liver-related side
effects, will be an important aspect of expanding the use of
mipomersen beyond clinical trials into clinical practice.

CONCLUSION

Combination therapy further improves the lipid profile in
high-risk patients who have not yet achieved the optimal
therapeutic targets. However, the ACC and AHA released
guidelines in November 2013 that abandon the previous
NCEP ATP III treatment targets for LDL-C and non–HDL-C,
and recommend statin therapy only for the following sub-
groups: (1) persons 40 to 75 years of age without CV disease,
but with a 7.5% or higher calculated 10-year risk of heart
attack or stroke; (2) persons with a history of a CV event;
(3) persons 21 years of age or older with LDL-C greater than
190 mg/dL; and (4) persons aged 40 to 75 years with type 1 or
2 diabetes. The new guidelines additionally advise against
treatment with fibrates and niacin, because the collective
evidence from recent clinical trials has not supported their
efficacy in the reduction of CV event risk.1

Although not specifically advocated by the ACC/AHA
2013 guidelines, subgroup analyses from trials of fibrates,
niacin, and an omega-3 preparation (ethyl-EPA) suggest
the potential for CV disease event reduction in a subset of
patients with elevated TGs (approximately 200 mg/dL or
higher) and reduced HDL-C (less than 40 mg/dL), often with
the addition of these agents to statin therapy.11,17–19,21–23

Such patients have high residual risk. For example, in the
placebo arm of the ACCORD trial, in patients with type 2 dia-
betes mellitus who received simvastatin therapy, 17.3% of
patients with TGs in the top tertile (�204 mg/dL) and
HDL-C in the bottom tertile (�34 mg/dL) had a primary com-
posite CV disease outcome, compared with 10.1% of those
who did not have this pattern of dyslipidemia.11 Thus, further
investigation appears warranted to assess the potential roles
of TG-lowering drug therapies for reducing CV disease risk in
hypertriglyceridemic patients with low HDL-C.

Ezetimibe and bile acid sequestrants provide incremental
LDL-C reduction in combination with statin therapy andmay
provide clinical benefits in patients with residual elevations
of atherogenic, apoB-containing lipoproteins (especially
LDL).10,74–78,82–84 Subgroup data within the statin clinical tri-
als demonstrate that patients with lower LDL-C levels on a
statin have a reduced event rate compared with patients
with higher LDL-C levels.16 However, the lack of CV outcome
data for these agents added to a statin has limited the use
of these therapeutic agents to potentially maximize lipid
management in high-risk patients. IMPROVE-IT should be
reported soon; this trial is evaluating the incremental CV
benefit of adding ezetimibe to a statin in 18,000 patients with
a recent acute coronary syndrome who have LDL-C less than
80 mg/dL. This trial is awaiting 5500 CV events and, as noted,
is powered to detect a 9% relative risk reduction. The trial has
taken longer than expected to be completed, has had a sig-
nificant dropout rate, and is evaluating a very modest LDL-C
reduction (approximately 15 mg/dL) in a patient population
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that already has low LDL-C.79 Therefore, there are concerns
that this trial may not adequately test the clinical benefits of
the LDL-C–lowering effects of ezetimibe.

The present status of combination therapy for themanage-
ment of dyslipidemia remains controversial. There is no
controversy regarding the utilization of statins and the max-
imization of the dose as tolerated to reduce LDL-C further for
the lifetime of high-risk patients. In addition to statins, life-
style changes should be initiated to promote weight loss
in patients with elevated TGs and low HDL-C. Despite max-
imal statin therapy, residual risk remains elevated in patients
who continue to have a burden of increased atherogenic
lipoproteins. For these patients, clinical judgment regarding
combination therapy with statins should be applied to
potentially further reduce CV risk.
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INTRODUCTION

Drugs are not the only consideration in the quest for a magic
bullet for health. A number of foods or food components,
often referred to as “functional foods,” in addition to the fatty
acids (FAs), have had cardioprotective properties ascribed
to them, largely based on their effects on low-density lipopro-
tein cholesterol (LDL-C). Foremost among these have been
viscous fibers and plant sterols, which are recommended
by the National Cholesterol Education Program Adult Treat-
ment Panel III (NCEP ATP III) to improve the effectiveness of
lipid-lowering diets.1 To these, soy protein and nuts have also
been added as foods for which the U.S. Food and Drug
Administration (FDA) permits a health claim to be made
for cardiovascular risk reduction through the lowering of
LDL-C.2,3 Significant interest has also been generated in
Quorn (Marlow Foods Ltd, Marlow, Buckinghamshire, UK),
derived frommycoprotein,4,5 and in garlic, especially the alli-
cin component.6,7 Policosanols from Cuban sugar cane8–10

and conjugated linoleic acid11,12 have also been explored
for cardioprotective properties. Red rice yeast has clearly
been demonstrated to lower serum cholesterol and contains
a natural source of lovastatin (a 3-hydroxy-3-methyl-glutaryl–
coenzyme A reductase inhibitor, which decreases endoge-
nous cholesterol production) produced by the yeast.13 These
are someof themoreprominent functional foodsandnutriceu-
ticals with lipid-lowering and cardioprotective properties.
However, their use as single therapeutic entities has been con-
sidered of marginal interest in light of the dramatically
successfuloutcomeof statinson reductionofbothblood lipids
and coronary heart disease (CHD) endpoints.14–17 Although
no single functional food can achieve the lipid reductions
observed with statins, when used in combination, these
cholesterol-lowering foods and food components, through
additive effects, may in some instances achieve large reduc-
tions in LDL-C that are not substantially different from the
reductions with first-generation statins.

The present review first focuses on the effects on blood
lipids of the individual foods or food components with
cholesterol-lowering properties. The cholesterol-lowering
potential of these foods used in combination (dietary portfo-
lio) are then discussed.

PLANT STEROLS

Plant sterols are the plant’s equivalent of cholesterol. They
are found in significant quantities in vegetable oils, nuts,
seeds, and leafy vegetables. In most instances, the chief com-
ponents are β-sitosterol, campesterol, and stigmasterol.18,19

More recently, pine wood has been used as an inexpensive
source of plant sterols.20 Thematerial has been called tall oil,
and it is extracted from wood resin.21

Early studies by Lees et al. established plant sterols as
hypocholesterolemic agents. Large doses (3 g/day) of rela-
tively insoluble material were given.22 The mechanism of
action appeared to be the reduction of cholesterol absorp-
tion.18,22 With the development of techniques for solubiliz-
ing plant sterols in fats, it became apparent that much
lower doses of plant sterols were required to reduce serum
cholesterol when the material was added to margarine.23,24

In an early meta-analysis by Law, near-maximum cholesterol
reductions of 10% were obtained with plant sterols at doses
of 2 g/day.25 Since then, meta-analyses that assessed data
from 59 to 84 trials have identified LDL-C reductions of
approximately 0.31 to 0.35 mmol/L (�12–14 mg/dL), or
10% to 15%, for plant sterols at doses of 2 to 2.5 g/day.26–29

A meta-analysis of eight trials30 demonstrated a similar addi-
tional reduction of 0.34 mmol/L (13 mg/dL) in LDL-C with
the addition of phytosterols to a statin, which is equivalent
to the reduction observed by doubling the statin dose.
The effect of plant sterols in combination with ezetimibe,
which has a similar mechanism of action, demonstrated a
substantially lesser effect on LDL-C reduction (3%–7%).31,32
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Currently, the European Atherosclerosis Society (EAS) Con-
sensus Panel on Phytosterols recommends that plant sterols
should be used as an adjuvant to pharmacotherapy in indi-
viduals who are statin intolerant and in adults and children
with familial hypercholesterolemia.33 Sterols may also be
hydrogenated to stanols, sitosterol to sitostanol, campesterol
to campestanol, and so on. These hydrogenated sterols are
thought to be more effective than nonhydrogenated sterols
in lowering cholesterol.34 However, more recent data sug-
gest that their potency is comparable.23,24 It has also been
recognized that stanols are less readily absorbed than sterols
and result in almost negligible rises in blood levels after
intake of significant doses.35

Plant sterols have been recognized by the FDA as deserving
health claim status for CHD risk reduction,36 and the Euro-
pean Union and Health Canada, among many other jurisdic-
tions, now also recognize CHD risk reduction health claims
for plant sterols. Early on, the NCEP ATP III recommended
the use of plant sterols for cholesterol reduction1; however,
concerns have been raised over their safety.37 It has been
suggested that they may limit absorption of fat-soluble vita-
mins, notably of carotenoids and including the possible pro-
tective effect of lycopene for prostate cancer. Although
reductions of serum levels of fat-soluble vitamins have been
seen, these reductions are small in magnitude and are
unlikely to be of significance in individuals whose diets are
adequate.37,38 These serum reductions may be offset by
higher fruit and vegetable consumption, which is concordant
with current dietary advice.28 A more serious issue that has
been raised is whether higher levels of plant sterols may be
related to CHD.39 It is true that those who are homozygous
for the adenosine triphosphate–binding cassette half trans-
porter G5/8 polymorphism are hyperabsorbers of sterols in
general (cholesterol and plant sterols)40–42 and may have
advanced artery disease at an early age.43,44 Although no
direct measure of the prevalence of sitosterolemia has been
undertaken, it is estimated that approximately 50 to 80 con-
firmed cases exist worldwide.44 Nevertheless, the more com-
mon heterozygotes do not appear to hyperabsorb sterols, and
their serum levels are not greatly influencedby environmental
factors.45 Furthermore, no relationship appears to exist
between the serum levels of plant sterols and evidence of arte-
riosclerosis as indicated by coronary artery calcification.46

Finally, it appears that statin therapy is associated with
increased serum levels of plant sterols, possibly secondary
to increased overall sterol absorption. As yet, the degree to
which plant sterols are elevated has not been implicated in
reducing the efficacy of statins in CHD risk reduction.
Because of the efficacy of plant sterols in reducing serum

cholesterol and the ease with which they can be consumed,
they have become a significant component of the functional
food approach to blood lipid control.

VISCOUS FIBER

Early studies indicated that viscous fibers (e.g., pectin)
reduced serum cholesterol and that insoluble particulate
fibers (e.g., wheat bran) were largely without effect.47–49

The cholesterol-lowering effect was associated with
increased bile acid output, and an analogy was drawn with
cholestyramine, the anion exchange resin that lowers choles-
terol by diverting cholesterol to hepatic bile acid synthesis.50

The mechanism by which fibers induce an increase in bile

acid loss appears to be through physical entrapment rather
than chemical binding; hence, fiber's dependency on viscos-
ity. A variety of viscous fiber sources have attracted interest in
this respect, including guar gum, oat and barley β-glucan,
psyllium, and konjac mannan.51–55 Cohort studies have also
suggested that soluble fiber sources (which include viscous
fiber), as opposed to insoluble fiber sources, aremost closely
related to protection from CHD.56 Trials of viscous fiber have
usually demonstrated modest falls in serum LDL-C on the
order of 7% to 9%,57,58 although some meta-analyses indi-
cated smaller effects.52 A recent meta-analysis demonstrated
a dose–response effect in which psyllium, consumed at 5, 10,
and 15 g/day, resulted in a 5.6%, 9%, and 12.5% reduction in
LDL-C, respectively.59 Studies have also suggested that the
addition of viscous fiber to statin treatment is equivalent to
doubling the dose of a statin,60 a finding that could be pre-
dicted from the dose–response curve for statins, which tends
to flatten shortly after the therapeutic dose is reached.

The problem with viscous fiber foods is the palatability of
the food products and a possible increase in flatulence and
bloating, resulting from colonic fiber fermentation. Effective
doses are in the range of 5 to 10 g/day, doses at which symp-
toms are usually tolerable. In 2012, Health Canada released
the health claim indicating that 3 g/day of β-glucan from oats
and barley reduces cholesterol, which is a risk factor for
CHD.61 Less-well-fermented fibers, such as psyllium, appear
useful in those who are troubled by flatulence. Common
high-fiber foods include oat bran and whole oats; barley;
psyllium powder; flaxseed coat; purified fibers such as guar
gum, pectin, and konjac mannan; vegetables such as egg-
plant and okra; and fruits such as persimmon.

Some fibers are also susceptible to degradation with pro-
cessing or during storage; oat β-glucan is particularly sensitive
in this respect, which is possibly related to the β-glucanase
activity in cereal foods with changes in state, including
reduced solubility when baked goods are frozen. Processing
may also affect themolecular weight and, in turn, the viscosity
of the β-glucan,62 which appears to influence the cholesterol-
lowering ability of the fiber.63,64

SOY PROTEIN

Early studies by Sirtori et al. established the therapeutic
potential of soy protein in the management of hypercholes-
terolemia.65 By 1995, Anderson et al. pooled 38 studies with a
total of 564 patients who had been involved in studies of the
effects of soy on blood lipids.66 The pooled analysis (meta-
analysis) indicated a 12.9% reduction in LDL-C in individuals
who consumed an average of 47 g/day of soy protein. Subse-
quent meta-analyses have shown more modest reduc-
tions,67–70 and the American Heart Association (AHA)
advisory on soy concluded that in the more recent studies
of soy protein, the LDL-C reduction was as low as 3%.71 In
the AHA analysis, most (18 of 23) studies provided soy pro-
tein in the range of 20 to 50 g/day; five studies provided a
higher amount, with one study providing 133 g/day of soy
protein.71 However, this analysis also included highly pro-
cessed and heat-treated soy in cereal flakes.72 The effect of
high temperature on protein in the presence of carbohy-
drates has been little studied in terms of its effect on choles-
terol lowering, but high temperature may also be
undesirable from the standpoint of the production of
advanced glycation end products.73 It is still being debated
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whether the isoflavones and associated metabolites (e.g.,
equol)74 are part of the reason for the hypocholesterolemic
effect of soy75,76 or whether it is the essential amino acids in
animal protein that raise cholesterol,77,78 or the peptide com-
ponents,78 especially the 7S globulin fraction,79 that is respon-
sible for lowering LDL-C. Isolated isoflavones in capsules have
not proved very effective in reducing cholesterol, but soy-
enriched pasta consumption has been shown to reduce
serum total cholesterol (TC) and LDL-C by 7.3% and 8.6%,
respectively.80 The precise mechanism by which soy lowers
serum cholesterol is not entirely clear. Carroll concluded that
the lack of excess essential amino acids in soy was an
advantage, whereas the excess essential amino acids in
many animal protein sources enhanced hepatic cholesterol
biosynthesis.78 However, demonstration of the inhibitory
effect of 7S soy globulin on synthesis of apolipoprotein B
(apoB) by HepG2 cells in vitro has also been used to indicate
a potential protein-associated reason for the beneficial effect
of soy proteins in hyperlipidemia.79 The other potential mech-
anism related to the previously discussed active components
is the estrogenic effect of isoflavones (i.e., phytoestrogens).

Meta-analysis of the data from the AHA soy advisory stud-
ies indicated a significant 4% reduction in LDL-C.81 Even if
soy protein in the diet reduces LDL-C by only 3% to 6%,
the displacement of foods rich in saturated fat and choles-
terol may well be worth another 3% to 6% in LDL-C reduc-
tion.81 The effective LDL-C reduction with soy in everyday
life, as opposed to artificially controlled experimental stud-
ies, could therefore be 6% to 12% when substitution for meat
and full-fat dairy products is taken into account. Such an
LDL-C reduction would make a useful contribution to a
cholesterol-lowering dietary portfolio. In addition, in 1999,
the FDA approved the health claim “25 g of soy protein a
day, as part of a diet low in saturated fat and cholesterol,
may reduce the risk of heart disease.”2

PULSES (NON OILSEED LEGUMES)

Pulses, or dried legumes (beans, peas, chickpeas, and len-
tils), and nondried legumes (such as lupini beans)82 are
the non oilseed legumes. They also have proteins character-
ized by the 7S globulin fraction. Studies have demonstrated
that pulses also lower serum cholesterol at doses of 1 cup,
or 2 servings, or more daily.83 Most recently, in a meta-
analysis of 26 randomized controlled trials including 1037
individuals, a median pulse consumption of 130 g/day
(approximately 1 serving/day) was demonstrated to reduce
serum LDL-C significantly by 0.17 mmol/L (�6.6 mg/dL;
equivalent to a 5% reduction in LDL-C).84 Another meta-
analysis reported an 8% reduction in LDL-C with a median
pulse consumption of 120 g/day.85 These reductions may
bemodest; however, these foods may also have other advan-
tages for cardiovascular disease (CVD) risk reduction. For
many years, legumes have been known to exhibit relatively
flat postprandial glycemic responses, and as a class have a
low glycemic index.86,87 These characteristics would also
recommend them as dietary components for patients with
type 2 diabetes, a well-recognized major risk factor for
CVD.88 Studies of legumes in diabetes have demonstrated
reductions in hemoglobin A1c,89 as the clinical indicator
of glycemic control, as well as reductions in blood pres-
sure.90,91 Therefore, legumes, in general, may be regarded
as heart-healthy functional foods.

NUTS

Nuts, including the legume peanuts, are the most recent
addition to the foods for which the FDA permits a health
claim of heart disease risk reduction.3 In general, nuts used
to be contraindicated in patients with heart disease because
they were considered high fat and fattening. However, over
the last decade, a significant number of major cohort studies
have reported that increased nut consumption (�2–5 serv-
ings/week) may reduce the risk of heart disease by 35% or
more (Table 28-1).92–97 A recent meta-analysis of observa-
tional studies by Luo et al. demonstrated that consumption
of 1 serving of nuts per day was associated with a 29% lower
risk of CVD.98 Furthermore, clinical studies of individual
nuts, including almonds, walnuts, pistachios, hazelnuts,
pecans, and macadamia nuts, have demonstrated reduc-
tions in serum LDL-C, although most studies have focused
on almonds and walnuts (Table 28-2).99–115 Not only have
reductions in LDL-C been reported with walnuts, as in the
meta-analysis by Banel and Hu,116 but reductions have also
been seen in oxidized LDL-C and the TC/high-density lipo-
protein cholesterol (HDL-C) ratio, along with increases in
HDL-C, with almonds.105 Furthermore, the concern that nuts
cause significant weight gain has not been proven, and a
number of studies have even indicated that nuts could be
included as part of a successful weight loss program,117–120

possibly because of the incomplete absorption and excre-
tion of a significant amount of the fat in them.121 Almonds
have been shown to modify lipids favorably in diabe-
tes107,122,123 and to have beneficial effects on glucose and
oxidation products postprandially.124,125 The current data,
therefore, provide a very different picture about the intake
of nuts than was generally accepted two decades ago.

Nutsmay reduce serumcholesterol by severalmechanisms,
depending on their content of monounsaturated fat, plant ste-
rols, vegetable protein, and other phytochemicals.Walnuts, in
addition, have omega-3 FAs (α-linolenic acid), which may
reduce CHD risk by nonlipid mechanisms.126

The lipid-lowering effect of nuts, their high palatability,
and the ease with which a handful of nuts (1 oz, or 28 g)
can be taken in the diet makes these foods a useful part of
the cholesterol-lowering diet.

Nuts have recently been demonstrated to reduce CVD
events in a randomized trial, the Prevention with Mediterra-
nean Diet (PREDIMED) study.127 In this trial, more than 7000
participants in Spain at high risk for CHD (with diabetes or
other CVD risk factors) were randomized to one of three
treatments: (1) conventional care; (2) a Mediterranean diet
with nuts (walnuts, almonds, and hazelnuts); or (3) a

TABLE 28-1 Nuts and CHD Risk: Observational Studies

STUDY ENDPOINTS
NUT

CONSUMPTION
RELATIVE

RISK

Iowa Women’s
Health94

Total CHD �4 times per week 0.60

Seventh Day
Adventists95

CHD �5 times per week 0.45

Nurses’ Health96 Total CHD �5 times per week 0.65

CARE93 Total CHD �2 times per week 0.75

Physicians’
Health92

Total cardiac
death

N/A Inverse linear
relationship

CARE, Cholesterol and Recurrent Events; CHD, coronary heart disease; N/A, not
applicable.
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Mediterranean diet with olive oil. The nut and olive oil diets
reduced CVD events (significantly for stroke) at 4.8 years
(median follow-up), when the study was terminated
because of significance. All-cause mortality was not reduced
significantly, probably because of the requirement for larger
participant numbers. It is also of interest that the incidence of
diabetes was also reduced.128 This study, which emphasized
the benefit of functional foods, contrasts with the inability of
the Action for Health in Diabetes study to show a reduction
in CVD in individuals with type 2 diabetes with intensive diet
and lifestyle change through advice and training, but which
did not have a provision of or emphasis on any specific func-
tional foods.129

OTHER FOODS OR FOOD COMPONENTS WITH
CHOLESTEROL-LOWERING PROPERTIES

A number of foods and food components have been identi-
fied in recent years that may favorably modify lipid risk
factors, although the scientific research and regulatory
acceptance has been less uniform. These foods or food

components include red rice yeast, Quorn (mycoprotein),
garlic, policosanols, and conjugated linoleic acid.

Red Rice Yeast
Red rice yeast produces a statin (lovastatin) in the process of
fermenting rice.130 It has been part of traditional Chinese
medicine, and has undergone formal testing in Chinese,
American, and European populations. Data indicate that sig-
nificant LDL-C reductions of 22% may be obtained with 2.4 g
of red rice yeast.13 A recent meta-analysis by Liu et al. also
demonstrated a 22% reduction in LDL-C, a 16% reduction
in TC, and a 7% reduction in triglycerides with Cholestin,
a red yeast rice dietary supplement.131 Interestingly, it
caused no change in liver or muscle enzymes, and therefore,
appears to have a different adverse effect profile fromwhat is
usually observedwith commonly used statins.132 For reasons
that are not altogether clear, the FDA has not accepted red
rice yeast for public sale in the United States, although it is
available in health food outlets in Canada.

Quorn (Mycoprotein)
The mycoprotein Quorn, like the protein from soy, has also
been shown to lower serum cholesterol. It is not known
whether the mechanism is similar to that of soy, including
the presence of 7S globulin, or is a reduction in surplus
essential amino acids. However, TC reduction of 9% was
noted with Quorn intake of 191 g/day in a metabolic study.5

In an ad libitum study, TC was reduced by 21% with 108 g/
day of Quorn.4 The use of Quorn seems to have been largely
restricted to European countries where concerns over genet-
ically modified soy exist, and as yet, it has been little used in
North America. This situation may change as additional veg-
etable proteins, other than soy, are sourced.

Garlic
Allicin, the active ingredient in garlic, has long been known
to lower serum cholesterol, and a number of studies of garlic
in various forms have demonstrated modest reductions in
LDL-C.6,7 Although it is claimed that odorless preparations
of garlic are effective, most successful studies use garlic with
the distinctive odor that is easily apparent on the skins of gar-
lic eaters. In two studies, 900 mg of garlic and 9.6 mg of alli-
cin were reported to lower LDL-C by 14.2%6 and 6.6%,7

respectively. However, several studies in humans have also
shown that garlic had no effect on serum lipids and lipopro-
teins.133–138 Garlic has not been reported to have any signif-
icant side effects, apart from the odor that many people find
offensive in garlic eaters. Garlic may therefore fit into the
cholesterol-lowering diet, especially in countries with a high
proportion of garlic eaters. In support of this suggestion, a
recent meta-analysis of 39 trials of garlic demonstrated an
8% reduction in serum cholesterol.139

Policosanols
Policosanols are long-chain aliphatic alcohols that are found
in natural sources, including beeswax and sugar cane. The
original interest was in policosanols from sugar cane from
Cuba. A number of reports from a small group of Cuban
investigators suggested that policosanols were potent in
reducing serum cholesterol.8,9,140 Among these investigators,
Castano et al. demonstrated that 10 mg/day of policosanols

TABLE 28-2 Nuts and CHD Risk: Interventional Studies

AUTHORS
NUT

CONSUMED
BACKGROUND

DIET OUTCOME

Sabate et al.,
1993111

Walnuts NCEP Step 1 (30% fat) # LDL

Spiller et al.,
1998112

Almonds Olive oil (30% fat) # LDL

Chisholm et al.,
1998100

Walnuts Low-fat (30% fat) # LDL

Edwards et al.,
1999102

Pistachios High-fat (37% fat) # LDL

Morgan et al.,
2000109

Pecans Self-selected without
nuts

# LDL

Curb et al.,
2000101

Macadamia AHA (30% fat) # LDL

Zambon et al.,
2000115

Walnuts Mediterranean (31%
fat)

# LDL

Rajaram et al.,
2001110

Pecans NCEP Step 1 (30% fat) # LDL

Almario et al.,
200199

Walnuts Low-fat (20% fat) # LDL

Iwamoto et al.,
2002104

Walnuts Japanese (25% fat) # LDL

Lovejoy et al.,
2002107

Almonds Self-selected without
nuts

# LDL

Jenkins et al.,
2003162

Almonds NCEP Step 2 (<10%
saturated fat)

# LDL

Garg et al.,
2003103

Macadamia Self-selected without
nuts (31% fat)

# LDL

Spiller et al.,
2003113

Almonds Heart-healthy (35%
fat)

# LDL

Tapsell et al.,
2004114

Walnuts Low-fat (30% fat) # LDL

Kocyigit et al.,
2006106

Pistachios Self-selected without
nuts

# LDL

Mercanligil
et al.,
2007108

Hazelnuts Self-selected without
nuts (low-fat)

# LDL

AHA, American Heart Association; CHD, coronary heart disease; LDL, low-density
lipoprotein; NCEP, National Cholesterol Education Program.
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taken for 12 weeks lowered LDL-C by 24.4% in older patients
with type II hypercholesterolemia and high CHD risk.8 How-
ever, a 28-day crossover trial conducted in Canada showed
that 10 mg/day of sugar cane policosanols resulted in no sig-
nificant difference in lipid parameters in 21 individuals with
hypercholesterolemia.10 Furthermore, all studies from out-
side Cuba have failed to confirm the cholesterol-lowering
effect of policosanols.141–148 Unless a reversal in the current
trend is seen, it does not appear that policosanols will be
recommended as part of the strategy to lower serum lipids.

Conjugated Linoleic Acid
The cis-9, trans-11 and the trans-10, cis-12 isomers of conju-
gated linoleic acid (CLA) are produced by bacteria in the
rumen of herbivores, with linoleic acid used as the substrate.
Consequently, CLA is found in dairy products and meat at
relatively low concentrations. It can also be produced com-
mercially in large quantities by the action of sodium hydrox-
ide on linoleic acid. A number of health benefits have been
ascribed to CLA, with the cis-9, trans-11 isomer related most
closely to reductions of CHD142 and the trans-10, cis-12 iso-
mer to cancer risk reduction.149 Most studies have involved
rodents, and the few studies in humans have not allowed
definitive conclusions to be drawn, although it has been said
that CLA may assist in healthy weight maintenance, but not
weight loss.11,12 However, concerns have also been raised
that various CLA isomers may have detrimental effects on
blood lipids, glucose metabolism, lipid oxidation, inflamma-
tion, and endothelial function.11 Clearly, more work will
have to be undertaken in humans to establish clear benefits
of particular isomers before the use of CLA can be recom-
mended in clinical situations.

THE NEED TO IMPROVE THE EFFECTIVENESS
OF DIET

Although a number of dietary options are available to
improve serum lipid risk factors, individually, their effects
are small. Furthermore, the simple restriction of saturated
fat and dietary cholesterol, although it has the potential to
achieve significant lipid reductions under metabolically
controlled conditions,150 has often been difficult to achieve
in the general population. With the increased success of stat-
ins in reducing LDL-C and cardiac events, as shown in the
early trials (Table 28-3),14–17 the recommended LDL-C level

for very-high-risk individuals was revised downward in the
updated NCEP ATP III and Canadian guidelines, to a target
of less than 70 mg/dL (or 1.89 mmol/L) as opposed to
100 mg/dL (or 2.00 mmol/L).151-154 The emphasis has, there-
fore, been on drug therapy, although the combination, or
portfolio, approach to diet has also been promoted.153,154

ORIGINS OF THE COMBINATION APPROACH
TO DIET THERAPY

Even before the update of the NCEP ATP III guidelines, it was
apparent that a large population of middle-aged men and
postmenopausal women would require drug therapy to con-
trol their LDL-C. It was estimated that half themen in theWest
of Scotland Coronary Prevention Study would benefit from
statin therapy.155,156 The question therefore arises as to
whether a serious mismatch exists between ancient human
genes and the contemporary Western diet and lifestyle. To
test this hypothesis, a series of studies was undertaken to
determine the effect of more primitive diets on the blood
lipid response of contemporary humans.

Two weeks on an isocaloric diet of fruit, vegetables, and
nuts reduced LDL-C by 35% in a group of 10 normocholester-
olemic and moderately hypercholesterolemic men and
women.53 This diet was constructed to reproduce the type
of diet eaten by human ancestors at the end of the Miocene
epoch approximately five million years ago, a time, it was
reasoned, that would have captured many of the evolution-
ary pressures that have shaped the human genome. This diet
was high volume, requiring the participants to consume
5.5 kg of food per day per 70 kg of body weight. In the long
term, the volume of such a diet would provide a natural bar-
rier to consumption and would contrast markedly with con-
temporary energy-dense diets that, in combination with low
physical activity, are associated with the current increased
prevalence of obesity. The diet was high in vegetable protein
(93 g/day), dietary fiber (143 g/day), plant sterols (1 g/day),
and nuts (64 g/day of almonds and hazelnuts; all based on a
2000-kcal/day diet). Ironically, the four food classes or food
components covered the four categories for which the FDA
now permits heart disease risk reduction health claims
based on their cholesterol-lowering potential.2,3,36,157,158

The recognition by the FDA of cholesterol-lowering foods
is supported by the NCEP ATP III recommendations to
enhance the cholesterol-lowering potential of the diet with
viscous fiber and plant sterols.159 These two endorsements
of functional foods, together with the demonstration of the
magnitude of the lipid-lowering effect of the ancestral diet
high in cholesterol-reducing elements, encouraged the use
of a “combination,” or “dietary portfolio,” approach to the
dietary control of elevated serum cholesterol.

THE “COMBINATION,” OR “DIETARY
PORTFOLIO,” APPROACH TO CHOLESTEROL
REDUCTION

Although all diets by definition are combinations of foods, it
is only comparatively recently that a number of foods with
cholesterol-lowering properties have been used together in
a single diet for therapeutic intent. The impetus to combine
foods was the lack of effect of diet strategies when applied
singly by comparison with the comparatively large and con-
sistent effect in lowering serum cholesterol seen with statins.

TABLE 28-3 Some Early Statin Interventional Trials

TRIAL N
% DROP
IN LDL-C EVENTS

VERSUS
PLACEBO

WOSCOPS17

(pravastatin)
6595 26% MI, CHD

death
30% fewer
events

AFCAPS/
TexCAPS14

(lovastatin)

6605 25% MI, CHD
death

36% fewer
events

PROSPER16

(pravastatin)
5804 34% MI, CHD

death,
CVA

13% fewer
events

HPS15

(simvastatin)
20,536 35% Nonfatal MI,

CHD death
26% fewer
events

AFCAPS/TexCAPS, Air Force/Texas Coronary Atherosclerosis Prevention Study; CHD,
coronary heart disease; CVA, cerebrovascular accident; HPS, Heart Protection Study;
LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; PROSPER,
Prospective Study of Pravastatin in the Elderly at Risk; WOSCOPS, West of Scotland
Coronary Prevention Study.
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Furthermore, the repeated demonstration that the reduction
in LDL-C was also associated with similar percentage reduc-
tions in CHD rates160 has caused many of those responsible
for lipid control in clinical situations to consider that diet
could only be a possible adjunct to pharmacologic therapy,
but should never be the primary treatment.
However, recognition that soy, viscous fiber, plant sterols,

and nuts (almonds) could each lower LDL-C by 5% or more,
and that a good low–-saturated fat, low-cholesterol diet by
itself could result in a further 10% cholesterol reduction indi-
cated that it was therapeutically possible to reduce serum
LDL-C by approximately 30% (Table 28-4), which is similar
to the reductions seen with a first-generation statin.161 A
series of metabolically controlled studies demonstrated that
this could be achieved,162,163 and that the reduction in LDL-C
was only 2% to 3% less than that achieved in the same group
of individuals taking a first-generation statin, lovastatin
(20 mg/day).164 Furthermore, not only did a benefit exist
in terms of LDL-C reduction, but C-reactive protein, a non-
lipid risk factor for CHD,165 was also reduced.
A significant challenge was whether this dietary approach

could be sustained in the long term when individuals were
not provided with the foods to be consumed. Data from a 1-
year study indicated a 13.6% reduction in LDL-C and a 12.7%
reduction in the TC/HDL-C ratio, with one third of the partic-
ipants showing LDL-C reductions of greater than 20%, which
was similar to what they achieved with a statin.166 The vari-
ation in effect seen in the group may have been influenced
by genetic differences, but compliance appeared to be a far
larger influence, because the same participants who did well
or badly in the long term did uniformly well when provided
with metabolically controlled diets.166 In addition to LDL-C
reduction, lowering of blood pressure, from 122/74 mm
Hg at baseline, to 118/72 mm Hg was also seen at 1-year
follow-up.167

In individuals with higher blood pressure, reductions sim-
ilar to those seen on the Dietary Approaches to Stop Hyper-
tension (DASH) diet were also observed.168 Furthermore,
hematologic changes were seen at 1-year follow-up that were
indicative of reduced CHD risk, notably, a reduction in the
white blood cell count and the neutrophil/lymphocyte
ratio,169 which would go along with lower C-reactive protein
levels.
The 1-year study was, however, not a randomized con-

trolled trial (RCT). A 6-month multicenter RCT was subse-
quently carried out, comparing three interventions: a low–
saturated fat, high–carbohydrate fiber control diet; a dietary
portfolio applied with only one extra visit during the 6-month
period (routine); and an intensive application of the dietary
portfolio withmonthly visits during the 6-month period.170 Of

interest, the LDL-C reduction was 13% to 14% irrespective of
the intensity of the dietary portfolio application, indicating
that this approach would be satisfactory for a more general
clinical application. Perhaps of greater interest was the dif-
ference in response that was related to geographic location.
The prairie center (Winnipeg, Manitoba, Canada) reduced
LDL-C on average by 9.8%, whereas the west coast center
(Vancouver, British Columbia, Canada) had an average
reduction of 18.6%. This difference was statistically signifi-
cant and was related to better compliance in the west coast
area and the higher concentration of health food stores and
vegetarian restaurants, leading to speculation that the avail-
ability of restaurants may encourage enthusiasm for dietary
change or that enthusiasm for change increased availability,
or both. These data have important implications for the
application of diet in general.

PORTFOLIO: PRACTICAL APPLICATION

A number of lessons were learned from the 1-year diet study.
First, the closer the diet was to a vegan diet, the better the
effect. However, at the end of 1 year, only a few participants
were on a fully vegan diet. Nevertheless, the meat and
saturated fat intake for the group was greatly reduced, with
red meat cut to one fourth and saturated fat to 6% or less.166

The detailed dietary advice that was given is shown in
Table 28-5, and a checklist that individuals can complete
on a weekly basis to ensure they reach targets for the portfo-
lio component intakes is given in Table 28-6. Eating out is
also a problem, and participants were given a number of use-
ful tips that could be used both when eating out and eating at
home (Table 28-7).

Since the publication of the results from the 6-month die-
tary portfolio trial,170 the practical application of the portfo-
lio approach has been well received by clinical guideline
committees. Indeed, the Canadian Cardiovascular Society
has taken the lead in promoting the use of functional foods
to enhance cholesterol lowering by therapeutic diets in its
lipid guidelines. These guidelines recommend the use of
the Mediterranean diet, dietary portfolio, and DASH diet,
and specifically increased intake of nuts, viscous fiber
foods, soy protein foods, and plant sterol–enriched prod-
ucts.171 The American College of Cardiology/AHA lifestyle
recommendations also mention nuts, nontropical vegetable
oils, and legumes,172 and the European Society of Cardiol-
ogy/EAS lipid guidelines cover soy, nuts, and plant
sterols.173

SIMILAR COMBINATION APPROACHES

A number of studies of combination diets have shown con-
verging results. A more modest series of dietary changes in a
study by Gardner et al. resulted in significant reductions in
LDL-C (0.36 mmol/L; 9.3%) in comparison with a standard,
adequate, low-fat diet.174 This study also included soy pro-
tein, nuts, and some sources of viscous fiber, with a reduc-
tion in overall meat intake.

A larger study by Lukaczer et al. that focused on plant ste-
rols and soy also showed a range of cardiovascular protec-
tive changes, including significant reductions in LDL-C
(14.8%) and triglycerides (44.8%).175 Combination therapy
is common in pharmacologic treatment of disease, and diet
appears to benefit from the same approach.

TABLE 28-4 Combining the Cholesterol-Lowering
Components of the Dietary Portfolio
DIET DIETARY COMPONENT % LDL-C REDUCTION

NCEP Step 2 10%

Portfolio Viscous fiber 5%

Vegetable protein 5%

Plant sterols 5%

Nuts (almonds) 5%

Total 30%

LDL-C, low-density lipoprotein cholesterol; NCEP, National Cholesterol Education
Program.
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TABLE28-5FoodsRecommendedorAllowedontheDietaryPortfolioBasedona2000-kcal/dayDiet
FOODGROUPANDQUANTITYSERVINGSEXAMPLESOFSERVINGSTYPESOFFOODS

Viscousfiber(20g/day)7perday(3g/serving)

(1g/serving)

½cupdryoatbran
1sliceoatbranspecialtybread(50g)
¼cupdrybarley
2tsp(3.5g)psylliumhusk
½cupokra
2cupseggplant

Oatbran,oatmeal,rolledoats,oatbranbreads,barley,psyllium-containingcereals

Okra,eggplant

Soyprotein
(45g/day)

7perday(6.25g/serving)1cupliteorfortifiedsoybeverage
¼cupextra-firmlow-fattofu
4soydelislices
1soyburger
1soyhotdog

Soybeverage,tofu,soymeatanalogs,soybeans

Othervegetableproteins(12–16g/day)1perday(8–16g/serving)½cupcookedbeans,lentils,orchickpeas
1cupinstantlentilsouporinstantvegetarianchili

Black/kidney/whitebeans;yellow/red/greenlentils;splitpeas,black-eyedpeas

Plantsterols
(2g/day)

5perday(0.4g/serving)5tspplantsterolmargarineFloraPro-activ,TakeControl

Nuts:almonds
(42g/day)

1.5perday(28g/serving)28galmondsAlmonds

Fruitsandvegetables10perday1cuprawleafyvegetable
½cupcookedvegetable
¾cupvegetableorfruitjuice
1mediumfruit
¼cupdriedfruit
½cupfresh,frozen,orcannedfruit

Tomatoes,carrots,greenpeas,squash,broccoli,collards,kale,spinach,artichokes,green
beans,sweetpotatoes,apricots,bananas,dates,grapes,oranges,orangejuice,
grapefruit,mangoes,melons,peaches,pineapples,prunes,raisins,strawberries,
tangerines

High-MUFAoilsandmargarines
(20g/day)

4perday(5g/serving)1tspmargarine
1tspoil

Olive,canolaoil;plantsterol“lite”margarine

Sweets2perday(10g/serving)1½tspstrawberryjamSugar,double-fruitjam

Notencouraged

Fat-freeorlow-fatdairyfoods0or�2perweek1cupmilk,1cupyogurt,½cupcheeseSkimmilk,low-fatyogurt,fat-freecheese,fat-freecottagecheese

Eggwhitesandeggsubstitutes0or�3wholeegg
equivalentperweek

50geggwhitesoreggsubstitutesEggwhites,eggsubstitutes,eggreplacements

Poultryandfish0or�3perweek85gcookedpoultryorfishWhitepoultrymeat,noskin;anyfish

Redmeats0perweek85gcookedmeatLeanorextra-leanredmeats

MUFA,monounsaturatedfattyacids;tsp,teaspoon.
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TABLE28-6DailyChecklistfortheRequiredPortfolioDietComponentsBasedona2000-kcal/dayDiet
REQUIRED
COMPONENTS

REQUIRED
SERVINGSPERDAY

EXAMPLESOF
SERVINGSMONDAYTUESDAYWEDNESDAYTHURSDAYFRIDAYSATURDAYSUNDAY

YOURTOTAL
SERVINGSPERWEEK

Viscousfiber7Oatbran(dry):½cup
Oatbranbread:1

slice
Barley(dry):¼cup
Psylliumhusk:2tsp

(1/3serving)Okra(frozen):½
cup

Eggplant(raw):2
cups

Soyprotein7Soybeverage(lite):1
cup

Soybeverage
(fortified):1cup

Tofu(extrafirm,low
fat):¼cup

Soydelislices:4
slices

Soyburgers:1whole
Soyhotdogs:1

whole

Plantsterols5Pro-activspread:1
tsp

Nuts:almonds1.5Almonds:1handful
or24nuts

Idealdailyservings20.520.520.520.520.520.520.5

Yourdailyservings

tsp,teaspoon.
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CONCLUSION

Although dietary treatments still cannot replace the use of
drugs, especially in combination, the use of cholesterol-lower-
ing dietary components may increase the number of patients
whose lipids are successfully controlled with diet.153,154 This
approach may also allow drugs to be used at a dose below
that at which the risk of side effects increases dramatically.

More general experience with combination diets and their
effect on blood lipid reduction is required. It will then be
necessary to use dietary intervention to determine its effect
on major clinical event endpoints related to CHD.

References
1. Executive summary of the third report of the National Cholesterol Education Program (NCEP)

Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults

(Adult Treatment Panel III). JAMA 2001;285:2486–97.
2. United States Food and Drug Administration. FDA final rule for food labeling: health claims: soy pro-

tein and coronary heart disease. [Federal Register 64 57699–57733]. Washington, DC: US FDA; 1999

3. United States Food and Drug Administration. Labeling: health claims: nuts & heart disease.
[Federal Register Docket No. 02P-0505]. Washington, DC: US FDA; 2003

4. Turnbull WH, Leeds AR, Edwards DG. Mycoprotein reduces blood lipids in free-living subjects.

Am J Clin Nutr 1992;55:415–9.
5. Turnbull WH, Leeds AR, Edwards GD. Effect of mycoprotein on blood lipids. Am J Clin Nutr

1990;52:646–50.
6. Adler AJ, Holub BJ. Effect of garlic and fish-oil supplementation on serum lipid and lipoprotein

concentrations in hypercholesterolemic men. Am J Clin Nutr 1997;65:445–50.
7. Kannar D, Wattanapenpaiboon N, Savige GS, et al. Hypocholesterolemic effect of an enteric-

coated garlic supplement. J Am Coll Nutr 2001;20:225–31.
8. Castano G, Mas R, Fernandez JC, et al. Effects of policosanol in older patients with type II hyper-

cholesterolemia and high coronary risk. J Gerontol Biol Sci Med Sci 2001;56:M186–92.

9. Castano G, Mas R, Fernandez L, et al. Effects of policosanol 20 versus 40 mg/day in the treatment

of patients with type II hypercholesterolemia: a 6-month double-blind study. Int J Clin Pharmacol
Res 2001;21:43–57.

10. Kassis AN, Jones PJ. Lack of cholesterol-lowering efficacy of Cuban sugar cane policosanols in

hypercholesterolemic persons. Am J Clin Nutr 2006;84:1003–8.
11. Salas-Salvado J, Marquez-Sandoval F, Bullo M. Conjugated linoleic acid intake in humans: a sys-

tematic review focusing on its effect on body composition, glucose, and lipid metabolism. Crit
Rev Food Sci Nutr 2006;46:479–88.

12. Wang YW, Jones PJ. Conjugated linoleic acid and obesity control: efficacy and mechanisms. Int
J Obes Relat Metab Disord 2004;28:941–55.

13. Heber D, Yip I, Ashley JM, et al. Cholesterol-lowering effects of a proprietary Chinese red-yeast-

rice dietary supplement. Am J Clin Nutr 1999;69:231–6.
14. Downs JR, ClearfieldM,Weis S, et al. Primary prevention of acute coronary events with lovastatin

in men and women with average cholesterol levels: results of AFCAPS/TexCAPS. Air Force/

Texas Coronary Atherosclerosis Prevention Study. JAMA 1998;279:1615–22.
15. Heart Protection Study Collaborative Group. MRC/BHF Heart Protection Study of cholesterol

lowering with simvastatin in 20,536 high-risk individuals: a randomised placebo-controlled trial.

Lancet 2002;360:7–22.
16. Shepherd J, Blauw GJ, Murphy MB, et al. Pravastatin in elderly individuals at risk of vascular

disease (PROSPER): a randomised controlled trial. Lancet 2002;360:1623–30.
17. Shepherd J, Cobbe SM, Ford I, et al. Prevention of coronary heart disease with pravastatin inmen

with hypercholesterolemia. West of Scotland Coronary Prevention Study Group. N Engl J Med
1995;333:1301–7.

18. Jones PJ, MacDougall DE, Ntanios F, et al. Dietary phytosterols as cholesterol-lowering agents in

humans. Can J Physiol Pharmacol 1997;75:217–27.
19. Patch CS, Tapsell LC, Williams PG, et al. Plant sterols as dietary adjuvants in the reduction of

cardiovascular risk: theory and evidence. Vasc Health Risk Manag 2006;2:157–62.
20. Plat J, Mensink RP. Vegetable oil based versus wood based stanol ester mixtures: effects on

serum lipids and hemostatic factors in non-hypercholesterolemic subjects. Atherosclerosis
2000;148:101–12.

21. Jones PJ, Howell T, MacDougall DE, et al. Short-term administration of tall oil phytosterols

improves plasma lipid profiles in subjects with different cholesterol levels. Metabolism
1998;47:751–6.

22. Lees AM, Mok HY, Lees RS, et al. Plant sterols as cholesterol-lowering agents: clinical trials in

patients with hypercholesterolemia and studies of sterol balance. Atherosclerosis
1977;28:325–38.

23. Fransen HP, de Jong N, Wolfs M, et al. Customary use of plant sterol and plant stanol enriched

margarine is associated with changes in serum plant sterol and stanol concentrations in

humans. J Nutr 2007;137:1301–6.
24. HallikainenMA, Sarkkinen ES, Gylling H, et al. Comparison of the effects of plant sterol ester and

plant stanol ester-enrichedmargarines in lowering serum cholesterol concentrations in hyperch-

olesterolaemic subjects on a low-fat diet. Eur J Clin Nutr 2000;54:715–25.
25. Law M. Plant sterol and stanol margarines and health. BMJ 2000;320:861–4.
26. Abumweis SS, Barake R, Jones PJ. Plant sterols/stanols as cholesterol lowering agents: a meta-

analysis of randomized controlled trials. Food Nutr Res 2008;52. http://dx.doi.org/10.3402/fnr.
v52i0.1811.

27. Demonty I, Ras RT, van der Knaap HC, et al. Continuous dose–response relationship of the LDL-

cholesterol-lowering effect of phytosterol intake. J Nutr 2009;139:271–84.
28. Katan MB, Grundy SM, Jones P, et al. Efficacy and safety of plant stanols and sterols in the man-

agement of blood cholesterol levels. Mayo Clin Proc 2003;78:965–78.
29. Wu T, Fu J, Yang Y, et al. The effects of phytosterols/stanols on blood lipid profiles: a systematic

review with meta-analysis. Asia Pac J Clin Nutr 2009;18:179–86.
30. Scholle JM, Baker WL, Talati R, et al. The effect of adding plant sterols or stanols to statin therapy

in hypercholesterolemic patients: systematic review and meta-analysis. J Am Coll Nutr
2009;28:517–24.

31. Lin X, Racette SB, LefevreM, et al. Combined effects of ezetimibe and phytosterols on cholesterol

metabolism: a randomized, controlled feeding study in humans. Circulation 2011;124:596–601.
32. Jakulj L, Trip MD, Sudhop T, et al. Inhibition of cholesterol absorption by the combination

of dietary plant sterols and ezetimibe: effects on plasma lipid levels. J Lipid Res 2005;46:
2692–8.

33. Gylling H, Plat J, Turley S, et al. for the European Atherosclerosis Society Consensus Panel on

Phytosterols. Plant sterols and plant stanols in themanagement of dyslipidaemia and prevention

of cardiovascular disease. Atherosclerosis 2014;232:346–60.
34. Miettinen TA, Gylling H. Plant stanol and sterol esters in prevention of cardiovascular diseases.

Ann Med 2004;36:126–34.
35. Jones PJ, Raeini-Sarjaz M, Ntanios FY, et al. Modulation of plasma lipid levels and cholesterol

kinetics by phytosterol versus phytostanol esters. J Lipid Res 2000;41:697–705.
36. United States Food and Drug Administration. FDA authorizes new coronary heart disease health

claim for plant sterol and plan stanol esters. [Docket No. 001–1275, OOP-1276]. Washington, DC:

US FDA; 2000

37. Berger A, Jones PJ, Abumweis SS. Plant sterols: factors affecting their efficacy and safety as func-

tional food ingredients. Lipids Health Dis 2004;3:5.
38. Noakes M, Clifton P, Ntanios F, et al. An increase in dietary carotenoids when consuming plant

sterols or stanols is effective in maintaining plasma carotenoid concentrations. Am J Clin Nutr
2002;75:79–86.

39. Assmann G, Cullen P, Erbey J, et al. Plasma sitosterol elevations are associated with an increased

incidence of coronary events in men: results of a nested case–control analysis of the Prospective

Cardiovascular Munster (PROCAM) study. Nutr Metab Cardiovasc Dis 2006;16:13–21.
40. Hubacek JA, Berge KE, Cohen JC, et al. Mutations in ATP-cassette binding proteins G5 (ABCG5)

and G8 (ABCG8) causing sitosterolemia. Hum Mutat 2001;18:359–60.
41. Miwa K, Inazu A, Kobayashi J, et al. ATP-binding cassette transporter G8 M429V polymorphism

as a novel genetic marker of higher cholesterol absorption in hypercholesterolaemic Japanese

subjects. Clin Sci (Lond) 2005;109:183–8.
42. Weggemans RM, Zock PL, Tai ES, et al. ATP binding cassette G5 C1950G polymorphism may

affect blood cholesterol concentrations in humans. Clin Genet 2002;62:226–9.
43. Salen G, Shefer S, Nguyen L, et al. Sitosterolemia. J Lipid Res 1992;33:945–55.
44. Sudhop T, von Bergmann K. Sitosterolemia—a rare disease. Are elevated plant sterols an addi-

tional risk factor? Z Kardiol 2004;93:921–8.
45. Kwiterovich Jr. PO, Chen SC, Virgil DG, et al. Response of obligate heterozygotes for phytoster-

olemia to a low-fat diet and to a plant sterol ester dietary challenge. J Lipid Res 2003;44:1143–55.
46. Wilund KR, Yu L, Xu F, et al. No association between plasma levels of plant sterols and athero-

sclerosis in mice and men. Arterioscler Thromb Vasc Biol 2004;24:2326–32.
47. Jenkins DJ, Newton C, Leeds AR, et al. Effect of pectin, guar gum, and wheat fibre on serum-cho-

lesterol. Lancet 1975;1:1116–7.
48. Kay RM, Truswell AS. Effect of citrus pectin on blood lipids and fecal steroid excretion in man.

Am J Clin Nutr 1977;30:171–5.
49. Palmer GH, Dixon DG. Effect of pectin dose on serum cholesterol levels. Am J Clin Nutr

1966;18:437–42.
50. Daggy BP, O’Connell NC, Jerdack GR, et al. Additive hypocholesterolemic effect of psyllium and

cholestyramine in the hamster: influence on fecal sterol and bile acid profiles. J Lipid Res
1997;38:491–502.

51. Arvill A, Bodin L. Effect of short-term ingestion of konjac glucomannan on serum cholesterol in

healthy men. Am J Clin Nutr 1995;61:585–9.
52. Brown L, Rosner B, Willett WW, et al. Cholesterol-lowering effects of dietary fiber: a meta-anal-

ysis. Am J Clin Nutr 1999;69:30–42.
53. Jenkins DJ, Kendall CW, Popovich DG, et al. Effect of a very-high-fiber vegetable, fruit, and nut

diet on serum lipids and colonic function. Metabolism 2001;50:494–503.
54. Ripsin CM, Keenan JM, Jacobs Jr DR, et al. Oat products and lipid lowering. A meta-analysis.

JAMA 1992;267:3317–25.
55. Truswell AS. Meta-analysis of the cholesterol-lowering effects of dietary fiber. Am J Clin Nutr

1999;70:942–3.
56. Pereira MA, O’Reilly E, Augustsson K, et al. Dietary fiber and risk of coronary heart disease: a

pooled analysis of cohort studies. Arch Intern Med 2004;164:370–6.
57. Anderson JW, Allgood LD, Lawrence A, et al. Cholesterol-lowering effects of psyllium intake

adjunctive to diet therapy inmen andwomenwith hypercholesterolemia:meta-analysis of 8 con-

trolled trials. Am J Clin Nutr 2000;71:472–9.
58. Olson BH, Anderson SM, Becker MP, et al. Psyllium-enriched cereals lower blood total choles-

terol and LDL cholesterol, but not HDL cholesterol, in hypercholesterolemic adults: results of a

meta-analysis. J Nutr 1997;127:1973–80.
59. Wei ZH, Wang H, Chen XY, et al. Time- and dose-dependent effect of psyllium on serum lipids in

mild-to-moderate hypercholesterolemia: a meta-analysis of controlled clinical trials. Eur J Clin
Nutr 2009;63:821–7.

60. Moreyra AE, Wilson AC, Koraym A. Effect of combining psyllium fiber with simvastatin in low-

ering cholesterol. Arch Intern Med 2005;165:1161–6.
61. Health Canada, Bureau of Nutritional Sciences, Food Directorate, Health Products and Food

Branch. Summary of health Canada’s assessment of a health claim about barley products and
blood cholesterol lowering. Ottawa, Ontario: Health Canada; 2012. Available at: http://www.
hc-sc.gc.ca/fn-an/label-etiquet/claims-reclam/assess-evalu/barley-orge-eng.php.

62. Kwong MG, Wolever TM, Brummer Y, et al. Attenuation of glycemic responses by oat beta-

glucan solutions and viscoelastic gels is dependent on molecular weight distribution. Food
Funct 2013;4:401–8.

63. Chen J, Gislette T, Huang XF. The role of molecular weight and viscosity of oat β-glucan in hypo-

cholesterolemic effect. Am J Clin Nutr 2010;92:1538, author reply 1539–1540.

TABLE 28-7 Tips for Eating Out or Eating at Home

VegetarianrestaurantsareyourbestbetwhentryingtofollowtheDietaryPortfolio;
Chineseand Indianrestaurantsmaybeuseful in this respect. Inany restaurant,or
when eating at home, the following tips may help you make a better choice.

• Try choosing dishes made with tofu (bean curd).
• Try predominantly vegetarian dishes (vegetable rolls/wraps, stir-fries, curries,
sandwiches).

• Dishes with beans as a main or secondary ingredient are good choices.
• Try a dish containing eggplant, okra, or both.
• Try items made with chick peas (hummus) or lentils (Indian dahl).
• Veggie burgers are a good choice (choose soy burgers, if possible).
• Salads with a variety of vegetables and legumes (beans, lentils, chickpeas) are
good choices.

• Soups with barley, beans, and a variety of vegetables are good choices.
• Fruits, fruit ices (gelato), and soy-based smoothies, juices, or yogurt are good
dessert choices.

• Try soy milk or soy shakes.
• Try barley (boiled) as a replacement for potato or rice.
• For best results, a vegan diet is recommended, with adequate amounts of oat
bran, barley, okra, eggplant, soy and soy products, nuts, legumes, and plant
sterol–enriched margarine.
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INTRODUCTION

The concentration of low-density lipoprotein cholesterol
(LDL-C) has been shown inmultiple human population stud-
ies to be a positive predictor of the risk of having an athero-
sclerotic cardiovascular (CV) event.1 Furthermore, many
intervention studies have now shown unequivocally that
reducing the concentration of LDL-C with statin therapy
decreases the risk of having a CV event.2 However, even
aggressive statin therapy does not eliminate CV risk. One
factor that may contribute to residual CV risk in statin-
treated patients is a persistent low level of high-density
lipoproteins (HDLs).
The proposition that HDLs protect against the develop-

ment of CV diseases is based on a number of robust and
remarkably consistent observations. (1) Large human popu-
lation studies have shown consistently that the plasma con-
centrations of both HDL cholesterol (HDL-C) and the major
HDL apolipoprotein, apolipoprotein A-I (apoA-I), are inde-
pendent, inverse predictors of the risk of having a CV event.1

This fact is not in dispute. Furthermore, a low concentration
of HDL-C remains predictive of increased risk even when the
LDL-C level has been reduced to a low concentration with
statin therapy.3 (2) HDLs have several well-documented
functions with the potential to protect against atherosclerotic
CV disease.4 (3) Interventions that increase the concentra-
tion of HDLs in a variety of animal models have been shown
to inhibit the development and progression of atherosclero-
sis.5–8 (4) In proof-of-concept studies in humans, infusions of
reconstituted HDLs have promoted regression of coronary
atheroma as assessed with intravascular ultrasonography.9,10

Thus, although it has not yet been proven in human clin-
ical outcome trials that increasing the HDL concentration
translates into a reduction in CV risk, a compelling case
can be made for the view that therapeutic interventions to
reduce risk should include both a reduction in concentra-
tion of LDL-C and an increase in the level of HDLs.
A simultaneous reduction in LDL-C level combined with

an increase in HDL-C level may be achieved by shifting
the partitioning of cholesterol between LDLs and HDLs in

favor of the potentially cardioprotective HDL fraction. Most
of the cholesterol in human plasma exists as cholesteryl
esters (CEs) that originate in HDLs, where they are formed
by the action of lecithin:cholesterol acyltransferase (LCAT).
Human plasma contains a cholesteryl ester transfer protein
(CETP) that subsequently transfers these newly formed CEs
fromHDLs to other particles in other plasma lipoprotein frac-
tions (including LDLs).11–13 It follows that inhibiting the
activity of CETP will retain cholesterol in the potentially pro-
tective HDL fraction while decreasing the concentration of
cholesterol in potentially atherogenic, non-HDL particles.
As outlined in greater detail in the following, there is a com-
pelling case for considering CETP inhibition as a strategy to
reduce the risk of having an atherosclerotic CV event
(Table 29-1).

CHOLESTERYL ESTER TRANSFER PROTEIN
BIOLOGY

CETP is a hydrophobic protein that is synthesized mainly in
the liver.14,15 It is a boomerang-shaped molecule with cavi-
ties at either end that provide access to both CEs and triglyc-
erides (TGs), and a tunnel that spans the entire length of the
protein that accommodates CE and TG molecules.16 CETP
promotes bidirectional transfers of both CEs and TGs
between all plasma lipoproteins, and thus, equilibrates these
lipids between all lipoprotein particles.11 Because almost all
of the CEs in human plasma are generated in the HDL frac-
tion by LCAT, and because almost all of the TGs in plasma
enter plasma as a component of TG-rich lipoproteins (TRLs)
that are secreted from the intestine and liver, the equilibra-
tion promoted by CETP results in a net mass transfer of
CEs from HDLs to TRLs and LDLs and of TGs from TRLs to
HDLs and LDLs (Fig. 29-1).

Evidence supports two mechanisms by which CETP pro-
motes transfers of CEs and TGs between plasma lipoprotein
particles. (1) In the shuttle mechanism,12 CETP collides ran-
domly with a lipoprotein particle, forming a transient com-
plex in which an exchange of both CEs and TGs occurs
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between the lipoprotein particle and the CETP molecule.
The CETP, which then contains the CEs and TGs, subse-
quently dissociates from the lipoprotein particle and circu-
lates in a free state until it collides with another
lipoprotein particle (either in the same or in a different lipo-
protein fraction) to form a new transient complex, during
which further exchange of CEs and TGs takes place between
the lipoprotein particle and the CETP molecule. In this way,
CETP promotes an equilibration of both CEs and TGs
between all lipoprotein particles. (2) Evidence also supports
the existence of a tunnel mechanism,17,18 in which the N-
terminal domain of CETP initially penetrates the HDL surface
to form a CETP–HDL binary complex. The binary HDL–CETP
complex then interacts with an LDL or very-low-density lipo-
protein (VLDL) particle via the C-terminal domain of CETP to
form a ternary complex consisting of HDL, CETP, and LDL or
VLDL. Molecular forces introduced by the lipoproteins at
either end of the CETP molecule cause twisting of the CETP
molecule in a process that results in the opening of a tunnel,

through which CEs are transferred from HDL to LDL or VLDL
in exchange for TGs that flow in the opposite direction. The
ternary complex then dissociates, leaving LDL or VLDL par-
ticles that are enriched in CEs and depleted of TGs, and HDL
particles that are depleted of CEs and enriched in TGs. Avail-
able evidence suggests that both the shuttle and tunnel
mechanisms operate to redistribute CEs and TGs between
plasma lipoproteins.

Cholesteryl Ester Transfer Protein in
Different Animal Species
CETP is present and active in humans, nonhuman primates,
rabbits, and hamsters, but it is not present in most other spe-
cies.13 Notably, CETP is not present in many widely used ani-
mal models, including rodents, dogs, and pigs.13 In general,
species that possess CETP tend to be more susceptible to the
development of atherosclerosis than is the case with animals
that are deficient in this protein.

Role of Cholesteryl Ester Transfer Protein
in Plasma Cholesterol Transport
CETP promotes a net mass transfer of CEs from the HDL frac-
tion to particles in the VLDL or LDL fraction (see Fig. 29-1).
The place of this transfer in plasma cholesterol transport is
shown in Figure 29-2A. HDL particles pick up free choles-
terol from cells in all tissues of the body. A proportion of
the HDL free cholesterol is delivered unchanged to the liver
in a process mediated by the scavenger receptor class
B type I (SR-BI). Another portion of the HDL–free cholesterol
is esterified by the enzyme LCAT to form CEs. The newly
formed HDL-CEs may be delivered to the liver by either of
two pathways. One is a direct pathway secondary to the
binding of HDL particles to SR-BI on the liver surface. The
other is an indirect pathway in which HDL-CEs are trans-
ferred to particles in the VLDL or LDL fraction, from which
they are delivered to the liver after binding of LDLs to the
hepatic LDL receptor. Once taken up by the liver by any
of these pathways, the cholesterol may be either secreted
from the body in bile or recycled into plasma.

Evidence that CETP activity affects plasma lipoprotein
concentration and composition was first provided by obser-
vations in people with a genetic deficiency of CETP. In one
study conducted in Japan, it was found that more than half
of the individuals who had levels of HDL-C greater than
100 mg/dL had CETP gene mutations associated with low
levels of CETP activity in plasma.19 The fact that CETP affects
the concentration of HDL-C was later confirmed by the
observation of an increased concentration of HDL-C in rab-
bits in which CETP had been inhibited by genetic manipu-
lation,20 by vaccination,21 or by the use of small molecule
inhibitors of CETP.22,23

Effects of Inhibiting Cholesteryl Ester
Transfer Protein on Plasma Lipoproteins
When CETP is inhibited (see Fig. 29-2B), there is a reduced
transfer of CEs from HDLs to the VLDL or LDL fraction, lead-
ing to CEs being retained in the HDL fraction, and a conse-
quent increase in the concentration of HDL-C and decrease
in the concentration of cholesterol in the VLDL or LDL frac-
tion. Under these conditions, HDL-C is delivered to the liver
by the direct pathway in the process in which binding of
HDLs to hepatic SR-BI results in direct hepatic uptake of both

TABLE 29-1 Rationale for the Development of CETP
Inhibitors as Agents to Reduce Cardiovascular Risk

Effects of CETP Inhibition on Plasma Lipoproteins in Humans

• Increases the concentrations of HDL-C and apoA-I, and ex vivo, enhances the
ability of HDLs to promote efflux of cholesterol from macrophages

• Decreases the concentrations of LDL-C and apoB
• Decreases the concentration of Lp(a)

Effects of CETP Inhibition on Atherosclerosis in Rabbits
• Increases the level of HDL-C and markedly reduces susceptibility to the
development of atherosclerosis

Reduced CETP Activity of Genetic Origin in Humans
• HDL-C higher and LDL-C lower
• Significantly lower risk of having a cardiovascular event

apo, apolipoprotein; CETP, cholesteryl ester transfer protein; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LP(a), lipoprotein(a).
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FIGURE 29-1 Net mass transfers of CEs and TG mediated by CETP. A, CE
transfers. FC is transferred from cell membranes in all tissues to HDLs in the
extracellular space by the action of the transporters ABCA1 and ABCG1. Once in
HDL particles, the FC is esterified by the enzyme LCAT to form CEs. Activity of CETP
promotes a net mass transfer of CEs from HDLs, where the CEs are formed, to TRLs
and LDLs. B, TG transfers. TGs enter plasma as a component of TRLs secreted from
the intestine and liver. CETP promotes the transfer of a proportion of the TGs in
TRLs to particles in the LDL and HDL fractions. ABC, adenosine triphosphate–binding
cassette; CE, cholesteryl ester; CETP, cholesteryl ester transfer protein; FC, Free
cholesterol; HDL, high-density lipoproteins; LCAT, lecithin:cholesterol acyltransferase;
LDL, low-density lipoproteins; TG, triglyceride; TRL, TG-rich lipoproteins.
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HDL–free cholesterol and HDL-CEs. Evidence suggests that
when CETP is inhibited, this direct SR-BI–mediated pathway
increases to compensate for any reduction of the indirect
pathway.24

Consistent with the scheme shown in Figure 29-2, treat-
ment of humans with drugs that inhibit activity of CETP25–28

results in an increase in the concentrations of both HDL-
C and apoA-I (the major apolipoprotein in HDLs), and in
most cases, a decrease in the concentrations of LDL-C
and apoB (the main LDL apolipoprotein). Inhibition of
CETP in humans also decreases the cholesterol content of
the TG-rich VLDL and chylomicron fractions. A reduction
also occurs in the concentration of the potentially athero-
genic lipoprotein(a) [Lp(a)].26 Thus, inhibiting CETP in
humans affects the concentration and composition of all
lipoprotein fractions in ways that are potentially antiathero-
genic (Table 29-2).

Effects of Cholesteryl Ester Transfer Protein
on High-Density Lipoprotein Metabolism
The combined activities of CETP and hepatic lipase have a
profound effect on HDL metabolism. As outlined previously,
activity of CETP depletes HDL particles of CEs while enrich-
ing them with TGs. The TG in HDL is a preferred substrate for

hepatic lipase,29 a member of the TG lipase gene family.
Hepatic lipase hydrolyzes the newly acquired HDL-TG in a
process that reduces the HDL core lipid content, and thus,
reduces the HDL particle size.30 This results in a redundancy
of HDL surface constituents that is rectified by the dissocia-
tion of a proportion of the apoA-I from the HDL surface in a
process that generates a pool of monomeric, lipid-free or
lipid-poor apoA-I.31,32 The lipid-free or lipid-poor apoA-I that
dissociates from HDL may then be excreted by the kidney.
Thus, the activity of CETP may not only reduce the concen-
tration of HDL-C, but may also reduce the plasma concentra-
tion of apoA-I.

Cholesteryl Ester Transfer Protein Activity
and Atherosclerosis in Animals
Expression of Cholesteryl Ester Transfer Protein in
Transgenic Mice
Mice are naturally deficient in CETP. They are also naturally
resistant to the development of diet-induced atherosclerosis.
However, the introduction and expression of the CETP gene
in mice resulted in a redistribution of cholesterol from HDL
to the VLDL or LDL fractions and significantly increased sus-
ceptibility to the development of atherosclerosis.33–35

In some circumstances, however, the transgenic expression
ofCETP inmice is antiatherogenic rather thanproatherogenic.
One examplewas reported inmice engineered to overexpress
human apoC-III.36 These animals have high concentrations
of TG-rich remnant lipoproteins and naturally develop small
fatty streak lesions. Introduction and expression of the CETP
genein theseanimals reduced theextentof the lesions.36 In this
study, and in a more recent study in a hypertriglyceridemic
mousemodel of diabetes,37 CETP had antiatherogenic effects,
possibly by decreasing the concentration of cholesterol in
small VLDL remnant lipoproteins. Whether a comparable
situation ever occurs in humans is uncertain.

Another example of the antiatherogenic effect of CETP
was seen in mice transgenic for human LCAT.38 These mice
had an increased plasma concentration of HDL-C, but
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FIGURE 29-2 Effects of CETP inhibition on plasma cholesterol transport. A, CETP active. FC in cells in all tissues of the body is picked up by HDL particles in the extracellular
space. A portion of the HDL-FC is delivered unchanged to the liver in a process mediated by the SR-BI. Another portion of the FC is esterified by LCAT to form CEs. The newly formed
HDL-CEs may be delivered to the liver by either of two pathways. One is a direct pathway following binding of HDL particles to SR-BI on the liver surface. The other is an indirect
pathway in which HDL-CEs are transferred by CETP to particles in the VLDL–LDL fraction, from which they are delivered to the liver after binding of LDLs to the hepatic LDL-R. Once
taken up by the liver by any of these pathways, the cholesterol may be either secreted from the body in bile or recycled into plasma. B, CETP inhibited. When CETP is inhibited, the
resulting reduction in transfers of CEs from HDLs to the VLDL–LDL fraction leads to a retention of CEs in HDL, with a consequent increase in concentration of HDL-C and a decrease in
the concentration of cholesterol in the VLDL–LDL fraction. Under these conditions, HDL-C is delivered to the liver only by the interaction of HDLs with hepatic SR-BI, which results in
the direct hepatic uptake of both the FC and CEs in HDL. When CETP is inhibited, the direct SR-BI–mediated pathway increases to compensate for any reduction of the indirect
pathway. CE, cholesteryl esters; CETP, cholesteryl ester transfer protein; FC, free cholesterol; HDL, high-density lipoprotein; HDL-C, HDL cholesterol; LCAT, lecithin:cholesterol
acyltransferase; LDL-R, LDL receptor; SR-BI, scavenger receptor class B type I; VLDL-LDL, very-low-density lipoprotein–low-density lipoprotein.

TABLE 29-2 Effects of CETP Inhibitor Drugs on Plasma
Lipoproteins in Statin-Treated Humans
LIPID/LIPOPROTEIN EFFECT

HDL cholesterol Increased by 30–140%

ApoA-I Increased by 10–40%

LDL cholesterol Decreased by 0–35%

ApoB Decreased by 0–20%

Lp(a) Decreased by up to 35%

HDL functionality Enhanced

apoA-I, apolipoprotein A-I; apoB, apolipoprotein B; CETP, cholesteryl ester transfer
protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Lp(a), lipoprotein(a).
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paradoxically, they also had an increased susceptibility to
atherosclerosis. Expression of simian CETP in
these animals reduced the atherosclerosis.38 It has been
speculated, although not tested, that the CE-enriched HDL
that circulates in LCAT-transgenic mice may have a compro-
mised ability to accept cholesterol from cells. If this is the
case, the introduction of CETP may provide a means for
transferring CEs out of HDL, and possibly for restoring their
ability to accept cell cholesterol, and thus, to inhibit the
development of atherosclerosis.

Inhibition of Cholesteryl Ester Transfer Protein in Rabbits
Rabbits are highly susceptible to the development of diet-
induced atherosclerosis. Like humans, they also have a nat-
urally high plasma activity of CETP.13 Inhibition of CETP in
rabbits greatly reduces their susceptibility to the develop-
ment of atherosclerosis.20–23

In cholesterol-fed rabbits, the inhibition of CETP by injec-
tion of antisense oligodeoxynucleotides (ODNs) against
CETP20 resulted in a reduction in CETP messenger ribonu-
cleic acid (mRNA) and mass in the liver, a reduction in
plasma total cholesterol (TC), and an increase in concentra-
tion of HDL-C. Unexpectedly, LDL receptor mRNA was also
increased in association with the antisense ODNs. These
changes were accompanied by amarked reduction in aortic
cholesterol content as a marker of extent of atherosclerosis.

A vaccine approach has been used to generate autoanti-
bodies against CETP in rabbits.21 In a study in cholesterol-fed
rabbits, animals immunized against CETP had reduced
plasma CETP activity and a substantial increase in the con-
centration of HDL-C. They also had a modest decrease in
LDL-C concentration and a significant reduction in aortic
atherosclerotic lesions.21

The effects of small-molecule chemical inhibitors of CETP
have also been studied in cholesterol-fed rabbits. Dalcetra-
pib (known at the time as JTT-705) reduced CETP activity
in cholesterol-fed rabbits by greater than 90% and almost
doubled the level of HDL-C.22 It also decreased the concen-
tration of non–HDL-C by approximately 50% and reduced
atherosclerotic lesions in the aortas of these animals by
70%. It was not possible to determine the relative importance
of the increased HDL-C level versus the decrease in non–
HDL-C in the reduction of atherosclerosis in these rabbits.
However, in a subsequent study of cholesterol-fed rabbits
treated with torcetrapib, an approximate doubling of the
concentration of HDL-C and a substantial reduction in the
development of atherosclerotic lesions in the aortas of these
animals were noted.23 In this study, the increase in HDL-C
was not accompanied by changes in other lipoprotein frac-
tions,23 suggesting that the benefits may have been the con-
sequence of the increase in HDL.

These studies in rabbits provided a compelling rationale
for conducting studies designed to test the hypothesis that
inhibiting CETP in humans would reduce CV risk.

Relationship between Cholesteryl Ester
Transfer Protein and Atherosclerosis in
Humans
Small studies of the relationships between polymorphisms
of the CETP gene and human atherosclerotic disease
have been confusing, with conflicting conclusions being
drawn. Some studies have led to a conclusion that CETP is
proatherogenic, whereas in others, it has been concluded

that activity of CETP is antiatherogenic. However, the results
of four very large studies have provided consistent and com-
pelling evidence that decreased CETP activity is associated
with a reduced CV risk.39–42 In a largemeta-analysis of 92 stud-
ies involving 113,833 participants, it was concluded that those
CETP polymorphisms that are associated with decreased
CETP activity and mass are accompanied by an elevated con-
centration of HDL-C and a significantly decreased risk of
having a coronary event.41 A similar conclusion was drawn
from an analysis of a cohort of 18,245 healthy Americans in
the Women’s Genome Health Study.40 This conclusion was
further supported by another large meta-analysis, which iden-
tified a common genetic variation of the CETP gene as reduc-
ing the risk of myocardial infarction (MI) to the same extent as
reported in the earlier meta-analysis.42 In this analysis, it was
found that the apparently protective CETP gene variant was
accompanied not only by higher levels of HDL-C, but also
by lower levels of LDL-C. However, perhaps the most compel-
ling evidence that low CETP activity protects against athero-
sclerotic CV disease was provided by a recent analysis of
the Copenhagen City Heart Study.39

This analysis of the Copenhagen City Heart Study investi-
gated whether genetic variation in the CETP gene is consis-
tent with the proposition that CETP inhibition will reduce
risk of CV ischemic events and total mortality, without hav-
ing the adverse effects reported for torcetrapib.39 The Copen-
hagen City Heart Study is a prospective cohort study in
10,261 individuals, aged 20 to 93 years, who have been fol-
lowed for up to 34 years. Of these individuals, 2087 devel-
oped ischemic heart disease, 1064 developed ischemic
cerebrovascular disease, and 3807 died during the follow-
up period. The investigators selected two common genetic
variants in the CETP gene that had previously been reported
to be associated with reductions in CETP activity. In individ-
uals carrying four versus no HDL-raising alleles, the concen-
tration of HDL-C was increased by up to 14%; the
corresponding plasma levels of TGs, LDL-C, and non–HDL-
C in those with four HDL-raising versus no HDL-raising alleles
were, respectively, 6%, 3%, and 4% lower. These differences
were all statistically significant. Corresponding hazard ratios
(HRs) were 0.76 (95% confidence interval [CI] 0.68–0.85) for
any ischemic vascular event, 0.74 (95% CI 0.65–0.85) for
ischemic heart disease, 0.65 (95% CI 0.54–0.79) for MI,
0.77 (95% CI 0.65–0.93) for ischemic cerebrovascular dis-
ease, 0.71 (95% CI 0.58–0.88) for ischemic stroke, and 0.88
(95% CI 0.80–0.97) for total mortality. The CETP genotypes
were not associated with variation in any of the markers of
the adverse effects previously reported for torcetrapib. The
investigators of this study concluded that low activity of
CETP of genetic origin was associated not only with an anti-
atherogenic lipid profile but also with highly significant
reductions in the risk of ischemic CV disease and with
increased longevity.39

Overall, the observations in animal models and in the
human genetic studies provide strong support for a view that
inhibition of CETP has the potential to reduce CV risk in
humans.

CHOLESTERYL ESTER TRANSFER PROTEIN
INHIBITOR DRUGS

To date, information has been published about the effects of
four CETP inhibitor drugs in humans. These are torcetrapib,
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dalcetrapib, anacetrapib, and evacetrapib. The precise
mechanism by which these agents inhibit CETP is uncertain.
They all have potentially antiatherogenic effects on the con-
centrations of plasma lipoproteins (see Table 29-2) and
have been shown to enhance HDL functionality.43–46 How-
ever, when torcetrapib was tested in a large CV clinical out-
come trial, it caused an increase rather than a decrease in CV
events and an increase in deaths from both CV and non-CV
causes. Although no evidence existed that indicated harm
in a trial using dalcetrapib, no reduction in CV events
was observed. The effects of inhibiting CETP with anacetra-
pib and evacetrapib will have to await the results of large
ongoing clinical outcome trials with these agents. These
trials are scheduled to be reported in 2016–2017. All four
of these CETP inhibitors are discussed in some detail in
the following sections.

Torcetrapib
Available evidence suggests that torcetrapib acts by increas-
ing the affinity of CETP for HDLs.47 The resulting generation
of a tight HDL–CETP complex reduces the amount of non-
bound CETP available to promote transfers of CEs and
TGs between different lipoprotein particles. Because of the
relative concentrations of CETP and HDLs in plasma, even
if all of the CETP were to be tightly bound to HDL particles
in the form of HDL–CETP complexes, only approximately 1%
of the circulating HDL would be CETP associated. The exis-
tence of HDL–CETP complexes in which the CETP is not
available to promote CE and TG transfers explains why the
reduction in CETP activity in the plasma of individuals taking
torcetrapib is not accompanied by a reduction in the plasma
concentration of CETP.
When given to humans at a dose of 60 mg/day, torcetrapib

increased the concentration of HDL-C by up to 70% and
decreased the LDL-C concentration by approximately 25%
over and above the levels achieved by treatment with ator-
vastatin.25 Torcetrapib also increased the concentration of
apoA-I by 25% and decreased that of apoB by 12.5%.25

However, when tested in human clinical trials, torce-
trapib did not inhibit atherosclerosis in three imaging
studies,48–50 and in a clinical outcome trial, as noted previ-
ously, caused serious harm.25

Effects of Torcetrapib in Atherosclerosis Imaging
Trials in Humans
Three imaging trials were conducted to investigate the effect
of torcetrapib on atherosclerosis in humans. The Investigation
of Lipid Level Management Using Coronary Ultrasound to
Assess Reduction of Atherosclerosis by CETP Inhibition and
HDL Elevation (ILLUSTRATE) trial employed intravascular
ultrasonography to assess the effect of torcetrapib on coro-
nary atheroma burden in patients with demonstrable coro-
nary atheroma,48 and the Rating Atherosclerotic Disease
Change by Imaging with a New CETP Inhibitor (RADIANCE)
149 and RADIANCE 250 trials used B-mode ultrasonography to
determine the effects of torcetrapib on carotid intima–media
thickness (CIMT) in patients with familial hypercholesterol-
emia and mixed hyperlipidemia, respectively. Torcetrapib
given at a dose of 60 mg/day resulted in a 60% increase
in the concentration of HDL-C and a 20% decrease in LDL-C
in all three of these imaging trials but had no effect (either
positive or negative) on either the atheroma burden in the
coronary arteries48 or on CIMT.49,50

Effects of Torcetrapib in a Cardiovascular Clinical
Endpoint Trial in Humans
The Investigation of Lipid Level Management to Understand
its Impact on Atherosclerotic Events (ILLUMINATE) trial25

was conducted in 15,067 patients with manifest atheroscle-
rotic CV disease or type 2 diabetes. All participants were
taking atorvastatin at a dose required to reduce the level
of LDL-C to less than 100 mg/dL. They were randomized to
receive either torcetrapib (60 mg/day) or matching placebo,
with a planned follow-up of 4.5 years. The concentration of
HDL-C was increased by 72%, and LDL-C was reduced
by 25% in the group taking torcetrapib. However, the
trial was terminated early because of a 58% greater number
of deaths in the group treated with torcetrapib (93
deaths in the atorvastatin+ torcetrapib group and 59 in the
atorvastatin-only group; P¼0.006).25 A 25% excess of primary
endpoints (major CV events) was observed in torcetrapib-
treated patients (P <0.001). The HR estimates for individual
components of the primary endpoint ranged from 1.35 for hos-
pitalization for unstable angina (P¼0.001) to 1.08 for stroke
(P¼0.74).
Treatment with torcetrapib increased the number of

deaths from both CV causes (49 in the group treated with
atorvastatin + torcetrapib versus 35 in the atorvastatin-only
group) and non-CV causes (40 in the group treated with
atorvastatin + torcetrapib versus 20 in the atorvastatin-only
group). No single cause of death accounted for the
increased number of CV deaths. Torcetrapib-related
deaths from non-CV causes included cancer deaths (24
versus 14) and deaths from infection (9 versus 0). There
was, however, no difference in the total (fatal plus nonfa-
tal) numbers of neoplasms and infections between the two
groups.25

WhyDid Torcetrapib CauseHarm in the ILLUMINATE Trial?
The true reason for the harm caused by torcetrapib is not
known. Several possibilities are worth considering.
1. Inhibiting CETP removes one pathway for delivering

cholesterol from peripheral tissues to the liver for removal
from the body or for recycling. Thus, it may be argued
that inhibiting CETP may increase atherosclerosis
by preventing whole-body cholesterol depletion. How-
ever, this proposition is not supported by the results of
CETP inhibition in rabbits20–23 or by genetic studies in
humans.39–42

2. Another possibility is that torcetrapib generated HDLs
that did not function normally and may have caused
harm. Although this possibility cannot be excluded, no
evidence exists to support it. The only available evidence,
derived from ex vivo studies, suggests the opposite: that
HDLs isolated from torcetrapib-treated patients have an
increased (not decreased) functionality in terms of their
ability to remove cholesterol from macrophages.46 The
concept of dysfunctional HDLs is also not supported by
the observation in the coronary intravascular ultrasonog-
raphy study (ILLUSTRATE), in which torcetrapib-treated
patients who achieved HDL-C levels in the upper quartile
showed statistically significant regression of coronary ath-
erosclerosis.51 Normal functionality of HDLs was further
supported in a post hoc analysis of the group treated with
torcetrapib in the ILLUMINATE trial; in this analysis, cor-
onary death andmajor CV event rates were lower in those
in whom the increase in HDL-C or apoA-I was greater than
the median compared with those whose increases were
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below the median level of change.25 In an additional post
hoc analysis of the ILLUMINATE trial, the level of HDL-C
achieved in torcetrapib-treated patients was an inverse
predictor of events,52 an observation in line with what has
been observed so often in human population studies. How-
ever, it must be emphasized that although post hoc obser-
vations of this type suggest that the HDLs were apparently
functional in torcetrapib-treated patients, they do not
completely rule out the possibility that the HDLs were dys-
functional or that other, unknown adverse effects of CETP
inhibition may have contributed to a mechanism-related
adverse outcome.

3. The harm caused by torcetrapib may have been the
result of serious off-target adverse effects of the drug
that were unrelated to CETP inhibition (Table 29-3).
Treatment with torcetrapib in the ILLUMINATE trial
was associated with a 5–mm Hg increase in systolic
blood pressure, an increase in serum aldosterone, a
reduction in serum potassium, and an increase in serum
concentrations of bicarbonate and sodium.25 In addi-
tion, preclinical studies conducted since the termina-
tion of the torcetrapib program have shown that
treatment with torcetrapib also increased blood pres-
sure in animals that lack CETP.53 Torcetrapib has also
been shown to increase the synthesis of both aldoste-
rone and cortisol in adrenal cortical cells grown in tissue
culture,54 and evidence suggests that torcetrapib
increased synthesis of endothelin-1 in the artery wall.55

In addition, torcetrapib has been shown to impair endo-
thelial function in a process that is apparently indepen-
dent of either CETP inhibition or changes in HDL-C
levels.56 Finally, compounds structurally related to tor-
cetrapib (but lacking CETP inhibitory activity) raise
blood pressure in animals and induce the synthesis of
aldosterone in adrenal cortical cells.54 Notably, other
CETP inhibitors in development have a minimal effect
on blood pressure and serum aldosterone levels in ani-
mals and humans.26,28 Also, they do not induce synthe-
sis of aldosterone in studies of adrenal cortical cells.53

However, although consistent with a proposition that off-
target adverse effects of torcetrapib may have been respon-
sible for the harm observed in the ILLUMINATE trial and for
the absence of benefit in the imaging trials, these post hoc
analyses and preclinical studies cannot be regarded as
definitive, and it cannot be concluded that torcetrapib
would necessarily have promoted regression of atheroscle-
rosis in human coronary arteries or reduced clinical CV
events had these off-target effects not occurred.

Beneficial Effect of Torcetrapib on Control of Diabetes
in the ILLUMINATE Trial
Treatmentwith torcetrapibwas accompaniedbya significant
improvement in control of diabetes in 6661 patients with type
2 diabetes in the ILLUMINATE trial.57 Baseline plasma glu-
cose, insulin, and hemoglobin A1c levels and homeostasis
model assessment of insulin resistance (HOMA-IR) were
the same in the atorvastatin-only and the atorvastatin+ torce-
trapib treatment arms. However, treatment of these patients
with diabeteswith the combination of torcetrapib and atorva-
statin resulted in plasma glucose and insulin levels that were
significantly lower than those observed in patients who
received atorvastatin alone.57 HOMA-IR values were also sig-
nificantly lower in those taking torcetrapib. In addition,
hemoglobin A1c levels were significantly lower in those tak-
ing atorvastatin+ torcetrapib (7.06%) compared with taking
atorvastatin alone (7.29%). These effects of torcetrapib
remained apparent for up to 12 months. However, it remains
to be determined whether this effect of torcetrapib was the
consequence of CETP inhibition, whether it was caused
by the increase in HDL levels, or whether it was a beneficial
off-target effect of torcetrapib unrelated to either a reduction
in CETP activity or increased HDL levels.

Dalcetrapib
Dalcetrapib (previously known as JTT-705) was the first
reported small-molecule CETP inhibitor. Its ability to inhibit
CETP in cholesterol-fed rabbits was shown to be accompa-
nied by a marked inhibition of the development of
atherosclerosis.22

The precise mechanism by which dalcetrapib inhibits
CETP activity is still uncertain, although it has been sug-
gested that it is the consequence of a conformational change
in CETP that decreases the transfer of CEs fromHDLs to other
lipoprotein fractions while having no effect on the ability of
CETP to remodel HDL.44 In studies conducted in hamsters
injected with [3H]cholesterol-labeled macrophages, dalce-
trapib significantly increased the fecal elimination of both
neutral sterols and bile acids,44 suggesting a positive effect
on reverse cholesterol transport. Dalcetrapib appeared to
be free of the off-target adverse effects of torcetrapib.

When given to humans at a daily dose of 600 mg, dalcetra-
pib reduced CETP activity by approximately 50% and
increased the concentration of HDL-C by approximately
30%.58 When given as monotherapy, it also induced a small
reduction in LDL-C levels,27 although when given on top of a
statin, the LDL-C reduction was no longer apparent.58

Although treatment with dalcetrapib inhibited atheroscle-
rosis in cholesterol-fed rabbits,22 the results in humans have
been disappointing. When investigated in a human study
using noninvasive multimodality imaging to assess its effects
on atherosclerosis, dalcetrapib was found to have no
effect.59 The effects of dalcetrapib on endothelial function
were further investigated in the dal-VESSEL study.60 This
was a 36-week, multicenter, double-blind, placebo-
controlled trial designed to assess the effects of dalcetrapib
on endothelial function as determined by brachial flow-
mediated dilatation. The study included 476 high-risk men
andwomenwith HDL-C levels less than 50 mg/dL. Treatment
with dalcetrapib decreased CETP activity by approximately
50% and increased HDL-C levels by approximately 30%.
Dalcetrapib had no effect on levels of LDL-C. Compared
with placebo, dalcetrapib had no effect on brachial

TABLE 29-3 Off-Target Adverse Effects of Torcetrapib

In patients receiving torcetrapib, the following effectswere significant:

• Increase in blood pressure
• Decrease in serum potassium
• Increase in serum bicarbonate
• Increase in serum sodium
• Increase in serum aldosterone

In preclinical studies, torcetrapib:

• Induced synthesis and secretion of aldosterone and cortisol from human adrenal
cells in tissue culture

• Reduced expression of endothelial nitric oxide synthase messenger ribonucleic
acid and protein and reduced nitric oxide release

• Increased expression of endothelin-1
• Induced endothelial dysfunction independent of CETP inhibition

Other CETP inhibitors do not have these off-target effects

CETP, cholesteryl ester transfer protein.
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flow-mediated dilatation. In terms of safety, dalcetrapib had
no effect on ambulatory blood pressure. Biomarkers of
inflammation, oxidative stress, and coagulation were unaf-
fected by dalcetrapib, although lipoprotein-associated phos-
pholipase A2 (Lp-PLA2) levels were increased by 17% in
those taking dalcetrapib. The major conclusion drawn from
this study was that no evidence exists to indicate that dalce-
trapib improved endothelial function.60

Dal-OUTCOMES Trial
The effect of dalcetrapib on clinical CV events was investi-
gated in the dal-OUTCOMES trial.58 This was a multicenter,
randomized, double-blind, placebo-controlled trial
designed to test the hypothesis that CETP inhibition with dal-
cetrapib reduces CVmorbidity andmortality in patients with
recent acute coronary syndrome. More than 15,000 patients,
all of whom were being treated with statins to achieve
recommended levels of LDL-C, were randomized to receive
dalcetrapib or matching placebo. The primary outcome was
time to first occurrence of a composite CV endpoint. The trial
was planned to continue until 1600 primary endpoint events
had occurred.
However, the trial was terminated early on the basis of

futility after the Data and Safety Monitoring Committee con-
cluded that further continuation of the study had virtually no
chance of yielding a positive result.58 It is important to stress
that the dal-OUTCOMES trial was not terminated on the basis
of safety.
The explanation for the failure of dalcetrapib is not

known, although several possibilities should be considered.
1. The increase in HDL-C concentration induced by dalce-

trapib may not have been accompanied by an increase
in the level of those HDL particles that confer protection.

2. Another possibility is that inhibiting CETP with a relatively
weak inhibitor, such as dalcetrapib (which increases
HDL-C by 30% and has minimal effect on LDL-C), is not
sufficient to have an impact on CV events.

3. It is also possible that the increase in HDL levels induced
by CETP inhibition is not effective in patients treated soon
after an acute coronary event, as was the case with the
population studied in the dal-OUTCOMES trial. This pos-
sibility is supported by the unexpected observation in dal-
OUTCOMES that the level of HDL-C in the placebo group
did not predict the risk of having a CV event,58 which is in
marked contrast to the results of multiple human popula-
tion and animal studies.
Whether or not CETP inhibitors have a future role in the

treatment of CV diseases will depend on the results of ongo-
ing large-scale CV clinical outcome trials being conducted
with anacetrapib and evacetrapib.

Anacetrapib
The mechanism of action of anacetrapib is not known,
although evidence suggests that like torcetrapib, it acts by
increasing the affinity of CETP for HDLs, thus generating tight
HDL–CETP complexes that reduce the amount of CETP
available to promote transfers of CEs and TGs between differ-
ent lipoprotein particles. No evidence exists to indicate that
anacetrapib shares any of the off-target effects observed with
torcetrapib. Anacetrapib has no effect on blood pressure,
aldosterone, or serum electrolytes in humans26 and does
not stimulate the synthesis of aldosterone in adrenal cortical
cells growing in tissue culture.53 Anacetrapib has been

shown to enhance macrophage-to-feces reverse cholesterol
transport in a dyslipidemic hamster model.43

When given to humans at a dose of 100 mg/day, anacetra-
pib more than doubles the concentration of HDL-C and
reduces LDL-C levels by as much as 40% (over and above
the reduction achieved with a statin).26 In studies conducted
ex vivo, HDLs isolated from individuals taking anacetrapib
were found to have a normal or enhanced functionality,
as assessed by their ability to promote efflux of cholesterol
from macrophages.45 The safety of anacetrapib in humans
was investigated in the Determining the Efficacy and Toler-
ability of CETP Inhibition with Anacetrapib (DEFINE) trial.

DEFINE Trial
The DEFINE trial was an 18-month, randomized, double-
blind, placebo-controlled trial designed primarily to assess
the lipid efficacy and safety profile of anacetrapib in patients
with manifest coronary heart disease (CHD) or at high risk of
developing CHD. All 1623 participants were taking a statin to
achieve optimal levels of LDL-C before being randomized to
receive anacetrapib (100 mg/day) or matching placebo.26

Anacetrapib reduced the levels of LDL-C by more than
30% and increased the levels of HDL-C by 138%. Anacetrapib
had no effect on blood pressure or on electrolyte or aldoste-
rone levels in this study.

Although the DEFINE trial was designed primarily to
assess lipid efficacy and safety, prespecified CV endpoints
were also collected and analyzed. Prespecified adjudicated
CV events occurred in 16 patients treated with anacetrapib
(2%) and 21 patients who received placebo (2.6%)
(P¼0.40), providing a predictive probability of 94% that ana-
cetrapib would not be associated with the increase in CV
events seen with torcetrapib. Significantly fewer patients in
the anacetrapib group than in the placebo group underwent
revascularization (8 versus 28; P¼0.001),26 and in a post hoc
analysis of a composite endpoint that is commonly assessed
in other trials (death from any cause, MI, stroke, unstable
angina, or revascularization), it was found that an event
occurred in 27 patients in the anacetrapib group compared
with 43 in the placebo group (P¼0.048).26

Results of the DEFINE trial indicated that treatment with
anacetrapib may potentially have major beneficial effects
on levels of LDL-C and HDL-C, with no evidence of the
adverse CV effects observed with torcetrapib. This result
cleared the way for conducting a much larger trial designed
to test the hypothesis that treatment with anacetrapib would
reduce clinical CV events in statin-treated patients.

REVEAL Trial
The currently ongoing Randomized Evaluation of the Effects
of Anacetrapib through Lipid-modification (REVEAL) trial
(ClinicalTrials.gov number, NCT01252953) is a phase 3 trial
designed to determine whether treatment with anacetrapib
given at a daily dose of 100 mg reduces the risk of a compos-
ite endpoint (coronary death, MI, or coronary revasculariza-
tion) in patients with circulatory problems who have their
LDL-C optimally treated with a statin (Fig. 29-3). The trial
is planned to randomize 30,000 participants to receive either
anacetrapib 100 mg/day or matching placebo with a pre-
dicted follow up of approximately 4 years. This study will
include men and women with a history of MI, cerebrovascu-
lar atherosclerotic disease, peripheral arterial disease, or dia-
betes mellitus with other evidence of symptomatic CHD.

343

29Evo
lvin

g
Targ

ets
o
f
Th

erap
y:C

ETP
In
h
ib
itio

n



Evacetrapib
Evacetrapib is a novel benzazepine compound that is a
potent and selective inhibitor of CETP.61 It does not increase
blood pressure in rats, nor does it induce aldosterone or
cortisol biosynthesis in a human adrenal cortical carcinoma
cell line.61

The biochemical effects, safety, and tolerability of evacetra-
pib were investigated in a 12-week randomized, placebo-
controlled trial that included 398 patients with elevated levels
of LDL-C or low HDL-C levels.28 Evacetrapib was given either
as monotherapy or in combination with statins. Participants
were randomly assigned to receive placebo (n¼38) or evace-
trapib monotherapy at doses of 30 mg/day (n¼40), 100 mg/
day (n¼39), or 500 mg/day (n¼42). In addition, the effects
of evacetrapib at a dose of 100 mg/day were assessed in 239
patients taking statins. The primary endpoints were percent-
age changes from baseline in levels of HDL-C and LDL-C after
12 weeks of treatment. The mean baseline HDL-C level was
55.1 mg/dL, and the mean baseline LDL-C level was
144.3 mg/dL. When given as monotherapy, evacetrapib pro-
duced dose-dependent increases in HDL-C of 30 to 66 mg/
dL (54%–129%), compared with a decrease with placebo of
�0.7 mg/dL (�3.0%), and decreases in LDL-C of �21 to
�51.4 mg/dL (�14% to �36%), compared with an increase
with placebo of 7.2 mg/dL (3.9%). When given in combina-
tion with a statin, evacetrapib (100 mg/day) increased HDL-
C by 42.1 to 50.5 mg/dL (78.5%–88.5%) compared with statin
monotherapy and decreased LDL-C by 67.1 to 75.8 mg/dL
(11.2%–13.9%) compared with statin monotherapy. No
adverse effects of evacetrapib were observed in this study.28

This study provided the rationale for embarking on a large
clinical outcome trial.

ACCELERATE Trial
The ongoing Assessment of Clinical Effects of Cholesteryl
Ester Transfer Protein Inhibition with Evacetrapib in Patients
at a High-Risk for Vascular Outcomes (ACCELERATE) trial
(ClinicalTrials.gov number, NCT01687998) is a phase 3 trial
designed to investigate the effects of evacetrapib in high-risk

vascular patients (Fig. 29-4). A total of 11,000 high-risk par-
ticipants, all on statin therapy, will be randomized in a
double-blind design to receive evacetrapib 130 mg/day or
matching placebo, with a planned follow-up of up to 4 years.
The primary endpoint is time to first occurrence of the com-
posite endpoint of CV death, MI, stroke, coronary revascular-
ization, or hospitalization for unstable angina.

Other Cholesteryl Ester Transfer Protein
Inhibitors
Several other CETP inhibitors are in early development, but
to date, relatively little information on their effects in humans
is available. Future plans for these other inhibitors are cur-
rently not known.

MAJOR UNANSWERED QUESTIONS RELATED
TO CHOLESTERYL ESTER TRANSFER
PROTEIN INHIBITION

Several important questions related to CETP inhibition and
its role as a strategy to reduce CV risk still remain
unanswered.
1. The most fundamental still-unanswered question is: Does

inhibition of CETP reduce CV risk in humans?
2. If CETP inhibition does reduce CV risk, does the risk

reduction apply to all patient groups?
3. If CETP inhibition does reduce CV risk, is the benefit

related to the HDL raising or the lowering of atherogenic
non-HDL particles or to both?

4. Is the increase in concentration of HDL-C induced by
CETP inhibition accompanied by an increase in the level
of those HDL particles that have protective functions?

5. What is the mechanism of action of CETP inhibitors?
6. By what mechanism do CETP inhibitors lower the con-

centration of LDL-C?
The answers to all these questions are awaited with great

interest.

30,000 patients
aged > 50 with
with occlusive
arterial disease

REVEAL TRIAL

Anacetrapib 100 mg

Atorvastatin to
achieve LDL-C

target

Placebo

Primary end point
Coronary death, myocardial infarction, or

coronary revascularization

Planned 4 year
follow-up

Sites in North America, Europe, and Asia

FIGURE 29-3 Design of the REVEAL trial. TheREVEAL trial isdesigned todetermine
whether treatment with anacetrapib given at a dose of 100 mg/day reduces the risk
of a composite endpoint (coronary death, myocardial infarction, or coronary
revascularization) in patients with circulatory problems who have their LDL-C optimally
treated with a statin. The trial is planned to randomize 30,000 participants, all on
atorvastatin, to receive either anacetrapib 100 mg/day or a matching placebo, with a
predicted follow-up of approximately 4 years. This study will include men and women
with a history of myocardial infarction, cerebrovascular atherosclerotic disease,
peripheral arterial disease, or diabetes mellitus with other evidence of symptomatic
coronary heart disease. LDL-C, low-density lipoprotein cholesterol; REVEAL, randomized
evaluation of the effects of anacetrapib through lipid-modification.

11,000 high
risk vascular
disease patients
aged > 18 

ACCELERATE TRIAL

Evacetrapib 130 mg

Statin to achieve
LDL-C target

Placebo

Primary end point

Cardiovascular death, myocardial
infarction, stroke, coronary

revascularization, or hospitalization
for unstable angina

Planned 3 year
follow-up

Multinational study

FIGURE 29-4 Design of the ACCELERATE trial. The ACCELERATE trial is designed
to investigate the effects of evacetrapib in high-risk vascular patients. A total of 11,000
high-risk individuals, all on statin therapy, will be randomized in a double-blind design
to receive evacetrapib at a dose of 130 mg/day or matching placebo, with a planned
follow-up of approximately 3 years. The primary endpoint is time to first occurrence of
the composite endpoint of cardiovascular death, myocardial infarction, stroke,
coronary revascularization, or hospitalization for unstable angina. ACCELERATE,
assessment of clinical effects of cholesteryl ester transfer protein inhibition with
evacetrapib in patients at a high-risk for vascular outcomes; LDL-C, low-density
lipoprotein cholesterol.
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CONCLUSIONS

CETP inhibition in humans increases the concentration of
cholesterol in the potentially protective HDL fraction while
decreasing it in potentially atherogenic non-HDL fractions.
Inhibition of CETP in rabbits markedly reduces susceptibility
to the development of atherosclerosis. Gene polymorphisms
in the human CETP gene that are accompanied by a reduc-
tion in CETP activity, an increased concentration of HDL-C,
and a decreased concentration of LDL-C are associated with
a reduced CV risk. Adverse effects of torcetrapib unrelated to
CETP inhibition may have been responsible for the harm it
caused. Finally, the absence of benefit in the dal-OUTCOMES
trial may have reflected the fact that dalcetrapib was tested
in a population of patients with acute coronary syndrome, in
whom HDLs may not have been protective. Thus, a compel-
ling case exists for further testing the hypothesis that CV
events will be reduced by CETP inhibitors that are safe
and that double the level of HDL-C and decrease non-
HDL-C by approximately 30% over and above the cholesterol
lowering achieved with a statin. This hypothesis is currently
being tested in two large CV clinical endpoint trials.
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INTRODUCTION

Strategies aimed at lowering low-density lipoprotein choles-
terol (LDL-C), a well-established causative factor for cardio-
vascular disease (CVD),1,2 have long been integral to
preventing the development, or reducing the progression,
of atherosclerosis. Today, LDL-C reduction is considered
key to reducing morbidity and mortality related to first
and subsequent cardiovascular events3,4 on the basis
of numerous large prospective clinical trials.5–9 Despite
significant reductions in LDL-C with currently available
lipid-modifying therapies, most notably 3-hydroxy-3-methyl-
glutaryl–coenzyme A reductase inhibitors (statins), risk for
future cardiovascular events persists, even in those patients
able to reach the recommended National Cholesterol
Education Program Adult Treatment Panel III LDL-C goals.10

Recent studies have suggested that lowering LDL-C below
current targets may improve CVD outcomes further.11–15

In addition, a large and growing population is unable to
tolerate statins, or effective doses of statins, and available
alternative LDL-C–lowering therapies are of limited efficacy
or are beset by tolerability and long-term compliance prob-
lems.16–18 Furthermore, patients with more severe elevations
of LDL-C, especially those with familial hypercholesterol-
emia (FH), often fail to achieve even current treatment goals
despite good reductions with existing therapies.19,20 Thus, a
need for additional effective therapeutic modalities to
reduce LDL-C persists because many patients are unable
to achieve LDL-C goals with the currently available lipid-
lowering therapies.

Over the past decade, proprotein convertase subtilisin/
kexin 9 (PCSK9), a serine protease, has proven to be a novel
contributor to the pathways that regulate cholesterol metab-
olism and has emerged as an exciting potential target for
LDL-C reduction.21 PCSK9 plays a vital role in the metabo-
lism of LDL-C via interaction with, and subsequent degrada-
tion of, the LDL receptor (LDLR), which results in increased
plasma levels of LDL-C.22 This chapter describes the poten-
tial mechanisms for PCSK9 inhibition via PCSK9-targeted
therapies aimed at lowering LDL-C.

GENETICS OF PCSK9

Autosomal dominant hypercholesterolemia (ADH) mani-
fests a clinical phenotype that is consistent with the clinical
diagnosis of FH. It is characterized by elevations in LDL-C
and early risk of CVD, and is caused by defects in the clear-
ance of LDL by the LDLR. The most common forms of ADH
include heterozygous FH (HeFH) and the rarer homozygous
FH (HoFH), which results in severe elevations in LDL-C and
symptomatic coronary heart disease (CHD), often in child-
hood. Most commonly, ADH results from mutations in one
of the LDLR alleles (FH), less commonly from mutations
in the gene encoding apolipoprotein B (apoB), which is
the ligand for the LDLR (familial defective apoB), and infre-
quently from the more recently described gain-of-function
mutations in PCSK9.23 The recognition of PCSK9 as a cause
of ADH began in 2003, when Abifadel et al. described two
missense mutations in PCSK9, involving amino acid substitu-
tions S127R and F216L (Fig. 30-1), which did not have an
associated genetic linkage to LDLR or APOB. These muta-
tions resulted in PCSK9 overexpression and a clinical syn-
drome indistinguishable from ADH from other causes.24

This newly discovered third genetic locus associated with
ADH, termed HCHOLA3, or FH3, was mapped to chromo-
some 1p34.1-32, and favored a gain-of-function mecha-
nism.24 An additional point mutation, D374Y, initially
described in a large Utah pedigree25 and in Norwegian indi-
viduals,26 was also shown to produce the ADH phenotype.
All three mutations resulted in LDL-C levels two to six times
higher than normal.27 The molecular mechanisms involved
in ADH related to PCSK9mutations were found to be hetero-
geneous and included interfering with PCSK9 zymogen
autoprocessing to an active form, enhanced binding of
PCSK9 to the LDLR, and possibly other mechanisms, all sup-
porting a gain-of-function phenotype resulting in hypercho-
lesterolemia.28 To date, greater than 160 allelic variants that
produce PCSK9 mutations have been documented.29 The
spectrum of identified alleles has been shown to produce
wide-ranging effects on plasma LDL-C levels, with a limited
number of variants consistently associated with markedly
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elevated plasma LDL-C levels. This emphasizes the potential
importance of sequence variants that are relatively rare and
result in large phenotypic effects.30

However, PCSK9 variants that confer loss-of-function
mutations and result not only in reductions in plasma levels
of LDL-C, but also in a significant decrease in the lifelong
incidence of CHD, have been described in the Atheroscle-
rosis Risk in Communities (ARIC) study. ARIC was initiated
in 1987 as a longitudinal, prospective cohort study
designed to assess risk factors for atherosclerosis, both sub-
clinical and clinical.31,32 This study found that 2% of African
American individuals manifested sequence variations in
PCSK9, specifically, nonsense mutations (Y142X, C679X)
that resulted in a 28% reduction in LDL-C and an impressive
88% decrease in lifetime risk for CHD, whereas in 3.2% of
white individuals, a mutation at R46L was associated with
a 15% reduction in LDL-C and 47% decreased risk of
CHD. The observed decline in CHD risk was greater than
expected, which most likely indicates that lifelong reduc-
tion of LDL-C yields greater benefit than that seen in the rel-
atively short, 3- to 5-year statin trials.12–15 The lifelong
benefit of lower LDL-C associated with six genetic loss-of-
function PCSK9 mutations, which potentially result in
cardiovascular benefit, was recently confirmed by
reduced measures of subclinical atherosclerosis—carotid

intima–media thickness and coronary artery calcifica-
tion—in young to middle-aged adults.33 Loss-of-function
mutations have also been shown to be heterogeneous in
nature, with the greatest reduction in LDL-C resulting from
mutations that interfere with PCSK9 synthesis, cleavage, or
folding, or with secretion of the mature PCSK9 protein.34

The investigation into loss-of-function variants identified
the first compound heterozygote, an apparently healthy
32-year-old woman with two children who had two inacti-
vating mutations and no detectable PCSK9 (Fig. 30-2).34

An additional report described a second woman with
homozygous loss-of-function mutations in PCSK9, who
had very low LDL-C and no detectable PCSK9, but who
was otherwise healthy and fertile.35 PCSK9, therefore, does
not appear to be essential for human life. These observations
support the theory that PCSK9 deficiency that results in hypo-
cholesterolemia is likely caused by an increase in LDL clear-
ance, not by reduced LDL production. In total, the recent
identification of several variant alleles, resulting in both
loss-of-function and gain-of-function mutations, emphasizes
the importance not only of the absolute level of LDL-C, but
also of the duration of exposure, or cholesterol-year score,36

and suggests that the protective effects of LDL-C–lowering
variants are attributable to reduced lifelong exposure to
LDL-C37–39 (Fig. 30-3).
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PCSK9 STRUCTURE, PHYSIOLOGY,
AND FUNCTION

PCSK9, the ninth member of the K family of subtilisin-related
serine endoproteases, was first described in 2003 and was
initially called neural apoptosis-regulated convertase–140

because of its theoretical implication in the differentiation
of cortical neurons. PCSK9 is encoded on chromosome
1p32.341 and is the third major genetic locus for ADH
(1p34.1-p32),24 a locus associated with increased hepatic
secretion of LDL, which demonstrates possible implications
in the pathophysiology of hypercholesterolemia. Although
variations in PCSK9 are a rare cause of ADH, producing less
than 1% of clinically evident ADH,42,43 they constitute 10% to
25% percent of ADH cases that cannot be explained by LDLR
or APOB mutations. PCSK9 is synthesized predominantly
in the liver and intestines, and to a lesser extent in the

kidneys,40 as a 692–amino acid, 74-kDa, soluble precursor,
consisting of a signal peptide, followed by a prodomain,
a catalytic domain, and a C-terminal domain. Autocatalytic
cleavage, the only known enzymatic activity of PCSK9,
occurs in the endoplasmic reticulum, resulting in a
14-kDa N-terminal prodomain, a 60-kDa catalytic fragment,
and a C-terminal domain.44 The cleaved N-terminal pro-
domain remains tightly associated with the catalytic or
C-terminal domain; this complex undergoes a series of post-
translational modifications, and the N-terminal domain acts
as a guide for PCSK9 until it is secreted. PCSK9 has a half-
life of approximately 5 minutes and is cleared rapidly,
indicating a high rate of synthesis. Interactions between
the prodomain and catalytic or C-terminal domain are cru-
cial to PCSK9 secretion and function.27,37 In addition, secre-
tion of PCSK9 in extrahepatic tissues has been demonstrated
to promote LDLR degradation in the liver.44 Ex vivo studies
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using an adenovirus expressing PCSK9 in mice resulted
in increased levels of LDL-C in a manner dependent on
the LDLR function, not on hepatic cholesterol synthesis.
No changes were observed in LDLR messenger ribonucleic
acid (mRNA) levels, but the number of LDL receptors was
significantly decreased.21

Supporting a putative role for PCSK9 in lipid metabolism,
PCSK9 has been shown to be induced by a transcription fac-
tor, sterol regulatory element–binding protein–2 (SREBP-2),
which is also linked to the expression of 19 genes involved
in cholesterol and fatty acid synthesis, LDLR synthesis, and
cholesterol uptake by the LDLR.44,45 Disruption of the PCSK9
gene has been shown to result in PCSK9 elimination and
increased LDLR protein expression. Because statins reduce
intracellular cholesterol synthesis, which results in increased
SREBP-2 transcription of both the LDLR and PCSK9, the
cholesterol-lowering effect of statins is potentially attenuated
because of PCSK9 upregulation, suggesting a possible syner-
gistic effect of PCSK9 inhibition when combined with statin
therapy41 (Fig. 30-4). In one study, atorvastatin decreased
LDL-C levels by 42%, but increased PCSK9 levels by 34%,
which suggests that PCSK9 may reduce the efficacy of statin
therapy.46 Atorvastatin has also been shown to have a
greater impact on PCSK9 mRNA expression compared with
LDLR mRNA expression.46

Circulating PCSK9 levels vary throughout the day and are
synchronous with cholesterol synthesis, with lower PCSK9
levels in the fasting state, a nadir in the evening, and peak
levels during the night.47 Levels of PCSK9 have also been
shown to correlate with levels of total cholesterol (TC)
and LDL-C, and to a lesser extent with triglycerides (TGs)
and with age.48 PCSK9 levels are also higher in individuals
with dyslipidemia who are not on statin therapy compared

with healthy volunteers, and in statin-treated patients com-
pared with controls.41

Experiments with parabiotic mice44 determined that the
causal mechanism in the reduction in LDLR protein activity
and number, and the subsequent increase in plasma levels
of LDL-C, occurred via the interaction of circulating PCSK9
with the LDLR extracellularly at the cell surface, not intracel-
lularly. PCSK9 is then internalized with the LDLR to an endo-
somal or lysosomal compartment in an LDLR-dependent
manner (see Fig. 30-4). The discovery that circulating
PCSK9 acts extracellularly to decrease the number of LDLRs
raised the possibility of a number of therapeutic approaches
to reduce PCSK9 activity, among them an antibody that
binds PCSK9 and therefore prevents its interaction with
the LDLR.49

PCSK9 ROLE IN LOW-DENSITY LIPOPROTEIN
RECEPTOR DEGRADATION AND LOW-DENSITY
LIPOPROTEIN CHOLESTEROL REDUCTION

The mechanism by which PCSK9 interacts with the LDLR
was further studied in a cell culture infected with an adeno-
virus that overexpressed PCSK9. A dramatic decrease in
LDLR whole-cell and cell-surface levels was observed, and
the degradation of mature LDLR protein increased signifi-
cantly in a post–endoplasmic reticulum compartment.22

No effect on LDLR synthesis was observed. Secreted PCSK9
was found to bind directly to the extracellular domain of the
LDLR, remained fully functional after binding, retained bio-
logic activity, and was endocytosed with the LDLR. Endocy-
tosis of PCSK9 appears to be dependent not only on an
interaction with the LDLR, but also on the autosomal
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FIGURE 30-4 A PCSK9 inhibitor is expected to be additive to statins in LDL lowering. Statins inhibit cholesterol biosynthesis, leading to increased cellular SREBP-2 activity,
and increased transcription of SREBP-2 -inducible LDLR and PCSK9 mRNA. Therefore, statins increase cellular LDLR protein, leading to increased LDL clearance and lower circulating
LDL. At the same time, statins also increase PCSK9 protein, which binds to the LDLR and triggers LDLR protein trafficking to the lysosome for degradation. Therefore, a statin-induced
PCSK9 increase limits the efficacy of LDL lowering. The introduction of a PCSK9 inhibitor would disrupt the interaction between PCSK9 and the LDLR, raise LDLR protein, and be
additive to statins in LDL lowering. ER, endoplasmic reticulum; LDL, low-density lipoprotein; LDLR, LDL receptor; mAb, monoclonal antibody; mRNa, messenger ribonucleic acid;
PCSK9, proprotein convertase subtilisin/kexin 9; SREBP-2, sterol regulatory element–binding protein–2. (Adapted from Zhang L, McCabe T. An anti-PCSK9 antibody reduces LDL-
cholesterol on top of a statin and suppresses hepatocyte SREBP-regulated genes. Int J Biol Sci. 2012;8(3):310-327.)
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recessive hypercholesterolemia adaptor protein required for
internalization of the LDLR.50 Studies subsequently deter-
mined that the interaction of PCSK9 with the LDLR occurred
in a manner that disrupted the recycling of LDLR to the cell
surface.51 The first epidermal growth factor (EGF)–like
repeat (EGF-A) in the EGF homology domain of the LDLR
is necessary for the dissociation of LDLR from lipoproteins
in the endosomal compartment following internalization
and the subsequent recycling of the LDLR to the cell surface.
At the low pH in the endosome, the LDLR ligand-binding
domain to apoB is physically associated with the EGF precur-
sor homology domain, and conformational changes in the
LDLR result in release of lipoproteins and recycling of the
LDLR to the cell surface. In contrast, a direct interaction
between PCSK9 and the extracellular domain of the LDLR
at the EGF-A domain interferes with receptor recycling by
causing the LDLR to be rerouted to the lysosome.51,52 The
binding of PCSK9 to the EGF-A precursor homology domain
is 50 times higher in the acidic environment of the endo-
some; that is, PCSK9 is not easily dislodged, and the confor-
mational changes necessary for LDLR recycling are
prevented, thus interfering with receptor recycling in a pH-
dependent manner.53

Circulating PCSK9 is inactivated by the proteolytic activity
of the convertases furin and PC5/6A, and likely occurs at the
hepatocyte cell surface; PCSK9 mRNA is also regulated by
furin.54 Circulating furin-cleaved PCSK9 has a two fold
reduced affinity for the LDLR and is less efficient than intact
PCSK9 at regulating LDLR activity.55 Therapies targeting

PCSK9 should, therefore, neutralize both cleaved and intact
forms of PCSK9 for maximal efficacy. Studies show that the
LDL-C/PCSK9 ratios are lower in normocholesterolemia than
in HeFH and HoFH, indicating that defective LDLR activity
has a greater impact on LDL-C levels than on PCSK9 levels
and that clearance of PCSK9 also occurs by an LDLR-
independent pathway.56

POTENTIAL PCSK9-TARGETED THERAPIES

PCSK9 inhibition as a potential therapeutic target appears
promising for several reasons57:
1. PCSK9 is unequivocally known to contribute to a reduc-

tion in LDLR activity through increased LDLR degradation
and subsequent increase in LDL-C levels.

2. In epidemiologic studies, demonstrated loss-of-function
mutations in the PCSK9 gene were associated with statis-
tically significant reductions in LDL-C levels and cardio-
vascular events, and no offsetting increase in morbidity
or mortality.31

3. Mendelian randomization studies of loss-of-function
mutations in PCSK9 resulted in reduced LDL-C and
decreased CVD.36

4. Individualswithhomozygous loss-of-functionmutations for
PCSK9, undetectable plasma PCSK9, and LDL-C levels less
than 15 mg/dL have been described who have no known
physical, mental, or reproductive abnormalities.34,35

PCSK9 inhibition has already been targeted by a number
of mechanisms (Fig. 30-5), and several pharmaceutical
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FIGURE 30-5 PCSK9-mediated regulation LDLR levels and potential therapeutic targets. 1, PCSK9 is a protease that is synthesized as an enzyme precursor. Following
synthesis, PCSK9 undergoes autocatalytic cleavage, which is required for secretion from the cell. Although cleaved, the two domains of PCSK9 remain together. When LDL-C
binds to the LDLR, they are both internalized into the cell. The process of LDLR internalization via binding LDL-C is the mechanism by which LDL-C is removed from circulation.
2a, If the cholesterol-bound LDLR is also bound to PCSK9, the LDLR is redirected for lysosomal degradation and prevented from recycling to the cell surface. 2b, If an
internalized LDLR is not bound to PCSK9, the receptor is recycled to the cell surface, where it continues to remove LDL-C from circulation. LDL-C, low-density lipoprotein
receptor cholesterol; LDLR, low-density lipoprotein receptor; PCSK9, proprotein convertase subtilisin/kexin 9; siRNA, small interfering RNA. (Adapted from Lou, K. The secreted
secret of PCSK9. SciBX. 2009;2(22):1-3.)
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developmental approaches are currently being investigated
in preclinical and clinical studies. These include gene-
silencing techniques, such as antisense oligonucleotides
(ASOs) and small interfering RNAs (siRNAs), small molecule
inhibitors, peptide mimetics, and monoclonal antibodies
(mABs), which is the most advanced therapeutic approach
to date (Table 30-1).57–61

Gene-Silencing Techniques: Antisense
Oligonucleotides and Small Interfering
Ribonucleic Acid
Gene-silencing techniques target intracellular production of
PCSK9, which leads to reduced extracellular levels of PCSK9
to bind to the LDLR. Both ASOs and siRNAs decrease PCSK9
expression and production through nucleic acid–based ther-
apeutics that interfere with RNA function. Oligonucleotides
are relatively short (<25 nucleotides), single-stranded deoxy-
ribonucleic acid (DNA) molecules that theoretically hybrid-
ize to a unique sequence of a specific target; the single
nucleic acid strand of an ASO is complementary to themRNA
target. Following hybridization, the ASO inhibits translation
and splicing, leading to degradation of the mRNA by
mRNAase. The two classes of ASOs are (1) RNAase H–depen-
dent oligonucleotides, which induce RNA degradation, and
(2) steric-blocker oligonucleotides, which physically prevent
or inhibit the progression of splicing or the translational pro-
cess. The kinetics of ASOs favor a large, rapid distribution to
the liver after parenteral administration, making ASO technol-
ogy theoretically an attractive mechanism for inhibiting
PCSK9 mRNA and reducing PCSK9 transcription. ASO tech-
nology has also advanced to second-generation ASOs, which
have enhanced resistance to degradation by cellular nucle-
ases, increased hybridization affinity to specific targets, and
improved efficacy to inhibit RNA translation, and to third-
generation ASOs, or locked nucleic acid ASOs, both of which
havepotentialmechanisms for targetingPCSK9expression.62–64

To test this approach, a proof-of-concept study in animals
was undertaken by Graham et al. using a second-generation
ASO complementary tomouse PCSK9 (ISIS 394814; ISIS Phar-
maceuticals, Carlsbad, California).65 When given intraperito-
neally to hyperlipidemic mice twice weekly for 6 weeks,
PCSK9 mRNA decreased by approximately 92%, the LDLR
protein increased greater than twofold, and LDL-C was
reduced by 32%. Similarly, the efficacy of a third-generation
locked nucleic acid ASO (SPC-5001; Santaris Pharma,
Hørsholm, Denmark), which had a conformational restriction

that enhanced hybridization, comprising 13 nucleotides, was
evaluated inmice with a single intravenous injection and also
with weekly injections for 7 weeks. PCSK9 mRNA expression
was reduced by approximately 60%, an effect that lastedmore
than 16 days; two- to three fold higher levels of LDLR protein
were also observed.61 However, despite the promising animal
studies, both the ISIS Pharmaceuticals and Santaris ASOs
were terminated during phase 1 trials for reasons that so far
remain undisclosed. Recently, Idera Pharmaceuticals (Cam-
bridge, Massachusetts) reported that another gene-silencing
ASO in preclinical development reduced the level of PCSK9
mRNA in mice and resulted in a decrease in LDL-C
concentration.64

RNA interference is the naturally occurring mechanism by
which double-stranded RNA potently silences gene expres-
sion. Double-stranded RNA is processed to siRNA, 15 to 30
nucleotides in length, by an endonuclease. siRNAs are
bound to a nuclease complex that triggers the unwinding
of the siRNA, and the antisense siRNA strand is then directed
to a complementary target mRNA in a sequence-specific
manner, which results in degradation of the mRNA and
prevents translation of a specified protein66 (Fig. 30-6). Pre-
clinical trials of an siRNA developed by Alnylam Pharmaceu-
ticals (Cambridge, Massachusetts; ALN-PCS), which uses a
lipidoid nanoparticle technology to deliver siRNAs specific
to PCSK9 to hepatocytes, resulted in a maximal silencing
of hepatic PCSK9 mRNA of 60% to 70%, a greater than 500-
fold reduction in circulating PCSK9 levels, a marked
increase in LDLR protein levels, and a reduction of 30% in
TC.67 More recently, Alnylam reported interim phase 1 data68

from a randomized, single-blind, placebo-controlled, single
ascending dose (SAD) study in healthy adults with mild
hypercholesterolemia; the treatment resulted in a reduction
in PCSK9 levels by up to 84% of baseline values (with the
highest dose tested) and dose-dependent reduction in
LDL-C by up to 50%. No safety or tolerability concerns were
noted in this short-term trial. Recently, The Medicines Com-
pany (Parsippany, New Jersey) and Alnylam announced
an alliance for the development and commercialization
of Alnylam’s ALN-PCS RNA interference therapeutic
program.69

Small Molecule Inhibitors and Small
Peptide Mimetics
Small molecule inhibitors that interfere with PCSK9 proces-
sing, for example, self-cleavage or secretion) and synthetic

TABLE 30-1 Therapeutic Approaches Against PCSK9 in Clinical Development
COMPOUND MECHANISM OF ACTION DEVELOPMENT PHASE COMPANY REFERENCES

Alirocumab
SAR236553/REGN727

mAb to PCSK9 Phase 3 Sanofi-Aventis/Regeneron 84

Evolocumab
AMG145

mAb to PCSK9 Phase 3 Amgen 90

RG7652 mAb to PCSK9 Phase 2 Roche/Genentech 95

Bococizumab
PF-04950615/RN316

mAb to PCSK9 Phase 2 Pfizer/Rinat 97

LY3015014 mAb to PCSK9 Phase 2 Eli Lilly 96

BMS-962476 Binding protein to PCSK9 Phase 1 Bristol-Myers Squibb 77

ALN-PCS siRNA to decrease PCSK9 synthesis Phase 1 Alnylam Pharmaceuticals 69

mAb, monoclonal antibody; PCSK9, proprotein convertase subtilisin/kexin 9; siRNA, small interfering RNA.
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peptide mimetics that block protein function are theoretically
possible but are challenging because of the limited under-
standing of the molecular mechanisms governing PCSK9.
Important questions remain about the route of plasma PCSK9
transport, whether PCSK9 is associated with lipoproteins, and
the possibility that PCSK9 has a biologic function other than
the degradation of LDLR. The fact that the effect of PCSK9
onLDLRactivity is independent of PCSK9proteolytic function,
and that PCSK9 catalytic activity is not required for LDLR deg-
radation, also contributes to the challenges of this approach.37

Small peptide mimetics that interfere with the interaction
of PCSK9 with the LDLR via an extracellular mechanism

have been reported. Because the LDLR EGF-A domain is
the site of binding of the PCSK9 catalytic domain to the
LDLR, interference at the EGF-A binding site provides a
potentially attractive target.51 The ability of an LDLR EGF-A
subfragment peptide to inhibit the PCSK9-induced degrada-
tion of the LDLR was initially demonstrated in hepatocyte
cell culture.70 Mutations associated with the EGF-A domain
result in increased affinity of PCSK9 for the LDLR and pro-
duce the FH phenotype (D374Y, D374H). The molecular
mechanisms by which these mutations increase binding
affinity were first demonstrated in cell-based assays in which
circulating PCSK9 was actively inhibited by direct
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FIGURE 30-6 Mechanism of gene silencing by RNAi. The pathway of RNAi can be broken down into two main phases. In the first phase, long dsRNA is processed by an
RNase III enzyme into duplexes of siRNA of 21 to 24 nucleotides. Exogenous synthetic siRNAs or endogenous expressed siRNAs can also be incorporated into the RISC, thereby
bypassing the requirement for dsRNA processing. In the second phase, siRNAs are incorporated into the multiprotein RISC. ADP, adenosine diphosphate; ATP, adenosine
triphosphate; dsRNA, double-stranded RNA; HIV, human immunodeficiency virus; RISC, RNA-induced silencing complex; RNA, ribonucleic acid; RNAi, ribonucleic acid
interference; siRNA, small interfering RNA. (Adapted from Stevenson M. Therapeutic potential of RNA interference. N Engl J Med. 2004; 351:1772-1777.)
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competition for the extracellular domain of the LDLR.71,72

Experiments using a soluble recombinant LDLR subfrag-
ment, which consisted of EGF-A–like repeats that interfered
with the binding of PCSK9 to LDLR on the cell surface, dem-
onstrated that secreted PCSK9 contributed significantly to
the PCSK9-mediated degradation of LDLRs.72 Inhibition of
PCSK9 activity by an EGF-A–associated gain-of-function
mutation (H306Y; also associated with FH) induced nearly
complete recovery of LDLR function in cell-based assays,
which was consistent with the concept that PCSK9 activity
occurs primarily after secretion from the cell. This peptide
also increased LDLR expression in two other gain-of-function
mutations (D374Y, S127R), which suggests that if an intracel-
lular pathway in PCSK9-mediated LDLR degradation exists, it
plays a minor role. The ability of the recombinant EGF-A
(H306Y) peptide to antagonistically result in the increased
expression of LDLR protein supports the concept that the
binding of secreted PCSK9 to the EGF-A domain is an initial
and necessary step in the downregulation of LDLR recycling
via rerouting of the receptor–PCSK9 complex to the lyso-
some for degradation.72 Currently, a targeted approach to
PCSK9 inhibition using small peptide mimetics and small
molecule inhibitors is hindered by less effective binding
affinity for the LDLR than mABs, and the potential necessity
for frequent dosing because of low serum half-lives. This
technology is, however, being pursued by Serometrix (Pitts-
ford, New York), which has a small peptide mimetic (SX-
PCK9) currently in preclinical development, and by Shifa
(Malvern, Pennsylvania), which has a small molecule inhib-
itor, also in preclinical development, that mechanistically
prevents PCSK9 processing and secretion.73,74

Immunization
Immunization is being studied as a possible mechanism for
PCSK9 inhibition. Fattori et al. reported an immunologic
knockdown method in mice, which produced a transient
humoral response against a target protein, specifically
PCSK9.75 This method achieved a polyclonal response that
included high antibody titers to PCSK9 and efficiently neutral-
ized its activity, resulting in a 66% decrease in circulating
PCSK9 levels and a twofold rise in hepatic LDLR levels.75 After
2 weeks, a 60% decrease in plasma LDL-C level was observed.

Binding Proteins to PCSK9
BristolMyers Squibb (NewYorkCity, NewYork) andAdnexus
Therapeutics (Waltham, Massachusetts) have developed a
proprietary fusion protein called an adnectin,76 which is a tar-
geted biologic produced from fibronectin, an extracellular
protein that naturally binds to many different proteins.
Adnectins have the binding arms modified to bind to specific
therapeutic targets and are produced via an Escherichia
coli–based manufacturing process. This technology has been
applied in the development of BMS-962476, a PCSK9 inhibitor
currently in phase 1 testing in an ongoing SAD safety study
that includes patients with hypercholesterolemia who are
otherwise healthy and patients on statin therapy.77

Monoclonal Antibodies
The most advanced and promising approach to PCSK9-
targeted inhibition is the binding and neutralization of circu-
lating plasma PCSK9 with mAbs that disrupt its interaction
with the LDLR.78

In 2009, Chan et al.79 demonstrated that a PCSK9-
neutralizing antibody in mice and nonhuman primates inter-
fered with the interaction of PCSK9 and the LDLR, resulting
in increased LDLR expression and LDL uptake. Mice engi-
neered to express fully human immunoglobulin G (IgG) anti-
bodies were immunized with human PCSK9, producing a
fully human mAb to human PCSK9, initially termed mAb1.
These investigators demonstrated that the mAb inhibited cir-
culating PCSK9, thus blocking binding to the LDLR. In non-
human primates, a single injection of mAb1 rapidly lowered
TC and LDL-C as early as 8 hours following injection, with a
reduction in LDL-C of up to 80% at 10 days.79 These early
experiments suggested that the action of the mAb to PCSK9
was additive to, and possibly synergistic with, statins,
because the activity in vitro was more than that caused by
statin or mAb treatment alone.79 Currently, several pharma-
ceutical companies are conducting human trials with mAbs
to PCSK9 (see Table 30-1), with the most advanced pro-
grams having recently entered phase 3 trials, and others in
phase 2 development.

Sanofi (Paris, France) and Regeneron (Tarrytown, New
York) are codeveloping a fully human mAb to PCSK9, aliro-
cumab (SAR236553), originally developed by Regeneron
(REGN727). Phase 1 and 2 data have already been
reported,80–83 and a large phase 3 program, including an
18,000-patient cardiovascular outcome trial, has com-
menced.84 The first report of treatment with a mAb in
humans80 was with REGN727, including three studies, and
conclusively demonstrated the proof of concept for PCSK9
inhibition as a powerful therapeutic intervention for reduc-
ing LDL-C.80 The two SAD trials were carried out in healthy
volunteers with baseline LDL-C levels greater than 100 mg/
dL. REGN727 was administered either intravenously at doses
of 0.3, 1, 3, 6, or 12 mg/kg body weight or subcutaneously at
doses of 50, 100, 150, or 250 mg and produced statistically
significant reductions in LDL-C from 28% to 65% in a dose-
dependent manner. Duration of LDL-C lowering was also
dependent on the dose of REGN727. The multiple ascending
dose (MAD) trial assessed the safety and the efficacy of
REGN727 by including various patient populations: patients
with HeFH who were also treated with atorvastatin, hyper-
cholesterolemic patients without FH who were also treated
with atorvastatin, and hypercholesterolemic patients with-
out FH who were treated with diet alone. Participants were
randomized to receive placebo or subcutaneous REGN727
doses of 50, 100, or 150 mg on days 1, 29, and 43. This design
allowed a 4-week safety evaluation period between the first
and second doses. In the patients who also received atorva-
statin, LDL-C levels, as measured by ultracentrifugation, were
reduced in a dose-dependent manner by 39%, 54%, and 61%,
respectively, compared with placebo, and the mean change
from baseline LDL-C was greater than 46% 2 weeks after
administration of the first 150-mg dose. In patients treated
with diet alone, REGN727 150 mg reduced LDL-C by 57%
compared with placebo. In all three cohorts, maximum
LDL-C lowering was observed 2 weeks after REGN727 admin-
istration, and the response was similar in the patients with or
without FH, and also in the atorvastatin and diet-alone
cohorts. Similar, although slightly lesser, reductions were
seen in apoB, TC, and non–high-density lipoprotein choles-
terol (non–HDL-C). In the atorvastatin group, small increases
in HDL-C and apoA-I levels and moderate reductions in lipo-
protein(a) [Lp(a)] were noted. No individuals discontinued
participation because of an adverse event, and no definite
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evidence of drug-related adverse events was noted. One
patient in the SAD trials had asymptomatic creatine kinase
elevations to greater than 10 times the upper limit of normal
(ULN), and 13% of participants in the MAD trial who also
received atorvastatin had asymptomatic creatine kinase
levels more than 3 times the ULN. A decrease in plasma
PCSK9 levels correlated with LDL-C reductions, further sup-
porting a primary role for circulating PCSK9 in LDLR
regulation.

Alirocumabwas further studied in three phase 2 trials, with
a total of 352 participants.81–83 In the first trial, McKenney
et al. examined the safety and efficacy of REGN727 in
patients with primary hypercholesterolemia who were on
stable atorvastatin therapy (10, 20, or 40 mg/day).81 As in
the phase 1 trials, a dose–response relationship was
observed, with LDL-C reductions of 40%, 64%, and 72%
observed with 50-, 100-, and 150-mg doses, respectively,
administered every 2 weeks. However, much larger doses,
200 and 300 mg, given every 4 weeks, did not produce addi-
tional reductions in LDL-C at 2 weeks after dosing, and
despite the doubling of doses, resulted in reductions in
LDL-C of only 43% and 48%, respectively. These results indi-
cated that administering alirocumab every 2 weeks, versus
every 4 weeks at twice the dose, was a more favorable regi-
men, with greater andmore consistent efficacy. LDL-C lower-
ing was unaffected by the dose of atorvastatin. Statistically
significant reductions in apoB (27%–56%), non–HDL-C
(34%–63%), and Lp(a) (13%–29%) were observed in all treat-
ment groups, with a trend toward increased HDL-C and
apoA-I levels. No evidence of increased clinical or laboratory
side effects, including elevations in hepatic transaminases or
muscle enzymes, were seen with the increase in the dosage.
One patient developed leukocytoclastic vasculitis 9 days
after receiving 300 mg alirocumab, which responded rapidly
to drug withdrawal and steroid administration; no other clin-
ical sequelae were observed. Larger trials will further assess
this potential side effect. Overall, the number of adverse
events was similar in the treatment and placebo groups.

The phase 2 trial in HeFH patients required an entry LDL-C
level of 100 mg/dL or greater on stable statin therapy with or
without ezetimibe.82 A total of 77 patients were randomized
to receive alirocumab at doses of 150, 200, or 300 mg subcu-
taneously every 4 weeks, alirocumab 150 mg subcutane-
ously every 2 weeks, or placebo, and were stratified by
ezetimibe use. Mean LDL-C reductions at 12 weeks, com-
pared with baseline levels, ranged from 28.9% to 67.9% on
treatment with alirocumab. One patient in the group receiv-
ing alirocumab 300 mg every 4 weeks withdrew from the
study because of an injection site reaction and generalized
pruritus, which eventually resolved without further interven-
tion. Treatment-related adverse events were slightly higher
with alirocumab compared with placebo; increases of
greater than 3 times the ULN were noted in hepatic transam-
inases and creatine kinase. This trial assessed higher doses of
alirocumab, in a larger HeFH group that likely had a greater
diversity of LDLR defects and greater than 40% with CHD;
many were treated with more intensive statin therapy and
greater than 70% were on ezetimibe. Because greater than
80% of the patients achieved LDL-C levels of less than
70 mg/dL, this study highlights the potential of alirocumab
for the treatment of HeFH patients.

A third phase 2 trial of alirocumab, reported by Roth et al.,
randomized 92 patients with baseline LDL-C levels greater
than 100 mg/dL on stable treatment with atorvastatin

10 mg/day to receive atorvastatin 10 mg/day plus subcu-
taneous alirocumab every 2 weeks, atorvastatin 80 mg/day
plus subcutaneous alirocumab every 2 weeks, or atorva-
statin 80 mg/day plus subcutaneous placebo for 8 weeks.83

The mean reduction in calculated LDL-C at 8 weeks from
baseline was 66.2% in the atorvastatin 10 mg plus alirocu-
mab group, 73.2% in the atorvastatin 80 mg plus alirocumab
group, and 17.3% in the atorvastatin 80 mg plus placebo
group. Of the patients who received atorvastatin plus alirocu-
mab, all achieved LDL-C levels less than 100 mg/dL, and
more than 90% achieved levels less than 70 mg/dL. The small
difference observed in LDL-C reduction between the 10- and
80-mg atorvastatin groups that also received alirocumab
indicated that when PCSK9 was maximally inhibited, con-
comitant statin therapy at high doses might not be necessary
to enable most patients to achieve LDL-C goals. Consistent
with previous phase 1 and phase 2 studies, statistically signif-
icant reductions in other lipid parameters, including apoB,
non–HDL-C, TC, and Lp(a), were observed. One patient
assigned to the atorvastatin 80 mg plus alirocumab group,
who had a mildly elevated aspartate aminotransferase level
at baseline, had an increase in aspartate aminotransferase
more than 3 times the ULN that was transient in nature.

Sanofi and Regeneron have launched a comprehensive,
global phase 3 program, called ODYSSEY, for alirocumab,
with enrollment initiated in 2012. This program will examine
greater than 22,000 patients in more than 10 clinical trials,
including an 18,000-patient cardiovascular outcomes trial.
The phase 3 program will also evaluate the long-term safety
and efficacy of alirocumab administered as a single injection
every 2 weeks, both as monotherapy and in combination
with other lipid-lowering agents, in varied patient popula-
tions, including those at high cardiovascular risk, both FH
and non-FH patients, and those unable to tolerate statin
therapy.84

Amgen Pharmaceuticals (Thousand Oaks, California) has
also reported phase 1 and 2 data on a fully human mAb to
PCSK9, evolocumab (AMG145), and phase 3 trials are cur-
rently under way.85–90 Dias et al. reported phase 1 trial data85

on two ascending dose studies: (1) a phase 1a SAD trial
involving healthy adults randomized to one of seven
cohorts, with cohorts receiving a single subcutaneous dose
of AMG145 ranging from 7 to 420 mg and two cohorts receiv-
ing a single intravenous dose of AMG145, either 21 or
420 mg; and (2) a phase Ib MAD trial of patients with hyper-
cholesterolemia randomized to seven cohorts, with six
cohorts on low- to high-dose statins, and one HeFH cohort
receiving subcutaneous doses of AMG145 ranging from
14 mg/week in six doses to 420 mg every 4 weeks in two
doses. Those on higher statin doses and those in the HeFH
cohort were administered AMG145 140 mg subcutaneously
every 2 weeks in three doses. Dose-dependent reductions
in LDL-C were seen in both studies—up to 64% in the SAD
trial and up to 75% in the MAD trial—across all cohorts
receiving 21 mg or greater; reductions were independent
of statin type or dose. In contrast to REGN727, AMG145
administered every 4 weeks resulted in sustained reductions
over the 4-week dosing interval. Significant reductions in
apoB and Lp(a) were also observed. The safety and tolera-
bility profile of AMG145 was similar to that of placebo, no
serious adverse events were reported, and no neutralizing
antibodies to PCSK9 were detected.

Amgen has reported data on AMG145 in four phase 2
global trials involving greater than 1300 randomized
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patients. The efficacy endpoint in all the trials was based on
LDL-C measured by ultracentrifugation, and all trials
included 12 weeks of treatment. The Monoclonal Antibody
against PCSK9 to Reduce Elevated LDL-C in Subjects Cur-
rently Not Receiving Drug Therapy for Easing Lipid Levels
(MENDEL) trial examined the efficacy, safety, and tolerabil-
ity of AMG145, ezetimibe, or placebo as monotherapy in 411
patients with hypercholesterolemia and baseline LDL-C
greater than 100 mg/dL who were at low risk for CVD.86

Patients randomized to AMG145 were administered one of
six subcutaneous doses, ranging from 70 mg every 2 weeks
to 420 mg every 4 weeks; one cohort received ezetimibe
only. Analysis of the primary efficacy endpoint, the percent
change from baseline LDL-C at 12 weeks, showed reductions
of 41%, 43.9%, and 50.9% with AMG145 70, 105, and 140 mg
administered every 2 weeks, respectively; 39%, 43.2%, and
48% with AMG145 280, 350, and 420 mg administered every
4 weeks, respectively; 14.7% with ezetimibe; and 3.7% with
placebo administered every 2 weeks; and an increase of
4.5% with placebo administered every 4 weeks. Treatment-
related adverse events occurred with similar frequency in
the placebo and AMG145 groups. Three serious adverse
events were noted in patients treated with AMG145: appen-
dicitis, humerus fracture, and IgA nephropathy. None was
determined to be treatment related. One 50-year-old man
had an ischemic stroke while receiving AMG145 420 mg
every 4 weeks, and he was found to have a history of tran-
sient ischemic attack and angiographic evidence of verte-
bral artery stenosis; this event was also determined not to
be related to treatment. Creatine kinase elevation of greater
than five times the ULN occurred in 6 patients receiving
AMG145; 1 patient had elevations greater than 10 times
the ULN. All conditions were asymptomatic and resolved
spontaneously. Two patients had transaminase elevations
greater than 3 times the ULN, and both were asymptomatic;
their conditions also resolved spontaneously, and all
completed treatment.
The LDL-C Assessment with PCSK9 Monoclonal Antibody

Inhibition Combined with Statin Therapy–Thrombolysis in
Myocardial Infarction 57 (LAPLACE–TIMI 57) phase 2 trial
of AMG145 randomized 631 patients with a baseline LDL-C
greater than 85 mg/dL on stable doses of statin therapy, with
or without ezetimibe, to receive AMG145 or placebo.87 In
this dose-ranging study, patients were given AMG145 in
one of six doses, 70 to 240 mg subcutaneously every 2 weeks
or 280 to 420 mg subcutaneously every 4 weeks. Reductions
in the primary efficacy endpoint of percent change from
baseline in LDL-C at 12 weeks were 41.8% to 66.1% in the
groups receiving AMG145 every 2 weeks, and 41.8% to
50.3% in the groups receiving AMG145 every 4 weeks. No
serious adverse events were reported. The trial size enabled
adjudication of cardiovascular events, which showed no
imbalance between the AMG145 and placebo groups. Both
the MENDEL and LAPLACE phase 2 trials demonstrated
rapid and clinically significant reductions in LDL-C with or
without concomitant statin therapy.
Reduction of LDL-C with PCSK9 Inhibition in Heterozygous

Familial Hypercholesterolemia Disorder (RUTHERFORD)
study was a phase 2 trial of AMG145 in HeFH patients on
intensive statin therapy, with or without ezetimibe88; 168
HeFH patients, who had a mean baseline LDL-C greater
than 150 mg/dL, were randomized to receive placebo or
AMG145 350 or 420 mg subcutaneously every 4 weeks.
Reductions in LDL-C at 12 weeks, compared with baseline,

for the 350- and 450-mg dosing groups were 43% and 55%,
respectively; 60% of patients achieved LDL-C levels less than
70 mg/dL, an important target in these patients at the highest
risk for CVD. Twenty-one percent of the patients in this study
had existing CHD. LDL-C was determined by preparative
ultracentrifugation, the reference method, in this and all
AMG 145 phase 2 studies, because it is well documented that
LDL-C obtained by using the Friedewald calculation signifi-
cantly underestimates LDL-C when less than 70 mg/dL, and
the negative bias increases with lower LDL-C and higher TG
levels.91,92 Statistically significant decreases were observed
in Lp(a) of up to 30% and also in TGs.

The phase 2 AMG145 program also included the Goal
Achievement after Utilizing an Anti-PCSK9 Antibody in Statin
Intolerant Subjects (GAUSS) study in an important and grow-
ing group of patients—those intolerant to statin therapy. It
has been estimated that 10% to 20% of statin-treated patients
are unable to tolerate statins, or higher doses of statins,
because of muscle-related side effects.16 The trial random-
ized 160 patients to receive AMG145 only, 280, 350, or
420 mg subcutaneously, every 4 weeks; AMG145 420 mg sub-
cutaneously plus ezetimibe every 4 weeks; ezetimibe alone;
or placebo. Mean reductions in LDL-C at 12 weeks, com-
pared with baseline, ranged from 41% to 63% in a dose-
dependent manner, with the greatest reduction seen in
the AMG145-plus-ezetimibe group.89 Amgen has recently
started its phase 3 program, including a CVD outcome trial,
Further Cardiovascular Outcomes Research with PCSK9
Inhibition in Subjects with Elevated Risk (FOURIER), which
includes 22,500 patients with a history of clinically evident
CVD and who are at high risk for a recurrent event.90

Several other pharmaceutical companies, including
Novartis (Basel, Switzerland; LGT209) and Merck & Co
(Whitehouse Station, New Jersey; 1D05-IgG2), have reported
the development of mABs to PCSK9. However, neither of
these appears to have advanced to human trials.93,94 Compa-
nies such as Roche/Genentech (Basel, Switzerland;
RG7652),95 Eli Lilly (Indianapolis, Indiana; LY3015014),96

and Pfizer (New York City, New York; bococizumab,
RN316)97 have active clinical programs for mABs to PCSK9
(see Table 30-1), which are mostly in phase 2 development.
Pfizer has reported pooled data from two phase 2 studies of
RN316 in patients on intensive statin therapy with an average
baseline LDL-C of 123 mg/dL. These patients received one of
four weekly intravenous doses of RN316 over 4 weeks or pla-
cebo; LDL-C reductions were dose-dependent, up to 56% at
the highest dose; however, in a somewhat unusual design for
short-term phase 2 trials, greater than 50% of patients in the
two highest dosing groups had treatment interrupted when
LDL-C fell to less than 25 mg/dL. In those patients who
received all doses, reductions of up to 75% in LDL-C, com-
pared with baseline, were observed.97

CONCLUSIONS

On the basis of currently available data from the large
number of pharmaceutical companies actively pursuing
PCSK9-targeted therapies, PCSK9 inhibition is an exciting
and promising potential breakthrough in the lowering of
LDL-C, and potentially, Lp(a). The development of PCSK9
inhibitors has progressed extremely rapidly from the discov-
ery of the genetic link of PCSK9 gain-of-function mutations to
ADH in 2003, to first-in-human studies in 2009, to large phase
3 programs currently in progress. The clinical significance of
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PCSK9 inhibition as a mechanism to reduce LDL-C levels
substantially cannot be understated, because several patient
populations are currently unable to achieve their LDL-C
goals, including patients with FH, high-risk patients on max-
imal doses of currently available lipid-modifying therapies,
and patients unable to tolerate existing LDL-C–lowering
drugs. Large phase 3 cardiovascular outcome trials with
two mAbs are already under way, and it remains to be seen
whether PCSK9 inhibition will add to the significant reduc-
tion in CVD achieved over the last two decades with statins.

CONFLICTS OF INTEREST

Dr. Turner’s institution has received funding for clinical trials
from Alnylam, Amgen, BMS, Genentech, Novartis, Regen-
eron, and Sanofi. Dr. Raal has received consulting fees from
Amgen and Sanofi related to PCSK9 inhibitors, and his insti-
tution has received research funding related to PCSK9 inhib-
itor clinical trials from Amgen and Sanofi. Dr. Stein has
received consulting fees from Amgen, Adnexus Therapeu-
tics, Genentech, Regeneron, and Sanofi related to PCSK9
inhibitors, and his institution has received research funding
related to PCSK9 clinical trials from Alnylam, Amgen, BMS,
Genentech, Novartis, Regeneron, and Sanofi.

References
1. Wilson P, D’Agostino R, Levy D, et al. Prediction of coronary heart disease using risk factor cat-

egories. Circulation 1998;97:1837–47.
2. Grundy SM, Pasternak R, Greenland P, et al. Assessment of cardiovascular risk by use of multiple-

risk-factor assessment equations: a statement for healthcare professionals from the American

Heart Association and the American College of Cardiology. Circulation 1999;100:1481–92.
3. Nicholls SJ, Ballantyne CM, Barter PJ, et al. Effect of two intensive statin regimens on progression

of coronary disease. N Engl J Med 2011;365:2078–87.
4. Heart Protection Study Collaborative Group. MRC/BHF Heart Protection Study of cholesterol low-

ering with simvastatin in 20,536 high-risk individuals: a randomized placebo-controlled trial.

Lancet 2002;360:7–22.
5. Randomised trial of cholesterol lowering in 4444 patients with coronary heart disease: the Scan-

dinavian Simvastatin Survival Study (4S). Lancet 1994;344:1383–9.
6. The Long-Term Intervention with Pravastatin in Ischaemic Disease (LIPID) Study Group. Preven-

tion of cardiovascular events and death with pravastatin in patients with coronary heart disease

and a broad range of initial cholesterol levels. N Engl J Med 1998;339:1349–57.
7. Downs JR, Clearfield M, Weis S, et al. Primary prevention of acute coronary events with lovastatin

in men and women with average cholesterol levels: results of AFCAPS/TexCAPS: AirForce/Texas

Coronary Atherosclerosis Prevention Study. JAMA 1998;279:1615–22.
8. Sacks FM, Pfeffer MA, Moye LA, et al. The effect of pravastatin on coronary events after myocardial

infarction in patients with average cholesterol levels. N Engl J Med 1996;335:1001–9.
9. Shepherd J, Cobbe SM, Ford I, et al. Prevention of coronary heart disease with pravastatin in men

with hypercholesterolemia. N Engl J Med 1995;333:1301–7.
10. Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Exec-

utive summary of the Third Report of the National Cholesterol Education Program (NCEP) Expert

Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treat-

ment Panel III). JAMA 2001;285:2486–97.
11. Cannon CP, Braunwald E, McCabe CH, et al. Intensive versus moderate lipid lowering with statins

after acute coronary syndromes. N Engl J Med 2004;350:1495–504.
12. Murphy SA, Cannon CP,Wiviott SD, et al. Reduction in recurrent cardiovascular events with inten-

sive lipid-lowering statin therapy compared with moderate lipid-lowering statin therapy after

acute coronary syndromes from the PROVE IT-TIMI 22 (Pravastatin or Atorvastatin Evaluation

and Infection Therapy-Thrombolysis In Myocardial Infarction 22) trial. J Am Coll Cardiol
2009;54:2358–62.

13. LaRosa JC, Grundy SM, Shear C, et al. Intensive lipid lowering with atorvastatin in patients with

stable coronary disease for the treating to new targets (TNT) Investigators. N Engl J Med
2005;52:1425–35.

14. Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to prevent vascular events in men and

women with elevated C-reactive protein. N Engl J Med 2008;359:2195–207.
15. Baigent C, Blackwell L, Emberson J, et al. Efficacy and safety of more intensive lowering of LDL

cholesterol: a meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet
2010;376:1670–81.

16. Bruckert E, Hayem G, Dejager S, et al. Mild to moderate muscular symptoms with high dosage

statin therapy in hyperlipidemic patients: the PRIMO study. Cardiovasc Drugs Ther
2005;19:403–14.

17. Stein EA, Ballantyne CM, Windler E, et al. Efficacy and tolerability of fluvastatin XL 80 mg alone,

ezetimibe alone, and the combination of fluvastatin XL 80 mg with ezetimibe in patients with a

history of muscle-related side effects with other statins. Am J Cardiol 2008;101:490–6.
18. Backes JM, Moriarty PM, Ruisinger JF, et al. Effects of once weekly rosuvastatin among patients

with a prior statin intolerance. Am J Cardiol 2007;100:554–5.
19. Stein E, Stender S, Mata P, et al. Achieving lipoprotein goals in patients at high risk with severe

hypercholesterolemia: efficacy and safety of ezetimibe co-administered with atorvastatin. Am
Heart J 2004;148:447–55.

20. Stein EA, Ose L, Retterstol K, et al. Further reductions in low-density lipoprotein cholesterol and C-

reactive protein with the addition of ezetimibe to maximum dose rosuvastatin in patients with

severe hypercholesterolemia. J Clin Lipidol 2007;1:280–6.
21. Maxwell KN, Breslow JL. Adenoviral-mediated expression of PCSK9 in mice results in a low-

density lipoprotein receptor knockout phenotype. Proc Natl Acad Sci U S A 2004;101:7100–5.

22. Maxwell KN, Fisher EA, Breslow JL. Overexpression of PCSK9 accelerates the degradation of

the LDLR in a post-endoplasmic reticulum compartment. Proc Natl Acad Sci U S A
2005;102:2069–74.

23. Rader DJ, Cohen J, Hobbs HH. Monogenic hypercholesterolemia: new insights in pathogenesis

and treatment. J Clin Invest 2003;111:1795–803.
24. Abifadel M, Varret M, Rabès JP, et al. Mutations in PCSK9 cause autosomal dominant hypercho-

lesterolemia. Nat Genet 2003;34:154–6.
25. Timms KM, Wagner S, Samuels ME, et al. A mutation in PCSK9 causing autosomal-dominant

hypercholesterolemia in a Utah pedigree. Hum Genet 2004;114:349–53.
26. Leren TP. Mutations in the PCSK9 gene in Norwegian subjects with autosomal dominant hyper-

cholesterolemia. Clin Genet 2004;65:419–22.
27. Benjannet S, Rhainds D, Essalmani R, et al. NARC-1/PCSK9 and its natural mutants: zymogen

cleavage and effects on the low density lipoprotein (LDL) receptor and LDL cholesterol. Biol
Chem 2004;279:48865–75.

28. Pandit S, Wisniewski D, Santoro JC, et al. Functional analysis of sites within PCSK9 responsible for

hypercholesterolemia. J Lipid Res 2008;49:1333–43.
29. Leigh, Leren TP, Humphries SE. PCSK9 database. Atherosclerosis 2009;203:32–3.
30. Kotowski IK, Pertsemlidis A, Luke A, et al. A spectrum of PCSK9 alleles contributes to plasma

levels of low-density lipoprotein cholesterol. Am J Hum Genet 2006;78:410–22.
31. Cohen JC, Boerwinkle E, Mosley Jr TH, et al. Sequence variations in PCSK9, low LDL, and protec-

tion against coronary heart disease. N Engl J Med 2006;354:1264–72.
32. The ARIC. Investigators. The Atherosclerosis Risk in Communities (ARIC) Study: design and

objectives. Am J Epidemiol 1989;129:687–702.
33. Huang CC, Fornage M, Lloyd-Jones DM, et al. Longitudinal association of PCSK9 sequence var-

iations with low-density lipoprotein cholesterol levels: the Coronary Artery Risk Development

in Young Adults Study. Circ Cardiovasc Genet 2009;2:354–61.
34. Zhao Z, Tuakli-Wosornu Y, Kinch L, et al. Molecular characterization of loss-of-functionmutations

in PCSK9 and identification of a compound heterozygote. Am J Hum Genet 2006;79:514–23.
35. Hooper AJ, Marais AD, Tanyanyiwa DM, et al. The C679Xmutation in PCSK9 is present and lowers

blood cholesterol in a Southern African population. Atherosclerosis 2007;193:445–8.
36. Ference BA, Yoo W, Alesh I, et al. Effect of long-term exposure to lower low-density lipoprotein

cholesterol beginning early in life on the risk of coronary heart disease: a Mendelian randomiza-

tion analysis. J Am Coll Cardiol 2012;60:2631–9.
37. Horton JD, Cohen JC, Hobbs HH. PCSK9: a convertase that coordinates LDL catabolism. J Lipid

Res 2009;50(Suppl):S172–S177.
38. Guella I, Asselta R, Ardissino D, et al. Effects of PCSK9 genetic variants on plasma LDL cholesterol

levels and risk of premature myocardial infarction in the Italian population. J Lipid Res
2010;51:3342–9.

39. Humphries SE, Neely RD,Whittall RA, et al. Healthy individuals carrying the PCSK9 p.R46L variant

and familial hypercholesterolemia patients carrying PCSK9 p.D374Y exhibit lower plasma con-

centrations of PCSK9. Clin Chem 2009;55:2153–61.
40. Seidah NG, Benjannet S, Wickham L, et al. The secretory proprotein convertase neural apoptosis-

regulated convertase 1 (NARC-1): liver regeneration and neuronal differentiation. Proc Natl Acad
Sci U S A 2003;100:928–33.

41. Davignon J, Dubuc G. Statins and ezetimibe modulate plasma proprotein convertase subtilisin

kexin-9 (PCSK9) levels. Trans Am Clin Climatol Assoc 2009;120:163–73.
42. Marduel M, Carrié A, Sassolas A, et al. Molecular spectrum of autosomal dominant hypercholes-

terolemia in France. Hum Mutat 2010;31:E1811–E1824.
43. Allard D, Amsellem S, Abifadel M, et al. Novel mutations of the PCSK9 gene cause variable phe-

notype of autosomal dominant hypercholesterolemia. Hum Mutat 2005;26:497.
44. Lagace TA, Curtis DE, Garuti R, et al. Secreted PCSK9 decreases the number of LDL receptors in

hepatocytes and in livers of parabiotic mice. J Clin Invest 2006;116:2995–3005.
45. Horton JD, Shah NA, et al. Combined analysis of oligonucleotide microarray data from trans-

genic and knockout mice identifies direct SREBP target genes. Proc Natl Acad Sci 2003;

100:12027–32.
46. Careskey HE, Davis RA, AlbornWE, et al. Atorvastatin increases human serum levels of proprotein

convertase subtilisin/kexin type 9. J Lipid Res 2008;49:394–8.
47. Persson L, Cao G, Ståhle L, et al. Circulating proprotein convertase subtilisin kexin type 9 has a

diurnal rhythm synchronous with cholesterol synthesis and is reduced by fasting in humans.

Arterioscler Thromb Vasc Biol 2010;30:2666–72.
48. Lakoski SG, Lagace TA, Cohen JC, et al. Genetic and metabolic determinants of plasma PCSK9

levels. J Clin Endocrinol Metab 2009;94:2537–43.
49. Costet P, Krempf M, Cariou B. PCSK9 and LDL cholesterol: unravelling the target to design the

bullet. Trends Biochem Sci 2008;33:426–34.
50. Qian Y, Schmidt R, Zhang Y, et al. Secreted PCSK9 down regulates low density lipoprotein recep-

tor through receptor-mediated endocytosis. J Lipid Res 2007;48:1488–98.
51. Zhang DW, Lagace TA, Garuti R, et al. Binding of proprotein convertase subtilisin/kexin type 9 to

epidermal growth factor-like repeat A of low density lipoprotein receptor decreases receptor recy-

cling and increases degradation. J Biol Chem 2007;282:18602–12.
52. Kwon HJ, Lagace TA, McNutt MC, et al. Molecular basis for LDL receptor recognition by PCSK9.

Proc Natl Acad Sci U S A 2008;105:1820–5.
53. Lo Surdo P, Bottomley MJ, Calzetta A, et al. Mechanistic implications for LDL receptor degrada-

tion from the PCSK9/LDLR structure at neutral pH. EMBO Rep 2011;12:1300–5.
54. Essalmani R, Susan-Resiga D, Chamberland A, et al. In vivo evidence that furin from hepatocytes

inactivates PCSK9. J Biol Chem 2011;286:4257–63.
55. Lipari MT, Li W, Moran P, et al. Furin-cleaved proprotein convertase subtilisin/kexin type 9

(PCSK9) is active and modulates low density lipoprotein receptor and serum cholesterol levels.

J Biol Chem 2012;287:43482–91.
56. Cameron J, Bogsrud MP, Tveten K, et al. Serum levels of proprotein convertase subtilisin/kexin

type 9 in subjects with familial hypercholesterolemia indicate that proprotein convertase subtil-

isin/kexin type 9 is cleared from plasma by low-density lipoprotein receptor-independent path-

ways. Transl Res 2012;160:125–30.
57. Ferri N. Proprotein convertase subtilisin/kexin type 9: from the discovery to the development of

new therapies for cardiovascular diseases. Scientifica 2012;2012:927352.
58. Zhang L, McCabe T, Condra JH, et al. An anti-PCSK9 antibody reduces LDL-Cholesterol on top of a

statin and suppresses hepatocyte SREBP-regulated genes. Int J Biol Sci 2012;8:310–27.
59. Tavori H, Fazio S. PCSK9, a novel target for lowering LDL cholesterol: promise and progress. Clin

Lipidol 2012;7:611–5.
60. Dowdall M. Highlighting the future potential of PCSK9-targeted therapeutics. Clin Lipidol

2012;7:599–601.
61. Gupta N, Fisker N. A locked nucleic acid antisense oligonucleotide (LNA) silences PCSK9 and

enhances LDLR expression in vitro and in vivo. PLoS One 2010;5:1–9.
62. Crooke ST. Progress in antisense technology. Ann Rev Med 2004;55:61–95.
63. Kauppinen S, Vester B, Wengel J. Locked nucleic acid (LNA): High affinity targeting of RNA for

diagnostics and therapeutics. Drug Discov Today Tech 2005;2:287–90.
64. LaMonica N, Jiang W, Bhagat L, Kandimalla E, Agrawal S. Design and characterization of novel

gene silencing oligonucleotides. Cell Symposium on Regulatory RNAs. 2011. Available at: http://

ir.iderapharma.com/phoenix.zhtml?c=208904&p=irol-newsArticle&ID=1615857&highlight=.

Accessed August 25, 2014.

356

III

TH
ER

A
PY



65. Graham MJ, Lemonidis KM, Whipple CP, et al. Antisense inhibition of proprotein convertase sub-

tilisin/kexin type 9 reduces serum LDL in hyperlipidemic mice. J Lipid Res 2007;48:763–7.
66. Stevenson M. Therapeutic potential of RNA interference. N Engl J Med 2004;351:1772–7.
67. Frank-Kamenetsky M, Grefhorst A, Anderson NN, et al. Therapeutic RNAi targeting PCSK9 acutely

lowers plasma cholesterol in rodents and LDL cholesterol in nonhuman primates. Proc Natl Acad
Sci U S A 2008;105:11915–20.

68. Fitgerald K, Frank-Kamenetsky M, Mant T, et al. Phase I Safety, pharmacokinetic, and pharmaco-

dynamic results for ALN-PCS: A novel RNAi therapeutic for the treatment of hypercholesterol-

emia. Arterioscler Thromb Vasc Biol 2012;32:A67.
69. The Medicines Company and Alnylam form strategic alliance to develop and commercialize

RNAi therapeutics targeting PCSK9 for the treatment of hypercholesterolemia. Available at:

http://ir.themedicinescompany.com/phoenix.zhtml?c¼122204&p¼irol-newsArticle&

ID¼1783867&highlight. Accessed August 25, 2014.

70. Shan L, Pang L, Zhang R, et al. PCSK9 binds to multiple receptors and can be functionally inhib-

ited by an EGF-A peptide. Biochem Biophys Res Commun 2008;375:69–73.
71. Bottomley MJ, Cirillo A, Orsatti L, et al. Structural and biochemical characterization of the wild

type PCSK9-EGF(AB) complex and natural familial hypercholesterolemia mutants. J Biol Chem
2009;284:1313–23.

72. McNutt MC, Kwon HJ, Chen C, et al. Antagonism of secreted PCSK9 increases low density lipo-

protein receptor expression in HepG2 cells. J Biol Chem 2009;284:10561–70.
73. Serometrix Predictive drug Discovery. SX-PCK9. Available at: http://www.serometrix.com/

pipeline.html. Accessed August 25, 2014.

74. Sherin S. Structure based search for novel antihypercholesterolemic agent. Grant 5R44HL092712-

03 from National Heart, Lung, and Blood Institute. Available at: http://search.engrant.com/

project/LYKSuJ/structure-based_search_for_novel_antihypercholestrolemic_agents. Accessed

June 23, 2014.

75. Fattori E, Cappelletti M, Lo Surdo P, et al. Immunization against proprotein convertase

subtilisin-like/kexin type 9 lowers plasma LDL-cholesterol levels in mice. J Lipid Res
2012;53:1654–61.

76. Fibronectin based scaffold domain proteins. Available at: http://www.google.com/patents/

WO2011130354A1?cl=en. Accessed August 25, 2014.

77. Single ascending dose safety study of BMS-962476 in healthy subjects and patients with elevated

cholesterol on statins. Available at: http://clinicaltrials.gov/show/NCT01587365. Accessed August

25, 2014.

78. Rhainds D, Arsenault BJ, Tardif JC. PCSK9 inhibition and LDL cholesterol lowering: the biology of

an attractive therapeutic target and critical review of the latest clinical trials. Clin Lipidol
2012;7:621–40.

79. Chan JC, Piper DE, Cao Q, et al. A proprotein convertase subtilisin/kexin type 9 neutralizing anti-

body reduces serum cholesterol in mice and nonhuman primates. Proc Natl Acad Sci U S A
2009;106:9820–5.

80. Stein EA, Mellis S, Yancopoulos GD, et al. Effect of a monoclonal antibody to PCSK9 on LDL cho-

lesterol. N Engl J Med 2012;366:1108–18.
81. McKenney JM, Koren MJ, Kereiakes DJ, et al. Safety and efficacy of a monoclonal antibody to

proprotein convertase subtilisin/kexin type 9 serine protease, SAR236553/REGN727, in patients

with primary hypercholesterolemia receiving ongoing stable atorvastatin therapy. J Am Coll Car-
diol 2012;59:2344–53.

82. Stein EA, Gipe D, Bergeron J, et al. Effect of a monoclonal antibody to PCSK9, REGN727/

SAR236553, to reduce low-density lipoprotein cholesterol in patients with heterozygous familial

hypercholesterolaemia on stable statin dose with or without ezetimibe therapy: a phase 2 rando-

mised controlled trial. Lancet 2012;380:29–36.
83. Roth EM, McKenney JM, Hanotin C, et al. Atorvastatin with or without an antibody to PCSK9 in

primary hypercholesterolemia. N Engl J Med 2012;367:1891–900.
84. Stein EA, Swergold GD. Potential of proprotein convertase subtilisin/kexin type 9 based therapeu-

tics. Curr Atheroscler Rep 2013;15:310.
85. Dias CS, Shaywitz AJ, Wasserman SM, et al. Effects of AMG 145 on low-density lipoprotein cho-

lesterol levels: results from 2 randomized, double-blind, placebo-controlled, ascending-dose

phase 1 studies in healthy volunteers and hypercholesterolemic subjects on statins. J Am Coll

Cardiol. 12;60:1888-1898.

86. Koren MJ, Scott R, Kim JB, et al. Efficacy, safety, and tolerability of a monoclonal antibody to

proprotein convertase subtilisin/kexin type 9 as monotherapy in patients with hypercholestero-

laemia (MENDEL): a randomised, double-blind, placebo-controlled, phase 2 study. Lancet
2012;380:1995–2006.

87. Giugliano RP, Desai NR, Kohli P, et al. for the LAPLACE-TIMI 57 Investigators. Efficacy, safety, and

tolerability of a monoclonal antibody to proprotein convertase subtilisin/kexin type 9 in combi-

nation with a statin in patients with hypercholesterolaemia (LAPLACE-TIMI 57): a randomised,

placebo-controlled, dose-ranging, phase 2 study. Lancet 2012;380:2007–17.
88. Raal F, Scott R, Somaratne R, et al. Low-density lipoprotein cholesterol–lowering effects of AMG

145, a monoclonal antibody to proprotein convertase subtilisin/kexin type 9 serine protease in

patients with heterozygous familial hypercholesterolemia: the reduction of LDL-C with PCSK9

inhibition in heterozygous familial hypercholesterolemia disorder (RUTHERFORD) randomized

trial. Circulation 2012;126:2408–17.
89. Sullivan D, Olsson AG, Scott R, et al. Effect of AMG 145, a monoclonal antibody to PCSK9, on LDL

cholesterol levels in statin-intolerantpatients: theGAUSSrandomizedtrial. JAMA2012;308:2497–506.
90. Amgen 145 phase3 trials. Availablet at: http://www.clinicaltrials.gov/ct2/results?term¼amg+145&

recr¼Open. Accessed March 01, 2013.

91. Scharnagl H, Nauck M, Wieland H, et al. The Friedewald formula underestimates LDL cholesterol

at low concentrations. Clin Chem Lab Med 2001;39:426–31.
92. Turner T, Plunkett N, Miller J, et al. Validity of calculated LDL cholesterol by the Friedewald for-

mula compared to LDL cholesterol measured by ultracentrifugation in patients with very low LDL.

Abstract A-105. Clin Chem 2012;58:A32.
93. LGT209 Novartis. Available at: http://www.novartis.com/downloads/investors/shareholders-

information/japanese-investors/full-year-results/novartis-presentation-fresco-january-25-2012-jp.

pdf. Accessed August 25, 2014.

94. Ni YG, Condra JH, Orsatti L, et al. A proprotein convertase subtilisin-like/kexin type 9 (PCSK9) C-

terminal domain antibody antigen-binding fragment inhibits PCSK9 internalization and restores

low density lipoprotein uptake. J Biol Chem 2010;285:12882–91.
95. A Phase II Study of the Safety and Efficacy of MPSK3169A in Patients With Coronary Heart Disease

or High Risk of Coronary Heart Disease. Available at: http://www.clinicaltrials.gov/ct2/show/

NCT01609140?term¼MPSK3169A&rank¼1>. Accessed August 25, 2014.

96. A Study of LY3015014 in Healthy Participants With Elevated Low Density Lipoprotein Cholesterol.

Available at: http://www.clinicaltrials.gov/ct2/show/NCT01426412?term¼ly3015014&rank¼1.

Accessed August 25, 2014.

97. Gumbiner B, Joh T, Udata C, et al. Effects of 12 weeks of treatment with RN316 (PF-04950615), a

humanized IgG2Δa monoclonal antibody binding proprotein convertase subtilisin kexin type 9,

in hypercholesterolemic subjects on high- and maximal-dose statins (abstract). Circulation
2012;126:2782.

357

30Evo
lvin

g
Targ

ets
o
f
Th

erap
y:PC

SK
9
In
h
ib
itio

n



31 Evolving Targets of Therapy:
Inflammation as a Method to Predict
and Prevent Cardiovascular Events
Paul M. Ridker

INTRODUCTION, 358

PART I: INFLAMMATORY
BIOMARKERS AND
CARDIOVASCULAR RISK, 358
Inflammation and Statin

Therapy, 359

Alternative Inflammatory
Biomarkers, 360

PART II: DIRECT TESTS OF THE
INFLAMMATORY HYPOTHESIS OF
ATHEROTHROMBOSIS, 360
Agents that do not Directly Affect

the Central Interleukin-1–Tumor

Necrosis Factor-α–Interleukin-6
Signaling Pathway, 360

Agents that Directly Inhibit the
Central Interleukin-1–Tumor
Necrosis Factor-α–Interleukin-6
Signaling Pathway, 362

REFERENCES, 365

INTRODUCTION

Reduction of low-density lipoprotein cholesterol (LDL-C)
with statin therapy is the single most important pharma-
cologic treatment available for the prevention of myocardial
infarction (MI), stroke, and cardiovascular death. However,
half of all occlusive vascular events occur in individuals
without overt hyperlipidemia, and statin therapy has been
shown to be highly effective at reducing vascular events
even among those with low cholesterol levels. Part of the
explanation of this paradox lies in the fact that atherothrom-
bosis is no longer considered solely a disorder of lipopro-
tein accumulation in the vessel wall. Rather, multiple
processes relevant to innate and acquired immunity inter-
act with blood lipids to influence all stages of atheroscle-
rotic lesion development. In addition to being potent
lipid-lowering drugs, statins are now understood to have
clinically important antiinflammatory effects. Inflammatory
biomarkers such as “upstream” interleukin-6 (IL-6) and
“downstream” high-sensitivity C-reactive protein (hsCRP)
have proven to be as predictive of future cardiovascular risk
as total cholesterol (TC) and high-density lipoprotein
cholesterol (HDL-C). Further, on-treatment levels of hsCRP
have consistently been shown to determine residual risk,
indicating that a persistent proinflammatory state is a major
vascular concern.

Partly as a result of these data, inflammation within the
vessel wall is now considered a viable target for atheropro-
tection. Emerging antiinflammatory approaches to vascular
protection may be categorized broadly into two groups: (1)
those that target the central IL-6 inflammatory signaling path-
way and (2) those that do not.1 To date, several phase 3 trials
have been completed for three putative antiinflammatory
agents that do not affect the central IL-6 pathway (succobu-
cinol, varespladib, and darapladib), and hard outcome trials
of agents that do inhibit IL-6 signaling are under way (meth-
otrexate and canakinumab).

In Part I of this chapter, evidence for the use of
inflammatory biomarkers in contemporary cardiovascular
clinical practice is reviewed, and Part II provides an over-
view of completed and ongoing clinical trials directly testing
the inflammatory hypothesis of atherothrombosis.

PART I: INFLAMMATORY BIOMARKERS
AND CARDIOVASCULAR RISK

In addition to lipid accumulation within a vulnerable vessel
wall, atherothrombosis is now understood to have inflamma-
tory influences that interact with atherogenic lipoproteins to
aggressively promote disease progression.2 Formation of the
fatty streak, perhaps the earliest expression of atherogenesis,
involves recruitment of leukocytes by specific adhesion mol-
ecules expressed by endothelial cells. In turn, these mono-
cytes or macrophages trigger production of inflammatory
cytokines, including IL-1, tumor necrosis factor–α (TNF-α),
and IL-6. Migration of inflammatory cells into the subendothe-
lial space typically follows this cytokine expansion, a process
that stimulates proliferation of the smooth muscle cells and
leads to plaque progression. As recently reviewed elsewhere,
multiple cell types derived from monocyte or macrophage
lines have been implicated in this process, as have a host
of novel chemokines, cytokines, and adhesionmolecules that
are derived from the vessel wall or adipose tissue.3,4

In clinical settings, the best studied systemic biomarker
reflective of this vascular proinflammatory process is the
acute-phase reactant CRP. When measured with high-
sensitivity assays (hsCRP), basal levels of this liver-derived
protein independently predict risk of future MI, stroke,
peripheral arterial disease, and sudden cardiac death
among apparently healthy individuals, even when LDL-C
levels are low.5 In recent comprehensive meta-analyses,
the multivariable hazard for future vascular events associ-
ated with hsCRP was fully comparable with that of blood
pressure or cholesterol (Fig. 31-1).6 Further, as demon-
strated in the Emerging Risk Factors Collaboration, the incre-
mental utility of hsCRP as a discriminator of risk is similar to
that of TC and HDL-C.7 Because hsCRP reflects a component
of vascular risk different from cholesterol, the addition of
hsCRP to lipid evaluation has provided a clinical opportu-
nity to introduce concepts of vascular inflammation into
contemporary cardiovascular practice.

Practice guidelines for the use of hsCRP in primary preven-
tion were first introduced in 2003.8 For stable outpatients free
of known cardiovascular disease, hsCRP levels less than 1, 1
to 3, and greater than 3 mg/L correspond to lower, moderate,
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and higher relative levels of vascular risk, respectively, when
considered in the context of usual risk factors. Screening for
hsCRP is not required, but should be done at the discretion
of the physician as part of a global risk evaluation, particu-
larly for those at “intermediate” risk when uncertainty exists.
This approach is consistent with formal guidelines from the
Canadian Cardiovascular Society9 and the National Lipid
Association,10 and in the most recent 2013 guidelines for risk
assessment issued by the American College of Cardiology
and the American Heart Association.11 Values of hsCRP in
excess of 8 to 10 mg/L may represent an acute-phase
response caused by infection and should lead to repeat test-
ing in approximately 2 to 3 weeks. Because hsCRP levels are
stable over long periods, are not altered with food intake,
and have minimal circadian variation, screening is typically
done on an outpatient basis at the time of routine lipid
evaluation.
Although traditional prediction models such as the

Framingham Risk Score incorporate data on age, gender,
diabetes, blood pressure, TC, and HDL-C, newer risk predic-
tion tools such as the Reynolds Risk Score also use hsCRP (as
a measure of inflammatory risk) and family history (as a
marker of genetic risk).12,13 In independent cohorts, the
Reynolds Risk Score has better discrimination and calibra-
tion compared with the Framingham Risk Score,14 and pro-
vides improved predictive information for vascular disease
progression.15 The magnitude of this effect is modest, but
could have a large impact on a population level.
In addition to the utility of hsCRP in primary prevention,

elevated levels of hsCRP also indicate increased risk in the set-
ting of acute coronary ischemia and in long-term secondary
prevention, with data supporting the concept that inflamma-
tion plays a critical role in all stages of atherothrombosis. Of
interest, hsCRP levels correlate only modestly with the extent
of underlying atherosclerotic disease, as measured by carotid
intima–media thickness or by coronary calcification. Thus,
hsCRP does not simply reflect the presence of underlying dis-
ease, but rather appears to indicate an increased likelihood
for acute plaque rupture. Elevated hsCRP levels occur more
frequently among patients with frankly ruptured plaques
than in those with erosive disease. In other disorders asso-
ciated with a systemic inflammatory response (such as

rheumatoid arthritis) or in settings where exogenous inflam-
mation occurs (such as during hemodialysis), hsCRP remains
associated with incident vascular events. Finally, hsCRP is a
predictor of incident diabetes among those with and without
underlying insulin resistance and correlates with multiple
components of metabolic syndrome.16,17

Inflammation and Statin Therapy
The finding of a persistent elevation of hsCRP shouldmotivate
patients to improve dietary patterns, cease smoking, and
increase exercise levels, all of which lower inflammation
and lower vascular risk. Beyond lifestyle change, the use of
statin therapy to reduce vascular risk among individuals with
elevated hsCRP is an important emerging clinical concept.

Statins have long been known to reduce hsCRP levels in a
manner largely unrelated to LDL reduction.18 In secondary
prevention, the level of hsCRP has been shown to determine,
in part, the magnitude of clinical benefit associated with
statin therapy.19 Further, on-treatment levels of hsCRP are
as potent a predictor of “residual risk” as are on-treatment
levels of LDL-C, with data suggesting that the achievement
of “dual goals” for both LDL-C and hsCRP should be encour-
aged after statin initiation.20 In particular, in the Pravastatin or
Atorvastatin Evaluation and InfectionTherapy–Thrombolysis
in Myocardial Infarction 22 (PROVE IT–TIMI 22) trial in
patients with acute coronary syndrome, achieving levels of
hsCRP less than 2 mg/L while on statin therapy was as impor-
tant for long-termsurvival aswasachieving levelsof LDL-C less
than 70 mg/dL.21 In that study, superior survival outcomes
were observed among those who achieved both of these
dual goals (Fig. 31-2), which is a finding consistent with
intravascular ultrasound (IVUS) data that indicated coronary

0.5 1.0 1.2 1.4

hsCRP 

Systolic BP 

Total cholesterol 

Non-HDLC 

1.37 (1.27–1.48)

1.35 (1.25–1.45)

1.16 (1.06–1.28)

1.28 (1.16–1.40)

Risk ratio (95%CI)

Risk ratio (95%CI) per 1-SD higher usual values 

Adjusted for age, gender, smoking, diabetes, BMI, triglycerides, 
alcohol, lipid levels, and hsCRP 

FIGURE 31-1 Magnitude of clinical risk associated with a 1-SD increase in
hsCRP compared with a 1-SD increase in BP or cholesterol, after adjustment
for other usual risk markers. BP, blood pressure; BMI, body mass index; CI,
confidence interval; HDLC, high-density lipoprotein cholesterol; hsCRP, high-
sensitivity C-reactive protein; SD, standard deviation. (Modified from Kaptoge S, Di
Angelantonio E, Lowe G, et al. C-reactive protein concentration and risk of coronary
heart disease, stroke, and mortality: an individual participant meta-analysis. Lancet.
2010;375:132-140.)
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FIGURE 31-2 Clinical outcomes in acute coronary ischemia patients treated
with statin therapy are superior in those who achieve low levels of both LDL
and CRP, demonstrating the concept of dual lipid and inflammatory targets
for atheroprotection in secondary prevention. CRP, C-reactive protein; LDL,
low-density lipoprotein. (Modified from Ridker PM, Cannon CP, Morrow D, et al.
C-reactive protein levels and outcomes after statin therapy. N Engl J Med
2005;352:20-28.)
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regression with statin therapy only among those with con-
comitant hsCRP reduction.22

In 2008, the 17,000-participant Justification for the Use of
Statins in Prevention: an Intervention Trial Evaluating
Rosuvastatin (JUPITER) provided evidence that statin ther-
apy may reduce vascular event rates among primary preven-
tion patients without hyperlipidemia who are nonetheless at
elevated risk because of increased levels of hsCRP.23 In the
JUPITER trial, in apparently healthy men and women with
LDL-C levels less than 130 mg/dL (median 104 mg/dL), who
were at increased risk because of hsCRP levels of 2 mg/L or
greater (median 4.3 mg/L), rosuvastatin 20 mg/day resulted
in a 44% reduction in all vascular events (P <0.000001), a
54% reduction in MI (P¼0.0002), a 48% reduction in stroke
(P¼0.002), a 47% reduction in angioplasty or bypass surgery
(P <0.001), and a 20% reduction in all-cause mortality
(P¼0.02). The 5-year number needed to treatwithin JUPITER
was 25, a value comparable with, if not smaller than, the
5-year number needed to treat associated with the use of sta-
tins to treat hyperlipidemia or the use of blood pressure med-
ications to reduce hypertension in primary prevention. As
observed in the earlier studies of secondary prevention, the
JUPITER trial also found that achieving low levels of both
LDL-C and hsCRP after the initiation of statin therapy was a
relevant goal for maximizing preventive efforts24 (Fig. 31-3).

Alternative Inflammatory Biomarkers
Beyond hsCRP, several other inflammatory biomarkers have
shown promise as potential clinical determinants of risk.
These include cytokines such as IL-6, soluble cell adhesion
molecules such as soluble intercellular adhesionmolecule–1,
markers of leukocyte activation such as myeloperoxidase,
and alternative acute-phase reactants such as fibrinogen.
Other than hsCRP, the only inflammatory biomarker that can
be measured with a commercially available assay is
lipoprotein-associated phospholipase A2 (Lp-PLA2). As in the
case of hsCRP, most published studies indicate a positive
relationship between Lp-PLA2 and vascular risk. However,
Lp-PLA2 is bound in the circulation to lipoproteins, including
apolipoprotein B (apoB), and thus, unlike hsCRP, a moderate
to strong correlation exists between Lp-PLA2 levels and LDL-C.
Because of this effect, the strength of association between
Lp-PLA2 and vascular events is partially attenuated after adjust-
ment for lipid levels, therefore reducing the net contribution to
risk detection.25 Evaluation of Lp-PLA2 is also complicated
because competing mass and activity assays are available,
and because Lp-PLA2 levels measured after statin therapy
are not associated with residual risk.26,27 For these and other

reasons, recent expert reviews have not endorsed measure-
ment of Lp-PLA2 mass or activity.28

Although the JUPITER trial demonstrated that statin ther-
apy is effective at lowering vascular event rates among
those with elevated hsCRP even when LDL-C levels are
low, it remains uncertain whether lowering CRP per se
leads to a reduction in vascular event rates. Rosuvastatin
is a powerful LDL-C–lowering drug, and LDL-C levels
dropped nearly 50% in the JUPITER trial. Further, Mende-
lian randomization analyses have not supported a direct
causal role for CRP in atherothrombosis.29 Data directly
evaluating whether reducing inflammation can reduce
vascular events can only be demonstrated in trials that
are specifically designed to investigate this issue.

PART II: DIRECT TESTSOF THE INFLAMMATORY
HYPOTHESIS OF ATHEROTHROMBOSIS

Because of the data discussed previously and the rapid
expansion in the understanding of the role played by inflam-
matory mediators in lesion progression and plaque rupture,
it is not surprising that multiple pathways are now being tar-
geted as potential methods to reduce vascular risk. As out-
lined in Figure 31-4 and Table 31-1, agents that do, and
agents that do not, directly inhibit the central IL-1–TNF-α–
IL-6 signaling pathways are under evaluation as potential
targets to test directly the inflammatory hypothesis of
atherothrombosis.1,30

Agents that do not Directly Affect the
Central Interleukin-1–Tumor Necrosis
Factor-α–Interleukin-6 Signaling Pathway
Varespladib and Darapladib
The phospholipase A2 superfamily includes proteins charac-
terized by their ability to hydrolyze phospholipid mole-
cules.31 Both Lp-PLA2 and secretory PLA2 (sPLA2) are
derived from macrophages; lipoproteins modified by these
enzymes may activate multiple inflammatory pathways
within the vessel wall.32 As described previously, plasma
levels of these phospholipids are associated with vascular
risk.33,34

To date, varespladib (a nonspecific sPLA2 inhibitor) and
darapladib (a targeted Lp-PLA2 inhibitor) have been evalu-
ated as potential antiinflammatory agents. Neither of these
agents has substantive effects on either IL-6 or CRP, and
thus, these compounds represent non–IL-6–dependent tests
of the inflammation hypothesis.35–37 Three major phase 3

N Rate

Placebo 7832
LDL ≥ 70 mg/dL, hsCRP ≥ 1 mg/L 1874
LDL < 70 mg/dL, hsCRP ≥ 1 mg/L 4662
LDL ≥ 70 mg/dL, hsCRP < 1 mg/L 236
LDL < 70 mg/dL, hsCRP < 1 mg/L 944

1.11
0.95
0.56
0.64
0.24

1.00.50.25 2.0 4.0

Rosuvastatin
better 

Rosuvastatin
worse   

P < 0.001 

Fully adjusted hazard ratio
0.21, 95% CI 0.09–0.52, P < 0.0001

FIGURE 31-3 Clinical outcomes among healthy men and women treated with statin therapy are superior in those who achieve low levels of both LDL and hsCRP,
demonstrating the concept of dual lipid and inflammatory targets for atheroprotection in primary prevention. CI, confidence interval; hsCRP, high-sensitivity C-reactive
protein; LDL, low-density lipoprotein. (Modified from Ridker PM, Danielson E, Fonseca FA, et al. Reduction in C-reactive protein and LDL cholesterol and cardiovascular event rates
after initiation of rosuvastatin: a prospective study of the JUPITER trial. Lancet. 2009;373:1175-1182.)
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FIGURE 31-4 Inflammatory pathways as potential targets for atherosclerotic therapies. 5-LO, 5-lipoxygenase; CAMs, cell adhesion molecules; CCR2/CCR5, chemokine
receptor types 2 and 5; CRP, C-reactive protein; FLAP, 5-lipoxygenase–activating protein; hsCRP, high-sensitivity C-reactive protein; ICAM-1, intercellular adhesion molecule type 1;
IL-1β, interleukin-1β; IL-18, interleukin-18; IL-6, interleukin-6; Lp-PLA2, lipoprotein-associated phospholipase A2;MMP-9, matrix metalloproteinase–9; PAI-1, plasminogen activator
inhibitor type 1; SAA, serum amyloid A; SIRT1, sirtuin-1; sPLA2, secretory phospholipase A2; TNF-α, tumor necrosis factor–α; VCAM, vascular cell adhesion molecule. (Modified from
Ridker PM. Targeting inflammatory pathways for the treatment of cardiovascular disease. Eur Heart J. 2014;35:540-543.)

TABLE 31-1 Clinical Trials of Antiinflammatory Agents under Evaluation in CVD*
DRUG TARGET TRIAL SIZE SPONSOR STATUS

Agents That Affect the IL-6 Signaling Pathway

Canakinumab IL-β CANTOS 10000 Novartis Enrolling

Methotrexate IL-6, TNF CIRT 7000 NHLBI Enrolling

Anakinra IL-1Ra IL-HEART 190 UK-MRC Completed

Colchicine Multiple LoDoCO 532 HRS, Aus Positive

Tocilizumab IL-6 ENTRACTE 3000 Hoffmann Enrolling

Etanercept TNF ENTRACTE 3000 Hoffmann Enrolling

Agents That Affect the Inflammatory Pathways

Succinobucol Ox-LDL ARISE 6144 AtheroGeneics Negative

Varespladib sPLA2 VISTA-16 5000 Anthera Negative

Darapladib Lp-PLA2 STABILITY 15000 GlaxoSmithKline Negative

Darapladib Lp-PLA2 SOLID–TIMI 52 13000 GlaxoSmithKline Negative

Inclacumab P-selectin SELECT-ACS 544 Roche Completed

Inclacumab P-selectin SELECT-CABG 380 Roche Enrolled

ARISE, Aggressive Reduction in Inflammation Stops Events; CABG, coronary artery bypass grafting; CANTOS, Canakinumab Anti-inflammatory Thrombosis Outcomes Study;
CIRT, Cardiovascular Inflammation Reduction Trial; CVD, cardiovascular disease; ENTRACTE, Entanercept in Patients with Rheumatoid Arthritis and Cardiovascular Disease Risk
Factors; IL, interleukin; IL-Heart, Interleukin-1 Heart Study; LoDoCO, Low Dose Colchicine for Secondary Prevention of Cardiovascular Disease; Lp-PLA2, lipoprotein-associated
phospholipase A2; NHLBI, National Heart, Lung, and Blood Institute; Ox-LDL, oxidized low-density lipoprotein; SELECT-ACS, Effects of the P-Selectin Antagonist Inclacumab on
Myocardial Damage after Percutaneous Coronary Intervention for Non-ST-ElevationMyocardial Infarction; SOLID–TIMI 52, Stabilization of Plaques Using Darapladib–Thrombolysis in
Myocardial Infarction 52; sPLA2, secretory phospholipase A2; STABILITY, Stabilization of Atherosclerotic Plaque by Initiation of Darapladib Therapy; TNF, tumor necrosis factor;
UK-MRC, United Kingdom Medical Research Council; VISTA-16, Velcade as Initial Standard Therapy in Multiple Myeloma 16.

*Trials are grouped by agents that do (top) and do not (bottom) primarily affect the central IL-1–TNF-α–IL-6 signaling system.
(Modified from Ridker PM, Luscher TF. Antiinflammatory therapies for cardiovascular disease. Eur Heart J. 2014 doi:10.1093/eurheartj/ehu203.)
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outcomes trials have been initiated to test the impact of
either varespladib or darapladib on recurrent vascular
events. Two of these trials, the 5000-participant Velcade as
Initial Standard Therapy in Multiple Myeloma 16 (VISTA
16) study of varespladib and the 15,500-patient Stabilization
of Atherosclerotic Plaque by Initiation of Darapladib Ther-
apy (STABILITY) trial were both stopped early by their
respective Data and Safety Monitoring Boards because of
futility.38,39 The third trial, Stabilization of Plaques Using
Darapladib–Thrombolysis in Myocardial Infarction 52
(SOLID–TIMI 52), is being conducted in 13,000 patients
with recent MI or stroke and also has neutral preliminary
results.40 Subgroup data from these trials, stratified by the
underlying levels of Lp-PLA2 and sPLA2, may be biologically
informative.

Succinobucol
A second agent with antioxidant and potential antiinflamma-
tory properties to reach phase 3 evaluation is succinobucol,
a monosuccinic acid ester of probucol, which is a lipid-
lowering agent that failed to gain wide clinical use partly
because of adverse effects on the QT segment. In 2008, data
were presented from the Aggressive Reduction in Inflamma-
tion Stops Events (ARISE) trial, a randomized study of succi-
nobucol compared with placebo in 6144 patients with
recent ischemia. All participants were prospectively fol-
lowed up for the primary endpoint of cardiovascular death,
resuscitated cardiac arrest, MI, stroke, unstable angina, or
revascularization.41 Overall, no benefit on this primary end-
point was observed (hazard ratio [HR] 1.00; 95% confidence
interval [CI] 0.89–1.13; P¼0.96). For the secondary end-
point of cardiovascular death, MI, stroke, and cardiovascular
arrest, succinobuccol had a net benefit (HR 0.81; 95% CI
0.68–0.98; P¼0.029), and new-onset diabetes developed in
fewer patients in the succinobucol group (HR 0.37; 95% CI
0.24–0.56; P <0.001) than in the control group. Succinobu-
col also modestly reduced hemoglobin A1c (HbA1c) com-
pared with placebo. In contrast, in a study conducted
in 232 patients who underwent coronary interventions,
succinobucol 280 mg/day had no effect on several IVUS
endpoints.42

Inclacumab
Adhesion molecules serve multiple roles supporting the
transmigration of leukocytes across the endothelium. Epide-
miologic data demonstrate positive associations between
soluble levels of adhesion molecules such as soluble inter-
cellular adhesion molecule–1 and future vascular events.43

Leukocyte tethering is also mediated by cell surface glyco-
proteins known as selectins, which are expressed by plate-
lets.44 In particular, P-selectin mediates multiple cell–cell
interactions relevant to the initiation and progression of ath-
erosclerotic plaques.45 P-selectin antagonism has also been
reported to reduce thrombus formation,46 and P-selectin
levels are increased in those at risk for future infarction.47

To test this hypothesis, the Effects of the P-Selectin Antago-
nist Inclacumab on Myocardial Damage after Percutaneous
Coronary Intervention for Non-ST-Elevation Myocardial
Infarction (SELECT-ACS) investigators randomly allocated
544 patients with non–ST-segment–elevation MI to placebo
or to inclacumab, a recombinant monoclonal antibody
against P-selectin. Two doses were used in this study,
5 mg/kg or 20 mg/kg, given as single infusions. Participants
treated with inclacumab 20 mg had reduced myocardial

damage, as ascertained by total troponin and creatine
kinase–myocardial band release.48 A follow-up phase 2
study of inclacumab in the setting of coronary artery bypass
grafting is ongoing.

Atreleuton
Leukotrienes are a group of eicosanoids that activate local
and systemic inflammation. Inhibitors of the 5-lipoxygenase
(5-LO) pathway have been evaluated partly because of the
finding of increased 5-LO expression in patients with unsta-
ble angina and vulnerable plaques.49,50 Genetic data further
suggest that polymorphism in the 5-LO–activating protein
(FLAP) gene may increase vascular risk.51

Atreleuton, a clinical 5-LO inhibitor (VIA-2291), has been
evaluated in two studies, one in carotid disease and one in
acute ischemia.52 In the carotid study, treatment had no
impact on percent reduction in macrophage inflammatory
cells in excised plaque. In the acute ischemia study, whole
blood–stimulated leukotriene LTB4 was reduced in the
active treatment groups, and a decrease in urine leukotriene
LTE4 was observed. Substudies in this program have sug-
gested fewer coronary plaques found with computed tomog-
raphy (CT) and a small reduction in noncalcified plaque
volume.

Serp-1
Serpins (serine protease inhibitors) are glycoproteins that
have shown antiinflammatory properties when introduced
through viral vectors.53 Infusion of the viral serpin Serp-1 fur-
ther inhibits plasminogen activation and reduces neointimal
proliferation after angioplasty.54 In a phase 2 study of the
myxoma virus–derived serpin Serp-1, conducted in 48
patients who underwent percutaneous coronary interven-
tion, in-stent neointimal hyperplasia evaluated by IVUS
was not improved with active treatment, nor were inflamma-
tory biomarkers reduced. However, Serp-1 modestly low-
ered troponin I and creatine kinase levels.55

Agents that Directly Inhibit the Central
Interleukin-1–Tumor Necrosis Factor-α–
Interleukin-6 Signaling Pathway
As shown in Figure 31-4 and Table 31-1, a different set of
potential antiinflammatory agents are under evaluation
that directly affect the central IL-1–TNF-α–IL-6 signaling path-
way. Several reasons have been proposed for the hypothesis
that these agents might be effective for atherothrombotic
risk reduction. First, studies using Mendelian randomization
to address causality indicate that genetic polymorphism
in the IL-6 receptor signaling pathway is associated with
reduced plasma CRP and reduced rates of future cardiovas-
cular events56,57 (Fig. 31-5). Second, emerging data directly
link cholesterol crystal deposition to activation of the IL-1β–
producing nucleotide-binding, leucine-rich, repeat-
containing pyrin receptor–3 (NLRP3) inflammasome.58,59

Because IL-1β production results in IL-6 production, these
data provide a mechanistic link between the conversion
of soluble cholesterol to crystalline cholesterol within the
plaque to some of the earliest stages in athero-initiation
and athero-progression. Third, pharmacogenetic data dem-
onstrate differences between genetic determinants of
statin-induced cholesterol reduction and statin-induced
changes in inflammation, data suggesting that inflammation
inhibition and lipid lowering explain statin efficacy.60,61 This
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conclusion is bolstered by evidence that statin therapy
results in rapid reduction of atherosclerotic inflammation
as imaged by fluorodeoxyglucose–positron emission tomog-
raphy or CT.62

Low-Dose Methotrexate, Entanercept, and Tocilizumab
Patients with rheumatoid arthritis have increased vascular
risk, as do those with psoriatic arthritis and inflammatory
bowel disease; these three disorders have a persistent and
enhanced systemic inflammatory burden. Further, in all
three disorders, patients treated with agents that inhibit
the IL-6 signaling system have reduced vascular events.
For example, in observational nonrandomized data, patients
with rheumatoid arthritis or psoriatic arthritis who received
low-dose methotrexate had a 21% reduced vascular risk
compared with nonusers,63 and preliminary data suggest
similar effects for those taking TNF-α inhibitors (etanercept,
infliximab) or IL-6 inhibitors (tocilizumab). The ongoing
study of RoActemra/Actemra (Tocilizumab) in Comparison
to Entanercept in Patients with Rheumatoid Arthritis and
Cardiovascular Disease Risk Factors (ENTRACTE) trial (avail-
able at: http://clinicaltrials.gov/ct2/show/NCT01331837) is
comparing cardiovascular outcomes among rheumatoid
arthritis patients randomly allocated to these agents. How-
ever, because all participants in ENTRACTE have active
inflammatory disease, no placebo group is available for
comparison
Recently, the National Heart, Lung, and Blood Institute

began a placebo-controlled trial of low-dose methotrexate
for the secondary prevention of MI and stroke. In the Cardio-
vascular Inflammation Reduction Trial (CIRT), 7000 post-MI
patients with either diabetes or metabolic syndrome are
being allocated to usual care plus placebo or to usual care
plus 20 mg of methotrexate given once weekly.64,65 This
dose range of methotrexate is routinely used to treat rheuma-
toid arthritis and is known to be safe when taken on a long-
term basis, as long as care is taken to discontinue treatment
temporarily during infection and surgeries. The primary
endpoint of CIRT is recurrent nonfatal cardiovascular
events, with a prespecified secondary endpoint of progres-
sion to diabetes (among those with metabolic syndrome)

and reduced need for hypoglycemic agents (among those
with frank diabetes). Although low-dose methotrexate
reduces systemic biomarkers of inflammation (such as
CRP), the mechanisms underlying this effect are uncertain.
Reiss et al. have shown that part of the antiinflammatory
effect of methotrexate relates to increased adenosine
release and subsequent antagonism of the adenosine A2A

receptor.66 In contrast, stimulation of this receptor leads
to expression of protein mediators of reverse cholesterol
transport.67 Stimulation of A2A may also alter adhesion mol-
ecule expression.68 With respect to animal data, Bulgareli
et al. have shown, in cholesterol-fed rabbits, that weekly
methotrexate reduces new atheroma formation and endo-
thelial staining for matrix metalloproteinase–9 and
macrophages.69

Anakinra and Canakinumab
Because IL-1 sits proximal to the classic IL-6 signaling cas-
cade, IL-1 blockade has been of substantial interest as a vas-
culoprotective target for several years.70 Broadly, the IL-1
receptor has two clinically relevant activators (IL-1α and
IL-1β) and a natural inhibitor (IL-1 receptor antagonist [IL-
1Ra]). Several circulating innate immune cells, including
monocytes, initially produce IL-1β as an inactive precursor
(pro–IL-1β) that requires proteolytic cleavage for function.
This activation, in turn, is controlled prominently by the
NLRP3 inflammasome.71 IL-1β production through this
mechanism was first described as a danger signal triggered
by crystals, such as asbestos and silica (which cause the
pulmonary fibrosis of asbestosis and silicosis). However,
Duewell et al.58 and Rajamaki et al.59 have shown that cho-
lesterol crystals also activate the NLRP3 inflammasome, an
observation that provides linkage between cholesterol and
inflammation. The oscillatory flow characteristic of localized
atheroma development within vessels has also been shown
to activate NLRP3 expression.72

Partly reflected by these data, it has been suggested that
antibodies targeting IL-1β might be influential for athero-
thrombotic inhibition. For example, the exogenous IL-1Ra
anakinra, an agent used to treat refractory rheumatoid arthri-
tis, has shown early evidence of improving vascular

0

–5

–10

–15

–20

1/1            1/2            2/2   C/C            C/T            T/T   

1.00

0.95

0.90

CRP reduction (%) Hazard ratio CHD 

rs2228145 rs7529229 

C
R

P
 r

ed
uc

tio
n 

(%
) 

H
az

ar
d 

ra
tio

 fo
r 

C
H

D
 

FIGURE 31-5 Genetic polymorphism in the IL-6 regulatory pathway is associated with lifelong lower levels of CRP and with concordantly lower vascular
event rates. CHD, coronary heart disease; CRP, C-reactive protein; IL-6, interleukin-6. (Modified from Hingorani AD, Casas JP. The interleukin-6 receptor as a target for
prevention of coronary heart disease: a mendelian randomisation analysis. Lancet. 2012;379:1214-1224; and Sarwar N, Butterworth AS, Freitag DF, et al. Interleukin-6
receptor pathways in coronary heart disease: a collaborative meta-analysis of 82 studies. Lancet. 2012;379:1205-1213.)
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function73 andmay reduce overall CRP expression following
acute ischemia.74 Larsen et al. have also shown that anakinra
reduces HbA1c (along with IL-6 and CRP) in patients with
diabetes.75 Anakinra, however, inhibits both IL-1α and IL-
1β and, thus, may lead to increased infectious susceptibility.

In contrast, canakinumab is a human monoclonal
anti-human antibody highly specific to IL-1β that preserves
IL-1α function. Currently, canakinumab is an orphan drug
indicated for use in rare individuals with inherited disorders
of IL-1β overexpression, such as the cryopyrin-associated
periodic syndrome and Muckle–Wells syndrome. However,
as shown in recent phase 2 data in patients with diabetes at
risk for vascular events, canakinumab injection given sub-
cutaneously results in reductions of the three biomarkers
of systemic inflammation, fibrinogen, IL-6, and hsCRP76

(Fig. 31-6). In response to these data, the Canakinumab
Anti-inflammatory Thrombosis Outcomes Study (CANTOS)
was initiated in 2011 to directly test the inflammatory hypoth-
esis of atherothrombosis.77 In brief, CANTOS will enroll
10,000 post-MI patients with a persistent proinflammatory
response, defined as an elevation of hsCRP greater than
2 mg/L. Patients will then be allocated to one of three doses
of canakinumab given every 3 months or to placebo.
CANTOS will be completed when 1400 primary vascular
endpoints have accrued. Relevant clinical secondary end-
points include all-cause mortality, incident type 2 diabetes,
and adverse events.

Colchicine and Hydroxychloroquine
Colchicine, an antiinflammatory agent used clinically to treat
acute gout, has antitubulin effects and inhibitory effects on
the NLRP3 inflammasome. Although difficult to tolerate
long-term because of gastrointestinal side effects, colchicine
has been shown to reduce CRP in individuals at high vascular
risk.78 Moreover, in an intriguing clinical study of 532 stable
coronary patients, Nidorf et al. reported substantial vascular
benefits in those allocated to daily colchicine compared
with those who received open-label control treatment.79

Much of this positive effect was attributed to reductions in

hospitalization for recurrent ischemia. These data support
the initiation of larger, placebo-controlled trials.80

The antimalarial drug hydroxychloroquine has also been
found useful in rheumatoid arthritis and systemic lupus
erythematosus as an antiinflammatory intervention. Hydroxy-
chloroquine inhibits toll-like receptor–9 activation.81 Similar
to methotrexate, canakinumab, and anakinra, hydroxychlor-
oquine has been shown to reduce HbA1c in those with dia-
betes.82 A rationale, therefore, exists for the consideration
of hydroxychloroquine as a potential agent for atheroprotec-
tion, although reports of cardiomyopathy associated with this
agent have currently limited the use of this approach.

Aspirin and Salsalate
Beyond its well-documented antiplatelet effects, aspirin has
antiinflammatory properties because of the ability of its ace-
tyl group to covalently modify the active site of cyclo-
oxygenase enzymes. In 1997, a randomized trial of aspirin
in primary prevention showed that the magnitude of vascu-
lar event reduction attributable to aspirin was directly
related to the underlying extent of inflammation83

(Fig. 31-7). Thus, at least part of the vasculoprotection from
aspirin is likely related to aspirin-associated antiinflamma-
tory effects.

Salicylate (salsalate) is not acetylated, and thus, is not a
cyclooxygenase inhibitor. This can be demonstrated clini-
cally, because salsalate has minimal impact on platelet
function, nor does it lead to clinical hemorrhage. Salsalate,
however, is a clinically relevant antiinflammatory inter-
vention with success in the setting of several systemic
inflammatory disorders. The Targeting Inflammation Using
Salsalate in Type 2 Diabetes (TINSAL-T2D) study investiga-
tors have performed a series of trials showing that salsalate
reduces HbA1c, CRP, circulating leukocytes, neutrophils,
and lymphocytes.84,85 Thus, although its cardiovascular
effects remain uncertain, salsalate will continue to be con-
sidered a potential antiinflammatory agent in future trials
on atherosclerotic regression.
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FIGURE 31-6 Phase 2 data demonstrating dose-dependent effects of
canakinumab, a fully human monoclonal antibody targeting interleukin-1β,
on plasma levels of fibrinogen, interleukin-6, and C-reactive protein.
(Modified from Ridker PM, Howard CP, Walter V, et al. Effects of interleukin-1β
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INTRODUCTION

Atherosclerotic cardiovascular disease (CVD) is the leading
causeofmorbidity andmortality in theWesternworld.Despite
widespreaduseofmedical therapies that targetcardiovascular
risk factors, many patients with coronary artery disease con-
tinue to have clinical events.1 This highlights the need to
develop new therapeutic strategies to achieve more effective
reductions in cardiovascular risk. Although major advances
have been made in the therapeutic approach to lowering
levels of low-density lipoproteincholesterol (LDL-C), consider-
able interest remains in the development of new strategies
that target atherogenic and protective lipid factors.

ATHEROSCLEROTIC PLAQUE IMAGING

Since its early use in the late 1950s, coronary angiography
has been widely used to diagnose and quantify the extent
of obstructive disease in the coronary vasculature. This is
based on observations of a direct association between the
extent of atherosclerosis and cardiovascular outcomes, that
patients with the greatest disease burden are more likely to
benefit from coronary revascularization, and of the clinical
benefit of early interventions in the setting of acute coronary
syndrome (ACS).2 When used in a serial quantitative fash-
ion, angiography has demonstrated that lowering LDL-C
slows progression of lumen obstruction.3

A fundamental limitation of angiography lies in its
inability to directly image the artery wall, the site at which
plaque accumulates. As a result, it provides a suboptimal
tool to study the factors that underlie the natural history of
disease progression.4 Advances in intravascular ultra-
sound (IVUS) permit visualization of the full thickness
of the artery wall with high resolution, thus enabling imag-
ing of the full burden of atherosclerotic plaque. Although
originally developed with the intent to assist the interven-
tional cardiologist, IVUS imaging provides the opportunity
to characterize atherosclerotic plaque in vivo and to
determine the factors that underscore the natural history
of its progression. The ability to quantify atheroma vol-
ume in an anatomically matched segment of artery
imaged at different time points has been increasingly inte-
grated in clinical trials of lipid-modifying therapies5

(Figs. 32-1 through 32-5).

LOWERING LOW-DENSITY LIPOPROTEIN
CHOLESTEROL

For more than a century, increasing evidence has implicated
atherogenic lipid factors in the development of atheroscle-
rotic CVD. Animal models associated with increasing choles-
terol levels have shown more extensive and inflamed forms
of atherosclerosis. Large population studies consistently
demonstrate a curvilinear relationship between cholesterol
levels and cardiovascular risk. This has translated to obser-
vations that clinical trials of lipid-lowering agents demon-
strate a direct relationship between greater lowering of
LDL-C and reductions in cardiovascular event rates in the pri-
mary and secondary prevention settings.6–12

Early anecdotal reports of IVUS imaging suggested poten-
tial plaque regression with LDL apheresis in patients with
familial hypercholesterolemia.13,14 This was confirmed in
small studies such as the Low Density Lipoprotein-Apheresis
Coronary Morphology and Reserve Trial (LACMART), in
which LDL apheresis for 12 months resulted in greater
LDL-C lowering, plaque regression, and lumen expansion,
compared with lipid-lowering therapy alone.15 IVUS has
been employed in clinical trials to evaluate the impact of
statin therapy on progression of coronary atherosclerosis.
In the first of these studies, the German Atorvastatin Intra-
vascular Ultrasound (GAIN) study, 131 patients with angio-
graphic coronary disease were randomized to receive
open-label treatment with atorvastatin to achieve an LDL-C
less than 100 mg/dL or usual care for 12 months. Although
the atorvastatin-treated patients achieved lower LDL-C levels
(86 mg/dL vs. 140 mg/dL), the lesser increase in atheroma
volume (1.2 mm3 with atorvastatin vs. 9.6 mm3 with usual
care) did not achieve statistical significance. A greater
increase in plaque hyperechogenicity was observed in the
atorvastatin group, suggesting a potentially favorable effect
on plaque composition.16

The Reversal of Atherosclerosis with Aggressive Lipid Low-
ering (REVERSAL) study was the first large clinical trial to
compare directly the effects of intensive and moderate lipid
lowering on disease progression. In this study, 502 patients
with coronary disease were treated for 18 months with ator-
vastatin 80 mg/day or pravastatin 40 mg/day. More aggres-
sive lipid lowering (79 mg/dL vs. 110 mg/dL in the
respective treatment groups) was associated with the ability
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to halt disease progression (�0.4% vs. +2.9% change in ath-
eroma volume) in the atorvastatin group.17 Although a direct
relationship between the degree of LDL-C lowering and slow-
ing of disease progression was observed, the association dif-
fered between the groups.18 It appeared that pravastatin-
treated patients required an additional reduction of
30 mg/dL in LDL-C to achieve the same impact of slowing
disease progression observed in the atorvastatin group. This
suggested that additional factors contributed to the benefit
of atorvastatin, beyond more effective LDL-C lowering.18

The finding of greater C-reactive protein (CRP) lowering with
atorvastatin (�36% vs. �5% with pravastatin) and a direct
relationship between the degree of CRP lowering and
disease progression suggests that the antiinflammatory

properties of high-dose atorvastatin may contribute to its
ability to halt plaque progression.18

The Study to Evaluate the Effect of Rosuvastatin on Intra-
vascular Ultrasound-Derived Coronary Atheroma Burden
(ASTEROID) aimed to determine whether more effective
LDL-C lowering than that observed in REVERSAL would
promote regression of coronary atherosclerosis. As a result,
349 patients with coronary disease were treated with rosu-
vastatin 40 mg/day for 24 months. Lowering LDL-C to
60.8 mg/dL and raising high-density lipoprotein cholesterol
(HDL-C) by 14.7% resulted in a 58.5% reduction in the LDL-
C/HDL-C ratio. These lipid changes were associated with
significant reductions in all measures of plaque volume
on serial IVUS imaging, results that were consistent with
regression.19 This observation complemented earlier find-
ings from small studies in Japan20 and Denmark,21 which
demonstrated plaque regression with administration of
statin therapy for 6 to 12 months. Pooled analysis of all
serial IVUS studies performed to date demonstrated that
regression was observed once LDL-C levels decreased to
less than 70 mg/dL.19

The impact ofmore substantial HDL-C raising inASTEROID
than that observed in other statin trials on the reported
disease regression was uncertain. A pooled analysis was sub-
sequently performed to determine the lipid associations
underlying the slowing of disease progression in 1500
statin-treated patients. In addition to the direct relationship
between LDL-C lowering and benefit, it was also demon-
strated that modest increases in HDL-C (7.5%) were indepen-
dently associated with the slowing of disease progression.22

The factor that was most strongly associated with the degree
of disease progression in statin-treated patients was the
apolipoprotein B (apoB)/apoA-I ratio.22 This reflects the ratio
of atherogenic and protective lipoprotein particles and com-
plements the findings that this factor is a strong predictor of
incident myocardial infarction in large case–control cohort
studies.23 As a result, the major statin imaging studies
suggested that intensive LDL-C lowering, in addition to
other properties, including HDL-C raising and potential
antiinflammatory activity, underlie the benefits of high-
potency statin therapy.

FIGURE 32-1 Tomographic cross-sectional imaging of the arterial wall
generated by intravascular ultrasound. Typical artifact caused by the presence
of the guidewire obscures the artery wall at 11 o’clock.

FIGURE 32-2 Typical measurements derived from a cross-sectional image of the artery wall. The leading edges of the lumen (inner circle) and external elastic membrane
(outer circle) are defined by either manual planimetry or automatic edge detection software packages. The area between the leading edges represents atherosclerotic plaque.
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The Study of Coronary Atheroma by Intravascular Ultra-
sound: Effect of Rosuvastatin versus Atorvastatin (SATURN)
aimed to compare directly the most potent statin agents at
their highest doses to determine whether differences in
effects on LDL-C and HDL-C would translate to different
effects on plaque progression. In this trial, 1089 patients were
treated with atorvastatin 80 mg/day or rosuvastatin 40 mg/
day for 24 months. The rosuvastatin group demonstrated
lower LDL-C (62.6 mg/dL vs. 70.2 mg/dL) and higher HDL-
C (50.4 mg/dL vs. 48.6 mg/dL). This translated to a similar
reduction in percent atheroma volume (�1.22% vs. �0.99%;
P¼0.17) and greater reduction in total atheroma volume
(�6.4 mm3 vs. �4.4 mm3, P <0.01) with rosuvastatin com-
pared with atorvastatin, respectively.24 This suggests that
more optimal lipid levels observed with high-potency statin
therapy could result in marked regression of coronary
disease.
Further interest has focused on the impact of statin ther-

apy on plaque composition using intravascular imaging.

Conventional ultrasound provides suboptimal characteriza-
tion of individual plaque components to detect small
differences with medical therapies. As a result, technologic
advances have been made in intravascular imaging to per-
mit more reliable visualization of plaque components,
which have been increasingly used in clinical trials to assess
the in vivo effects of statin therapy. This is based on previous
observations that statins exert favorable effects on plaque
composition in animal models25 and in patients treated
before carotid endarterectomy.26 Radiofrequency analysis
of the IVUS-derived backscatter signal generates a spectral
tissue map, which distinguishes fibrotic, fibrofatty, necrotic,
and calcific components of plaque27 (Fig. 32-6). Prelimi-
nary studies have demonstrated that statin therapy increases
the fibrotic components and decreases the lipidic compo-
nents of coronary atherosclerosis.28 IVUS imaging has also
been combined with near-infrared spectroscopy, with early
reports of rapid reductions in lipid composition that appear
to precede reductions in plaque volume with statin

FIGURE 32-3 The ultrasound transducer continuously captures images during withdrawal of the catheter from a distal site in the artery (upper panel).
This generates a series of cross-sectional images of the artery wall (middle panel). Images spaced precisely 1-mm apart are selected for measurement (lower panels).
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therapy.29 With increasing validation, these modalities are
likely to be increasingly integrated into imaging evaluation
of lipid-modifying therapies.

TARGETING HIGH-DENSITY LIPOPROTEIN

A large body of evidence suggests that HDL plays a protec-
tive role in atherosclerotic disease. Population studies con-
sistently demonstrate an inverse relationship between
HDL-C levels and cardiovascular risk.30 Animal studies dem-
onstrate that interventions that promote HDL have a favor-
able effect on the size and composition of atherosclerotic
plaque.31,32 This is supported by observations that HDL per-
forms a number of biologic activities, including facilitation
of reverse cholesterol transport, increasing the bioavailabil-
ity of nitric oxide, and inhibition of inflammatory, oxidative,
and thrombotic pathways.33 Each of these functional proper-
ties may translate to a favorable impact on atherosclerotic
plaque. As a result, serial IVUS imaging has been increas-
ingly used in the evaluation of therapies that target HDL.

Favorable effects of HDL infusions in animal models
raised the possibility that such an approach may be benefi-
cial in humans. Early studies demonstrated that infusing

various forms of HDL resulted in beneficial effects on fecal
sterol excretion, which is a surrogate measure of atheroscle-
rosis,34 and endothelial function.35,36 Several studies have
investigated the impact of infusing lipid-depleted forms of
HDL in patients with coronary disease. In the first study,
57 patients with ACS in the preceding 2 weeks underwent
IVUS imaging before and 2 weeks following a treatment
period, in which they received weekly intravenous infusions
of an apoA-IMilano–phospholipid complex (ETC-216) con-
taining 15 mg/kg of protein, 45 mg/kg of protein, or saline
for 5 weeks. Although HDL-C levels increased approximately
twofold immediately following ETC-216 infusion, steady-
state HDL-C levels did not differ from baseline. ETC-216–
infused patients demonstrated a reduction in percent ath-
eroma volume of 1.06% and in total atheroma volume of
14.3 mm3 compared with baseline.37 This suggested that
infusing HDL could rapidly promote disease regression in
humans. Subsequent studies revealed that greater regression
was observed in coronary artery segments that contained the
greatest amount of plaque at baseline and that regression
was accompanied by reverse remodeling of the artery wall.38

A similar study was performed using protein–
phospholipid complexes that contained wild-type apoA-I
(CSL-111; reconstituted HDL [rHDL]). The Effect of rHDL

FIGURE 32-4 Illustrative example of progression of coronary atherosclerosis. Increasing atheroma area (shaded area) at matched sites at baseline (upper panels) and
follow-up (lower panels).
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on Atherosclerosis-Safety and Efficacy (ERASE) study dem-
onstrated a trend to regression and increase in plaque echo-
genicity with CSL-111 infusions.39 Generating large and
toxin-free quantities of these HDL preparations has proven
to be challenging and has slowed down progress of these
development programs to advance to outcome trials. A third
study, in which a patient’s HDL was selectively delipidated
and autologously infused, also demonstrated plaque regres-
sion.40 In combination, these studies demonstrate that lipid-
depleted forms of HDL have a favorable effect at the level
of the artery wall. Although it remains to be determined
whether this translates to clinical benefit, it provides an
important proof-of-concept of the potential benefits of HDL
in humans.
Cholesteryl ester transfer protein (CETP), a remodeling

factor, facilitates transfer of esterified cholesterol from HDL
to very-low-density lipoprotein (VLDL) and LDL particles,
in exchange for triglyceride (TG). CETP inhibition has
received considerable interest as a potential therapeutic
strategy, because it substantially raises HDL-C more than
any approach used in clinical practice.41 Population and
genetic studies have demonstrated an association between
low CETP levels and protection from cardiovascular events,
when associated with elevated HDL-C levels.41–43 Multiple

approaches have been developed to reduce CETP activity,
and each has been demonstrated to have a favorable impact
on animal models of atherosclerosis in species that express
CETP.44–46 Given that potent CETP inhibitors substantially
raise HDL-C and incrementally lower LDL-C in statin-treated
patients, CETP inhibitors have the potential to slow progres-
sion or promote regression of atherosclerotic plaque. The
Investigation of Lipid Level Management Using Coronary
Ultrasound to Assess Reduction of Atherosclerosis by CETP
Inhibition and HDL Elevation (ILLUSTRATE) study directly
compared the effects of treatment with torcetrapib 60 mg
or placebo daily for 24 months, in patients who had been
treated with atorvastatin to achieve an LDL-C level less than
100 mg/dL. Despite achieving greater HDL-C (72.1 mg/dL vs.
43.9 mg/dL) and lower LDL-C (70.1 mg/dL vs. 87.2 mg/dL)
levels, torcetrapib-treated patients did not demonstrate
slowing of progression of percent atheroma volume
(+0.12% vs. +0.19%).47 This lack of a favorable effect on cor-
onary atherosclerosis complemented similar observations
of no impact on progression of carotid intima–media
thickness48,49 and of adverse clinical effects in a large out-
comes trial.50

Subsequent analyses of these IVUS findings revealed an
inverse relationship between increasing HDL-C levels with

FIGURE32-5 Illustrative example of regression of coronary atherosclerosis.Decreasing atheroma area (shaded area) at matched sites at baseline (upper panels) and follow-
up (lower panels).
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torcetrapib and disease progression. In particular, it was
observed that those torcetrapib-treated patients with on-
treatment HDL-C in the highest quartile (>86 mg/dL) dem-
onstrated plaque regression.51 These findings suggested that
the ability to promote regression at very high HDL-C levels
was consistent with retained HDL functionality. This obser-
vation, combined with reports of retained HDL-C efflux
capacity52 and off-target effects with torcetrapib,53 suggested
that the adverse effects were more likely to reflect molecule-
specific mechanisms, as opposed to CETP-related mecha-
nisms, and paved the way for other CETP inhibitors without
such toxicity to proceed in clinical development.54,55

Upregulation of endogenous synthesis of apoA-I, the
major protein carried on HDL particles, represents a novel
approach to promoting HDL functionality. In theory,
increased hepatic apoA-I synthesis should generate nascent
HDL particles, which can carry out their biologic activities
once they enter the systemic circulation. Early experience
with the apoA-I inducer RVX-208 demonstrated enhanced
systemic cholesterol efflux capacity56 and modest increases
in apoA-I and HDL-C in statin-treated patients.57 The ApoA-I
Synthesis Stimulation and Intravascular Ultrasound for Cor-
onary Atheroma Regression Evaluation (ASSURE) study
evaluated the effects of RVX-208 on atherosclerosis progres-
sion in patients with coronary disease and low HDL-C levels.
Patients were treated with RVX-208 200 mg or placebo daily
for 26 weeks. Increases in apoA-I of 12.8% and in HDL-C of
11.1% with RVX-208 were associated with reductions in per-
cent atheroma volume of 0.40% and in total atheroma vol-
ume of 4.2 mm3 compared with baseline, although these
biochemical and plaque effects did not differ from those
in the placebo group. As a result, RVX-208 did not appear
to exert incremental beneficial effects beyond those of stan-
dard care for patients with coronary disease.58

TARGETING CHOLESTEROL ESTERIFICATION

Cholesterol esterification within the monocyte-derived mac-
rophage is a pivotal step in the formation of foam cells, the
cellular hallmark of atherosclerotic plaque. Once formed,
the foam cell orchestrates ongoing accumulation of lipid
and inflammatory cells within the artery wall and plays an
important role in plaque progression and rupture. Accord-
ingly, inhibition of acyl:cholesterol acyltransferase (ACAT),
one of the key factors that promotes cholesterol esterifica-
tion, has presented an attractive target for development of
novel antiatherosclerotic agents. Support for this concept
was stimulated by findings that ACAT inhibitors have a ben-
eficial impact on atherosclerosis in animal models.59 How-
ever, two studies of ACAT inhibitors in humans using
serial IVUS imaging failed to demonstrate any benefit. In
the Avasimibe and Progression of Lesions on UltraSound
(A-PLUS) study, patients were treated with avasimibe or pla-
cebo for 18 months; most patients also received statin ther-
apy.60 Avasimibe was associated with higher LDL-C levels,
consistent with adverse effects on statin metabolism, and
no slowing of disease progression. The ACAT Intravascular
Atherosclerosis Treatment Evaluation (ACTIVATE) study
compared the effects of pactimibe 100 mg/day or placebo
for 18 months on plaque progression.61 Pactimibe had no
effect on statin metabolism and was therefore considered
to be amore definitive evaluation of the effects of ACAT inhi-
bition in humans. Pactimibe administration was associated
with no benefit in terms of slowing progression of the pri-
mary endpoint, percent atheroma volume (+0.69% vs.
+0.59%); however, it did result in less regression of total
atheroma volume (�1.3 mm3 vs. �5.6 mm3).61 This sug-
gested a potential proatherosclerotic effect of pactimibe,
which may relate to an increase in necrotic plaque material
as result of increasing levels of unesterified cholesterol. As a
result, no ACAT inhibitor has moved forward to large clinical
outcome trials.

TARGETING DIABETES

Type 2 diabetes is associated with an adverse cardiovascular
risk. IVUS imaging in patients with type 2 diabetes has demon-
strated the presence of more extensive atherosclerotic pla-
que, associated with impaired artery wall remodeling and
accelerated disease progression.62 Although LDL-C lowering
slows disease progression in patients with diabetes, the rate
of increase in atheroma volume remains greater than that
of patients without diabetes.62 This suggests that additional
factors beyond LDL-C lowering are required to arrest disease
progression or to promote plaque regression in this setting.
The Pioglitazone Effect on Regression of Intravascular
Sonographic Coronary Obstruction Prospective Evaluation
(PERISCOPE) study compared the effects of glimepiride
1 to 4 mg and pioglitazone 15 to 45 mg/day, titrated to achieve
a fasting plasma glucose of less than 140 mg/dL, for 18months
in patients with type 2 diabetes and angiographic evidence of
coronary disease. In addition to greater lowering of glycohe-
moglobin, pioglitazone produced greater reductions in TGs
(�15.3% vs. +0.6%), apoB (�5.0% vs. +1.7%), and C-reactive
protein (�44.9% vs. �18.0%) and greater increases in HDL-
C (+16.1% vs. +4.2%) compared with glimepiride. This trans-
lated to a favorable effect of pioglitazone on progression of
percent atheroma volume (�0.16% vs. +0.73%) and total

FIGURE 32-6 Illustrative example of tissue map of atherosclerotic plaque
generated by radiofrequency backscatter of intravascular ultrasound. Colors
correlate with different components of plaque on histology (green, fibrous; yellow,
fibrolipidic; red, lipid core; white, calcium).
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atheroma volume (�5.5 mm3 vs. �1.5 mm3).63 Subsequent
analysis revealed that changes in the TG/HDL-C ratio was
the strongest factor associated with slowing of disease pro-
gression in this cohort.64 This underscores the importance
of atherogenic dyslipidemia in the pathogenesis of atheroscle-
rosis in the patient with diabetes. Furthermore, increasing the
number of metabolic risk factors that are aggressively treated
in the diabetic patient is directly associated with slower dis-
ease progression, further highlighting the importance of over-
all metabolic control in diabetes.65

IMPLICATIONS AND FUTURE DIRECTIONS

Increasing evidence highlights the potential clinical impor-
tance of these findings on serial IVUS imaging. Several
groups have reported that the degree of disease burden
and progression, both in a cross section of the left main cor-
onary artery66 and throughout a coronary artery segment,67

are directly associated with the incidence of cardiovascular
events. The finding that agents that slow progression of either
native coronary atherosclerosis68,69 or cardiac allograft vas-
culopathy70 also reduce clinical events in each of these set-
tings further validates the relationship between disease
burden as assessed by IVUS imaging and clinical outcome.
As further evidence accumulates supporting this relation-
ship, greater enthusiasmwill be generated for the integration
of IVUS imaging into the early evaluation of novel antiathe-
rosclerotic agents.
A number of limitations exist within each of these studies.

Given the invasive nature of IVUS imaging, these clinical
trials have been performed only in patients undergoing
coronary angiography for a clinical indication. Accordingly,
it is unknown whether the same findings would be observed
in the primary prevention setting. Similarly, the invasive
nature of IVUS limits the ability to image an artery twice,
so it is unknown whether the positive findings observed
reflect linear or nonlinear changes. These issues would be
potentially overcome by the use of noninvasive techniques.
However, despite considerable advances, none of these
approaches yet possesses the imaging resolution required
to detect small changes in plaque burden with the precision
required for the clinical trial setting. Furthermore, although
early developments in the assessment of plaque composi-
tion are encouraging, they require considerable ongoing
validation.

SUMMARY

Serial imaging with IVUS has allowed visualization of athero-
sclerotic plaque in vivo and characterization of the factors
that are associated with its progression and regression. Clin-
ical trials have demonstrated that therapies that target both
atherogenic and protective lipid factors influence the natu-
ral history of atherosclerosis. These findings are likely to
underscore the effects of targeting lipids on cardiovascular
events.
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Monitoring atherosclerosis, although frequent in clinical tri-
als, has not yet found routine use in clinical practice. Rapid
advances in imaging technology, combined with advances
in proteomics, genomics, and therapeutics, will, however,
likely lead to a more routine use of imaging in risk assess-
ment, disease monitoring, and “personalizing” medicine in
the future. Of the various imaging technologies available,
ultrasound represents the safest and the most comfortable
modality for any given individual. The use, advantages,
and pitfalls of using external ultrasound in monitoring
atherosclerosis are reviewed in this chapter.

MONITORING ATHEROSCLEROSIS:
CONSIDERATIONS FOR ULTRASOUND

Because atherosclerosis is a disease of the vessel wall, imag-
ing the vessel wall remains the ideal way to track the progres-
sion or regression of atherosclerosis. The carotid arteries are
well suited for imaging to track the progression of atheroscle-
rosis for several reasons. Because they are superficial and
have limited movement,1 the carotid arteries (especially
the common carotid artery) are easy to image noninvasively
and provide the possibility of high-quality images with excel-
lent resolution. Also, of the peripheral arteries (i.e., outside
of the aorta), the carotid arteries are among the largest in
caliber, and therefore, are easier to visualize and analyze.
In addition, the carotid bifurcation provides a naturally
occurring landmark that can be easily identified for repro-
ducibility. Finally, atherosclerotic deposits in the carotid
artery are common.

CAROTID INTIMA–MEDIA THICKNESS

Measurement of carotid intima–media thickness (CIMT) has
been the method of choice for ultrasound monitoring of ath-
erosclerosis. As discussed elsewhere in this book (see
Chapter 15), measurement of CIMT has been associated
in numerous studies with both coronary artery disease
and cerebrovascular disease, and with the respective clini-
cal outcomes of myocardial infarction (MI) and stroke.2–7

In addition, CIMT has been used successfully in many stud-
ies (reviewed in the following) as a surrogate to monitor the
effect of various therapies on atherosclerosis.

Espeland et al.8 evaluated whether CIMT satisfies
the criteria to be considered a good surrogate for cardio-
vascular events, specifically with respect to clinical trials
using 3-hydroxy-3-methylglutaryl–coenzyme A reductase
inhibitors (statins). On the basis of their meta-analysis, they
concluded that change in CIMT may account for at least
some of the treatment effects attributable to statin therapy.
Further, they noted that the majority of the criteria for sur-
rogacy that Boissel et al.9 and Prentice10 established were
clearly met for the use of CIMT progression as a surrogate
for cardiovascular endpoints in statin trials, although not
necessarily in trials of other agents.8 The U.S. Food and
Drug Administration has accepted CIMT as a measure to
monitor the progression of atherosclerosis in clinical
trials.11

LIMITATIONS TO THE USE OF CAROTID
INTIMA–MEDIA THICKNESS IN
ATHEROSCLEROTIC IMAGING

Although CIMT has been used successfully in a number of
clinical trials to demonstrate the antiatherosclerotic effi-
cacy of several therapies, several important issues must
be considered (Fig. 33-1). Because the annual change
in CIMT is on the order of approximately 0.01 mm, small
errors in measurement may be significant. Also, as with
any ultrasound test, measurement of CIMT is highly opera-
tor dependent. Several measures, including use of methods
to standardize the imaging angle (to ensure that repeatmea-
surements are performed at the same angle) and allow image
overlay, are used to limit technician error and improve repro-
ducibility. In addition, several programs for automatic mea-
surement of CIMT have also been developed to limit errors
in measurement.

Atherosclerotic deposits occur in the subintimal region,
whereas CIMT, as the name suggests, is a measure of both
the intima and media of the arterial wall. The intimal layer
is thought to contribute only approximately 2.5% of the
CIMT in normal arteries, whereas in more diseased arteries,
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it may contribute only approximately 20% of the CIMT.12

Hence, diseases that cause medial hypertrophy (e.g., hyper-
tension) may have a greater influence on CIMT and its pro-
gression, and the resulting measurement may not accurately
reflect the true atherosclerotic burden. In addition, athero-
sclerosis may be focal, and the mean CIMT of multiple seg-
ments may not reflect the presence of focal atherosclerotic
deposits.

The protocols to measure CIMT have not been well stan-
dardized. Clinical trials have used changes in mean CIMT
of various segments of the carotid arteries (common, bulb,
and internal) alone and in combination as endpoints. There-
fore, in interpreting trials that use CIMT, one must always
look at the endpoint used and the measurements consid-
ered. In addition, although CIMT can be measured from
the near and far walls of the carotid arteries, because of tech-
nical considerations, the far wall measurements are likely to
be more accurate (Fig. 33–2).13,14 Furthermore, CIMT
should be measured consistently in the same phase of the
cardiac cycle (diastole) using electrocardiographic gating,
systolic and diastolic dimensions, or both, because systolic
lumen expansion and thinning of the CIMT will occur.15,16

Other issues to consider include ultrasound settings such
as gain and dynamic range.17 Bots et al.18 concluded that
the use of themean of themaximumCIMT frommultiple seg-
ments would be the optimal primary endpoint for clinical tri-
als. However, Wikstrand13 reported that an error in 10
measurements over a 10-mm segment would be less than
that with one measurement, and that the overall precision
would increase when more than one image from an arterial

segment is recorded and a mean value is calculated.
Wikstrand also suggested that a composite mean of 10-mm
sections from the far wall of the common carotid artery
and the carotid artery bulb be used as the primary variable
of interest. Hence there is debate as to which CIMT measure
should be used as the primary end point in clinical trials.
Despite these limitations, CIMT remains a good surrogate
to image and track atherosclerosis if done rigorously and
by experienced personnel.

USE OF CAROTID INTIMA–MEDIA THICKNESS
IN CLINICAL TRIALS

Since the late 1980s, several trials have used CIMT as the
primary endpoint to examine the effect of various therapies
that treat risk factors associated with atherosclerosis. More
recently, carotid artery magnetic resonance imaging (MRI)
has frequently been used as the surrogate imaging endpoint
to monitor atherosclerosis; however, improvements in
three-dimensional (3D) ultrasound with plaque volume
quantification may, in the future, again allow ultrasound
to be the imaging surrogate of choice. Among trials of
lipid-lowering therapies, the Cholesterol Lowering Athero-
sclerosis Study (CLAS) was the first to use CIMT to monitor
atherosclerosis.19 CLAS was a randomized, placebo-
controlled trial of colestipol plus niacin in addition to diet
in nonsmoking men with previous coronary bypass surgery.
In addition to coronary and femoral angiography com-
ponents, a pilot study of standardized B-mode carotid

CIMT measurement

Technical
considerations

Disease-specific
considerations

1. Endpoint:

a. Maximum or mean
b. Far wall, near wall,
    or both
c. Common carotid +
    bulb + internal carotid,
    or common carotid alone

2. IMT measurement:

a. Cardiac cycle: how was
    diastole identified?
b. Still frame versus video
    clip

3. Scan technique:

a. Measures to ensure
    repeatability, such as
    use of tools to help
    standardize imaging
    angles

Pros

1. Atherosclerosis:
    disease of the
    vessel wall

2. Carotid arteries:
    easy to image

3. Carotid arteries:
    natural landmarks

4. Carotid arteries:
    prone to
    atherosclerosis

5. CIMT:
    associated with
    prevalent and
    incident CVD

6. CIMT:
    established as a
    good surrogate in
    statin intervention
    trials

Cons

1. Atherosclerosis:
    subintimal, while
    IMT measures
    intima + media

2. Atherosclerosis:
    can be focal

3. Annual progression
    of IMT ~0.01 mm

4. Other conditions,
    such as vasculitis,
    can lead to increased
    IMT as well

5. Not a direct measure
    of coronary artery
    atherosclerosis

FIGURE 33-1 Considerations in using CIMT in clinical trials. CIMT, carotid intima–media thickness; CVD, cardiovascular disease; IMT, intima–media thickness.
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ultrasound was used to study 78 individuals who had
ultrasound at baseline and at 2 and 4 years. Treatment
with colestipol and niacin resulted in the reduction of
the CIMT of the far wall of the right common carotid
artery (measured using an automated boundary detection
program over 120 points); the mean CIMT decreased
from 0.65 mm at baseline to 0.60 mm at 4 years in the
combination-therapy group and increased from 0.61 mm
at baseline to 0.66 mm at 4 years in the placebo group.
The differences between the active treatment and placebo
groups were statistically significant at both 2 and 4 years
(P <0.0001). Since then, a number of studies have exam-
ined the effects of other lipid-lowering therapies, including
statin therapy, on CIMT progression measured in various
segments of the carotid arteries.

Trials of Statin Monotherapy
Studies of statins compared with placebo include the Asymp-
tomatic Carotid Artery Progression Study (ACAPS),20 the Prav-
astatin, Lipids and Atherosclerosis in the Carotid Arteries
(PLAC II) study,21 the Kuopio Atherosclerosis Prevention
Study (KAPS),22 the Monitored Atherosclerosis Regression
Study (MARS),23 the Carotid Atherosclerosis Italian Ultra-
sound Study (CAIUS),24 the Regression Growth Evaluation
Statin Study (REGRESS),25 the Long-Term Intervention with
Pravastatin in Ischaemic Disease (LIPID) Atherosclerosis Sub-
study,26 and the Beta-Blocker Cholesterol-Lowering Asymp-
tomatic Plaque Study (BCAPS).27

Although most trials of statin monotherapy have found
greater benefit on CIMT with statin than placebo
(Table 33-1), no benefit was reported in the Cerivastatin

R

ECA

ICA

Intima
Lumen

Near
wall

A

B

C

D

Near
wall

Far
wall

Leading edge

Far edge

Anatomy

Lumen diameter

Intima–media
complex

Valid Not valid
1

3

4

5

2

Measurement of intima–media
complex and lumen diameterAdventitia

Adventitia

Media

Media

Intima

Intima

Echo image

Far
wall

Adventitia

Media

FIGURE 33–2 Ultrasound assessment of the carotid arteries. A, Arterial wall. B, Carotid ultrasonogram; arrow designates transition from common carotid artery to carotid
artery bulb. C, Leading edge and far edge of near wall intima–lumen interface, common carotid artery segment. D, Anatomic correlates to echoes from a carotid artery: 1¼ far edge
of near wall adventitia echo; 2¼ leading edge of echo from near wall intima–lumen interface; 3¼ far edge of echo from near wall intima–lumen interface; 4¼ leading edge of echo
from far wall lumen–intima interface; 5¼ leading edge of echo from far wall media–adventitia interface. ECA, external carotid artery; ICA, internal carotid artery. (Modified from
Wikstrand J. Methodological considerations of ultrasound measurement of carotid artery intima–media thickness and lumen diameter. Clin Physiol Funct Imag. 2007;27:341–345.)
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in Diabetes (CERDIA) trial,28 in which 250 patients with type
2 diabetes were randomized to a statin (initially cerivastatin
0.4 mg; subsequently changed to simvastatin 20 mg after the
withdrawal of cerivastatin from the market) or placebo. At
2 years, no significant difference was found in the
primary endpoint of mean common CIMT between treat-
ment groups, although low-density lipoprotein cholesterol
(LDL-C) decreased by 25% in the statin group and increased
by 8% in the placebo group. However, a significant reduction
was found in cardiovascular events in the statin therapy
group, although only 14 cardiovascular events in all were
reported (2 in the statin group as opposed to 12 in the pla-
cebo group; P¼0.006).

Among subsequent statin studies, the Measuring Effects
on Intima-Media Thickness: An Evaluation of Rosuvastatin
(METEOR) study29 enrolled low-risk patients who were
not candidates for lipid-altering therapy, based on the
U.S. National Cholesterol Education ProgramAdult Treatment
Panel III (NCEP ATP III) guidelines.30 These patients had age
as the only coronary heart disease (CHD) risk factor, or a 10-
year Framingham Risk Score of less than 10%, increased cho-
lesterol (LDL-C) level, and baseline maximum CIMT of 1.2 to
3.5 mm. Patients were randomized in a 5:2 ratio to receive
rosuvastatin 40 mg/day or placebo. Over a 2-year period,
the primary endpoint of annualized rate of change in maxi-
mum CIMT, based on all of the scans performed during the
study period, from each of the 12 carotid artery sites (near
and far walls of the right and left common carotid artery,
carotid bulb, and internal carotid artery), was �0.0014 mm/
year (95% confidence interval [CI] –0.0041 to 0.0014 mm/
year) for the rosuvastatin group versus 0.0131 mm/year
(95% CI 0.0087–0.0174 mm/year) for the placebo group
(P <0.001). These results suggested that although statin
therapy did not lead to a significant regression of atheroscle-
rosis in these patientswith a low FraminghamRisk Score, it did
lead to a significant reduction in the rate of progression of ath-
erosclerosis (�0.0145 mm [95% CI �0.0196 to �0.0093];
P <0.001). Among the various prespecified secondary

endpoints, the maximum CIMT of the common carotid arter-
ies was significantly reduced (�0.0038 mm/year [95%
CI �0.0064 to �0.0013; P <0.001). The mean LDL-C level
attained with rosuvastatin in this study was 78 mg/dL, com-
pared with 152 mg/dL with placebo. Since METEOR, studies
such as the Justification for theUse of Statins in Primary Preven-
tion: An InterventionTrial EvaluatingRosuvastatin (JUPITER)31

(although not a similar patient population) have shown that
statin therapy is associated with improved clinical outcomes
even in those with relatively lower LDL-C at baseline.

Overall, these studies consistently showed that statin ther-
apy was superior to placebo in reducing atherosclerotic pro-
gression assessed by CIMT. REGRESS, LIPID, and MARS
showed significant regression with statin treatment, com-
pared with no change or progression in the placebo group,
and PLAC II and METEOR showed significantly reduced pro-
gression in the mean of the maximum CIMT in the statin
group compared with placebo. Meta-analyses of statin trials
have suggested that statin therapy is associated with relative
reduction in CIMT compared with placebo. Espeland et al.8

reported that CIMT progression was reduced by 0.012 mm/
year (95% CI �0.016 to�0.007 mm/year) with statin therapy
(Fig. 33–3).

The effects of two different statins on CIMT were com-
pared in the Atorvastatin versus Simvastatin on Atherosclero-
sis Progression (ASAP) trial,32 in which 325 individuals
(aged 30–70 years) with heterozygous familial hypercholes-
terolemia (HeFH) were randomized to receive aggressive
lipid-lowering therapy with atorvastatin 80 mg/day or con-
ventional lipid-lowering therapy with simvastatin 40 mg/
day. Over a follow-up of 2 years, the primary endpoint of
change in mean CIMT (combined measurements of the
common and internal carotid arteries and the carotid bifur-
cation on both sides) significantly decreased by 0.031 mm in
the atorvastatin group (95% CI�0.007 to�0.055; P¼0.0017),
but significantly increased by 0.036mm (95% CI 0.014–0.058;
P¼0.0005) in the simvastatin group; the difference between
the two groups was also significant (P¼0.0001). The LDL-C

TABLE 33-1 Placebo-Controlled Trials of Statin Monotherapy with CIMT End Points
STUDY PATIENTS N FOLLOW-UP

(yr)
STATIN
(mg/day)

CIMT MEASURE MEAN CIMT CHANGE
(mm/yr)

Statin Placebo P

ACAPS20 Asymptomatic, moderately
increased LDL-C

919 3 Lovastatin 20–40 Mean maximum �0.009 0.006 0.001

BCAPS27 Asymptomatic, moderately
increased LDL-C

793 3 Fluvastatin 40 Far wall CCA 0.011 0.036 0.002

CAIUS24 Asymptomatic, moderately
increased LDL-C

305 3 Pravastatin 40 Mean maximum �0.0043 0.0089 <0.0007

KAPS22 Asymptomatic, increased LDL
cholesterol

447 3 Pravastatin 40 CCA, bulb combined �.017 0.031 0.005

LIPID26 CAD, moderately increased
cholesterol

522 4 Pravastatin 40 Far wall CCA �0.014 0.048 <0.0001

MARS23 CAD, moderately increased
cholesterol

188 2 Lovastatin 20–40 Far wall CCA �0.038 0.019 <0.001

PLAC II21 CAD, increased LDL-C 151 3 Pravastatin 10–40 Mean CCA 0.0295 0.0456 0.03

REGRESS25 CAD, moderately increased
cholesterol

255 2 Pravastatin 40 CCA, bulb, ICA, femoral
combined

�0.05 0 0.0085

ACAPS, Asymptomatic Carotid Artery Progression Study; BCAPS, Beta-Blocker Cholesterol-Lowering Asymptomatic Plaque Study; CAD, coronary artery disease; CAIUS, Carotid
Atherosclerosis Italian Ultrasound Study; CCA, common carotid artery; CIMT, carotid intima–media thickness; ICA, internal carotid artery; KAPS, Kuopio Atherosclerosis Prevention
Study; LIPID, Long-Term Intervention with Pravastatin in Ischaemic Disease; LDL-C, low-density lipoprotein cholesterol;MARS,Monitored Atherosclerosis Regression Study; PLAC II,
Pravastatin, Lipids and Atherosclerosis in the Carotid Arteries; REGRESS, Regression Growth Evaluation Statin Study.
(From Bots ML. Carotid intima–media thickness as a surrogate marker for cardiovascular disease in intervention studies. Curr Med Res Opin. 2006;22:2181–2190, with permission.)
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reduction in the atorvastatin group (51%, from 309 mg/dL at
baseline to 150 mg/dL at 2 years) was also significantly
greater than the LDL-C reduction in the simvastatin group
(41%, from 322 to 186 mg/dL; P¼0.0001 for the difference
between treatment groups).32 In an extension study of
ASAP,33 255 of the 280 individuals who completed the
ASAP protocol were treated with open-label atorvastatin
80 mg/day and followed up for an additional 2 years.
At the end of this period, those individuals who were taking
atorvastatin in the original ASAP study and continued taking
atorvastatin in the extension phase had no change in CIMT
(0.89 mm at the start of the extension vs. 0.90 mm at the com-
pletion of the extension; P¼0.57), whereas those who were
taking simvastatin in the original ASAP study and started ator-
vastatin therapy in the extension phase had significant regres-
sion of CIMT (0.95 mm at the start vs. 0.92 mm at the
completion of the extension; P¼0.01) (Fig. 33–4),
suggesting that after maximal therapy with statins, further
regression may be difficult to achieve.33

The effects of different intensities of statin therapy on CIMT
were also examined in the Arterial Biology for the Investiga-
tion of the Treatment Effects of Reducing Cholesterol (ARBI-
TER) study,34 in which 161 individuals with CHD were

randomized to receive atorvastatin 80 mg or pravastatin 40
mg. At the 12-month follow-up, the primary endpoint of
change in the mean CIMT of the far wall of the common
carotid artery indicated regression in the atorvastatin group
(�0.034�0.021 mm), whereas CIMT remained stable in the
pravastatin group (change of 0.025�0.017 mm). Mean
LDL-C was reduced to 76 mg/dL (49% reduction) in the ator-
vastatin group and to 110 mg/dL (27% reduction) in the prav-
astatin group. On further analysis,35 the investigators reported
that changes in CIMT were directly related to final LDL-C level
on therapy. Individuals with final LDL-C in the lowest quartile
(<70 mg/dL) had mean regression (mean CIMT decrease of
0.06�0.17 mm), whereas individuals with final LDL-C in the
highest quartile (�114 mg/dL) had mean progression (mean
CIMT increase of 0.06�0.09 mm). Regression was observed
in 61% of patients with final LDL-C in the lowest quartile,
but in only 29%of patients with final LDL-C in the highest quar-
tile. The finding of ARBITER that lower LDL-C levels in patients
with CHD was associated with improved outcome is consis-
tent with evidence from clinical trials that examined clinical
events as the primary endpoint,36–40 which led to updated
NCEP ATP III guidelines recommending an optional LDL-C
goal of less than 70mg/dL in individuals at very high risk, with
CHD or a CHD risk equivalent.41 Overall, on the basis of these
trials, it appears that statin therapy arrests or retards the pro-
gression of atherosclerosis. In studies that compared different
intensities of statin therapy, higher efficacy statins seemed to
have the greatest effect.

Trials of Combination Lipid-Lowering
Therapy
Other studies have used CIMT to compare the effects of statin
monotherapy with those of statins combined with other
agents. The effect of adding niacin to statins was compared
with that of statin monotherapy in the ARBITER 2 study,42 in
which 167 individuals who had CHD and high-density lipo-
protein cholesterol (HDL-C) levels less than 45 mg/dL, and
whowere already receiving statin therapy, were randomized
to receive extended-release niacin (1000 mg) or placebo in
addition to statin. After 12 months, the group randomized to
niacin had a 21% increase in HDL-C and no change in mean
common CIMT (0.014�0.104 mm; P¼0.23), whereas the
mean common CIMT significantly increased in the placebo
group (0.044�0.100 mm; P <0.001). However, the change
in mean common CIMT was not significantly different
(P¼0.08) between the two groups. Of the individuals who
completed the ARBITER 2 study, 130 consented to partici-
pate in the open-label ARBITER 3 study,43 in which niacin
therapy was continued in patients randomized to niacin in
ARBITER 2 and initiated in patients randomized to placebo
in ARBITER 2. At the completion of this additional 1 year of
follow-up, individuals who converted from placebo in ARBI-
TER 2 to niacin therapy in ARBITER 3 (n¼47) had signifi-
cant regression in CIMT (�0.095�0.019 mm; P <0.001 vs.
during the placebo phase), whereas those who converted
from blinded to open-label therapy with niacin (n¼57)
had further regression in the mean common CIMT
(�0.041�0.021 mm; P <0.001).

Niacin was comparedwith ezetimibe in patients with CHD)
on statin therapy in the ARBITER 6 study.44 This study showed
that the niacin and statin combination was associated with
improved CIMT (reductions in both mean and maximum
CIMT) compared with the ezetimibe and statin combination.
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FIGURE33–4 Changes in IMT (mean�SE) in the ASAP study extension phase.
Squares, atorvastatin; triangles, simvastatin. ASAP, Atorvastatin versus Simvastatin on
Atherosclerosis Progression; IMT, intima–media thickness; SE, standard error. (Modified
from van Wissen S, Smilde TJ, Trip MD, et al. Long-term safety and efficacy of high-
dose atorvastatin treatment in patients with familial hypercholesterolemia. Am J
Cardiol. 2005;95:264–266.)
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FIGURE 33–3 Relative change in CIMT progression as a surrogate for
cardiovascular events: pooled estimate from ACAPS,20 KAPS,22 PLAC II,21

CAIUS,24 REGRESS,25 BCAPS,27 and FAST.74 ACAPS, Asymptomatic Carotid Artery
Progression Study; BCAPS, Beta-Blocker Cholesterol-Lowering Asymptomatic Plaque
Study; CAIUS, Carotid Atherosclerosis Italian Ultrasound Study; CIMT, carotid intima-
media thickness; FAST, Fukuoka Atherosclerosis Trial; KAPS, Kuopio Atherosclerosis
Prevention Study; OR, odds ratio; PLAC II, Pravastatin, Lipids and Atherosclerosis in
the Carotid Arteries; REGRESS, Regression Growth Evaluation Statin Study. (Data
from Espeland MA, O’Leary DH, Terry JG, et al. Carotid intimal–media thickness as a
surrogate for cardiovascular disease events in trials of HMG-CoA reductase inhibitors.
Curr Control Trials Cardiovasc Med. 2005;6:3.)
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However, two recent studies (Atherothrombosis Intervention
in Metabolic Syndrome with Low HDL/High Triglycerides:
Impact on Global Health Outcomes [AIM HIGH]45 and Heart
Protection Study 2–Treatment of HDL to Reduce the Inci-
dence of Vascular Events [HPS2-THRIVE]46) failed to show
that the combination of niacin and statin was any better than
statin alone in reducing clinical endpoints. Another HDL-C–
increasing strategy that was also assessed by CIMT in clinical
trials in combination with statin therapy is cholesteryl ester
transfer protein (CETP) inhibition. The Rating Atherosclerotic
Disease Change by Imaging with a NewCETP Inhibitor (RADI-
ANCE) studies evaluated the effect of torcetrapib added to
atorvastatin on CIMT progression. In RADIANCE 1,47 850
patients with HeFH were randomized to either atorvastatin
monotherapy (20–80 mg, titrated to reduce LDL-C to goal;
mean dose, 56.5 mg) or atorvastatin combinedwith 60-mg tor-
cetrapib for 2 years. Although combination therapy resulted
in significantly greater increases in HDL-C (54% vs. 2.5%
with atorvastatin monotherapy) and significantly greater
decreases in LDL-C (14% decrease vs. an increase of 6% with
monotherapy), no difference was seen in the primary end-
point of yearly change in maximum CIMT for 12 segments
(0.0047�0.0028 mm/year vs. 0.0053�0.0028 mm/year with
monotherapy; P¼0.87 for the difference). The secondary
endpoint of annualized change inmean commonCIMT, how-
ever, showed a decrease of 0.0014 mm/year in the
atorvastatin-only group, compared with an increase of
0.0038 mm/year in the torcetrapib–atorvastatin group
(P¼0.005). Furthermore, patients who received combination
therapy had significantly increased incidence of hypertensive
adverse events. RADIANCE 248 enrolled 752 individuals with
mixed dyslipidemia and randomized them to receive 60-mg
torcetrapib or placebo added onto baseline therapy with ator-
vastatin 20 to 80 mg, titrated to reduce LDL-C to NCEP ATP III–
established goals based on estimated cardiovascular risk
(mean dose, 13.3 mg). Individuals randomized to torcetrapib
plus atorvastatin had a 63% increase in HDL-C and an 18%
decrease in LDL-C compared with those randomized to pla-
cebo plus atorvastatin. However, no difference was seen in
the primary endpoint of yearly rate of change in themaximum
CIMT for 12 segments: maximum CIMT increased by
0.025�0.005 mm/year in patients who received torcetrapib
with atorvastatin and 0.030�0.005 mm/year in those who
received atorvastatin alone (difference, �0.005 [95% CI
�0.018 to 0.008] mm/year; P¼0.46). Patients who received
combination therapy also had significantly greater and signif-
icantly more frequent increases in systolic blood pressure.
The lack of improvement in CIMT with torcetrapib reported
in the RADIANCE 1 and RADIANCE 2 studies was also consis-
tent with the results of the Investigation of Lipid Level Manage-
ment Using Coronary Ultrasound to Assess Reduction of
Atherosclerosis by CETP Inhibition andHDL Elevation (ILLUS-
TRATE) trial,49 which did not show a significant difference in
CHD progression assessed by coronary intravascular ultra-
sound between atorvastatin monotherapy or atorvastatin
in combination with torcetrapib. These findings were
also consistent with the Investigation of Lipid Level Manage-
ment to Understand Its Impact in Atherosclerotic Events
(ILLUMINATE) trial,50 in which the addition of torcetrapib
to atorvastatin resulted in a significantly increased risk for car-
diovascular events (hazard ratio [HR] 1.25; 95% CI 1.09–1.44;
P¼0.001) and death (HR 1.58; 95% CI 1.14–2.19; P¼0.006),
leading to early termination of the study and discontinuation
of the development of torcetrapib.

Ezetimibe was combined with statin therapy in the Ezeti-
mibe and Simvastatin in Hypercholesterolemia Enhances
Atherosclerosis Regression study (ENHANCE),51 in which
the 2-year change in the mean CIMT of the far walls of the
left and right common carotid arteries, carotid bulbs, and
internal carotid arteries was compared in 720 patients with
familial hypercholesterolemia (FH) who were randomized
to receive simvastatin 80 mg alone or the combination of
simvastatin 80 mg plus ezetimibe 10 mg. Although LDL-C
reduction (56% with combination therapy vs. 39% with sim-
vastatin monotherapy) and C-reactive protein (CRP) reduc-
tion were significantly greater with combination therapy, the
primary endpoint of mean change in CIMT was not different
between treatment groups. The mean CIMT at baseline was
0.70�0.13 mm in the simvastatin monotherapy arm and
0.69�0.13 mm in the simvastatin–ezetimibe arm. At the
end of the study, the mean CIMT increased by
0.0058�0.0037 mm in the simvastatin group and
0.0111�0.0038 mm in the combined therapy group; the dif-
ference between the two groups was not statistically different
(P¼0.29). This study generated controversy because despite
greater reductions in LDL-C and CRP, no difference in CIMT
was observed between the two groups, calling into question
the effectiveness of ezetimibe and also raising questions
about the use of surrogate markers.

Although the real reason for the lack of a greater response
to the combination therapy may not be known until the
results of the clinical outcomes trial Improved Reduction of
Outcomes: Vytorin Efficacy International Trial (IMPROVE-
IT)52 are published, several important factors should be con-
sidered. First, the patient population enrolled should be
considered. The baseline CIMTwas less than that in previous
studies in individuals with FH (e.g., ASAP) (Table 33-2),
approximately 80% of ENHANCE patients were already
receiving statin therapy at baseline, and little progression
was seen in the control groupwith simvastatin 80mg. Interest-
ingly, a previous study in patients with HeFH that also
used simvastatin 80 mg, but one that included patients with
a much thicker CIMT, showed significant regression; mean
combined far wall IMT of the carotid and femoral arteries
decreased from 1.07 mm (95% CI 1.05–1.09 mm) at baseline
to 0.99 mm (95% CI 0.97–1.01 mm) at 2 years, representing a
0.081-mm regression (95% CI for the difference �0.109 to
�0.053 mm).53 Thus, it may be more difficult to show benefit
of therapy, and in particular, regression of atherosclerosis, if
CIMT is close to normal and not thick at baseline.

The second factor to be considered is technical issues.
CIMT measurements in ENHANCE used single-frame images
rather than video clips, which could potentially increase
errors in the CIMT measurement, because the image analyzer
is dependent on the technologists and the image provided to
them. ENHANCE also did not use electrocardiographic gat-
ing, which helps to identify diastole (“R” wave of the electro-
cardiographic tracing). This study, however, did use M-mode,
which allowed for identification of diastole.

The third factor to consider is failure of therapy. It is possi-
ble that incremental LDL-C lowering with ezetimibe does not
provide the additional clinical benefit expected with further
LDL-C lowering. In summary, the patient population tested,
technical considerations relevant to measurement of CIMT,
the amount of disease and progression in the comparator
groups, and the incremental efficacy of therapy compared
with usual care must all be considered in designing and inter-
preting clinical trials with CIMT as the primary endpoint.
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Trials of Other Agents
In addition to statin therapy, other lipid-regulating agents
have been studied for their effects on CIMT. Bezafibrate
was compared with placebo in 164 patients with diabetes
and no known cardiovascular disease in the St. Mary’s, Ealing,
Northwick Park Diabetes Cardiovascular Disease Prevention
(SENDCAP) study.54 The primary endpoint of change in
the mean of the maximum CIMT at 3-year follow-up
was not significantly different between treatment groups,
although the bezafibrate group had significantly greater
improvements in total cholesterol (�7% vs. �0.3%), HDL-C
(6% vs. �2%), and triglycerides (�32% vs. 4%) than placebo.
The bezafibrate group also had fewer cardiovascular events,
although, as in CERDIA, the number of events were small.
The change in LDL-C was not significantly different between
treatment groups (�9.6% with bezafibrate vs. 0.6% with pla-
cebo; P¼0.06).
Therapies that treat other risk factors associated with

atherosclerosis have also been examined for their effects
on CIMT; these include antidiabetic,55–65 antihyperten-
sive,27,66–74 and antiplatelet therapies.75

Howard et al.76 reported the results of an open-label,
blinded-to-endpoint, 3-year trial in 499 American Indian
men and women older than 40 years with diabetes and no
previous cardiovascular events. Patients were randomized
to receive either aggressive therapy, with an LDL-C target
level of 70 mg/dL or less (to be achieved by statin therapy,
followed by ezetimibe, if needed) and a systolic blood pres-
sure target of 115 mm Hg or less, or conventional therapy,
with an LDL-C target level of 100 mg/dL or less and target
systolic blood pressure of 130 mm Hg or less. The primary
endpoint of progression of atherosclerosis measured by
mean common CIMT indicated regression in the aggressive

therapy group and progression in the conventional therapy
group (�0.012 mm vs. 0.038 mm, respectively; P <0.001),
which suggested that more aggressive LDL-C and blood pres-
sure targets might arrest atherosclerosis in American Indians
with diabetes. However, although the combined reduction
of LDL-C and systolic blood pressure likely contributed to
the regression of CIMT, the relative contribution of each
these parameters is not known. Although several therapies
have been shown to regress or stabilize CIMT, the critical
aspect to consider is whether this stabilization of carotid ath-
erosclerosis translates into a reduction in cardiovascular
morbidity and mortality.

Association of Carotid Intima–Media
Thickness and Clinical Events in Clinical Trials
Although, as noted earlier, CIMT has been associated with
cardiovascular events in observational epidemiologic stud-
ies,2–7 only limited information is available on the relation
of CIMT changes and incident cardiovascular events in inter-
ventional trials. Trials with CIMT as the primary endpoint are
not designed specifically to detect statistically significant dif-
ferences in clinical events, which generally requires larger
study populations and longer follow-up. However, a number
of trials have reported improvements in both CIMT and car-
diovascular events with statin therapy (ACAPS,20 PLAC II,21

REGRESS,25 BCAPS,27 CERDIA,28 KAPS,22 CAIUS,24 and
Fukuoka Atherosclerosis Trial [FAST]77).

The relationship between CIMT and coronary events was
examined in long-term follow-up (8.8 years) from CLAS,78 in
which each 0.03-mm/year increase in CIMT for the entire
study population was associated with relative risks of 2.2
(95% CI 1.4–3.6) for nonfatal MI or coronary death and 3.1

TABLE 33-2 Differences between ASAP and ENHANCE Trials
ASAP31 ENHANCE48

Atorvastatin Simvastatin Simvastatin Simvastatin+Ezetimibe

Baseline TC, mg/dL (mean�SD) 386�72 397�81 400�68 400�68

Baseline LDL-C, mg/dL (mean�SD) 309�71 322�78 318�66 319�65

Baseline HDL-C, mg/dL (mean�SD) 46�12 45�11 47�13 47�11

Change in LDL-C, % �50.5 �41.2 �39.1 �55.6

Change HDL-C, % 13.2 13.4 7.8 10.2

Previous statin use, % 71 71 82 81

Baseline CIMT, mm (mean�SD)

Composite* 0.93�0.20 0.92�0.18 0.70�0.13 0.69�0.13

CCA 0.86�0.16 0.87�0.18 0.68�0.16 0.67�0.16

ICA 0.84�0.37 0.82�0.29 0.61�0.17 0.62�0.17

Bulb 1.09�0.32 1.07�0.26 0.80�0.20 0.79�0.22

Difference in CIMT between Baseline and 24 Months, mm

MEAN CHANGE (95% CI) LEAST-SQUARE MEAN�SE

Composite* �0.031 (�0.055 to �0.007) 0.036 (0.014 to 0.058) 0.0058�0.0037 0.0111�0.0038

CCA �0.041 (�0.062 to �0.020) �0.018 (�0.034 to 0.002) 0.0024�0.0043 0.0019�0.0044

ICA �0.032 (�0.082 to �0.018) 0.088 (0.002 to 0.174) �0.0007�0.0064 0.0099�0.0065

Bulb �0.022 (�0.062 to 0.018) 0.062 (0.026 to 0.098) 0.0062�0.0069 0.0144�0.0070

ASAP, Atorvastatin versus Simvastatin on Atherosclerosis Progression; CCA, common carotid artery; CI, confidence interval; CIMT, carotid intima–media thickness; ENHANCE,
Ezetimibe and Simvastatin in Hypercholesterolemia Enhances Atherosclerosis Regression; HDL-C, high-density lipoprotein cholesterol; ICA, internal carotid artery; LDL-C, low-density
lipoprotein cholesterol; SD, standard deviation; SE, standard error; TC, total cholesterol.

*ASAP: distal portion of anterior and posterior wall of CCA, anterior and posterior wall of carotid bifurcation, proximal portion of posterior wall of ICA; ENHANCE: right and left
CCA, carotid bulbs, and ICA.
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(95% CI 2.1–4.5) for any coronary event (nonfatal MI, coro-
nary death, or coronary artery revascularization). In addition
to change in CIMT, the absolute CIMT at 2 years was also
associated with clinical coronary events. Incidence of non-
fatal MI, coronary death, and coronary artery revasculariza-
tion was reduced in the group assigned to colestipol and
niacin therapy (P¼0.01; relative risk 0.41); however, this
relationship was lost (P >0.2; relative risk 1.1) when the
on-study (end of trial) CIMT progression was included in
the model.

Espeland et al.8 concluded, on the basis of a meta-analysis
of seven statin trials with both CIMT and clinical event out-
comes, that statin therapy was associated with an average
reduction in CIMT of 0.012 mm/year (95% CI �0.016
to �0.007) compared with placebo, and that in these trials,
a significant reduction in the odds for a cardiovascular event
was present (odds ratio 0.46; 95% CI 0.30–0.78) for patients
receiving statin therapy (seeFig. 33–3). They further observed
that when CIMT progression was added as a covariate to the
regression models, the relative odds ratio for cardiovascular
events increased to 0.64 and was not statistically significant
(P¼0.13), which suggested that changes in CIMT explained,
in part, the effect of statins on cardiovascular events.

Similarly, Amarenco et al.79 performed a meta-analysis and
examined the effect of statins on stroke and CIMT. They
reported that the stroke reduction effect of statins was closely
related to the LDL-C–lowering effect. Each 10% reduction in
LDL-C was shown to be associated with an approximately
15% reduction in stroke (95% CI 6.7–23.6) and a 0.73% per
year reduction in CIMT (95% CI 0.27–1.19). They also noted
a strong correlation between LDL-C lowering and CIMT reduc-
tion (r¼0.65; P¼0.004) (Fig. 33–5).

BEYOND CAROTID INTIMA–MEDIA THICKNESS

Presence of plaque on carotid ultrasound images has been
associated with traditional cardiovascular risk factors,
including age, systolic blood pressure, use of tobacco, the
TC/HDL-C ratio, and body mass index or weight.80–85 Studies

have also shown that the presence of plaque in the carotid
artery is associated with the presence of CHD,86,87 and with
incident MI or cardiovascular death.88–95

Although the presence of plaque is strongly associated
with CIMT,80,96 some individuals who have “thinner” CIMT
have plaque, and some individuals who have “thick” CIMT
do not have plaque. It is thought that thick CIMT may be a
precursor for plaque development, and although this is most
likely the case, conditions such as vasculitis may lead to
increased CIMT without being related to the process of ath-
erosclerosis. In contrast, atherosclerotic plaque, as the name
implies, is related solely to atherosclerosis. However, the def-
inition of plaque is not standardized. Some studies have clas-
sified plaque as a focal widening relative to adjacent
segments with protrusion into the lumen,88–90 whereas
others have used CIMT values (e.g., >1.5 mm) to define pla-
que.95 Furthermore, other issues, such as calcification in the
plaque, which renders plaque difficult to image with ultra-
sound, and plaque eccentricity, which requires evaluation
at multiple angles to image plaque adequately, must be con-
sidered.97 However, the relatively greater annual change in
plaque area12,98 may allow for recruitment of individuals
with more rapid progression, and the possibility of plaque
characterizationmay provide additional parameters for eval-
uation in clinical trials.

Quantification of plaque volume using 3D reconstruction
of ultrasound images has been performed by some investiga-
tors95,99,100 andmay permit investigators to study the effect of
therapies on plaque volume rather than on the thickness of
the carotid artery, although this can be challenging. Studies
have already shown that plaque volume estimated by using
3D ultrasound is comparable to that obtained by MRI in
ex vivo imaging,101 that 3D plaque volume is highly corre-
lated to the coronary calcium score,102 and that plaque vol-
ume has a good negative predictive value for the presence or
absence of significant CHD in individuals undergoing both
carotid ultrasound and cardiac catheterization on the same
day.103 It is highly conceivable that once automated, screen-
ing for plaque and 3D volume quantification will have signif-
icant value in cardiovascular disease risk stratification and in
clinical trials to monitor antiatherosclerotic therapy.

Plaque characterization using ultrasound has also been
pursued since the mid-1980s, when plaque was identified
as homogeneous or heterogeneous.104,105 Subsequently,
suggestions were made that echogenicity of a plaque should
be standardized against three reference structures: (1) flow-
ing blood for anechogenicity, (2) sternocleidomastoid mus-
cle for isoechogenicity, and (3) the adjacent transverse
apophysis of the cervical vertebrae or the bright far wall
media–adventitia interface for hyperechogenicity.106,107

Anechogenic plaques are thought to represent either necrotic
or hemorrhagic lesions, whereas the echogenic appearance
of the plaque represents predominantly fibrotic tissue. How-
ever, such characterization has a high rate of interoperator
and intraoperator variability.108 Integrated backscatter signals
have been used to characterize plaque components.109–112

Other methods to characterize plaque have included
the use of computer-aided analysis,113 a more operator-
independent assessment of plaque that resulted in the esti-
mation of the grayscale median, which is the frequency
distribution of gray values of the pixels within the plaque that
are used as the measure of echogenicity. Comparisons
between the different instruments were initially difficult
because of the different settings, but have since been
improved by normalizing images by using digital image
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processing and by using blood and adventitia as refer-
ences.107 Although such characterization correlated closely
with clinical symptoms in some studies, the correlation with
histology has not been consistent.114–118 This is likely
because conventional 2D techniques are not very accurate,
because they are limited to a subjective selection of a partic-
ular ultrasound image that needs to be representative of the
plaque structure.119 A stratified grayscale median measure-
ment combined with color mapping was shown to correlate
well with histopathologic components; however, the study
was performed in only 28 patients who had had a stroke.120

Use of the more accurate ultrasound imaging that is now
available may enable further improvements in characteriza-
tion of plaque.
Another advancement in ultrasound-based analysis of ath-

erosclerosis is the use of contrast agents. Ultrasonic contrast
agents are microbubbles of gas that are enveloped by a shell
of various substances (e.g., albumin and lipid polymer) and
are strong reflectors of acoustic energy. These contrast agents
have been shown to improve the resolution of both the near
wall and far wall in CIMT measurement121,122 and have been
described to identify plaque vasa vasorum, a marker of pla-
que instability.123 Another potential use of ultrasound contrast
that is being actively evaluated is the noninvasive imaging of
molecular or cellular processes. Because the ultrasound con-
trast bubbles are pure intravascular tracers, novel contrast
agents that target events that are important in the pathophys-
iology of atherosclerosis, including inflammation, thrombus
formation, and angiogenesis, have been developed and are
being studied.124 The same approach may also provide a
method for effective drug delivery.

SUMMARY

CIMT has been used effectively as a surrogate marker to
monitor the progression of atherosclerosis and to monitor
the effect of various antiatherosclerotic therapies. However,
several key issues should be considered in using CIMT as a
surrogate, including the method used in the measurement of
CIMT, the primary endpoint, and the population studied.
Overall, currently, it seems that the far wall of the common
carotid artery may be the most reliable segment to track.
However, rapid advances in technology will, in the near
future, allow us to estimate plaque volume and perhaps
characterize plaque morphology, which may then become
the predominant use for ultrasound in the monitoring of
atherosclerosis.

CONCLUSION

Ultrasound is the safest and most comfortable imaging
modality available. It has been used effectively and reliably
in clinical trials to monitor progression of atherosclerosis.
Currently, ultrasound may be useful in improving risk assess-
ment in intermediate-risk patients125 (see Chapter 15).
Despite limitations, advancements in technology and stan-
dardization of protocols will improve the utility of ultrasound
in clinical trials and perhaps in clinical practice in the future.
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INTRODUCTION

Cardiovascular Disease and Coronary Artery
Disease Burden
Atherosclerosis is a progressive, chronic inflammatory disor-
der.1 Despite significant advancements over the past decade
in cardiovascular (CV) diagnostic and therapeutic strategies,
death attributed to atherosclerosis remains the leading
cause of mortality in the United States andmany other indus-
trialized countries worldwide.2,3 Cardiovascular disease
(CVD), including atherosclerotic heart disease and stroke,
account for more than one third of all deaths in the United
States.2 An estimated 935,000 myocardial infarctions (MIs)
and 795,000 strokes occur each year.4 A relatively large num-
ber of these patients are asymptomatic andwithout clinically
overt manifestations of atherosclerosis before the event.5 Of
all the deaths attributed to atherosclerotic CVD, approxi-
mately 25% of the patients are younger than 65 years of
age.6 Mortality rates alone do not fully account for the overall
burden of atherosclerosis on society. For example, the total
cost of atherosclerotic CVD is projected to increase from

$523 to $1126 billion from 2013 to 2030.7 By 2030, it is esti-
mated that more than 148 million of the U.S. population will
be affected.7 Further, an unprecedented increase has been
seen in the prevalence of obesity and type 2 diabetes melli-
tus, both of which pose a considerable public health con-
cern, because these conditions exhibit accelerated
progression of coronary artery disease (CAD).8,9 In light of
these startling data, a strong impetus exists to refine cardiac
risk assessment tools to identify at-risk individuals before an
initial or recurrent event occurs.

It is well recognized that atherosclerotic plaque rupture is
the underlying pathobiologic mechanism of most CVD com-
plications, including MI, stroke, and sudden cardiac death.10

It is noteworthy that, despite guideline-based management,
recurrent CV events persist in high-risk patients. The residual
risk imparted to this population is thought to be secondary to
persistent, unabated systemic inflammation.11 In addition to
inflammation, several other plaque characteristics, including
the presence of thin-cap fibroatheroma and lipid-rich necrotic
core, are hallmarks of inflamed or high-risk plaques, which
are the culprit lesions associated with atherothrombosis
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and subsequent adverse CV events.12–15 Accordingly, early
detection of these high-risk atherosclerotic plaques in patients
who will likely benefit from intensified therapy (i.e., patients
with established CAD) or early initiation of primary preventive
therapy (i.e., at-risk individuals without known CAD) is funda-
mental to ameliorating the burden of CVD and its clinical
complications.3,16 This chapter focuses on the rationale,
current state of the art, and potential future applications of
two advanced noninvasive imaging modalities—positron
emission tomography (PET) and magnetic resonance imag-
ing (MRI)—and their individual, yet complementary, roles
in the detection of atherosclerotic plaque.

Role of Advanced Noninvasive Imaging
in Atherosclerosis
Importance of Assessment beyond Stenosis
For decades, the identification of significant luminal narrow-
ing with invasive radiographic coronary angiography has
been the cornerstone for detection of obstructive coronary
artery stenosis. However, it is well described that the majority
of cases of MI and sudden cardiac death result from athero-
sclerotic plaque complications (i.e., erosion, rupture, and
thrombosis) that, in most cases, did not cause significant
hemodynamic limitations before the acute event.17,18 Stenosis
severity has been shown to be a relatively poor predictor of
future acute coronary events,19 and it is now known that other
atherosclerotic plaque features, such as inflammation and
structural composition, enhance characterization of the pla-
que burden and afford incremental prediction of adverse
CV events.1,20 Data from autopsy studies have advanced the
knowledge of these non–flow-limiting, inflamed atheroscle-
rotic plaques, which are associated with risk of rupture and
thrombosis. Histologically, inflamed or high-risk plaques are
characterized by a thin fibrous cap, large necrotic core, posi-
tive remodeling, and an abundance of inflammatory cells,
which are all features that are strongly associated with acute
coronary syndromes.19,21 Previous studies support the con-
cept that inflammation is a key mediator in atherogenesis
and the events that lead to atherosclerotic plaque rupture.22,23

High-Risk Plaque
In view of the previously described data, early noninvasive
detection of high-risk plaques is of great interest to the med-
ical community because it promises to enhance diagnostic
and therapeutic strategies, which is favorable from a public
health perspective. The unmet medical need in manage-
ment and prevention of atherosclerotic disease may be ful-
filled by two uniquely advantageous imaging techniques:
cardiac PET and MRI. Although anatomic-based imaging
methods cannot measure plaque inflammation, molecular
PET imaging of the arterial wall with the metabolic marker
18-fluorine (18F)–labeled fluorodeoxyglucose (18F-FDG), a
radionuclide glucose analog, enables accurate quantifica-
tion of atherosclerotic plaque inflammation. In addition, car-
diac MRI has emerged as a robust imaging modality with
unparalleled spatial resolution that allows for differentiation
of inflamed plaques versus stable plaques based onmorpho-
logic and functional plaque characteristics.

MAGNETIC RESONANCE IMAGING: OVERVIEW
IN THE FIELD OF ATHEROSCLEROSIS

MRI is one of the most important developments in medical
imaging since the discovery of the x-ray. In contrast to x-rays,

MRI does not provide information about anatomic projec-
tions, but allows exploration of anatomic slices that pro-
vide information to characterize the vessel wall, and not
only the lumen of the vessel, as in the case of x-ray angi-
ography. The physics of MRI is based on the resonance of
protons subjected to a strong magnetic field after applying
radiofrequency pulses. Consequently, the signal intensity
depends on the biochemical environment of protons
in the tissue. Signals obtained from the relaxation time
of the protons depend on the inherent properties of the
tissue and are fixed for a specific tissue under a fixed mag-
netic field. Specific weighted sequences, such as T1, T2,
and proton density, provide a high contrast that allows
for tissue characterization; saturation sequences increase
the contrast of images. These different contrasts allow
for separating of tissues based on their chemical and biologic
compositions.24 In the specific field of atherosclerosis
imaging, MR angiography uses time-of-flight or contrast-
enhanced sequences to provide a high contrast and reso-
lution, which results in bright lumen signal and allows for
exploration of the lumen and, consequently, the stenosis
of the arteries. The major advancement of MRI, however,
is its ability to provide cross-sectional images of the artery
and to explore the vessel wall. For example, black-blood
imaging techniques, by suppressing the signal of blood,
provide a high contrast between the vessel wall and the
lumen, allowing for in vivo vessel wall measurements
and plaque burden assessment. Combined data from mul-
tiple contrast weightings enable distinguishing of plaque
components by providing information about fibrosis, lipid
core, hemorrhage, or calcification within the atheroscle-
rotic plaque. Inflammation is at the crossroads of the
pathophysiology of atherosclerosis and is one of the main
targets of atherosclerosis imaging. Beyond the morpho-
logic information provided by anatomic sequences,
commonly used dynamic contrast–enhanced sequences
provide functional information about plaque biology.
Using the biologic effects of inflammation on the athero-
sclerotic plaque, which are mainly represented by neovas-
cularization and macrophage accumulation, MRI contrast
agents leave the blood pool to diffuse into the plaque and
modify the relaxation time of inflammatory tissues.
Gadolinium accumulates into interstitial tissues and
increases the signal, whereas nanoparticulate contrast
agents, such as ultrasmall superparamagnetic particles
of iron oxide (USPIO) accumulate in macrophages and
decrease the signal intensity. Fast scanning sequences
associated with blood suppression techniques allowed
for the recent development of three-dimensional (3D) iso-
tropic sequences with improved signal-to-noise ratio and
high spatial resolution of up to 0.7 mm.25–27 Finally, on
the basis of the physics of atherosclerotic plaques, special-
ized sequences under development use endogenous con-
trast agents such as methemoglobin to explore intraplaque
hemorrhage in T1-weighted images, or lipid-rich cores to
explore water diffusion coefficient in diffusion-weighted
images.28

Increase in the field strength from 1.5 to 3 T improves
the signal-to-noise ratios,29 with a high reliability for plaque
morphology and component measurements, and a shorter
scan time. Furthermore, MRI confers the advantage of the
absence of ionizing radiation, allowing the use of repeated
scans to track disease progression and therapeutic
efficiency.30
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ATHEROSCLEROSIS IMAGINGWITHMAGNETIC
RESONANCE IMAGING

Imaging a Global Disease
Imaging techniques should be able to provide images of
each part of the arterial tree to identify and evaluate focal
atherosclerotic lesions. MRI has a high spatial resolution
(<1 mm), which is theoretically sufficient to image the cor-
onary arteries. In practice, if MRI is able to explore the prox-
imal part of the lumen of the coronary tree, the artifacts
induced by cardiac and respiratory motions, and the tortu-
osity of the arteries limit the capacity of MRI for exploring
the coronary vessel wall. This explains why most clinical
studies have focused on large vessels, such as the aorta
and carotid arteries, where the plaque component is easier
to explore with MRI. However, only a minority of vulnerable
plaques will progress to rupture, and of those, only a small
proportion will cause a clinical event. The acute inflamma-
tory process accompanying the rapid progression of athero-
sclerosis is not limited to a focal segment of the artery, but
implicates multiple vessels, leading to the concept of pan-
arteritis.31 This pathogenesis of the disease encourages inter-
preting clinical studies on large vessels as the showcase of a
global arterial process.

Atherosclerosis Affects the Vessel Lumen:
Vessel Stenosis
Whole-body MR angiography allows arterial stenosis to be
detected in the entire arterial system—except for the coro-
nary arteries—in a single examination, with an agreement
of 0.89 with conventional digital subtraction angiography,
a sensitivity of 96%, and a specificity of 96% for depiction
of at least a 70% stenosis.32 Furthermore, MR angiography
can also identify symptomatic severe stenosis by showing
the presence of plaque ulceration.33 Arterial atherosclerotic
stenoses detected by MR angiography are associated with a
poor prognosis.34 However, major adverse CV events are
most commonly caused by the thrombotic occlusion of a
high-risk coronary plaque. Furthermore, these high-risk cor-
onary plaques are typically nonstenotic lesions.18,19 Luminal
narrowing is not the only predictor of clinical events. By pro-
viding vessel wall information, MRI allows for the identifica-
tion of high-risk atherosclerotic plaque.

From Morphology to Composition and
Metabolic Activity: To Find the Vulnerable
Plaque
High-resolution MRI provides a submillimeter resolution,
high contrast, and high reproducibility, allowing for explora-
tion of plaque morphology and composition. Black-blood
sequences allow for suppression of blood flow, which facil-
itates visualization of the artery lumen and provides detailed
information about the arterial wall. The natural history of ath-
erosclerosis includes compensatory remodeling of the ves-
sel wall, where the buildup of plaque components leads
to initial outward expansion of the vessel. Several parame-
ters obtained from MRI quantify total plaque expansion
(thickness, area, and volume) independently from the resid-
ual lumen. These parameters, which do not carry prognostic
information, are highly correlated with ex vivo measure-
ments (correlation coefficients for in vivo or ex vivo measure

range from 0.9 to 0.92) and allow for monitoring of progres-
sion or regression of atherosclerosis.35 However, behind the
morphologic parameters, high-resolution and multicontrast-
weighted MRI provides information regarding the plaque
burden and allows for identification of the vulnerable
plaque.

Histologic studies showed that vulnerable plaque is charac-
terized by a thin fibrous cap with a large necrotic core, intra-
plaque hemorrhage, and inflammatory cell infiltration.36,37

Plaque components explored in vivo with MRI have been val-
idated with histology in humans, mainly in carotid arteries,
after endarterectomy.38 Combined information from multi-
ple contrast weightings, such as T1, T2, and proton density,
measure the lipid-rich necrotic core, loose matrix, dense
fibrous tissue, calcification, and presence of superimposed
thrombus38–44 (Table 34-1) with a high correlation with his-
tologic findings (overall plaque component sensitivity
ranges from 64% to 92% and specificity ranges from 65%
to 86%) and high reproducibility (intraclass correlation coef-
ficients range from 0.73 to 0.95).38 One of the challenges of
noninvasive imaging is exploration and quantification of the
fibrous cap of the plaque and the intraplaque hemorrhage,
which are the cornerstones of plaque vulnerability.45 Com-
monly usedmulticontrast sequences and added information
from time-of-flight sequences visualize fibrous cap thickness
and identify unstable fibrous caps.39,41,46,47 Gadolinium-
based contrast agents, by preferentially enhancing fibrous
tissues, increase the contrast between the lipid-rich necrotic
core and the fibrous cap, thus permitting accurate measure-
ments of the fibrous cap in vivo,48,49 with a good correlation
to histology.42 Intraplaque hemorrhage is associated with
accelerated plaque growth and increased risk of rupture.
Methemoglobin within the intraplaque hemorrhage is
responsible for a shortening of the longitudinal constant
relaxation T1 of the tissue, leading to an increase of the
signal on T1-weighted images. The hyperintensity of these
T1-weighted images, both for spin-echo or time-of-flight
acquisitions, has been used to detect and semiquantify
intraplaque hemorrhage with a good correlation to histo-
logic findings.38,40,43,44 Recent studies have emphasized
new sequences using phase-sensitive inversion-recovery

TABLE 34-1 Tissue Classification Criteria by MRI
TISSUE TYPE SEQUENCE

TOF T1W T2W PDW

Lipid/necrotic core

No or little hemorrhage o o/+ o/+ �/o

Fresh hemorrhage + + �/o �/o

Recent hemorrhage + + + +

Loose matrix o �/o + +

Dense fibrous tissue � o o o

Calcification � � �
Thrombus o o � o

MRI, magnetic resonance imaging; PDW, proton density–weighted sequence;
TOF, time of flight; T1W, T1-weighted sequence; T2W, T2-weighted sequence.
Signal intensities: � dark (4 times below noise level); + bright (greater than 16 times
noise level); o: between '� ' and '+ '.
(Extracted from Itskovich VV, Samber DD, Mani V, et al. Quantification of human
atherosclerotic plaques using spatially enhanced cluster analysis of multicontrast-
weighted magnetic resonance images. Magn Reson Med. 2004;52(3):515-523.)
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techniques to improve intraplaque hemorrhage–wall
contrast/noise ratio and blood suppression efficiency.50

These improved sequences can be applied with 3D
sequences to detect both luminal stenosis and intraplaque
hemorrhage in a single scan.51 Finally, high-resolution MRI
permits assessment of atherosclerotic plaques containing
intraplaque hemorrhage and a lipid-rich necrotic core with
a sensitivity of 93% and a specificity of 96% for the qualitative
assessment, and a sensitivity of 76% and a specificity of 100%
for the semiqualitative assessment.43 Carotid plaque compo-
nents and characteristics assessed byMRI in vivo can classify
the plaque according to the American Heart Association
classification.52

The morphologic approach to plaque assessment does
not provide information regarding functional parameters
(e.g., plaque inflammation), which is a recognized marker
of vulnerability.53 An important characteristic of symptom-
atic plaques in comparison with asymptomatic plaques is
neovascularization, which is generally associated with the
inflammatory process.37,54 New techniques of molecular
imaging explore such parameters and improve the assess-
ment of the atherosclerotic plaque (Table 34-2). In addition
to anatomic information, molecular imaging techniques can
quantify specific biologic processes, thus providing insight
into the functional parameters of tissues. Inflammation of
the atherosclerotic plaque leads to an increase in intima
thickness, and consequently, an increase in the distance
between adventitial vascularization and the deep layers
of the intima. This phenomenon results in local hypoxia
and compensatory neovascularization to restore the nutrient
supply to the vessel wall.55 Consequently, exploration
of neovascularization is a key step in atherosclerosis
imaging. Dynamic contrast–enhancement MRI investigates
the rate of plaque enhancement after administration of
gadolinium-based contrast agents and allows for the assess-
ment of plaque perfusion from the adventitial layer. Various

tissue permeability and blood supplies, according to the
plaque composition, explain the different rates of plaque
enhancement. The technique consists of the rapid acquisi-
tion of images at the same location during and after injection
of a gadolinium-based contrast agent (Fig. 34-1). Tissue
enhancement curves during the dynamic scan provide infor-
mation about the extent of the neovasculature. Dynamic
contrast–enhancement measures of neovascularization
have been proven to correlate to plaque neovascularization
in both animal models and humans.56–63 Neovasculariza-
tion explored by dynamic contrast–enhancement MRI also

TABLE 34-2 Information and Clinical Value of Plaque
Components and Biology Obtained by MRI
INFORMATION FROM MRI VALUE

Lumen Stenosis

Lumen area Monitoring and prognosis

Plaque Morphology

Wall thickness Monitoring and prognosis

Wall area Monitoring

Wall volume Monitoring

Total vessel area Monitoring

Plaque ulceration Prognosis

Plaque Composition and Activity

Lipid-rich necrotic core Monitoring and prognosis

Loose matrix Monitoring

Dense fibrous tissue Monitoring

Calcification Monitoring

Fibrous cap Monitoring and prognosis

Intraplaque hemorrhage Monitoring and prognosis

Neovascularization Monitoring

MRI, magnetic resonance imaging.

Pre +14s +28s

+42s +56s +68s

FIGURE 34-1 Dynamic contrast enhancement of the arterial wall. Dynamic contrast enhancement of adventitia (white arrows) studied by MRI after injection of
gadolinium-based contrast agent. MRI, magnetic resonance imaging. (Reprinted from Sun J, Song Y, Chen H, et al. Adventitial perfusion and intraplaque hemorrhage: a
dynamic contrast-enhanced MRI study in the carotid artery. Stroke. 2013;44(4):1031-1036.)
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correlates to the plaquemacrophage content.58 The superior
reproducibility of this technique (intraclass correlation coef-
ficients range from 0.768 to 0.991)64 facilitates accurate
tracking of changes in plaque neovascularization and
inflammation achieved by therapeutic intervention.65–67

Although its real role remains poorly understood, autopsy
studies suggest that neovascularization within the athero-
sclerotic plaque could participate in intraplaque hemor-
rhage and plaque progression.54 A recent in vivo dynamic
contrast–enhancement MRI study has shown that adventitial
perfusion is associated with intraplaque hemorrhage.68

From Vulnerable Plaque to Clinical Event
Numerous studies have tried to determine the plaque bur-
den that leads to plaque rupture and a clinical event. The
majority of these studies have focused on carotid vessels
by comparing plaque implicated in cerebrovascular symp-
toms and asymptomatic plaques.25,33,69–75 Most of these stud-
ies converge to describe symptomatic plaque as plaque with
a thin or ruptured fibrous cap, ulceration, intraplaque hem-
orrhage, or neovascularization assessed by gadolinium-
enhanced imaging of the adventitia.

Prospective studies have investigated the MRI characteris-
tics of carotid artery plaque associated with future clinical
events.76–80 Atherosclerotic plaque characteristics associ-
ated with future clinical events were a thin or ruptured
fibrous cap (hazard ratio [HR] 17.0), intraplaque hemor-
rhage (HR 5.2), intraplaque hemorrhage area (HR for a
10-mm2 increase 2.6), maximum lipid-rich necrotic core
area (HR for a 10% increase 1.6), and maximum wall thick-
ness (HR for a 1-mm increase 1.6)77 (see Table 34-2). Most
recent studies have underlined the importance of intrapla-
que hemorrhage in the prediction of future clinical
events78–80 (Fig. 34-2).

DRUG TRIALS AND MAGNETIC RESONANCE
IMAGING

The accuracy of MRI for exploring the arterial wall in vivo
was first exploited in 1999 to investigate the effects of drugs
on plaque progression in rabbits.81 The ability of MRI to

monitor the atherosclerotic plaque evolution was quickly
translated from preclinical studies to human pharmaceuti-
cal trials (Table 34-3). Morphologic parameters, such as pla-
que thickness, area, and volume or lumen area, were
progressively replaced by more detailed parameters (e.g.,
plaque composition). As evidence of low interscan variabil-
ity, 14 participants per treatment group was shown to be
enough to detect a 5% change in the wall/outer wall ratio,
a 10% change in wall volume, and a 20% change in the per-
cent of lipid-rich necrotic core volume with 80% power.82

Atherosclerotic plaque lipid depletion is supposed to be
the main consequence of the lipid-lowering action of drugs,
including statins, to explain reduction of clinical events.
Effects of therapy on plaque lipid content were confirmed
by histologic evidence from a case–control study in patients
who were randomly allocated to statin treatment or placebo
before endarterectomy.83 With serial testing of an individual,
the ability of MRI to track changes in plaque components
over time was used to evaluate the effects of several drugs
in vivo.62,84,85 By using techniques of molecular imaging to
explore the functional parameters of plaque, most recent
studies explored the effects of drugs on the microvascula-
ture, as assessed with dynamic contrast enhancement, and
on inflammation, as assessed with the use of new contrast
agents (see the section Future Direction of Plaque Magnetic
Resonance Imaging) or PET techniques (see the section
Fluorodeoxyglucose–Positron Emission Tomography Ath-
erosclerotic Plaque Imaging).

FUTURE DIRECTION OF PLAQUE MAGNETIC
RESONANCE IMAGING

Molecular Imaging
Recent advances in the field of atherosclerosis imaging by
MRI focused on the development of contrast-loaded nano-
particulate probes designed to target cell types or epitopes
of interest.65 Various specific MRI contrast agents have been
developed to image various steps of atherosclerosis
pathophysiology, such as endothelial cell activation (by tar-
geting cell adhesion molecules),86 oxidized low-density
lipoprotein87 or macrophage accumulation,88,89 apoptosis
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FIGURE 34-2 Prognostic value of IPH and thin or ruptured FC in carotid arteries. Kaplan–Meier survival estimates of the proportion of patients remaining free of ipsilateral
cerebrovascular events among individuals with (lower curve) and without (upper curve) intraplaque hemorrhage (A) and thin or ruptured fibrous cap (B) identified by MRI. FC, fibrous
cap; IPH, intraplaque hemorrhage; MRI, magnetic resource imaging. (Reprinted from Takaya N, Yuan C, Chu B, et al. Association between carotid plaque characteristics and
subsequent ischemic cerebrovascular events: a prospective assessment with MRI–initial results. Stroke. 2006;37(3):818-823.)
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TABLE 34-3 Studies Using MRI to Detect Plaque Changes in Response to Medical Therapy
STUDY;
DESIGN PATIENT POPULATION (N) INTERVENTION

VESSEL
(s) MRI RESULTS

Corti, 2001;
longitudinal

Asymptomatic untreated HC patients with
aortic/carotid plaques by US (n¼18)

Simvastatin 20–80 mg/day
(12 months)

Aorta,
carotids

6 months: no change; 12 months: #VWA and
#VWT in aorta and carotids, no change in LA

Zhao, 2001;
case–control

CAD patients on intensive LLT 10 yrs
compared with matched CAD patients
never treated with LLT (n¼16)

None Carotids LA and VWA: no difference; #lipid deposit
inside plaque with LLT

Corti, 2002;
longitudinal

Asymptomatic untreated HC patients with
aortic/carotid plaques by US (n¼21)

Simvastatin 20–80 mg/day
(24 months)

Aorta,
carotids

6 months: no change; 12, 18, 24 months:
#VWA and #VWT in aorta and carotids

Lima, 2004;
longitudinal

HC patients with documented
atherosclerosis (n¼27)

Simvastatin 20–80 mg/day Aorta 6 months: #plaque area and volume, no
change in LA and lumen volume

Yonemura, 2005;
RCT

Asymptomatic HC patients with aortic
plaques by MRI (n¼40)

Atorvastatin 5 mg/day vs.
atorvastatin 20 mg/day

Aorta 12months: #VWT and #VWAwith atorvastatin
20 mg/day, no change with atorvastatin
5 mg/day

Corti, 2005; RCT Asymptomatic HC patients with
atherosclerotic plaques by US or MRI
(n¼51)

Simvastatin 20 mg/day vs.
simvastatin 80 mg/day

Aorta,
carotids

6 months: no change; 12, 24 months: #VWT
and #VWA; 18, 24 months: "LA, no
difference between groups

Ayaori, 2008;
nonrandomized
controlled trial

Dyslipidemic patients with
hypertriglyceridemia (n¼22)

Bezafibrate 400 mg/day vs.
no intervention

Aorta 12 months: #VWT, #VWA, and "LA with
bezafibrate; "VWT and "VWA and no
change in LA in the control group

Underhill, 2008;
RCT

Asymptomatic moderately HC patients with
16%–79% carotid stenosis by US (n¼33)

Rosuvastatin 5 mg/day vs.
rosuvastatin 40–80 mg/
day

Carotids 24 months: no change in lumen volume, VWT,
and VWV, #lipid/necrotic core, "fibrous
tissue; no difference between groups

Yonemura, 2009;
RCT

Asymptomatic HC patients with
documented aortic plaques by MRI
(n¼36)

Atorvastatin 5 mg/day vs.
atorvastatin 20 mg/day

Aorta 24months: #VWT and #VWAwith atorvastatin
20 mg/day, no change with atoravastatin
5 mg/day; no change vs. 12 months

Tang, 2009; RCT Patients with >40% carotid stenosis by US
and intraplaque accumulation of USPIO on
MRI (n¼40)

Atorvastatin 10 mg/day vs.
atorvastatin 80 mg/day

Carotids 6, 12 weeks: #inflammation (assessed by
USPIO) with atorvastatin 80 mg/day, no
changewith atorvastatin 10 mg/day

Lee, 2009; RCT Patients with HDL <40 mg/dL with either
type 2 diabetes with CAD (>50% stenosis
on angiography) or noncoronary
atherosclerosis (30%–70% carotid
stenosis by US or ABI <0.9) (n¼67)

Niacin 2 g/day+statin
therapy vs. placebo
+statin therapy

Aorta,
carotids

6, 12 months: #VWA with niacin; "VWA with
placebo

Dong, 2011;
longitudinal

Asymptomatic HC patients with family Hx

CVD and CAD or >15% carotid stenosis
by US (n¼28)

Atorvastatin 10–80 mg/day
+ER niacin 2 g/day
+colesevelam 3.8 g/day

Carotids 12 months: #lipid/necrotic core content and
microvasculature (assessed by dynamic
contrast enhancement)

West, 2011; RCT Statin-naïve patients with symptoms of
intermittent claudication and ABI between
0.4 and 0.9 (n¼44)

Simvastatin 40 mg/day vs.
simvastatin 40 mg/day
+ezetimibe 10 mg/day

Superficial
femoral
arteries

24 months: no change in VWV, no difference
between groups

Fayad, 2011; RCT Patients with CAD or high CAD risk with
carotid or aortic arterial wall/background
ratio �1.6 by 18F-FDG-PET–CT (n¼130)

Dalcetrapib 600 mg/day vs.
placebo

Aorta,
carotids

6, 12, 24 months: no change in MRI
parameters in either group, no difference
between groups

Zhao, 2011;
longitudinal

Asymptomatic HC patients with family Hx

CVD and CAD or >15% carotid stenosis
by US (n¼33)

Atorvastatin 10–80 mg/day
+ER niacin 2 g/day
+colesevelam 3.8 g/day

Carotids 12, 24 months: #lipid/necrotic core content;
36 months: no change vs. 24 months

Yamaguchi, 2012;
longitudinal

Patients with 16%–77% carotid stenosis by
US (n¼16)

Cilostazol 200 mg/day Carotids 6 months: no change in plaque composition in
overall population, #hemorrhagic component
and "fibrous tissue in subgroup with plaque
volume regression as assessed by US

Sibley, 2013; RCT Patients with HX cardiovascular events or
atherosclerosis (>50% stenosis) by
angiography or noninvasive imaging, with
baseline LDL <125 mg/dL (3.24 mmol/L)
on statin or <150 mg/dL (3.89 mmol/L)
untreated (n¼145)

Niacin 1.5 g/day+statin vs.
placebo+statin

Carotids 18 months: #VWV, no difference between
groups

Kawahara, 2013;
RCT

HC patients with pulse wave velocity
�1400 cm/sec, plaque score >3 in carotid
artery by US, bone mineral density T-
score>�1.5 SD, 200�LDL�120 mg/dL
and triglycerides �220 mg/dL (n¼108)

Atorvastatin 20 mg/day vs.
etidronate 400 mg/day
vs. atorvastatin 20 mg/
day+etidronate 400 mg/
day

Aorta 12 months: "LA, #VWT, and #VWA of thoracic
aorta in atorvastatin and combination groups,
no difference between groups; #VWT of
abdominal aorta superior in combination
group than in atorvastatin group; no change
in etidronate group

Mihai, 2013; RCT CVD patients (MI, CVA, myocardial
revascularization ABI <0.9, and/or
previous peripheral revascularization)
(n¼71)

Aliskiren 150 mg/day vs.
placebo

Aorta 9 months: "VWV in both groups, higher with
aliskiren

ABI, ankle–brachial index; CAD, coronary artery disease; CT, computed tomography; CVA, cerebrovascular accident; CVD, cardiovascular disease; ER, extended release; 18 F-FDG,
fluorine-18 fluorodeoxyglucose; HC, hypercholesterolemic; HDL, high-density lipoprotein cholesterol; Hx, history of; LA, lumen area; LDL, low-density lipoprotein cholesterol; LLT,
lipid-lowering drug therapy; MI, myocardial infarction; MRI, magnetic resonance imaging; PET, positron emission tomography; RCT, randomized controlled trial; US, ultrasound;
USPIO, ultrasmall superparamagnetic particles of iron oxide; VWA, vessel wall area; VWT, vessel wall thickness; VWV, vessel wall volume.
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(by targeting phosphatidylserine),90 angiogenesis (by tar-
geting αVβ3 integrin),91 or thrombosis (by targeting
fibrin).86,92,93 Most of these nanoparticulate probes are in
the experimental phase, but others (e.g., USPIO) have been
validated for the imaging of plaque inflammation. USPIO are
phagocytosed by macrophages that accumulate within the
atherosclerotic plaque, leading to a loss of signal intensity.88

The usefulness of USPIO in imaging inflammation in vivo
with MRI was validated in comparison with histology in
humans.94,95 This advancement in the field of molecular
imaging led to the recent use of USPIO in controlled random-
ized trials to assess the effects of lipid-lowering drugs on
inflammatory factors within the plaque.96

Serial Monitoring
Prospective studies have used MRI to investigate the role
of atherosclerotic plaque components in plaque progres-
sion.97,98 MRI helps improve the knowledge of atherosclerotic
plaque pathophysiology by determining, in a completely non-
invasive manner, the parameters that lead to the progression
of the plaque.

MRI is able to detect early changes in the plaque compo-
sition, and consequently, early response to therapeutic activ-
ity, before the onset of change in plaque morphology and
before the occurrence of a CV event. Because of this sensi-
tivity, MRI has become an essential tool to study plaque evo-
lution by serial monitoring. The ability of MRI to track
changes within the plaque has led to the choice of plaque
composition assessed by MRI, instead of a clinical event,
as the final endpoint in clinical trials (Fig. 34-3). With the
use of plaque changes as their final endpoint, MRI studies
are smaller and more effective compared with studies using
survival as the final endpoint. A recent MRI study that
explored plaque inflammation with the use of a nanoparticu-
late contrast agent was able to detect change in inflamma-
tory factors after only 6 weeks of statin therapy,96

demonstrating that MRI may be useful tomonitor plaque bio-
logic changes before morphologic changes occur.

As described previously, high-risk features of plaques, as
observed with MRI, help predict subsequent cerebrovascu-
lar events. This expands the field to future clinical trials in
which therapeutic treatments can be guided by MRI. A
recent study showed that plaque characteristics, as delin-
eated by MRI, helped predict high risk for a cerebral embo-
lism during carotid stenting.99 By comparing embolic
complications after carotid artery stenting or carotid endar-
terectomy, according to the tissue characteristics assessed
by MRI, the same team showed that MRI could be a useful
tool to determine the indication for carotid stenting.

One of the limits of the use of serial monitoring is the time
required to process images. To overcome this problem, com-
puter programs have been developed for automated detec-
tion of plaque components,43,100 with good correlation with
the plaque classification system of the American Heart Asso-
ciation.100 A recent application of automatic segmentation
to 3D imaging sequences101 has revealed the possibility of
fast scanning and fast processing, which are necessary for
MRI use in clinical practice.

Coronary Artery Imaging
Recent advances in noninvasive techniques have allowed
for in vivo exploration of the whole coronary artery tree with
high spatial resolution. CV MRI theoretically provides a

combined approach, with the assessment of coronary artery
angiography, cardiac function, myocardial viability, and per-
fusion in the same scan. In the field of coronary angiography,
computed tomography (CT) is superior to MRI,102 mainly
because of its higher temporal resolution. However, even
if MRI’s resolution does not reach the resolution of CT,
MRI is able to provide accurate coronary angiography.103,104

Recent improvements in gradient speed, respiratory
navigator gating, and contrast agents allow for free-
breathing, whole-heart coronary MR angiography.105–107

Three-dimensional acquisition of the whole heart or the tar-
get volume approach increases the signal/noise ratio, and
consequently, the spatial resolution. However, the patho-
physiology of plaque rupture, which may occur with mildly
to moderately stenotic coronary artery plaque, explains
why coronary angiography has a reduced diagnosis yield
for predicting MI. Consequently, exploration of the coronary
artery wall has become one of themore challenging issues in
the imaging of atherosclerosis. Imaging techniques such as
intravascular ultrasound or optical coherence tomography
have improved the understanding of atherosclerosis.
Recently, the emergence of new contrast agents has
improved the accuracy of CT to image the coronary arterial
wall.108 However, these techniques are either invasive or
involve radiation, and for this reason, MRI is a safer option.
The major difficulties in imaging the coronary wall with MRI
are caused by the combination of cardiac and respiratory
motions, the tortuosity and small size of the arteries, and
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the proximity of pericardial fat, which may smother the con-
trast with the artery wall.
Fast scan acquisition with high-resolution, black-blood

imaging combined with fat saturation techniques—to sup-
press the signal from the pericardial fat—has allowed for
visualization of the proximal part of the coronary artery
wall.109,110 More recently, fast readout and sampling tech-
niques have improved the accuracy of MRI to explore the
coronary vessel wall.111–113 However, although MRI allows
for the assessment of outward positive arterial wall remodel-
ing114–116 or thrombus visualization in patients with acute
MI,117 it cannot, as yet, explore the distal part of the arteries
and the functional parameters associated with plaque rup-
ture, such as an increase in microvasculature, intraplaque
hemorrhage, or inflammation. Recent studies have demon-
strated the lack of specificity of gadolinium-based contrast
agent uptake in plaques in patients with supposed active
CAD.118–120 Coronary vessel wall imaging requires further
technologic development to improve diagnostic accuracy.

POSITRON EMISSION TOMOGRAPHY–
MYOCARDIAL PERFUSION IMAGING FOR
ASSESSMENTOF CORONARYARTERYDISEASE

Evaluation of Flow-Limiting Epicardial
Coronary Artery Disease
In addition to the rapidly evolving field of atherosclerotic
plaque molecular imaging with PET, myocardial perfusion
imaging (MPI)–PET already has an established clinical
role.121 The application of cardiac PET perfusion imaging
offers considerable versatility and can be performed with
a broad range of positron-emitting perfusion tracers with
diverse properties, including 82rubidium,15oxygen H2O,
and 13N-ammonia. In the clinical setting, 13N-ammonia
and 82rubidium are currently used and approved by the
U.S. Food and Drug Administration (FDA). Over the past
decade, PET 82rubidium has been increasingly utilized
because of its: (1) superior diagnostic performance (sensitiv-
ity, specificity, accuracy) over single-photon emission com-
puted tomography (SPECT)–MPI for quantification of CAD
burden,122 (2) independence from an on-site cyclotron
through the increased availability of highly efficient 82stron-
tium or 82rubidium generator systems, (3) lower radiation
doses compared with SPECT perfusion imaging, and (4)
an improved reimbursement profile.
Recently, Berman et al. published the findings of a phase 2

clinical study that assessed the safety of an investigational
18 F-labeled perfusion PET tracer, flurpiridaz, and compared
its diagnostic performance with 99mtechnetium SPECT–
MPI.123 The performance of the novel tracer was superior
to SPECT in image quality, interpretative certainty, defect
magnitude, and detection of CAD. In addition, in a subset
of patients who underwent invasive angiography, the sensi-
tivity of PET was higher than that of SPECT. These promising
findings have led to phase 3 clinical trials, which are cur-
rently under way. The longer, 110-minute half-life of 18F in
MPI permits its use during treadmill exercise, which is a sig-
nificant advantage over pharmacologic vasodilator stress, as
is currently required with 82rubidium and 13N-ammonia
MPI–PET.
In addition to assessing the extent and severity of myocar-

dial ischemia caused by occlusive CAD, MPI–PET affords
accurate quantification of absolute myocardial blood flow

(MBF) and coronary flow reserve (CFR).124,125 In contrast
to SPECT, in multivessel epicardial CAD, PET-derived MBF
and CFR are not subject to balanced ischemia, which abro-
gates the risk of underestimating disease severity.122,126

Identification of Subclinical Coronary
Artery Disease
PET-derived MBF and CFR measurements offer a more com-
prehensive assessment of atherosclerotic vascular disease
burden by providing incremental data about the presence
of disease at the microcirculatory level of the coronary circu-
lation. For example, in symptomatic patients with known or
suspected CAD, SPECT perfusion imaging is accurate for
identifying flow-limiting or obstructive epicardial coronary
disease.127 However, early stages of subclinical CAD that
are indicative of microvascular dysfunction may remain
undetected with standard SPECT–MPI.128 The additive
assessment of coronary microvascular function with PET fur-
ther risk stratifies at-risk individuals in early stages of CAD,
whereby abnormal values directly influence therapeutic
management.129 Further, recent studies have shown that
in patients without epicardial CAD, impaired hyperemic
CFR and MBF independently predict the development of
CAD and an increased relative risk of CV death.130,131

Because CAD-related functional abnormalities of the coro-
nary artery microcirculation precede morphologic vascular
changes,129,132 PET–MPI is uniquely positioned to identify at-
risk individuals, a group of patients who are underdiagnosed
with the current diagnostic workup and will undoubtedly
benefit from early initiation of lifestyle changes, pharmaco-
therapy, or both.

Additive Value of Coronary Artery Calcium
The current hybrid PET–CT systems have been developed to
accommodate the need of PET imaging for robust attenua-
tion correction and anatomic co-registration. The additional
information obtained from noncontrast CT scans enables
enhanced patient risk stratification given the diagnostic
and prognostic significance of coronary artery calcium
(CAC) quantification.133,134 Not only is CAC a powerful inde-
pendent predictor of CV mortality, but the presence of CAC
also provides incremental value beyond Framingham risk
estimates for prediction of CV events and mortality.135 In
addition, the detection of CAC has clinically translatable
beneficial effects by influencing the initiation of medical
therapy and reducing the risk of future CV events.136–139With
their combined values, PET and CT have proven to be effec-
tive risk assessment tools.

FLUORODEOXYGLUCOSE–POSITRON
EMISSION TOMOGRAPHY ATHEROSCLEROTIC
PLAQUE IMAGING

Inflammation and Atherosclerosis
Inflammation plays a pivotal role in the pathogenesis of ath-
erosclerotic plaque formation, progression, and thrombo-
sis.10 The principal components of the inflammatory
cascade include endothelial cell dysfunction, upregulation
of cellular adhesion proteins, oxidized lipid particle accu-
mulation, monocyte recruitment and differentiation into
macrophages, foam cell formation, proteolysis, apoptosis,
and neovascularization. Ultimately, activated inflammatory
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cells, notably macrophages, within the atheroma release
matrix degradative enzymes that destabilize the architecture
of the plaque, thereby conferring increased vulnerability to
erosion and rupture, and leading to subsequent arterial
thrombosis.

Monocytes, in particular, have a well-established role in
atherogenesis. On the basis of a myriad of stimuli in the ath-
eroma microenvironment, monocyte-derived macrophages
may become functionally polarized into classically activated
M1 (proinflammatory) or alternatively activated M2
(antiinflammatory) phenotypes. The contemporary para-
digm holds that classic activators (i.e., tumor necrosis fac-
tor–α [TNF-α], interleukin [IL]–1β, and interferon-γ [IFN-
γ]) or lipopolysaccharide drive M1 polarization, which pro-
motes production of proinflammatory agents.140 In contrast,
alternative activators, such as IL-4 and IL-13, stimulate differ-
entiation into M2 polarized macrophages, which function in
tissue repair and act to restrict proinflammatory actions.
Although the general classification of macrophages into
M1 and M2 subgroups provides a useful working schema,
it does not represent the diversity of fates of macrophages.141

Plasticity properties and multiple other factors in the host
microenvironment contribute to the phenotypic heterogene-
ity, and ultimately, the function of macrophages.142,143

Several studies have established a link between serologic
biomarkers of inflammation, including adhesion molecules,
cytokines, macrophage activation markers, proatherogenic
enzymes, and C-reactive protein, and future CV risk. To
make matters worse, recently, in preclinical models, it has
been demonstrated that an incident MI triggers a robust
inflammatory cascade that exacerbates preexisting athero-
sclerosis, thereby increasing the risk for a subsequent
MI.144 Multiple studies have shown that plaques resulting
in MI and sudden cardiac death typically have a large
necrotic core and a thin fibrous cap infiltrated by inflamma-
tory cells, notably macrophages. Additional evidence
strengthening the connection between inflammation and
atherosclerosis comes from several epidemiologic studies
that demonstrated a significant link between CAD and
chronic inflammatory diseases, such as rheumatoid arthri-
tis,145 systemic lupus erythematosus,146 and psoriasis.147 In
light of this relationship between inflammation and athero-
sclerosis, molecular imaging and detection of inflammation
are key to identifying high-risk atherosclerotic plaques.

Physiology of Fluorodeoxyglucose Uptake
and Imaging of Inflammation
Accelerated glucose metabolism is the basis for the use of
FDG with PET in detecting inflammation. FDG is taken up
by glucose-requiring activated inflammatory cells via the glu-
cose transporter protein system (GLUT). After FDG enters the
inflammatory cell, it undergoes phosphorylation by the
hexokinase enzyme system to FDG-6-phosphate. However,
unlike glucose-6-phosphate, FDG-6-phosphate is not metab-
olized further along the glycolytic pathway (i.e., not depho-
sphorylated by glucose-6-phosphatase), resulting in
metabolic trapping of 18 F-FDG-6-phosphate in the cell in
direct proportion to its overall metabolic state.148

Activated macrophages and other inflammatory cells
demand substantially greater glucose for accelerated cellu-
lar metabolic processes. Importantly, inflammatory cells
have a distinctly higher rate of glucose uptake than non-
inflammatory cells residing within an atheroma,149 resulting

in increased FDG uptake and facilitating the detection of an
inflamed locus. In addition, the hypoxic plaque environ-
ment favors anaerobic metabolism and, in turn, stimulates
macrophages to metabolize glucose rather than oxygen-
dependent metabolism of free fatty acids.150 Thus, glucose
becomes the main energy source for inflammatory cells
within an atherosclerotic plaque.151

It has recently been shown that glucose metabolism (an
index of FDG uptake) is related to the activation state of
inflammatory cells, in particular, macrophages. Rodríguez-
Prados et al. demonstrated that the macrophage glycolytic
flux (the determinant of FDG uptake), measured as
fructose-2,6-bisphosphate production, is increased with clas-
sical and innate, but not alternative, activators152

(Fig. 34-4A). Consistent with that observation, others have
shown that classically activated M1 (proinflammatory)
polarized macrophages, versus alternatively activated M2
(antiinflammatory) macrophages, result in increased FDG
uptake153 (Fig. 34-4B). Elucidating the mechanism behind
preferential FDG uptake by M1 macrophages reveals
increased expression of glucose metabolism–related genes
in M1macrophage phenotypes compared with in M2macro-
phages (Fig. 34-4C). These mechanisms provide evidence
not only that FDG accumulation in cells is a robust index
of atherosclerotic plaque inflammation, but also that FDG-
PET is a useful method for the detection of proatherogenic
M1 macrophages.

FLUORODEOXYGLUCOSE–POSITRON
EMISSION TOMOGRAPHY IMAGING OF
ATHEROSCLEROTIC PLAQUE: PRECLINICAL
MODELS

Several studies have established a strong correlation
between arterial FDG uptake and macrophage content in
a variety of animal models of atherosclerosis.108,154,155 In
murine experiments, a strong correlation between FDG
uptake and gene expression of atherosclerotic inflammatory
molecular markers has been demonstrated.156 Building on
these early findings, studies in rabbits showed that inflamed
atherosclerotic lesions accumulate up to 20 times more FDG
than do noninflamed arterial lesions, thereby enabling reli-
able noninvasive detection of inflamed atherosclerotic pla-
ques with FDG-PET.155 Furthermore, in hyperlipidemic
balloon-injured rabbits, FDG uptake significantly correlates
with a low cap/core ratio (ratio of thickness of fibrous cap
to thickness of lipid core in atherosclerotic plaques).154

From these studies, it becomes clear that the PET-derived
FDG signal can be reliably used as a beacon for plaque
inflammation.

FLUORODEOXYGLUCOSE–POSITRON
EMISSION TOMOGRAPHY IMAGING OF
ATHEROSCLEROTIC PLAQUE: CLINICAL
STUDIES

The first prospective clinical study of arterial wall imaging
with FDG-PET showed that patients with symptomatic
carotid artery lesions exhibited increased FDG uptake com-
pared with patients with asymptomatic carotid artery pla-
ques.157 Since that seminal study, FDG-PET imaging has
been widely adopted to quantify vascular inflammation
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within atheroma.158 To further understand the biologic rele-
vance of the arterial FDG signal in patients, several studies
have assessed the correlation between FDG uptake andmac-
rophage accumulation, metabolically active macrophages,
and macrophage infiltration into the arterial wall.159–161 In
one such study in participants who underwent FDG-PET
imaging before carotid endarterectomy, FDG uptake was
positively correlated with macrophage staining on histologic
sections.159 In that same study, FDG uptake was negatively
correlated with fibrous (noninflamed) plaques (r¼�0.76;
P <0.01). Data from recent studies add to the body of liter-
ature supporting the role of FDG-PET in the imaging of ath-
erosclerosis. For example, carotid FDG uptake has been
shown to correlate with expression of multiple proinflamma-
tory genes, such as cytokine (IL-18) and proteinases (cathep-
sin K and matrix metalloproteinase–9), in atheroma
removed at endarterectomy.160,161

A number of trials have demonstrated that arterial FDG-
PET uptake is reproducible, with excellent interobserver
agreement,162 and is modifiable by various pharmacologic
interventions targeting atherosclerotic inflammation.163–165

Multiple other studies have shown that FDG uptake corre-
lates with the presence of cardiac risk factors,166–168 systemic
biomarkers of inflammation,166,167 recent atherothrombotic
events,157,169 high-risk morphologic (HRM) plaque fea-
tures,20 and increased risk for future atherothrombotic
events170–172 (Figs. 34-5 and 34-6). For example, it was dem-
onstrated that inflammation (assessed by both FDG-PET and
histology) is increased in plaques with versus without HRM
features, and that the inflammatory plaque content is

proportional to the number of HRM features. In another
study, high FDG uptake independently predicted CV events
in a cohort of 900 individuals who were followed up for
29 months.170 On the basis of these data, FDG-PET has estab-
lished itself as a robust and validated imaging approach to
assess atherosclerotic plaque inflammation.

Fluorodeoxyglucose–Positron Emission
Tomography Assessment of Novel
Pharmacologic Antiinflammatory
Interventions
The longer duration and substantial cost associated with tra-
ditional clinical outcome studies, along with the reproduc-
ibility of the FDG signal, have spawned interest in using
FDG-PET to assess the efficacy of novel interventions on ath-
erosclerotic plaque biology. Recently, a multicenter
imaging-based clinical trial, dal-PLAQUE, was performed,
in which FDG-PET–CT and MRI were used to assess both
inflammatory and structural plaque indices as surrogate clin-
ical endpoints.173 In that study, patients were randomized to
receive placebo or therapy with a cholesteryl ester transfer
protein inhibitor, and followed up for 24 months. The use
of these two imaging modalities—PET and MRI—provided
an insight into the links among arterial inflammation, high-
density lipoprotein levels, and subsequent changes in ath-
erosclerotic plaque.

Several other studies, in particular, multicenter random-
ized controlled trials, have utilized FDG-PET imaging to
assess the effect of novel pharmacotherapies, such as
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lipoprotein-associated phospholipase A2 inhibitor and p38
mitogen-activated protein kinase, on atherosclerotic inflam-
mation.174,175 In addition, imaging trials have been con-
ducted with FDA–approved agents such as pioglitazone,176

low-dose versus high-dose atorvastatin,177 and anti–TNF-α
therapy178 to determine the degree, if any, of antiinflamma-
tory benefit within the vasculature (Figs. 34-7 and 34-8).
These studies have advanced the understanding of scientific
communities with regard to the dose effect of statins on ath-
erosclerotic inflammation and have also raised the possibil-
ity of repurposing approved nonatherosclerotic medications
to potential applications in atherosclerosis.

FUTURE OUTLOOK OF ATHEROSCLEROTIC
PLAQUE IMAGING

Positron Emission Tomography–Magnetic
Resonance Imaging
As hybrid PET–CT camera systems continue to evolve into
an important diagnostic tool, the integration of MRI into
PET scanners has emerged and offers the advantage of supe-
rior high spatial resolution. Multimodal imaging combines
strengths from each individual modality and offers valuable
integration of molecular, physiologic, and anatomic infor-
mation. Simultaneous image acquisition with PET and MRI
seamlessly co-registers acquired images from both modali-
ties, thereby limiting misalignment and partial volume
effects with shorter scan times.179 In addition, PET–MRI
hybrid imaging permits synchronized evaluation of multiple
physiologic and disease processes by incorporating comple-
mentary molecular imaging probes.180,181

Coronary Imaging Feasibility
In addition to atherosclerotic plaque characterization in
medium to large extracardiac vessels, 18 F-FDG has been used
to image coronary artery plaques.169,182,183 Despite these
promising reports, many practical challenges to FDG-PET cor-
onary imaging remain; these include: (1) the small size of the
coronary plaque relative to the limited (3–5 mm) spatial res-
olution of PET; (2) the increased motion of coronary arteries
compared with the carotid arteries or the aorta, resulting in
blurring of the distal coronary tree; and (3) the high basal
myocardial uptake of FDG leading to a low signal/noise ratio.
Despite these limitations, possible solutions exist—for exam-
ple, the emergence of improved hybrid PET–CT and PET–MRI
hardware and software instrumentation and the use of dietary
modifications to suppress myocardial glycolysis,182,184 and
hence, FDG uptake.

Novel Tracers on the Horizon
Atherosclerosis is a complex inflammatory condition involv-
ing several biologic pathways. Over the past few years, signif-
icant advances have been made in the field of fluorination
chemistry and other radiotracer developmental technolo-
gies, in which efforts to synthesize PET-compatible novel
tracers directed at various plaque pathobiologic processes
are under way. For example, tracers targeting mannose
receptors,185 endothelial cell adhesion molecules,186 matrix
metalloproteinases,187 apoptotic caspases,188 mitochondrial
translocator protein,189 integrin receptor, and apolipopro-
teins190 are but a few being investigated.

High
FDG

uptake

Low
FDG

uptake

NC1NC1

NC2

10x

100um

NC2 NC3NC3

Lumen Lumen

A B

C

E

F

D

P
E

T
/C

T
Lo

w
 P

ow
er

T
ric

hr
om

e 
an

d 
C

D
 6

8

H
ig

h-
P

ow
er

C
D

 6
8 

Im
ag

e

5

4

3

2

1

0 10 20

R=0.70
P<0.001

30

Inflammation
(% CD 68 staining)

F
D

G
 u

pt
ak

e
(T

/B
)

40

FIGURE 34-5 FDG uptake localizes to atherosclerotic plaques with high-risk
features.A,Coronal PET-CT of carotid atherosclerotic plaque with intense FDG uptake
compared with, B, no FDG uptake in predominantly calcified plaque without HRM
features. C and D, Low-powered trichrome and CD68 stain corresponding to
location of a plaque that contained three HRM features. Note the presence of three
NC, the second of which is ruptured. Substantial CD68 macrophage staining is seen
in NC1. E, High-powered CD68 micrograph of NC1. Dispersed within and
surrounding the NC are discrete, darkly stained cells indicative of macrophage
infiltration. F, Correlation between plaque FDG uptake and macrophage-specific
CD68 staining in carotid endarterectomy specimens. FDG, fluorodeoxyglucose;
HRM, high-risk morphologic; NC, necrotic cores; PET-CT, positron emission
tomography–computed tomography. (Reprinted from Figueroa AL, Subramanian SS,
Cury RC, et al. Distribution of inflammation within carotid atherosclerotic plaques
with high-risk morphological features: a comparison between positron emission
tomography activity, plaque morphology, and histopathology. Circ Cardiovasc
Imaging. 2012;5(1):69-77; and Satomi T, Ogawa M, Mori I, et al. Comparison of
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SUMMARY

Noninvasive FDG-PET and MRI have emerged as powerful
diagnostic tools to identify high-risk atherosclerotic plaques.
The early identification of these plaques is critical to provid-
ing appropriate care to at-risk populations and to lower the
risk status of patients with known atherosclerosis. The road
ahead for noninvasive imaging of atherosclerosis is challeng-
ing, but with continual efforts dedicated to refining the imag-
ing techniques, the integration of these robust imaging
modalities into clinical decision algorithms offers great
promise.
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HISTORY OF THE METABOLIC SYNDROME
AND ITS RELATIONSHIP TO INSULIN
RESISTANCE AND DIABETES MELLITUS

Metabolic syndrome (MetS), two words that describe a
group of cardiovascular and metabolic risk factors, has
received a great deal of attention both in the lay and scientific
press. It has previously been known by several other names,
includingSyndromeX,Reaven’s syndrome, theDeadlyQuartet,
and the more pathophysiologic term, insulin resistance
syndrome.More than 80 years ago, Kylin described the cluster-
ing of diabetes, gout, and hypertension in individuals.1 In the
mid–20th century, French physician Dr. Jean Vaguemade the
observation that upper body obesity appeared to predispose
to type 2 diabetes mellitus (T2DM) and heart disease,
whereas lower body obesity did not have those associations.2

He noted that a “male” pattern of body fat distribution, which
he referred to as android obesity, wasmore likely to be associ-
ated with diabetes and cardiovascular disease (CVD). Gerald
Reaven’s seminal paper went into further detail regarding
theclassificationandclinical importanceofaclusteringofmet-
abolic abnormalities that he termed Syndrome X.3 His defini-
tion included resistance to insulin-stimulated glucose
uptake, glucose intolerance, hyperinsulinemia, increased
plasma levels of very-low-density lipoprotein–triglyceride
(VLDL-TG), decreasedplasmahigh-density lipoproteincholes-
terol (HDL-C) concentration, andhypertension. Reavenpostu-
lated that these risk factors, occurring in the same individual,
“may be of enormous importance in the genesis of CAD [cor-
onary artery disease].”Moreover, he attributed the etiology of
this cluster of risk factors to the presence of insulin
resistance (IR).
Since the original description of this syndrome, several

organizations and groups have made modifications to the
definition of this cluster of risk factors (Table 35-1). In
1998, the World Health Organization (WHO) proposed cri-
teria4 that required the presence of diabetes mellitus
(DM), impaired glucose tolerance (IGT), impaired fasting
glucose (IFG), or IR, and any two of the following criteria:
• Blood pressure (BP) greater than or equal to 140/
90 mm Hg

• Dyslipidemia: TG greater than or equal to 1.7 mmol/L
(150 mg/dL), and/or HDL-C less than or equal to
0.9 mmol/L (35 mg/dL) in men, less than or equal to
1.0 mmol/L (39 mg/dL) in women

• Central obesity: waist/hip ratio greater than 0.9 in men,
greater than 0.85 in women, and/or body mass index
greater than 30 kg/m2

• Microalbuminuria: urinary albumin excretion rate
greater than or equal to 20 μg/min or albumin/creatinine
ratio greater than or equal to 30 mg/g

The European Group for the Study of Insulin Resistance
(EGIR) (1999)5 offered a modification of the WHO classifi-
cation that both eliminated individuals with DM and
required IR or fasting hyperinsulinemia (the latter was
defined as the top 25% of the fasting plasma insulin values
among individuals without DM), and two or more of the
following:
• Fasting plasma glucose greater than or equal to
6.1 mmol/L (110 mg/dL)

• Hypertension: BP greater than or equal to 140/90 mm Hg
or treated for hypertension

• Dyslipidemia: TG greater than or equal to 2.0 mmol/L
(177 mg/dL) and/or HDL-C less than 1.0 mmol/L
(39 mg/dL), or treated for dyslipidemia

• Central obesity: waist circumference greater than or
equal to 94 cm (37 in) in men, greater than or equal to
80 cm (31.5 in) in women

In 2001, the National Cholesterol Education Program
Adult Treatment Panel III (ATP III) published further impor-
tant modifications,6 requiring at least three of the following
criteria for the clinical identification of the MetS:
• Abdominal obesity: waist circumference greater than or
equal to 102 cm (40 in) in men, greater than or equal to
88 cm (35 in) in women

• TG greater than or equal to 150 mg/dL (1.7 mmol/L)
• HDL-C less than 40 mg/dL in men, less than 50 mg/dL
in women

• BP greater than or equal to 130/85 mm Hg
• Fasting plasma glucose greater than or equal to 110 mg/dL
Of note, the ATP III criteria do not include any direct

assessment of, or requirement for, the presence of IR.
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The ATP III guidelines focused on the cluster of cardiovascu-
lar (CV) risk factors rather than the underlying metabolic
abnormalities causing the cluster. In doing so, the ATP III cri-
teria might be viewed as being less predictive of diabetes in
people with the MetS; that is, an obese individual with hyper-
tension and high TG but normal HDL-C might not have as
high a risk for diabetes as someone with a glucose greater
than 110 mg/dL, high TG, and low HDL-C. As with any pro-
posed “guidelines,” controversy ensued. In September
2005, a joint statement from the American Diabetes Associ-
ation (ADA) and the European Association for the Study
of Diabetes evaluated the utility of the term “MetS.”7 Their
conclusion was that too much critically important informa-
tion was missing to warrant its designation as a “syndrome.”
They went on to state that clinicians should evaluate and
treat all CVD risk factors without regard to whether a patient
meets criteria for diagnosis of the MetS. However, other
authors have reached the opposite conclusion. The recent
American College of Cardiology/American Heart Associa-
tion (ACC/AHA) Guidelines on the Treatment of Blood Cho-
lesterol to Reduce Atherosclerotic Cardiovascular Risk in
Adults, which markedly altered approaches to lowering
low-density lipoprotein cholesterol (LDL-C) in people at risk
for CVD, did not suggest that MetS should be considered
when deciding whether to treat someone with a statin.8

In 2005, the International Diabetes Federation (IDF)9 pub-
lished a worldwide consensus definition of the MetS that
requires central obesity (defined as waist circumference
greater than or equal to 94 cm [37 in] for Europid men
and greater than or equal to 80 cm [31.5 in] for Europid
women, with ethnicity-specific values for other groups) in
addition to any two of the following four criteria:
• Raised TG level: greater than 150 mg/dL, or specific treat-
ment for this lipid abnormality

• Reduced HDL-C: less than 40 mg/dL in men, less than
50 mg/dL in women, or specific treatment for this lipid
abnormality

• Raised BP: systolic BP greater than or equal to 130 mm
Hg or diastolic BP greater than or equal to 85 mm Hg,
or treatment of previously diagnosed hypertension

• Raised fasting plasma glucose greater than or equal to
100 mg/dL, or previously diagnosed T2DM. (If fasting
glucose is greater than 100 mg/dL, an oral glucose toler-
ance test is strongly recommended, but is not necessary
to define presence of the syndrome.)

Finally, in 2009, a consensus on the criteria for MetS was
produced by a meeting of the International Atherosclerosis
Society; the International Association for the Study of Obe-
sity; the National Heart, Lung, and Blood Institute (NHLBI)
of the National Institutes of Health; the AHA; theWorld Heart
Federation; and the IDF Task Force on Epidemiology and
Prevention.10 This group rescinded the requirement for a
raised waist circumference, harmonizing the IDF criteria9

with the AHA/NHLBI guidelines.11 These groups, although
providing cutpoints for waist circumference in different
populations, left the use of any specific cutpoint open to
the decision of local governing bodies.

EPIDEMIOLOGY OF THE METABOLIC
SYNDROME AND ITS RELATIONSHIP TO
CARDIOVASCULAR DISEASE

For the purposes of this chapter, the ATP III criteria are
referred to when the MetS is mentioned, unless specifically
noted otherwise. Recent data suggest that, in the United
States, 64 million individuals ages 20 years or older have
the MetS, and its prevalence is increasing. The unadjusted
prevalence of the MetS was 23.1% in the U.S. National Health
and Nutrition Examination Survey (NHANES) III (1988–
1994) and 26.7% in NHANES 1999–2000.12 The prevalence
appeared to be increasing further by 2006, to 27.9%,13 but
more recent data suggest a stabilization or even a fall in
rates.14 Despite the high prevalence of the MetS, there is still

TABLE 35-1 Metabolic Syndrome Definitions
VARIABLE WHO, 19984 EGIR5 ATP III, 20016 IDF9

Insulin Resistance+�2 Insulin Resistance+�2 �3 Obesity+�2

Blood pressure �140/90 mm Hg �140/90 mm Hg or treatment
for HTN

�130/85 mm Hg SBP �130 mm Hg or
DBP �85 mm Hg, or treatment for HTN

TG* �150 mg/dL �177 mg/dL or treatment
for dyslipidemia

�150 mg/dL >150 mg/dL or treatment for HTG

HDL-C* �35 mg/dL in men,
�39 mg/dL in women

<39 mg/dL or treatment for
dyslipidemia

<40 mg/dL in men,
<50 mg/dL in
women

<40 mg/dL in men,
<50 mg/dL in women, or treatment for

low HDL-C

Central obesity WHR >0.9 in men, >0.85 in
women; and/or BMI >30 kg/m2

Waist �94 cm in men, �80 cm
in women

Waist �102 cm in
men, �88 cm in
women

Waist �94 cm in men,† �80 cm in
women†

Microalbuminuria Urinary albumen excretion rate
�20 μg/min or albumin/
creatinine ratio �30 mg/g

Fasting plasma
glucose

�110 mg/dL �110 mg/dL{ �100 mg/dL or type 2 DM

Insulin resistance Required: DM or IGT or insulin
resistance

Required: insulin resistance or
hyperinsulinemia (top 25%
for non-DM)

BMI, bodymass index;DBP, diastolic blood pressure;DM, diabetesmellitus;HDL-C, high-density lipoprotein cholesterol;HTG, hypertriglyceridemia;HTN, hypertension; IGT, impaired
glucose tolerance; SBP, systolic blood pressure; TG, triglyceride; WHR, waist/hip ratio.

*TG and/or HDL-C included in single criterion “dyslipidemia” in WHO and EGIR; counted as separate criteria in ATP III and IDF.
†In Europids, Sub-Saharan Africans, or Eastern Mediterranean andMiddle Eastern (Arab) individuals;�90 and�80 cm, respectively, in South Asian, Chinese, or South and Central

American men and women; �85 and �90 cm, respectively, in Japanese men and women.
{Subsequently changed to �100 mg/dL.11
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debate about whether it is a real syndrome or just a compi-
lation of risk factors, and specifically, the debate centers on
whether this cluster of conditions conveys a greater CV risk
than the components.
A paper by Stern et al. followed 1709 San Antonio Heart

Study participants with no DM at baseline for a 7.5-year
period and 1353 Mexico City Diabetes Study participants,
also without baseline DM, for 6.5 years.15 The authors evalu-
ated the effectiveness of the MetS, as defined by the ATP III
criteria, for predicting CV events or the development of
T2DM. The MetS was less effective at predicting CVD than
the Framingham Risk Score and less effective at predicting
T2DM than the Diabetes Risk Score. Thus, the authors con-
cluded that the MetS was a less effective predictor of CV
events and T2DM than models that already exist.
In contrast, a systematic review and meta-analysis of lon-

gitudinal studies that evaluated the MetS and risk of inci-
dent CV events and death by Gami et al.16 suggested that
people with the MetS are at increased risk of CV events. This
analysis drew from a large number of longitudinal studies
that included 172,573 individuals. The investigators con-
cluded that the MetS confers CV risk beyond that which
is associated with its component risk factors. However, as
with most meta-analyses, not all studies were represented.
One such study, by Alexander et al.17 analyzed NHANES
data for people older than 50 years of age and demon-
strated that although the MetS was a strong univariate
predictor of prevalent coronary heart disease (CHD), it
was not predictive in a multivariate analysis that used the
components of the MetS. Another study, by Sundstr€om
et al.,18 in a Swedish cohort between the ages of 50 and
70 years followed for CV mortality, also showed no predic-
tive power of the MetS beyond its components. More recent
studies have continued this debate; however, the weight of
evidence indicates a modest increase in CVD predictive
power for the MetS compared with the components of
the syndrome.19,20 The recent focus has been on nonalco-
holic fatty liver disease, which is present in at least one third
of individuals with MetS.21,22

Although the pathophysiology underlying type 1 diabetes
(T1DM) is different from that of T2DM, both diseases lead to
microvascular and macrovascular complications.23 Of inter-
est in this regard is whether there is an association between
T1DM and the MetS. Purnell et al.24 observed that in the
Diabetes Control and Complications Trial (DCCT),25 a land-
mark study in individuals with T1DM, increased weight gain
in the intensive treatment group was associated with more
dyslipidemia and hypertension. In a more recent paper,
Kilpatrick et al.26 found that baseline evidence of IR (but
not the MetS) predicted greater incidence of both micro-
and macrovascular disease in the DCCT population. In addi-
tion, they observed an increasing prevalence of the MetS as
the DCCT progressed, particularly in the intensive treatment
group. Recently, Purnell et al. demonstrated that the pres-
ence of excess weight gain during the DCCT and criteria
for MetS during the follow-up Epidemiology of Diabetes
Interventions and Complications study were both associated
with greater progression of carotid intima–media thickness
and coronary calcium.27 Orchard et al.28 further supported
the importance of IR in the development of macrovascular
complications in T1DM by reporting that measures of IR,
but not glycemia, predicted CVD events in their cohort,
which was followed for 10 years. In contrast, intensive glu-
cose lowering in the DCCT reduced the risk of any CVD event

by 42% and the risk of nonfatal myocardial infarction (MI),
stroke, or death from CVD by 57%.29

DYSLIPIDEMIA IN INSULIN RESISTANCE
AND TYPE 2 DIABETES MELLITUS

As previously noted, and despite the controversy, many phy-
sicians and scientists consider IR to be the hallmark of T2DM
and the central unifying principle of the MetS.7,30–32 This is
evident in the requirement of IR as the core abnormality
in the definitions of the MetS as separately established by
the WHO, the EGIR, and the American Association of Clini-
cal Endocrinologists.5,11,33,34 In contrast, IR is listed, but is
considered a nonessential feature of the MetS according
to the ATP III and IDF definitions.6,9 Nevertheless, insulin sen-
sitivity and the MetS are closely correlated, and the majority
of individuals with the MetS are insulin resistant to some
degree. An analysis of the NHANES III data revealed that
greater than 85% of the population older than 50 years of
age with the MetS by ATP III criteria had IR, as defined by
IFG, IGT, or DM. Conversely, 69% of the population with
IFG and 86% of the population with DM were found to have
the MetS.35,36

It is also clear that IR is closely tied to abnormal lipid and
lipoprotein metabolism.37–39 Abundant evidence has dem-
onstrated the existence of a characteristic set of lipid and
lipoprotein abnormalities accompanying the presence of
IR, even in the absence of frank hyperglycemia or abnormal
glucose tolerance. This atherogenic dyslipidemia is charac-
terized by low plasma levels of HDL-C and elevations in
plasma TG levels compared with levels seen in individuals
without IR. In addition, an increase in the proportion of
LDL particles that are small, dense, and cholesteryl ester (CE)
poor is a prominent feature of this disordered lipid pheno-
type. This last finding, which is described as the pattern B
subclass of LDL,40 is nonetheless largely accompanied by
similar plasma LDL-C levels as those seen in individuals with
normal glucose tolerance (NGT). Furthermore, total choles-
terol levels in insulin-resistant individuals are generally
comparable to levels in people who are insulin sensitive,
reinforcing the need for quantitative and qualitative lipopro-
tein measures in the assessment of CVD risk.38,41–52 The lipid
derangements seen with IR progressively worsen across
a continuum of declining glucose tolerance, from NGT
through IGT and T2DM.49,53 An analysis of individuals in
the Framingham Offspring Study further demonstrated that
even among individuals with NGT, stratification by glucose
tolerance status reveals a worsening lipid phenotype with
increasing IR (Fig. 35-1). Hence, individuals with NGT
who are relatively insulin resistant display the same athero-
genic lipid phenotype before the onset of clinically evident
glucose intolerance.54 Importantly, evidence from the Insu-
lin Resistance Atherosclerosis Study and others suggests that
the relationship between IR and dyslipidemia extends across
major ethnic groups, including African Americans and His-
panic Americans.44,55 In addition, substantial data support
the differential effects of IR and T2DM on dyslipidemia in
women compared with men. Among women, IR and T2DM
seem to exert a greater negative impact on several CVD risk
factors, including TG and HDL-C levels and LDL particle size.
This may, at least in part, account for the greater relative
increase in CHD risk observed in women with T2DM com-
pared with men.42,45,46,55–57
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IR is also associated with increases in VLDL particle num-
ber and VLDL-TG concentration, and a predominance of
larger, more buoyant VLDL1 particles. In contrast, HDL
particle number and size decrease in the face of increas-
ing IR.38,44,49,58–60 Plasma levels of apolipoprotein B-100
(apoB-100), which is the defining protein of the atherogenic
lipoprotein series that includes VLDL, intermediate-density
lipoprotein (IDL), and LDL, are increased in the setting
of IR.39 This is particularly true when hypertriglyceridemia
is also present, as is usually the case in individuals with IR
or T2DM. Total apoB levels are highly correlated with
non–HDL-C levels (the sum of cholesterol in VLDL, IDL,
and LDL particles). In contrast, plasma levels of apoA-I,
which is a surface protein predominantly in HDL particles,
are reduced with IR.39

The derangements in lipid and lipoprotein physiology dis-
cussed thus far occur in the context of the fasting state.
Importantly, however, IR and T2DM are also associated with
disordered postprandial lipid metabolism.61 Although the
severity of postprandial hyperlipidemia is typically closely
related to the fasting plasma TG level,61–66 postprandial dys-
lipidemia has been demonstrated in people with T2DM even
in the setting of normal fasting TG levels and optimal blood
glucose control.64,65,67 Although postprandial dyslipidemia
has been associated with increased CVD prevalence in indi-
viduals without diabetes,61,68,69 this relationship has not
been well characterized in people with IR or T2DM.61,62,70

A study in 150 individuals with DM with or without CHD
demonstrated no differences in several aspects of postpran-
dial lipid and lipoprotein levels.71 This is probably indicative
of the nearly universal abnormalities of postprandial
lipid metabolism in T2DM. In contrast, several recent studies
in large cohorts, most without diabetes, have demonstrated
that nonfasting TG levels are as predictive or even more
predictive of future CVD events than are fasting TG
concentrations.72,73

NORMAL LIPOPROTEIN METABOLISM AND
ABNORMALITIES ASSOCIATED WITH INSULIN
RESISTANCE AND TYPE 2 DIABETES MELLITUS

The presence of IR exerts profound changes on lipid and
lipoprotein physiology. These complex interactions are bet-
ter appreciated in the context of an understanding of normal

lipid and lipoprotein metabolism. Although normal lipopro-
tein metabolism is addressed in detail in Chapter 1, this
chapter discusses normal lipoprotein physiology with the
alterations present in individuals with IR and/or T2DM
(Fig. 35-2).

Lipoproteins are macromolecular complexes consisting
of core lipids, mainly TG and CE, and surface phospholipids,
free cholesterol, and one or more apos. Five distinct major
classes of lipoproteins have been characterized based on
physical characteristics, including separation by ultracentri-
fugation, molecular weight, diameter, and chemical compo-
sition. Lipoprotein subclasses have been further defined
based on subtle differences in physical and chemical prop-
erties. In addition to providing structural stability, the surface
apos impart critical functions to their respective lipoprotein
particles.74,75

In the postprandial state, dietary TGs and CEs are assem-
bled into chylomicrons in the enterocytes of the small intes-
tine. Assembly and secretion of chylomicrons, which are the
largest and most TG-enriched lipoprotein particles, require
the presence of apoB-48, which is a surface protein unique
to these particles and their remnants. The assembly and
secretion of chylomicrons by the enterocyte is analogous
to VLDL assembly and secretion by the hepatocyte. Whereas
apoB-100 is the prototypic surface protein associated with
VLDL, IDL, and LDL, apoB-48, a truncated form of apoB-
100, characterizes chylomicrons. Microsomal TG transfer
protein (MTP) packages apoB-48 with core lipids and is
essential to the formation of chylomicrons. These newly
assembled particles, which also carry apoA-I and apoA-IV,
are secreted into the lymphatic system and eventually enter
the venous circulation.62,74–77 Studies in animal models of
IR and/or DM have demonstrated increased intestinal sec-
retion of apoB-48–containing lipoproteins, accompanied
by increased expression, mass, and activity of intestinal
MTP.78–82 In one such model, a fructose-fed hamster with
IR and dyslipidemia, intestinal lipoprotein overproduction
was also associated with an increase in intestinal de novo
lipogenesis, which was likely mediated through activation
of a major transcription factor, sterol response element–
binding protein–1c (SREBP-1c).80–82 Treatment with an
insulin-sensitizing agent, rosiglitazone, reduced intestinal
lipoprotein production in two separate models of IR and dys-
lipidemia.83,84 A recent study in men with varying degrees
of IR, but without DM, demonstrated increased intestinal
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FIGURE 35-1 Distribution of HDL cholesterol and TG levels by glucose tolerance category: FraminghamOffspring Study. Even among individuals with normal glucose
tolerance, dyslipidemia worsens with increasing insulin resistance in women (red squares and lines) and men (blue squares and lines). DM, diabetes mellitus; HDL, high-density
lipoprotein; IGT, impaired glucose tolerance; N, glucose tolerance quintile; TG, triglyceride. (Modified from Meigs JB, Nathan DM, Wilson PWF, et al. Metabolic risk factors
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trend from the lowest quintile of normal fasting glucose level to IGT.

404

III

TH
ER

A
PY



production of apoB-48–containing TG-rich lipoprotein (TRL)
particles.63 This was also shown in patients with T2DM.85

A separate study, which compared individuals with and
without T2DM, demonstrated increased intestinal expres-
sion of MTP in people with T2DM.86 Furthermore, treatment
with inhibitors of 3-hydroxy-3-methylglutaryl–coenzyme
A (HMG-CoA) reductase, which is the rate-limiting enzyme
in cholesterol biosynthesis, was associated with lower MTP
messenger RNA levels in both individuals with and those
without T2DM in that study. This effect was possibly medi-
ated through decreased activation of a positive sterol
response element in the promoter region of the
MTP gene.86,87 Pavlic et al.88 and Xiao et al.89 have furthered
the knowledge of the assembly and secretion of apoB-48–
containing lipoproteins, including demonstration of the inhi-
bition of chylomicron secretion by acute administration of
insulin and glucagon-like peptide–1. The conflicting effects
of acute insulin and chronic hyperinsulinemia in states of IR
suggest that the latter also develops in the intestine.
After entering the plasma, chylomicrons acquire apoC-I,

apoC-II, and apoC-III from the surface of HDL particles. Chy-
lomicron clearance is largelymediated through hydrolysis of
core TGs by adipose tissue–derived lipoprotein lipase (LPL)
in a process that requires apoC-II as an activator of LPL.
In contrast, apoC-III can inhibit LPL-mediated lipolysis.
The breakdown of chylomicron-TG releases fatty acids
(FAs), which are taken up by the local tissue, and produces
chylomicron remnant particles. These remnants acquire
apoE from HDL particles and are also enriched in CEs
derived from the exchange of core lipids with LDL and
HDL; the latter process is mediated by CE transfer protein
(CETP). Ultimately, chylomicron remnant particles are
cleared mainly by hepatic uptake through the interactions
of apoE with the hepatic LDL receptor, LDL receptor–related
protein, and/or cell-surface heparan sulfate proteoglycans.
In addition, hepatic lipase (HL) further hydrolyzes chylomi-
cron remnant–TG and may augment uptake by the liver.
ApoC-I and apoC-III modulate chylomicron clearance
by the liver by interfering in the binding of apoE to its
receptors.62,75–77,90,91

IR adversely affects chylomicron and remnant metabo-
lism during several steps of the process. IR and T2DM are
associated with modestly decreased LPL activity and an

increase in apoC-III levels relative to apoC-II levels. Increased
apoC-III secretion into plasma has been demonstrated in
patients with IR and hypertriglyceridemia.92,93 The resulting
effect is impaired LPL-mediated lipolysis of chylomicron-TG
and decreased hepatic uptake of remnant particles. Recent
studies with antisense to apoC-III in hypertriglyceridemia
supported the important role of this apoprotein in the metab-
olism of TRLs.94 The decrease in chylomicron clearance is
further exacerbated by hepatic overproduction of TG-rich
VLDL particles as a consequence of IR.39 Increased numbers
of VLDL particles subsequently compete with chylomicrons
for LPL-mediated lipolysis. The net effect is an increase in cir-
culating TRLs, which are known to be particularly athero-
genic.60,77,95–97

Although the postprandial state is largely characterized by
intestinal chylomicron production, hepatic VLDL assembly
and secretion predominate during the fasting state. This
process is initiated in the hepatocyte rough endoplasmic
reticulum, where apoB-100 is constitutively synthesized. Uti-
lization of nascent apoB-100 for the assembly and secretion
of VLDL is, to a large extent, limited by substrate availability,
namely TG.98,99 Decreased availability of core lipids and/or
insufficient MTP activity can lead to both cotranslational and
posttranslational degradation of apoB-100. However, in the
presence of adequate TG, apoB-100 is progressively lipidated
through the actions of hepatic MTP, and the newly assem-
bled VLDL particle is transported to the Golgi apparatus,
where it may undergo further lipidation before secretion into
the plasma. The size of the nascent VLDL particles is also
determined by TG availability, with a predominance of
larger, more buoyant, more TG-enriched VLDL1 and fewer
smaller, denser VLDL2 particles produced in the presence
of excess hepatocyte TG. Insulin also exerts a major regula-
tory effect on this process through its ability to target apoB-
100 for posttranslational degradation; in the presence of IR
and concomitant chronic hyperinsulinemia and steatosis,
this effect may be significantly diminished.100 Thus, combi-
nation of IR and excess hepatic TG availability results in
increased hepatic secretion of both apoB-100 and TG even
when hyperinsulinemia is present.60,95,101–103 This process
is complicated, however, by the systemic hyperinsulinemia
present in most individuals with IR; the balance of plasma
insulin levels and the degree of hepatic IR, together with
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FIGURE 35-2 Effect of insulin resistance on lipoproteinmetabolism. Left panel, Insulin resistance increases FFA flux to the liver, decreases peripheral removal of chylomicron-
and VLDL–TG, and can increase de novo lipogenesis, leading to increased VLDL secretion. Right panel, Insulin-regulated de novo hepatic lipogenesis is mainly mediated through
increased expression of SREBP-1c, which can be activated even when hepatic insulin-mediated regulation of hepatic carbohydrate metabolism is defective. Furthermore, insulin can
also degrade nascent apoB, reducing the availability of apoB to be used in secreting TG from the liver, which leads to fatty liver. apo, apolipoprotein; FFA, free fatty acid; SREBP-1C,
sterol response element-binding protein-1c; TG, triglyceride; VLDL, very-low-density lipoprotein. (Modified fromGinsberg HN, Zhang,Y-L, Hernandez-Ono A. Ametabolic syndrome:
focus on dyslipidemia. Obesity 2006; 14:41S-49S.)
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hepatic TG availability, determine whether apoB-100 is
degraded or secreted as VLDL. Further complicating this
scheme is the endoplasmic reticulum stress that develops
in the presence of IR and fatty liver104; apoB-100 degradation
may be increased by endoplasmic reticulum stress, leading
to less hepatic VLDL secretion and greater steatosis.105 Thus,
a combination of several factors common to IR and T2DM,
including hyperinsulinemia, increased FAs, increased lipo-
genesis, steatosis, endoplasmic reticulum stress, and apoB
degradation, all play important roles in determining the
quantity and size of VLDL secreted from the liver.106

Because VLDL assembly and secretion are highly depen-
dent on TG availability, the FA contribution to the hepatic TG
pool is an important driver of this process. Three major
sources of hepatic TGs–FAs have been described: (1) circu-
lating FAs from the peripheral tissues, especially from adi-
pose tissue; (2) FAs derived from chylomicron and VLDL
remnant uptake by the liver; and (3) FAs obtained through
de novo hepatic lipogenesis (circulating FAs are the source
of the majority of TGs–FAs in the liver).107 In the presence of
IR and hyperinsulinemia, increased hepatic FA availability
results from alterations in all three sources.108,109 First,
increased FA flux to the liver occurs as a result of IR in adi-
pocytes. Increased hepatic secretion of apoB-containing
lipoproteins has been observed as a result of infusion of
albumin-bound FAs in mice.110 Similar results have been
demonstrated in humans.111 Second, the enhanced post-
prandial lipemia and overproduction of TG-rich VLDL parti-
cles in the fasting state combine to produce elevated levels
of apoB-48– and apoB-100–containing remnant particles,
which carry TG that is available for hepatic uptake.77,95 De
novo lipogenesis, the third source of hepatic TG, is likely
upregulated via insulin-mediated stimulation of SREBP-1c,
which is a major lipogenic transcription factor. This effect
of insulin appears to occur normally despite the hepatic
resistance to the effects of insulin on carbohydrate metabo-
lism.112 Recent studies indicate that mammalian target of
rapamycin (mTOR) signaling, both via the mTORC1 and
mTORC2 complexes, is central to this “selective” insulin
response in the lipogenesis pathway.113 If there is concomi-
tant hyperglycemia, there will also be induction of another
transcription factor, carbohydrate responsive element–
binding protein, which also activates genes required for lipo-
genesis.103,108 The hepatic expression of another nuclear
transcription factor, peroxisome proliferator–activated
receptor–γ (PPAR-γ), was increased in a number of mouse
models of IR and dyslipidemia,114 and in humans with
hepatic steatosis. In humans, nonalcoholic fatty liver dis-
ease, which is closely associated with IR, is characterized
by increased hepatic TG derived from de novo
lipogenesis.107

Once secreted, the fate of VLDL particles initially parallels
that of chylomicrons in the postprandial state, namely,
hydrolysis of VLDL-TG by LPL in a process modulated by
the relative proportions of apoC-II and apoC-III. Additional
regulation of LPL activity is derived from the interactions
of apoA-V, which may facilitate the interaction of TRLs with
LPL at the endothelial cell surface,115 and the angiopoeitin-
like proteins (Angptl3 and Angptl4), which interfere with the
activity of LPL.116 Lipolysis of core TG yields smaller, denser
VLDL remnants usually referred to as IDL; the efficiency of
this process is impaired in the setting of IR. The eventual
hepatic uptake of VLDL remnants is mediated by the same
pathways involved in chylomicron particle uptake.

However, unlike chylomicron remnants, VLDL remnants
may also undergo further catabolism to yield LDL particles.
HL is thought to play an important role in this process. How-
ever, despite the increased levels of HL observed with IR and
T2DM, conversion of VLDL to LDL is typically reduced. LDL
particles are primarily composed of core CEs associated with
surface apoB-100. Similar to VLDL remnants and IDL, clear-
ance of LDL occurs mainly through hepatic LDL receptor–
mediated uptake. IR is associated with a reduction in LDL
receptors, thereby limiting removal of these particles from
the circulation.75,91,95,117,118

Circulating LDL can participate in CETP-mediated
exchange of its core CE for VLDL- or chylomicron-TG, which
results in a TG-enriched, CE-depleted LDL particle. This trans-
fer may be increased if LDL particles are not efficiently
cleared by hepatic LDL receptors. Subsequent lipolysis of
the TG-enriched LDL particle by LPL or HL produces small,
dense LDL. As expected, the hypertriglyceridemia typically
seen with IR or T2DM is strongly related to the presence of
small, dense LDL. Furthermore, it has been proposed that
the large VLDL1 particles that predominate in the setting of
hypertriglyceridemia are avid acceptors of CEs from HDL,
also through a process mediated by CETP, and that these
CE-enriched particles then preferentially undergo catabo-
lism to give rise to small, dense LDL.75,119–123 In addition,
the increased HL activity observed in T2DM could play
an important role in the production of small, dense LDL
particles.75,124 The role of small, dense LDL has been a
long-standing topic of debate, particularly as to whether
they are more atherogenic than other apoB-containing
lipoproteins.125,126

The HDL class differs considerably in structure and func-
tion from the lipoproteins discussed thus far. The formation
of HDL begins with the secretion of cholesterol-poor phos-
pholipid discs containing surface apoA-I by the liver and
intestine. Cellular transfer of intracellular or plasma mem-
brane cholesterol to these nascent particles occurs via the
transport protein, adenosine triphosphate–binding cassette
transporter A1 (ABCA1). Studies by Timmins et al. demon-
strated the critical role of hepatic ABCA1 in the maintenance
on plasma HDL-C concentrations.127 This transfer is coupled
with cholesterol esterification by the enzyme lecithin:choles-
terol acyltransferase (LCAT), and is then accompanied by
movement of the product CEs to the core of the maturing
HDL3 particle. ApoA-I mediates this process through its abil-
ity to activate LCAT. Repeated cycles of this process, together
with transfer of cell cholesterol to the maturing HDL particle
via ABCG1 and scavenger receptor class B type I (SR-BI),
give rise to mature, CE-rich HDL2. Mature HDL particles
can deliver both free and esterified cholesterol to the liver
via interaction with SR-BI.39,128 This process of reverse cho-
lesterol transport from the peripheral tissues and from
cholesterol-laden tissuemacrophages, with eventual hepatic
uptake and metabolism, is a critical function of HDL.128,129

The fate of apoA-I is less certain, but it is known that signif-
icant quantities are taken up and degraded by the kidneys
and liver. If CETP-mediated exchange of core lipids is
increased, as is the case in IR with dyslipidemia, the affinity
of apoA-I for the small HDL particles that result from
HL-mediated lipolysis of TG-rich HDL is decreased. This
leads to dissociation of apoA-I from the small HDL and clear-
ance of “free” apoA-I by the kidney.75,124,128,129

In the presence of IR or T2DM, multiple factors acting
in concert result in lower levels of HDL-C and apoA-I.
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As already discussed, these include enhanced postprandial
lipemia, hepatic overproduction of TG-rich VLDL, and
decreased LPL-mediated lipolysis. All of these abnormalities
result in increased numbers of TRLs that are available for
CETP-mediated interactions with HDL. Added to this is the
increased hydrolysis of HDL-phospholipids by HL activity
in IR, which, together with increased CETP-mediated
exchange of core lipids, leads to smaller and fewer HDL
particles. The decrease in HDL particles available for partic-
ipation in reverse cholesterol transport may be critical to the
atherogenicity of the dyslipidemia associated with IR or
T2DM.108,123,124,128,129

THERAPEUTIC APPROACHES TO THE
DYSLIPIDEMIA OF INSULIN RESISTANCE AND
TYPE 2 DIABETES MELLITUS

Rationale for Treating Low-Density
Lipoprotein
Over the past 50 years, results from epidemiologic studies, ani-
mal models, and clinical trials have clearly demonstrated that
elevated LDL-C is amajor risk factor for CVmorbidity andmor-
tality.6,130 In addition, it has been demonstrated that aggres-
sively lowering LDL-C levels can decrease CV risk.131–135 As
a result, many investigators are interested in determining
the appropriate amount of LDL-C reduction needed to
decrease CV risk substantially. It is important to remember that
all individuals do not have the same absolute CV risk, and as a
result, LDL-C goals must be adjusted to accommodate each
individual’s absolute risk.6 Major risk factors known to
increase CV risk that should be assessed when determining
LDL-C goals include cigarette smoking, hypertension
(BP�140/90 mm Hg or treatment with an antihypertensive
medication), low HDL-C (<40 mg/dL for both men and
women), family history of premature CHD (younger than
55 years in male first-degree relatives; younger than 65 years
in female first-degree relatives), and age (men �45 years;
women �55 years). Using these risk factors, patients can be
stratified into three risk categories. The highest-risk category
is CHD or CHD risk equivalent; this category includes patients
with known CHD, other clinical forms of atherosclerotic dis-
ease (such as peripheral arterial disease, abdominal aortic
aneurysm, and symptomatic carotid artery disease), DM,
and/or a 10-year risk for major coronary events, as determined
by FraminghamRisk Score, that is greater than20%.As a result,
their lipid treatment goals are aggressive and they should be
targeted to achieve an LDL-C of less than 100 mg/dL
(Table 35-2). The second category of patients includes those
patients who have two ormoremajor risk factors and a 10-year
risk forCHD that is less thanorequal to20%(but greater thanor
equal to10%).Asa result, their treatment goal is less aggressive,
and their LDL-C goal is less than 130 mg/dL. The third category
consists of persons having 0 to 1 risk factors and a 10-year risk
less than 10%; their LDL-C goal is less than 160 mg/dL.
Recently, there has been a push to drive LDL-C goals lower

and lower with the hopes that this will lead to an improve-
ment in CV outcomes. The National Cholesterol Education
Program issued a white paper suggesting an even lower
LDL-C goal of less than 70 mg/dL for patients at very high
CV risk.136 This expert consensus was based in part on data
from the Treating to New Targets (TNT) study, which dem-
onstrated that intensive therapy with atorvastatin 80 mg com-
pared with atorvastatin 10 mg significantly reduced the rate

of major CV events by 22%. In TNT, the end-of-treatment
mean LDL-C levels were 98.6 and 77 mg/dL with atorvastatin
10 and 80 mg, respectively.134 The Incremental Decrease in
End Points Through Aggressive Lipid Lowering (IDEAL)
study was similar in design to TNT and compared simva-
statin 20 mg with atorvastatin 80 mg.137 Although IDEAL
did not show a significant benefit of treatment with a higher
dose of statin for the primary endpoint of major coronary
events (P¼0.07), numerous secondary endpoints were sta-
tistically different in favor of high-dose treatment, and the
overall view is that IDEAL generally supported the results
from TNT. The results of the Pravastatin or Atorvastatin Eval-
uation and Infection Therapy–Thrombolysis in Myocardial
Infarction 22 (PROVE IT–TIMI 22) study138 supported the
results of the TNT study; patients with acute coronary syn-
drome who had their LDL-C levels reduced to 62 mg/dL with
atorvastatin 80 mg fared better than patients whose LDL-C
was 95 mg/dL with pravastatin 40 mg.

In TNT, individuals with the MetS had a similar benefit from
more aggressive LDL-C lowering as did those without the
MetS; nevertheless, participants with the MetS in either treat-
ment group hadmore events than did their counterparts with-
out the MetS.139 In addition, post hoc analyses of other statin
studies have shown a benefit in MetS or “MetS-like” sub-
groups.131,140–142 Statin trials have also been conducted spe-
cifically in patients with T2DM. In the Collaborative
Atorvastatin Diabetes Study (CARDS), treatment with atorva-
statin resulted in a significant reduction in major CV events
irrespective of pretreatment cholesterol levels.143 In contrast,
the Atorvastatin Study for Prevention of Coronary Heart Dis-
ease Endpoints in Non-Insulin-Dependent Diabetes Mellitus

TABLE 35-2 NCEP ATP III Lipid Goals and Therapeutic
Considerations for Patients with Diabetic Dyslipidemia

Goals

• LDL-C <100 mg/dL; <70 mg/dL optional goal for very-high-risk patients
• Non–HDL-C <130 mg/dL if TG �200 mg/dL

Therapeutic considerations

• Initiate TLC
• Intensively treat nonlipid risk factors (hypertension, cigarette smoking,
hyperglycemia)

• If TG �200 mg/dL, consider fibrate or niacin (alone or with statin*) to achieve
non–HDL-C goal

• If niacin is used, use relatively low doses (<3 g/day)
• In patients with baseline LDL-C �130 mg/dL:
• Many diabetic patients (type 1 or 2) will require LDL-C–lowering drug therapy
(statins are usually first choice) in addition to TLC

• Clinical judgment is required in type 1 diabetes to determine intensity of LDL-C–
lowering therapy

• In patients with type 2 diabetes, treatment of atherogenic dyslipidemia (high
TG, low HDL-C, small LDL) should generally be delayed until LDL-C goal has
been achieved

• In patients with baseline LDL-C 100–129 mg/dL:
• Consider intensifying TLC
• Consider using LDL-C–lowering drug
• Consider using drug therapy to lower TG or raise HDL-C
• Control nonlipid risk factors

• In patients with on-treatment LDL-C 100–129 mg/dL:
• Intensify TLC
• If TG <200 mg/dL, consider intensifying LDL-C–lowering therapy (such as by
increasing statin dose or combining statin with bile acid sequestrant)

ATP III, Adult Treatment Panel III; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; NCEP, National Cholesterol Education Program;
TG, triglyceride; TLC, therapeutic lifestyle changes.

*The combination of statin plus fibrate may increase risk for myopathy. Patients
should be instructed to be aware of the signs and symptoms of myopathy and report
these immediately to their physician.
(From Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in
adults. Executive summary of the third report of the NCEP Expert Panel on Detection,
Evaluation, and Treatment of High BloodCholesterol in Adults (Adult Treatment Panel III).
JAMA 2001;285:2486-2497; Ginsberg HN, Yu Y-H. Adipocyte signaling and lipid
homeostasis. Sequelae of insulin-resistant adipose tissue. Circ Res 2005;96:1042-1052.)
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(ASPEN), which randomized patients with T2DM to receive
10 mg of atorvastatin or placebo in a 4-year study, did not
demonstrate a significant reduction in the primary composite
endpoint of CV death with atorvastatin treatment.144

It is important to note that the ATP III guidelines did not
place patients with the MetS into any specific risk category;
their risk is determined by the number of risk factors that
they carry, as well as whether or not they have clinical
CVD. Some individuals with the MetS fall into the CHD-
equivalent class, but others do not. However, the white
paper categorized individuals with the combination of the
MetS and CVD as being at very high risk; therefore, they
require an LDL-C goal of less than 70 mg/dL.136 In addition,
although the ATP III guidelines defined DM as a CHD-
equivalent condition,6 several studies show that individuals
with T2DM without established CHD do not have a 10-year
CHD risk greater than 20%.145–147 The best approach, there-
fore, is to take all of an individual’s risk factors into account
rather than simply classifying the patient based on a single
diagnosis such as DM or MetS. However, in the Justification
for the Use of Statins in Prevention: an Intervention Trial Eval-
uating Rosuvastatin study (JUPITER), men and women with
some of the MetS risk factors and elevated C-reactive protein
levels had significantly reduced CVD events with LDL-C
levels of approximately 55 mg/dL (with rosuvastatin
20 mg) versus those with LDL-C levels slightly greater than
100 mg/dL (with placebo).148 The recent ACC/AHA guide-
lines8 identified four groups of individuals whose risk was
high enough to be considered for statin therapy: (1) those
with LDL-C greater than 190 mg/dL; (2) those with previous
CVD; (3) those with diabetes and LDL-C greater than or equal
to 70 mg/dL but less than or equal to 190 mg/dL; and (4)
those without CVD or diabetes but with LDL-C greater than
or equal to 70 mg/dL but less than or equal to 190 mg/dL
who have a 10-year risk for CVD greater than or equal to
7.5%. The new guidelines do not use MetS as a criterion
for statin therapy.

Rationale for Treating High-Density
Lipoprotein and Triglyceride
Although LDL-C remains a primary target of cholesterol-
modifying therapy for the primary and secondary prevention
of CVD in the general population and among people with
DM, HDL-C and TG have been given high importance, espe-
cially in higher risk individuals.6,97 Epidemiologic and clin-
ical trial evidence has clearly demonstrated the presence
of elevated TG levels and decreased HDL-C in individuals
with IR, in the presence or absence of T2DM.38,41–54 As
defined by the ATP III, MetS dyslipidemia is characterized
by TG levels greater than or equal to 150 mg/dL and HDL-
C less than 40 mg/dL in men and less than 50 mg/dL in
women.149 In addition, the ATP III guidelines state that when
TG levels are modestly or greatly elevated (200–499 mg/dL),
non–HDL-C should be a secondary goal of therapy. Non–
HDL-C (total cholesterol�HDL-C) is considered a surrogate
marker for the apoB-100–containing lipoproteins, and thus,
is believed by many to be a good predictor of atherogenic
potential.150–154 Non–HDL-C goals are set at 30 mg/dL higher
than the LDL-C goal for each level of risk; in the case of most
individuals with T2DM, the non–HDL-C target is 130 mg/dL
or less.149 The new ACC/AHA guidelines8 made it clear, how-
ever, that the Expert Panel found no evidence to target LDL-C
or non–HDL-C. They based this conclusion on the absence

of randomized clinical trial data that demonstrated the ben-
efit of any lipid-altering drug when added to a statin. The
new guidelines also state that other targets, such as TG or
HDL-C, have no support based on randomized clinical trials;
data from two trials in which niacin was added to sta-
tins155,156 and one in which fenofibrate was added to statin
therapy157 indicated no overall benefit compared with treat-
ment with statins alone. The ADA emphasizes the prime
importance of attaining target LDL-C levels, but employs a
different approach to the management of TGs and HDL-C
(Table 35-3). The ADA guidelines recommend lowering
TG levels to less than150 mg/dL and include gender-specific
HDL-C goals, namely, greater than 40 mg/dL in men and
greater than 50 mg/dL in women.158,159

The rationale for treatment to improve HDL-C levels in
people with IR or T2DM is grounded in evidence from
numerous epidemiologic studies in which low HDL-C is an
independent predictor of CHD morbidity and mortality.
Notably, this effect has been observed in studies involving
large numbers of people with IR or T2DM.43,46,160–165 Evi-
dence from prospective intervention trials and secondary
analyses has suggested a benefit of raising HDL-C levels on
the risk of CHD events, independent of changes in other lipid
and nonlipid risk factors.166,167 A post hoc analysis of the
Bezafibrate Infarction Prevention Study that focused on
the subgroup of participants with the MetS revealed a
reduced incidence of MI that was associated with significant
improvements in HDL-C and TG levels.168 Furthermore, in
that analysis, a cardiac mortality benefit was demonstrated
in individuals with “augmented” (i.e., four or five) features
of the MetS, as defined by the ATP III. In the Veterans Affairs
High-Density Lipoprotein Intervention Trial (VA-HIT), in
which increases in HDL-C were predictive of reductions in
CV endpoints in the group treated with gemfibrozil,167 the
greatest overall benefit of treatment was observed in the sub-
groups with IR, with or without T2DM.169,170

TABLE 35-3 American Diabetes Association
Dyslipidemia Treatment Goals and Recommendations
for Adults with Diabetes

Treatment Goals

• LDL-C
• In patients without overt CVD:
• Primary goal is LDL-C <100 mg/dL
• Decrease LDL-C by 30%–40% in patients >40 years of age regardless of
baseline LDL-C

• In patients with overt CVD:
• Treat with statin to decrease LDL-C by 30%–40%
• Option: treat with high-dose statin to reduce LDL-C to <70 mg/dL

• Decrease TG to <150 mg/dL
• Increase HDL-C to >40 mg/dL; consider increasing HDL-C to >50 mg/dL in
women

Treatment Recommendations

• Medical nutrition therapy
• Weight loss in overweight and obese individuals
• Diet with reduced intake of total fat (�30%of total calories), saturated fat (<7%
of total calories), and trans fatty acids (minimal); cholesterol <200 mg/day

• Increased exercise
• Smoking cessation

• Pharmacologic therapy
• Statin therapy to decrease LDL-C
• Fibrate therapy to decrease TG and increase HDL-C
• Combination therapy with statin and another agent if necessary to achieve lipid
targets

CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; TG, triglyceride.
(From Timmins JM, Lee JY, Boudyguina E, et al. Targeted inactivation of hepatic Abca1
causes profound hypoalphalipoproteinemia and kidney hypercatabolism of apoA-1.
J Clin Invest 2005;115:1333-1342.)
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In contrast to the evidence supporting an inverse relation-
ship between HDL-C levels and CHD morbidity and mortal-
ity, the data regarding the independent effects of plasma TG
levels on CHD risk are more controversial. Part of the diffi-
culty stems from the close interrelationships between levels
of TGs and the atherogenic apoB-containing lipopro-
teins.171,172 TG levels have been shown to predict CHD risk
in observational studies.173–175 However, in the largest
cohort study to date, Danesh et al. found that although TG
was a strong predictor of CVD outcomes in more than
300,000 people, it lost all predictive power after adjustments
for both HDL and non–HDL-C.176 One could argue, however,
that adjustment for non–HDL-C, which contains cholesterol
carried in TRLs, is not a valid approach. In several clinical
trials, stratification of individuals by TG and HDL-C levels
revealed higher-risk subgroups with dyslipidemia that have
benefitted most from LDL-C–lowering interventions with
respect to CHD risk reduction.139,142,177 The Fenofibrate
Intervention and Event Lowering in Diabetes (FIELD) trial,
in which 10,000 diabetic patients were randomized to pla-
cebo or fenofibrate, did not show an overall CVD benefit
for the fenofibrate-treated group. However, a subgroup with
baseline TG greater than 200 mg/dL and HDL-C less than
40 mg/dL showed a 30% reduction in the combined primary
endpoint of CHD death and nonfatal MI.178 Similarly, in the
Action to Control Cardiovascular Risk in Diabetes
(ACCORD) Lipid Trial, which was negative overall, 17% of
the individuals with baseline TG in the upper tertile
(>200 mg/dL) and HDL-C in the lower tertile (<34 mg/dL)
had a 28% reduction in the primary endpoint of nonfatal
MI, nonfatal stroke, and CVD death.157 In contrast, no clinical
trials thus far have demonstrated an independent relation-
ship between TG lowering and CHD risk reduction, includ-
ing VA-HIT, in which TG levels fell by 31%.166,167

As mentioned earlier, postprandial lipemia has been asso-
ciated with CHD in individuals without DM, whereas the evi-
dence is less convincing or absent in individuals with IR or
DM.61,62 Data from two cross-sectional studies do not support
an association between postprandial lipemia and the pres-
ence of CHD in people with T2DM.70,71 Another small study
suggests that postprandial numbers of small remnant parti-
cles may contribute to the severity of angiographic CHD in
T2DM.179 Larger prospective studies are needed before rec-
ommendations can bemade with regard to the potential util-
ity of postprandial hyperlipidemia as a predictor of CV risk in
IR or DM. This, along with the lack of simple, clinically useful
uniform measures of postprandial lipemia, explains the lack
of guidelines for therapy of postprandial hyperlipidemia.

Treatment Options
Diet and Lifestyle Modification
It has long been known by clinicians, investigators, and lay
people alike that appropriate lifestyle interventions involving
diet and exercise can lead to weight loss. Because obesity is
a major contributor to the MetS and T2DM, weight loss
should provide significant benefits to individuals with these
problems. In the Diabetes Prevention Program,180 approxi-
mately 6% weight loss and the addition of 2 hours of exercise
per week were associated with a 58% reduction in the inci-
dence of new T2DM in a group with IGT. Similar results were
obtained with weight loss and exercise in a study conducted
in Finland.181 In the 1-year results of the Look AHEAD
(Action for Health in Diabetes) trial, which is a study of

weight loss and diet in overweight and obese individuals
with T2DM intensive lifestyle intervention resulted in clini-
cally significant weight loss.182 Participants in the intensive
lifestyle intervention group achieved an average loss of
8.6% of initial body weight and a 21% improvement in CV
fitness. These participants had a significantly greater
decrease in the number of medicines used to treat their
DM and BP, as well as a greater improvement in glycemic
control compared with participants who received only dia-
betes support and education.

In addition to simply reducing caloric intake, interven-
tions that alter the nutrient composition of the diet may have
benefits on risk factors for CVD and T2DM. There has been
much debate, however, both in the popular press and in the
medical community, regarding which diet strategy is the
most effective for both weight loss and reductions in CV risk.
A study by Foster et al.183 suggested that although a low-
carbohydrate, high-protein, high-fat diet produced a greater
weight loss at 6 months than did a low-calorie, high-carbohy-
drate, low-fat diet, the difference was no longer significant at
1 year. Compared with a low-fat diet, the low-carbohydrate
diet actually reduced some components of the MetS and risk
factors for CHD (serum TG and serumHDL-C), but not others
(BP, insulin sensitivity, and serum LDL-C). In a very similar
study, Samaha et al. presented data that demonstrated that
severely obese individuals with a high prevalence of the
MetS or DM lost more weight during 6 months on a
carbohydrate-restricted diet than on a calorie- and fat-
restricted diet. Even after adjustments were made for weight
loss, participants on the carbohydrate-restricted diet had a
relative improvement in insulin sensitivity and TG levels.184

A randomized trial by Dansinger et al. further explored the
effectiveness of different popular diets: Atkins, Zone, Weight
Watchers, and Ornish. At the end of 1 year, achieved weight
loss was not significantly different among the diets; all of the
diets led to approximately 2 kg of weight loss. Importantly,
those individuals with better adherence to any of the diets
had greater weight loss and improvements in their CV risk
profiles.185 The conclusions, which are consistent with pre-
vious data, suggest that low-carbohydrate diets increase
HDL-C, and diets low in saturated fat decrease LDL-C. In con-
trast, a recent trial at Stanford University Medical School
compared four weight-loss diets (Atkins; Zone; Lifestyle,
Exercise, Attitudes, Relationships, and Nutrition; and
Ornish), and observed statistically significant differences
among diet groups for both weight loss and CV risk factors
at 12 months. Participants assigned to follow the diet with
the lowest carbohydrate intake, the Atkins diet, lost more
weight and had more favorable overall metabolic effects
at 12 months than those assigned to follow the other diets.
However, the question of whether altering macronutrient
composition without achieving weight loss can lead to
changes in CV risk profile needs further elucidation.186

Lichtenstein187 considered the individual effects of differ-
ent dietary macronutrients on CV risk factors in an isoweight
setting. In the setting of stable body weight, replacement of
dietary carbohydrates with fat resulted in lower TG and
VLDL-C concentrations, higher HDL-C concentrations, and
a lower total cholesterol/HDL-C ratio. Earlier studies demon-
strated similar effects of high-carbohydrate diets in individ-
uals with or without diabetes.188,189 In contrast, Chandalia
et al.190 showed that increasing fiber in a high-carbohydrate
diet abrogated the effects of that diet on plasma TG and
HDL-C levels. The Diet Effects on Lipids and Thrombogenic
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Activity study demonstrated that a diet with higher carbohy-
drates and increased fiber was associated with a modest but
significant increase in plasma TG levels and a small but sig-
nificant reduction in HDL-C levels compared with a diet in
which 8% of the carbohydrates was replaced with monoun-
saturated FAs in patients with the dyslipidemia of theMetS.191

Conclusions that may be drawn from these diet interven-
tions must be considered with the following caveat: it is not
knownwhether the changes seen in plasma TG levels, and in
particular, in HDL-C concentrations, are indicative of
changes in risk for CVD. Extrapolation from large epidemio-
logic databases that showed that increased TG and reduced
HDL-C levels were associated with increased CV risk remains
to be proven in a clinical trial of dietary intervention.

Pharmacologic Therapy
Before discussing specific pharmacologic therapies in detail,
it is important to note that improving glycemic control in
T2DM can result in mild to modest improvement in the dys-
lipidemia of diabetes. This is particularly true for hypertrigly-
ceridemia in the setting of poor glycemic control;
furthermore, the degree of TG lowering may be related to
the magnitude of improvement in glycemia. Concomitant
with optimization of glucose control, therapeutic lifestyle
changes, including dietary modification, weight reduction,
and regular physical activity, should be initiated before, or
simultaneously with, pharmacologic therapy. Pharmaco-
logic therapy for dyslipidemia should be considered in the
context of these changes.149,158,192 In addition, it must be
noted that the new ACC/AHA guidelines for the treatment
of cholesterol support the use of statins in several high-risk
groups, but these guidelines do not support additional med-
ications in combination with statins.8

3-Hydroxy-3-Methylglutaryl–Coenzyme A Reductase
Inhibitors
The HMG-CoA reductase inhibitors (statins) are the most
extensively studied group of lipid-modifying agents.135,193

They are the most effective pharmacologic agents for reduc-
ing LDL-C concentrations and should be considered first-line
therapy for this purpose, in individuals both with and with-
out T2DM.149,158,192,194 Several agents are available for clini-
cal use, including lovastatin, fluvastatin, pravastatin,
simvastatin, atorvastatin, rosuvastatin, and pitavastatin. As
a class, they produce LDL-C reductions of 18% to 55%, with
more modest changes in HDL-C and TG levels (5%–15% ele-
vations and 7%–30% reductions, respectively).149,195

Statins achieve their LDL-C–lowering effect through inhibi-
tion of HMG-CoA reductase, which is the rate-limiting
enzyme in cholesterol biosynthesis. Decreased hepatic cho-
lesterol, in turn, causes upregulation of hepatic LDL recep-
tors and increased LDL particle clearance. There is also
evidence for reduction of VLDL levels with statin therapy.
In individuals with the dyslipidemia of IR or T2DM, statins
have been shown to reduce the hepatic assembly and secre-
tion of apoB-containing lipoproteins; this may or may not be
accompanied by increased clearance of VLDL and LDL par-
ticles from the circulation. Moreover, some data suggest that
statins reduce VLDL-TG secretion; however, the mechanism
for this is unclear.149,158,195 These agents may also lower
apoC-III levels, thereby enhancing lipolysis of TRL particles,
as suggested in an analysis of the Diabetes Atorvastatin Lipid
Intervention study.196

A plethora of clinical trial data supports the effectiveness
of statin therapy in primary and secondary CV risk reduction
in the general population with hypercholesterolemia and in
people with DM (Table 35-4); however, the body of evi-
dence for primary prevention of CVD in individuals with
DM is smaller.159,193 Furthermore, the relative beneficial
effects of statins are similar in individuals with or without
DM.194 CARDS, which was a primary prevention study in
2838 participants with T2DM, demonstrated a statistically sig-
nificant 37% reduction in major CV events in participants on
low-dose atorvastatin treatment.143 Moreover, as noted previ-
ously, this effect did not differ by pretreatment cholesterol
levels; participants with baseline LDL-C levels less than

TABLE 35-4 Major Placebo-Controlled Clinical Trials of Statin Therapy in Patients with Type 2 Diabetes Mellitus
CHANGE FROM
BASELINE, %

CHD EVENT*
RATE

TRIAL n (DM) Statin Yrs LDL-C TG HDL-C Statin Placebo RRR (%) P for RRR ARR (%) NNT

Secondary Prevention

4S113 202 Simvastatin 20–40 5.4† –36 –11 +7 22.9 45.4 55 0.002 22.5 4

4S reanalysis114 483 Simvastatin 20–40 5.4† � –36 � –11 � +6 23.5 37.5 42 0.001 14.0 7

CARE105 586 Pravastatin 40 5.0{ –27 –13 +4 17.7 20.4 13 NS 2.7 37

LIPID167 1077 Pravastatin 40 6.0{ � –28 � –19 � +4 19.6 23.4 19 0.11 3.8 26

LIPID IFG subgroup167 940 Pravastatin 40 6.0{ 11.8 17.8 36 0.009 6.0 17

HPS163 5963 Simvastatin 40 4.8{ –28 –13 +1 9.4 12.6 27 <0.0001 4.9 20

Primary Prevention

ASCOT164 2532 Atorvastatin 10 3.3† –36 –16 +2 9.6 11.4 16 NS 1.8 56

CARDS116 2838 Atorvastatin 10 3.9† –31 –17 –9 5.8 9.0 37 0.001 3.2 31

4D166 1255 Atorvastatin 20 4.0{ –42 NA NA 38 37 8 0.37 — —

4D, German Diabetes and Dialysis Study; 4S, Scandinavian Simvastatin Survival Study; ARR, absolute risk reduction; ASCOT, Anglo-Scandinatian Cardiac Outcomes Trial;
CARDS, Collaborative Atorvastatin Diabetes Study; CARE, Cholesterol And Recurrent Events; CHD, coronary heart disease; DM, diabetes mellitus; HDL-C, high-density lipoprotein
cholesterol; HPS, Heart Protection Study; IFG, impaired fasting glucose; LDL-C, low-density lipoprotein cholesterol; LIPID, Long-Term Intervention With Pravastatin In Ischaemic
Disease; NA, not available; NNT, number needed to treat to prevent 1 event; NS, not significant; RRR, relative risk reduction; TG, triglyceride.

*Coronary heart disease death or nonfatal myocardial infarction except in CARDS (also unstable angina and nonfatal cardiac arrest) and 4D (also stroke).
†Median follow-up.
{Mean follow-up.

(Modified from Ginsberg HN. Efficacy and mechanism of action of statins in the treatment of diabetic dyslipidemia. J Clin Endocrinol Metab 2006; 91:383-392.)
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120 mg/dL had similar treatment benefits as those with
higher pretreatment LDL-C levels. The Medical Research
Council/British Heart Foundation Heart Protection Study
(MRC/BHF HPS) included a large cohort of participants with
T2DM, approximately half of whomhad no evidence of exist-
ing coronary or other occlusive arterial disease.197 Simva-
statin therapy produced substantial reductions in the risk
of coronary events, stroke, and revascularizations in partici-
pants with DM, irrespective of preexisting occlusive arterial
disease or lipid concentrations. Similar to the CARDS find-
ings, the treatment benefit in the MRC/BHF HPS extended
even to participants with relatively normal baseline LDL-C
levels, which was defined by the investigators as less than
116 mg/dL. Nevertheless, other major trials that included
large numbers of individuals with T2DM did not confirm
these findings. As noted earlier in this chapter, the ASPEN
trial, which included primary and secondary prevention par-
ticipants, did not demonstrate a significant reduction in the
primary composite endpoint with atorvastatin.144 The nega-
tive finding was attributed to certain features of the study
design and to changes in lipid treatment guidelines during
the course of the study that necessitated protocol changes.
Similarly, statin therapy did not impart a benefit with
regard to coronary events in the subgroup of participants
with T2DM in the Anglo-Scandinavian Cardiac Outcomes
Trial–Lipid-Lowering Arm.198 The lack of benefit was
ascribed to a low coronary event rate, which stemmed in
part from the early cessation of the trial because of a marked
benefit of statin therapy in the general study population. In
the nonblinded Antihypertensive and Lipid-Lowering Treat-
ment to Prevent Heart Attack Trial–Lipid-Lowering Trial, the
lack of effect with pravastatin therapy in participants with
T2DM is believed to be because of the high usage of lipid-
lowering therapy in the “usual care” control group, which
resulted in a smaller differential in LDL-C levels between
the statin and control groups compared with that seen in
other large statin trials.199 Finally, the German Diabetes and
Dialysis Study evaluated participants with T2DM and end-
stage renal disease; treatmentwith atorvastatin did not confer
a statistically significant benefit over placebo therapy.200

What role, then, do statins play in the prevention of CVD in
individuals with DM but without overt CVD? A joint state-
ment from the AHA and the ADA addressed this issue.
The recommendations addressed one particularly interest-
ing subgroup of people, namely, individuals with baseline
LDL-C levels less than 100 mg/dL. In these patients, the deci-
sion to begin statin therapy should take into account age and
CVD risk. Specifically, the initiation of statins in individuals
with DM who are older than 40 years and have at least one
major CVD risk factor may be appropriate in this setting and
should be based on clinical judgment.159

In contrast to studies of statins for the primary prevention
of CVD in individuals with DM, the data with regard to sec-
ondary prevention of CV events are very robust. The MRC/
BHF HPS provided strong evidence supporting the benefit
of simvastatin in reducing the risk of CVD in individuals with
DM and preexisting occlusive arterial disease.197 Further
support was added by a subgroup analysis of the Long-Term
Intervention with Pravastatin in Ischaemic Disease trial,
which demonstrated a reduction in CV events, including
stroke, in participants with IFG or T2DM and established
CHD.201 Moreover, the absolute risk reductions seen in par-
ticipants with IFG or T2DM were greater than those seen in
the overall study population. These findings were supported

and extended by the results of post hoc analyses of partici-
pants with IFG or DM in the Scandinavian Simvastatin Sur-
vival Study (4S).141,202 Another post hoc analysis
demonstrated an increased risk of CHD events and greater
benefit with simvastatin therapy among 4S participants
with low HDL-C and elevated TG, accompanied by elevated
LDL-C levels at baseline, compared with participants
with isolated elevations in pretreatment LDL-C.142 A separate
analysis demonstrated similar relative risk reduction and
greater absolute risk reduction in participants meeting
the ATP III criteria for the MetS, after excluding participants
with DM.140 The Cholesterol and Recurrent Events trial dem-
onstrated a beneficial effect of pravastatin treatment on cor-
onary outcomes in the overall study population203 and in the
subgroups with DM or IFG; the latter were defined in the
study by fasting glucose levels of 110 to 125 mg/dL.131

Finally, a post hoc analysis of the TNT study that examined
participants who met the ATP III criteria for the MetS, but
excluded individuals with T2DM, suggested an incremental
benefit of high-dose atorvastatin therapy in this group.139

In view of the successful outcome in the subgroup of TNT
with the MetS, it is important to review the recent data that
indicate an increase in risk for new-onset diabetes in individ-
uals who received statins in large clinical trials. Although an
early report from the West of Scotland Coronary Prevention
Study (WOSCOPS) suggested that statins might prevent inci-
dent diabetes, JUPITER found the opposite, with an inci-
dence rate of diabetes of 30% in the rosuvastatin group
versus 2% in the placebo group.148 Several meta-analyses
since then have indicated that statin treatment is associated
with an approximate 9% increase in new-onset diabetes,204

and that this risk is increased in people who receive higher
doses of statins205 and in people with more criteria for the
MetS.206 The meta-analyses presented to date do not suggest
heterogeneity in the effects of statins on incident diabetes,
although some small, short-term studies indicate that
certain statins may be less likely to raise blood glucose or
hemoglobin A1c levels. It is clear that the benefit of statins
in lowering CVD events far outweighs the risk of new-onset
T2DM in high-risk and secondary prevention patients. This
new finding should, however, be considered when statins
are proposed for primary prevention in younger individuals.

The greatest value of statin therapy in the treatment of the
dyslipidemia of T2DM may be in its potential for combina-
tion therapy with other lipid-modifying agents. In patients
with T2DM who have CVD or multiple poorly controlled risk
factors (and who are defined, therefore, as very high risk),
LDL-C lowering to levels to less than 70 mg/dL may an appro-
priate goal.136 This very low level of LDL-C may be attained
through uptitration of statin doses or through combination
with other agents, such as plant stanol and sterol esters, bile
acid–binding resins, and inhibitors of enteral cholesterol
absorption. The addition of statins to niacin or PPAR-α ago-
nists can produce significant reductions in TG and increases
in HDL-C levels, thereby improving all of the major lipid
parameters commonly affected by IR and T2DM.149,158,195

Enthusiasm for this approach has, however, been damp-
ened by the overall results of the ACCORD Lipid Trial, in
which fenofibrate therapy did not significantly reduce the
primary CVD outcome when added to simvastatin treat-
ment.157 Thus, despite a subgroup analysis that suggested
benefit in patients with high TG and low HDL-C levels, which
parallels similar subgroup findings in fibrate monotherapy
trials, a study specifically targeting such individuals will have

411

35Sp
ecialPatien

t
Po

p
u
latio

n
s:D

iab
etes

an
d
M
etab

o
lic

Syn
d
ro
m
e



to be successful before recommendations for combination
therapy with fibrates and statins can be recommended.

Nicotinic Acid
For slightly more than five decades, nicotinic acid (niacin)
has been the most potent HDL-C–raising pharmacologic
agent available. Furthermore, it is unique in its favorable
effects on all major aspects of the atherogenic lipid profile,
namely, HDL-C, TGs, and LDL-C.207,208 These effects of niacin
are thought to be mediated through several major mecha-
nisms. First, niacin exhibits high-affinity binding to a G pro-
tein–coupled receptor (GPR108A) found on adipocytes.209

Activation of the nicotinic acid receptor results in downregu-
lation of the activity of the enzyme hormone-sensitive lipase,
thereby decreasing lipolysis, which results in increased
sequestering of FAs in adipose tissue. It was believed that
the consequent reduction in plasma levels of nonesterified
FAs leads to a decrease in hepatic production of TG-rich
VLDL particles, and hence, to lower levels of circulating
TRLs. However, recent studies in mice lacking GPR109A
and in humans given an antagonist to this receptor have cast
doubt on that mechanism.210 Reductions in TG-enriched
lipoproteins lead to less CETP-mediated exchange of LDL-
CE for TG in TRLs, leading to a shift in LDL particle compo-
sition from small, dense LDL to less atherogenic larger, more
buoyant LDL particles. HDL particles also undergo favorable
quantitative and qualitative changes as a consequence of
treatment with niacin. Niacin treatment results in increased
numbers of larger HDL particles and a decrease in the
fractional catabolic rate of apoA-I.211,212

Niacin is available in short-acting and extended-release
forms, and is typically associated with increases in HDL-C
of 15% to 35%, and with 20% to 35% reductions in TG
levels.149,207 In contrast, it has a more modest effect on
LDL-C levels, with reductions in the range of 10% to 20%.
For this reason, niacin is not recommended as first-line
therapy for LDL-C lowering. It is, however, suggested for
use as monotherapy in individuals with the atherogenic lipid
phenotype, but who do not have concomitant elevations of
LDL-C. For people who exhibit elevated LDL-C in addition
to abnormal HDL-C and TG levels, niacin can be used in
combination with other agents that are more effective at
lowering LDL-C, especially the statins. Niacin can also
reduce levels of lipoprotein(a) by 15% to 25%; moreover,
it is the only lipid-modifying agent consistently shown to
lower levels of this atherogenic lipoprotein significantly.149

Despite the array of potentially beneficial effects on
plasma lipids, the role of niacin has now been significantly
diminished as an agent to prevent CVD. Although niacin did
reduce CVD events in the Coronary Drug Project (CDP),
with a reduction in total mortality in the niacin group at
follow-up 11 years later,213 niacin failed to show benefit in
two recent studies when used in combination with statin
therapy. Both the Atherothrombosis Intervention in Meta-
bolic Syndrome with Low HDL/High Triglycerides and
Impact on Global Health Outcomes (AIM-HIGH) study,155

with approximately 3400 individuals, and the Heart Protec-
tion Study 2–Treatment of HDL to Reduce the Incidence
of Vascular Events (HPS2-THRIVE) study,156 with 25,000 par-
ticipants, failed to show any benefit when extended-release
niacin (AIM-HIGH) or extended-release niacin plus a second
agent, laropiprant, which reduced flushing (HPS2-THRIVE),
was added to simvastatin and compared with simvastatin
alone in individuals with previous CVD. In both studies,

a substantial proportion of participants had either diabetes
or MetS. A subgroup analysis of the AIM-HIGH results sug-
gested that the subgroup with high TG and low HDL-C
may have benefitted.214 Thus, despite favorable lipoprotein
effects and surrogate endpoint trial data, the use of niacin
combined with a statin has no support. In addition, niacin
is associated with glucose intolerance and hyperglycemia,
particularly at higher doses.208,215 The basis for these adverse
effects on carbohydrate metabolism appears to result from
niacin-induced IR.216

In summary, niacin is an excellent lipid-altering agent that
was shown to reduce CV events and death in the CDP trial,
which was performed when patients who had already had a
CVD event were receiving very few drugs to prevent further
events. However, two recent trials failed to show any benefit
of niacin in groups treated to LDL-C levels less than 70 mg/dl
with statins. Furthermore, the use of niacin in patients with
the MetS and/or T2DM is problematic because of its negative
effects on glucose metabolism and insulin sensitivity. At the
present time, niacin treatment should be limited to individ-
uals with familial hypercholesterolemia who are unable
to reach goals on statins and other agents, and possibly
statin-intolerant patients who are at low risk for diabetes.
Physicians wishing to use niacin in other situations, that is,
in patients with very low levels of HDL-C or high levels of
lipoprotein(a), must consider the absence of evidence for
benefit.

Bile Acid Sequestrants
The bile acid sequestrants represent another class of agents
that have long been used in the management of lipid disor-
ders.217,218 In the United States, currently available drugs in
this category include cholestyramine, colestipol, and colese-
velam. These agents function mainly to lower LDL-C through
their actions in the intestine, where they bind bile acids,
thereby reducing the return of cholesterol to the liver. This
results in increased diversion of hepatic cholesterol to the
bile acid synthesis pathway and consequent lowering
of hepatic cholesterol content. The decrease in hepatic cho-
lesterol leads to upregulation of hepatic LDL receptors,
which, in turn, lowers LDL-C levels. Typical improvements
seen with bile acid sequestrant therapy include 15% to
30% reductions in LDL-C and smaller increases of 3% to 5%
in HDL-C. In some cases, therapy with agents in this class
increases hepatic VLDL production, thereby increasing
plasma TG levels and worsening hypertriglyceridemia. These
drugs should therefore be avoided in individuals with severe
hypertriglyceridemia (TG >400 mg/dL), and caution should
be exercised when considering bile acid sequestrants for
LDL-C–lowering in patients with moderately elevated TG
levels (TG >200 mg/dL), a group that encompasses a con-
siderable number of people with the MetS and/or T2DM. In
addition, bile acid sequestrants should be avoided in patients
with DM complicated by autonomic neuropathy and con-
stipation, because of the gastrointestinal side effects asso-
ciated with these drugs, particularly cholestyramine and
colestipol.149,217,218

The Lipid Research Clinics Coronary Primary Prevention
Trial demonstrated the beneficial effects of monotherapy with
a bile acid sequestrant on CV endpoints in severely hypercho-
lesterolemic individuals.219–221 The NHLBI Type II Coronary
Intervention Study, a secondary prevention trial, added to
these data by suggesting a positive relationship between cho-
lestyramine therapy and decreased angiographic progression
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of CHD in people with hyperlipoproteinemia.222,223 There is,
however, a relative lack of studies of bile acid sequestrant
therapy specifically in individuals with the MetS or T2DM.
The likely coexistence of elevated TG levels in these groups
makes bile acid–binding resins a less desirable choice for
therapy. However, a small randomized, double-blind, cross-
over study of the effects of cholestyramine therapy in individ-
uals with T2DM has shed some light on this issue.224

Participants in this study had elevated fasting LDL-C levels
(>130 mg/dL) and either normal or moderately elevated
plasma TGs (<150 mg/dL or 150–300 mg/dL, respectively).
Treatment with cholestyramine resulted in similar responses
among the study participants, irrespective of baseline TG
levels. Compared with placebo, cholestyramine treatment
resulted in a statistically significant 28% reduction in LDL-C.
However, it also caused a 13.5% increase in plasma TG,
although none of the participants developed marked eleva-
tions in TG levels, which was defined by the investigators as
greater than 500 mg/dL. The increase in TGs was not associ-
ated with any change in VLDL-C concentration, hence, sug-
gesting an increase in VLDL particle size. HDL-C levels were
not affected by the elevation in TGs.
Recently, preclinical studies of the role of farnesoid X

receptor in the regulation of carbohydrate metabolism have
raised interest in the glucose-lowering effects of bile acid
sequestrants.225 Glucose levels improved in participants
with T2DM who were treated with cholestyramine in the
preceding study,224 and similar results, with reductions in
hemoglobin A1c levels, were demonstrated in a recent
study of colesevelam.226 Further investigation is required
to elucidate the potential role for bile acid sequestrants
in the management of dyslipidemia in individuals with
DM or the MetS. Recent studies indicate several possible
mechanisms of action based on preclinical227 and clinical
investigations.228

Cholesterol Absorption Inhibitors
Ezetimibe is the first available agent in a new class of mole-
cules that interferes with cholesterol absorption by selec-
tively inhibiting the uptake of cholesterol from the
intestinal lumen at the level of the brush border of the enter-
ocyte. In October 2002, ezetimibe was approved by the U. S.
Food and Drug Administration for the treatment of hyper-
cholesterolemia after it had been evaluated in several stud-
ies, including a multicenter, randomized, double-blind,
placebo-controlled trial that demonstrated that ezetimibe
10 mg compared with placebo caused statistically signifi-
cant decreases in LDL-C levels.229 Ezetimibe decreases
LDL-C levels in the range of 17% to 20%.230 It has small effects
on TG and HDL-C levels; these are significant in some, but
not all, studies. Studies in individuals without DM have dem-
onstrated that combined therapy with ezetimibe and a statin
produces greater reductions in LDL-C and TG levels, and
greater increases in HDL-C, than either therapy alone.231,232

Several studies have specifically examined the effects of eze-
timibe when added to statin therapy in individuals with the
MetS and/or T2DM233–235; the results were similar to those
observed in groups without DM. Ezetimibe has had mixed
results in studies of CVD outcomes. In the Ezetimibe and
Simvastatin in Hypercholesterolemia Enhances Atheroscle-
rosis Regression study, ezetimibe plus statin did not have
beneficial effects on carotid intima–media thickness versus
a statin alone, although normal baseline intima–media thick-
ness measurements in this very well controlled group of

patients may have confounded the outcome.236 In the Sim-
vastatin and Ezetimibe in Aortic Stenosis study, simvastatin
plus ezetimibe did not reduce the need for surgical replace-
ment of stenotic aortic valves compared with placebo; the
primary endpoint also included a number of CVD endpoints,
and the combined therapy group underwent significantly
fewer coronary bypass graft surgeries.237 Recently, in the
Study of Heart and Renal Protection, ezetimibe plus simva-
statin significantly reduced CVD events in a population with
moderate to severe renal failure; treatment did not, however,
reduce progression to dialysis.238

Peroxisome Proliferator–Activated Receptor–α Agonists
PPARs are proteins that, as heterodimers with another pro-
tein, retinoid X receptor, bind to specific DNA sequences
in the promoters of genes and activate them. PPAR-α is
mainly expressed in the liver, and activates genes that are
important for hepatic lipid and lipoprotein metabolism.239

The natural ligands for PPAR-α are likely to be FAs or their
derivatives. Fibrates are pharmacologic PPAR-α agonists,
two of which, gemfibrozil and fenofibrate, are available in
the United States. Typically, TG levels are reduced by 35%
to 50% and HDL-C levels are increased by 10% to 20% with
PPAR-α treatment; greater changes have been seen with
more extreme baseline abnormalities.240,241 Three major
fibrate monotherapy studies with CV events as the major out-
come included some participants with the MetS and/or
T2DM. In the Helsinki Heart Study (HHS), a primary preven-
tion study in hypercholesterolemic men, gemfibrozil treat-
ment was associated with increases in HDL-C; reductions
in total cholesterol, LDL-C, non–HDL-C, and TGs; and a
35% fall in CV events in the overall study.242 In HHS, the very
small group of patients with T2DM had similar relative ben-
efits from gemfibrozil treatment.243 In addition, participants
with high LDL-C/HDL-C ratios (>5) and higher TG levels
(>200 mg/dL) had the highest event rates and the greatest
benefit from fibrate therapy.177 In VA-HIT, a secondary pre-
vention study of men with “normal” LDL-C levels (112 mg/
dL), moderately elevated TG levels (160 mg/dL), and very
low HDL-C (32 mg/dL) levels, gemfibrozil treatment was
associated with a 7% increase in HDL-C levels, a 31% reduc-
tion in TG levels, and a 22% reduction in MI or CHD death.244

Approximately 25% of the participants had T2DM, and they
had significantly higher CV event rates but benefitted
equally in relative terms.169 Importantly, approximately
25% of the VA-HIT participants met the criteria for IR, which
was defined as the top tertile of IR by homeostasis model
assessment, with or without concomitant DM; this group
had most of the CV events and benefitted most from fibrate
treatment.170 Although these studies supported the use of
gemfibrozil therapy, particularly in individuals with the MetS
or T2DM, gemfibrozil use is limited because most of these
individuals are already treated with statins, and gemfibrozil
increases the risk of statin-associated myositis when the two
are used in combination.

The latter problem raised expectations for the results of
the FIELD study,147 because pharmacokinetic studies indi-
cated that fenofibrate might be used in combination with sta-
tins without an increase in the risk of myositis.245 FIELDwas a
monotherapy study in individuals with T2DM and enrolled
both primary and secondary prevention participants; 80%
of the participants were categorized as primary preven-
tion.147 Unfortunately, fenofibrate did not significantly
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reduce the risk of the primary outcome of coronary events
(CHD death and nonfatal MI) compared with placebo; non-
fatal MI was reduced, but CHD death was unchanged. A sec-
ondary analysis with a wider range of endpoints, which
included the composite of CVD death, MI, stroke, and coro-
nary and carotid revascularisation, was significantly reduced
in the fenofibrate-treated group, but the degree of reduction
was modest and not close to the level of benefit seen with
gemfibrozil. A potential confounder of the FIELD study
was an imbalanced statin “drop-in” rate; by the end of the
study, nearly 40% of individuals in the placebo group had
been exposed to statins, whereas only 20% of the fenofibrate
group were treated with statins at some point in the study.
Overall, however, there is a conundrum: gemfibrozil raises
serum statin levels significantly more than fenofibrate
does, and as a result, the risk of myopathy is lower with
fenofibrate–statin combinations.246,247 However, gemfibrozil
monotherapy has demonstrated efficacy in patients with the
MetS and/or T2DM, whereas fenofibrate has not yet been
shown to have similar benefit.

Additional disappointment concerning the role of PPAR-α
agonists is derived from the overall results of the ACCORD
Lipid Trial, in which fenofibrate therapy added to simva-
statin treatment did not significantly reduce the primary
CVD outcome compared with simvastatin monotherapy.157

Thus, despite a subgroup analysis suggesting a dramatic
(28%) benefit in the 17% of patients with baseline TG levels
in the upper tertile (>204 mg/dL) and baseline HDL-C levels
in the lower tertile (<34 g/dL), which parallels similar sub-
group findings in fibrate monotherapy trials, a study specif-
ically targeting such individuals will have to be successful
before recommendations for combination therapy with
fibrates and statins can be recommended. Recently, aliglita-
zar, a dual PPAR-α/γ agonist, also failed to reduce CVD
events in a population with T2DM.248 At this time, therefore,
PPAR agonists do not have evidence-based roles in the pre-
vention of CVD in individuals with T2DM or MetS.
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Although cardiovascular disease (CVD) ranks as the leading
cause of morbidity andmortality in the United States for both
women and elderly patients, preventive strategies, including
lipid assessment and treatment, appear significantly under-
utilized in these populations.1,2 This chapter reviews evi-
dence from epidemiologic and lipid intervention trials that
demonstrate the importance of lipid assessment and vigor-
ous intervention, especially with statin therapy, in both
women and elderly individuals.

WOMEN

Background Data
Substantial progress has been made in the awareness, treat-
ment, and prevention of CVD in women since the first
gender-specific clinical guidelines for the prevention of
CVD in women were published by the American Heart Asso-
ciation (AHA) almost 15 years ago.3,4 Worldwide, and in the
United States, CVD is the leading cause of death among
women, accounting for almost one third of all mortality.4

Although in many countries, including the United States,
more women than men died of CVD in almost every year
during the past two decades, this fact has only recently
becomemore recognized by the public.5 The annual mortal-
ity of women from CVD is twice that for all cancers com-
bined, and almost 1 in 3 women will die from CVD
compared with 1 in 30 from breast cancer.4 Despite the gains
that have been made in CVD survival for women, consider-
able challenges remain. Reversing a trend in the past four
decades, which is now partly caused by the obesity epi-
demic, coronary heart disease (CHD) death rates among
middle-aged women seem to be increasing,6 with particu-
larly high CVD rates among African American women.4 In
addition, there is evidence that CVD risk factors in women
may be increasing both in the United States and worldwide.

There is considerable evidence that dyslipidemia, includ-
ing elevated levels of total cholesterol (TC) and low-density
lipoprotein cholesterol (LDL-C),2 increases CVD risk in
women,2,4 although these relationships are less prominent
in elderly women.1,7 In contrast, low levels of high-density
lipoprotein cholesterol (HDL-C) and elevated levels of tri-
glycerides (TGs) impart comparable risk in both young
and elderly women; these lipid fractions appear to be inde-
pendent risk factors for CHD events and mortality in women,

although this is not so in elderly men.1,7 Despite this evi-
dence, information from several studies that compared gen-
der data demonstrated that men have their lipid values
measured more often than women, and abnormal values
also seem to be treated more aggressively in men, resulting
in lower levels of LDL-C in men.1,8 In women enrolled in the
Heart and Estrogen/Progestin Replacement Study (HERS)
(1993), all of whom had established CHD, 63% failed to meet
the National Cholesterol Education Program Adult Treat-
ment Panel I (NCEP ATP I) (1988) goal of LDL-C levels less
than 130 mg/dL, and 91% failed to meet the NCEP ATP II
(1993) goal of LDL-C levels less than 100 mg/dL.9 However,
the 2013 American College of Cardiology (ACC)/AHA blood
cholesterol guidelines do not emphasize goals for LDL-C or
non–HDL-C; these guidelines are being hotly contested by
many, including the National Lipid Association. The ACC/
AHA guidelines emphasize using high-dose statins (atorva-
statin 40–80 mg or rosuvastatin 20–40 mg) in high-risk
groups and moderate-dose statins in other groups.10 In a trial
in patients with stable CHD (1994–1997), 31% of men and
only 12% of women reached an LDL-C goal of less than
100 mg/dL.11 In the recent Women’s Ischemia Syndrome
Evaluation study, which enrolled women with chest pain
and myocardial ischemia documented on noninvasive test-
ing between 1996 and 2003, only 24% of the women met the
previous LDL-C goals.12 These studies and others document
the overall less aggressive treatment of dyslipidemia in high-
risk women, including those with documented CHD.1–4

Guidelines
Guidelines from both the NCEP13 and the ACC/AHA,10 and
the AHA Evidence-Based Guidelines for Cardiovascular Dis-
ease Prevention in Women,4 make recommendations
designed to improve the management of dyslipidemia in
women and increase the number of women eligible for
intensive lipid therapy. Although the NCEP ATP II guidelines
assumed a benefit of menopausal hormone therapy (HT) for
lipid lowering in CHD prevention in women,14 the NCEP
ATP III did not advise HT and recommended a similar treat-
ment approach to lipid lowering for women and men for
both primary and secondary prevention.13–15 However, con-
sidering that the onset of clinical evidence of CHD is typi-
cally 10 to 15 years later in women than men, the NCEP
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ATP III guidelines have different age cutoffs for both genders:
the age considered to be a risk factor is 55 years or older for
women, whereas it is age 45 years or older for men, and a
family history of premature CHD is designated as younger
than 65 years for women and younger than 55 years for
men.15 The 2013 ACC/AHA guidelines emphasize combined
atherosclerotic CVD (ASCVD) risk, including the risk of both
CHD and stroke,10,16 and make distinctions for various
groups based on 10-year risk of greater than 5% or greater
than 7.5%, using the new calculator.16 In addition, compared
with the AHA 2004 prevention guidelines for women,17 the
2011 AHA update recommends a general risk stratification
approach to the female patient that classifies her as high risk,
at risk, or in optimal health, with lipid management recom-
mendations also stratified by risk (Tables 36-1 and 36-2).4

The 2011 AHA update guideline further focuses on the very
high average lifetime risk for CVD in women (essentially one
in two) as opposed to a relatively narrow focus on the short-
term (10-year) risk of major CHD events. This is emphasized
by the Framingham global risk score and the new Reynolds
Risk Score18 (which reclassified 40%–50% of women at inter-
mediate risk into higher or lower risk categories),4,18

whereas the new 2013 ACC/AHA guidelines include total
ASCVD risk and other previously discussed factors.10,16

These changes in the guidelines make more women candi-
dates for more aggressive preventive therapies, including
more vigorous lipid interventions.

Nonpharmacologic Approaches for Lipid
Management
Therapeutic lifestyle changes (TLC) are required for the opti-
mal management of dyslipidemia in women, including die-
tary changes, increases in physical activity and exercise,
and smoking cessation, all of which have been shown to
reduce overall CVD risk factors and to contribute to a decline
in CHD.1,4,19,20 Among 84,129 women in the Nurses’ Health
Study, 82% of CHD events were attributed to lack of adher-
ence to lifestyle guidelines.19 Tobacco use is a major prevent-
able cause of both dyslipidemia and CHD in women.
Cigarette consumption is inversely related to levels of HDL-
C and directly related to TC, LDL-C, and TG levels. Although
clinical studies support the benefits of diet and exercise in
reducing dyslipidemia, in a study of 180 postmenopausal
women and 197 men with low levels of HDL-C and moder-
ately elevated LDL-C levels, the AHA Step 2 diet failed to lower
levels of LDL-C significantly in both women and men in the
absence of aerobic exercise training.21 The focus on the
potential benefits of moderate alcohol consumption in pre-
ventive cardiology recognizes that this represents a “razor-
sharp, double-edged sword.”22 Moderate (e.g., 1–2 drinks
per day) alcohol consumption increases HDL-C in women
and may be cardioprotective, but because of other concerns
(e.g., increased risk of breast cancer, liver disease, alcoholism,
etc.), it is difficult to routinely recommend regular alcohol
consumption to nondrinkers. Finally, in addition to dietary
restrictions in saturated fat, trans fatty acids, and cholesterol,
aerobic exercise training, smoking cessation, and possibly
small doses of alcohol, the NCEP ATP III recommends the
inclusion of plant sterols and/or stanols (2 g/day) and soluble
fiber (10–25 g/day) in the diet.14 Some studies have reported
that increased intake of soy or soy protein, especially as a
replacement for animal protein, resulted in small, but at times,
statistically significant, lipid improvements in women.23

Numerous studies document the benefits of cardiac reha-
bilitation and exercise training (CRET) programs, including
the effects of this therapy in women24–29 and in the
elderly.25,27,28 Although some studies indicate that women
with CHD, especially older women, have statistically higher
levels of TC, LDL-C, and HDL-C, compared with men, both
genders, in general, have statistically similar improvements
in most CHD risk factors following CRET as a TLC in second-
ary prevention. On average, these patients have improve-
ments in TC (�5%), TGs (�15%), HDL-C (+6%), LDL-C
(�3%), and the LDL-C/HDL-C ratio (�8%) following CRET,
as well as significant improvements in many other CHD risk
factors, including estimated exercise capacity (+35%), meta-
bolic syndrome prevalence (�37%), body mass index and
percent of body fat (�1.5% and �5%, respectively), inflam-
mation (C-reactive protein [CRP] �40%), and numerous
other factors (autonomic function, blood viscosity and rhe-
ology, adverse psychologic factors, and overall quality of
life).24–29 These data reinforce the CRET recommendations
in the 2011 AHA women’s prevention guidelines and those
in the 2013 ACC/AHA lifestyle guidelines.4,20

TABLE 36-1 Classification of CVD Risk in Women
RISK STATUS CRITERIA

High risk (�1 high-risk
state)

Clinically manifest CHD
Clinically manifest cerebrovascular disease
Clinically manifest peripheral arterial disease
Abdominal aortic aneurysm
End-stage or chronic kidney disease
Diabetes mellitus
10-yr predicted CVD risk �10%

At risk (�1 major risk
factor[s])

Cigarette smoking
SBP �120 mm Hg, DBP �80 mm Hg, or treated

hypertension
TC �200 mg/dL, HDL-C <50 mg/dL, or treated

for dyslipidemia
Obesity, particularly central adiposity
Poor diet
Physical inactivity
Family history of premature CVD occurring in first-

degree relatives (men <55 yr of age or women
<65 yr of age)

Metabolic syndrome
Evidence of advanced subclinical atherosclerosis

(e.g., coronary calcification, carotid plaque, or
thickened IMT)

Poor exercise capacity on treadmill test and/or
abnormal heart rate recovery after stopping
exercise

Systemic autoimmune collagen-vascular disease
(e.g., lupus or rheumatoid arthritis)

History of preeclampsia, gestational diabetes, or
pregnancy-induced hypertension)

Ideal cardiovascular
health (all of these)

TC <200 mg/dL (untreated)
BP <120/<80 mm Hg (untreated)
Fasting blood glucose <100 mg/dL (untreated)
Body mass index <25 kg/m2

Abstinence from smoking
Physical activity at goal for adults >20 yr of age:

�150 min/week, moderate intensity;
�75 min/week vigorous intensity; or
combination

Healthy (DASH-like) diet

BP, blood pressure; CHD, coronary heart disease; CVD, cardiovascular disease; DASH,
Dietary Approaches to Stop Hypertension; DBP, diastolic blood pressure; HDL-C, high-
density lipoprotein cholesterol; IMT, intima–media thickness; SBP, systolic blood
pressure; TC, total cholesterol.
(Data from Mosca L, Benjamin E, Berra K, et al. Effectiveness-based guidelines for the
prevention of cardiovascular disease in women: 2011 update: a guideline from the
American Heart Association. Circulation 2011;123:1243-1262.)
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Menopausal Hormone Therapy
Considerable controversy persists on the exact roles of sev-
eral components of HT and its role in treatment of dyslipide-
mia and prevention of CHD in women.1 Epidemiologic
studies, mostly using estrogen therapy, have demonstrated
a consistent reduction of CHD in women who have received
HT. However, two randomized controlled trials in secondary
prevention and one study in primary prevention have not
supported benefits of HT.30–32 HERS,30 which was a large-
scale randomized controlled trial with conjugated equine
estrogen (CEE) and medroxyprogesterone acetate (MPA),
did not show benefit for nonfatal myocardial infarction
(MI) or CHD death in 2763 women with established CHD.
The Estrogen Replacement and Atherosclerosis trial31 also
reported no benefit of estrogen either alone or with MPA
on angiographic progression of atherosclerosis during a 3-
year follow-up. The Women’s Health Initiative (WHI) pri-
mary prevention trial32 suggested that estrogen+progestin
HT might be associated with an increase in early CHD
events, although the absolute number of events in this study
was fairly low. Both unopposed estrogen and estrogen plus
progestin increased the risk of stroke and venous thrombo-
embolism, which may be particularly important for women,
because unlike men, women have unique risk factors for
stroke, including HT and pregnancy. Stroke accounts for a

higher proportion of CVD than CHD in women, whereas
the rates are opposite in men.4 Age at onset of HT may be
important regarding its relative risk/benefit ratio. In a recent
analysis from the WHI, women who initiated HT closer to
menopause tended to have lower rates of CHD and mortal-
ity, although the risk of stroke was elevated regardless of
years since menopause.33

Further, the hormone composition and pattern and route
of administration of HT may have a substantial effect on
overall CVD risk. For example, in the Postmenopausal
Estrogen/Progestin Interventions trial,34 the effect of CEE
alone or in combination with either cyclic or continuous
MPA or cyclic micronized progesterone (MP) versus pla-
cebo was evaluated in 875 healthy postmenopausal women.
All HT regimens were superior to placebo in increasing
HDL-C. Although CEE alone exerted the most benefit in rais-
ing HDL-C, the combination of CEE andMP had better HDL-C
effects than did CEE with MPA. All regimens exerted equal
lowering of LDL-C and fibrinogen levels. This study demon-
strated the potential differences between various hormone
regimens on CVD risk factors and suggested that natural
progesterone had more favorable lipid effects than MPA.
These regimens and lower doses of estrogen (which may
have similar lipid effects but less adverse effects on coagula-
tion and inflammation) require further study in trials with
clinical outcome endpoints. In addition, increases in the
inflammatory marker CRP have occurred with oral estrogen,
especially usingmoderate doses, but this may not occur with
topical therapy.35

Other, nontraditional modes of HT have also been stud-
ied, including selective estrogen receptor modulators (e.g.,
tamoxifen and raloxifene). These drug therapies have bene-
ficial effects on LDL-C, fibrinogen, and lipoprotein(a), as
well as on bone minerals, and lack adverse effects on the
endometrium and breast tissue, but do not increase HDL-
C (or TGs). Like traditional HT, they have adverse effects
on the potential for venous thromboembolism. In a recent
major randomized controlled clinical trial, the selective
estrogen receptor modulator raloxifene did not reduce
CHD events.36

Although low doses of HT may be considered to reduce
menopausal symptoms in women, preferably closer to the
time of menopause, at present, HT and selective estrogen
receptor modulators should not be used for the primary or
secondary prevention of CVD; recent guidelines have given
these a class III, level of evidence A, recommendation.4 The
current U.S. Preventive Services Task Force report indicates
that HT is not recommended for chronic disease preven-
tion.37 Therefore, these agents should not be used primarily
to treat dyslipidemia.

What Is the Role of Lipid Pharmacologic
Therapy for Coronary Heart Disease
Prevention in Women?
Statins
The protective role of lipid-lowering therapy in women, espe-
cially with the 3-hydroxy-3-methylglutaryl–coenzyme A
reductase inhibitors (or statin medications), is well estab-
lished by major clinical trials that used several statins; reduc-
tions in CVD risk ranged from 11% to 54%.1,38–51 Although the
representation of women in most of these trials was small
(averaging <20%), as was the number of major CHD events
in women, the positive trend for benefit was consistent and

TABLE 36-2 Lipid Guidelines for Prevention of CVD in
Women—Clinical Lipid Recommendations

Lipids and Lipoprotein Levels: Optimal Levels and Lifestyle

The following levels of lipids and lipoprotein in women should be encouraged
through lifestyle approaches: LDL-C <100 mg/dL, HDL-C >50 mg/dL, TGs
<150 mg/dL, and non–HDL-C (TC minus HDL-C) <130 mg/dL (Class I, Level
of Evidence B).

Lipids: Pharmacotherapy for LDL-C Lowering, High-Risk Women

LDL-C–lowering drug therapy is recommended simultaneously with lifestyle
therapy in women with CHD to achieve an LDL-C<100 mg/dL. (Class I; Level
of Evidence A), and is also indicated in womenwith other atherosclerotic CVD
or diabetes mellitus or 10-yr absolute risk>20% (Class I; Level of Evidence B).

LDL-C reduction to <70 mg/dL is reasonable in very-high-risk women (e.g.,
thosewith recent ACS ormultiple poorly controlled cardiovascular risk factors)
with CHD and may require an LDL-lowering drug combination (Class IIa; Level
of Evidence B).

Lipids: Pharmacotherapy for LDL-C Lowering, Other At-Risk Women

LDL-C lowering with lifestyle therapy is useful if LDL-C level is �130 mg/dL,
multiple risk factors are present, and the 10-yr absolute CHD risk is
10%–20% (Class I; Level of Evidence B).

LDL-C lowering is useful with lifestyle therapy if LDL-C level is�160 mg/dL and
multiple risk factors are present, even if 10-yr absolute CHD risk is <10%
(Class I; Level of Evidence B).

LDL-C lowering with lifestyle therapy is useful if LDL-C is 190 mg/dL regardless
of the presence or absence of other risk factors or CVD (Class I; Level of
Evidence B).

In women >60 yr of age and with an estimated CHD risk >10%, statins could
be considered if hsCRP is >2 mg/L after lifestyle modification and no acute
inflammatory process is present (Class IIb; Level of Evidence B).

Lipids: Pharmacotherapy for Low HDL-C or Elevated Non–HDL-C

Niacin or fibrate therapy can be useful when HDL-C is low (<50 mg/dL) or non–
HDL-C is elevated (>130 mg/dL) in high-risk women after LDL-C goal is
reached (Class IIb; Level of Evidence B).

ACS, acute coronary syndrome; CHD, coronary heart disease; CVD, cardiovascular
disease; HDL-C, high-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive
protein; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride.
(Data from Mosca L, Benjamin E, Berra K, et al. Effectiveness-based guidelines for the
prevention of cardiovascular disease in women: 2011 update: a guideline from the
American Heart Association. Circulation 2011;123:1243-1262.)
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large across all trials, which together involved nearly 20,000
women. More importantly, the protective effect of various
statins in these trials appeared to be equal to or greater than
that observed for men. The reduction in risk of major CHD
events in women ranged from 11% in the Long-Term Inter-
vention with Pravastatin in Ischaemic Disease (LIPID)
study41 to 54% in the Greek Atorvastatin and Coronary-
heart-disease Evaluation trial.46 There was no significant
effect on CVD events in women in the Prospective Study
of Pravastatin in the Elderly at Risk (PROSPER)43 or in the
lipid-lowering arm of the Anglo-Scandinavian Cardiac Out-
comes Trial (ASCOT).47 There was no significant effect in
the total cohort (women or men) in the lipid-lowering arm
of the Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial.45 A major intensity trial of high-
dose (80 mg) versus low-dose (10 mg) atorvastatin (Treating
to New Targets [TNT]) showed equal protection against
major CVD events with more intensive therapy in women
as in men, statistically similar to that in men, without any
rhabdomyolysis with 80 mg of atorvastatin.48 However, there
was slightly greater discontinuation of statin therapy in
women than men (10% vs. 6.5%) and a higher rate of liver
function test abnormalities (2.5% vs. 1%). Likewise, in patients
with acute coronary syndromes (ACS; 4162 patients, 22%
women), more intensive lipid treatment with atorvastatin
80 mg versus pravastatin 40 mg yielded similar benefits in
both women and men.49 In the Justification for the Use of Sta-
tins in Primary Prevention: an Intervention Trial Evaluating
Rosuvastatin, in men and women, ages 50 years or older
and 60 years or older, respectively, who had elevated CRP
(�2 mg/L) but did not have elevated LDL-C (<130 mg/dL;
17,802 patients, 38% women), the CVD event rate was signif-
icantly reduced by 44% in the trial overall50 and by 46% in
women51 who received rosuvastatin 20 mg.
In aggregate, these statin trials demonstrate the efficacy

and safety of statin therapy, including more intensive treat-
ments, for protection against CHD and major ASCVD events
in women.10,52 A recent meta-analysis of 18 randomized con-
trolled trials of statins in 141,235 patients (40,275 women)
demonstrated that statin therapy was associated with signif-
icant reduction in CVD events and all-causemortality in both
men and women, indicating that statin therapy should be
used in appropriate patients regardless of gender.52 Seven
major statins are currently on the U.S. market (lovastatin,
simvastatin, pravastatin, atorvastatin, fluvastatin, rosuvasta-
tin, and pitavastatin), with the first six studied in major clin-
ical trials that included women. In addition to significant
reductions in LDL-C and moderate improvements in
HDL-C and TGs, other potential beneficial effects of statins
include improvements in endothelial function, plaque stabi-
lization, antiinflammatory effects, and antiplatelet effects. A
recent study in postmenopausal women demonstrated that
intense statin therapy induced regression of ectopic adipose
tissue, which has been associated with CHD severity and out-
comes, and did so more than did moderate-intensity ther-
apy. In addition, the improvements were not explained by
LDL-C reductions alone.53 Statin therapy has been demon-
strated to increase the risk of type 2 diabetes mellitus,54 espe-
cially at intense, higher doses,55 but the risk/benefit ratio
favoring statins is extremely strong even in those who have
an increase in blood glucose levels on statin therapy.56 These
therapies are probably most effective in high-risk patients,
such as for secondary prevention in women. It has been
argued that treating young women with dyslipidemia and

relatively few risk factors may not be cost-effective1; however,
as mentioned previously, recent prevention guidelines focus
on long-term risk as opposed to the 10-year risk.4,10,16,18 In
addition, women have a high short-term mortality rate associ-
atedwith first CHD events (more than twice that formen), pro-
viding further rationale for the consideration to initiate statin
therapy for both primary and secondary prevention of ASCVD
in women.1,4,57

Nonstatin Pharmacologic Agents
Although several other categories of lipid therapies are avail-
able, including bile acid sequestrants (resins), nicotinic acid
(niacin), fibrates (gemfibrozil and fenofibrate), and ezeti-
mibe, none of these therapies have reported clinical trial
data for women.1,3,4 These therapies are not emphasized
in the 2013 ACC/AHA guidelines.10 Nevertheless, based on
an accumulation of considerable prevention data in women
and the clinical trial data for men, the AHA cardiovascular
prevention guidelines for women incorporate the use of
these therapies to meet LDL-C goals and also provide for
additional pharmacotherapy in women with high levels of
non–HDL-C (usually women with elevated levels of TGs
and/or low levels of HDL-C), as well as for women with per-
sistent low levels of HDL-C (Table 36-2).4 However, as men-
tioned previously, LDL-C and non–HDL-C goals are no longer
emphasized by the current 2013 ACC/AHA guidelines.10

Both the 2011 prevention guidelines for women and the
update to the NCEP ATP III guidelines place greater empha-
sis on combining statins with other agents to further reduce
LDL-C and/or CRP levels, or with niacin or fibrates to
improve levels of HDL-C, non–HDL-C, or TGs.4,13,58–63 How-
ever, the 2013 ACC/AHA guidelines emphasize using
moderate- or high-dose statins based on the baseline risk.10

Although a recent meta-analysis of niacin trials demon-
strated a nearly 30% reduction in clinical events with niacin
therapy,62 recent niacin trials in patients effectively treated
with statins have been negative.58,59 Furthermore, other
HDL-C–raising trials have also been negative,60,61 but other
trials are ongoing as discussed in other chapters (e.g.,
Chapter 29). These ongoing trials are needed to evaluate
the continued potential for therapies that improve the lipid
profile beyond just LDL-C lowering with statin therapy.63

Without such evidence, the 2013 ACC/AHA guidelines
emphasize using the maximally-tolerated dose of either
moderate- or high-dose statin therapy.10 Finally, these other
classes of agents may be required for the relatively large
number of women (>10% by some estimates) who are either
intolerant to statin therapy, or who, for some reason, refuse
to comply with statin medications.64

Pregnancy: Special Considerations
Existing pharmacologic therapies are not currently
approved in pregnancy. Women with high TGs should be
monitored during pregnancy because TGs can increase dra-
matically and cause pancreatitis, with a high risk of mortality
for both the fetus and mother.

ELDERLY PATIENTS

Background Data
CVD continues to be a major threat to health in elderly
patients, who account for greater than 75% of total CHDmor-
tality and greater than 50% of all acute MIs in the United
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States.2 Although CHD morbidity and mortality have
declined during recent decades, the percent reduction of
CHD events during this time is nearly 50% less among older
patient groups. Despite the high prevalence of ASCVD,
including both CHD and cerebrovascular disease, in the
elderly population, there appears to be a strong age bias
in the prevention and treatment of ASCVD, which is highly
pertinent to the assessment and treatment of lipid disorders
for primary and secondary prevention at an older age.2

Dyslipidemia is prevalent at advanced age, even more so
in elderly women than in elderly men.1,7,25 Because the TC/
HDL-C ratio, which is a potent predictor of CHD events in the
older population, declines progressively with advancing age
in men but rises in women, this ratio is comparable in both
genders by age 80 years, potentially partly explaining the
narrowing gap in CHD incidence between the genders with
advanced age.1,7

The role of lipids and lipid subfractions in CHD prevention
at an older age have been somewhat controversial over the
years, because some studies, including the Framingham
Heart Study,65 the Established Population for the Epidemio-
logic Study of the Elderly,66 and the Honolulu Heart Pro-
gram,67 did not show a statistical relationship between TC
and all-cause or CHD mortality in patients older than
70 years. This led some experts to discourage lipid treatment
and primary prevention in the elderly. Although TC did not
predict CHD in men older than 70 years in the Framingham
Heart Study,7,65 it continued to predict CHD in women
well into the ninth decade. In contrast, several other studies
found that lipid levels predicted CHD at an older age.7,68–71

Because of the increased attributable risk in the elderly
population, lipid intervention may have greater impact on
overall ASCVD reduction in older populations compared
with younger groups, who have a lower prevalence of
disease. Although various studies demonstrate markedly
different effects of individual lipid fractions (e.g., TC, HDL-C,
TC/HDL-C ratio, LDL-C) in the elderly population, in aggregate,
these studies demonstrate the importance of dyslipidemia as
a CHD and CVD risk factor at an older age.7

Although the relative risk of high TC or low HDL-C
decreases somewhat with older age, the attributable risk is
greater because of high CHD prevalence in older persons.2,7

Therefore, the diminished relative risk associated with dysli-
pidemia at advanced age is more than offset by the consid-
erably greater absolute and attributable risk in the elderly
population. Both TC andHDL-C generally predict CHD death
in the elderly, and a high TC/HDL-C ratio appears to be
the single lipid component that consistently predicts CHD
in this population. The role of TGs as an independent
risk factor remains controversial in many populations,
including the elderly, but clearly low levels of HDL-C, which
are often associated with elevated TGs, predict CHD in older
women.7

Nonpharmacologic Approaches for Lipid
Management
Although interventions for dyslipidemia in the elderly
population have generally been directed toward statin
therapy, which is discussed in more detail in the following
section, several other forms of therapy, including TLC with
vigorous nonpharmacologic approaches, including CRET
programs, can provide additional preventive treatment
at an older age, as is discussed in the new lifestyle
guidelines.20,27,28

Numerous studies indicate the protective effects of
increased cardiorespiratory fitness for CVD, which may be
particularly applicable in elderly patients, who typically
have lower levels of cardiorespiratory fitness than younger
cohorts.25,27,28 In addition to low levels of cardiorespiratory
fitness, older CHD patients in studies typically have lower
body mass index, higher percent body fat, more hyperten-
sion, and overall lower function and quality-of-life scores.
Elderly men typically have similar levels of LDL-C as younger
men, but they also have lower TGs and higher levels of HDL-
C compared with younger menwith CHD.2,28 Elderly women
with CHD usually have higher levels of LDL-C than do other
CHD patients.25,27,28 Nevertheless, despite having higher
levels of HDL-C than younger patients overall, a substantial
number of elderly CHD patients also have low levels of
HDL-C.72

Many researchers have demonstrated the marked benefits
of formal CRET programs in the elderly, including studies in
very elderly men (�70 years of age) and elderly women25,73;
the results are generally similar to those noted in younger
patients. However, some studies have suggested less impres-
sive lipid improvements in a very deconditioned, sedentary
elderly population.74,75

As was discussed regarding women, recent guidelines
have recommended greater dietary consumption of plant
stanols and/or sterols, as well as soluble fiber.4,15 Although
generally increasing daily consumption of dietary fiber,
especially soluble fiber, seems to be sound advice for all
Americans, this may be particularly applicable to the elderly
population, who have substantial colonic disease and con-
stipation. Therefore, supplements of psyllium, oat bran, or
guar gum taken two to three times daily is probably the eas-
iest and most practical way to obtain adequate dietary fiber
consumption; these supplements can provide colonic pro-
tection and reductions in LDL-C by up to 20% (generally
5%–10%) without significantly affecting (or only slightly
reducing) levels of HDL-C. This healthy, nonpharmacologic
therapy may provide sufficient treatment for many elderly
patients with only slightly increased levels of TC and
LDL-C or for patients who need only mild additional lower-
ing of LDL-C after standard doses of statins. It may also limit
the need for higher doses of statins and their potential toxic-
ity in the elderly population (see the following sections).
Considering the toxicity of high-dose statins, moderate-dose
statins (doses lower than atorvastatin 40–80 mg or rosuvasta-
tin 20–40 mg, or moderate or high doses of the other statins)
are recommended for individuals aged older than 75 years.

Statins
Numerous large-scale studies, including both cohort studies
and randomized controlled clinical trials involving thousands
of patients, have established the efficacy and safety of statin
medications in both primary and secondary ASCVD preven-
tion.76–79 Although these medications remain considerably
underutilized in the elderly population, substantial evidence
supports the use of statins in this increasingly large group of
elderly patients.2,76,79 Because stroke is the third leading
cause of death in the United States and contributes substan-
tially to healthcare expenditures, especially in the elderly pop-
ulation,79 the marked benefits of statins in the prevention of
stroke appear to be particularly appealing.2,76,79

Both observational data, including the LDS Hospital/
University of Utah Cohort study,80 the Cardiovascular Health
Study (CHS),81 and a New York Medical College Study,82 and
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several randomized controlled trials of both primary and sec-
ondary prevention in large patient cohorts, support the value
of statin therapy in the elderly.70 During a 7.3-year follow-up in
1250 women and 664 men older than age 65 years and free of
CVD in the CHS, those taking a statin had a 56% reduction in
CVD events and a 44% reduction in the risk of all-cause mor-
tality.81 These benefits were noted in the entire elderly cohort
and in those ages 75 years or older. In the LDS Hospital/Uni-
versity of Utah Cohort Study in 7200 patients who were fol-
lowed for 3.3 years, those younger than 65 years received
statin therapy 28% of the time, those ages 65 to 79 years
received a statin 21% of the time, and those ages 80 years
or older received statins 20% of the time (P <0.001 for
trend).80 Statin therapy was associated with reductions in
mortality of 50% in those 80 years or older, 41% in those ages
65 to 79 years, and 30% in those younger than 65 years of age.
In a study of 1410 patients with a mean age of 81 years with
previousMIs and LDL-C greater than 125 mg/dL, statin therapy
was associated with a greater than 30% event reduction, even
in the ninth and tenth decades of life.82

The randomized controlled trials that presented data in
elderly subgroups compared with younger patients all
showed either equal or greater benefits of statin therapy
for CVD reduction in those ages 65 years or older
(Table 36-3). The majority of these studies, including the
Scandinavian Simvastatin Survival Study (4S),39 the Choles-
terol and Recurrent Events (CARE) trial,40 LIPID,41 and the

Pravastatin or Atorvastatin Evaluation and Infection Therapy
(PROVE IT) study,49,83 were secondary prevention trials. The
Heart Protection Study (HPS)44 and PROSPER43 included
patients in both primary and secondary prevention sub-
groups. All these studies demonstrated major CVD and
CHD event reduction with the use of statins in patients ages
65 years or older.84 In a meta-analysis of 90,056 randomized
patients in 14 clinical trials, CHDmortality, stroke, and revas-
cularization rates were reduced by 26% in patients younger
than 65 years of age and by 18% in those ages 65 years or
older.85 The absolute risk reduction for the combined end-
point of CHD death and nonfatal MI was identical in elderly
and younger patients. Finally, in a large population-based
study, lipid medications, usually with statins, were associ-
ated with significant reductions in major clinical events
and mortality in elderly patients following coronary revascu-
larization.86 These very-large-scale clinical trials clearly dem-
onstrate the marked benefits of statin medications in both
primary, and particularly, secondary prevention in elderly
patients. However, a large retrospective study of Medicare
patients with acute MI demonstrated that the “young” elderly
(65–80 years or age) had significant mortality benefits when
discharged on statins, but this was not the case in the very
old (>80 years of age).87

Intensity Trials in Acute Coronary Syndrome and Stable
Coronary Heart Disease
Although age-related data were not available in the Myocar-
dial Ischemia Reduction with Aggressive Cholesterol Lower-
ing (MIRACL) study,88 in other studies conducted in patients
with ACS—TNT,89 PROVE IT,49,83 and the Z phase of the
Aggrastat to Zocor (A to Z) Trial,90 which each studied
high-intensity versus moderate-intensity lipid therapy in
greater than 4000 ACS patients—the relative event reduction
was not significantly different between elderly patients and
younger patients. In aggregate, all these trials supported
more intensive lipid treatment, which currently seems rea-
sonable in elderly patients with ACS and probably in elderly
patients with stable CHD,whereas moderate-dose statin ther-
apy is indicated for primary prevention in those older than
75 years of age.10 Nevertheless, the current ACC/AHA guide-
lines do not provide any definite recommendations for treat-
ing those older than 75 years of age, unless ASCVD is present
or LDL-C is 190 mg/dL or higher, although the guideline state-
ment suggests that clinicians should discuss the pros and
cons of low- to moderate-dose statin therapy with older
patients, particularly for primary prevention.10

Effect of Statins on Stroke and Dementia
Neurologic diseases, including stroke and dementia, are
among the leading causes of morbidity and mortality in
the elderly.79,91,92 Stroke is the third leading cause of death
and is the leading cause of long-term disability in the United
States.79 Although stroke can affect people at any age, the
overwhelming majority of strokes occur in older persons,
making stroke prevention a major healthcare issue in the
elderly population. The new guidelines place a higher
emphasis on all ASCVD, including stroke.10,16

Althoughmanymajor CHD risk factors overlap with stroke
risk factors, including male gender, hypertension, diabetes,
smoking, physical inactivity, and advanced age, serum lipids
have been shown to bemajor risk factors for CHD, but not for
stroke (Fig. 36-1).79,91,92 The Framingham Heart Study and
other large epidemiologic studies, including 45 prospective
observational cohorts totaling 450,000 individuals and

TABLE 36-3 Results by Age from Major Statin Trials
of CVD Prevention

STUDY

TREATMENT;
DURATION; %

ELDERLY RISK REDUCTION

‡65 yrs >65 yrs

Secondary Prevention

4S (n¼4444)39 20–40 mg simvastatin;
5.4 yrs; 23% elderly

�34% death �28% death

�43% CHD
death

�42% CHD
death

�34% events �35% events

CARE
(n¼4159)40

40 mg pravastatin;
5 yrs; 31% elderly

�45% CHD
death

�(NS) CHD
death

�23% events �19% events

LIPID (n¼9014)41 40 mg pravastatin;
5 yrs; 31% elderly

�21% death �24% death

�21% CHD
death

�24% CHD
death

�22% events �25% events

PROVE IT
(n¼4162)49

80 mg atorvastatin
vs 40 mg
pravastatin; 2 yrs;
30% elderly

�20% events �21% events

Primary and Secondary Prevention

HPS
(n¼20,536)44

40 mg simvastatin;
5 yrs; 52% elderly

�20% events �24% events

PROSPER
(n¼5804)43

40 mg pravastatin;
3.2 yrs; 100%
elderly

�24% CHD
death

�19% events

4S, Scandinavian Simvastatin Survival Study; CARE, Cholesterol And Recurrent Events;
CHD, coronary heart disease; CVD, cardiovascular disease; HPS, Heart Protection Study;
LIPID, Long-Term Intervention With Pravastatin In Ischaemic Disease; NS, not
significant; PROSPER, Prospective Study Of Pravastatin In The Elderly At Risk; PROVE IT,
Pravastatin Or Atorvastatin Evaluation And Infection Therapy.
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representing a mean 16-year follow-up and a total of greater
than 13,000 strokes, failed to show an association between
TC and the incidence of stroke.79,91–93

Despite the lack of epidemiologic association between TC
and stroke, numerous statin trials, including several in the
elderly, have demonstrated a strong effect of statins in reduc-
ing the risk of stroke.79,91,92 For example, in CARE, stroke and
transient ischemic attacks (TIA) were reduced significantly
by 26% with pravastatin, and stroke was reduced by 31%
(P¼0.03) in the total cohort and by 40% (P <0.05) in those
ages older than 65 years.76,94 In 4S, patients treated with sim-
vastatin had a 28% reduction in combined stroke and TIA
and a 24% reduction in stroke.76,95 In LIPID, pravastatin
reduced stroke risk by 19% (P<0.05), with equivalent effects
regardless of age.41 In MIRACL, high-dose atorvastatin
(80 mg) reduced stroke by greater than 50% after only
4 months.96 TIA and stroke were reduced significantly by
17% (P¼0.02) and 25% (P <0.0001), respectively, with sim-
vastatin in HPS.44 In ASCOT, low-dose atorvastatin (10 mg)
reduced fatal and nonfatal stroke by 27% (P¼0.02) after
3.3 years.47 In PROSPER, which included only elderly partic-
ipants (70–82 years), TIA was reduced by 25% with prava-
statin after 3 years.43 Finally, in the Stroke Prevention by
Aggressive Reduction of Cholesterol Levels trial, which stud-
ied 4731 patients (mean age 60 years) with previous stroke
and LDL-C 100 to 190 mg/dL, 80 mg of atorvastatin reduced
subsequent stroke or TIA by 23% (P<0.001) and produced a
35% reduction in CHD events (P<0.01).97 There was an over-
all marked benefit despite a small increase in incidence of
the more rare hemorrhagic stroke in atorvastatin-treated
patients. In aggregate, these trials demonstrate the fairly
marked beneficial effects of statins in the primary and sec-
ondary prevention of stroke, and highlight the non–LDL-C–
lowering benefit of statins that may be particularly applica-
ble to the elderly population.79,91,92,98

A major issue applicable to the elderly population, in
addition to CHD and stroke, is dementia, which is now the
fifth leading cause of death in the United States.79,91,92

Although some early studies suggested that statins may
reduce dementia, in recent years, considerable media atten-
tion has been generated mainly by isolated case studies
that suggest that statins may actually worsen memory loss
and cognitive function.91,92 However, data from more
than 30,000 patients (mostly elderly) in two large-scale

prospective randomized clinical trials of simvastatin 40 mg
(HPS)44 and pravastatin 40 mg (PROSPER)43 demonstrated
that statins did not adversely affect cognitive function.79,91,92

In addition, in one small proof-of-concept, randomized,
placebo-controlled trial in patients with mild to moderate
Alzheimer disease, atorvastatin 80 mg improved state-of-
the-art measures of cognition compared with placebo.99 In
addition, several case–control and cohort studies suggest
that statins may lower the risk of Alzheimer disease and
dementia.79,91,92 Given the profound effects of statins on
reducing ischemic stroke, the weight of evidence suggests
that solely by this mechanism, long-term results of statin ther-
apy will likely provide benefit for long-term cognitive func-
tion in the elderly population.

Safety of and Adherence to Statins in Elderly Patients
Although statins are generally considered extremely safe
and well tolerated in elderly patients, several factors may
predispose elderly patients to statin-related adverse events
(Tables 36-4 and 36-5).100 It could be argued that many
of these factors define the elderly population, making them
the most likely group of patients to be susceptible to the
major adverse effects of statin therapy. Given the high likeli-
hood of the use of multiple medications in the elderly and
the increased evidence supporting the benefits of statinmed-
ications in this population, a thorough knowledge of statin
pharmacology, drug interactions, and safety considerations
is necessary for selecting statins and other concomitant med-
ications in older persons. In addition, moderate-dose statin
therapy is recommended in those older than age 75 years
(when ASCVD or LDL-C �190 mg/dL is present, or when
clinicians and patients decide together that the benefits of
statins outweigh the risks).10
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FIGURE 36-1 Serum cholesterol and stroke rate based on data from 45
prospective studies, 450,000 individuals, mean 16-year follow-up, and over
13,000 strokes. (Adapted from Prospective Studies Collaboration. Cholesterol,
diastolic blood pressure, and stroke: 13,000 strokes in 450,000 people in 45
prospective cohorts. Lancet 1995;346:1647-1653. Lancet 1995;346:1647-1653.)

TABLE 36-4 Factors that may Predispose Elderly
Patients to Statin-Related Adverse Effects

Advanced age (especially in older elderly)
Female gender
Small body frame; frailty
Multisystem disease (especially chronic kidney disease and diabetes)
Perioperative periods
Excess alcohol consumption
Fatty liver disease
Hypothyroidism
Multiple medications

(Data from Bottorff MB. Statin Safety: What to know. Am J Geriatr Cardiol 2004;13
(suppl 1):34-38.)

TABLE 36-5 Medications Commonly Used by Elderly
that Alter Cytochrome P450 Metabolism

3A4 INHIBITORS
2C9

INHIBITORS
2C19

INHIBITORS*

Amiodarone
Macrolide antibiotics
Azole antifungals
Cyclosporine
Diltiazem/verapamil
Protease inhibitors
Large quantities of grapefruit

juice

Amiodarone
Fluconazole
Metronidazole
Fluoxetine

Gemfibrozil
Fluconazole
Omeprazole

*Also affected in 20% of Asians.
(Data from Bottorff MB. Statin Safety: What to know. Am J Geriatr Cardiol 2004;13
(suppl 1):34-38.)
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Recent studies have demonstrated poor adherence rates
for statin therapy in the elderly. In three large cohorts of
elderly patients with ACS, with chronic CHD, and without
CHD, statin adherence at 2 years was 40%, 35%, and 25%,
respectively, in these three groups.84,101 In a study of
34,501 elderly patients prescribed statins, 60% compliance
was noted with statins at 6 months, compared with only
32% at 10 years.102 Less than 50% of patients of all ages pre-
scribed statins are adherent 12 months after initiating treat-
ment. These studies demonstrate that greater efforts are
needed to promote better adherence to lipid medications,
especially statins, to enhance preventive cardiology in the
elderly population.

Nonstatin Pharmacologic Therapies
Although interventions for dyslipidemia for the elderly pop-
ulation, as was discussed for women, generally have been
directed toward statin therapy, several other forms of ther-
apy can provide additional preventive treatment.2,38 Other
potent therapies (e.g., ezetimibe, niacin, and fibrates) are
also available to treat dyslipidemia in elderly patients, either
as monotherapy, or more commonly, combined with statins
in high-risk elderly patients who either do not reach their
LDL-C goals on statin therapy alone or have additional lipid
disorders, including elevated TGs and/or low levels of
HDL-C. Only limited data are available on the use of these
therapies in elderly patients, who may be at greater risk of
drug interactions (especially combining statins with gemfi-
brozil)2,100; the risks versus benefits of these drug combina-
tions must be considered, especially in high-risk elderly
patients. In addition, the current 2013 ACC/AHA guidelines
do not emphasize LDL-C or non–HDL-C goals, but rather
emphasize using maximally tolerated statin therapy (moder-
ate or high dose) as discussed previously.10,16

CONCLUSIONS

Despite the lack of age-specific data in many studies and the
low number of women enrolled in the major clinical trials of
lipid-lowering therapies, as well as the relatively low overall
major event rates for women, the available evidence on the
risk/benefit ratio of statins supports their widespread use in
both women and elderly patients. Analysis of the large, ran-
domized controlled trials supports the use of vigorous lipid
therapy in both women and elderly patients, similar to the
therapies given to men and younger patients. Further data
are required about the effects of statins and other lipid ther-
apies on long-term adverse effects, including the long-term
risk of malignant diseases. In addition, effective methods
for improving short- and long-term adherence rates to statins
and other lipid therapies are needed for both women and
elderly patients to maximize the long-term effectiveness of
these therapies, and additional data are needed on the effi-
cacy and safety of drug combinations in these groups of
patients.
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BACKGROUND

Cardiovascular disease (CVD) is the leading cause of death in
the United States, greater than all forms of cancer and other
causesofdeathcombined.1Datahaveshownthat thedevelop-
ment of CVD is not merely an adult phenomenon, but rather,
an issue that begins in childhood.2–5 Damage to the arterial
endotheliumcanbeginasearlyas the first decadeof life inchil-
dren with lipoprotein abnormalities. In the past, the main rea-
son forcholesterol testingduringchildhoodwas to identifyand
subsequently treat children with genetically inherited high
levelsof low-density lipoprotein cholesterol (LDL-C); however,
this focus has shifted somewhat in the current era with the
increased prevalence of overweight and obesity in the young.
Children with overweight and obesity generally have a differ-
ent form of dyslipidemia: elevated triglycerides (TGs), low
high-density lipoprotein cholesterol (HDL-C), and normal or
mildly elevated LDL-C. Identification of childrenwith elevated
LDL-C because of genetic causes and of childrenwith obesity-
related dyslipidemia is essential because both types of
dyslipidemia have been associated with accelerated athero-
sclerosis. Because early identification of these patients is nec-
essary, knowinghow to recognize lipid abnormalities andhow
to treat them is of great importance. To this end, recently pub-
lished guidelines from an expert panel of the National Heart,
Lung, and Blood Institute for the primordial and primary pre-
vention of CVD in childhood demonstrate the necessity of
identifyingchildrenat risk fordevelopingearlyCVDandofpro-
moting overall pediatric cardiovascular health.6,7

DEFINITION OF DYSLIPIDEMIA IN CHILDHOOD

Dyslipidemia is defined as an abnormality of lipoprotein
metabolism that results in increased levels of total choles-
terol (TC), LDL-C, and/or TGs, and/or decreased levels of
HDL-C. Also, non–HDL-C (calculated as TC minus HDL-C)
can be elevated; this measure is a single marker of all of
the atherogenic, apolipoprotein B (apoB)–containing lipo-
proteins in the circulation. Cholesterol and TG, which are

both important lipids (fats), are acquired through either pro-
duction in the body or by absorption of food. Cholesterol is
necessary tomake hormones, and it is a major component of
cell membranes, fat-soluble vitamins, and bile, whereas TGs
are essential in storing and supplying energy to the body.
Because lipids are hydrophobic, they need to travel in the
bloodstream attached to lipoproteins, which are hydro-
philic. The polar outer layer of plasma lipoproteins contains
specific proteins, called apolipoproteins, which play an
important role in lipoprotein metabolism.8

Pathogenesis
The progression of atherosclerosis begins with the arterial
fatty streak, which can be found in children and adolescents
with dyslipidemia. Fatty streaks are generally reversible;
however, if abnormal blood cholesterol levels persist, these
lesions can progress to fibrous plaques. These raised lesions
can become more numerous and severe as children pro-
gress into adolescence and early adulthood. Although
a direct correlation between lipid values in childhood and
adult CVD has not been demonstrated, studies have de-
monstrated an association between lipoprotein levels and
atherosclerotic progression.9

Normal versus Abnormal Lipoprotein Values
Optimal, borderline-high, and high lipid level classifications
are found in Table 37-1.7,10,11 For children and adolescents,
the cutoff values for “borderline-high” or “high” levels corre-
spond to the 75th and 95th percentiles, respectively, and
“low” levels are in the 10th percentile.11,12 For young adults
ages 20 to 24 years, the cutoff values for borderline-high or
high levels of TC, LDL-C, and non–HDL-C correspond
to the 75th and 95th percentiles, respectively. For TG,
borderline-high levels correspond to the 75th percentile,
whereas high levels reach approximately the 90th percen-
tile. For HDL-C, optimal levels are greater than the 50th per-
centile, borderline levels are the 50th percentile and lower,
and low levels are in the 25th percentile and lower.7,13
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SCREENING FOR DYSLIPIDEMIA

Targeted versus Universal Screening
Until late 2011, the guidelines for screening and treatment of
dyslipidemia in children and adolescents were directed at
identifying those at increased risk for dyslipidemia, especially
those with increased LDL-C levels. These recommendations
were published in 1992 by the National Cholesterol Education
Program (NCEP) Expert Panel on Blood Cholesterol Levels in
Children and Adolescents.10 The NCEP recommended that
children age 2 years or older should have a fasting lipid panel
(FLP) if a first- or second-degree relativehaddocumentedCVD
(e.g., angina pectoris, peripheral or cerebral vascular disease,
myocardial infarction, known coronary artery disease, or sud-
dendeath)atage55yearsoryounger ifmaleandatage65years
or younger if female, if a parent has TC of greater than or equal
to 240 mg/dL, or if the family history is unavailable or
unknown. An FLP was also recommended for children and
adolescents at increased likelihood of developing early heart
diseasebecauseofother risk factors, suchashypertension,dia-
betes, smoking, poor diet, and sedentary lifestyle.

When the new integrated guidelines from a National Heart,
Lung, and Blood Institute expert panel were recently released
for screening children and adolescents for dyslipidemia,
the biggest change was the recommendation that all chil-
dren should be screened for dyslipidemia at least one time
between the ages of 9 and 11 years.7 This was in response to
debate regarding theuse of selective versus universal screening
programs to best identify at-risk children and teens.6,14,15 One
issue often cited against selective screening was the use of fam-
ily history as one of the main ways to screen children for CVD
risk factors.16–18 Selective screening canmiss 30% to 60%of chil-
drenwith dyslipidemia, largely because parents may not know
their owncholesterol status. Youngparentsmaynothavedevel-
oped elevated cholesterol or clinical CVD, or childrenmay live

in single parent homeswithout knowledge of the other parent’s
or grandparents’ riskhistory.14,19,20Becauseof this, theonlyway
to find all children with dyslipidemia is through universal
screening. A potential benefit of universal screening is reverse
cascade screening, which can occur after the child has been
found to have abnormal cholesterol levels and other family
members are then identified who also have dyslipidemia. Rel-
atives of children with hypercholesterolemia are also likely to
be at an increased risk of early CVD.21,22

When to Screen and What Laboratory
Studies to Obtain
The most recent guidelines for lipid screening in children
and adolescents can be found in Table 37-2. These guide-
lines are divided into different age groups, because age deter-
mines the timingand typeof screeningobtained. Ingeneral, for
children ages 2 to 8 years and 12 to 16 years, only selective
screening based on family history is recommended. This
shouldbedoneusing the average of two FLPs,with the second

TABLE 37-1 Cholesterol Level Classification for
Children, Adolescents, and Young Adults
LIPID
CATEGORY OPTIMAL

BORDERLINE-
HIGH HIGH LOW

Children and Adolescents

TC <170 170–199 �200

LDL-C <110 110–129 �130

Non–HDL-C <120 123–144 �145

TG

0–9 yrs <75 75–99 �100

10–19 yrs <90 90–129 �130

HDL-C >45 40–45* <40

Young Adults (20–24 yrs)

TC <190 190–224 �225

LDL-C <120 120–159 �160

Non–HDL-C <150 150–189 �190

TG <115 115–149 �150

HDL-C �45 40–45* <40

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
TC, total cholesterol; TG, triglycerides.
All values are measured in mg/dL.
*Borderline-low

(From Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk
Reduction in Children and Adolescents: Summary Report. Pediatrics 2011;128:S213–
S256; National Cholesterol Education Program (NCEP). Highlights of the report of the
Expert Panel on Blood Cholesterol Levels in Children and Adolescents. Pediatrics
1992;89:525–584; Srinivasan SR, Myers L, Berenson GS. Distribution and correlates of
non-high-density lipoprotein cholesterol in children: the Bogalusa Heart Study.
Pediatrics 2002;110:e29.)

TABLE 37-2 Cholesterol Screening Recommendations
by Age
AGE
(YRS)

SCREENING
RECOMMENDATION

LABORATORY
TESTS TO OBTAIN

<2 No screening

2–8 No routine screening
Screening if:
• Family history of early heart disease
• Parent has TC >240 mg/dL
• Family history is unknown
• High-risk condition (see Table 37-5)

FLP � 2*

9–11 Universal screening
If non–HDL-C >145 or HDL-C <40

Then obtain

If LDL-C >130 or non–HDL-C >145 or
HDL-C <40 or

TG >100 (age <10 yrs) or >130
(age >10 yr)
Then obtain

Non-FLP
FLP � 2*

FLP
Repeat FLP*

12–16 No routine screening
Screening if:
• New knowledge of CVD risk, same as

2–8 yrs

FLP � 2*

17–21 Universal screening
Ages 17–19:
If non–HDL-C >145 or HDL-C <40

Then obtain

If LDL-C >130 or non–HDL-C >145 or
HDL-C <40 or
TG >100 (age <10 yrs) or >130 (age

>10 yrs)
Then obtain

Ages 17–21:
If non–HDL-C >190 or HDL-C <40

Then obtain

If LDL-C >160 or non–HDL-C >190 or
HDL-C <40 or TG >150
Then obtain

Non-FLP
FLP � 2*

FLP
Repeat FLP*

Non-FLP
FLP � 2*

FLP
Repeat FLP*

CVD, cardiovascular disease; FLP, fasting lipid profile; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG,
triglycerides.
Values are measured in mg/dL.
*Second lipid profile should be obtained 2 weeks to 3 months after the first lipid

profile.
(FromExpert Panel on IntegratedGuidelines for Cardiovascular Health and Risk Reduction
in Children and Adolescents: Summary Report. Pediatrics 2011;128:S213–S256.)
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lipid screeningoccurring2weeks to3monthsafter the first one
is obtained. The FLP includes the TC, HDL-C, TG, and calcu-
lated LDL-C levels. The LDL-C level can usually be determined
indirectly from the Friedewald formula: LDL-C¼TC – (HDL-C
+TG/5). Because the Friedewald formula is not accuratewhen
TGs are substantially elevated (i.e.,>400 mg/dL), one can use
the non–HDL-C value to determine if further evaluation is nec-
essary. Universal screening is recommended one time for chil-
dren and adolescents between the ages of 9 and 11 years and
once again between 17 and 21 years. The expert panel chose
the ages of approximately 10 years and late adolescence to
early adulthood for screening because lipid levels change
throughout childhood, notably during puberty, when there
can be a 10% to 20% decrease in cholesterol levels. Universal
screening can be performed using either a nonfasting lipid
panel, in which TC and HDL-C are obtained and non–HDL-C
is calculated, or by obtaining an FLP. If abnormalities are pre-
sent on the non-FLP (seeTable 37-2), then the average of two
FLPs should be used to determine if treatment is necessary.
However, if abnormalities are present on the initial FLP (see
Table 37-2), then a repeat FLP should be performed, and
the results of the two tests averaged.7 When two FLPs are aver-
aged, thesecondFLPshouldbeobtainedbetween2weeksand
3 months after the original one.
The conditions under which targeted or selective screen-

ing should be performed in children ages 2 to 8 years or 12 to
16 years are shown in Table 37-3.

DIFFERENTIAL DIAGNOSIS

Secondary Causes of Dyslipidemia
After a child has been identified with dyslipidemia, a
more thorough evaluation is necessary. A complete family
history should be obtained and should include identifying
first- and second-degree relatives who have a history of
hypercholesterolemia, premature CVD, diabetes mellitus,
overweight, and hypertension. For children with severe dys-
lipidemia, primary (or genetic) causes of dyslipidemia are

likely. These are discussed in the next section. However,
in all children, an evaluation for secondary causes of dysli-
pidemia is necessary because dyslipidemia can be the first
sign of a systemic process (Table 37-4).23 The majority of
these secondary causes can be discovered through perform-
ing a thorough medical history, review of systems, and phys-
ical examination. A few additional laboratory studies should
also be obtained to evaluate for certain diseases that can
lead to dyslipidemia, such as liver tests for fatty liver or
obstructive liver disease, fasting blood sugar level for diabe-
tes or glucose intolerance, thyroid function tests for thyroid
abnormalities, and a urinalysis, including blood urea nitro-
gen and creatinine levels for renal disease.

TABLE 37-3 Recommended Risk Factors and Special
Risk Conditions for Screening Children for
Dyslipidemia, Ages 2 to 8 and 12 to 16 Years

• Positive family history: a first- or second-degree relative with documented
CVD (e.g., angina pectoris, peripheral or cerebral vascular disease,
myocardial infarction, coronary artery disease, or sudden death) by age
<55 years for males and <65 years for females

• High risk factor/condition
▪ Hypertension requiring drug therapy
▪ Cigarette smoking
▪ Severe obesity (BMI �97th percentile)
▪ Diabetes (type 1 or type 2)
▪ Chronic/end-stage kidney disease/post renal transplant
▪ Post orthotopic heart transplantation
▪ Kawasaki disease, currently with aneurysm

• Moderate risk factor/condition
▪ Hypertension (blood pressure >95th percentile for gender and age) not

requiring drug therapy
▪ Obesity (BMI �95th percentile, but <97th percentile)
▪ HDL-C <40 mg/dL
▪ Kawasaki disease with regressed aneurysm
▪ Chronic inflammatory disease
▪ HIV infection
▪ Nephrotic syndrome

BMI, body mass index; CVD, cardiovascular disease; HDL-C, high-density lipoprotein
cholesterol; HIV, human immunodeficiency virus.
(Adapted from Kavey RE, Simons-Morton DG, de Jesus JM, suppl eds. Expert panel on
integrated guidelines for cardiovascular health and risk reduction in children and
adolescents: summary report. Pediatrics. 2011;128(suppl 5):S213–S256.)

TABLE 37-4 Secondary Causes of Dyslipidemia: The
Four “Ds”
ETIOLOGY CONDITION

Diet High saturated fat
High calorie
Excessive carbohydrate
Excessive alcohol intake
Anorexia nervosa

Disease Cardiac
Kawasaki disease
Heart transplantation
Congenital heart disease

Hepatic
Intrahepatic cholestasis
Chronic liver disease
Primary biliary cirrhosis
Hepatitis (acute or chronic)
Biliary atresia
Alagille syndrome

Renal
Chronic renal failure
Nephrotic syndrome
Hemolytic–uremic syndrome

Rheumatic
Systemic lupus erythematosis
Rheumatoid arthritis

Storage
Gaucher disease
Glycogen storage disease
Tay–Sachs disease
Niemann–Pick disease

Other
Post cancer therapy
Klinefelter syndrome
Progeria
Burns

Drugs Oral estrogens
Oral progestins
Oral contraceptives
Anabolic steroids
Corticosteroids
Thiazide diuretics
β-blockers
Bile acid–binding resins
Glucocorticoids
Protease inhibitors (most)
Retinoic acid derivatives
Anticonvulsants

Dysmetabolism Diabetes, type 1 and type 2
Obesity
Insulin resistance
Acute intermittent porphyria
Hypopituitarism
Lipodystrophy
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COMMON GENETIC CAUSES OF DYSLIPIDEMIA
IN CHILDHOOD

It is important tobe awareof the commonprimary, or genetic,
causes of dyslipidemia that are seen in childhoodandadoles-
cence. There are many rare genetic dyslipidemias, which
are generally more severe and will not be discussed in this
chapter (Table 37-5).24 If any of these are suspected, the
patient should be referred to a pediatric lipid specialist.

Heterozygous Familial Hypercholesterolemia
Heterozygous familial hypercholesterolemia (HeFH) is an
autosomal codominant disorder that occurs in the general
population in approximately 1 in 500 people. It is also
referred to as type IIa hyperlipoproteinemia by the Fredrick-
son classification system (see Table 37-5).25 HeFH is one
of the most common genetic lipid disorders seen in the pedi-
atric population. It is caused by one or more of at least 500
LDL receptor gene defects that lead to either a defective or a
diminished number of LDL receptors. This results in
decreased LDL clearance from the circulation by the liver,
which leads to a greater accumulation of LDL particles in
the blood. The elevated LDL-C levels are associated with pre-
mature atherosclerosis in approximately 50% of males and
25% of females, with HeFH developing into clinical CVD
before the age of 50 years. Children and adolescents with
HeFH may develop subclinical atherosclerosis with evi-
dence of greater carotid intima–media thickness (CIMT)
and abnormal brachial artery reactivity, which indicates
endothelial dysfunction. However, those with HeFH gener-
ally do not manifest clinically apparent coronary artery
disease until adulthood. A rarer condition (approximately
1:1000 people) that presents with a similar phenotype and
is treated in the same manner as HeFH, is familial defective
apoB-100.

In children with HeFH, both TC and LDL-C levels are well
above the 95th percentile for age and sex, and elevations can
be found as young as age 2 years. Usually, these children
have normal TGs and normal or low HDL-C, unless the

patient is overweight or obese; in this case, the child may
also have high TGs and low HDL-C. With HeFH, it is also
important to obtain a thorough family history. To help con-
firm the diagnosis, the patient usually has one parent with
significantly elevated TC and LDL-C and a history of tendon
xanthomas (Fig. 37-1) or a family history of premature CVD
in first- or second-degree relatives. Tendon xanthomas are
not generally seen in children and adolescents with HeFH
because these normally develop in adulthood.

Familial Combined Hyperlipidemia
Familial combined hyperlipidemia (FCHL), or type IIb hyper-
lipoproteinemia (Table 37-6), is an autosomal dominant
genetic disorder that is the most common genetic lipid disor-
der in the United States, affecting approximately 1 in 200 peo-
ple in the general population. The phenotype may differ in
familymemberswithFCHL,with themostcommonphenotype
manifesting as elevated LDL-C with elevated TG and very-low-
density lipoprotein cholesterol (VLDL-C) levels, or elevated
LDL-C and VLDL-C levels. All patients with FCHL demonstrate
increased levelsofplasmaapoB-containingparticles relative to
LDL-C levels. FCHLmay also be seen in thosewith overweight,
insulin resistance, and hypertension.

FCHL should be suspected when the FLP demonstrates a
mixed dyslipidemia pattern, consisting of elevated TG (200–
800 mg/dL), low HDL-C (<40 mg/dL), and mildly elevated
TC (200–400 mg/dL) levels along with a family history of
hypercholesterolemia or premature CVD. If apoB levels
are checked, they should be elevated relative to the LDL-C
level for this diagnosis. Patients with FCHL do not have ten-
don xanthomas on physical examination.

Familial Hypertriglyceridemia
Familial hypertriglyceridemia (FHTG), or type IV hyperlipo-
proteinemia (see Table 37-6), is a common lipid disorder
inherited in an autosomal dominant fashion, with a preva-
lence of approximately 1 in 500 in the general population.
It is caused by increased VLDL production and/or decreased
VLDL catabolism. Type V hyperlipoproteinemia is a more
severe form of FHTG that occurs when production of both
VLDL and chylomicrons is increased. In patients with FHTG,
certain lifestyle factors or medications can increase VLDL
production, including high dietary carbohydrate intake,
overweight or obesity, insulin resistance, alcohol use, or

TABLE 37-5 Rare Genetic Causes of Dyslipidemia

Disorders of Low-Density Lipoprotein Metabolism
• Homozygous familial hypercholesterolemia
• Autosomal recessive hypercholesterolemia
• Familial defective apolipoprotein B-100
• Sitosterolemia
• Abetalipoproteinemia
• Familial hypobetalipoproteinemia
• Mutations in PCSK9
Disorders of HDL Metabolism
Low HDL cholesterol levels
• Apolipoprotein A-I deficiency and mutations
• Tangier disease
• Lecithin:cholesterol acyltransferase deficiency
Elevated HDL cholesterol levels
• Familial hyperalphalipoproteinemia
• Cholesteryl ester transfer protein deficiency

Disorders of Triglyceride Metabolism
• Lipoprotein lipase deficiency
• Defective apolipoprotein C-II
• Defective lipoprotein lipase cofactor
• Hepatic lipase deficiency

HDL, high-density lipoprotein; PCSK9, proprotein convertase subtilisin/kexin type 9.
(From Durrington P. Dyslipidaemia. Lancet 2003;362:717–731.)

FIGURE 37-1 Tendon xanthomas in an adult patient with heterozygous
familial hypercholesterolemia. (With permission from Durrington, P. Dyslipidaemia.
Lancet 2003; 362:717-31. Copyright © 2003 Elsevier. Figure 2a, pg 719.)
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estrogen therapy. Patients should be counseled regarding
these precipitating factors.
In patients with FHTG, the FLP is characterized by substan-

tially elevated TG (250–1000 mg/dL), normal or mildly
increased TC (usually <250 mg/dL), and low HDL-C levels.
Levels of LDL-C are generally normal or low, and apoB levels
are normal. The TC/TG ratio tends to be lower in FHTG than
in FCHL. In type V hyperlipoproteinemia, the TG elevation is
more severe (�1000 mg/dL); these patients are at increased
risk for developing pancreatitis. In some cases, especially
when the TG levels are greater than 1000 mg/dL, the diagno-
sis may bemadewhen patients present with eruptive xantho-
mas. These are often found on the buttocks, shoulders, and
extensor surfaces of the extremities (Fig. 37-2)26; however,
eruptive xanthomas occur much more frequently in adult-
hood and with the rarer causes of hypertriglyceridemia
(see Table 37-6).

Familial Dysbetalipoproteinemia
Familial dysbetalipoproteinemia (FDBL) is also known as
type III hyperlipoproteinemia (see Table 37-6) or familial
broad β disease. It is caused by a mutation in the apoE pro-
tein that causes accumulation of chylomicron and VLDL
remnants that are collectively called β-VLDL. FDBL is

characterized by a nearly equal elevation of TC and TG, usu-
ally to approximately 300 mg/dL or greater. Although the
autosomal recessive form of FDBL occurs in as much as
1% of the population, actual manifestation of FDBL is infre-
quent and occurs in conjunction with a second metabolic
defect, such as obesity, hypothyroidism, alcohol use, estro-
gen deficiency, high-fat diet, or diabetes mellitus. Because
of the need for a second metabolic derangement, the FDBL
phenotype occurs in approximately 0.02% of the popula-
tion.27 FDBL rarely is expressed until adulthood and predis-
poses the individual to premature CVD. The pathognomonic
sign of FDBL is palmar xanthomas (Fig. 37-3).28

Elevated Lipoprotein(a) Levels
Lipoprotein(a) [Lp(a)] is another independent risk factor
for early CVD.29 Lp(a) is a proatherogenic and prothrombo-
tic particle that resembles LDL, but it also contains apo(a),
which is related to plasminogen.30 In children, measurement
of Lp(a) is generally used in those who have had a hemor-
rhagic or ischemic stroke. However, one may consider
checking a child’s Lp(a) level if the parent has premature
CVD in the absence of other identifiable risk factors for early
heart disease.7

Familial Hypoalphalipoproteinemia
Familial hypoalphalipoproteinemia, or low HDL-C level, is a
rare autosomal dominant inherited lipid disorder. In this dis-
ease, patients usually have HDL-C levels below the 5th

FIGURE 37-2 Eruptive xanthomas in an adult patient with triglyceride levels
>1000 mg/dL. (With permission from Leaf DA. Chylomicronemia and the
chylomicronemia syndrome: a practical approach to management. Am J Med
2008;121:10-12. Figure 1, pg 11.)

FIGURE 37-3 Palmar xanthomas in an adult African American man with new
diagnosis of familial dysbetalipoproteinemia. (With permission from Sharma D,
Thirkannad S. Palmar xanthoma—an indicator of a more sinister problem. Hand.
2012;5:210-212. Figure 1, pg 211.)

TABLE 37-6 The Fredrickson Classification of Different Genetic Dyslipidemias
PHENOTYPE CHOLESTEROL TRIGLYCERIDES LDL-C HDL-C ATHEROGENICITY NAME

I " to "" """" # ### — FCS

IIa """ Normal " # +++ FH, FDBL

IIb "" to """ "" " # +++ FCHL

III "" to """ "" to """ # Normal +++ FDBL

IV — to " "" # ## — to " FHTG

V "" to """ """" # ### — to " FHTG

FCHL, familial combined hyperlipidemia; FCS, familial chylomicronemia syndrome; FDBL, familial dysbetalipoproteinemia; FH, familial hypercholesterolemia; FHTG, familial
hypertriglyceridemia; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
(From Fredrickson DS, Lees RS. Editorial: a system for phenotyping hyperlipidemias. Circulation 1965;31:321–327.)
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percentile with normal LDL-C and TG levels.27 This disorder
increases risk for developing early heart disease; many chil-
dren with familial low HDL-C have a family member who has
premature CVD.31,32 Although no specific therapy is cur-
rently available for familial hypoalphalipoproteinemia in
childhood, the focus should be on reducing overall cardio-
vascular risk by lowering LDL-C and TG levels, maintaining a
healthy weight, increasing exercise, normalizing blood pres-
sure, and not smoking cigarettes.

OBESITY AND DYSLIPIDEMIA: METABOLIC
SYNDROME

The grouping together of traditional risk factors for prema-
ture CVD, such as dyslipidemia, obesity, and hypertension,
along with behavioral risk factors, such as physical inactivity,
poor diet, and tobacco use, have been noted in childhood
and adolescence33,34 just as in adults. Of these risk factors in
adults, overweight and obesity appear to be most strongly
correlated with the metabolic syndrome.35,36 Metabolic syn-
drome consists of three or more of the following: abdominal
obesity, hypertension, impaired fasting glucose, and high
TGs and/or low HDL-C. Those who have metabolic syn-
drome in adulthood are at increased risk of developing pre-
mature CVD.37 Although nearly one third of all adults in
America meet criteria for the metabolic syndrome,38 the
reported prevalence in children is difficult to determine
because no definition of metabolic syndrome has been
established in this age group.39–41 The exact cause of meta-
bolic syndrome is not known, but it is believed to be caused
by certain environmental influences, including abdominal
obesity and insulin resistance.42 Metabolic syndrome proba-
bly also has a genetic component, because it tends to cluster
within families,43 appears to be more common in adoles-
cents of African American descent,44 and appears in those
with a family history of type 2 diabetes mellitus.45 A longitu-
dinal study found that children who had the risk factors char-
acteristic of metabolic syndrome were significantly more
likely to develop type 2 diabetes and metabolic syndrome
as adults when studied 25 years later.46 Prevalence of meta-
bolic syndrome risk factors is increasing in children, and this
increase appears to be strongly correlated with the increas-
ing prevalence of obesity.47–49

Although treatment ofmetabolic syndrome risk factor clus-
tering has not been adequately studied in children, the most
important component appears tobe treatment of obesity.7 If a
child or adolescent is obese, a thorough evaluation for other
cardiovascular risk factors is necessary, and an assessment
should be performed for comorbid conditions, including
diabetes, left ventricular hypertrophy, and obstructive sleep
apnea. Weight reduction strategies, including dietary
counseling and an exercise program, should be initiated.

SPECIAL POPULATIONS: DIABETES MELLITUS

Both type 1 diabetes mellitus (T1DM) and type 2 diabetes
mellitus (T2DM) are known CVD risk factors and, in adults,
are considered risk equivalents of having coronary artery dis-
ease.32 One major risk of both T1DM and T2DM is the devel-
opment of vascular disease. The degree of vascular
involvement appears to be related to the level and duration
of hyperglycemia.2,50–52 In general, compared with those
with T2DM, people with T1DM are at higher risk of develop-
ing premature CVD and peripheral vascular disease, largely
because of the increased severity and duration of

hyperglycemia.53 Furthermore, premature CVD is the most
important cause of morbidity and mortality in adults with
T1DM.54 A large proportion of children with T1DM have at
least one additional CVD risk factor, further increasing their
risk of developing premature CVD in adulthood.55,56 Adults
with T2DM also have an increased risk of early CVD. One
study demonstrated a significantly greater risk for nonfatal
heart attack and evidence of coronary heart disease in adults
with T2DM compared with adults without diabetes.57 It is
possible, however, that decreasing the additional CVD risk
factors (e.g., obesity, dyslipidemia, sedentary lifestyle, hyper-
tension, and poor diet) that often coexist with T2DM may
limit the extent of vascular involvement.58,59

Lipoprotein abnormalities are often somewhat different in
T1DM compared with T2DM. In people with T1DM, if their
glucose is well controlled, the lipid and lipoprotein abnor-
malities should not be different than those in the general
population.60 However, in those with poorly controlled
T1DM, elevated LDL-C, low HDL-C, and elevated TGs may
be found.61 In those with T2DM, lipoprotein abnormalities
are common and generally consist of low HDL-C, elevated
TGs, and an increase in small dense LDL particles, which
are the more atherogenic LDL particles.62 Because hypergly-
cemia leads to glycosylation of LDL particles, which makes
these particles especially atherogenic, maintaining glycemic
control is extremely important in diabetic patients to help
reduce the risk of developing premature CVD.63 Children
and adolescents with either T1DM and T2DM should be
referred to and treated by a pediatric endocrinologist.

THERAPY FOR DYSLIPIDEMIA

Dietary and Lifestyle Intervention
In 1992, the NCEP Pediatric Panel recommended a two-
tiered approach to diet to reduce cholesterol levels in chil-
dren.10 The first step was intended for the general popula-
tion, focusing on a heart-healthy diet for all children ages
2 and older; the second, more intensive approach targeted
children with increased risk for premature CVD. The most
recent National Heart, Lung, and Blood Institute integrated
cardiovascular risk reduction guidelines (Table 37-7) also
use a staged approach and recommend an overall heart-
healthy diet and lifestyle for all children. However, there is
now a greater focus on those who are at increased risk of
developing premature CVD, including children with dyslipi-
demia or with a family history of dyslipidemia, presence of
overweight and obesity, smoking in the home, hypertension,
diabetes, or any other high-risk medical conditions for which
they are likely to need stricter dietary changes. In the new
guidelines, the suggested first step is called the Cardiovascu-
lar Health Integrated Lifestyle Diet 1 (CHILD-1). For those who
require more intensive cholesterol lowering after a trial of
CHILD-1, CHILD-2–LDL or CHILD-2–TG is recommended,
depending on the lipid profile of the child.7

Cardiovascular Health Integrated Lifestyle Diet 1
CHILD-1 recommends a low–saturated fat (<10% of total cal-
ories), moderate–total fat (�30% of total calories), and low-
cholesterol (<300 mg/day) diet, with minimal trans fats.7,10

Sugar and other sweetened beverages and foods, foods high
in sodium, and fried and processed foods should be limited.
Caloric intake needs should be calculated based on the
child’s estimated energy requirements based on age, sex,
and activity level.7 Other lifestyle changes should also be
encouraged, including weight management, decreasing
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sedentary screen time to no more than 2 hours daily, and
increasing physical activity with a goal of at least 1 hour daily
of moderate to vigorous activity. The CHILD-1 approach is
shown in Table 37-7. CHILD-1 focuses on any child or ado-
lescent who is at increased risk of premature CVD based on
different risk factors, including dyslipidemia. After 3 months
of CHILD-1 and lifestyle changes, a repeat FLP should be
obtained. If, despite these changes, the lipid profile con-
tinues to show elevated LDL-C for age (see Table 37-1), then
a more restrictive diet, called the CHILD-2–LDL, is necessary.

Cardiovascular Health Integrated Lifestyle Diet
2–Low-Density Lipoprotein
The Child-2–LDL diet specifies dietary fat intake of 25% to
30% of total calories, but with a further reduction of saturated
fat to less than or equal to 7% of daily calories, monounsat-
urated fat to less than or equal to 10%, and dietary choles-
terol to less than 200 mg/day, with avoidance of trans fats.
These dietary changes should be made in conjunction with
a medical dietitian to ensure that all the requirements for

protein, carbohydrates, and vitamins are met for appropriate
growth and development.7,14,64 After at least 3 months on
CHILD-2–LDL, a repeat FLP should be performed.

Cardiovascular Health Integrated Lifestyle Diet
2–Triglycerides
After 3 months of CHILD-1 and lifestyle changes, if a repeat
FLP continues to show elevated TGs or non–HDL-C for age
(see Table 37-1), then a more restrictive diet is necessary.
These children should be referred to a medical dietitian. With
the Child-2–TG diet, sugar intake also needs to be reduced.
Simple carbohydrates should be replaced with complex
ones. Sugar-sweetened beverages (e.g., juice, chocolate milk,
iced tea, lemonade, soda, and sports drinks) should be elim-
inated from the diet. Children should be encouraged to
increase fish intake, focusing on fish that are low in mercury
and high in omega-3 fatty acids.7 If the child is overweight or
obese, there should be an additional focus on restricting cal-
ories and increasing activity. After at least 3 months on CHILD-
2–TG, a repeat FLP should be performed.

TABLE 37-7 CHILD-1 for Children and Adolescents at Increased Cardiovascular Risk
AGE DIET AND LIFESTYLE RECOMMENDATION

0–6 month • Exclusively breastfeed until 6months. If not possible, then expressed breastmilk should be provided. If not possible, then iron-fortified infant formula

6–12 month • Gradually add solids while breastfeeding until at least 12 months
• If weaning from breastfeeding, iron-fortified formula until 12 months
• No dietary fat restriction

12–24month • Possible transition to lower fat (2%, 1%, fat-free) unflavored cow’s milk, if not continuing to breastfeed. This should be decided by parents
and healthcare provider using child’s variables, including appetite, growth, dietary intake of other nutrient-dense foods, and intake of other
sources of fat, and family history of obesity and early CVD

• Transition to table foods
Total fat �30% of daily calories
Saturated fat 8%–10% of daily calories
Avoid trans fats
Mono- and polyunsaturated fats �20% of daily calories
cholesterol <300 mg/day

• No more than 4 oz/day of fruit juice, served in a cup
• Limit sodium intake
• Encourage diet rich in fruits, vegetables, whole grains, low-fat and fat-free milk and milk products, and products lower in sugar

2–10 yrs • Main beverage should be fat-free unflavored milk
• Encourage water consumption, limit sugar-sweetened beverages
• Dietary fat intake:

Total fat 25%–35% of total daily calories
Saturated fat 8%–10% of daily calories
Avoid trans fats
Mono- and polyunsaturated fats �20% of daily calories
cholesterol <300 mg/day

• Diet high in fiber, limit simple/refined carbohydrates
Fiber goal: age+5 g/day

• No more than 4 oz/day of naturally sweetened juice
• Limit sodium intake
• Encourage diet rich in fruits, vegetables, whole grains, low-fat and fat-free milk and milk products, and products lower in sugar

11–21 yrs • Main beverage should be fat-free unflavored milk
• Encourage water consumption, limit sugar-sweetened beverages
• Dietary fat intake:

Total fat 25%–35% of total daily calories
Saturated fat 8%–10% of daily calories
Avoid trans fats
Mono- and polyunsaturated fats �20% of daily calories
cholesterol <300 mg/day

• Diet high in fiber, limit simple/refined carbohydrates
Fiber goal: 14 g/day for every 1000 calories consumed

• No more than 4 oz/day of naturally sweetened juice
• Limit sodium intake
• Encourage diet rich in fruits, vegetables, whole grains, low-fat and fat-free milk and milk products, and products lower in sugar
• Support healthy eating habits

Daily breakfast
Family meals
Limit fast-food meals

CHILD-1, Cardiovascular Health Integrated Lifestyle Diet 1; CVD, cardiovascular disease.
(Adapted from Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children and Adolescents: summary report. Pediatrics. 2011;128(suppl 5):
S213–S256.)
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Adjunctive Dietary Therapies
Additional nonpharmacologic dietary therapies for choles-
terol management in children may be useful before and in
addition to pharmacologic therapy. These are summarized
in Table 37-8.7,65 Although long-term studies of plant stanols
and stanol esters have not been performed, short-term stud-
ies have shown that LDL-C can be safely lowered in children
with FH.66,67 Therefore, use of these products should be lim-
ited to children who are unable to lower their LDL-C with die-
tary and lifestyle management alone.

Dietary Therapy Targets for High Low-Density
Lipoprotein Cholesterol
Dietary and lifestyle management is always the initial step in
trying to lower cholesterol levels. LDL-C therapy targets are
dependent on risk factors and risk conditions, as shown in
the algorithm in Figure 37-4. For children ages 10 years
and older with no risk factors (see Table 37-3), the dietary
therapy target for LDL-C is less than 190 mg/dL after the child
has attempted at least 6 months of CHILD-1 and CHILD-2–
LDL management. If the LDL-C level remains at greater than
or equal to 130 mg/dL but less than 190 mg/dL, the child
should remain on the CHILD-2–LDL diet, but does not need
medication and should have the FLP monitored every
6 months. If the LDL-C level is less than 130 mg/dL, the child
should stay on CHILD-2–LDL with a repeat FLP every
12 months. However, if the child has a family history of early
heart disease or one high-level or twomoderate-level risk fac-
tors and/or conditions (see Table 37-3), then the goal is an
LDL-C level of less than 160 mg/dL after a 6-month trial of
CHILD-1 and CHILD-2–LDL; CHILD-2–LDL should be fol-
lowed indefinitely. If LDL-C is less than 130 mg/dL, then
the child should remain on CHILD-2–LDL with a follow-up
FLP in 1 year; however, if the LDL-C remains at greater than
130 mg/dL but less than 160 mg/dL, the FLP should be mon-
itored every 6 months while staying on the CHILD-2–LDL
diet. In a child with two high-level or with one high-level

3 months

3 months

LDL-C ≥ 250 mg/dL
refer to lipid specialist

LDL-C < 130 mg/dL
• Continue CHILD-1
• Repeat FLP every 12 months

Average of 2 FLP results,
obtained 2 weeks-3 months apart

LDL-C ≥ 130, < 250 mg/dL
• Exclude secondary causes
• Evaluate for risk factors
• Start CHILD-1 + lifestyle changes

LDL-C ≥ 130 mg/dL
• Start CHILD-2-LDL
• Refer to dietitian
• Continue lifestyle changes

FLP

LDL-C < 130 mg/dL
• Continue CHILD-2-LDL
• Repeat FLP every 12 months

LDL-C ≥ 130 or < 190 mg/dL
• No family hx of early CVD
• 0-1 moderate RF/RC
• 0 high RF/RC

• CHILD-2-LDL
• FLP every 6 months

Begin statin therapy
• Follow with FLP, laboratory studies as shown in table 37-2

LDL-C ≥ 160 or < 190 mg/dL
• Family hx of early CVD
• ≥2 moderate RF/RC
• ≥1 high RF/RC

LDL-C ≥ 130, < 160 mg/dL
• Clinical CVD
• ≥2 moderate RF/RC
  +1 high RF/RC
• >2 high RF/RC

LDL-C ≥ 190 mg/dL

FLP

Age ≥ 10 yrs Age ≥ 10 yrs

FIGURE 37-4 Dietary therapy targets for high LDL-C. CHILD, Cardiovascular Health Integrated Lifestyle Diet; CVD, cardiovascular disease; FLP, fasting lipid profile; hx, history;
LDL-C, low-density lipoprotein cholesterol; RF/RC, risk factor/risk condition. (Adapted from Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in
Children and Adolescents: summary report. Pediatrics. 2011;128(suppl 5):S213–S256.)

TABLE 37-8 Adjunctive Dietary Therapy for
Dyslipidemia
PRODUCT DOSE EFFECT

Plant stanol/sterol
esters

Up to 2 g/day Lowers LDL-C

Psyllium (soluble)
fiber

6 g/day (2–12 yrs)
12 g/day (�12 yrs)

Lowers LDL-C

Nuts Up to 1 oz/day May lower LDL-C

Omega-3 fatty
acids

Fish 2–3 servings/
week

Shifts lipoprotein subclasses to
less-atherogenic particles

2–4 g/day Lowers TG

LDL-C, low-density lipoprotein cholesterol; TG, triglyceride.
(From Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk
Reduction in Children and Adolescents: Summary Report. Pediatrics 2011;128:
S213–56; Nijjar PS, Burke FM, Bloesch A, et al. Role of dietary supplements in lowering
low-density lipoprotein cholesterol: a review. J Clin Lipidol 2010;4:248–58.)
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and at least two moderate-level risk factors and/or condi-
tions or clinical CVD (see Table 37-3), then the dietary tar-
get for LDL-C is less than 130 mg/dL. If children 10 years and
older do not meet their target LDL-C levels, then medication
should be considered (see the following). If an 8- or 9-year-
old child has a strong family history of early CVD or at least
one high-level or two or more moderate-level risk factors
and/or conditions, therapy with medication may also be
considered.

Dietary Therapy Targets for High Triglycerides
Children with high TG levels also have lipid and lipoprotein
targets. Please refer to Figure 37-5 for the algorithm. After
6 months of CHILD-1, then CHILD-2–TG, and lifestyle modifi-
cations with weight loss (if necessary), should be initiated. If
the TG level is less than 100 mg/dL (children younger than
age 10 years) or less than 130 mg/dL (children ages 10 years
or older), then the child should remain on CHILD-2–TG with
lifestyle changes and should be reevaluatedwith an FLP every
year. If the TG level is greater than or equal to 100 mg/dL but
less than 200 mg/dL (children younger than age 10 years) or
greater than or equal to 130 mg/dL but less than 200 mg/dL
(children ages 10 years or older), then the child should con-
tinue or intensify CHILD-2–TG and be encouraged to continue
weight loss (if applicable) and increase dietary fish content; a
repeat FLP should be obtained 6 months later. If TG level
remains greater than or equal to 200 mg/dL but less than

500 mg/dL, non–HDL-C should be recalculated, and the child
should be managed to lower non–HDL-C to less than 145 mg/
dL and can be considered for fish oil supplementation.

Pharmacologic Intervention
Despite diet and lifestyle changes, it may be necessary to
institute lipid-lowering medication to attain the LDL-C,
non–HDL-C, or TG targeted goals.

Elevated Low-Density Lipoprotein Cholesterol
When to Start Medication
Therapy with a statin should be considered in children ages
10 years or older who still have elevated LDL-C levels based
on risk factor and/or risk conditions despite at least 6 months
of CHILD-1 and CHILD-2–LDL diet and lifestyle changes. The
LDL-C cutpoints for consideration of starting medication are
outlined in Figure 37-6. Children younger than age 10 years
rarely need to be started on LDL-lowering medication; how-
ever, in some instances, children who are at significantly
increased risk of developing premature CVD should be con-
sidered for starting medication at age 8 years. These include
children who, despite aggressive diet and lifestyle changes,
consistently have LDL-C levels greater than or equal to
190 mg/dL and also have multiple first-degree relatives with
early CVD, at least one high risk factor and/or condition, or
at least two moderate risk factors and/or conditions

3 months

3 months

TG ≥ 500 mg/dL
refer to lipid specialist

TG < 100 mg/dL, <10 yrs
      < 130 mg/dL, 10–19 yrs
• Continue CHILD-1
• Repeat FLP every 12 months

Average of 2 FLP results,
obtained 2 weeks-3 months apart

TG ≥ 100, < 500 mg/dL, <10 yrs
      ≥ 130, < 500 mg/dL, 10–19 yrs
• Start CHILD-1 + lifestyle changes
• Weight loss if BMI ≥ 85th%

TG ≥ 100, < 500 mg/dL, <10 yrs
      ≥ 130, < 500 mg/dL, 10–19 yrs
• Start CHILD-2-TG
• Refer to dietitian
• Continue lifestyle changes, weight loss

FLP

TG < 100 mg/dL, <10 yrs
      < 130 mg/dL, 10–19 yrs
• Continue CHILD-2-TG
• Continue lifestyle changes
• Continue weight loss if BMI
   remains ≥ 85th%
• Repeat FLP every 6–12
  month

TG ≥ 100, < 200 mg/dL, <10 yrs
      ≥ 130, < 200 mg/dL, 10–19 yrs
• Intensify CHILD-2-TG
• Repeat visit with dietitian
• Continue attempts at weight loss
• Increase dietary intake of low
  mercury fish
• Repeat FLP in 6 months

TG ≥ 200, < 500 mg/dL
• Consider omega-3 fish oil
  therapy
• Consider refer to lipid
  specialist
• If non-HDL-C ≥ 145 mg/dL
  after LDL-C target attained,
  refer to lipid specialist

FLP

FIGURE 37-5 Dietary therapy targets for high TGs. BMI, body mass index; CHILD, Cardiovascular Health Integrated Lifestyle Diet; FLP, fasting lipid profile; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride. (From the Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in
Children and Adolescents: summary report. Pediatrics. 2011;128(suppl 5):S213–S256.)
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(see Table 37-3 and Figure 37-4). These patients may
require combination drug therapy to reach an appropriate
target and should be referred to a lipid specialist for further
evaluation and treatment.

How to Initiate, Titrate, and Monitor Statin Therapy in
Children on Statins
Statins are now considered first-line treatment in children
with HeFH. Initiation, titration, and monitoring of statin ther-
apy in children and adolescents are outlined in Figure 37-6.
When starting a statin, the physician should choose the low-
est possible dose. A statin is given once a day, usually at bed-
time; however, atorvastatin and rosuvastatin can be taken in
the morning because of their long half-life. After approxi-
mately 4 to 8 weeks of consistent use, an FLP and liver
enzymes should be checked. If LDL-C levels are less than
130 mg/dL (ideally <110 mg/dL), then therapy should con-
tinue at that dose with a repeat FLP in 8 weeks, then
3 months, and then every 6 months. Alanine aminotransfer-
ase and aspartate aminotransferase can be measured annu-
ally. If LDL-C target levels are not achieved, the statin should
be increased by the lowest increment, which is usually

10 mg, and a repeat FLP should be obtained in 4 to 8 weeks.
If this increased dose does not result in obtaining target LDL-
C, the level of adherence should be evaluated. If the adher-
ence is appropriate, then the physician can increase by one
more increment or refer the patient to a lipid specialist for
consideration of a second lipid-lowering medication.7,68

Monitoring patients while on statin therapy is important
(Fig. 37-6). The most common concern for patients and fam-
ilieswhen starting a statin is its safety, notably in the chances of
liver andmuscle toxicity.When starting statin therapy, thephy-
sician should assess for contraindications to use, such as liver
disease or potential for pregnancy. Oncemenses have started,
girls should be counseled that statins have the potential to be
teratogenic; physicians should document that female patients
are not pregnant before starting medication, and if the female
patient is sexually active, that she is using adequate birth con-
trol.Thepatient’scurrentmedications shouldalsobereviewed
to assess for potential drug–drug interactions, notably with
cyclosporine, niacin, fibrates, erythromycin, azole antifungals,
nefazodone, andmanyhuman immunodeficiencyvirus (HIV)
protease inhibitors. Patientswith increased intakeof grapefruit
juice may also have increased statin levels.

4 weeks

• Baseline FLP, ALT, AST, CK levels
• Check for potential drug interaction with statin
• Advise patients to report any adverse events,
  notably muscle cramps or weakness
• Advise female patients about adequate contraception

• Start statin at lowest dose
• Once daily, usually at bedtime*

• Obtain FLP, ALT, AST

4 weeks
• Continue current therapy
• Routine health maintenance
  monitoring and medication
  compliance at every visit • Obtain FLP, ALT, AST

• Target LDL-C levels attained:
 • Minimal < 130 mg/dL
 • Ideal < 110 mg/dL
• No symptoms
• Normal laboratory studies

Recheck FLP, ALT, AST at:
• 8 weeks
• Every 3 months x 1 year
• Every 6 months subsequently

• Target LDL-C levels not attained

• Increase statin dose by lowest
  increment, usually 10 mg

• Target LDL-C levels attained:
 • Minimal < 130 mg/dL
 • Ideal < 110 mg/dL
• No symptoms
• Normal laboratory studies

• Target LDL-C levels not attained

• Increase statin dose by lowest
  increment, usually 10 mg OR
• Add additional lipid-lowering
  agent with advice from lipid
  specialist

FIGURE 37-6 How to initiate, titrate, and monitor statin therapy in children. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; FLP,
fasting lipid profile; LDL-C, low-density lipoprotein cholesterol.
*Atorvastatin and rosuvastatin can be takenmorning or evening because of their long half-life. (Adapted from Expert Panel on Integrated Guidelines for Cardiovascular Health and

Risk Reduction in Children and Adolescents: summary report. Pediatrics. 2011;128(suppl 5):S213–S256.)
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Patients should be instructed to report any adverse events,
especially muscle pain, cramps, weakness, or any other
muscle-based symptoms. If a patient reports symptoms, they
should be assessed in relation to recent physical activity. If
the symptoms are out of proportion to activity levels, the med-
ication should be stopped, and the creatine kinase (CK) level
checked. True myopathy, which is muscle pain or weakness
in the context of elevated CK levels greater than 10 times the
upper limit of normal, is extremely rare in adults. In a meta-
analysis of statin use in children, the risk of myopathy was
no different for those taking a statin versus placebo.69 Never-
theless, if myositis is suspected, the statin should be discontin-
ued because of the rare possibility of rhabdomyolysis, which
can be life threatening. If a patient has a minor elevation of
transaminase levels (e.g.,<3 times the upper limit of normal),
therapy can continue because these fluctuations are often
transient. If the liver transaminase levels rise to greater than
3 times the upper limit of normal, the medication should
be stopped, and levels should be checked in 2 weeks. Medi-
cation can resume when symptoms and/or laboratory abnor-
malities have normalized, with close laboratory monitoring.68

Routine health maintenance monitoring should occur
at every visit while on a statin and should include the follow-
ing: growth and development, reminders about adherence
with both dietary changes and medication, and discussion
about other cardiovascular health behaviors and risk factors,
such as exercise, avoidance of cigarette smoking, and exces-
sive weight gain. Teenage girls should be counseled about
the importance of abstinence from sexual activity or use
of appropriate birth control because of the risk of birth
defects while on a statin.68

Therapy Targets
For children with elevated LDL-C, the initial therapy target
while on a statin is an LDL-C level of 160 mg/dL. Once that
initial target is achieved, then a target of less than 130 mg/dL
can be considered, with an ideal target of less than 110 mg/
dL. As described previously, statins should be increased by a
single dose increment at a time until the target is met or
another agent is added.7,68 The management of dyslipide-
mia in adolescents is a balance between achievement of

target and increasing doses of medication. The clinician
should keep in mind that with increasing doses of medica-
tion, the incremental improvement in LDL-C is often smaller,
whereas the risk of side effects is increased.

Although three classes of drugs may be used to lower
LDL-C in the pediatric population (Table 37-9), only
the statins and one bile acid sequestrant are approved by
the U.S. Food and Drug Administration (FDA) for use in
children and adolescents. Before starting medication, the
physician needs to review the side effect profile carefully
with the patient and the patient's family. As outlined previ-
ously, the physician should start the statin at the lowest
recommended dose, slowly titrate it upward, and monitor
the FLP and any side effects to determine successful
treatment.

3-Hydroxy-3-Methylglutaryl–Coenzyme A Reductase
Inhibitors (Statins)
Statins are now the first-line therapy for lowering LDL-C
and non–HDL-C in the pediatric population.6,68 Statins inhibit
the rate-limiting enzyme in endogenous cholesterol biosynthe-
sis, 3-hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA). This
inhibition lowers the amount of intracellular cholesterol,
thereby upregulating LDL receptors in the liver, which leads
to increased hepatic clearance of LDL-C from the circulation.
Statins also decrease VLDL and intermediate-density lipopro-
tein remnants, thereby lowering TG levels. There may also be
a mild increase in HDL-C levels.

Several clinical trials have demonstrated the safety and
efficacy of statin use in childhood and adolescence in both
males and females, as well as longitudinal studies through
puberty.70–73 Studies in children using noninvasive measure-
ments of atherosclerosis have shown not only that statins can
decrease the progression of atherosclerosis when measured
by CIMT, but also that statins started at a younger age may
decrease the development of atherosclerosis as measured
by CIMT.70,73

The statins that are approved by the FDA for use in child-
hood are listed on Table 37-9. All are approved for use in
children ages 10 years or older (�8 years for pravastatin)
with significantly increased levels of LDL-C after a trial of

TABLE 37-9 Medications for Reducing Elevated LDL-C in Children and Adolescents

MEDICATION CLASS
MEDICATIONS AND STARTING
DOSES

EFFECT ON
LIPIDS POTENTIAL SIDE EFFECTS

HMG-CoA reductase inhibitors
(statins)

Atorvastatin 10 mg QHS or QD
Lovastatin 10 mg QHS
Pravastatin* 10 mg QHS (8–18 yrs)
Simvastatin 5 mg QHS
Rosuvastatin 5 mg QHS or QD

Decrease LDL-C
Increase HDL-C
Decrease TG

Elevated liver enzymes, CK levels; muscle
cramps and weakness; myopathy;
rhabdomyolysis

Bile acid sequestrants Cholestyramine† 2 g/day divided 2–4 times
per day

Colestipol granules† 5 g QD
Colesevelam HCl for oral

suspension{ 1 packet (3.75 g packet) QD or
1 (1.875 g packet) BID mixed with liquid

Decrease LDL-C
Increase HDL-C
Increase TG

Gastrointestinal symptoms, including:
bloating, gas, abdominal cramping

Cholesterol absorption inhibitors Ezetimibe† 10 mg QD Decrease LDL-C
Increase HDL-C
Decrease TG

Elevated liver enzymes; gastrointestinal upset;
myopathy

BID, twice daily; CK, creatine kinase; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; QD, every day; QHS, every night; TG, triglyceride.
*Approved for prepubescent children (age 8 years and older).
†Not approved by the U.S. Food and Drug Administration for children.
{Approved by the U.S. Food and Drug Administration for children age 10 years and older.

(From McCrindle BW, Urbina EM, Dennison BA, et al. Drug therapy of high-risk lipid abnormalities in children and adolescents. A Scientific Statement from the American Heart
Association Atherosclerosis, Hypertension, and Obesity in Youth Committee, Council of Cardiovascular Disease in the Young, with the Council on Cardiovascular Nursing. Circulation
2007;115:1948–1967.)
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CHILD-1 and CHILD-2–LDL. Although statins are generally
used in children with HeFH because of the significantly ele-
vated LDL-C levels, children with other high-risk diseases,
other genetic dyslipidemias, and/or obesity-related dyslipi-
demia whose LDL-C or non–HDL-C is not lowered below
the desired cutpoints (see Fig. 37-4) after dietary and other
lifestyle changes may also qualify for statin therapy. In sev-
eral statin trials, adverse events did not occur with any
greater frequency in the pediatric population than in the
adult population.69

Bile Acid Sequestrants
Bile acid sequestrants act by binding bile salts in the lumen
of the intestine at the level of the ileum, which decreases
their absorption and leads to decreased levels of bile salts
in the liver. This subsequently signals the liver to convert
cholesterol to bile salts, causing a depletion of hepatic
intracellular bile salts, signaling the upregulation of LDL
receptors, and improving clearance of LDL-C from the circu-
lation. Bile acid sequestrants can lower LDL-C by 10% to 20%
and raise HDL-C slightly, but may also moderately increase
TG levels.74–76 These agents used to be the initial medication
of choice in children and adolescents with elevated LDL-C
because bile acid sequestrants are not absorbed and were
thought to be safer,10 but because of the lower palatability
of these agents and the safety and efficacy of statins, bile acid
sequestrants are no longer considered first-line therapy in
children.7 However, because they have different mecha-
nisms of action, bile acid sequestrants may be used together
with a statin in children who do not meet their LDL-C target
with statins alone. One study did not show any increase in
adverse events when both medications were taken
together.76 Compliance with bile acid sequestrants is often
poor because of gastrointestinal complaints and poor palat-
ability. There may also be malabsorption of fat-soluble vita-
mins, but, overall, bile acid sequestrants are effective and
safe if taken appropriately.74–76

Cholesterol Absorption Inhibitors
Ezetimibe, which is a cholesterol absorption inhibitor, is an
example from a relatively new class of lipid-lowering medi-
cations. Ezetimibe inhibits cholesterol absorption at the
level of the intestinal villi, which leads to decreased absorp-
tion of dietary cholesterol, thus upregulating LDL-C receptors
and enhancing clearance of LDL-C from the circulation. A
dose of 10 mg/day of ezetimibe can have an additional
20% additive effect on LDL-C lowering when used in combi-
nation with a statin in adults, without an increase in adverse
events.77,78 Although studies are limited in children, a ran-
domized controlled trial of ezetimibe in children and adoles-
cents with HeFH found that ezetimibe and simvastatin taken
together had the same safety profile as simvastatin alone, but
with additional LDL-C lowering over a 53-month period.79

Until more data are available on ezetimibe use in children,
ezetimibe should be prescribed by a lipid specialist in chil-
dren who do not meet LDL-C targets while on a statin alone.7

Elevated Triglycerides or Non–High-Density Lipoprotein
Cholesterol
When to Start Medication
Medication therapy is rarely needed in children and adoles-
cents with hypertriglyceridemia because changes in diet
and lifestyle, in addition to weight loss, usually lower TG
and non–HDL-C levels sufficiently. However, if after a trial

of CHILD-1 then CHILD-2–TG, along with lifestyle changes
and weight loss (if necessary), the TG or non–HDL-C level
remains greater than target, then treatment with medication
may be necessary. The target TG and non–HDL-C levels are
shown in Figure 37-5. In a child, an average fasting TG level
of at least 500 mg/dL or a single TG level of 1000 mg/dL or
higher is likely because of genetic hypertriglyceridemia.
The patient should be referred to a lipid specialist for consid-
eration of medication because of the potential risk for devel-
oping pancreatitis. Children who continue to have TG levels
of 200 mg/dL or greater and non–HDL-C levels of 145 mg/dL
or greater after CHILD-1 and CHILD-2–TG with added dietary
fish should be considered for high-dose fish oil supplemen-
tation. Children with continued non–HDL-C levels of
145 mg/dL or greater while on a statin, after LDL-C goals have
been met, may be considered for an increased dose of statin
or an additional medication, such as a fibric acid derivative
niacin, with referral to a lipid specialist.

How to Monitor
There are no set guidelines on how to monitor children
while on high-dose fish oil preparation. Fish oil is commonly
sold as a nutritional supplement; however, there are two pre-
scription formulations. The majority of people taking fish oil
are not monitored routinely. The FLP should be followed as
indicated.

Therapy Targets
Targets for TG levels with medication therapy are less than
200 mg/dL, but they should ideally be less than 130 mg/dL
in children ages 10 to 19 years and less than 100 mg/dL in
children younger than 10 years. The goal for non–HDL-C is
less than 145 mg/dL. In children with elevated TG level
and a body mass index greater than or equal to the 85th per-
centile, the body mass index should be targeted to less than
the 85th percentile because weight loss will also help with
lowering TG levels.

Omega-3 Fatty Acids
Omega-3 fatty acids (or fish oil) act to lower TGs by decreas-
ing both hepatic fatty acid and TG synthesis while increasing
the degradation of fatty acids. This process leads to
decreased VLDL release and lower TG levels. Omega-3 fatty
acids may also increase HDL-C and LDL-C.7 A systematic
review of the literature indicated that omega-3 fish oil cap-
sules at doses of 1 to 4 g/day are both safe and effective in
adults and can lower TG levels by 30% to 45%, with an asso-
ciated increase in HDL-C levels of 6% to 17%. These agents
may also increase LDL-C levels by up to 31%.80 No random-
ized controlled trials of omega-3 fatty acids have been
reported in children; however, in one small case series, no
safety concerns were identified.81 Side effects are rare and
generally include gastrointestinal symptoms. High-dose fish
oil has not been shown to have any adverse effects on mus-
cle or hepatic enzymes or glucose levels.80 Two fish oil cap-
sule preparations are approved by the FDA for use in adults;
however, many omega-3 fish oil capsules are sold as nutri-
tional supplements without a prescription.

Fibric Acid Derivatives and Nicotinic Acid
Fibric acid derivatives, or fibrates, work in a complexmanner
that ultimately leads to degradation of VLDL and TGs,
and may also decrease hepatic synthesis of TG. In adults,
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thesedrugshavebeenshown to lowerTGand increaseHDL-C
levels without an increase in LDL-C levels. Although fibrates
are not approved by the FDA for use in children, a small study
in children did show effective lowering of TG level.82

Nicotinic acid, or niacin, decreases both VLDL and LDL
production, as well as HDL degradation, mainly by inhibit-
ing free fatty acid release from the adipose tissue. This results
in lower TG and LDL-C levels, and increased HDL-C levels.
Niacin also may lower Lp(a) levels. The use of niacin is asso-
ciated with side effects that are difficult to tolerate, such as
flushing. Although niacin is prescribed for dyslipidemia
management in adults, use in children is limited. In one
small study in children, niacin at doses of 500 to 2200 mg/
day did not significantly lower TG levels, but did lower
LDL-C levels by 17%; however, there was a high rate of signif-
icant side effects.83 Niacin use is not recommended in chil-
dren younger than 2 years of age.
The use of fibrates or niacin in children and adolescents

should occur only under the guidance of a lipid specialist.

CONCLUSION

Identifying children and adolescents with dyslipidemia is
important because evidence has now shown that, if dyslipi-
demia is not addressed at a young age, youths with dyslipi-
demia are at significantly increased risk of developing
premature CVD. Knowing who is at risk has become even
more important in the present era because of the preponder-
ance of other risk factors for premature CVD in today’s
children, including obesity, hypertension, smoking, poor
diet, and sedentary behavior. The primary treatments for
the majority of children with dyslipidemia are diet and life-
style changes. Although these changes may be difficult for
children and their families, they can lead to substantial car-
diovascular risk reduction and negate the need for lipid-
lowering medication. However, for those ages 10 years
and older with more severe genetic forms of dyslipidemia,
as well as those unable to make lifestyle changes, pharmaco-
logic therapy may be required. In children and adolescents,
lipid-lowering medication is mainly used to lower LDL-C,
with a statin as the first-line treatment. Rarely, other medica-
tions may be needed and should be initiated in conjunction
with referral to a lipid specialist. For children and adoles-
cents with obesity-related dyslipidemia (elevated TG and
decreased HDL-C levels), if diet, weight loss, and increased
physical activity are inadequate to obtain target levels, then
omega-3 fatty acids may be started. Other medications
should be prescribed by a lipid specialist. Postponing treat-
ment of dyslipidemia until adulthood may be too late for
many of today’s youths. Multiple studies have shown that
the risk factors that lead to premature CVD in adults can
be present during childhood and adolescence. Early identi-
fication and management of CVD risk factors can be accom-
plished, and such preventive measures are likely to reduce
the lifetime risk of CVD morbidity and mortality.
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INTRODUCTION

Familial hypercholesterolemia (FH) is one of the most prev-
alent heritable diseases (1:200–1:500). It is an autosomal
dominant genetic condition that leads to extreme elevations
in plasma cholesterol levels, which result in premature car-
diovascular disease (CVD). Diagnosis and early aggressive
therapy of dyslipidemia are vital for the prevention of prema-
ture CVD; however, because most patients with homozygous
FH (HoFH) lack or have dysfunctional low-density lipopro-
tein (LDL) receptors, statin therapy is only slightly effective
to ineffective in reducing LDL cholesterol (LDL-C) levels,
ormore importantly, CVD prevalence. The only therapy pres-
ently available to reduce LDL-C significantly in patients with
HoFH is lipoprotein apheresis (LA).
Recently, however, the U.S. Food and Drug Administration

(FDA) approved two newer medications aimed at reducing
LDL-C in HoFH: (1) the antisense oligonucleotide (ASO) for
apolipoproteinB(apoB),mipomersen;and(2) themicrosomal
triglyceride transport protein (MTP) inhibitor, lomitapide.
This chapter addresses the present uses of LA and the

potential future benefits of mipomersen and lomitapide
for HoFH patients with uncontrolled dyslipidemia.

LIPOPROTEIN APHERESIS: BACKGROUND
AND HISTORY

“Medicine is the art of addition and subtraction. The sub-
traction of all that is excessive, and the addition of all that
is missing. And hewhomight be the best at doing this—will
be the best doctor.”

Hippocrates, 5th century B.C.

Thepracticeofbloodletting, thepredecessorof extracorporeal
therapy, has been universally recognized since antiquity for

treating ailments such as apoplexy (stroke), infection, poison-
ing, or any other disease thatwas thought to involve the blood.
The first publicationon theuseofplasmapheresiswas released
in 1913 and described results of animal experiments
performed by John J. Abel from Johns Hopkins, Baltimore,
Maryland, and Vadim A. Yurevich from the Army Medical
College, St. Petersburg, Russia.1,2 It was not until World War
II, when the demand for plasma and albumin increased, that
plasmapheresis was accepted for use in humans.

LIPOPROTEIN APHERESIS SYSTEMS

There are twomajor types of apheresis devices: (1) centrifuga-
tion, and (2) membrane separation. Centrifugal apheresis
(plasmaexchange) spinsblood ina chamber, andwith centrif-
ugal forces, divides the heavier weighted elements from the
lighter ones, which results in separation of red blood cells
(RBCs) to the bottom, plasma to the top, andwhite blood cells
in the middle. The nonselectiveness of centrifugal devices
results in plasma being discarded and replaced with donor
plasmaor saline-containingproteins, suchas albumin.Alterna-
tively,membraneapheresis,whichwasdevelopedin1978,3uti-
lizes semiselective (basedpurely on sizeof plasmaproteins) or
selective (specificplasmaprotein removal)plasmacell separa-
tion techniques, such as filtration, adsorption, or precipitation.

Five different semiselective or selective LA systems are
commercially available: (1) membrane differential filtration
(MF) (Fig. 38-1); (2) immunoadsorption (IA) (Plasmaselect;
Teterow, Germany) (Fig. 38-2); (3) heparin-induced extra-
corporeal LDL precipitation (HELP; B. Braun, Melsungen,
Germany) (Fig. 38-3); (4) dextran sulfate LDL adsorption
(DSA; Liposorber LA-15 system; Kaneka, Osaka, Japan)
(Fig. 38-4); and (5) hemoperfusion (direct adsorption of
lipoproteins [DALI]; Fresenius, St. Wendel, Germany)
(Fig. 38-5). The first four methods require the separation
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of plasma from the RBCs, whereas the DALI system removes
lipoproteins from whole blood.

To achieve anticoagulation, all five devices initiate ther-
apy with a heparin bolus (2000–4000 IU), followed by a con-
tinuous infusion of heparin of 1500 IU/hour. The DALI
system, however, uses a citrate solution for anticoagulation
after the heparin bolus. All treatments are performed
through a peripheral antecubital venous access (16- to18-

gauge needles), or occasionally, patients may require place-
ment of an arteriovenous fistula. At a flow rate of 40 to
100 mL/min, 2000 to 10,000 mL of plasma may be treated
in the course of a procedure (6000 mL of whole blood for
hemoperfusion). During therapy, only 300 to 600 mL of
plasma or blood is extracorporeal at one time. Treatments,
which last 2 to 4 hours (1.5–3 hours patient time and 1 hour
nursing time for pre- and post session) are scheduled
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FIGURE 38-1 Membrane differential filtration.
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FIGURE 38-2 Immunoadsorption. ApoB, apolipoprotein B; LDL, low-density lipoprotein; NaCl, sodium chloride; PBS, phosphate buffered saline.
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weekly, biweekly, or even less frequently, depending on
baseline lipid levels and response to therapy.

Membrane Filtration
In 1980, Agishi et al.4 developed double MF (cascade filtra-
tion) apheresis, which involves the elimination of athero-
genic lipoproteins based on particle size and geometric
properties (semiselective). The system contains two hollow
filters with different pore sizes. The first filter separates the

plasma from whole blood. Plasma and proteins with a diam-
eter of less than 15 nm (albumin, high-density lipoprotein
[HDL], and immunoglobulins) are filtered through the pores
of the second filter and returned to the patient, alongwith the
blood cells. Occasionally, an artificial membrane formed by
cryogel can develop on the second filter and reduce its pore
size, resulting in retention of smaller proteins. Recent techno-
logic advances, such as warming the plasma, adding a new
lipid filtration membrane (Lipidfilter EC-50, Asahi Medical,
Tokyo, Japan), and the development of a newly designed
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FIGURE 38-3 Heparin-induced extracorporeal LDL precipitation. LDL, low-density lipoprotein.
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FIGURE 38-4 Dextran sulfate adsorption. LDL, low-density lipoprotein.
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filtering machine (Octo Nova, Diamed, Cologne, Germany)
have resulted in decreased nonspecific protein loss.

Immunoadsorption
In 1981, Stoffel et al.5 developed the first LA system for the
selective removal of apoB. The device contains two columns
of Sepharose gel coupled with polyclonal sheep apoB-100
antibodies.6 During an adsorption cycle (total of six cycles),
1000 mL of plasma passes through one column while the
other column is regenerated with a glycerin buffer
(pH 2.8) and rinsed with a saline solution. The columns
can be cleansed, stored, and reused up to 60 times. Another
variation of IA is the Procard (Moscow, Russia)7 system,
which uses sheep anti-lipoprotein(a) [Lp(a)] antibodies
for the specific removal of Lp(a). Recently, a fibrinogen
adsorption system (Rheosorb, Plasmaselect; Teterow, Ger-
many) was developed to reduce plasma/blood viscosity
and improve microvascular flow. The antibodies on the col-
umn are replaced with a specific peptide that has a high
affinity for fibrinogen.8

Heparin-Induced Extracorporeal Low-Density
Lipoprotein Precipitation
In 1983, Wieland and Seidel9 introduced the HELP system.
Following separation, the plasma is mixed 1:1 with a 0.3-M
acetate buffer (pH 4.8) solution containing heparin at a
concentration of 100 U/mL. Precipitation of heparin and
LDL occurs when the plasma buffer solution reaches an
approximate pH of 5.2. The mechanism for the selective
removal of lipoproteins is attributed to the negatively
charged heparin precipitating with the positively charged
apoB of LDL, very-low-density lipoprotein (VLDL), and
Lp(a). HDL, which has a negatively charged membrane,10

is normally spared from the precipitation process. The resid-
ual heparin in the LDL-free plasma is adsorbed by a diethyl-
aminoethyl cellulose filter. Physiologic pH of the plasma
and removal of excess fluid are achieved by dialysis and

ultrafiltration. A newer version of HELP (Futura, B. Braun,
Melsungen, Germany) delivers the dialysate without the
need for the dialysis unit or precipitate recirculation. These
changes have simplified use and reduced setup time of the
machine.11

Dextran Sulfate Low-Density Lipoprotein
Adsorption
In 1987, Mabuchi et al. reported on the DSA system (LA-15,
Kaneka, Osaka, Japan).12 Plasma is exposed to a column of
cellulose beads coated with dextran sulfate cellulose. Simi-
lar to the HELP system, selective removal of LDL, VLDL, and
Lp(a) occurs through an electrostatic interaction of the poly-
anionic dextran sulfate ligands and the positively charged
apoB-containing lipoproteins. The machine contains two
dextran sulfate columns. After the first column is exposed
to 500 mL of plasma, it is then cleansed and regenerated
with a solution containing 4.1% sodium chloride. During
the first column’s rinsing process, plasma flow is redirected
to the second column. As with the HELP system, the DSA sys-
tem retains most of the HDL in the plasma.

Hemoperfusion
In 1993, Bosch et al. first described the DALI blood perfusion
system,13 in which selective removal of LDL from whole
blood transpires without plasma separation. Blood is per-
fused through a column of polyacrylate-coated polyacryl-
amide beads. The beads contain negatively charged
polyanions that interact with the cationic apoB moiety of
LDL, VLDL, and Lp(a) in a similar fashion as in the HELP
and DSA systems.

In 2002, Kaneka developed a whole blood LA system
(KLD01, Kaneka, Osaka, Japan)14 in which the mechanism
for apoB reduction is similar to that used in the DSA
machine, except that the KLD01 adsorber’s bead size is
increased from 170 to 240 μm; this results in minimal side
effects in terms of blood cell activation and RBC loss.15

DALI adsorber

Bubble catcher

Blood flow rate
50–120 mL/min

Pump

Warmer (optional)

Citrate
solution pump

FIGURE 38-5 Hemoperfusion (DALI). DALI, direct adsorption of lipoproteins.
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LIPID CHANGES

Low-Density Lipoprotein Cholesterol
Table 38-1, which is based on multiple clinical studies, lists
the ranges for acute mean changes in plasma lipids follow-
ing LA. On average, greater than 60% of apoB-containing
lipoproteins are immediately reduced following a single pro-
cedure. Generally, the more elevated the baseline lipid level
and the greater the quantity of treated plasma/blood, the
greater the reduction of apoB-containing lipoproteins. Post-
treatment recovery of LDL and Lp(a) ranges from 8 to
13 days.16 Simultaneous lipid-lowering therapy, such as 3-
hydroxy-3-methylglutaryl–coenzyme A reductase inhibitors
(statins), enhances the efficacy of LA, even in HoFH
patients.17 Long-term therapy may result in a 20% to 40%
reduction of preapheresis LDL-C levels.18,19 In addition to
the quantitative changes of apoB-containing lipoproteins,
LA alters the composition of plasma LDL. Oxidized LDL20

and small dense LDL21 have been associated with an
increased risk of CVD. LA significantly lowers oxidized
LDL22 and small dense LDL while increasing the percentage
of large buoyant LDL.23 Despite the quantitative and qualita-
tive changes to LDL, regular LA therapy does not seem to
alter kinetic parameters of apoB metabolism.24

High-Density Lipoprotein Cholesterol
In addition to elevated LDL-C, FH patients have reduced HDL-
C levels and impaired reverse cholesterol transport.27 The
acute reduction of HDL-C after LA is an average of approxi-
mately 10% to 15% and has been attributed to filtration, hemo-
dilution, activation of hepatic triglyceride lipase, and
decreased activity of lecithin:cholesterol acyltransferase.6 Sev-
eral studies25,28 have revealed that after a session of LA, the
acute reduction of total HDL-C is greater than that of apoA-
I, the primary HDL apolipoprotein involved in reverse choles-
terol transport. The difference in HDL-C and apoA-I levels fol-
lowing LA may represent a qualitative change in the
composition of HDL. Recent studies found that the majority
of HDL removed by LA is a proinflammatory type,29 as mea-
sured by its inability to inhibit LDL-inducedmonocyte chemo-
tactic activity.30 ApoE, in particular apoE4, has a higher
affinity for the LDL receptor than LDL does,31 and FH patients
have an increased amount of apoE-bound HDL-C, which pos-
sibly serves to compensate for their dysfunctional LDL recep-
tors. LA removes apoE-bound HDL, especially apoE4-bound
HDL.32,33 Normally, HDL-C returns to baseline levels 24 hours
after treatment16; however, long-term therapy preserves or
enhances levels of HDL-C.34 Despite acutely reducing HDL-
C, selective LA significantly lowers the LDL-C/HDL-C ratio,
which is in contrast to nonselective plasma exchange, which
can raise the LDL-C/HDL-C ratio. In addition, nonselective LA

reduces amounts of HDL-C and apoA-I by the same percent-
age, whereas selective LA reduces HDL-C levels approxi-
mately 2.5 times more than it lowers apoA-I levels.25

Analysis from the Multi-Ethnic Study of Atherosclerosis
found that the HDL particle number was inversely associated
with the incidence of coronary heart disease (CHD), inde-
pendent of HDL-C and the atherogenic lipoproteins (LDL par-
ticle number, triglycerides [TGs], and LDL-C).35 Selective LA
treatment raises the HDL particle number despite lowering
total HDL-C. This results in an increase of the total HDL
particlenumberperHDL-C.36 The significanceof these effects
on HDL metabolism following LA treatment needs further
evaluation.

Triglycerides and Apolipoproteins
The acute reduction of TGs (20%–64%) following LA has
been credited to multiple factors, such as the apoB moiety
of VLDL, activation of hepatic triglyceride lipase, and the
increased activity of lipoprotein lipase caused by the high
dose of heparin given during LA treatment.26 TGs, similarly
to HDL-C, rebound within 24 hours after LA.16 In addition,
LA acutely lowers other apolipoproteins, such as apoC-III
and apoE, by 40% to 50%.37

Lipoprotein(a)
Lp(a) is an inherited risk factor for atherosclerosis, myocar-
dial infarction, stroke, and restenosis.38 Lp(a) elevations are
more common in FH patients than in the general popula-
tion.39 LA is presently the only effective treatment that con-
sistently reduces Lp(a) levels by more than 50%.40

Research has shown that the reduction of elevated Lp(a)
(>100 mg/dL) by LA in patients with CHD correlates with
a reduction of cardiovascular events, regardless of baseline
LDL-C levels.41–43 Lp(a) apheresis (POCARD Ltd., Moscow,
Russia) reduces Lp(a) by greater than 70% with no effect
on LDL-C. Stable CHD patients who had high Lp(a) levels
(103�23 mg/dL) and near-normal LDL-C (77�23 mg/dL),
despite taking atorvastatin, demonstrated coronary athero-
sclerosis regression when treated with Lp(a) apheresis for
greater than or equal to 18 months.44 The European Athero-
sclerosis Society has recommended the use of LA for patients
with ongoing symptomatic CHD and elevated Lp(a) levels.45

CONTRAINDICATIONS,ADVERSEEVENTS,AND
LIMITATIONS

Since 1996, only the DSA and HELP systems have received
approval for clinical practice in North America. LA systems
are contraindicated if the use of heparin would cause

TABLE 38-1 Acute Percent Lipid Reductions Following Lipoprotein Apheresis
MF IA HELP DSA HP

Total cholesterol 43%–57% 49%–68% 42%–54% 48%–68% 49%–61%

LDL cholesterol 42%–62% 54%–82% 55%–61% 49%–85% 53%–76%

HDL cholesterol 6%–42% 7%–27% 0%–19% 4%–32% 5%–31%

Lp(a) 53%–60% 51%–72% 55%–68% 19%–70% 28%–74%

Triglycerides 37%–57% 34%–49% 20%–61% 26%–64% 29%–40%

DSA, dextran sulfate LDL adsorption; HELP, heparin-induced extracorporeal LDL precipitation; HDL, high-density lipoprotein; HP, hemoperfusion; IA, immunoadsorption; LDL, low-
density lipoprotein; Lp(a), lipoprotein(a); MF, membrane filtration.
High variation of values may be partially the result of differences in treated plasma and blood volumes.

(From references 6,16,19,25,26.)
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excessive or uncontrolled anticoagulation, if adequate anti-
coagulation cannot be safely achieved, or if a known hyper-
sensitivity to heparin or ethylene oxide (DSA) is present.
In cases of sensitivity to heparin, the broad-spectrum syn-
thetic protease inhibitor nafamostat mesilate has been used
with the DSA system as an alternative anticoagulant.46

The occurrence of adverse events with LA is low and typ-
ical of procedures involving the circulation of blood outside
the body.47 Besides hypotension (<2%), the most common
adverse event seen with apheresis is the inability to obtain
venous access. The incidence of all other adverse events,
which include flushing and/or blotching, chest pain, ane-
mia, abdominal discomfort, hemolysis, and arrhythmia, is
less than 1%.19,48 An uncommon but serious anaphylactoid
reaction can occur in patients who are prescribed antihyper-
tensive angiotensin-converting enzyme inhibitors (ACEIs)
and who are also receiving treatment with either the DSA
or DALI machines.49,50 Production of plasma bradykinin,
a potent vasodilator, is increased by the DSA and DALI pro-
cedures through the activation of the intrinsic coagulation
pathway (factors IV and XI, prekallikrein, and high–
molecular weight kininogen).51,52 ACEIs also increase
plasma bradykinin levels by inhibiting its metabolism.
Because of the potential hypotensive reaction, ACEI use is
contraindicated in patients using either the DSA or DALI sys-
tems. Patients may abstain from ACEIs at least 24 hours
before therapy or switch to an angiotensin receptor blocker.

The volume of plasma and blood that can be treated with
the MF, IA, DSA, and DALI systems is unrestricted, whereas
HELP, because of its limited-capacity precipitate filter, can
process only approximately 3000 mL. The IA system may
produce an autoimmune reaction that consists of fever
and hypotension, which is believed to be mediated during
the procedure by heterophile antibodies developed against
the sheep antibodies.53 The DALI system columns must be
flushed before treatments with a rinsing fluid containing pos-
itively charged electrolytes to prevent derangement of the
patient’s electrolytes.34

CLINICAL TRIALS

Until the late 1990s, the benefit of LA for FH patients with
CVD was investigated through long-term analysis of angio-
graphic changes in the coronary vessels.54–58 The shortage
of qualified candidates and the ethical dilemma of sham
therapy have restricted the implementation of randomized,
double-blinded, placebo-controlled trials.

The safety and efficacy of combined long-term LA and
lipid-lowering therapy for the prevention of CVD was con-
firmed in 1998.59 Coronary events (nonfatal myocardial
infarction, percutaneous transluminal coronary angioplasty,
coronary artery bypass grafting, and death from CHD) have
been shown to be reduced by 72% in heterozygous FH
(HeFH) patients undergoing LA (10% incidence of coronary
events) compared with HeFH patients receiving drug ther-
apy alone (36% incidence of coronary events) (Fig. 38-6).
Long-term (5-year) treatment with LA (DSA) in HoFH and
HeFH patients who had LDL-C levels greater than 160 mg/dL,
despite aggressive medical therapy, reduced the number of
cardiovascular events (cardiac death, coronary revascu-
larization, myocardial infarction, or cerebrovascular
events) from 6.3 events per 1000 patient-months during
the 5-year period before initiating LA to 3.5 events per
1000 patient-months during the 5 years of LA treatment.19

Beyond cardiovascular event reduction, other effects related
to LA therapy include immediate improvement of endo-
thelial function,60 coronary vasodilatation,61 microvascular
flow,62 and myocardial perfusion.63

QUALIFICATION AND REIMBURSEMENT

LA is covered by most private health insurers, Medicare, and
other government payers. As indicated by the FDA, LA may
be considered medically necessary when previous treat-
ment plans, consisting of diet and maximum drug therapy
for at least 6 months, have failed and the patient has one
of the following: (1) LDL-C greater than or equal to
200 mg/dL and documented CHD; or (2) LDL-C greater than
or equal to 300 mg/dL without CHD.

Internationally, the qualification for LA varies (Table 38-2).
Certain countries allow treatment of FH patients with LDL-C
levels less than 200 mg/dL but greater than 130 mg/dL or
Lp(a) levels greater than 60 mg/dL with progressive CHD. In
the United States, LA therapy has been initiated in certain
FH patients with LDL-C levels less than 200 mg/dL or elevated
Lp(a) and progressive CHD. Reimbursement for LA in the hos-
pital or outpatient setting can be highly variable ($2000–
$4000 per session) according to the insurer and location in
the United States. A teameffort is required by the patient, med-
ical staff, and healthcare provider to initiate and maintain an
LA program.

There are roughly 12 to 30 million FH patients worldwide,
and if only 1% of these individuals were intolerant tomedical
management, then there would still be 120,000 to 300,000
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FIGURE 38-6 Kaplan–Meier curves for endpoints in reduction of coronary
events. LDL, low-density lipoprotein; NNT, number needed to treat.

TABLE 38-2 International Guidelines for Initiating
Lipoprotein Apheresis

North America LDL-C �200 mg/dL (with CHD)
or
LDL-C �300 mg/dL (without CHD)

Japan TC �250 mg/dL (with CHD)

Germany LDL-C �130 mg/dL (with CHD)
or
Lp(a) �60 mg/dL (with progressive CHD)

CHD, coronary heart disease; LDL-C, low-density lipoprotein cholesterol; Lp(a),
lipoprotein(a); TC, total cholesterol.
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potential candidates for LA therapy. Currently, less than 4000
FH patients are regularly treated with LA throughout the
world (North America: n¼500; Japan: n¼400; Germany:
n¼2000; and the rest of Europe: n¼500) (Fig. 38-7). LA
is rarely performed in Australia (n¼12), Africa (none),
South America (n¼5), and most of Asia, and when it is,
the treatment is principally plasma exchange or cascade
filtration.
The DSA system is recommended for children with FH if

they weigh at least 15 kg (33 lbs) and are older than 5 years
of age, whereas the HELP system suggests that a patient’s
weight be greater than 37 kg (82 lbs) before initiating ther-
apy. Although LA is not recommended for use in pregnancy,
case studies have demonstrated LA safety and effectiveness
for women with FH throughout their pregnancies.64

ALTERATION OF VASCULAR MARKERS

In addition to modifying plasma lipids, LA also modifies a
number of mediators associated with vascular disease
(Table 38-3). LA lowers plasma markers of inflammation
linked to atherosclerosis and CVD,65 such as lipoprotein-
associated phospholipase A2,

66 fibrinogen, E-selectin, vascu-
lar cellular adhesion molecule–1, intercellular adhesion
molecule–1,67 monocyte chemoattractant protein–1,
lipopolysaccharide-binding protein,68,69 matrix metallopro-
teinase–9, tissue inhibitor of metalloproteinase–1,70 and
C-reactive protein.71–74 Both serum amyloids P and A are
significantly reduced by LA, and because 80% of serum amy-
loid A is bound to HDL, its reduction following LA is asso-
ciated with the changes to HDL.75,76 Most markers return
to baseline within 24 hours following LA, which is probably
dependent on the magnitude of the reduction and on the
plasma half-life of the particular protein. A number of pro-
teins (lipoprotein-associated phospholipase A2, fibrinogen,
and C-reactive protein), following multiple treatments
of LA, remain lowered by 20% to 50%.66,77,78

LA therapy acutely lowers coagulation factors, such as tis-
sue factor, soluble CD40 ligand, homocysteine, fibrinogen,68

and von Willebrand factor.50 The percent reduction of clot-
ting factors is dependent on the system. HELP primarily
affects the extrinsic pathway (factors II, III, VII, and X)
through precipitation, whereas DALI and DSA interfere with
the intrinsic pathway (prekallikrein, high–molecular weight
kininogen, and factors XI and XII) by binding to the nega-
tively charged adsorbers.79,80 Markers that promote the fibri-
nolytic cascade, such as plasminogen, protein S, protein C,
and antithrombin, are immediately reduced following
LA.52,81 Despite the removal of plasma thrombotic and fibri-
nolytic mediators, no serious clotting or bleeding complica-
tions occur with LA.

Hemorheology, particularly blood viscosity and its major
determinants, is associated with CVD and early atherosclero-
sis.82 Mediators of blood viscosity (in addition to hematocrit,
shear forces, and temperature) include RBC deformability,
RBC aggregation, and plasma viscosity. A single LA treatment
lowers blood viscosity by more than 20%83 and maintains this
reduction for at least 7 days.84 The improvement of blood rhe-
ology by LA is related to changes in RBC aggregation and/or
deformability and plasma viscosity.85,86

Elevated plasma levels of fibrinogen are a risk factor
for atherosclerosis.87 Themechanism of fibrinogen’s effects on
the vascular system has been linked to hemorheology, inflam-
mation, and coagulation. Although all apheresis devices
reduce plasma fibrinogen, the HELP and MF systems remove
fibrinogen (65%) significantly more than the other LA devices
(10%–20%).25,68,75,88–92

Immediate alterations of vasoreactive substances, such as
nitric oxide,93 bradykinin,94 prostacyclin or prostaglandin
I2,

95 insulin-like growth factor,78 and endothelin,96 have
been observed after a session of LA. Vascular endothelial
growth factor, which is a mediator of vascular permeability,
remained significantly elevated 3 months after the last LA
treatment in a 5-week treatment period that included 10 total
treatments for patients with ischemic leg disease.78

The influence of LA on blood viscosity, endothelial func-
tion, and vasoreactive mediators most likely assists in the
rapid recovery of myocardial blood flow and minimal coro-
nary resistance seen in patients with CVD.97
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FIGURE 38-7 Number of patients currently treated with lipoprotein apheresis throughout the world.
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ALTERNATIVE CLINICAL APPLICATIONS

Therapeutic apheresis can be utilized when standard ther-
apy has failed or when patients have complex diseases in
which pathologic components of the blood or plasma need
to be removed. LA, because of its effects on lipids, inflamma-
tion, coagulation, rheology, and vasoreactivity, has been
employed in certain vascular diseases that are not necessar-
ily related to dyslipidemia (Table 38-4). In Japan, the
National Health Insurance Program has approved LA ther-
apy (10 treatments over 8 weeks) for patients who are resis-
tant to medical management of either the nephrotic
syndrome (200 cases per year) or peripheral arterial disease
(1500 cases per year), which is more than the number of
patients they treat for FH.

NEW LIPID-LOWERING MEDICATIONS FOR
PATIENTS WITH FAMILIAL
HYPERCHOLESTEROLEMIA

For the past 30 years, the ability to significantly lower plasma
LDL-C levels in FH patients has been generally restricted to
statin therapy and LA. In 2013, two agents representing
new classes of lipid-lowering drugs (mipomersen and lomi-
tapide) have been approved for use in the FH population.

Mipomersen
Mechanism of Action and Pharmacology
Mipomersen (Kynamro, Genzyme, Cambridge, Massachu-
setts) is a second-generation ASO that targets the messenger
ribonucleic acid (mRNA) of apoB in the liver.123 ASOs are
sequences of 16 to 20 base pairs of single-stranded artificial
DNA that binds to complementary mRNA by Watson and
Crick hybridization. The mRNA in the ASO–mRNA complex
is degraded mainly by RNAse H1 and other endonucleases
and exonucleases, leading to reduced translation and subse-
quent diminished apoB synthesis by the ribosome.123 Both
human and animal studies have shown that mipomersen
reduces plasma concentrations of proatherogenic, apoB-
containing lipoproteins, such as VLDL, LDL, and Lp(a).123

In LDL receptor–deficient mice, mipomersen mitigates ath-
erosclerosis development.124 Mipomersen’s mechanism of
action is depicted in Figure 38-8.

The elimination half-life of mipomersen is approximately
30 days in humans,123 and peak effects on plasma lipids are

TABLE 38-3 Acute Changes to Vascular
Markers Following Lipoprotein Apheresis
MARKER ACUTE CHANGES (%)

Proinflammatory

MCP-1 –15 to –18

MMP-9 –20

TIMP-1 –30

LBP –27

Lp-PLA2 –22

VCAM-1 –10 to –20

ICAM-1 –10 to –16

E-selectin –6 to –31

Fibrinogen –11 to –65

Oxidized LDL –65

CRP –10 to –80

SAP –75 to –84

SAA –91

Vascular Function

Nitric oxide 25 to 45

VEGF 15

IGF-1 –37

Bradykinin 0 to>2,000

ET-1 –15 to –75

PGI2 300

Thrombotic

Tissue factor –26

von Willebrand factor –29 to –56

Thrombin –55

Factor V –57 to –74

Factor VII –4 to –36

Factor XI –27 to 82

Factor XII –32 to 73

sCD40L –16

Homocysteine –15 to –25

Fibrinogen –10 to –65

Fibrinolytic

Plasminogen –23 to –50

Protein S –11 to –35

Protein C –32 to –48

Antithrombin –11 to –25

Hemorheology

Plasma viscosity –11 to –18

Blood viscosity –5 to –15

RBC aggregation –31 to –52

RBC deformability 45

Fibrinogen –10 to –65

CRP, C-reactive protein; ET-1, endothelin-1; ICAM-1, intercellular adhesion
molecule–1; IGF-1, insulin-like growth factor–1; LBP: lipopolysaccharide-binding
protein; Lp-PLA2, lipoprotein-associated phospholipase A2; MCP-1, monocyte
chemoattractant protein–1; MMP-9, matrix metalloproteinase–9; PGI2, prostaglandin
I2; RBC, red blood cell; SAA, serum amyloid A; SAP, serum amyloid P; sCD40L, soluble
CD40 ligand; TIMP-1, tissue inhibitor of metalloproteinase–1; VCAM-1, vascular cell
adhesion molecule–1; VEGF, vascular endothelial growth factor.
High variation of values may be partially caused by differences in treated plasma and

blood volumes.
(From references 25,67,68,75,76,78,88–92,95,96,98–100.)

TABLE 38-4 Possible Alternative Applications of
Lipoprotein Apheresis

Peripheral vascular disease69,78,95,101–103

Cerebral vascular disease104,105

Acute coronary syndrome106

Cardiac transplantation52,54,107–109

Renal disease110

Sudden idiopathic hearing loss111–113

Ocular microcirculatory disturbances114–117

Preeclampsia118

Sepsis119

Cognitive impairment105,120,121

Refsum disease122
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seen 80 to 90 days after treatment initiation.125 Mipomersen
is excreted in the urine123 and has no interaction with cyto-
chrome P450 (CYP) enzymes, therefore reducing the poten-
tial of its interacting unfavorably with other medications.

Dosage and Efficacy as Monotherapy
Extensive phase 2 trials established that a 200-mg dose (or
160-mgdose for individualsweighing<50 kg[110 lbs])admin-
isteredsubcutaneouslyonceaweekprovidedthebestbalance
betweenefficacyand safety.125 TheFDAapproved thesedoses
of mipomersen for adjuvant lipid-lowering treatment in HoFH
patients. A single-center randomized trial in statin-intolerant
patients demonstrated that LDL-C, non–HDL-C, apoB, and
Lp(a) levels were reduced by 47%, 46%, 46%, and 27%, res-
pectively, compared with reductions of 2%, 2%, and 4% and
an elevation of 6%, respectively, with placebo.126

Phase 3 Development Program and Long-Term Open-
Label Extension Study in Familial Hypercholesterolemia
Maximally tolerated doses of mipomersen compared with
placebo reduced LDL-C levels by 25% to 37% in severely
hypercholesterolemic patients who were simultaneously
taking lipid-lowering therapy that consisted of statins, choles-
terol absorption blockers, and niacin.127–130 HoFH patients
taking mipomersen had mean reductions in LDL-C, non–
HDL-C, apoB, and Lp(a) of 25%, 24.5%, 27%, and 31%,
respectively, compared with reductions of 3%, 2.9%, 2.5%,
and 7.9%, respectively, with placebo. In addition, HDL-C
was significantly elevated by 15% with mipomersen versus
4% with placebo. In HoFH and severe HeFH patients, mipo-
mersen caused mean absolute LDL-C reductions of greater
than 100 mg/dL, and also consistently reduced Lp(a) levels
by 21% to 31% (Table 38-5).127–130 The effect of mipomersen

mRNA ApoB
Plasma

atherogenic particles

VLDL, LDL, Lp(a)

Fewer plasma
atherogenic particles

ApoB synthesis
inhibited

Normal synthesis
of apoB-containing

particles in the liver

Mipomersen binds
mRNA and inhibits

apoB synthesis
in the liver

FIGURE 38-8 Mipomersen’s mechanism of action. Inhibition of apoB–100 synthesis in the liver reduces plasma concentration of proatherogenic lipoproteins, such as VLDL,
LDL, and Lp(a). apo, apolipoprotein; LDL, low-density lipoprotein; Lp(a), lipoprotein (a); mRNA, messenger ribonucleic acid; VLDL, very-low-density lipoprotein. (Modified from
Crooke ST, Geary RS. Clinical pharmacological properties of mipomersen (Kynamro), a second generation antisense inhibitor of apolipoprotein B. Br J Clin Pharm. 2013.)

TABLE 38-5 Effects of Mipomersen 200 mg Subcutaneously Weekly for 26 Weeks on Plasma Lipids, ApoB, and Lp(a)
Concentrations in Phase 3 Studies

PATIENT POPULATION
(n=261)

BASELINE
TREATMENT

STATIN
+OTHER LLT

BASELINE
LDL-C

(mg/dL)

%
CHANGE
IN LDL-C

BASELINE
ApoB

(mg/dL)

%
CHANGE

IN
ApoB

BASELINE
Lp(a)

(mg/dL)

%
CHANGE
IN Lp(a)

HoFH (n¼34)
Genetic confirmation of HoFH or a

clinical diagnosis based on
untreated LDL-C >500 mg/dL together with
either xanthoma before 10 yrs of age or
evidence of HeFH in both parents127

75% 439 –25% 275 –27% 65 –31%

Severe hypercholesterolemia
(n¼39)

Diagnosis of severe
hypercholesterolemia (LDL-C
�300 mg/dL or�200 mg/dL
with CHD)129

79% 276 –36% 202 –36% 61.3 –33%

HeFH with CHD (n¼82)
Diagnosis of HeFH +
LDL-C �100 mg/dL; TGs
<200 mg/dL+diagnosis of
CHD128

90% 153 –28% 130 –26% 64 –21%

Hypercholesterolemia and at high risk for CHD
(n¼101)
LDL-C �100 mg/dL with TGs
<200 mg/dL130

43% 123 –37% 117 –38% 54.3 –24%

apo, apolipoprotein; CHD, coronary heart disease; HeFH, heterozygous familial hypercholesterolemia; HoFH, homozygous familial hypercholesterolemia; LDL-C, low-density
lipoprotein cholesterol; LLT, lipid-lowering treatment; Lp(a), lipoprotein (a); TG, triglyceride.
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on Lp(a) may be the result of the reduction in apoB produc-
tion, which is likely the limiting factor for Lp(a) synthesis.131

Adverse Events
Table 38-6 shows themostcommonadverseeventsassociated
with mipomersen administration in phase 3 studies.127–130

Mild to moderate injection site reactions (erythema, pain, ten-
derness, pruritus, and local swelling) were the most frequent
adverse events, but they rarely resulted in drug discontinuation.
Other adverse events were flulike symptoms (pyrexia, chills,
myalgia,arthralgia,malaise,andfatigue) thatappeared,onaver-
age, 2 days after injection and often did not diminish over time;
these events sometimes resulted in drug discontinuation.
A small number of patients (<10%) had temporary increases
in alanine aminotransferase levels (�3 times the upper limit
of normal) during treatment, but these increases were not asso-
ciated with increased bilirubin.

Because mipomersen reduces apoB production, and con-
sequently, hepatic VLDL synthesis, there is concern that
mipomersen may lead to liver TG accumulation. Reduced
hepatic apoB synthesis is one cause of familial hypobetalipo-
proteinemia, a disease that is associated with lower plasma
cholesterol levels and reduced CVD risk.132 In familial hypo-
betalipoproteinemia, hepatic TG accumulation is usually
associated with a benign form of hepatic steatosis, whereas
fibrosis and cirrhosis are rare in this condition. Studies have
shown that slightly more than half of patients taking mipo-
mersen had a 9.6% increase in liver fat accumulation after
6 months, but it decreased after mipomersen dose reduction
or discontinuation. After 2 years of taking mipomersen,
patients’ liver enzyme levels and liver fat deposition
decreased toward normal levels. Still, longer term follow-
up is needed to confirm the hepatic safety of mipomersen.
No notable changes were observed in other biochemistry,
hematology, and renal function parameters in these stud-
ies.133 Because of the potential side effects of mipomersen,
this drug is available only through a restricted program
under a risk evaluation and mitigation strategy.

Lomitapide
Mechanism of Action and Pharmacology
Lomitapide (Juxtapid, Aegerion Pharmaceuticals, Cam-
bridge, Massachusetts), which is a small molecule that
inhibits MTP, was recently approved by the FDA as an adju-
vant lipid-lowering therapy for HoFH patients.134,135 MTP is
responsible for transferring TG molecules onto apoB-100
and apoB-48 to assemble VLDL and chylomicrons, respec-
tively, in the liver and intestines.132 Lomitapide reduces
the secretion of these TG-rich lipoproteins and has been
shown to reduce LDL production in HoFH individuals.134,136

The mechanism of action of lomitapide is depicted in
Figure 38-9.132,134,136,137

Lomitapide is administered orally in a dose range of 5 to
60 mg/day and is metabolized in the liver by oxidation, alkyl-
ation, and glucuronidation, among other mechanisms.136

Lomitapide is largelymetabolized by CYP3A4, and therefore,
interacts with several drugs used in clinical practice and
some foods (e.g., grapefruit). Care must be taken, and drug
suspension may even be needed, when coadministering
lomitapide with warfarin, macrolide antibiotics, oral antifun-
gal medications, oral contraceptives, and human immuno-
deficiency virus protease inhibitors, among others.138 Also,
special care must be taken with statins metabolized by
CYP3A4. Lovastatin and simvastatin should be used at half
theirmaximal allowed dosages because of the risk of rhabdo-
myolysis. When giving lomitapide concomitantly with ator-
vastatin, which is a weak CYP3A4 inhibitor, the dose of
lomitapide should not exceed 30 mg/day.

Lomitapide also interacts with medications such as colchi-
cine, dabigatran, digoxin, aliskiren, and sitagliptin, which
are metabolized by P-glycoprotein. Lomitapide metabolites
are excreted in both urine and feces. Doses greater than
40 mg/day must not be used in patients with end-stage renal
disease who are on dialysis or who have mild hepatic
impairment.136

Dosage, Efficacy, and Adverse Events as Monotherapy
A 1-mg/kg/day dose of lomitapide in HoFH patients has been
shown to reduce LDL-C, apoB, and TG levels by approxi-
mately 50%, 55%, and 65%, respectively, but did not change
HDL-C, apoA-I, or Lp(a) concentrations.134 In some patients,
lomitapide increases plasma aminotransferase concentra-
tions and liver fat deposition.

In some patients, lomitapide can cause episodes of diar-
rhea because of its ability to reduce chylomicron synthesis
and inhibit fat absorption. Consuming a low-fat diet (fat con-
tent of 10%–30% of the total caloric value of the diet) can
limit the frequency of diarrhea episodes.

Lomitapide alone or in combination with the cholesterol
absorption inhibitor ezetimibe reduced LDL-C levels more
than ezetimibe monotherapy.139 Ezetimibe 10 mg alone
reduced LDL-C levels by 20% to 22%, whereas 10 mg of lomi-
tapide alone reduced LDL-C levels by 30%. Lomitapide
10 mg and ezetimibe 10 mg given together reduced LDL-C
levels by 46%. In addition, lomitapide 10 mg reduced
HDL-C and apoA-I plasma concentrations by less than
10%. The transitory reduction of HDL-C and apoA-I caused
by lomitapide could be because it reduces fat absorption,
decreases secretion of VLDL and chylomicrons that carry
apoA-I, and/or reduces apoA-I production.140,141

TABLE 38-6 Main Adverse Events in the Four Studies of the Phase 3 Mipomersen Development Program
(Mipomersen: [n¼261] vs. Placebo [n¼129])

VARIABLE
HoFH
(n=51)

SEVERE HYPERCHOLESTEROLEMIA
(n=58)

HeFH WITH CHD
(n=124)

HIGH RISK
(n=157)

Injection-site reactions, % 77 vs. 24 90 vs. 32 93 vs. 42 78 vs. 31

Flulike symptoms, % 29 vs. 24 46 vs. 21 49 vs. 32 34 vs. 21

AST and ALT >3�ULN, % 12 vs. 0 31 vs. 0 15 vs. 2 15 vs. 0

Patient withdrawals, total, % 18 vs. 0 31 vs. 5 12 vs. 0 43 vs. 17

Patient withdrawals, adverse event related, % 12 vs. 0 21 vs. 5 11 vs. 0 23 vs. 5

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CHD, coronary heart disease; HeFH, heterozygous familial hypercholesterolemia; HoFH, homozygous familial
hypercholesterolemia; ULN, upper limit of normal.
(From references 127–130.)
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Lomitapide causes a higher rate of gastrointestinal side
effects and aminotransferase elevations than does ezeti-
mibe. However, all adverse events disappeared after drug
discontinuation.

Phase 3 Study
Research has shown that HoFH patients given an average
dose of 40 mg/day of lomitapide had reductions in LDL-C,
apoB, and TG concentrations of 50%, 49%, and 45%, respec-
tively, after 26 weeks of treatment. Similarly, Lp(a) and HDL-
C levels were reduced at week 26, but these levels returned
to baseline by week 78 (Table 38-7). Of 29 HoFH patients
who took lomitapide, 3 were able to discontinue LA, and
3 others permanently increased the time interval between
LA treatments.135

Safety
Phase 3 studies indicate that the most common side effects
of lomitapide (seen in 28% of patients) are diarrhea, nausea,
vomiting, dyspepsia, and abdominal pain.135 Approximately
one third of study participants had an elevation in at least

one liver enzyme to greater than or equal to 3 times the
upper limit of normal. Approximately 14% of study patients
had elevated liver enzymes at greater than or equal to 5 times
the upper limit of normal. Dose reduction or temporary drug
discontinuation resulted in normalization of liver enzymes.
No clinically significant changes in bilirubin, prothrombin
time, or alkaline phosphatase occurred. As expected,
because of lomitapide's mechanism of action,132 mean
hepatic fat content increased approximately 7.6% on aver-
age (range 0%–30%) by week 26, but no further increases
were reported at week 78. Longer term hepatic safety studies
of lomitapide still need to be conducted.

Because individuals taking lomitapide must consume a
low-fat diet, and because lomitapide causes fat malabsorp-
tion, patients should concomitantly be given vitamin E, lino-
leic acid, α-linolenic acid, eicosapentaenoic acid, and
docosahexaenoic acid supplementation.136 As with mipo-
mersen, because lomitapide can cause adverse events such
as liver toxicity, it is available in the United States only
through a risk evaluation and mitigation strategy program.

TABLE 38-7 Effects of Lomitapide 5 to 60 mg (Average Dose 40 mg/day) on Plasma Lipids, ApoB, and Lp(a)
PATIENT POPULATION
(BASELINE: n=29)

% CHANGE IN
LDL-C

% CHANGE IN
ApoB

% CHANGE IN
TG

% CHANGE IN
Lp(a)

% CHANGE IN
HDL-C

Week 26 (n¼26) –50* –49* –45* –15* –12*

Week 56 (n¼26) –44* –45* –29* –19* 1

Week 78 (n¼26) –38* –43* –31* –1 –5

apo, apolipoprotein; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); TG, triglyceride.
Baseline lipid levels (n¼29): LDL-C¼336 mg/dL; apoB¼259 mg/dL; triglycerides¼92 mg/dL; HDL-C¼43 mg/dL; Lp(a)¼67 mg/dL.
*Significant change versus baseline.

(From reference 135.)

Lower VLDL, LDL,
chylomicrons, and

chylomicron remnants

Blood vessel

Intestinal epithelial cell

Cytoplasm

ER

Lumen

ApoB48
degraded

MTP

TG

Liver cell

Cytoplasm

ER

Lumen

ApoB
degraded

MTP

FIGURE 38-9 Effects of MTP inhibition by lomitapide. ApoB, apolipoprotein B; ER, endoplasmic reticulum; LDL, low-density lipoprotein; MTP, microsomal triglyceride
transport protein; TG, triglyceride; VLDL, very-low-density lipoprotein. (Modified from references 132,134,136,137.)
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SUMMARY

LA is a safe and effective procedure for lowering plasma cho-
lesterol and reducing cardiovascular events in patients with
uncontrolled hypercholesterolemia. The complexity and cost
of the therapy limit its use in the general FH population. The
recently approved medications for HoFH patients, mipomer-
sen and lomitapide, provide further lipid-lowering benefits for
the FH population. It is hoped that future outcome studies will
demonstrate the ability of these drugs to lower CVD events.
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DEFINITION, SCOPE OF PROBLEM, AND RISK
OF RECURRENT EVENTS

Acute coronary syndrome (ACS), which encompasses unsta-
ble angina and acute myocardial infarction (AMI), is diag-
nosed on the basis of rapidly accelerating symptoms of
myocardial ischemia coupled with objective evidence of
acute ischemia from the electrocardiogram and/or elevated
circulating markers of myocardial injury. ACS continues to
present a major challenge to clinicians because of its fre-
quency and because of the subsequent high risk of recurrent
ischemic cardiovascular events. In the United States, more
than one million hospitalizations for ACS occur annually.1

In recent years, outcomes after ACS have improved, most
likely because of the widespread implementation of medical
treatments such as intensive statin and dual antiplatelet ther-
apy, and improvements in catheter-based and surgical coro-
nary revascularization.

Notwithstanding these advances, cardiovascular risk
remains quite high after an ACS event. For example, in four
large clinical trials published between 2009 and 2012, the risk
of cardiovascular death, nonfatal myocardial infarction (MI),
or ischemic stroke during the 6months following anACS event
averaged approximately 8%.2–5 Such observations may not be
surprising if one considers that an ACS event often heralds dif-
fuse arterial inflammation, rather than a single locus of plaque
instability.6,7 Thus, even after the lesion deemed the “culprit”
for an ACS event has been treated with a revascularization pro-
cedure and antiplatelet agents, the potential remains for other
coronary or cerebrovascular lesions to become unstable.
Accordingly, lipid ormetabolic interventionswith thepotential
to stabilize lesions throughout the arterial system wall may
complement the benefits of revascularization and antiplatelet
therapy to reduce the risk of recurrent ischemic events after
ACS. This chapter reviews the evidence supporting the early
and intensive use of statins in this context and the ongoing
attempts to identify other lipid, metabolic, and antiinflamma-
tory strategies that add benefit to that of statins.

EFFECT OF RECENT ACUTE CORONARY
SYNDROMES ON LIPID AND LIPOPROTEIN
MEASUREMENTS

Relationships between plasma lipids or lipoproteins and
prognosis after ACS may help to guide rational approaches
to lipid-modifying therapy. However, the acute-phase sys-
temic inflammatory response that may follow ACS affects cir-
culating concentrations of lipids and lipoproteins. In
addition to manifestations such as fever, leukocytosis, and
an elevated erythrocyte sedimentation rate, some acute-
phase reactants, such as C-reactive protein (CRP), increase
in concentration, whereas others, such as apolipoprotein
(apo) AI and apoB, decrease in concentration after an
ACS event, resulting in decreased high-density lipoprotein
cholesterol (HDL-C) and low-density lipoprotein (LDL-C)
levels. These levels begin to decrease within 24 hours after
an ACS event,8,9 reach a nadir at approximately 1 week,
and then recover gradually with the reattainment of meta-
bolic steady state within 1 month.10,11 Decreases in LDL-C
are more pronounced than decreases in HDL-C. Some evi-
dence suggests that the anti-oxidant, antiinflammatory,
and cholesterol efflux properties of HDL are altered after
ACS.12 Conversely, triglyceride and lipoprotein(a) [Lp(a)]
levels tend to rise after an ACS event.8,13 The magnitude of
change in lipoprotein concentrations is related to the extent
of myocardial necrosis. Studies before the widespread
implementation of early reperfusion strategies reported tran-
sient suppression of LDL-C levels by as much as 30%13; how-
ever, more recent analyses indicate smaller changes, on the
order of 10%.8,14 Changes in nonlipid drug therapy after ACS
may also influence lipid measurements; for example, initia-
tion of β-blocker therapy may contribute to a rise in triglyc-
erides.15 The practical implication of acute-phase effects on
lipids and lipoproteins is that accurate measurements are
best made as soon as possible after presentation and/or sev-
eral weeks later. Nonetheless, it is fair to say that if LDL-C
levels are higher than desirable during the acute-phase
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response following an ACS event, they will almost certainly
be undesirably high during metabolic steady state.

EVIDENCE SUPPORTING EARLY
AND INTENSIVE STATIN THERAPY AFTER
ACUTE CORONARY SYNDROME

Previous chapters of this book reviewed the strong epidemi-
ologic data linking elevated levels of atherogenic lipopro-
teins, as reflected by LDL-C, and reduced levels of
protective lipoproteins, as reflected by HDL-C, to the initial
development of coronary heart disease (CHD). Older
observational data, antedating the statin era, indicate
that the cardiovascular risk of patients with established
CHD (e.g., patients with stable angina pectoris, remote MI,
or previous coronary revascularization) is related directly
to total cholesterol concentration and inversely to HDL-C
concentration.16–18

In 1987, lovastatin became the first statin approved for use
in the treatment of dyslipidemia. In succeeding years, an
impressive body of data was amassed from large, placebo-
controlled trials that established the efficacy of statins to
reduce cardiovascular risk in conjunction with lower levels
of LDL-C and other atherogenic lipoproteins. These land-
mark trials included the Scandinavian Simvastatin Survival
Study,19 the Cholesterol and Recurrent Events study,20 the
Long-Term Intervention with Pravastatin in Ischaemic Dis-
ease study,21 and the Heart Protection Study.22 The results
of these trials led to the widespread adoption of statins for
treatment of patients with established CHD or with high risk
for CHD. The early landmark statin trials excluded patients
with ACS within 3 to 6 months before randomization (i.e.,
within the highest risk period). Moreover, the results of the
landmark trials indicated that 1 to 2 years of statin treatment
were required before a reduction in events could be dis-
cerned. The delayed benefit observed in initially stable
patients led to an assumption that statin therapy would
not produce early benefit in patients with recent ACS. This
view was reinforced by experimental and angiographic evi-
dence that lipid lowering promotes gradual removal of lipid
from atherosclerotic plaques, leading to gradual, modest
regression of arterial stenoses.
However, by the mid-1990s, other observations provided

reasons to predict that statins might be beneficial in the
early weeks andmonths after an ACS event. First, it was pro-
posed that the delayed benefit of statin treatment in clini-
cally stable populations reflected the fact that a
prolonged period of time is required to accrue a sufficient
number of modifiable events when the event rate is rela-
tively low. In contrast, in an ACS population, potentially
modifiable events occur at a more rapid rate, and therefore,
benefit might be discerned sooner. Second, the landmark
trials employed moderate-intensity statin treatment, such
as pravastatin 40 mg/day or simvastatin 20 to 40 mg/day.
It was postulated that to achieve a benefit of statin therapy
in the early period after an ACS event, high-intensity treat-
ment would be required (i.e., the highest doses and/or
use of the most potent statins). Third, both experimental
and clinical evidence accrued to indicate that statins have
the potential to act rapidly to normalize the interface
between the bloodstream and vessel wall. Such effects
include antiinflammatory actions, improvement in endo-
thelial integrity and function, antithrombotic effects, and

favorable plaque remodeling. Some of the data supporting
these effects are summarized in the following section.

Antiinflammatory Effects
Pathologic studies have shown that inflammatory infiltrates
are prominent in the ruptured plaques responsible for
ACS,23,24 Clinical studies have shown that heightened
inflammation of coronary atheromas is not limited to an indi-
vidual “culprit” lesion, but rather, is widespread in the coro-
nary arteries of patients with ACS. Such evidence includes
studies that have detected an elevated temperature in
noncuprit coronary lesions by thermography,7 abnormal
activation of leukocytes in the coronary artery contralateral
to the site of the culprit lesion in ACS,6 and detection of
widespread increased uptake of deoxyglucose in the coro-
nary arterial wall by positron emission tomography
(Fig. 39-1).25 Accordingly, therapies that suppress inflam-
mation throughout the arterial system may provide comple-
mentary clinical benefit to mechanical revascularization
procedures for specific coronary lesion sites. Beneficial
effects of statins after ACS may be partially attributable to
antiinflammatory actions. These actions may be mediated,
in part, by reduction in circulating levels of proinflamma-
tory, oxidized lipoproteins.26,27 In addition, statins may exert
direct and rapid antiinflammatory effects independent of
changes in circulating lipoproteins. Such effects are sup-
ported by in vitro studies in which the addition of a statin
to a medium suppresses inflammatory responses without
altering the lipid milieu.28

In clinical practice, vascular inflammation is difficult to
detect directly. However, it may lead to elaboration of circu-
lating markers that indirectly reflect the underlying inflam-
matory process. Among these markers are CRP,
lipoprotein-associated phospholipase A2 (Lp-PLA2) and
secretory phospholipase A2 (sPLA2), soluble CD40 ligand
(sCD40L), intercellular adhesion molecule–1, and placental
growth factor. Each may be elevated after an ACS event and
may be associated with an adverse prognosis.29–33 In some
cases, the greatest absolute benefit of statin treatment may
be in patients who exhibit the greatest suppression of inflam-
matory markers with treatment.34

Suppression of circulating inflammatory markers by sta-
tins may be rapid, suggesting a possible mechanism for early
clinical benefit after an ACS event. For example, in a study of
90 patients with ACS selected for high initial values of CRP,35

treatment with atorvastatin 40 mg/day was associated with a
mean decline in CRP of 43 mg/L by hospital discharge (an
average of 4 days after initiation of treatment), compared
with a mean decline of 5 mg/L over the same period of time
among patients treated with placebo.

Endothelial Function
Statins may act rapidly to improve vascular endothelial func-
tion. Atherosclerosis is associated with impaired coronary
endothelial function, and this is particularly evident in
patients with ACS.36 Hyperlipidemia contributes to endothe-
lial dysfunction by reducing expression and activity of nitric
oxide synthase and by increasing catabolism of nitric oxide.
Conversely, correction of hyperlipidemia with statins can
partially restore endothelial function by upregulating expres-
sion of endothelial nitric oxide synthase.37 Moreover, statins
promote mobilization of circulating endothelial progenitor
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cells that help to repair damaged endothelium.38 The poten-
tial benefit of statins on endothelial function and mobiliza-
tion of endothelial progenitor cells after ACS may be
independent of a reduction of LDL-C. Landmesser et al.
found nearly identical reductions in LDL-C in two groups
of patients with nonischemic heart failure: one group was
treated with low-dose simvastatin, and the other group
was treated with ezetimibe. Radial artery endothelial func-
tion and the population of circulating endothelial progenitor
cells increased in the statin group, but not in the ezetimibe
group.39

A meta-analysis of placebo-controlled trials indicates that
statin treatment improves coronary and peripheral artery
endothelial function.40 Studies performed in the cardiac
catheterization laboratory show that coronary endothelial
dysfunction in patients with chronic CHD or ACS can be cor-
rected, at least partially, after several months of statin treat-
ment (Fig. 39-2).41,42 A study of 27 patients with stable
CHD indicated that abnormal coronary vasoconstrictor
responses to intracoronary acetylcholine, which indicates
endothelial dysfunction, were attenuated within 24 hours
of a single dose of pravastatin 40 mg, but not with placebo.43

In contrast, two other trials in patients who underwent

elective coronary angiography failed to show significant
improvement in coronary endothelial vasodilator responses
after 6 months’ treatment with cerivastatin44 or 3 months’
treatment with pravastatin.45

Antithrombotic Effects
Thrombosis is involved in the pathogenesis of ACS and early
recurrent events after an initial ACS event. Hyperlipidemia
promotes a prothrombotic state, and conversely, lipid lower-
ing may help to reverse a prothrombotic tendency. Hyperlip-
idemia may increase platelet activation,46 promote
thrombosis through decreased production of nitric oxide
by the vascular endothelium, and increase secretion of tis-
sue factor by activated macrophages.47 Conversely, treat-
ment with a statin has been shown to inhibit production
of thromboxane by platelets,48 enhance nitric oxide
synthase expression and nitric oxide production by vascular
endothelial cells,49 and inhibit tissue factor–mediated
thrombin formation by activated macrophages.50 The
in vitro observations occur in the absence of any changes
in the lipid milieu, suggesting that these reactions are direct
effects of the statin.

p = 0.02

ACS
Recently stented

M
ed

ia
n 

F
D

G
 u

pt
ak

e

Stable
Recently stented

Stable
Remotely stented

p = 0.006

ACS: New Stent

A

L. main
coronary

Aorta

S
te

nt

B C

Stable Syndrome, New Stent Stable Syndrome, Old Stent

FIGURE 39-1 Evidence of widespread coronary arterial inflammation in ACS. FDG-PET can be used to detect areas of enhanced metabolic activity in the arterial wall,
indicating areas of inflammation. A to C, Examples of FDG-PET images of the coronary artery and ascending aorta in three patients presenting with chest pain syndromes. In a
patient who presented with ACS (A), there is substantial FDG uptake in the ascending aorta, the left main coronary artery, and around the coronary stent implanted at the
presumed culprit lesion. Enhanced FDG uptake is more likely attributable to ACS than to coronary manipulation and stenting. This inference is based on less pronounced FDG
uptake in patients with stable coronary syndromes with recent (B) or long-term (C) coronary stents, compared with the patient with ACS. Bottom panel, Box and whisker plot
of relative FDG-PET uptake in the three categories of patients. ACS, acute coronary syndrome; FDG-PET, Fluorodeoxyglucose positron emission tomography. (Modified from
Rogers IS, Nasir K, Figueroa AL, et al. Feasibility of FDG imaging of the coronary arteries: comparison between acute coronary syndrome and stable angina. JACC Cardiovasc
Imaging 2010;3:388-397.)
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Plaque Remodeling
Data from trials that used intracoronary ultrasound imaging
indicated that statins may promote rapid and favorable phys-
ical remodeling of atherosclerotic plaques after ACS; this
remodeling occurred within a much shorter time frame than
previously thought possible based on pathologic or angio-
graphic regression studies in animals and humans. Several tri-
als, which evaluated 20 to 252 patients, demonstrated a
reduction in coronary atheroma volumewithin 2 to 12months
of initiating a statin at the time of an ACS event.51–54

Larger trials have shown that intensive statin treatment
leads to favorable plaque remodeling, including regression,
and is more effective in this regard than moderate-intensity
treatment. The Reversal of Atherosclerosis with Aggressive
Lipid Lowering trial compared the effects of 18-month treat-
ment with atorvastatin 80 mg/day or pravastatin 40 mg/day
on coronary atheroma volume in 502 patients.55 Approxi-
mately 71% of patients were statin-naïve at entry. Atorvastatin
80 mg slowed progression of coronary atherosclerosis com-
pared with pravastatin 40 mg. A Study to Evaluate the Effect
of Rosuvastatin on Intravascular Ultrasound-Derived Coronary

Atheroma Burden56 evaluated the effect of rosuvastatin
40 mg/day over 24 months on coronary atheroma volume
in 349 patients with CHD. All patients were statin-naïve at
entry, and approximately one in six had ACS at study entry.
Plaque regressionwas demonstrated, but therewas no control
group. The Study of Coronary Atheroma by Intravascular
Ultrasound: Effect of Rosuvastatin versus Atorvastatin (SAT-
URN)57 compared the effects of atorvastatin 80 mg with rosu-
vastatin 40 mg/day on coronary atheroma volume over
24 months in 1039 patients. ACS was present in 35% of the
patients at study initiation (SJ Nicholls, personal communica-
tion, March 01, 2013). Unlike the preceding trials, approxi-
mately 60% of patients had been treated with a statin before
randomization. Both statins produced atheroma regression
over the defined observation period.

Clinical Data Supporting Early and Intensive
Statin Treatment
Cardiovascular Outcomes: Observational Data
Observational data and post hoc subgroup analyses of clin-
ical trials generally support a benefit of statin therapy after an
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FIGURE 39-2 Improvement in coronary artery endothelial function with statin treatment. Top, Coronary angiograms of patients treated with lovastatin or placebo.
Patients were randomized to treatment with lovastatin 40 mg twice daily or placebo. Cardiac catheterizations were performed at baseline and after a mean of 5.5 months of
treatment. In a patient treated with placebo (left panels), intracoronary acetylcholine produced coronary vasoconstriction on both baseline and follow-up studies, indicating
endothelial dysfunction. In contrast, in a patient treated with lovastatin (right panels) acetylcholine-induced vasoconstriction was present at baseline, but vasodilation was
observed after 6 months of treatment, indicating improvement in endothelium-mediated vasodilation. Bottom panel, mean response of epicardial coronary artery diameter to
intracoronary acetylcholine. After a mean of 5.5 months of treatment with placebo, abnormal dose-dependent vasoconstriction was observed in response to intracoronary
acetycholine administration (blue relation). Treatment with lovastatin abolished this abnormal response (red relation). (Modified from Treasure CB, Klein JL, Weintraub WS,
et al. Beneficial effects of cholesterol-lowering therapy on the coronary endothelium in patients with coronary artery disease. N Engl J Med 1995;332:481-487.)
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ACS event, but individual analyses vary widely in the magni-
tude of estimated effect. A Swedish cohort of 20,000 patients
who had a first AMI was followed prospectively for 1 year.
After adjusting for 42 covariates and a propensity score for
statin use, prescription of a statin at hospital discharge was
associated with a large reduction in 1-year mortality com-
pared with discharge without statin treatment (relative risk
[RR] 0.75; P¼0.001).58 Similar findings were obtained in a
multivariate analysis of greater than 20,000 patients with
ACS enrolled in the Global Use of Streptokinase or t-PA for
Occluded Coronary Arteries IIb and Platelet Glycoprotein
IIb/IIIa in Unstable Angina: Receptor Suppression Using
Integrilin Therapy studies. Use of a lipid-lowering medica-
tion at hospital discharge was associated with an odds ratio
of 0.67 (P¼0.02) for death at 6 months compared with no
lipid-lowering therapy.59 In contrast, an analysis of greater
than 12,000 patients with ACS in the Sirofiban vs. Aspirin
to Yield Maximum Protection from Ischemic Heart Events
Post-Acute Coronary Syndromes (SYMPHONY) and 2nd
SYMPHONY trials found no apparent effect of early statin
use on 1-year mortality (adjusted hazard ratio [HR] 0.99).60

Observational data also suggest that initiation of statin
treatment during hospitalization for ACS improves in-
hospital outcomes. In an analysis of the National Registry
of Myocardial Infarction,61 data on in-hospital treatment
and outcomes were collected in 17,000 patients who contin-
ued statin therapy that was initiated before their index AMI
hospitalization, 22,000 patients who initiated statin therapy
within 24 hours of AMI hospitalization, and 126,000 patients
who did not receive statin treatment. After adjustment for
covariates and propensity scoring, the odds ratio for in-
hospital mortality was 0.46 with continued statin therapy
and 0.42 for newly started therapy, compared with no ther-
apy. The Euro Heart Survey62 compared outcomes in 1426
patients who received statins and survived the first 24 hours
after an ST-elevation AMI with outcomes in 6771 patients
who did not receive statins and survived at least 24 hours.
In multivariate analysis, 7-day mortality was significantly
lower (HR 0.34; 95% confidence interval [CI] 0.15–0.79)
among treated patients. The Global Registry of Acute Coro-
nary Events (GRACE)63 examined outcomes in approxi-
mately 15,000 patients in 14 countries who were not
treated with a statin before an index ACS event. Compared
with patients who never received a statin, in-hospital
initiation of a statin was associated with a RR of 0.87 for
in-hospital death, reinfarction, or stroke.

Because observational or post hoc subgroup analyses are
inherently limited by unaccounted-for differences between
nonrandomized treatment groups, these analyses must be
considered “hypothesis generating” and do not substitute
for randomized, placebo-controlled trials to provide more
conclusive testing of hypotheses.

Randomized Clinical Trials of Statins in Acute
Coronary Syndrome
Three large randomized, controlled trials that were powered
to detect effects on clinical outcomes provided the founda-
tion for the current understanding of the role of statins after
ACS events (Table 39-1). These were the Myocardial
Ischemia Reduction with Aggressive Cholesterol Lowering
(MIRACL),64 A-to-Z,11 and Pravastatin or Atorvastatin Evalu-
ation and Infection Therapy (PROVE IT)65 trials. The MIR-
ACL trial compared high-intensity statin treatment
(atorvastatin 80 mg/day) with placebo for 4 months. The

A-to-Z trial had a two-phase design, in which statin treatment
(simvastatin 40 mg/day for the first month, then 80 mg/day)
was first compared with placebo for 4 months, followed by
transition of the placebo group to simvastatin 20 mg/day
from 4 months to 2 years of treatment. PROVE IT compared
two active treatments, high-intensity treatment with atorva-
statin 80 mg/day andmoderate-intensity treatment with prav-
astatin 40 mg/day, for 2 years. In each trial, the primary
efficacy measure was a composite of cardiovascular out-
comes (Table 39-1).

The trials differed in the use of adjunctive coronary revas-
cularization for the index ACS event. To minimize the influ-
ence of periprocedural events, MIRACL was limited to
patients in whom the initial ACS event was managed medi-
cally, without revascularization before randomization. In
contrast, revascularization procedures for the index ACS
event were performed in 44% and 69% of the patients in
the A-to-Z and PROVE IT studies, respectively. Another
important difference between these trials is that MIRACL
and A-to-Z excluded patients already treated with a statin
at the time of the index ACS event. In PROVE IT, 25% of
the patients had antecedent lipid-modifying therapy.
Although the trials had no lower limit on total cholesterol
or LDL-C at baseline, each trial had an upper limit of total
cholesterol at randomization of 240 to 270 mg/dL.

In MIRACL, the 4-month composite efficacy measure of
death, reinfarction, cardiac arrest, or recurrent unstable
angina was reduced from 17% in the placebo group to
15% in the atorvastatin group (P¼0.048; Fig. 39-3A). Consis-
tent benefit of atorvastatin 80 mg was observed in patients
with metabolic syndrome66 and in the elderly.67 Among
the components of the primary composite efficacy measure,
the most pronounced effect of atorvastatin 80 mg was on
recurrent unstable angina (reduced by 26%). Although not
a component of the primary endpoint in MIRACL, stroke
was reduced by 50% (from 1.6% in the placebo group to
0.8% in the atorvastatin group; P¼0.045).68 The reduction
in stroke with atorvastatin 80 mg/day in MIRACL is consistent
with the effect observed in the placebo-controlled Stroke
Prevention by Aggressive Reduction in Cholesterol Levels
(SPARCL) trial,69 in patients with previous stroke or transient
ischemic attack. Overall, MIRACL indicated that early and
intensive statin therapy after an ACS event is both effective
and efficient. The trial results led to an estimate that 38
patients need to be treated with atorvastatin 80 mg/day for
4 months (a total of 13 patient-years of treatment) to prevent
one death, reinfarction, or recurrence of unstable angina,
and that 125 patients need to be treated for 4 months (41
patient-years) to prevent one stroke.

Surprisingly, no relationship was observed between base-
line LDL-C or apoB (measured 1–4 days after ACS) and 16-
week cardiovascular risk in either treatment arm of
MIRACL.70 Multivariate analysis that incorporated treatment
assignment and LDL-C indicated a HR of 1.000 per 1-mg/dL
increase in LDL-C (i.e., a null relationship). One might spec-
ulate that the absence of a relationship between LDL-C and
short-term risk in this study was the result of two counterba-
lancing factors. On one hand, higher levels of LDL-C might
be associated with greater risk through promotion of athero-
sclerosis. On the other hand, patients with a poorer progno-
sis because of larger infarcts might have had lower levels
of LDL-C measured shortly after the ACS event because of
greater acute-phase depression of lipoproteins. However,
when troponin I level at randomization (as a surrogate
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for infarct size) was incorporated into multivariate models
that related lipoprotein levels to risk, there was still no evi-
dence of a relationship between LDL-C measured shortly
after an ACS event and 16-week risk. Moreover, although
atorvastatin reduced LDL-C by approximately 50% and car-
diovascular risk by 16% compared with placebo, the change
in LDL-C from baseline to 6 weeks did not predict the risk of a
cardiovascular event between 6 and 16 weeks. Thus, the
results from MIRACL suggest that effects of atorvastatin
beyond those on LDL-C may have contributed to clinical
benefit.
In the placebo-controlled phase of the A-to-Z trial, simva-

statin 80 mg/day reduced LDL-C and CRP to similar extents
as did atorvastatin 80 mg/day in MIRACL. In both trials, aver-
age LDL-C at 4 months was 62 to 63 mg/dL, lower in the statin
arm than in the placebo arm. At 4 months in the A-to-Z study,

simvastatin 80 mg reduced CRP levels to amedian of 1.7 mg/
L (compared with 2.3 mg/L in the placebo arm), and in
MIRACL, atorvastatin 80 mg reduced median CRP to
1.9 mg/L (compared with 2.9 mg/L in the placebo arm).71

However, simvastatin did not reduce major cardiovascular
events during the first 4 months following an ACS event
(HR 1.01; 95% CI 0.83–1.25; P¼0.89), whereas atorvastatin
did reduce the risk of major coronary events (HR 0.84;
95% CI 0.70–1.00) (Fig 39-3B) and stroke (HR 0.49; 95%
CI 0.24–0.98) during this time frame. A post hoc analysis
of the A-to-Z study that was limited to the period beginning
at 4 months after randomization (i.e., during the period in
which simvastatin 80 mg/day was compared with simva-
statin 20 mg/day) indicated lower cardiovascular risk in
the group treated with the higher dose of simvastatin. In com-
posite, the findings from MIRACL and A-to-Z trials suggest

TABLE 39-1 Completed Major RCTs that Evaluated the Effects of Lipid-Modifying Therapies on Cardiovascular
Outcomes after ACS

TRIAL

TREATMENT
A

ACHIEVED
LDL-C*

TREATMENT
B

ACHIEVED
LDL-C*

DURATION
OF

TREATMENT

NO. OF
PATIENTS
RANDOMIZED

PRIMARY ENDPOINT
DEFINITION RESULTS

MIRACL
200164

Placebo
135 mg/dL

Atorvastatin
80 mg

72 mg/dL

4 months 3086 Death, AMI, hospitalization
for recurrent unstable
myocardial ischemia, or
cardiac arrest with
resuscitation; stroke was
a secondary endpoint

Atorvastatin reduced primary
endpoints from 17.4% in the
placebo group to 14.8% in
the atorvastatin group
(P¼0.048). Strokes were
reduced from 1.6% to 0.8%
(P¼0.045).

PROVE IT
200465

Pravastatin
40 mg

95 mg/dL

Atorvastatin
80 mg

62 mg/dL

2 yrs 4162 Death, AMI, hospitalization
for recurrent unstable
myocardial ischemia,
coronary
revascularization, or
stroke

Fewer endpoints with
atorvastatin (22.4%) than
with pravastatin (26.3%)
(P¼0.005). Atorvastatin
reduced death or AMI by
18% (P¼0.06).

A-to-Z
200411

Placebo
122 mg/dL†

followed by
simvastatin

20 mg
77 mg/dL†

Simvastatin
40 mg

68 mg/dL†

followed by
simvastatin
80 mg

63 mg/dL†

1–4 months
2 yrs

4497 Cardiovascular death, AMI,
hospitalization for
recurrent unstable
myocardial ischemia, or
stroke

No significant difference
between groups. In the
placebo-controlled phase
(up to 4 months), primary
endpoints occurred in 8.1%
of placebo patients and
8.2% of simvastatin-treated
patients. At 2 yrs, events
occurred in 16.7% of the
placebo! simvastatin
20 mg group and 14.4% of
the simvastatin
40 mg! simvastatin 80 mg
group (P¼0.14).

PACT
200473

Placebo;
on-treatment

LDL-C not
reported

Pravastatin
20–40 mg;

on-treatment
LDL-C not
reported

1 month 3408 Death, AMI, or
hospitalization for
recurrent unstable
myocardial ischemia

No significant difference for
primary endpoint, which
occurred in 12.4% of the
placebo group and 11.6%of
the pravastatin group.

dal-OUTCOMES
201278

Placebo
HDL-C

43 mg/dL
(at 1 month
of treatment)

Dalcetrapib
600 mg

HDL-C
55 mg/dL
(at 1 month
of treatment)

31 months,
mean

15,871 Death from CHD, nonfatal
MI, ischemic stroke,
unstable angina, or
cardiac arrest with
resuscitation

Dalcetrapib raised HDL-C by
30%, with minimal effect on
LDL-C. No significant
difference for primary
endpoints, which occurred in
8.3% of the dalcetrapib
group and 8.0% of the
placebo group.

A to Z, Aggrastat to Zocor; ACS, acute coronary syndrome; AMI, acute myocardial infarction; CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; MI, myocardial infarction; MIRACL, Myocardial Ischemia Reduction with Aggressive Cholesterol Lowering; PACT, Pravastatin in Acute Coronary
Treatment; PROVE IT, Pravastatin Or Atorvastatin Evaluation And Infection Therapy; RCT, randomized clinical trial.
*HDL-C levels indicated for dal-OUTCOMES.
†Median values.
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that the efficacy of high-dose atorvastatin versus simvastatin
may differ during the early period after an ACS event, and
that beneficial effects of the former agent may not depend
on the magnitude of LDL-C reduction achieved during
this period.

In PROVE IT, the composite endpoint of death, reinfarc-
tion, stroke, recurrent unstable angina, or unanticipated cor-
onary revascularization was reduced from 26.3% in the
pravastatin 40-mg group to 22.4% in the atorvastatin 80-mg
group at 2 years (P¼0.005)65 (Fig. 39-3C). The difference
in event rates between groups became statistically signifi-
cant at 6 months, and absolute event reduction with atorva-
statin continued to increase over the subsequent duration of
the study. PROVE IT corroborates MIRACL in demonstrating
the efficacy of atorvastatin 80 mg after ACS events, with MIR-
ACL demonstrating superiority of that treatment over pla-
cebo during 4 months and PROVE IT demonstrating
superiority over moderate-intensity statin treatment during
2 years.

It is possible that atorvastatin at doses of less than 80 mg/
day or statins other than atorvastatin are also effective in
reducing cardiovascular risk after ACS events; however,
other treatments have not been proven to be efficacious
in randomized, controlled trials measuring clinical out-
comes. The Lescol Intervention Prevention Study compared
fluvastatin 80 mg/day with placebo in 1677 patients and
included a subgroup of 824 patients with unstable angina.
Overall, fluvastatin reduced major cardiovascular events
over 4 years (RR 0.78; 95% CI 0.64–0.95), but this trial did
not specifically address the role of statins after ACS.72 The
Pravastatin in Acute Coronary Treatment (PACT) trial ran-
domized 3408 patients with ACS to treatment with prava-
statin 20 to 40 mg/day or placebo for 1 month.73 Major
cardiovascular event rates did not differ between groups,
indicating that early, brief, low-to-moderate intensity statin
therapy had no effect on cardiovascular outcomes following
ACS.

Antiinflammatory effects may be central to the early ben-
efits of intensive statin treatment after ACS. CRP was reduced
to a greater extent with atorvastatin 80 mg than with prava-
statin 40 mg in the PROVE IT trial, and CRP reduction was
associated with clinical benefit.65 Patients who achieved
CRP levels less than 1 mg/L appeared to have a better prog-
nosis than those who achieved levels less than 2 mg/L.74 Bio-
markers other than CRP also suggest the importance of early
antiinflammatory effects of statins. Placebo patients in the
MIRACL trial with an initial plasma concentration of sCD40L
above the 90th percentile for the study population had a sig-
nificantly higher risk of a subsequent ischemic event com-
pared with placebo patients with sCD40L concentrations
at or below the 90th percentile. However, the increased risk
associated with a high initial sCD40L was completely abro-
gated by atorvastatin treatment.75 In the PROVE IT trial, ele-
vated levels of Lp-PLA2 after 30 days of statin treatment
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FIGURE 39-3 Key randomized trials that investigated the efficacy of early
statin treatment after acute coronary syndrome. A, The MIRACL trial
compared treatment with atorvastatin 80 mg/day versus placebo for 16 weeks in
3086 patients with ACS. The primary outcome measure, a composite of death,
reinfarction, cardiac arrest, or recurrent unstable angina, was reduced from 17.4%
in the placebo group to 14.8% in the atorvastatin group. Thus, this trial
demonstrated that early, intensive statin treatment improves short-term clinical
outcomes after ACS. B, The A-to-Z trial compared immediate, moderate- to high-
intensity treatment with simvastatin (40 mg/day for 1 month, 80 mg/day thereafter)
with delayed, low-intensity treatment (placebo for 4 months, simvastatin 20 mg/day
thereafter) for a total treatment period of up to 2 years in 4497 patients with ACS.
The primary efficacy measure, a composite of death, reinfarction, stroke, or
recurrent ACS, did not differ significantly between treatment arms. However, a post
hoc comparison of events occurring from 4 months to the end of the study (i.e.,
during the period that compared simvastatin 80 mg/day with simvastatin 20 mg/day)
showed improved outcomes in the high-intensity arm. C, The PROVE IT trial
compared high-intensity treatment with atorvastatin 80 mg with moderate-intensity
treatment with pravastatin 40 mg for 2 years in 4162 patients with ACS. The
primary efficacy measure, a composite of death, reinfarction, stroke, recurrent
unstable angina, and unanticipated myocardial revascularization, was reduced from
26.3% in the pravastatin group to 22.4% in the atorvastatin group. Thus, this trial
demonstrated the superiority of high-intensity statin treatment over moderate-
intensity statin treatment in the period following ACS. In composite, the three trials

indicate that early, intensive statin therapy with high-dose atorvastatin is effective in
reducing ischemic cardiovascular events after ACS, and leave open the question of
whether other statins or statin doses might provide similar benefit. (Modified from
Schwartz GG, Olsson AG, Ezekowitz MD, et al. Effects of atorvastatin on early
recurrent ischemic events in acute coronary syndromes: the MIRACL study: a
randomized controlled trial. JAMA 2001;285:1711-1718; de Lemos JA, Blazing MA,
Wiviott SD, et al. Early intensive vs a delayed conservative simvastatin strategy in
patients with acute coronary syndromes: phase Z of the A to Z trial. JAMA
2004;292:1307-1316; and Cannon CP, Braunwald E, McCabe CH, et al. Intensive
versus moderate lipid lowering with statins after acute coronary syndromes. N Engl J
Med 2004;350:1495-1504.)11,64,65
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following ACS were associated with poor prognosis, inde-
pendent of LDL-C and CRP levels. High-intensity treatment
with atorvastatin 80 mg reduced Lp-PLA2 to a greater extent
than moderate-intensity treatment with pravastatin 40 mg/
day.33 Another potentially beneficial antiinflammatory effect
of early statin treatment after an ACS event involves mobili-
zation and clearance of oxidized LDL,76 as discussed in
detail in other sections of this book.
Although the short-term results of the MIRACL study sug-

gested that the beneficial effects of atorvastatin were not
related to initial or on-treatment levels of LDL-C, the longer
term results of PROVE IT suggest that the benefit of intensive
statin therapy after an ACS event is associated with both sup-
pression of inflammatory markers and reduction of LDL-C.
Patients in PROVE IT who achieved LDL-C less than
70 mg/dL and CRP less than 2 mg/L had a favorable progno-
sis compared with patients who achieved either one, or nei-
ther, of these targets (Fig. 39-4).74 Although approximately
two thirds of the patients treated with atorvastatin 80 mg
achieved LDL-C less than or equal to 70 mg/dL, there might
be benefits associated with even lower levels. In patients in
the atorvastatin 80-mg arm of PROVE IT, there was a graded
relationship between ranges of achieved LDL-C (<40, 40–60,
60–80, and 80–100 mg/dL) and prognosis, with the best prog-
nosis in those with an LDL-C level of less than 40 mg/dL.77

The dal-OUTCOMES trial, which evaluated the cholesteryl
ester transfer protein inhibitor dalcetrapib in patients with
recent ACS, provides further evidence that cardiovascular
risk remains related to LDL-C levels after an ACS event, even
on a background of good statin therapy. In dal-OUTCOMES,
97% of 15,871 patients were treated with a statin and achieved
a mean LDL-C concentration of 76 mg/dL. Dalcetrapib had

minimal effect on LDL-C and on cardiovascular events. How-
ever, in both the placebo and dalcetrapib groups, higher LDL-
C levels were associated with greater cardiovascular risk in
both treatment groups. Over a 3-year observation period,
the hazard ratio for a major adverse cardiovascular event
was 1.07 for each 10-mg/dL increment in LDL-C.78

Notwithstanding these observations, it is uncertain
whether the associations of lower LDL-C and CRP levels
due to statin treatment with lower cardiovascular risk after
ACS entirely reflect direct and causal relationships. First,
the extent of LDL-C reduction with statin treatment might
be a surrogate for the magnitude of pleiotropic effects of
treatment that may provide benefits unrelated to LDL-C
reduction.79 Second, lowering of CRP by statins may reflect
the effect of statins to suppress hepatic expression of
CRP80,81 (Fig. 39-5), independent of the effects on arterial
wall inflammation. However, some evidence suggests that
CRP plays a direct role in atherothrombosis,82 in which case,
its suppression by statins may be beneficial, irrespective of
whether the effect is exerted in the liver or vessel wall.
Finally, patients who achieve lower levels of LDL-C or inflam-
matory markers such as CRP on statin treatment may be
those with better medication adherence, not only to statins,
but also to other beneficial treatments.

STATINS WITH PERCUTANEOUS CORONARY
INTERVENTION, OR CORONARY ARTERY
BYPASS GRAFTING

A majority of patients who present with ACS undergo a cor-
onary revascularization procedure. Therefore, it is important
to consider whether efficacy of statins after ACS may be
caused, at least in part, by a periprocedural benefit.
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FIGURE 39-4 Achievement of LDL-C and CRP targets is associated with risk
reduction with statin treatment after ACS. In the PROVE IT trial, patients with
ACS treated with pravastatin 40 mg/day or atorvastatin 80 mg/day who achieved
LDL-C levels less than 70 mg/dL and CRP less than 2 mg/L had a lower recurrent
event rate than those who achieved only one of these two targets. Patients who
achieved neither target had the highest recurrent event rate. The findings suggest
that both the lipid-lowering and antiinflammatory effects of statin treatment may
contribute to clinical benefit after ACS. ACS, acute coronary syndrome; CRP,
C-reactive protein; LDL-C, low-density lipoprotein cholesterol; PROVE IT, Pravastatin
Or Atorvastatin Evaluation And Infection Therapy. (Modified from Ridker PM,
Cannon CP, Morrow D, et al. C-reactive protein levels and outcomes after statin
therapy. N Engl J Med 2005;352:20-28.)
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FIGURE 39-5 Statins act directly on liver to reduce CRP gene expression. Data
show the activity of the promoter of CRP in human hepatoma cells in culture, using a
luciferase reporter gene. The reference value is the activity of the promoter without
stimulation of the cells with IL-1α and without statin treatment. Under unstimulated
conditions (left), neither atorvastatin nor simvastatin affect CRP promoter activity.
With IL-1α stimulation (right), CRP promoter activity increases dramatically, but this
response is suppressed in a dose-dependent fashion by exposure to atorvastatin or
simvastatin at clinically relevant concentrations (1, 3, and 10 μM). These findings
demonstrate that statins have the potential to act directly on the liver to suppress
CRP production. A potential implication is that a reduction in CRP observed in
patients with ACS treated with a statin may not necessarily reflect antiinflammatory
effects in the vasculature or other extrahepatic sites, but rather an effect in the liver.
ACS, acute coronary syndrome; CHD, coronary heart disease; IL, interleukin.
(Modified from Kleemann R, Verschuren L, de Rooij BJ, et al. Evidence for
antiinflammatory activity of statins and PPARα activators in human C-reactive protein
transgenic mice in vivo and in cultured human hepatocytes in vitro. Blood
2004;103:4188-4194.)

461

39Sp
ecialPatien

t
Po

p
u
latio

n
s:A

cu
te

C
o
ro
n
ary

Syn
d
ro
m
es



To delineate the effects of statins in the procedural context,
it is helpful to review the data from series of coronary revas-
cularization procedures performed for indications other than
ACS. This allows the effect of statins on periprocedural car-
diac biomarker elevation to be examined in the absence of
biomarker elevation due to ACS. Such effects might be impor-
tant because elevation of cardiac biomarkers after percutane-
ous coronary intervention (PCI) or coronary artery bypass
grafting (CABG) has been associated with an increased risk
of death, even in the absence of other clinical signs and symp-
toms of an ACS event.83–85 In fact, statin therapy at the time of
PCI or CABG has been associated with less frequent and/or
less pronounced postprocedural elevation of cardiac bio-
markers of myocardial injury,86,87 fewer major adverse car-
diac events88 and strokes,89 a lower incidence of
postprocedural renal insufficiency,90 and greater saphenous
vein graft patency.91 A meta-analysis of 21 trials with 4805
patients also determined that preprocedural statins reduced
postprocedural MI in PCI and noncardiac surgery. Statins
may also reduce the occurrence of atrial fibrillation in
CABG.92 These observations have led to the concept of pre-
procedural statin loading. This strategy was evaluated in ran-
domized controlled trials such as Novel Approaches for
Preventing or Limiting Events II and Atorvastatin for Reduc-
tion of Myocardial Damage During Angioplasty. Preproce-
dural statin loading was associated with lower rates of
cardiovascular death, MI, or target vessel revascularization,
as well as fewer patients with elevated troponin I, after
PCI.93–95 The mechanism by which statins confer benefit
during PCI is uncertain, but it may be related to antiinflam-
matory effects96 or favorable effects on microcirculatory func-
tion.97 Based on existing evidence, recent guidelines indicate
that it is reasonable to administer a high-dose statin before
PCI, either in the setting of stable coronary artery disease or
ACS.98

SAFETY OF INTENSIVE STATIN THERAPY

This chapter has focused on the efficacy of intensive statin
treatment after ACS. However, any therapeutic decision
must be based on a favorable balance between efficacy
and safety. Serious adverse effects, particularly rhabdomyol-
ysis, can occur with any statin at any dosage. However, ator-
vastatin 80 mg has proven to be generally safe in large
clinical trials. In the combined atorvastatin 80-mg arms of
the MIRACL, PROVE IT, Treating to New Targets,99 Incremen-
tal Decrease in End Points Through Aggressive Lipid Lower-
ing,100 SPARCL,101 and SATURN57 trials, a total of 6 cases of
rhabdomyolysis were observed in approximately 60,000
patient-years of assigned treatment, which was an incidence
no higher than that observed with placebo. In the A-to-Z trial,
nine patients treated with simvastatin 80 mg developed cre-
atine kinase levels greater than 10 times the upper limit of
normal in association with muscle symptoms.11 There are
no head-to-head data to support the conclusion that atorva-
statin 80 mg is safer than simvastatin 80 mg/day. However,
results of increased myopathy with simvastatin 80 mg from
the Study of Effectiveness of Additional Reductions in Cho-
lesterol and Homocysteine triggered the U.S. Food and Drug
Administration (FDA) to limit the use of that dose.102

Although the majority of patients with ACS can be treated
safely with high-dose statins, it is important to recognize fac-
tors that increase the risk of statin-induced rhabdomyolysis,

including advanced age, renal or hepatic dysfunction, hypo-
thyroidism, and small body mass, and to individualize treat-
ment accordingly.

Early in the clinical experience with statins, case reports
also emerged regarding statin therapy and proteinuria.103

Such reports triggered an FDA postmarketing analysis that
raised concerns about the renal safety of rosuvastatin,104–
106 which was later demonstrated to have similar risks as
other statins.105,106 On the other hand, some recent meta-
analyses have demonstrated renoprotective properties107

and reduction of proteinuria with statin treatment.108

In addition, statins, and in particular, high-dose statins,109

have been associated with an increased risk of impaired glu-
cose tolerance and type 2 diabetes. Within the Justification
for the Use of Statins in Primary Prevention: an Intervention
Trial Evaluating Rosuvastatin (JUPITER) trial, physician-
reported diabetes was more frequent among patients treated
with rosuvastatin than with placebo.110 Meta-analyses also
indicate a small but increased risk of developing diabetes
with statin use.111,112

Overall, the noncardiovascular safety concerns with inten-
sive statin therapy need to be balanced against the proven
efficacy of this strategy in patients with recent ACS. In such
patients, absolute cardiovascular risk and risk reduction
with intensive statin therapy are substantial, whereas noncar-
diovascular risks remain low and/or unproven. Therefore,
an assessment of benefit/risk ratio for intensive statin therapy
after ACS appears to remain favorable.

TRANSLATING EVIDENCE FROM STATIN
CLINICAL TRIALS TO CLINICAL PRACTICE

At present, statins remain the only class of lipid or metabolic
agents proven to provide clinical benefit after ACS. As such,
they remain a pillar of secondary prevention. To date, no
lipid-modifying agent added to statins has demonstrated
incremental clinical benefit. Although some guidelines have
recommended that statins be employed to achieve specific
target levels of LDL-C in patients with recent ACS,113 it is
important to note that none of the clinical trials that estab-
lished the efficacy of statins in ACS used dose titration to
achieve such targets. Rather, the trials employed fixed doses
of statins without a lower limit on LDL-C at entry. Although it
is possible that other statins or dosages would provide sim-
ilar benefit, the evidence from MIRACL and PROVE IT pro-
vides the strongest support for the use of atorvastatin
80 mg/day after an ACS event in patients who do not have
a contraindication to that treatment. Recent guidelines of
the American College of Cardiology and American Heart
Association for the reduction of blood cholesterol levels rec-
ommend intensive statin treatment (defined as atorvastatin
40–80 mg or rosuvastatin 20–40 mg daily) in patients with
established CHD irrespective of baseline LDL-C, and do
not espouse titration of statin to specific LDL-C targets in such
patients.114

WITHDRAWAL OF STATIN THERAPY

This and preceding chapters of this book have cataloged the
strong evidence supporting the efficacy of statins in reducing
cardiovascular risk. It is also important to consider the poten-
tial consequences of withdrawal of statin therapy, which
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commonly occurs when patients are hospitalized for acute
illness or when there is nonadherence to prescribed treat-
ment. Is there a rebound increase in cardiovascular risk asso-
ciated with statin withdrawal?
Experimental data suggest that this could be the case.

Within a few days after stopping long-term statin therapy,
flow-mediated arterial dilatation, platelet aggregability, and
plasma levels of risk markers such as sCD40L, interleukin-
6, and CRP return to pretreatment levels.115–119 In some stud-
ies, cessation of statin therapy has led to rebound overshoot
activation of G-proteins Rho and Rac, causing oxidative
stress and suppression of nitric oxide bioavailability.120,121

Although no increase in the incidence of ACS was
observed when long-term statin therapy was withdrawn
for 6 weeks in patients with stable CHD,122 some evidence
suggests that interruption of long-term statin therapy could
pose a clinically relevant risk in patients with ACS. In an
analysis of the National Register of Myocardial Infarction,61

patients on long-term statin therapy who had treatment
withdrawn during the first 24 hours of hospitalization for
AMI were at substantially higher risk for in-hospital compli-
cations, including death, compared with patients who con-
tinued to be treated with statins. In an analysis of the
Platelet Receptor Inhibition in Ischemic Syndrome Man-
agement trial,123,124 discontinuation of statin treatment at
the time of hospitalization for ACS was associated with
increased risk of death or reinfarction at 7 days
(P¼0.03), compared with patients who continued statin
treatment. Analysis of the GRACE registry63 revealed dis-
continuation of statin treatment during hospitalization for
ACS resulted in a risk of death, reinfarction, or stroke that
was similar to that in patients who were never treated with
statin, and greater than that in those who continued statin
treatment in hospital. The practical message from these
analyses is that whenever possible, statin therapy should
not be interrupted in patients hospitalized for ACS. It
remains to be determined whether initiation or interruption
of statin therapy affects outcomes of patients hospitalized
with other acute medical or surgical illnesses.

NONSTATIN LIPID-MODIFYING THERAPIES
AFTER ACUTE CORONARY SYNDROME

Because of the residual risk that persists despite optimal
treatment with statins in ACS, intense investigation has
focused on other lipid, metabolic, and antiinflammatory
strategies that may provide incremental benefit.

High-Density Lipoprotein
HDL particles participate in reverse cholesterol transport
from tissue depots such as the arterial wall to the liver. Other
potentially salutary effects of HDL include antioxidant,
antiinflammatory, and antithrombotic actions.125 Although
a relationship between LDL-C and risk is well established
in CHD and in long-term follow-up after ACS, it is less certain
whether an analogous relationship exists with HDL-C con-
centration, and whether any such relationship persists with
a background of statin therapy. A meta-analysis of placebo-
controlled trials of statins in clinically stable populations
indicated a strong, inverse association between HDL-C
and risk in both treatment arms.126

Higher concentrations of HDL-C and/or apoA-I were favor-
ably related to the 16-week prognosis in the MIRACL trial. For
every 1-mg/dL increment in HDL-C, the 4-month risk of com-
posite cardiovascular events declined by 1.4%.70 Similar
findings were obtained in an observational analysis of
1032 patients with ACS who underwent PCI.127 In this cohort,
the risk of major adverse cardiovascular events declined by
2.6% for every 1-mg/dL increase in HDL-C measured during
the index hospitalization, even after accounting for clinical
covariates such as diabetes.

These findings raise the question of whether pharmaco-
logic interventions to raise HDL-C or to provide a form of
its principal apolipoprotein, apoA-I, might reduce cardiovas-
cular risk after ACS. Studies with intracoronary ultrasound
have demonstrated favorable effects of HDL interventions
on plaque morphology after ACS. A reduction in coronary
plaque volume was detected within 5 weeks in ACS patients
treated with infusions of recombinant apoA-IMilano, com-
pared with placebo infusions.128 Favorable trends toward
plaque regression after ACS were also evident after 4 weekly
infusions of reconstituted human HDL compared with pla-
cebo,129 and in a study using delipidated HDL.130 To date,
however, interventions that raise HDL-C have not resulted
in improved cardiovascular outcomes when added to statins
in patients with coronary risk factors, chronic CHD, or recent
ACS. Niacin, with or without the antiflushing agent laropipr-
ant, raised HDL-C by approximately 15% but failed to reduce
risk in patients with chronic CHD or coronary risk factors
treated with simvastatin (Atherothrombosis Intervention in
Metabolic Syndrome with Low HDL/High Triglycerides:
Impact on Global Health Outcomes [AIM-HIGH], Heart Pro-
tection Study 2-Treatment of HDL to Reduce the Incidence of
Vascular Events [HPS2-THRIVE]).131,132 Two large phase 3
trials with cholesteryl ester transfer protein inhibitors were
terminated prematurely for evidence of harm (Investigation
of Lipid Level Management to Understand Its Impact on Ath-
erosclerotic Events [ILLUMINATE])133 or futility (dal-OUT-
COMES).78 In the ILLUMINATE study, torcetrapib was
compared with placebo in 15,067 patients with chronic
CHD who were treated with atorvastatin. Despite an average
72.1% increase in HDL-C and 24.9% decrease in LDL-C with
torcetrapib, cardiovascular morbidity and mortality were
increased compared with placebo.133 Off-target effects of tor-
cetrapib on aldosterone and cortisol production were sus-
pected to be culpable for the harm produced by the
drug,134 prompting investigation of other cholesteryl ester
transfer protein inhibitors that appeared to be devoid of such
effects. In dal-OUTCOMES, dalcetrapib was compared with
placebo in 15,871 patients with recent ACS, 97% of whom
were treated with a statin.78 Despite increasing HDL-C by
approximately 30%, dalcetrapib had no effect on major car-
diovascular events over a median observation time of
31 months (Fig. 39-6).

One potential explanation for these results is that raising
HDL-C by inhibiting cholesteryl ester transfer protein forms
dysfunctional HDL particles, and therefore, does not reduce
clinical risk. Another potential explanation is suggested by
the unexpected observations in the placebo arm of dal-
OUTCOMES. In the nearly 8000 patients in that arm of the
trial, there was no significant relationship between levels
of HDL-C or apoA-I and cardiovascular risk. Because of the
absence of such a relationship in the placebo arm, it might
not be surprising that raising HDL-C in the dalcetrapib arm
did not decrease risk. Importantly, more than 90% of patients
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in dal-OUTCOMES and the AIM-HIGH and HPS2-THRIVE
studies of niacin were treated with a statin. This raises the
question of whether statin treatment alters the dynamics of
cholesterol transfer to HDL, with the consequence that rais-
ing HDL-C conveys no benefit on a background of statin treat-
ment. Clinical and experimental observations provide
support for such a mechanism. The JUPITER trial compared
rosuvastatin 20 mg/daywith placebo in a primary prevention
population of 17,082 patients with LDL-C of less than 130 mg/
dL and CRP greater than or equal to 2 mg/L. The expected
relationship between lower HDL-C and higher cardiovascu-
lar risk was observed in the placebo arm, but was absent
in the rosuvastatin arm.135 Moreover, recent in vitro data indi-
cate that statins reduce the expression of the cholesterol trans-
porter ABCA1 in macrophages, and reduce ABCA1-mediated
transfer of cholesterol frommacrophages to HDL.136 Nonethe-
less, evaluation of other HDL-based therapies is proceeding,
including two large outcomes trials of the cholesteryl ester
transfer protein inhibitors anacetrapib137 and evacetrapib

(www.clinicaltrials.gov NCT01687998), and phase 2 studies
of reconstituted HDL preparations and an inducer of apoA-I
synthesis.138

Peroxisome Proliferator–Activated
Receptor Activators
Peroxisome proliferator–activated receptors (PPARs) are
nuclear receptors that regulate genes involved in lipid
metabolism. Subtypes include PPAR-α and -γ. Agents in both
classes have been shown to produce favorable effects on
plasma lipoproteins, inflammation, endothelial function,
and progression of atherosclerosis as assessed by vascular
imaging.139,140 Some clinical trial data indicate the potential
efficacy of PPAR activators in patients with CHD, although
no trial has specifically evaluated these agents in patients
with recent ACS. A study of the PPAR-α agent gemfibrozil
in 2531 men with established CHD demonstrated a reduc-
tion in CHD death and nonfatal MI141; patients in this trial
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FIGURE 39-6 Effect of dalcetrapib on HDL-C and cardiovascular risk after ACS. The dal-OUTCOMES trial evaluated the effects of dalcetrapib, a cholesteryl ester transfer
protein inhibitor, on lipoproteins and cardiovascular events in patients with recent ACS. At randomization, 97% of patients were treated with a statin, with a mean baseline LDL-C
level of 76 mg/dL. Dalcetrapib raised HDL-C by 30% compared with placebo (top), but no difference was observed between groups in primary endpoint events (death from coronary
heart disease, nonfatal myocardial infarction, hospitalization for unstable angina, resuscitation after cardiac arrest, or stroke from presumed atherothrombotic cause; bottom). These
findings suggest that when LDL-C is well-controlled with statins, raising HDL-C may not result in a further reduction of cardiovascular risk after ACS. ACS, acute coronary syndrome;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. (Modified from Schwartz GG, Olsson AG, AbtM, et al. Effects of dalcetrapib in patients with a
recent acute coronary syndrome. N Engl J Med 2012;367:2089-2099.)
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did not receive statins. The Prospective Pioglitazone Clinical
Trial in Macrovascular Events evaluated the PPAR-γ activator
pioglitazone in 5238 patients with diabetes and evidence of
macrovascular atherosclerotic disease.142 In a subgroup of
2445 patients with previous MI, pioglitazone reduced the risk
of recurrent fatal or nonfatal MI by 28%.143 An ongoing trial is
investigating the effects of pioglitazone on cardiovascular
events in 3876 insulin-resistant, nondiabetic patients with
recent stroke or transient ischemic attack (www.
clinicaltrials.gov NCT00091949).144 However, enthusiasm for
this approach was dampened when a trial that investigated
the effects of a dual PPAR-α/γ activator, aleglitazar, on cardio-
vascular events in 7226 diabetic patients with recent ACS was
stopped early because of safety concerns and lack of cardio-
vascular efficacy.145

Succinobucol
Probucol was developed as a lipid-lowering agent with anti-
atherosclerotic properties.146 It was associated with regres-
sion of carotid atherosclerosis and decreased restenosis
after coronary angioplasty, but its continued use was ham-
pered by HDL-C lowering, variable oral bioavailability,
and prolongation of the QTc interval. Succinobucol, or
AGI-1067, was developed as ametabolically stable derivative
of probucol with antioxidant, antiinflammatory, hypoglyce-
mic, and antithrombotic properties, without QT prolonga-
tion, that showed promise of efficacy in early experimental
studies of atherosclerosis.147 The Aggressive Reduction of
Inflammation Stops Events (ARISE) trial compared succino-
bucol with placebo in 6144 patients with ACS 14 to 365 days
before randomization.148 Succinobucol raised LDL-C and
lowered HDL-C modestly, but significantly, compared with
placebo. Succinobucol had no effect on the composite pri-
mary endpoint of cardiovascular death, resuscitated cardiac
arrest, MI, stroke, unstable angina, or coronary revasculariza-
tion (HR 1.00). However, a secondary composite efficacy
measure of cardiovascular death, nonfatal cardiac arrest,
MI, or stroke (i.e., the “hardest” components of the primary
composite) was reduced by succinobucol (HR 0.81; 95%
CI 0.68–0.98). A tertiary outcome, the incidence of new-onset
diabetes, was markedly reduced with succinobucol
(HR 0.38; 95% CI 0.24–0.56). However, these favorable
outcomes were associated with an unfavorable excess risk
of new atrial fibrillation, bleeding, and anemia. Although
the development of succinobucol has been halted, the
findings from ARISE leave open the possibility that an agent
with a related mechanism of action might provide a favor-
able balance of benefit to risk in patients with ACS.

Antiinflammatory Approaches
As discussed previously, vascular inflammation plays a
key role in the pathogenesis of ACS, and suppression of
inflammatory markers by statins has been associated
with clinical benefit after ACS. These observations have
prompted a search for other antiinflammatory treatments
that might provide complementary clinical benefit to statins
after ACS.
Phospholipase A2 acts to remodel lipoproteins in a man-

ner that may promote oxidative stress and inflammation.
Inhibitors of the secretory and lipoprotein-associated
forms of phospholipase A2, sPLA2 and Lp-PLA2, have been

developed and tested in clinical trials. Varespladib methyl
is an inhibitor of sPLA2 that was evaluated in the Vascular
Inflammation Suppression to Treat ACS for 16 weeks
(VISTA-16) trial. This trial compared varespladib with pla-
cebo in approximately 5000 patients with ACS who were
also treated with atorvastatin 20 to 80 mg/day.149 At
interim analysis, the trial was terminated for futility in fail-
ing to demonstrate efficacy on the primary outcome mea-
sure of cardiovascular death, nonfatal MI, stroke, or
unstable angina. Darapladib is an inhibitor of LpPLA2 that
is being evaluated in phase 3 clinical trials. The Stabiliza-
tion of Plaques using Darapladib–Thrombolysis in Myocar-
dial Infarction 52 (SOLID–TIMI 52) trial150 is evaluating this
agent, compared with placebo, on the risk of major
cardiovascular events in 13,000 patients with recent
ACS. However, a trial comparing darapladib with placebo
in 15,828 patients with chronic CHD did not demonstrate a
favorable effect of darapladib on major adverse cardiovas-
cular events.151

Other novel approaches to suppression of inflammation
are being evaluated in large phase 2 and 3 clinical trials
involving patients with ACS who are also treated with
statins. The Canakinumab Anti-Inflammatory Thrombosis
Outcomes Study is evaluating whether interleukin-1β inhi-
bition reduces MI, stroke, and cardiovascular death in
patients with previous MI whose CRP levels remain greater
than 2 mg/L despite statin treatment.152 Patients are evalu-
ated a minimum of 28 days after an MI. The Cardiovascular
Inflammation Reduction Trial will evaluate whether low-
dose methotrexate, compared with placebo, reduces
major vascular events among post-MI patients with either
diabetes or metabolic syndrome.153 The Study of Losmapi-
mod Treatment on Inflammation and Infarct Size trial will
evaluate the effects of a p38 mitogen-activated protein
kinase inhibitor on infarct size and levels of CRP and B-
type natriuretic peptide in 535 patients with non–ST-
elevation AMI,154 and the Effects of the P-Selectin Antago-
nist Inclacumab on Myocardial Damage after Percutane-
ous Coronary Intervention for Non-ST-Elevation
Myocardial Infarction trial compared the effects of inclacu-
mab, a recombinant monoclonal antibody to P-selectin,
with placebo on cardiac biomarker release in 544 patients
with non–ST-elevation MI who underwent PCI. Inclacumab
infusion was associated with trends toward less pro-
nounced biomarker elevation.155

Proprotein Convertase Subtilisin/Kexin
Type 9 Inhibitors
Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a
serine protease that is predominantly expressed in the liver
and intestine and plays a pivotal role in the regulation of LDL
receptor expression.156 Secreted PCSK9 binds to LDL recep-
tors, promoting their degradation, and thus, raises concen-
trations of LDL-C and atherogenic lipoproteins. In
experiments of nature, gain- or loss-of-function mutations
in PCSK9 are associated with higher or lower LDL-C levels,
respectively, and may modulate the development of athero-
sclerosis.157 On the basis of this knowledge, PCSK9 has
become a target for therapeutic inhibition using antisense
oligonucleotides, small interfering RNA, mimetic peptides,
and adnectins, or monoclonal antibodies. The development
of fully human monoclonal antibodies to PCSK9 has pro-
gressed farthest. In phase 1 and 2 trials, PCSK9 antibodies
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have lowered LDL-C by more than 50%, from a baseline on
statin treatment.158,159 Phase 3 trials are under way to evalu-
ate the efficacy of PCSK9 antibodies on cardiovascular mor-
bidity and mortality in 18,000 patients with recent ACS
(www.clinicaltrials.gov NCT01663402) and in 22,500
patients with established cardiovascular disease (www.
clinicaltrials.gov NCT01764633) and LDL-C of at least
70 mg/dL despite dietary and statin treatment.160
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INTRODUCTION

Solid organ transplantation has become the treatment of
choice for patients with end-stage organ failure. Kidney,
heart, liver, pancreas, and lung transplantation are now
firmly established treatment options. In recent decades,
improved handling of acute rejection episodes and infec-
tion, coupled with advances in surgical procedures, has
improved short-term graft and patient survival. However, pre-
mature cardiovascular disease has been a limitation to
increased long-term survival in solid organ transplanta-
tion.1–4 Many transplant recipients have preexisting cardio-
vascular disease or multiple cardiovascular risk factors at
the time of transplantation. Heart recipients are at risk of
developing a particularly aggressive form of coronary artery
disease known as cardiac allograft vasculopathy (CAV).1 Car-
diovascular risk factors in liver transplant recipients differ
from those in heart or kidney transplantation, primarily
because of the hemodynamic and metabolic changes
associated with chronic liver disease.5,6 Nevertheless, car-
diovascular disease is also an important factor that restricts
long-term survival following liver tranplantation.3,7,8

In contrast to the accumulated experience from large
intervention trials in the general population over the last
15 to 20 years that have demonstrated the benefits of lipid
lowering using statin therapy,9 large controlled trials that
have investigated the effects of lipid lowering on cardiovas-
cular endpoints in solid organ recipients are limited. One
large randomized controlled trial has shown that lipid low-
ering with a statin reduced cardiac morbidity and mortality
in renal transplant receipients.10,11 Two randomized trials in
heart transplant patients also indicated that lipid lowering
with statin therapy has a preventive cardiovascular
effect.12–14 No randomized controlled trials have examined
the effects of lipid-lowering therapy on cardiovascular
events in liver, lung, pancreas, and pediatric solid organ
transplant recipients.

RENAL TRANSPLANTATION

Dyslipidemia is a frequent finding in renal transplant recip-
ients.15,16 Historically, the prevalence was reported to be

greater than 80%,17,18 whereas recent data indicate dyslipi-
demia is present in approximately 50% of these patients.15

The causes of hyperlipidemia in transplantation patients
are more complex than in the general population. Immuno-
suppressive agents and concomitant drugs, such as diuretics
and β-blockers, have a negative effect on the lipid profile,
whereas impaired renal function with or without proteinuria
also contributes to negative effects.19–22 Known risk factors
for increased total cholesterol and low-density lipoprotein
cholesterol (LDL-C) following transplantation include obe-
sity, male gender, and ethnicity.4

The lipoprotein profile following renal transplantation is
characterized by an increase in total cholesterol, LDL-C,
and triglyceride (TG) levels.23–27 An increase of approxi-
mately 25% to 30% in total cholesterol is typical.26,28 The
peak incidence of hypercholesterolemia occurs 3 to
6 months posttransplantation and remains stable at an ele-
vated level from 12months onward after transplantation.29,30

Changes in high-density lipoprotein cholesterol (HDL-C)
after transplantation are more variable, with studies report-
ing unchanged, increased, or decreased levels.31–33 These
differences may be partly caused by variations in the dose
of corticosteroids used in each trial. Increases in TG concen-
tration have also been observed after transplantation.18,24,25

In addition, levels of apolipoprotein B and lipoprotein(a) are
elevated, and LDL oxidation may also increase following
transplantation.34,35 Finally, renal transplantation patients
may exhibit an increased cholesterol absorption rate.36

Aproblem that is specific to the transplantation population
is the impact of immunosuppressive medication. Cortico-
steroids promote insulin resistance, leading to secondary
hyperinsulinemia,witha reduction in lipoprotein lipaseactiv-
ity, overproduction of TG and secretion of very-low-density
lipoprotein (VLDL).37 A significant correlation between corti-
costeroid dose and hyperlipidemia has been observed in
renal transplantation patients,38–40 and the contribution of
corticosteroids to hypercholesterolemia has been demon-
strated in corticosteroid-eliminating studies in which with-
drawal was associated with a significant decrease in
cholesterol and LDL-C.41,42 Hyperlipidemia is also related to
use of calcineurin inhibitor (CNI) therapy (i.e., cyclosporine
and tacrolimus).38,43–45 Total cholesterol levels may be 30 to
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36 mg/dL (0.8–0.9 mmol/L) higher in renal transplantation
patients treated with cyclosporine, prednisolone, and
azathioprine than in those who received prednisolone
and azathioprine alone,46 and trough concentrations of
cyclosporine appear to be correlated with LDL-C levels.46

Cyclosporine interferes with lipid metabolism in several
ways. Cholesterol clearance is reduced, probably via
decreased LDL receptor synthesis and binding.47,48 Lipopro-
tein lipase activity is inhibited, which could explain the in-
crease in TGs.49 Cyclosporine also interferes with the bile
acid biosynthetic pathway, which leads to hypercholesterol-
emia.50 The incidence and severity of tacrolimus-induced
hyperlipidemia are less than in that induced
by cyclosporine therapy, and in general, cyclosporine has a
more detrimental effect on total cholesterol, LDL-C, and
TGs than tacrolimus.45,51 A reduction of 20% to 25% in LDL-
C has been reported after conversion from cyclosporine to
tacrolimus.52,53Wissing et al. reported that switching to tacro-
limus was associated with a significant reduction in LDL-C.54

However, the same authors observed that the addition of
statin therapy to a cyclosporine regimen was amore efficient
way to manage dyslipidemia.54

The proliferation signal inhibitors (PSIs), everolimus and
sirolimus, are stronger inducers of hyperlipidemia than
the CNIs.55,56 The mechanisms by which PSIs affect lipid
levels may be related to changes in lipoprotein lipase57

and an increased production of TGs with increased secre-
tion of VLDL.58 Interference with an insulin-dependent sig-
naling pathway has also been suggested as a means by
which PSI therapy may disturb lipid metabolism.58 Regard-
less of the mechanisms involved, alterations in blood lipid
levels appear to be related to the trough level of PSIs, and
decrease over time after transplantation as PSI blood con-
centrations are reduced.51,59,60 Lipid data from two large
controlled studies in which treatment in renal transplanta-
tion patients was converted to sirolimus have been analyzed
by Blum et al.61 Sirolimus-treated patients had higher lipid
levels than controls, but the difference diminished over time.
At 1 year posttransplantation, mean total cholesterol was
30 mg/dL (0.8 mmol/L) higher in patients randomized to sir-
olimus 5 mg/day than in controls, whichwas partly driven by
the increased used of statins.

In contrast, azathioprine and mycophenolic acid, the active
metabolite of mycophenolic mofetil (MMF) or enteric-coated
mycophenolate sodium, are not associated with an adverse
effectonthe lipidprofile in transplant recipients.62The incidence
of hypercholesterolemia is significantly higher in patients
treated with cyclosporine and prednisolone versus cyclospor-
ine and MMF,63 and converting treatment in renal transplant
recipients from cyclosporine and/or azathioprine to MMF
leads to an improvement in total cholesterol and TG levels.64

The pattern of dyslipidemia driven by corticosteroids,
cyclosporine, and PSIs may be reduced by dose reduction
or by switching to alternate immunosuppressive medica-
tions.16,54,65–67

Association of Dyslipidemia and
Cardiovascular Events in Renal Transplant
Recipients
Despite advances in immunosuppressive therapy and
improved graft survival rates, renal transplant recipients
have a significantly reduced life expectancy compared with
the nontransplantation population.68 This is largely caused

by premature cardiovascular disease, which is the leading
cause of death in patients with a functioning renal graft.68–70

Recent data from the Australian and New Zealand registries
have shown a decrease in cardiovascular death after trans-
plantation in patients with a functioning kidney from 1980 to
2007.71 However, despite these significant changes, cardio-
vascular death after renal transplantation remains the first
cause of mortality.72 In the placebo arm of the Assessment of
Lescol in Renal Transplantation (ALERT) core study and
extension trial, approximately 50% of deaths were attributable
to cardiovascular causes (Fig. 40-1).10,11

A number of analyses have attempted to link dyslipidemia
and the risk of cardiovascular events in the renal transplan-
tation population, most of which were small observational
studies based on registry data.2,70,73,74 Kasiske et al. com-
pared the observed cardiovascular risk in a cohort of renal
transplantation recipients with that predicted from the
Framingham cardiovascular risk factor data.2 The results
indicated that smoking, diabetes, total cholesterol, LDL-C,
and blood pressure were all associated with adverse out-
come.2 Although the Framingham Risk Score predicted
ischemic heart disease after renal transplantation, it tended
to underestimate the risk, particularly that associated with
diabetes mellitus.2 In renal transplantation patients, the rela-
tionship between atherogenic lipids and cardiovascular out-
come is not as clear as in the general population.22,75

The prospective, randomized ALERT trial examined the
association between lipids and cardiovascular events (myo-
cardial infarction [MI] or cardiac death) in renal transplan-
tation patients.10,76 The baseline characteristics of the study
population have been reported previously.77 In the placebo
arm (n¼1052), LDL-C was found to be a major risk factor for
the occurrence of a coronary event. An increase in LDL-C of
38 mg/dL (1 mmol/L) was associated with a 41% increase in

189 deaths in 1052 patients

18.5%

24.9%

4.2%

39.7%

2.7%
9%

Acute MI
Stroke
Other vascular

Cancer
Infection
Other

FIGURE 40-1 Causes of death in renal transplant recipients in the placebo
arm in the ALERT trial. ALERT, Assessment of Lescol in Renal Transplantation;
MI, myocardial infarction. (Modified from Holdaas H, Fellstrom B, Cole E, et al.
Long-term cardiac outcomes in renal transplant recipients receiving fluvastatin: the
ALERT extension study. Am J Transplant 2005;5:2929–2936.)
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risk of a coronary event,10,76 whereas doubling the LDL-C
increase to 76 mg/dL (2 mmol/L) resulted in a twofold in-
crease in events.78 Moreover, there was a clear association
between all lipid subfractions and MI or cardiac death.
The event rate increased by 31% with an increase of
38 mg/dL (1 mmol/L) in total cholesterol and by 11% with
an increase of 88 mg/dL (1 mmol/L) in TGs. An increase
in HDL-C of 38 mg/dL (1 mmol/L) was associated with a
45% reduction in the risk of a cardiac event.10,76 The associ-
ation between an atherogenic profile and cardiovascular
risk has thus been established in renal transplantation
patients.
In addition to lipid risk factors, renal function per se after

transplantation may have an impact on the cardiovascular
event rate. Impaired renal function and renal graft loss are
associated with increased mortality.79–82 In an analysis of
data from the ALERT trial, Fellstrøm et al. demonstrated that
loss of graft function was associated with near-doubling of
the risk of an acute cardiac event, noncardiovascular death,
or all-cause mortality.20 Reduced renal function without
graft loss was also a risk factor for cardiovascular events.20,21

In the same analysis, conventional risk factors such as age,
diabetes, history of coronary disease, blood pressure,
smoking, and male gender were also risk factors. The event
rate in diabetic patients was approximately twice that in non-
diabetic patients, patients with a history of coronary heart
disease had three times as many events as patients without
such a history, and older patients had more events.20,78

Cigarette smoking was associated with an increased risk,20

consistent with previous reports.2,83 To summarize, data
from the placebo arm of the ALERT trial established an asso-
ciation between an atherogenic lipid profile and cardiac
outcome, as was shown previous in large trials that studied
diverse populations.76

Treating Dyslipidemia in the Renal
Transplantation Population
Lipid-lowering therapy in renal transplant recipients poses
certain challenges. Dietary restrictions84–86 or other lifestyle
interventions (e.g., exercise87) do not appear to offer ade-
quate control of hyperlipidemia or cardiovascular events
following renal transplantation. Pharmacotherapy is
required in addition to standard dietary modifications to
lower atherogenic lipids in renal transplant recipients. The
transplantation community has been reluctant to prescribe
lipid-lowering agents other than statins, mostly because of
the complex drug–drug interactions in immunosuppressed
patients and fear of rhabdomyolysis. In the case of bile acid
sequestrants (resins), for example, it is well established that
cholestyramine may alter the absorption of cyclosporine;
however, by separating the intake of cholestyramine from
the cyclosporine dose by 4 hours, no significant decrease
has been observed in the cyclosporine peak concentration
or in the area under the exposure-time curve.88,89 In addi-
tion, bile acid resins should not be used when TG levels
are elevated because these agents have a tendency to
increase TG concentration.51 Moreover, compliance has
been reported to be very low with resins.90 Bezafibrate, clo-
fibrate, fenofibrate, and gemfibrozil all stimulate lipoprotein
lipase activity, which promotes breakdown of TG-rich lipids
and inhibits hepatic VLDL-C production.51 The dose of
fibrates must be reduced to minimize the risk of myositis
and/or rhabdomyolysis. Fibrates should not be used in

combination with statin therapy in solid organ transplanta-
tion patients because of additive toxicity.91 The poor tolera-
bility profile of nicotinic acid precludes its general use in
transplantation patients,92 and the sustained-release formu-
lation of niacin, which was developed to correct low HDL-
C, should be avoided because of an increased propensity
to cause hepatotoxicity.93,94 Experiencewith probucol is lim-
ited in solid organ transplantation.51

Landmark trials performed in the general population have
established statin therapy as the preferredmedical treatment
for both primary and secondary dyslipidemic disorders.95

Similarly, statin treatment is an important tool in manage-
ment of hyperlipidemia in renal transplant recipients. With
adequate dosing, statins effectively lower total cholesterol
and LDL-C in the renal transplantation population.30,96–101

The Kidney Disease: Improving Global Outcomes Lipid
Work Group has recently given recommendations for lipid
lowering.102 In adults with kidney transplantation, we recom-
mend evaluation with a lipid profile (total cholesterol,
LDL-C, HDL-C, TGs). In adult kidney transplant recipients,
we suggest treatment with a statin. However, follow-up mea-
surement of lipid levels is not required for the majority of
patients.

Ezetimibe is a new agent that acts through a novel
mechanism; it blocks absorption of dietary and biliary cho-
lesterol by the small intestine enterocyte brush border.103

Ezetimibe 10 mg/day appears to reduce LDL-C levels by
approximately 20% when used alone or in combination with
statin therapy. Although ezetimibe has not been used exten-
sively in patients with solid organ transplantation, studies in
small series of renal and heart transplant recipients have
indicated that ezetimibe may be effective and safe either
as monotherapy or as a supplement to statin treatment to
lower atherogenic lipids further.104–113

The omega-3 fatty acids eicosapentaenoic acid and doco-
sahexaenoic acid, found in fish oil extracts, have been
shown to reduce VLDL-C and TG levels.114 However, a
meta-analysis of randomized controlled trials in renal trans-
plantation patients could not confirm any benefits, except
for a modest decrease in TG levels.115

Potential Pharmacokinetic Statin
Interactions in Transplant Recipients
In general, drug–drug interactions involving statins occur
most frequently when potent cytochrome P450 (CYP) 3A4
inhibitors, such as macrolide antibiotics, azole antifungals,
and protease inhibitors, are combined with the CYP3A4-
metabolized statins (lovastatin, simvastatin, and atorva-
statin). In transplant recipients, however, interactions
between statins and immunosuppressive medication are
an additional complication. Several of the most widely used
immunosuppressive drugs, including cyclosporine, tacroli-
mus, sirolimus, and everolimus, are metabolized via
CYP3A4.116 The pharmacokinetic interaction between cyclo-
sporine and tacrolimus has been studied extensively, partic-
ularly because this interaction can lead to elevated blood
concentrations of statins.

All statins, with the exception of pravastatin, are almost
completely metabolized before elimination. The metabo-
lism of atorvastatin, lovastatin, and simvastatin is primarily
mediated by CYP3A4. Pravastatin is also partly metabolized
by CYP3A4, but it is mainly subjected to a variety of
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conjugation reactions, so that unlike the other statins,
approximately 10% of an oral dose of pravastatin is excreted
unchanged via the kidneys.117 Fluvastatin is also a CYP3A4
substrate, but it is primarily metabolized by CYP2C9.117

For many drugs, there is an overlap between their affinity
to CYP3A4 and their affinity to P-glycoprotein,118 and many
of the drugs that are metabolized via CYP3A4 are also trans-
ported via other molecules, such as the organic anion trans-
porting polypeptides.119 Increased systemic exposure of
statins when co-administered with cyclosporine may, there-
fore, be caused by either transport interactions or inhibition
of CYP3A4 metabolism, or by a combination of both. In this
regard, it is noteworthy that cyclosporine is highly bound to
plasma lipoproteins; therefore, a general lipid-lowering
effect has the potential to increase the free fraction. Akhlaghi
et al. investigated the effects of simvastatin on the free frac-
tion of cyclosporine and observed an increase of approxi-
mately one third.120

Concomitant administration of cyclosporine and atorva-
statin leads to approximately a sixfold increase in the plasma
exposure of atorvastatin.121 In contrast, tacrolimus does not
influence the pharmacokinetics of atorvastatin in renal trans-
plantation patients, indicating that tacrolimus should be the
CNI of choice in transplantation patients who require statin
treatment.122 Similar results have been found with other sta-
tins. Plasma exposure of lovastatin increases up to 20-fold
when administered with cyclosporine,123 and plasma levels
of pravastatin have been reported to increase 5- to 23-fold
during concomitant treatment with cyclosporine.123,124

Plasma exposure of simvastatin following a single 20-mg
dose is increased almost threefold in the presence of cyclo-
sporine,125 and plasma levels of fluvastatin increase by
approximately twofold.126 The area under the curve for
the extended-release formulation of fluvastatin (fluvastatin
XL 80 mg) was also approximately twofold higher in the pres-
ence of cyclosporine.99 Finally, with rosuvastatin, cyclospor-
ine increased the area under the curve by between 7-fold
and 11-fold in heart transplant recipients compared with
healthy individuals, although cyclosporine pharmacokinet-
ics remained unaltered.127 In general, the effect of statins
on the pharmacokinetics of cyclosporine and tacrolimus is
of less clinical importance than changes in statin exposure.91

Single cases of rhabdomyolysis in transplantation patients
have been reported for all of the statins.128–141 Generally,
however, statins are well tolerated, although clinicians
should be alert for the potential of drug–drug interactions
to minimize the risk of myopathy during long-term statin
therapy in patients who have undergone transplantations.142

Effect of Lipid Lowering in Renal
Transplant Recipients
An early observational study by Cosio et al. indicated that
statin treatment could be beneficial in renal transplantation
patients.143 In their initial crude analysis, Cosio et al. did not
show a statistically significant relationship between statin
use and survival, but after correction for recipient age, trans-
plantation year, and serum cholesterol, statins had a protec-
tive effect against cardiovascular events.143

In the ALERT trial, treatment with fluvastatin significantly
reduced levels of total cholesterol and LDL-C. From a mean
baseline LDL-C level of 159 mg/dL (4.1 mmol/L), fluvastatin-
treated patients showed a sustained reduction throughout
the study; the mean LDL cholesterol level was 120 mg/dL

(3.1 mmol/L) before dose doubling and 104 mg/dL
(2.7 mmol/L) at the end of the study.10,11 The primary com-
posite endpoint, the occurrence of major cardiovascular
events (MACE), defined as cardiac death, nonfatal myocar-
dial infarction, and coronary intervention procedures, was
19% lower, but the reduction was not statistically significant.
The core study was followed by the ALERT extension trial,
which was a 2-year, open-label extension during which all
patients were offered fluvastatin treatment. LDL-C was low-
ered by 36% compared with baseline. Moreover, in the
extension trial, the primary endpoint was significantly lower
in patients who had been initially randomized to fluvastatin,
and cardiac death or nonfatal myocardial infarction was
reduced by 29%.11

In the original ALERT trial, risk for cardiac death and non-
fatal myocardial infarction was significantly reduced by a
35%, and the reduction was associated with a net reduction
in LDL-C of 39 mg/dL (1 mmol/L).10 Fluvastatin significantly
reduced the risk of cardiac death by 38% and the risk of
cardiac death or first definite nonfatal myocardial infarction
by 35% versus placebo. The effect of statin therapy on car-
diac events was probably underestimated because of a
14% drop-in rate in the placebo arm. However, the data indi-
cated that statin treatment of 31 renal transplantation
patients for 5 years would prevent 1 cardiac death or nonfa-
tal myocardial infarction. The 38-mg/dL (1-mmol/L) reduc-
tion in LDL-C by fluvastatin and the 35% reduction in
cardiac events observed in the ALERT study is similar to
the results seen in all large statin trials in nontransplantation
populations.76

These data from the ALERT core study10 and the extension
study11 established the benefit of fluvastatin treatment for the
prevention of cardiac morbidity and mortality in renal trans-
plant recipients (Fig. 40-2). Wiesbauer et al. later demon-
strated that statin use was independently associated with
lower mortality rates in a cohort of 2041 first-time recipients
of renal allografts.144

One remaining question is the optimal time at which to
initiate statin therapy after renal transplantation. The authors
recommend that statin treatment be initiated early after
transplantation (i.e., within days or a few weeks). This rec-
ommendation is based on safety data from the Study of Les-
col in Acute Rejection (SOLAR) trial, a randomized,
placebo-controlled trial in renal transplantation patients in
whom fluvastatin treatment was initiated within 2 days after
transplantation.30 No differences were observed between
the treatment and placebo arms in terms of musculoskeletal
symptoms, liver enzymes, creatine kinase, or other side
effects. Furthermore, a post hoc analysis of data from the
ALERT trial demonstrated that starting statin treatment early
after transplantation, compared with later (i.e., >2 years)
was associated with no differences in the side effect profile.
Patients who started fluvastatin therapy less than 2 years
posttransplantation, however, had a 59% reduction in car-
diac death and nonfatal myocardial infarction compared
with those who began treatment more than 6 years after
transplantation.145

Hypercholesterolemia has been linked to accelerated
atherosclerotic vascular disease in the transplanted
graft.25,74,146,147 It has been claimed that statin treatment
might have a protective effect for both acute and chronic
rejection, and delay the histologic deterioration usually
observed in renal grafts.148,149 These putative effects of sta-
tins have been linked to an immunomodulatory mechanism
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beyond the cholesterol-lowering action of statins,14,150,151

whichmay also help to prevent CAV, a form of chronic rejec-
tion in heart transplantation patients. The immunomodula-
tory effects of statins in renal transplantation are reviewed
elsewhere.152 However, three large, short-term, randomized,
controlled trials30,153,154 and one long-term trial (ALERT)
failed to detect any significant difference in the risk of
rejection between patients treated with a statin or pla-
cebo.11,79 A systematic review of 13 randomized, controlled
intervention trials in renal transplant recipients concluded
that statins did not decrease the risk of rejection, although
results confirmed the effectiveness of statins in improving
cardiovascular risk and reducing cardiac events.155

A major issue is the underuse of cardioprotective
medications in kidney transplant recipients.15,142,156

Although a global survey showed a 12-fold increase in the
use of statins from 1990 to 1994 and 2000 to 2006, less than
75% of renal transplant recipients with previous cardiovas-
cular disease received a statin or an antiplatelet agent,156

and a North American survey demonstrated less than 50%
use of statins in renal transplantation patients with previous
cardiovascular disease.15

HEART TRANSPLANTATION

Lipid levels are usually elevated following heart transplanta-
tion.157 The International Society for Heart and Lung Trans-
plantation registry reveals that 74% of heart transplantation
patients have hyperlipidemia, defined as high levels of any
class of lipoproteins, by 1 year after transplantation, and that
91% of patients are hyperlipidemic by 5 years posttransplan-
tation.158 Potential causes of hyperlipidemia in transplanta-
tion patients include immunosuppressive agents, kidney
dysfunction, diabetes, diet, obesity, and genetic predisposi-
tion. Specific immunosuppressive agents, such as corticoste-
roids and cyclosporine, are implicated in the development
of hyperlipidemia. Approximately half of all heart transplan-
tation procedures are performed in patients with ischemic
cardiomyopathy, and a substantial portion of these patients
have a history of hyperlipidemia. Both clinical and experi-
mental observations suggest that hyperlipidemia may be
important in the development of CAV,1 one of the major
factors that limits long-term survival following heart trans-
plantation. CAV is characterized by concentric intimal pro-
liferation and diffuse narrowing along the entire length of
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FIGURE 40-2 Cumulative rates for (A) primary endpoint (major adverse cardiac event) and (B) composite endpoint of cardiac death or definite MI, by original
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cardiac outcomes in renal transplant recipients receiving fluvastatin: the ALERT extension study. Am J Transplant 2005;5:2929–2936.)
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the vessel, which can lead to obliteration of the graft vessels,
and ultimately, to graft failure. Both immunologic and non-
immunologic risk factors have been associated with the
development of CAV, but among the nonimmunological fac-
tors, cholesterol and TGs have been the most widely
reported.159

In a retrospective study, elevated lipid values at 6 months
after transplantation had a strong predictive value for the
development of CAV at 3 years.160 In another trial, increased
LDL-C at 1 year posttransplantation was the only predictor of
the development or progression of CAV as detected by intra-
vascular ultrasound (IVUS).161 IVUS is an invasive procedure
performed at the time of coronary angiography, during
which an ultrasound catheter is placed into the coronary
artery to obtain an image of the thickness of the arterial wall.
A multicenter study reported that intimal thickness as
assessed by IVUS at 1 year after heart transplantation was
predictive of CAV and survival at 5 years.162 Finally, in a mul-
ticenter assessment of ongoing posttransplantation risk fac-
tors in 280 heart transplantation patients who survived for
at least 1 year after transplantation, multivariate Cox regres-
sion analysis showed that patients with high levels of total
cholesterol had a greater incidence of nonfatal MACE (rela-
tive risk 4.34; P¼0.01). Nonfatal MACE included MI, conges-
tive heart failure, need for percutaneous cardiac
intervention, permanent pacemaker, peripheral vascular
disease, or cerebrovascular accident. The authors con-
cluded that risk factor modification, such as cholesterol low-
ering, should be considered to improve outcome following
heart transplantation.163

Dyslipidemia varies according to the immunosuppressive
regimen. In a large randomized study 129 stable heart trans-
plant recipients who had undergone transplantation more
than 12 months previously, were receiving cyclosporine,
and had persistent mild dyslipidemia despite treatment were
switched to tacrolimus or maintained on cyclosporine.164

At 6 months, patients who had switched to tacrolimus
showed a greater decrease in total cholesterol (from 5.5 to
4.9 mmol/L) than those who continued to receive cyclospor-
ine (5.6 to 5.4 mmol/L; P¼0.008). HDL-C and TG levels were
not changed, but apolipoprotein B levels were reduced
in the tacrolimus cohort versus the cyclosporine group
(P <0.001).164

The newer PSIs (sirolimus and everolimus) have been
shown to increase TG levels in heart transplant recipients,
although total cholesterol levels are maintained in the nor-
mal range when cholesterol-lowering medication is given.
The development of CAV, as assessed by IVUS, is also
reduced in patients receiving PSI therapy.165,166 In a recent
multicenter, randomized trial, everolimus had no effect on
serum LDL-C or TG concentrations compared with
MMF; more than 90% of patients initiated statin therapy.
However, HDL-C was higher in the group that received
everolimus.167

Statin Therapy after Heart Transplantation
Clinical trials of statin therapy have demonstrated benefits
in nontransplantation patients in both primary and second-
ary prevention settings.95 Kobashigawa et al. evaluated the
use of pravastatin for the primary prevention of hyperlipid-
emia in heart transplant recipients.14 Ninety-seven heart
transplantation patients were randomized to pravastatin or
no treatment within the first 2 weeks posttransplantation.

Twelve months after transplantation, the pravastatin group
had significantly lower mean cholesterol levels than the
control group (193�36 mg/dL vs. 248�49 mg/dL;
P <0.001). This reduction was accompanied by a lower
frequency of graft rejection with hemodynamic compromise
(3 vs. 14 patients; P¼0.005), by improved survival (94% vs.
78%; P¼0.025), and by a lower incidence of CAV as deter-
mined by angiography and at autopsy (3 vs. 10 patients;
P¼0.049). In a subgroup of patients, IVUS measurements
at baseline and at 1 year after transplantation showed
significantly reduced progression of coronary artery intimal
thickening in the pravastatin group compared with the con-
trol group (P <0.04). In another subgroup, the cytotoxicity
of natural killer cells was significantly lower in the prava-
statin group than in the control patients (9.8% vs. 22.2%
specific lysis; P¼0.014). These findings suggest that the role
of pravastatin in reducing CAVmay relate not only to choles-
terol lowering but also to an unexpected cholesterol-
independent immunosuppressive effect. Ten-year follow-
up data from this study demonstrated continued survival
benefit (68% vs. 48% in the control group; P¼0.026) and a
significantly lower incidence of angiographic CAV and/or
death in the pravastatin group (57% vs. 80% in the control
group; P¼0.009).12

Other studies have also demonstrated a beneficial effect
of statin therapy on the development of CAV. In another
single-center randomized trial, in which 72 heart transplan-
tation patients were randomized to simvastatin or no statin,
incidence of CAV was lower in the simvastatin-treated
patients.168 IVUS performed at baseline and at 1 year post-
transplantation revealed less progression in intimal thicken-
ing in the simvastatin group. Eight-year follow-up also
demonstrated a persistence in the survival benefit (88.6%
vs. 59.5% among controls, P <0.006) and lower incidence
of angiographic CAV (24.4% vs. 54.7%; P <0.02).13 As has
been shown in nontransplantation patients, simvastatin
has been found to have protective effects on coronary vaso-
motor function and the coronary release of interleukin-6 and
tumor necrosis factor–α in heart transplant recipients with-
out angiographically detectable disease, suggesting that
endothelial cell function is improved and inflammatory cyto-
kine release is inhibited.169 The association between statin
therapy and death or fatal graft rejection has been assessed
using Heart Transplant Lipid Registry data from 12 cen-
ters.170 The study included 1186 patients with a mean
follow-up of 580 days; 937 patients (79%) received statin ther-
apy (pravastatin, simvastatin, lovastatin, or fluvastatin). The
statin-treated group had a lower frequency of death (4.0% vs.
13.7%; P <0.001) and fatal rejection (2.4% vs. 7.2%; P
<0.001). This study represented the largest population of
heart transplant recipients that has been analyzed to deter-
mine the relationship between statin therapy and clinical
outcomes in actual practice. The authors concluded that
statin therapy was significantly associated with a reduced
risk of death and fatal rejection, benefits that were indepen-
dent of lipid values.

The International Society for Heart and Lung Transplanta-
tion recommends initiation of statin therapy 1 to 2 weeks
after heart transplantation.171 Among the various statins,
pravastatin is the statin of choice, because it is not metabo-
lized by the CYP3A4 system, thereby allowing for decreased
interactions with CNIs.172

Myositis is the most common complication of statin ther-
apy in transplantation patients, possibly because of
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increased levels of statins caused by interactions with
CNIs.113 Atorvastatin, lovastatin, and simvastatin are more
lipophilic and have increased muscle penetration, leading
to higher risk of myositis.173 Equivalent dosing of alternative
statins, with their risk of development of myositis, can be
seen in Table 40-1. Per pharmacokinetic analysis, cyclo-
sporine causes an increase in atorvastatin, pravastatin, and
simvastatin.91 Safety and efficacy of statin therapy has been
established in the setting of sirolimus, although it must be
kept in mind that the incidence of myopathy increased
twofold after patients were switched to sirolimus.178 In addi-
tion, it is critical to avoid other drug–drug interactions that
may additionally increase blood levels of statins; drugs with
this effect include fibrates, azole antifungal agents, macro-
lide antibiotics, and nondihydropyridine calcium channel
blockers, such diltiazem and verapamil.
It is not clear whether the clinical benefits of statins in

transplant recipients are caused by statins’ powerful
cholesterol-lowering effects alone or whether these benefits
are partly caused by statins’ cholesterol-independent effects
on vascular function, plaque growth, plaque rupture, and
thrombosis. A randomized pilot study conducted by Potena
et al. compared an early maximal dose of fluvastatin (80 mg/
day) with a strategy that targeted lowering LDL-C to less than
100 mg/dL by titrating the drug. IVUS parameters showed
increased intimal volume in the titrated-dosing group, but
not in the maximal-dosing arm.179 Several clinical findings
in heart transplantation patients may suggest a potential
mechanism for an immunosuppressive property of statins.
It has been reported that a marked decrease in lipoprotein
concentration is associated with an increase in the unbound
fraction of cyclosporine,120 which may, in turn, increase the
biologic activity of cyclosporine. In addition, Regazzi et al.
have observed markedly elevated serum levels of prava-
statin in patients receiving cyclosporine.180 Such supranor-
mal serum levels of pravastatin may be necessary for the
immunosuppressive properties of this drug to be exhibited,
and may explain why clinically adverse immune responses
(such as those associated with opportunistic infections) are
not observed in nontransplantation patients treated with
pravastatin.181

Various theories have been put forward revealing direct
and previously unknown immunologic effects of statins.
The first was published by Kwak et al.150 Based on a series
of elegant experiments that monitored cell surface expres-
sion of major histocompatibility complex class II (MHC-II)
assayed by fluorescence-activated cell sorting, by immuno-
fluorescence, and by mRNA levels, the authors concluded
that statins effectively repress the induction of MHC-II expres-
sion by interferon-γ in a dose-dependent manner. They also
reported that in the presence of L-mevalonate, the effect of

statins on MHC-II expression was abolished, indicating that
it is the effect of statins as 3-hydroxy-3-methylglutaryl–
coenzyme A reductase inhibitors that mediates repression
of MHC-II. It was noted that repression of MHC-II expression
by statins is highly specific for the inducible form of MHC-II
expression and does not affect constitutive expression of
MHC-II in highly specialized antigen-presenting cells, such
as dendritic cells and B-lymphocytes. Moreover, this effect
of statins appears specific for MHC-II and does not influence
MHC-I expression. Through mixed-lymphocyte reactions, T-
lymphocyte proliferation could be blocked by monoclonal
antibodies against MHC-II. Pretreatment of endothelial cells
or macrophages with statins reduces subsequent T-
lymphocyte proliferation. This previously unknown effect
of statins as MHC-II repressors was also observed in other cell
types, including primary human smooth muscle cells and
fibroblasts. Through mRNA experiments, the authors estab-
lished that the specific mechanism by which statins inhibit
MHC-II induction is a selective repressive effect on the induc-
tion of expression of promoter IV of the MHC-II transactivator
CIITA gene.

The second immunosuppressive action of statins was
reported by Weitz-Schmidt et al.,151 who demonstrated that
this class of drug selectively blocks the β-2 integrin leukocyte
function antigen–1 (LFA-1). LFA-1 is a costimulator of T cells
that is expressed on the surface of leukocytes. When it is acti-
vated, LFA-1 binds to intercellular adhesion molecule–-1.
Weitz-Schmidt et al.151 demonstrated that lovastatin, and
subsequently, other statins, bind selectively to LFA-1 and pre-
vent LFA-1–mediated adhesion and lymphocyte co-
stimulation. This effect was unrelated to the statin-related
inhibition of 3-hydroxy-3-methylglutaryl–coenzyme A. These
two reports suggest that immunomodulation by statins may
be beneficial in solid organ transplant recipients not only in
conventional atherosclerosis, which involves chronic
inflammatory processes, but also in CAV in heart transplant
recipients.

Another immunologic phenomenon was found in in vitro
experiments in which the effect of atorvastatin on T-
lymphocytes was studied. Peripheral blood mononuclear
cells, isolated from cardiac transplant recipients, were cul-
tured with the study drug, and flow cytometry was per-
formed.182 Atorvastatin reduced the CD3+CD4+ T cell
count and CD3+CD4+CD45ro memory T cell count. No
effect was observed on CD3+CD8+ cytotoxic T cells. This
led the authors to propose that atorvastatin could possibly
potentiate components of the adaptive immune system,
while having no effect on CD8 cytotoxic lymphocytes.

Statins also appear to play a role in reducing oxidation-
sensitive signaling pathways.183 Extensive evidence links
hypercholesterolemia with increased lipid peroxidation
and increased oxidative stress.184 Several of the
cholesterol-independent actions of statins have been traced
to prenylation of regulatory proteins, such as G proteins, Ras,
Rho, and Rab, whereas other effects have been linked to
geranyl-geranylation, such as inhibition of proliferation
and induction of apoptosis of smooth muscle cells,185 inhi-
bition of integrin-dependent leukocyte adhesion,186 and
increased fibrinolytic activity.187 Detection of improved vas-
cular function in the absence of hypercholesterolemia188

supports the hypothesis that these effects are cholesterol
independent.189 Unequivocal evidence that many of these
effects are caused by protein prenylation has been provided
by the fact that they are reversible by addition of

TABLE 40-1 Dosage and Risks of Statins Used after
Heart Transplantation
DRUG DOSE RISKS

Pravastatin 20–40 mg14 Myositis (lower)

Simvastatin 5–20 mg168* Myositis (higher)

Atorvastatin 10–20 mg174 Myositis (higher)

Fluvastatin 40–80 mg175 Myositis (lower)

Lovastatin 20 mg176 Myositis (higher)

Rosuvastatin 5–20 mg177 Myositis

*More than 20 mg not recommended
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geranylgeranyl pyrophosphate (or farnesyl pyrophosphate),
which does not restore cholesterol synthesis, although these
effects are not reversed by the addition of squalene or
cholesterol.187,190

In addition, statin therapy has been shown to affect inflam-
matory cascades and to be active against bacteria, fungi, and
viruses, which all pose serious threats in the posttransplanta-
tion population.191 Thus far, the exact mechanisms statins
use against these pathogens are unknown, and further
in vivo studies are needed to understand fully how these
statin characteristics can be harnessed.

Other compounds can act on a site downstream from the
3-hydroxy-3-methylglutaryl–coenzyme A reductase inhibi-
tors and block isoprenylation more effectively, but without
influencing cholesterol production. Si and Imagawa evalu-
ated a potent farnesyltransferase inhibitor, A-228839,192

and showed that it inhibited lectin-induced lymphocyte pro-
liferation, and that this effect was additive to cyclosporine. A-
228839 also significantly disrupted the polarized shape of
1E5 T-cells at physiologic concentrations. Finally, A-228839
inhibited lymphocyte T cell helper–1 cytokine production
at submicromolar levels and promoted apoptosis in lectin-
activated lymphocytes. Recent in vivo trials in mice with skin
grafts showed decreased rejection of primary allografts with
the use of farnesyltransferase inhibitors.193

Other nonstatin cholesterol-lowering agents have been
used to treat heart transplantation patients. Fibric acid deriv-
atives have been reported to decrease lipid levels to a mod-
erate extent (15%–20%) and to reduce inflammation, as well
as lowering proinflammatory activity in endothelial cells.
Use of fibric acid derivatives has been limited because of
their gastrointestinal adverse effects, elevated urea and cre-
atinine levels, and because of reduced intestinal absorption
of cyclosporine.113,194 Niacin reduces LDL-C and TG levels in
heart transplantation patients, and raises HDL-C concentra-
tion,113 but adverse effects such as flushing and pruritis have
restricted its use. in vitro studies of niacin with plasminogen
activator inhibitor type–-1 and cell adhesion molecules
showed suppression of both these factors, which are thought
to play a role in atherosclerosis development.195 This may
result in an antiinflammatory effect on the vascular endothe-
lium, irrespective of cholesterol-lowering properties. Chole-
styramine binds to bile acids and inhibits reabsorption,194

but it is less effective than statins in lowering LDL-C levels
and can influence cyclosporine absorption.113,194 Within
the transplantation population, cholestyramine was not as
effective in lowering total cholesterol or TG levels compared
with gemfibrozil and simvastatin.196 Ezetimibe inhibits the
absorption of dietary and biliary cholesterol, without affect-
ing the absorption of TGs or fat-soluble vitamins, but co-
administration with cyclosporine results in a 12-fold
increase in ezetimibe concentration.113 In one report, how-
ever, ezetimibe was reported to be effective and safe in heart
transplantation patients who were intolerant of statins or
unable to reach target lipid levels with statin therapy.111 Just
as atorvastatin was found to immunoregulate CD4+ T cells
while having little effect on CD8 cytotoxic lymphocytes in
in vitro studies, ezetimibe showed similar effects when cul-
turedwith peripheral bloodmononuclear cells isolated from
cardiac transplant recipients.182 Eicosapentaenoic acid and
docosahexaenoic acid, which are both classified as omega-3
fatty acids, have shown safety and efficacy within the trans-
plantation population for reduction of TGs. In addition, both
fatty acids have been shown to suppress production of

inflammatory cytokines and modulate T-cell function in
murine models.197–199 These drugs were also shown to
reduce heart rates and QT durations within the post–cardiac
transplantation population, suggesting that omega-3 fatty
acids may have an effect on the myocardium’s electrophys-
iologic properties.200

In severe familial hypercholesterolemia, which is rarely
observed in heart transplant recipients, treatment with sta-
tins can be combined with extracorporeal cholesterol elim-
ination procedures, such as heparin-induced extracorporeal
LDL precipitation (HELP). HELP precipitates LDL from the
plasma and eliminates it via an extracorporeal filter system.
HELP enables total cholesterol levels to be kept within any
desired target range, and has been used successfully and
without adverse effects in heart transplantation patients.
However, it is costly and time-consuming.194

In conclusion, hyperlipidemia after heart transplantation is
common. CAV, the major factor limiting long-term survival,
appears to be aggravated by the presence of hyperlipidemia,
which has been reported to cause inflammation. Statins
appear to reduce inflammation and atherogenesis by lower-
ing cholesterol levels, and in addition, several recent studies
have established a mechanism by which statins may exert a
cholesterol-independent, immunosuppressive effect. Clini-
cal studies have demonstrated that statin therapy in heart
transplantation patients is associated with benefits in terms
of survival, severity of rejection, and CAV through 10 years
of follow-up. The clinical and experimental reports that
indicate an immunomodulatory effect of statins support the
routine use of statin treatment in heart transplantation
patients.

LIVER TRANSPLANTATION

Liver transplantation is the standard of care for patients with
end-stage liver disease. As for organ transplantation in gen-
eral, advances in immunosuppression, surgery, and medical
management have led to improvement of patient and graft
survival following liver transplantation.3

Liver transplant recipients have an increased risk of car-
diovascular morbidity and mortality compared with age-
and sex-matched populations without liver transplantation.8

Dyslipidemia is estimated to affect 40% to 66% of liver trans-
plantation patients, depending on the definition used and
the era in which the transplantation took place.6,7,201–206

Hyperlipidemia may occur as hypercholesterolemia or
hypertriglyceridemia in the liver transplantation population,
but it occursmore frequently asmixed hyperlipidemia.207,208

One study has claimed that long-term cardiovascular risk
following liver transplantation is more than three times the
expected risk in an age- and sex-matched control group.8

Liver transplant recipients share the same causes of dyslipide-
miaas recipientsofother typesof solidorgangrafts: geneticdis-
position, obesity, renal dysfunction, metabolic syndrome,
and diabetes mellitus.204,209 In a recent systematic review,
Madhwalassessedcardiovascular risk factors for the liver trans-
plantation population.210 Pooled estimates from case–control
studies showed that liver transplant recipients without meta-
bolic syndrome had a 64% increase in cardiovascular
events compared with controls, and that liver transplantation
patients with metabolic syndrome had an event rate that was
four timeshigher. Interventionwith statin therapy inrenal trans-
plantation patients withmetabolic syndrome has been shown
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to halve the rate of cardiovascular events and deaths.211 The
immunosuppressive regimens used in liver transplantation
patients are, in principle, similar to those used in kidney and
heart transplant recipients, and thus, in broad terms, the
impact of immunosuppressive medication on lipid profiles is
that same as discussed in the sections “Renal Transplantation”
and “Heart Transplantation.” Historically, however, predni-
solonehas oftenbeen taperedmorequickly anddiscontinued
earlier and more frequently in liver transplantation patients
than in theother solidorgan transplantationprograms, leading
to a more favorable lipid profile.204

Association between Dyslipidemia and
Cardiovascular Events in Liver Transplant
Recipients
In contrast to kidney and heart transplantation, relatively
few studies have examined the relationship between lipids
and cardiovascular events in liver transplant recipi-
ents.7,201,205,207,209,212–215 Abbasoglu et al. reported that
death with a functioning graft occurred in 61% of liver trans-
plantation patients in their population, and that cardiovascu-
lar and cerebrovascular events were second only to
recurrent disease as a cause of graft loss.214 Guckelberger
et al. followed 483 patients with primary liver transplantation
for 10 years.205 Univariate analysis indicated that age, sex,
body mass index, cholesterol, creatinine, diabetes mellitus,
glucose, and systolic blood pressure were significantly asso-
ciated with fatal or nonfatal cardiovascular events. In a mul-
tivariate analysis, however, only age, sex, and cholesterol
were found to be independent predictors of cardiovascular
events. It is reasonable to conclude that dyslipidemia is prob-
ably amodifiable risk factor for cardiovascular events in liver
transplant recipients, as in other types of solid organ
transplantation.

Treating Dyslipidemia in the Liver
Transplantation Population
There has been a relatively modest focus on dyslipidemia
and its consequences in liver transplantation. No random-
ized, placebo-controlled, lipid-lowering trials with cardiovas-
cular endpoints have been conducted to date in liver
transplant recipients, and only a small number of studies
have examined the effect of statins in liver transplantation
patients.216–218 All three published studies of statin therapy in
liver transplantation,216–218 however, have confirmed that
atherogenic lipids are lowered safely. Imagawa et al. studied
liver transplantation patients who received cyclosporine-
based (n¼65) or tacrolimus-based (n¼17) immunosup-
pression, and concluded that pravastatin was safe and
effective in reducing cholesterol levels.217 In terms of
drug–drug interactions, Taylor et al. assessed the effect of
atorvastatin on the pharmacokinetic profile of cyclospor-
ine.216 The area under the curve for cyclosporine was found
to increase by 9% in the presence of atorvastatin, but this
increase is of questionable clinical significance. The impact
of cyclosporine on the pharmacokinetics of atorvastatin was
not investigated, although in renal transplant recipients,
cyclosporine has been shown to increase the area under
curve for atorvastatin by sixfold.120

An emerging therapeutic option in liver transplantation
recipients who do not respond adequately to statin mono-
therapy may be ezetimibe, which appears to have a negligi-
ble risk of hepatotoxicity.105,109,219

Hypertriglyceridemia is not infrequent in liver trans-
plant recipients.204 Fish oil has been proposed as first-line
treatment for a moderate increase in TG concentration,
whereas fibrates (gemfibrozil or fenofibrate) are recom-
mended for more refractory cases.208 The sustained-release
form of niacin, used to correct lowHDL-C, should be avoided
because of an increased propensity for hepatotoxicity.93,94

Guckelberger has summarizedactionpoints formanagement
of cardiovascular disease in liver transplantation patients,
ranging from therapeutic lifestyle intervention to pharma-
cologic treatment.220 TheAmericanAssociation for the Study
of LiverDiseasesand theAmericanSocietyofTransplantation
have recently supported a plan for stepwise management
of dyslipidemia in liver transplant recipients (Table 40-2).6

For an elevated level of LDL-C (>100 mg/dL), a stepwise
approach includes lifestyle changes, statin, and ezetimibe.
Hypertriglyceridemia should initially be treated with fish
oil, and subsequently, with fibric acid derivates.6

PEDIATRIC AND ADOLESCENT
TRANSPLANTATION RECIPIENTS

Clinical trials of dyslipidemia are limited in pediatric solid
organ transplant recipients despite dyslipidemia being com-
mon in pediatric and adolescent transplant recipients. Singh
et al. compared lipid values 1 year after heart transplantation
in children participating in the North American Pediatric
Transplant Study against those of nontransplantation chil-
dren in the United States.221 The median values of total cho-
lesterol and LDL-C were similar in both groups, but 39% of
the transplantation patients had a LDL-C level greater than
100 mg/dL (2.6 mmol/L). The authors concluded that lipid
levels considered to be within the intervention range in
adults at high risk of coronary artery disease are common
after cardiac transplantation in children. Independent risk
factors for elevated total cholesterol and LDL-C were patient
age and administration of cyclosporine or prednisone.221

The incidence of hyperlipidemia in pediatric renal trans-
plant recipients is generally 30% to 75%,222–225 and pediatric
liver transplant recipients are also susceptible to hyperlipid-
emia.226,227 The immunosuppressive regimens used in pedi-
atric and adolescent transplantation patients are generally in
accordance with those followed in adult transplantation,
and thus, the impact of immunosuppressive medication
on dyslipidemia is similar to that discussed in the sections
“Renal Transplantation” and “Heart Transplantation.”

TABLE 40-2 General Plan for the Stepwise
Management of Dyslipidemia

Elevated low-density lipoprotein cholesterol level>100 mg/dL (with or without
elevated triglycerides)
1. Therapeutic lifestyle and dietary changes
2. Statins
3. Addition of ezetimibe

Hypertriglyceridemia with normal cholesterol
1. Fish oil at 1000 mg twice daily to 4 g/day if tolerated
2. Fibric acid derivatives

Refractory hyperlipidemia: consider changes in immunosuppression
1. Conversion of cyclosporine to tacrolimus
2. Calcineurin inhibitor reduction (e.g., add mycophenolate mofetil)
3. Discontinuation of sirolimus

(Data from Lucey, M. R., Terrault, N., Ojo, L. et al. (2013). Long-term management of
the successful adult liver transplant: 2012 practice guideline by the American
Association for the Study of Liver Diseases and the American Society of Transplantation.
Liver Transplant, 19, 3-26; Table 9.)
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However, discontinuation of steroids seems to be associated
with significantly less hyperlipidemia.228,229

No epidemiologic data show an association between dys-
lipidemia and cardiovascular outcomes in pediatric or ado-
lescent transplant recipients. Lipids as a risk factor for
cardiovascular events in these age groups is inferred from
the general population and from randomized trials in adult
solid organ transplantation.11,95 Furthermore, relatively few
studies examined the use of lipid-lowering agents in young
transplant recipients; those that have been undertaken are
characterized by small numbers of patients and short
follow-up,230–233 and most have been in patients with heart
transplantation.234–239 In general, statin treatment has been
well tolerated in pediatric and adolescent transplantation
patients, although in one study of atorvastatin in 38 pediatric
heart transplant recipients, two patients developed rhabdo-
myolosis, and four developed myalgia.235 A retrospective
review of 129 pediatric heart recipients indicated an associ-
ation between pravastatin therapy and a reduced incidence
of CAV.238 The known interaction between cyclosporine and
pravastatin, which leads to a several fold increase in prava-
statin exposure, has also been observed in pediatric heart
transplant recipients.236 Alternatively, omega-3 fatty acids
have been proposed as a way to reduce hyperlipidemia in
pediatric transplant recipients.240 Fatty acid supplements
over a period of 2.5 years significantly reduced total choles-
terol and LDL-C. Despite the apparent safety of statins in chil-
dren with regard to growth and development,241 additional
data on long-term safety are needed in pediatric transplanta-
tion populations.

The ability to predict cardiovascular risk is not possible in
pediatric solid organ recipients because of the limited data
available. Treatment of dyslipidemia should include nutri-
tion and dietary counseling, and dietary fat restriction seems
to be safe without adverse effects on the growth and devel-
opment of children.242

CONCLUSIONS

Atherogenic lipids increase the risk of cardiovascular dis-
ease in solid organ transplant recipients, and lipid-lowering
intervention is recommended for most transplant recipients.
Because of complex pharmacokinetic interactions with
immunosuppressive agents, a low starting dose of statins
should be used. Other strategies, including addition of eze-
timibe or other lipid-modifying agents, may be used cau-
tiously to enhance the effectiveness of lipid lowering in
organ transplant recipients. The recent Kidney Disease:
Improving Global Outcomes guidelines recommend lipid
lowering with a statin in renal transplant recipients without
setting a specific target.243 The consensus seems to be that
statins should not, as a rule, be prescribed to pediatric organ
recipients unless these patients have multiple additional risk
factors, such as a family history of premature coronary dis-
ease, diabetes, or hypertension.
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INTRODUCTION

Chronic kidney disease (CKD) is associated with an
increased incidence of dyslipidemia and premature cardio-
vascular disease (CVD).1–3 However, the relationship is not
as clear as that seen in the general population. The pattern
and magnitude of dyslipidemia are dependent on the
degree of renal impairment, proteinuria, treatment, and
the primary renal disease (e.g., diabetes). The nature of
CVD in patients with progressive primary renal disease
may also differ from that of the general population, as char-
acterized by a disproportionate increase in fatal cardiac
events, arrhythmias, and heart failure rather than typical cor-
onary artery disease. Despite these caveats, the National Kid-
ney Foundation Task Force3,4 and other national clinical
guidelines recommend that patients with CKD be treated
as patients at the highest risk for CVD, based on the reclassi-
fication of CKD by the estimated glomerular filtration rate
(eGFR) rather than serum creatinine.4

Primary renal diseases cause progressive loss of renal
excretory function (GFR) that is dependent on the underly-
ing disease, genetic and environmental factors, and associ-
ated risk factors such as hypertension, hyperlipidemia,
and proteinuria.1–3 The rate of loss of renal function varies,
and the proportion of patients who ultimately reach end-
stage renal disease (ESRD) and require dialysis and trans-
plantation is relatively small, although the associated human
and economic costs of ESRD are considerable.5 As GFR
declines, the pattern of CVD risk factors, including dyslipide-
mia, changes, reflecting both the impact of renal function
and the indirect effects of undernutrition and chronic
inflammation.1,2,6,7 ESRD is associated with the need for dial-
ysis (and/or transplantation [covered in Chapter 40]), of
which there are two forms, hemodialysis and peritoneal
dialysis, which have different effects on CVD risk factors,
including dyslipidemia.1,6,7 An appreciation of the variable
nature of CVD risk factors throughout the natural history
of primary renal disease is central to understanding the
impact and treatment of hyperlipidemia in this population
(Table 41-1 and Fig. 41-1).

CHRONIC KIDNEY DISEASE AND LIPID
METABOLISM

The characteristic features of dyslipidemia associated with
CKD are high triglycerides (TGs), low high-density lipopro-
tein cholesterol (HDL-C) (see Table 41-1 and Fig. 41-1), ele-
vated intermediate-density lipoprotein cholesterol (IDL-C),
and a variable (often neutral) effect on low-density lipopro-
tein cholesterol (LDL-C) and total cholesterol (TC).1,2,6–9 A
variety of qualitative changes also occur in lipoproteins, spe-
cifically, failure of maturation and an excess of TG-rich, more
atherogenic lipoproteins. Contributory factors include the
direct effect of reduced GFR, the effects of proteinuria, the
impact of treatment, and malnutrition in patients with more
advanced renal failure.

Mechanisms of Dyslipidemia
Patterns of Dyslipidemia
The typical patterns of dyslipidemia in CKD are shown in
Fig. 41-1 and Table 41-1. The major abnormalities are an
increase in TG-rich particles and failure of maturation of indi-
vidual particles. Reduced activity of lipoprotein lipase (LPL)
and hepatic lipase (HL) results in reduced clearance of chy-
lomicrons (CMs) and very-low-density lipoprotein (VLDL)
(and hence, reduced release of apolipoprotein [apo]A-I
and apoA-II), resulting in increased levels of TG (and TG-rich
particles) in the plasma. The reduction in apoA-I and apoA-II,
which form the substrate for nascent HDL, contribute to a
reduction in HDL, which, in turn, contributes to impaired
TG and/or cholesteryl ester exchange with IDL and the subse-
quent predominance of atherogenic small dense LDL. In addi-
tion, major increases in oxidized LDL and lipoprotein(a) [Lp
(a)] occur in patients with advanced chronic renal failure
(CRF) and in patients receiving long-term hemodialysis and
peritoneal dialysis.1,10–12

The observed changes in lipoproteins reflect alterations
in enzyme and receptor function. The enzymatic defects
associated with uremic dyslipidemia have been extensively
investigated, and expertly reviewed by Vaziri.10 The key
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TABLE 41-1 Patterns and Determinants of Dyslipidemia in Renal Failure
PATIENT POPULATION

LIPID OR
LIPOPROTEIN CRF/CKD

CKD PLUS
PROTEINURIA

PERITONEAL
DIALYSIS HEMODIALYSIS MECHANISMS AND OBSERVED EFFECTS

Total cholesterol $ " " $ Undernutrition, inflammation, and reduced dietary intake
have a major effect, balancing the direct effect of CKD on
plasma lipids

LDL-C $ " " $ Undernutrition, inflammation, and reduced dietary intake
have a major effect, balancing the direct effect of CKD on
plasma lipids;

Increased HMG-CoA activity in proteinuric states;
Reduced LDL receptor function

HDL-C # # # # Reduced apoA-I, LCAT, and hepatic lipase and increased
CETP and ACAT contribute to reduced HDL and increased
HDL-TG content

TG " " " " Reduced lipoprotein lipase and VLDL receptor function

Other lipoproteins " IDL
" Small

dense
LDL (LDL
III)

" VLDL
" Lp(a)
" OxLDL

" IDL
" Small dense
LDL (LDL III)

" VLDL
" Lp(a)
" OxLDL

" IDL " IDL Reduced hepatic lipase and LRP

Reduced VLDL receptor

ACAT, acyl–coenzyme A:cholesterol acyltransferase; apo, apolipoprotein; CETP, cholesteryl ester transfer protein; CKD, chronic kidney disease; CRF, chronic renal failure; HDL,
high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; IDL, intermediate-density lipoprotein; LCAT, lecithin:cholesterol acyltransferase; LDL, low-density lipoprotein;
LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); LRP, LDL receptor–related protein; OxLDL, Oxidized LDL; TG, triglyceride; VLDL, very-low-density lipoprotein.

nCM CM

CMr

HDL2

GI tract

Tissues

LDL

Liver

ApoA-I/II

(ApoA-I/II)

(ApoA-I/II)

ApoE/C

ApoE/C

ApoE/C

DGAT

ACAT

LCATABCA1

(ApoA-I/II)

HL

LPL

LPL
FA

FA

TG

CE

CETP

Muscle/Fat

HDL2

IDL

nHDL

VLDLnVLDL

HDL3

HDL2

ApoE/C

LRPSR-B1 LDL VLDL

FIGURE 41-1 Key abnormalities in lipidmetabolism that are associatedwith renal failure, and their effects on circulating lipids. Themain defects are shaded in purple.
Hexagonal markers indicate receptors. Lipoproteins are circled. Enzymes, transporters, and apos aremarked. Themajor defects are the following: (1) High TGs: reduced activity of LPL
and HL are the principal defects that lead to impaired removal of TG from CMs and VLDL. (2) Increased IDL: reduced HL and impaired low-density LRP are the major contributors to
impaired clearance of CM remnants and IDL, and hence, elevated IDL levels. (3) Low HDL: reduced apoA-I, reduced cholesterol esterification by LCAT, and increased exchange of CE
for TG by CETP lead to low HDL levels, increased HDL-TG, and reduced HDL cholesterol. (4) Elevated CM and VLDL concentrations are largely a consequence of reduced LPL activity.
For additional detail. ACAT, acyl–coenzyme A:cholesterol acyltransferase; apo, apolipoprotein; CE, cholesteryl ester; CETP, cholesteryl ester transfer protein; CM, chylomicrons;
DGAT, acyl–coenzyme A:diacylglycerol acyltransferase; FA, fatty acid; GI, gastrointestinal; HDL, high-density lipoprotein; HL, hepatic lipase; IDL, intermediate-density
lipoprotein; LCAT, lecithin:cholesterol acytransferase; LPL, lipoprotein lipase; LRP, low-density lipoprotein receptor–related protein; n, nascent; r, remnant; SR-B1, scavenger
receptor class B type I; TG, triglyceride; VLDL, very-low-density lipoprotein. (Based on Vaziri ND. Dyslipidemia of chronic renal failure: the nature, mechanisms, and potential
consequences. Am J Physiol Renal Physiol 2006;290(2):F262-F272.)
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effects are listed in Table 41-1 and Fig. 41-1. Furthermore,
lipid profiles change qualitatively and quantitatively as CKD
progresses.

Altered Enzyme Function
A central dyslipidemic effect in CKD is reduced function of
LPL. LPL function is reduced because of reduced gene
expression,10,13 reduced endothelial expression (com-
pounded in patients on hemodialysis because of displace-
ment of endothelial LPL by heparin),14 and reduced LPL
activity.15 Moreover, circulating factors in renal failure
impair LPL function. These include increased pre–β-HDL
and reduced apoC-II, which inhibit LPL activity, and
reduced apoE, which reduces substrate binding to endothe-
lial LPL.10,16 Elevated parathyroid hormone and insulin resis-
tance may also reduce LPL function in CKD.10,17

Reduced LPL function reduces lipolysis of VLDL and CMs,
resulting in increased plasma levels. In addition, reduced
LPL activity increases TG concentration in apoB-containing
lipoproteins, which may increase levels of oxidative alter-
ation.18 HL activity19 is also impaired and contributes to
the observed pattern of dyslipidemia, that is, impaired clear-
ance of IDL and increased TG concentrations in IDL, LDL,
HDL, and CMs.1,2,6,7,19 Synthesis of cholesterol by 3-
hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA) reduc-
tase is not affected in animal models of CKD,20 and most evi-
dence suggests that reduced GFR does not affect cholesterol
production, although heavy proteinuria in the nephrotic
range does increase HMG-CoA reductase expression.21,22

Esterification of cholesterol is also altered in CKD. In
experimental animals, renal failure is associated with
reduced levels of lecithin:cholesterol acyltransferase
(LCAT) gene expression in the liver.23 Functional LCAT defi-
ciency is consistently observed in animal models of CKD10,23

and in patients with ESRD,24 and it is a major factor that con-
tributes to reduced HDL-C uptake from peripheral tissue, fail-
ure of HDL maturation, and low levels of plasma HDL-C in
CKD. Cholesteryl ester is exchanged for TG, between HDL
and IDL, under the influence of cholesteryl ester transfer pro-
tein (CETP) (see Fig. 41-1). The activity of CETP appears to
be increased by approximately one third24 in patients who
receive hemodialysis and is increased in the presence of pro-
teinuria. Increased CETP may thus contribute to the higher
levels of HDL-TG seen in renal failure (see Table 41-1 and
Fig. 41-1). HDL contains apoA-I and apoA-II, which activate
LCAT and HL, respectively. Both apoA-I and apoA-II are
reduced in models of renal failure, which is a consequence
of reduced hepatic gene expression25 that contributes to
reduced synthesis and maturation of HDL. ApoA-II also
serves as the ligand for scavenger receptor class B type I
(SR-BI), an HDL-binding protein that targets HDL–choles-
teryl ester and HDL-TG for disposal26 (see the following).
Finally, acyl–coenzyme A:cholesterol acyltransferase, an
enzyme that de-esterifies cholesteryl esters and subsequently
releases free cholesterol from extrahepatic tissues,10 is
increased in CKD, which further impairs HDL-mediated cho-
lesterol uptake and maturation.27

Hepatic acyl–coenzyme A:diacylglycerol acyltransferase
(DGAT) is the final step in TG biosynthesis,10 and hypertrigly-
ceridemia is a characteristic component of uremic dyslipide-
mia.1,2,6,7,10 DGAT activity is reduced in experimental
models of CKD,28,29 implying that impaired clearance, rather
than increased production, of TG is the mechanism that
leads to hypertriglyceridemia in CKD. Nonetheless, DGAT

activity is greatly increased in proteinuric states, contributing
to the hypertriglyceridemia that characterizes the nephrotic
syndrome.

Altered Receptor Function
Changes in receptors and other proteins contribute to dysli-
pidemia in CKD. LDL receptor–related protein clears plasma
IDL and CM remants (targeted by apoE and apoB)10 in the
liver. In experimental models of CKD, LDL receptor–related
protein expression is reduced, contributing to elevated
levels of CMs and IDL.30 The VLDL receptor mediates
apoE-dependent VLDL clearance in skeletal and cardiac
muscle, in fat, and in the brain. Impaired expression of
the VLDL receptor31,32 may contribute to elevated VLDL in
uremia. The LDL receptor mediates the uptake of LDL-C
by the liver. Low GFR does not alter LDL receptor expression
in the liver, although expression is substantially reduced in
the presence of proteinuria.10,33,34 Reduced LDL receptor
expression thus contributes to the pattern of dyslipidemia
seen in proteinuric states and the nephrotic syndrome
(see Table 41-1 and Fig. 41-1). ApoA-I and apoA-II are
the major protein constituents of HDL; reduced levels of
apoA-I and apoA-II are a consistent finding in patients with
ESRD10,25,33; these reduced levels contribute to low HDL
levels. ApoA-I is the ligand for adenosine triphosphate–bind-
ing cassette transporter A1 (ABCA1) and SR-BI, which are
responsible for the translocation of cholesterol to HDL in
peripheral tissues and the unloading of cholesterol in the
liver, respectively. The HDL receptor SR-BI is reduced in
the presence of nephrotic range proteinuria, although not
by renal impairment per se,25,26 thus contributing to the fail-
ure of reverse cholesterol transport in CKD that is associated
with proteinuria.

RELATIONSHIP TO OUTCOMES

Cardiovascular Outcomes in Chronic Kidney
Disease Patients
Most of the data regarding cardiovascular (CV) outcomes in
CKD patients who do not receive dialysis comes from a sub-
group analysis of large, multicenter, primary and secondary
prevention studies. In patients with early CKD, several stud-
ies have shown increased CV mortality. An analysis of more
than one million patients from the Kaiser Permanente data-
base showed a progressive increase in CV and all-cause
mortality associated with reduced eGFR.35 Several other post
hoc analyses of CV interventional trials (Heart Protection
Study [HPS], Cholesterol and Recurrent Events [CARE]),
including those of lipid-lowering therapy,36–38 have shown
a similar inverse relationship between eGFR and outcome.
Although these analyses may provide evidence supporting
the role of renal dysfunction as a CV risk factor, inter-
pretation is confounded by the strong association of CV risk
factors with renal impairment.36–38 In addition, microalbu-
minuria has been shown to be a significant predictor of
CV death in large population studies. The Prevention of
Renal and Vascular End Stage Disease (PREVEND) study
investigated the relationship between urinary albumin and
outcomes in 40,548 patients from the Netherlands, and
demonstrated an increase of 29% in CV mortality for every
doubling of urinary albumin concentration, after adjustment
for age and sex, over a median follow-up of 2.6 years.39

In more advanced CKD (eGFR 20–65 mL/min/1.73 m2), an
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association between higher TC and CVD has also been dem-
onstrated in hypertensive African Americans, with a stronger
relationship in patients without malnutrition (body mass
index <23 kg/m2) or inflammation (C-reactive protein
<10 mg/L).40

In ESRD, the relationship between TC or LDL-C and CV (or
all-cause) mortality is more complex and typically reveals a
J- or U-shaped relationship that contrasts with the progres-
sive, linear relationship seen in other populations.41 This
relationship has led to a reluctance to use the CV protection
strategies identified for use in the general population. How-
ever, this is an example of reverse epidemiology,41,42 in
which CKD and its associated comorbid diseases, malnutri-
tion and inflammation, contribute to (and are associated
with) low serum lipids. In a prospective study in 823 patients
on dialysis, the inverse association of serum cholesterol and
CV or all-cause mortality was found only in those without
inflammation and/or malnutrition (relative hazards per 1-
mmol/L increase in baseline cholesterol of 1.41, 95% confi-
dence interval [CI] 1.04–1.89, and of 1.32, 95% CI 1.07–
1.63, respectively) compared with no association and
decreased risk (relative hazard 0.89, 95% CI 0.84–0.95) for
the respective endpoints in those with inflammation and/
or malnutrition.41 After correction for inflammatory markers,
such as interleukin-6 and C-reactive protein, the underlying
relationship between lipids and CV events is similar to that in
the general population,41 which lends support to the use of
lipid-lowering therapy in patients with CKD. African Ameri-
can patients onmaintenance hemodialysis also demonstrate
higher mortality with increasing LDL-C, which also shows the
effect of race on the association between dyslipidemia and
adverse outcomes.43 Recently, a post hoc analysis of A Study
to Evaluate the Use of Rosuvastatin in Subjects on Regular
Hemodialysis: an Assessment of Survival and Cardiovascular
Events (AURORA) (see the following) demonstrated that
dyslipidemia had no significant effect on the primary CV end-
point (nonfatal myocardial infarction (MI), nonfatal stroke, or
CV death) even after correction for C-reactive protein and
albumin levels.44 These and other studies indicate the com-
plexity of risk factor analyses in hemodialysis patients.

Renal Outcomes
Glomerulosclerosis is the histologic lesion that characterizes
the advanced stages of most forms of primary renal disease.
It shares similarities with atherosclerosis45; the glomerulus is
replaced by the extracellular matrix, which is produced by
mesangial cells (which have phenotypic similarities with
vascular smooth muscle cells). In vitro, exposure of mesan-
gial cells to LDL-C and oxidized LDL is associated with
increased matrix production; both lipoprotein and oxi-
dized lipids have been identified in specimens from human
kidney biopsies.46,47 Similarly, in experimental models,
hypercholesterolemia is associated with the development
of glomerulosclerosis,46,48,49 and lipid-lowering therapy is
associated with the attenuation of histologic changes. An
additional pathophysiologic mechanism may involve the
direct effects of filtered lipoproteins on renal tubular cell
function, leading to tubulointerstitial fibrosis. Statin therapy
may interfere with this mechanism by reducing tubular pro-
tein uptake.10,49,50 In patients with CKD,47,51,52 including
transplant recipients with impaired renal function, hyperlip-
idemia has been associated with glomerulosclerosis and
more rapid loss of renal function. Moreover, although

proteinuria contributes to hyperlipidemia, the contributions
of hyperlipidemia and proteinuria are independent and
additive.51

IMPACT OF LIPID-LOWERINGAGENTS ON LIPID
MARKERS

Statins
Several small-scale studies have addressed the lipid-
lowering efficacy and safety of statins in CKD. The First
United Kingdom Heart and Renal Protection (UK-HARP-I)
study,53 a prelude to the Study of Heart and Renal Protection
(SHARP) (see the following), examined the effect of simva-
statin 20 mg/day versus placebo in 448 patients with CKD
(serum creatinine >1.7 mg/dL [150 μmol/L]), including 73
patients on dialysis and 133 renal transplant recipients.
The study had a 2�2 design, with aspirin as the other inter-
vention. After 3 months, treatment with simvastatin alone
was associated with a decrease in TC from 202 to 163 mg/
dL (�18%), a decrease in LDL-C from 124 to 84 mg/dL
(�30%), a decrease in non–HDL-C from 164 to 116 mg/dL
(�28%), a decrease in TGs from 189 to 162 mg/dL
(�15%), and an increase of 5% in HDL-C from 38 to
40 mg/dL. Simvastatin had no effect on apoA-I levels, but
statin therapy reduced apoB from 0.99 to 0.75 g/L (�23%).
Lesser effects were observed at 12 months, which was a
reflection of 80% compliance. The impact and pattern of
changes resulting from statin use are similar in predialysis
patients and the general population; the effects in the sub-
group that received dialysis were qualitatively similar but
proportionate at approximately 25% of those in the nondia-
lysis group. In a follow-up study, UK-HARP-II,54 203 nontrans-
plantation patients with CKD (152 predialysis, 51 dialysis
recipients) were randomized to receive simvastatin with or
without ezitimibe 10 mg/day. At 3 months, among all
patients, the addition of ezetimibe resulted in a substantial
benefit compared with simvastatin alone, without any signif-
icant increase in adverse events. TCwas reduced by a further
25% (from 198 to 130 mg/dL versus from 195 to 151 mg/dL),
LDL-C by 21% (from 121 to 64 mg/dL versus from 117 to
81 mg/dL), and non–HDL-C by 27% (from 158 to 87 mg/dL
vs. from 155 to 111 mg/dL). The simvastatin-dependent
reduction in TGs and apoB was increased further by approx-
imately 10%, and no effect was seen on HDL-C or apoA-I. Fur-
thermore, in SHARP, patients with CKD (3023 dialysis
dependent, 6247 dialysis independent) received either sim-
vastatin 20 mg/day plus ezetimibe 10 mg/day or placebo,
with an associated mean drop in LDL-C (68% treatment
arm vs. 14% placebo).55

In Die Deutsche Diabetes Dialyse Studie (4D), treatment
of hemodialysis patients who had type 2 diabetes with ator-
vastatin 10 mg/day was associated with a decrease in LDL-C
from 121 to 72 mg/dL.56 Similarly, the main AURORA study
investigated the effect of statin therapy in hemodialysis
patients.57 Treatment with rosuvastatin 10 mg/day was asso-
ciated with a reduction in LDL-C (43% with rosuvastatin vs.
2% with placebo), a reduction in TC (27% with rosuvastatin
vs. 0.5% with placebo), a reduction in TGs (16% with rosu-
vastatin vs. 0.9% with placebo), and amoderate rise in HDL-
C (2.9% with rosuvastatin vs. 0.8% with placebo) after
3 months of therapy. In these studies, the treatment was
well tolerated, with a small increase in minor gastrointesti-
nal side effects.
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Fibrates
Fibrates are typically used in patients with hypertriglyceride-
mia, which is seen in renal disease. However, their use in
renal disease has been associated with an increased inci-
dence of myositis, rhabdomyolysis, and increased serum
creatinine,58,59 particularly when used in combination with
statins. A detailed comparison of cerivastatin and fenofibrate
in 12 patients with the nephrotic syndrome demonstrated
comparable reductions in TC (21% vs. 19%, respectively),
apoB (21% vs. 27%), and apoE (20% vs. 32%).59 Cerivastatin
led to greater reductions in LDL-C (23% vs. 8%) and IDL-C
(20% vs. 8%), but lesser reductions in TG (14% vs. 41%),
VLDL-C (16% vs. 52%), apoC-II, apoC-III, VLDL1, and VLDL2.
HDL-C was increased by 19% by fenofibrate. As discussed
previously, the tendency toward small dense LDL (LDL-III)
in CKD is atherogenic. Fenofibrate increased LDL-I and -II,
but reduced LDL-III, whereas cerivastatin therapy reduced
LDL-I and -III, but had no effect on LDL-II; the overall effect
of fibrate on LDL-C was neutral. Atherogenic cholesterol-rich
and TG-rich remnants were reduced by fibrate but not by
statin therapy.

Other Lipid-Lowering Agents
Niacin and related compounds may have beneficial effects
on HDL-C and hypertriglyceridemia in renal disease. How-
ever, data are limited on their effects in kidney disease.60 Bile
acid sequestrants have not proved popular and have a side
effect profile that is unlikely to be well tolerated in CKD.10

One additional therapeutic approach in patients with
advanced renal failure is the use of phosphate binders,
specifically sevelamer and related compounds. In addition
to binding phosphate, these agents bind lipids in the
gut, and reduce TC by approximately 20% and LDL-C by
approximately 20%, but have no appreciable effects on
HDL-C or TGs.61

Side Effects, Interactions, and Guidelines
The side effects most commonly associated with statin ther-
apy are gastrointestinal (diarrhea, nausea, and constipa-
tion). These do not appear particularly increased in
patients with mild CKD. However, there is a small increased
risk of rhabdomyolysis, which is further increased by the
concomitant use of statins and fibrates in CKD. Fibrates have
been associated with acute renal failure.58 Thus, although
fibrates have potentially favorable effects, statins have been
favored in clinical use, and the combination of statin and
fibrate is discouraged in published guidelines. Statins are
the most commonly used first-line agents. They differ in
their metabolism, and specifically, their metabolism by the
microsomal enzymes cytochrome P450 (CYP) 3A4 and
2C9. Recommendations about dosage reduction for individ-
ual agents according to the degree of renal impairment vary,
but in general, it is not necessary to reduce dosage more
than 50%, unless agents are used in combination with cyclo-
sporine A.1,10,58,61,62

INTERVENTION: CLINICAL TRIALS

Numerous studies have examined the impact of individual
lipid-lowering therapies in patients at different stages of pri-
mary renal disease, with varying degrees of renal

impairment and proteinuria, including nephrotic syndrome.
In general, the pattern and proportional effects on lipid sub-
types are similar to those seen in other patient populations.

Tonelli et al. used data from the Pravastatin Pooling Pro-
ject (PPP), which combined data on 19,700 patients from
the major CV intervention trials using pravastatin (Long-
Term Intervention with Pravastatin in Ischaemic Disease,
West of Scotland Coronary Prevention Study, and
CARE),38,63–65 as well as data from individual trials. Post
hoc analyses using eGFR compared 2876 patients (14.6%)
with an eGFR greater than 90 mL/min/1.73 m2 (normal renal
function), 12,333 patients (62.6%) with an eGFR of 60 to
90 mL/min/1.73 m2 (mild renal insufficiency), and 4491
patients (22.8%) with an eGFR less than 60 mL/min/
1.73 m2 (moderate renal failure). The eGFR was lower in
patients from secondary prevention trials38,66–69 compared
with primary prevention. Low eGFR was strongly associated
with pre-existing coronary disease, with established risk fac-
tors for coronary artery disease (e.g., age and hypertension),
and with adverse outcome. Post hoc analysis showed that
patients with moderate renal dysfunction whowere random-
ized to pravastatin had a hazard ratio(HR) of 0.77 for the
composite CV endpoint of cardiac death, nonfatal MI, and
coronary revascularization, and a HR of 0.79 for an extended
composite endpoint that included stroke.38,66 All-cause mor-
tality was not different unless primary prevention studies
were excluded; this was a reflection of the fact that patients
with pre-existing CVD are more likely to die of CVD than
other causes. However, it reinforces the view that post hoc
analyses provide information on the impact of statins in
patients with primary coronary heart disease (and associ-
ated risk factors) and coexistent CKD, rather than the effects
on CV outcomes in patients with primary CKD. Nevertheless,
it is widely felt that these analyses support the use of statins
in CKD.62

In a subsequent study using the PPP database, Tonelli
et al. examined the effects of pravastatin in patients with
CKD (eGFR <60 mL/min/1.73 m2, or <90 mL/min/1.73 m2

plus proteinuria) and diabetes. This study demonstrated
an additive risk associated with diabetes and CKD, and
statin therapy reduced the frequency of composite CV end-
points (including MI, cardiac death, and coronary interven-
tion). Again, statin therapy did not reduce all-cause
mortality nor did it significantly reduce composite cardiac
endpoints in patients with both CKD and diabetes.
Although this may reflect the futility of a single intervention
in patients with complex CVD, it may also reflect the dispro-
portionate increase in sudden death rather than MI in this
population.

In a subgroup analysis of HPS,68 450 patients of the 20,500
patients in HPS had mild CRF (serum creatinine 1.5–2.3 mg/
dL). The proportional risk reduction with simvastatin
(40 mg/day) in this subgroup was comparable to that in
the overall study population, as was also found in a post
hoc analysis of the Scandinavian Simvastatin Survival Study
(4S).69 A pooled analysis of the 30 fluvastatin studies70 sub-
divided patients by a creatinine clearance rate of 50 mL/min
(approximately 10% had a creatinine clearance rate of
<50 mL/min). Overall, fluvastatin (20–80 mg) reduced CV
events by 41% compared with placebo. Renal function did
not influence either the therapeutic benefit or the observed
effects, with a comparable overall reduction in LDL-C of up
to 34.4% in patients with creatinine clearance rate less than
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50 mL/min and 32.2% in those with creatinine clearance rate
greater than 50 mL/min. In a post hoc analysis of the Justifi-
cation for the Use of Statins in Primary Prevention: an Inter-
vention Trial Evaluating Rosuvastatin (JUPITER) cohort
(n¼3267; eGFR between 30 and 60 mL/min/1.73 m2), all-
cause mortality and risk of first CV event were reduced in
patients treated with rosuvastatin. JUPITER patients had an
LDL-C level of less than 130 mg/dL (3.4 mmol/L) and high-
sensitivity C-reactive protein level of greater than or equal
to 2 mg/L (19 nmol/L).71

The PREVEND Intervention Trial (PREVEND-IT) trial had
a 2�2 factorial design in which 1439 patients with normal
TC and LDL-C and microalbuminuria (15–300 mg/day)
were randomized to treatment with placebo, fosinopril, prav-
astatin, or pravastatin and fosinopril. In the pravastatin
arm of the study, treatment significantly reduced TC and
LDL-C. After a 46-month follow-up, although pravastatin
treatment was not associated with a significant alleviation
of urinary albumin concentration, there was a tendency
toward a reduced rate of the primary outcome (CV
mortality or hospitalization from CV causes) of 13%. This
did not reach statistical significance (HR 0.87; 95% CI
0.49–1.57).72

Three studies have been conducted in patients with ESRD
who received hemodialysis therapy. The 4D trial,56 perhaps
unexpectedly, failed to show a significant reduction in CV
events in diabetic hemodialysis patients who were given
atorvastatin for a median of 4 years. 4D was a randomized,
placebo-controlled study in 1255 patients with type 2 diabe-
tes who received long-term hemodialysis, but who had been
on dialysis for less than 2 years. Atorvastatin (20 mg/day)
lowered mean LDL-C levels by 42%, to 72 mg/dL, without a
significant reduction in the primary endpoint (a composite
of cardiac death, nonfatal MI, and fatal or nonfatal stroke).
However, post hoc analyses demonstrated a significant
reduction in the risk of fatal and nonfatal cardiac events
and all-cause mortality in patients with baseline LDL-C
greater than 145 mg/dL.73

AURORA was a prospective randomized study that inves-
tigated therapy with rosuvastatin in 2776 (diabetic and non-
diabetic) hemodialysis patients.57 LDL-C was reduced by
43% in the rosuvastatin arm. After a median 3.8-year
follow-up, rosuvastatin treatment had no significant effect
on the primary outcome (adjudicated death from CV
causes, nonfatal MI, nonfatal stroke). In the rosuvastatin-
treated group, death from CV causes occurred at a rate
of 7.2 events/100 patient-years, compared with 7.3 events/
100 patient-years in the placebo group (P¼0.97). Death
from definite coronary heart disease was not significantly
different between treatment groups. The investigators from
both 4D and AURORA speculated that the results reflected
a different pathogenesis of vascular events in patients with
ESRD or that the intervention was too late in the natural his-
tory of such a complex disease. Statin therapy did reduce
the incidence of MI. Thus, an alternative explanation is that
in the complex mixture of CVD that affects patients with
ESRD, the relationship between cholesterol and MI is pre-
sent (and lipid lowering reduces this endpoint), but that
MI is not the dominant CV event. In a post hoc analysis
of diabetic patients from the AURORA cohort, there was
a trend toward reduced fatal and nonfatal cardiac events,
but this did not reach statistical significance (HR 0.84;
95% CI 0.65–1.07).74

SHARP remains the largest study to date investigating
the relationship between lipid lowering and outcome
in patients with renal disease.55 This study included 9270
patients with CKD who were randomly assigned to receive
simvastatin 20 mg/day plus ezetimibe 10 mg/day, or pla-
cebo, and followed up for a median of 4.9 years; 3023
participants were dialysis dependent and 6247 were
dialysis independent, with varying severity of CKD. The
investigators used simvastatin plus ezetimibe to maximize
lipid lowering and minimize side effects. The primary
endpoint was major atherosclerotic events, including death
from coronary disease, MI, nonhemorrhagic stroke, and the
need for revascularization. The endpoint was refined during
the study to exclude noncoronary cardiac death and hemor-
rhagic stroke, in view of emerging data. Despite adherence
rates of only two thirds, which is common in trials in CKD
patients, allocation to simvastatin plus ezetimibe was asso-
ciated with an average 0.85-mmol/L (�33-mg/dL) reduction
in LDL-C and a 17% reduction in major atherosclerotic
events (rate ratio 0.83: 95% CI 0.74–0,94; P¼0.0021)
(Fig. 41-2). The largest contribution to the primary endpoint
analysis was a reduction in coronary revascularization. No
difference in adverse outcomes was identified (specifically,
cancer and myopathy); however, no survival benefit or
evidence of a renal protective effect was recorded, with
more than 2000 of the patients who were dialysis indepen-
dent progressing to ESRD during the trial. Nonetheless, the
message from SHARP was clear: lipid lowering has signifi-
cant benefits in CKD, specifically, the prevention of athero-
sclerotic events.

Two recent systematic reviews and meta-analyses further
support the benefit of statins in CKD patients.75,76 Upadhyay
et al. included five randomized controlled trials in CKD
patients alone (including those receiving dialysis) and 13
randomized controlled trials with post hoc CKD subgroup
analyses from studies performed in more general patient
populations. Lipid lowering with statins or statins and ezeti-
mibe was associated with an 18% reduction in cardiac mor-
tality, a 22% decrease in CV events, and a 26% reduction in
the risk of MI. Similarly, Palmer et al. included 80 studies with
51,099 participants and demonstrated significant benefit for
all-cause and CVmortality and CV events in CKD patients not
receiving dialysis, but no significant benefit in patients who
required maintenance hemodialysis.

Finally, although data are limited on interventional stud-
ies of nonstatin therapy, a post hoc analysis was performed
in the Veterans Affairs High-Density Lipoprotein Choles-
terol Intervention Trial,77 in which patients with CHD,
low HDL-C, and LDL-C less than 140 mg/dL were random-
ized to receive treatment with gemfibrozil or placebo. Of
the trial population, approximately 40% had a creatinine
clearance rate less than 75 mL/min; patients with a serum
creatinine concentration greater than 2 mg/dL were
excluded. The proportional reduction in the composite car-
diac endpoint of MI, cardiac death, or stroke was reduced
by 25% in the study overall, and by 27% in the patients with
renal insufficiency. Gemfibrozil use was associated with a
35% reduction in TG and a 5% increase in HDL-C, but
had no significant effect on LDL-C, similar to the lipid
effects in the overall study. This study lends support to
the view that fibrates have comparable efficacy to statins
in patients with pre-existing CHD who have low HDL-C
and do not have elevated LDL-C.
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Renal Endpoints
The parallels between atherosclerosis and renal disease,
and the evidence linking hyperlipidemia and progression
of renal disease, have led to the expectation that statins
may protect against progression of primary renal disease.
Small-scale studies using simvastatin, pravastatin, and flu-
vastatin have provided evidence to support this notion. A
study by Bianchi et al. in 56 patients with proteinuric, pro-
gressive renal disease, demonstrated that atorvastatin (in
combination with blockade of the renin–angiotensin sys-
tem) reduced proteinuria and the rate of loss of GFR by
approximately 50%.78 A pooled analysis of nearly 4000
patients included in clinical trials of rosuvastatin indicated
a progressive increase (1–3 mL/min) in patients who
received rosuvastatin therapy.79 The rosuvastatin develop-
ment program identified a small increase in proteinuria
in patients who received rosuvastatin therapy. This effect
is likely to be common to other statins and does not com-
promise renal function. Moreover, the mechanism is unre-
solved, and may be caused by (potentially beneficial)
impaired tubular uptake of protein, rather than by
increased glomerular proteinuria.50 Clinical trials to investi-
gate the renal mechanism and benefits of statin therapy are
ongoing.

Treatment Guidelines and Targets
The National Kidney Foundation Kidney Disease Outcomes
Quality Initiative (K/DOQI) guidelines have generally
adopted the applicability of guidelines (and the recom-
mended targets) established for other populations,1,3,4,62

for patients with stage 1 to 4 CKD (normal renal function
to predialysis). The K/DOQI guidelines have further recom-
mended that patients with stage 1 to 4 be treated as high CV
risk, and noted that further clinical trials are required. These
guidelines are being updated to take into account 4D,
AURORA, and SHARP and post hoc analyses of these and
other studies.

CONCLUSIONS

Across the spectrum of renal failure, treating conventional
CV risk factors by using paradigms adopted from the general

population has proven relatively unsuccessful in improving
the poor CVD outcome in patients with CKD. Not only is the
nature of the dyslipidemia different from that in the general
population, but so is the pattern of CV outcomes and their
relationship with lipid levels. Data from patients with pri-
mary CVD and concomitant mild CKD suggest that statin
therapy should be effective in patients with mild renal
impairment, but whether this observation holds in patients
with primary renal disease is unresolved. Thus, one prag-
matic approach is to assume that all intervening stages of
CKD will enjoy similar benefits.68 This has been the
approach of most guidelines, with the caveat that patients
with CKD are at increased risk of adverse events. Recent
studies have established some benefits and support the
use of lipid-lowering therapy in CKD,55 and as a result,
nephrologists and patients have taken the view that statins
are likely to have benefits on coronary artery disease in
patients with ESRD.
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et al. The effects of lowering LDL cholesterol with simvastatin plus ezetimibe in patients with chronic kidney disease (Study of Heart and Renal Protection): a randomized
placebo-controlled trial. Lancet 2011;377:2181–2192.)
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INTRODUCTION

The attributable relationship between lipid abnormalities
and cardiovascular disease (CVD) is well recognized. Of
these abnormalities, elevated levels of low-density lipopro-
tein cholesterol (LDL-C) are thought to be a key determinant
of CVD risk.1 However, most of the information on the influ-
ence of various lipid fractions to CVD risk is derived from
studies in the white population. The specific lipid abnormal-
ities and their relative impact on CVD risk might vary among
ethnic groups.2–7 At present, therapy for lipid modification
for atherosclerosis treatment and prevention focuses on low-
ering LDL-C. Lipid-lowering treatment directed at LDL-C with
standard doses of statins has resulted in a relative risk reduc-
tion of more than 30% in major vascular events compared
with placebo. However, despite such notable progress,
CVD continues to be the leading cause of death and disease
worldwide. Residual risk may play a major role in ethnic
populations. In most ethnic communities, lipid abnormali-
ties are associated with other traditional risk factors, such
as hypertension, diabetes, obesity, and/or insulin resistance
and its associated atherogenic lipid profile. Hence, addres-
sing lipid abnormalities in isolation may not capture the
totality of CVD burden in these communities. This chapter
summarizes recent advances in treating lipid abnormalities
in different ethnic groups; addresses the associated risks for
CVD, including the negative impact of urbanization, the
associated nutritional transition, and the impact of statin
therapies on prevalence of dyslipidemia; discusses dispar-
ities; and suggests opportunities to decrease the CVD
burden.

HISPANICS AND LATINOS

Major CVDs continue to remain the leading causes of mortal-
ity among U.S. Hispanic and Latino individuals. CVD
accounts for 27.3% of deaths among Hispanic men and
33.1% of deaths among Hispanic women. In a recent U.S.
Outcomes Research–Population Study, based on data col-
lected from Mexican American and non-Hispanic white
(NHW) adults ages 20 years and older who participated in
the National Health and Nutrition Examination Survey
(NHANES) 1999–2002, type 2 diabetes was significantly
more prevalent in Mexican Americans (13%; age- and
gender-adjusted) than in NHWs (8%). In addition, 63.3% of

participants whose test results indicated high blood choles-
terol or who were taking a cholesterol-lowering medication
had been told by a professional that they had high choles-
terol.8 Women were less likely than men to be aware of their
condition; blacks and Mexican Americans were less likely to
be aware of their condition than were whites. Less than half
of the Mexican Americans with high cholesterol were aware
of their condition.9,10 One can extrapolate that the increased
diabetes prevalence in this population is associated with
metabolic syndrome and the concomitant atherogenic lipid
profile that is found in patients with diabetes. Data from
NHANES 2003–2006 that examined serum nutrients and
lipids in more than 5000 children ages 2 to 19 years revealed
similar serum concentrations of micronutrients among
ethnic groups. However, in comparison with NHWs, non-
Hispanic blacks were less likely to have low serum high-
density lipoprotein cholesterol (HDL-C) or high triglycerides.
Family income and education predicted only a few bio-
markers or dietary outcomes, and the observed associations
were weak. Moreover, modification of race/ethnic differen-
tials by income or education (or vice versa) was noted for
very few biomarkers. Race/ethnicity, but not family income
or education, was a strong independent predictor of serum
nutrient concentrations, lipids, and dietary micronutrient
intakes in U.S. children and adolescents.11

In the multicenter, prospective, population-based His-
panic Community Health Study/Study of Latinos involving
15,079 participants, including individuals of Cuban
(n¼2201), Dominican (n¼1400), Mexican (n¼6232),
Puerto Rican (n¼2590), Central American (n¼1634), and
SouthAmerican backgrounds (n¼1022), ages 18 to 74 years,
it was found that obesity and current smoking rates were
highest among Puerto Rican participants (for men, 40.9%
and 34.7%, respectively; for women, 51.4% and 31.7%,
respectively), and hypercholesterolemia prevalence was
highest among Central American men (54.9%) and Puerto
Rican women (41.0%). Large proportions of participants
(80% of men, 71% of women) had at least one risk factor.
Age- and gender-adjusted prevalence of three or more risk
factors was highest in Puerto Rican participants (25.0%)
and was significantly higher (P <0.001) in participants with
less education (16.1%), in those whowere born in the United
States (18.5%), in those who had lived in the United States
10 years or longer (15.7%), and in those who preferred
English (17.9%). Overall, self-reported coronary heart

490



disease (CHD) and stroke prevalence were low (4.2% and
2.0% in men, respectively; 2.4% and 1.2% in women, respec-
tively). In multivariate-adjusted models, hypertension and
smoking were directly associated with CHD in both genders,
as were hypercholesterolemia and obesity in women and
diabetes inmen (odds ratios [ORs] 1.5–2.2). For stroke, asso-
ciations were positive with hypertension in both genders,
with diabetes in men, and with smoking in women (ORs
1.7–2.6). It was concluded from this study that the preva-
lence of adverse CVD risk profiles was higher among partic-
ipants with a Puerto Rican background, in those in the lower
socioeconomic strata, and in those with higher levels of
acculturation.12

In another cross-sectional study of Hispanics who partici-
pated in health screening programs that enrolled 5288 His-
panics in Miami (n¼372), New York (n¼254), Los
Angeles (n¼4037), and Houston (n¼625), the overall prev-
alence rates of hypertension, dyslipidemia, and concomitant
hypertension and dyslipidemia were 37.5%, 26.6%, and
15.3%, respectively. Hypertension treatment rates ranged
from 30.9% (Houston) to 68.2% (Miami) (P<0.05); hyperten-
sion control was achieved in 34.7% (Los Angeles) to 47.8%
(New York) of participants (P <0.05). Dyslipidemia treat-
ment rates were lowest in Houston (36.5%) and highest in
New York (75.3%) (P <0.05), and control rates were 62.3%
(Houston) to 75.1% (Los Angeles) (P<0.05). Dual treatment
of hypertension and dyslipidemia ranged from 24.4% (Hous-
ton) to 69.4% (New York) (P <0.05), and dual control ran-
ged from 4.5% (Houston) to 35.3% (New York) (P <0.05).
A high prevalence of hypertension, dyslipidemia, and com-
bined hypertension and dyslipidemia, and low control rates
for hypertension and concomitant hypertension and dyslipi-
demia were demonstrated in this study among U.S. Hispanic
adults in different communities.13

In another study of cardiovascular risk factor variation
within a Hispanic cohort (Study of Women's Health Across
the Nation),14 419 women were enrolled, ages 42 to 52 years,
including there were 142 NHWs and 277 Hispanics (Central
American [n¼29], South American [n¼106], Puerto Rican
[n¼56], Dominican [n¼42], and Cuban [n¼44]). Body
mass index (BMI), smoking, blood pressure, lipid profiles,
and presence of hypertension, hyperlipidemia, diabetes,
and metabolic syndrome were compared using univariate
and multivariable models.
LDL-C and HDL-C varied significantly across the Hispanic

subgroups (overall P �0.05). Prevalence of metabolic syn-
drome was greatest in Puerto Rican women (48.2% vs.
40.0%, 35.0%, 13.9%, and 29.3% in Central American, South
American, Dominican, and Cuban, women, respectively;

P¼0.016). Central American women were the least likely
to smoke (P<0.05 vs. Puerto Rican, Cuban, and South Amer-
ican women). Prevalence of hypertension and diabetes
were similar across the groups. Significant heterogeneity in
cardiovascular risk status was observed among middle-aged
Puerto Rican, Cuban, Dominican, Central American, and
South American women, which was not explained by accul-
turation or socioeconomic indicators. These differences
were deemed to be important for targeting screening and
preventive interventions. The prevalence of dyslipidemia
in ethnic populations is shown in Table 42-1.

Few interventional programs to decrease the disease
burden among Hispanics have been successful. The Study
Assessing Rosuvastatin in Hispanic Population15 was
designed to assess the efficacy of rosuvastatin and atorva-
statin in lowering LDL-C among Hispanics. Significantly
greater decreases were also observed with rosuvastatin
for total cholesterol, non-HDL-C, apolipoprotein (apo) B,
and lipid ratios compared with milligram-equivalent doses
of atorvastatin. Another interventional program assessed
the impact of community pharmacists on clinical outcomes
in Hispanic patients with type 2 diabetes. A total of 126
patients were enrolled in this longitudinal pre- and postco-
hort study that took place in nine community and four
workplace pharmacies in San Antonio, Texas.16 Pharma-
cists provided education, point-of-care testing for glycemic
and metabolic parameters, clinical assessment, goal set-
ting, and drug therapy management with physicians. Study
outcomes were changes in glycated hemoglobin (HbA1c)
and accompanying metabolic parameters (blood pressure,
lipid parameters, and BMI) during a 1-year period. In the
overall cohort, HbA1c was not reduced significantly from
baseline to 12 months (7.8% vs. 7.6%; P¼0.516). However,
statistically significant reductions occurred for fasting
plasma glucose, triglycerides, and diastolic blood pressure.
None of the other parameters was affected significantly. In
the subgroup of patients who were not at target HbA1c
values at baseline, significant reductions occurred for
HbA1c (9.2% vs. 8.6%; P¼0.001), systolic blood pressure
(147 mm Hg vs. 143 mm Hg; P¼0.031), diastolic blood
pressure (91 mm Hg vs. 87 mm Hg; P <0.001), triglycerides
(259 mg/dL vs. 219 mg/dL; P<0.001), LDL-C (139 mg/dL vs.
123 mg/dL; P <0.001), and total cholesterol (237 mg/dL vs.
222 mg/dL; P¼0.008). This study showed promise with
regard to effective interventions performed by community
pharmacists in improving clinical outcomes in a Hispanic
cohort with diabetes.

Sufficient data describe the Latino population as being at
high risk for CVD. Multiple studies have suggested that

TABLE 42-1 Percentage of Adults Ages 20 and Older with Lipid Abnormalities, by Gender and Race/Ethnicity
GROUP MEN WOMEN MEN WOMEN MEN WOMEN

LDL >130 mg/dL LDL >130 mg/dL HDL <40 mg/dL HDL <40 mg/dL TG >150 mg/dL TG >150 mg/dL

Non-Hispanic whites 49.6 43.7 40.5 14.5 36.9 25

African Americans 46.3 41.6 24.3 13 21.4 14.4

Mexican Americans 43.6 41.6 40.1 18.4 39.7 35.2

HDL <35 mg/dL HDL <35 mg/dL

Native Americans 46 27 19 11 28 21

LDL >160 mg/dL LDL >160 mg/dL

Pacific Islanders 5.5 NA 6.4 NA 18.7 NA

HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; NA, not available; TG, triglyceride.
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prevalence of CHD is disproportionately higher in these indi-
viduals.17–21 Hence, there is a need to identify and treat these
individuals to decrease the overall burden of CVD.

AFRICAN AMERICANS

Many of the recent studies in the African American popula-
tion have focused on acute coronary syndrome, congestive
heart failure (HF), and peripheral vascular disease. These
outcomes are important because they are related to lipid
abnormalities, probably in conjunction with a higher preva-
lence of hypertension in this population. Adrenergic path-
way gene variants influenced β-blocker–related outcomes
after acute coronary syndrome in one study of African Amer-
icans. African American women had a higher risk of peripar-
tum cardiomyopathy. In the Organized Program to Initiate
Lifesaving Treatment in Hospitalized Patients with Heart Fail-
ure registry, quality of care and rehospitalization endpoints
revealed similar outcomes and treatment strategies for Afri-
can Americans compared with whites, but instructions on
discharge were inadequately performed for African Ameri-
cans.22–24

Multiple published reports have addressed the disparities
in risk factors in the African American population.25–27 A
10% population-wide decrease in total cholesterol levels
may result in an estimated 30% reduction in the incidence
of CHD. Data from NHANES 1999–2002 showed that overall,
63.3% of participants whose test results indicated high blood
cholesterol or who were taking a cholesterol-lowering med-
ication had been told by a professional that they had high
cholesterol. African Americans and Mexican Americans
were less likely to be aware of their condition than were
whites. Between 1988 to 1994 and 1999 to 2002, the age-
adjusted mean total serum cholesterol level of American
adults ages 20 years and older decreased from 206 to
203 mg/dL, and LDL-C levels decreased from 129 to
123 mg/dL. According to NHANES 1999–2002, among
NHWs, mean LDL-C levels were 126 mg/dL for men and
121 mg/dL for women.8 Among non-Hispanic blacks, the
mean LDL-C level was 121 mg/dL for both men and women,
and among Mexican Americans, themean LDL-C levels were
125 mg/dL for men and 117 mg/dL for women. The mean
level of HDL-C for American adults ages 20 years and older
is 51.3 mg/dL.28 Among NHWs, mean HDL-C levels were
45.5 mg/dL for men and 52.9 mg/dL for women, and among
non-Hispanic blacks, the mean HDL-C levels were 51.0 mg/
dL for men and 57.3 mg/dL for women. Among Mexican
Americans, mean HDL-C levels were 45.0 mg/dL for men
and 52.9 mg/dL for women. American Heart Association
data suggest that 45% of African Americans demonstrate ele-
vated LDL-C. However, CHD risk appears to be similar
between African Americans and the general population.29

The increase in cardiovascular morbidity in this population
may be because of the clustering of risk with hypertension
and its consequences of end-organ damage.20,21,30 The
NHANES 2010 dataset fromHawaii revealed that prediabetes
prevalence during the last 20 years has been consistently sig-
nificantly lower among non-Hispanic blacks compared with
NHWs when measured by impaired fasting glucose, but that
the prevalence of prediabetes was significantly higher
among non-Hispanic Blacks when measured by impaired
HbA1c. In adjustedmodels, non-Hispanic blacks were signif-
icantly more likely than NHWs to have impaired HbA1c

(OR 2.22; 95% confidence interval [CI] 1.33–3.70) and less
likely to have impaired fasting glucose (OR 0.46; 95% CI
0.30–0.73) or impaired glucose tolerance (OR 0.35; 95% CI
0.24–0.50), but rates for Mexican American/other Hispanics
did not differ significantly from the NHW rates. However,
rates of prediabetes, when defined by any of three individual
diagnostic criteria, were not statistically significantly differ-
ent across these groups (36.8% for NHWs, 36.0% for African
Americans, 37.3% for Mexican Americans and other His-
panics). The message from this study was that national pre-
diabetes prevalence estimates varied dramatically across
racial/ethnic groups according to the diagnostic method
used, although greater than 35% of all three racial/ethnic
groups met at least one American Diabetes Association
(ADA) diagnostic criterion for prediabetes.31–33

The Atherosclerosis Risk in Communities (ARIC) study
found that LDL-C was highly predictive of cardiovascular risk
in African Americans.34–36 In a cross-sectional study of amul-
tiethnic population in New York City,26 the distribution and
predictors of lipids and lipoproteins was examined in 1118
elderly individuals (�65 years of age; 22%NHW, 34% African
American, and 44% Hispanic). Mean total cholesterol levels,
total cholesterol/HDL-C ratio, and triglyceride level
decreased with increasing age (P <0.001). LDL-C and total
cholesterol were lower among men, whereas women had
higher levels of HDL-C (P <0.001). Hispanics had lower
LDL-C, total cholesterol, and HDL-C levels, whereas African
Americans had a lower total cholesterol/HDL-C ratio, lower
triglyceride level, and higher HDL-C level (P <0.001). Diabe-
tes was more prevalent among Hispanics and African Amer-
icans (P¼0.002), and BMI was higher in African Americans
(P¼0.009).

Age-adjusted prevalence of dyslipidemia in various ethnic
groups is shown in Figs. 42-1 to 42-3. In the Bogalusa Heart
Study,37 whites had significantly higher very-low-density lipo-
protein and small dense LDL compared with African Amer-
icans. Lipoprotein(a) [Lp(a)] has been shown to be
significantly higher in the African American population com-
pared with whites, which could partially explain the higher
rate of CHD despite having higher levels of HDL-C.38 In the
San Diego Population Study, although peripheral vascular
disease prevalence was threefold higher in African Ameri-
cans compared with other ethnic groups, the higher risk
was not explained by novel risk factors, such as homocyste-
ine, Lp(a), high-sensitivity C-reactive protein (CRP), fibrino-
gen, tumor necrosis factor–α, D-dimer, or plasmin–
antiplasmin levels.23 In the Multi-Ethnic Study of Atheroscle-
rosis (MESA),39 an ethnically diverse cohort of 14,812
patients was studied for the prediction of all-cause mortality
using coronary artery calcium scores, to determine whether
differences in underlying atherosclerosis may account for
some the disparities in CHD death rates, which were 30%
higher among African Americans than NHWs in 2001. Ten-
year death rates from all causes were compared using risk-
adjusted Cox proportional-hazards models in African Amer-
ican (n¼637), Hispanic (n¼1334), Asian (n¼1065), and
NHW (n¼11,776) individuals. They found that ethnic
minority individuals in the MESA population were generally
younger (by 0.3–4 years), and more frequently diabetic
(P <0.0001) hypertensive (P <0.0001), and female
(P <0.0001). The prevalence of CAC scores greater than
100 was highest in NHWs (31%) and lowest in Hispanics
(18%) (P <0.0001). Overall survival was 96%, 93%, and
92% for Asians, NHWs, and Hispanics, respectively,
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compared with 83% for African Americans (P <0.0001).
When comparing prognosis by CAC scores in ethnic minor-
ities compared with NHWs, relative risk ratios were highest
for African Americans with CAC scores greater than 400;
the relative risk ratio exceeded 16.1 (P <0.0001). Hispanics
with CAC scores greater than 400 had relative risk ratios of
7.9 to 9.0, whereas Asians with CAC scores greater than
1000 had relative risk ratios 6.6-fold higher than NHWs (P
<0.0001). These results were consistent with population evi-
dence that African Americans have an increased burden of
subclinical CHD and are the highest-risk ethnic minority
population. These data support a growing body of evidence
that noted substantial differences in cardiovascular risk by
ethnicity. In addition, in the MESA study (Tables 42-2 and
42-3), African Americans had a lower prevalence of ele-
vated triglycerides compared with NHWs.33 The association
of triglycerides with other components of the metabolic

syndrome appeared to be similar between African Ameri-
cans and NHWs, except for one: the association of triglycer-
ides with waist circumference was significant among NHW
women but not among African American women after
adjusting for demographic characteristics and other vari-
ables (P <0.001 for interaction of triglycerides with ethnic-
ity). In participants with triglycerides less than 150 mg/dL,
African American women had higher prevalence rates than
white women for abdominal obesity, elevated blood pres-
sure, low HDL-C, elevated fasting glucose, and homeostasis
model assessment of insulin resistance (HOMA-IR). In men,
the prevalence rates of high blood pressure, elevated fasting
glucose, and HOMA-IR were significantly higher in African
Americans than in whites.

The cutoffs for elevated triglycerides and its clustering
effect with other cardiometabolic risk factors on predicting
risk for diabetes and CVD in African Americans may need
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FIGURE 42-1 Percentage of adults ages 20 and older with high total cholesterol, by gender and race/ethnicity, in the United States, 2009 to 2010. *Significantly
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total cholesterol is serum total cholesterol greater than or equal to 240 mg/dL. Estimates were age adjusted by the direct method to U.S. Census 2000 population estimates using age
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Prevention/National Center for Health Statistics, National Health and Nutrition Examination Survey, 1999 to 2010.)

TABLE 42-2 Observed Lipid and Lipoprotein Concentrations in MESA Participants, 2000 to 2002

LIPID
(mg/dL)

NON-HISPANIC
WHITES

MEAN (SD)
CHINESE

MEAN (SD)
BLACKS

MEAN (SD)
HISPANICS
MEAN (SD)

TOTAL
MEAN (SD)

Men Women Men Women Men Women Men Women

Cholesterol 188.1 (32.8) 201.3 (32.6) 189.7 (31.2) 194.6 (31.4) 181.4 (34.2) 195.8 (36.1) 192.8 (36.8) 200.9 (36.0) 193.5 (34.7)

LDL-C 117.3 (29.5) 116.9 (30.6) 116.5 (28.5) 113.9 (29.2) 113.5 (32.1) 118.8 (33.5) 119.3 (33.2) 119.6 (32.8) 117.2 (31.5)

HDL-C 45.4 (12.1) 59.0 (15.7) 46.0 (10.8) 53.4 (13.1) 46.8 (12.5) 57.1 (15.7) 42.7 (10.0) 52.7 (13.7) 51.2 (14.8)

Triglycerides 127.4 (65.5) 127.0 (64.9) 135.7 (68.3) 136.4 (65.7) 106.2 (56.5) 99.2 (47.8) 154.1 (75.0) 143.1 (66.3) 125.9 (65.5)

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MESA, Multi Ethnic Study of Atherosclerosis; SD, standard deviation.

TABLE 42-3 Estimated 10-Year Risk of CHD and Dyslipidemia Prevalence, Treatment, and Control among MESA
Participants, 2000 to 2002

CHARACTERISTIC
NON-HISPANIC
WHITES (%) CHINESE (%) BLACKS (%) HISPANICS (%) TOTAL (%)

N Men Women Men Women Men Women Men Women

10-year risk of coronary heart disease 6704 13 3.8 12.5 4 13.4 4.6 13.3 4.5 8.4

Prevalence of dyslipidemia 6704 36.9 24.4 26.9 21 31.2 29.1 32.1 26.8 29.3

Prevalence of lipid-lowering drug therapy

All MESA participants 6704 19.2 16.3 12.5 15.6 14.9 17.2 12.7 13.4 15.8

Participants with dyslipidemia 1964 52 66.7 46.6 74.1 47.7 58.9 39.4 50 54

Control of dyslipidemia

LDL-C<ATP III drug initiation level 6704 80.3 91.6 83.8 93.3 81.8 86 78.5 85.7 85

LDL-C<ATP III drug treatment goal

All MESA participants 6704 62.9 75.6 66.3 79.5 62.1 67.4 58.6 68 67.4

Participants with dyslipidemia 1964 39.7 57.5 35.9 61.2 32.7 38.7 27 37.3 40.6

On drug therapy 1060 76.4 86.2 77.1 82.5 68.5 65.7 68.5 74.5 75.3

ATP III, Adult Treatment Panel III; CHD, coronary heart disease; LDL-C, low-density lipoprotein cholesterol; MESA, Multi Ethnic Study of Atherosclerosis.
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to be explored further. In a study on changing trends in the
prevalence and disparities of obesity and other CVD risk fac-
tors in three racial/ethnic groups of U.S. adults, non-Hispanic
blacks had the highest prevalence of obesity and
hypertension.32

As for interventions, in the African-American Rosuvastatin
Investigation of Efficacy and Safety (ARIES) trial,40 774 Afri-
can American adults with LDL-C 160 to 300 mg/dL and tri-
glycerides less than 400 mg/dL were randomized to
receive open-label rosuvastatin 10 or 20 mg or atorvastatin
10 or 20 mg for 6 weeks. Statin therapy led to a significant
favorable impact on lipid parameters, with rosuvastatin hav-
ing a slightly better edge in improving the markers. This
study exemplifies the effectiveness of lipid therapy in the
African American population and suggests that if barriers
to access and coverage of prescription medications caused
by socioeconomic status are eliminated, benefits will
be equal.

NATIVE AMERICANS, PACIFIC ISLANDERS,
AND ASIAN AMERICANS

Critical data for CVD among Native Americans have been
imperfect because of classification bias caused by race as
well as events. For example, people who died from alcohol
or unknown causes were more likely to be identified as
Native American on their death certificates than were people
who died from other causes. Both forms of misclassification
led to an underestimation of CVD mortality rates, and the
inadequate data collection contributed to the flawed
appearance of a CVD mortality advantage for Native
Americans despite a documented high prevalence of CVD
risk factors. Logistic barriers such as multiple tribes, hetero-
geneity of culture, and widespread language groups led to
inadequate representation of Native Americans. The Strong
Heart Study (SHS) was designed to address the deficiency
in data on CVD and its associated risk factors in Native
Americans.41,42 The largest epidemiologic study of Native
Americans supported by the National Heart, Lung, and
Blood Institute, the SHS includes 13 tribes and communities
in three culturally and geographically diverse areas of Ari-
zona, North and South Dakota, and Oklahoma, and uses
standardized methods to assess risk factors in longitudinal
analyses. Racial/ethnic misclassification bias was essentially
eliminated in this study. The SHS data revealed that Native
American CHD mortality rates either exceeded or nearly
equaled the rates in the general U.S. populations, thus sug-
gesting further evidence of ethnic disparity in CVD burden.
Incidence of fatal CHD is increasing in Native Americans, in
contrast to the declining rates in the U.S. population overall.
Native Americans seem to have gradually decreased their
total cholesterol levels, improved hypertension treatment
rates, and decreased smoking rates; however, prevalence
of hypertension and dyslipidemia have significantly
increased. In addition, the burden of diabetes has markedly
increased. Although the general U.S. population is also
experiencing an increase in diabetes, the diabetes preva-
lence in Native Americans is dramatically higher than it is
in the general population.43 Participants in the 2nd SHS
who did not have prevalent HF or CHD, or a glomerular fil-
tration rate of less than 30 mL/min/1.73 m2, were analyzed
(n¼2757; 1777 women, 1278 diabetic). Cox regression anal-
ysis of incident HF (follow-up 8.91�2.76 years) included

incident myocardial infarction (MI) censored as a compet-
ing risk event. Acute MI occurred in 96 diabetic (7%) and
84 nondiabetic participants (6%; P¼NS). HF occurred in
156 diabetic (12%) and in 68 nondiabetic participants
(5%; OR 2.89; P <0.001). After accounting for competing
MI and controlling for age, gender, BMI, systolic blood pres-
sure, smoking, plasma cholesterol, antihypertensive treat-
ment, heart rate, fibrinogen, and CRP, incident HF was
predicted by a greater left ventricular mass index, larger left
atrium, lower systolic function, greater left atrial systolic
force, and urinary albumin/ creatinine excretion. Risk of
HF was reduced with more rapid left ventricular relaxation
and antihypertensive therapy. Diabetes increased the hazard
ratio (HR) of HF by 66% (0.02<P<0.001). The effect of dia-
betes could be explained by the level of HbA1c.44

HF was influenced by poor metabolic control. In this pop-
ulation with a high prevalence of obesity, metabolic syn-
drome, and diabetes, elevated CRP and fibrinogen
increased HF risk. These associations were attenuated by
adjustments for conventional risk factors, which suggested
that inflammation acts in concert with metabolic and clini-
cal risk factors in increasing HF risk.45 Identification of the
cardiovascular phenotype at high risk for HF in diabetes is
recommended for the Native American population. In the
Navajo Health and Nutritional Survey, 40% of adults had cho-
lesterol greater than 200 mg/dL, and 10% had cholesterol
greater than 240 mg/dL. In addition, 46% of men and 27%
of women had high LDL-C (>130 mg/dL), 19% of men and
11% of women had low HDL-C (<40 mg/dL), and 28% of
men and 21% of women had high triglyceride levels.46 An
elevated triglyceride level was a significant predictor of
CVD in Native American women in the SHS.

Very few studies have been performed in Pacific Islanders
and Asian Americans. It has been observed in earlier studies
that men of Japanese ancestry residing in the United States
appeared to have higher rates of CHD and lower rates of
stroke than did their counterparts living in Japan. The Hono-
lulu Heart Program (HHP) was initiated to study 8006 men of
Japanese ancestry who were 45 to 68 years old in 1965 and
lived on the Hawaiian island of Oahu.47 Prevalence of high
LDL-C (>160 mg/dL) was only 5.5%, prevalence of low
HDL-C (<40 mg/dL) was 6.4%, and prevalence of high tri-
glyceride (>150 mg/dL) was 18.7%. The study also revealed
a continuum of risk by glucose tolerance status, with increas-
ingly unfavorable CVD risk factors as patients progressed
from normal to impaired glucose tolerance to overt diabetes.
In addition, glucose intolerance and overt diabetes were risk
factors for thromboembolic and hemorrhagic stroke, CHD,
sudden death, and all-cause mortality, independent of coex-
istent risk factors. In 1997, the ADA lowered the diagnostic
cutoff point for diabetes from a fasting glucose of more than
140 mg/dL to a fasting glucose of more than 126 mg/dL, and
suggested that the oral glucose tolerance test was not
needed in epidemiologic studies. The World Health Organi-
zation (WHO) also lowered the threshold for fasting glucose
in 1998, but it maintained use of the 2-hour postload glucose.
When the WHO and ADA criteria for diabetes were applied
to the HHP older adult cohort, the investigators observed
that 66% of the individuals who had diabetes according to
the WHO criteria were missed by the ADA criteria. When
the fasting and postload glucose measures were analyzed
as continuous variables, the 2-hour measurement was a
superior predictor of total mortality independent of fasting
glucose. The study also revealed that the mean BMI of older
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Japanese men with diabetes, 24 kg/m2, was in the range that
is considered normal by anthropometric standards for
whites. The observation that diabetes frequently occurs in
the normal weight range (BMI 18.5–25 kg/m2) in older Jap-
anese men suggests that the BMI thresholds for elevated dia-
betes risk may be different and need to be revised for
different ethnicities, as recommended by the WHO. Japa-
nese Americans were found to have a fourfold higher risk
of type 2 diabetes compared with Japanese living in Japan.48

This motivated the Japanese American Community Diabetes
Study (JACDS)49–51 in the early 1980s, which was designed
to investigate generational differences in diabetes and
CVD risk. The main findings of this study were that larger vis-
ceral fat area (but not subcutaneous abdominal fat area)
was associated with higher levels of triglycerides and lower
HDL-C in men and women,52 and was also associated with
hypertension,53 nonobesity components of the metabolic
syndrome,54 incident diabetes, and CHD, independent of
age, gender, and subcutaneous fat area.55 Higher animal
protein and fat intake were associated with higher diabetes
prevalence in second-generation participants,56 and the
average BMI in JACDS was lower than that in the U.S. popu-
lation overall (i.e., NHANES data), despite the high inci-
dence of type 2 diabetes. The Nippon-Honolulu-San
Francisco (Ni-Hon-San) study began in 1965 to examine pos-
sible differences in stroke and CHD risk in Japanese men liv-
ing in Japan, Hawaii, and California.57 Many factors
potentially related to CVD were similar in Californian and
Hawaiian Japanese men,58–62 but these two populations dif-
fered from the Japanese population in Japan for many fac-
tors. Mean serum cholesterol levels were lowest in the
Japanese men living in Japan, as was intake of saturated
fat; blood pressure levels were lowest in Hawaii and highest
in California; BMI was highest in California and Hawaii and
lowest in Japan; and cigarette smoking and alcohol intake
were both much higher in Japan. Although the prevalence
of stroke was highest in Japan, intermediate in Hawaii,
and lowest in California, the prevalence of CHD was highest
in California, intermediate in Hawaii, and lowest in Japan.63

Previous studies have reported an elevated prevalence of
type 2 diabetes among Filipinos, despite the absence of obe-
sity, and hypertension prevalence among Filipinos exceed-
ing that of African Americans.64,65 The University of
California San Diego Filipino Health Study was initiated in
1995 to measure the prevalence of CVD, type 2 diabetes,
osteoporosis, and risk factors for these diseases among
self-identified Filipino women older than 40 years of age.66

Filipino-American women were enrolled as a comparison
group to white participants from the Rancho Bernardo study,
using the same research protocol, staff, clinic, and diagnos-
tic laboratories. Among the Filipino women, CVD preva-
lence was 23%, and 71% of CVD cases were previously
undiagnosed.67 Diabetes prevalence was 36%, and more
than 50% of these women were unaware of the diagnosis.
Among women without type 2 diabetes, the Filipinos had
a significantly higher prevalence of the metabolic syndrome
by every definition compared with whites.68 Among normo-
glycemic women, Filipino women had a significantly lower
adiponectin concentration compared with whites (mean
8.9 mg/mL vs. 15.9 mg/mL), even after adjusting for BMI,
waist circumference, the waist/hip ratio, fasting insulin, or
HOMA-IR.69 Low adiponectin concentration, parental his-
tory of MI, and microalbuminuria were each independently
associated with CVD, after adjusting for age, diabetes,

hypertension, LDL-C, HDL-C, estrogen use, and physical
exercise.67 Compared with the white cohort, Filipino women
had more visceral fat and a higher prevalence of type 2 dia-
betes, hypertension, and the metabolic syndrome. However,
the prevalence of subclinical atherosclerosis in women, esti-
mated by coronary artery calcium (>150) did not differ
between Filipino women (22%) and white women (20%).70

Smoking prevalence is high in Korean,71 Vietnamese,72

and Filipino70 male populations. Vietnamese adults (68%)
have the highest percentage of lifetime abstinence from
alcohol use; rates for other Asian subgroups range from
32% for Japanese adults to 57% for Indian adults.73 Other
CVD risk factors that differed by ethnicity included older
age, more smoking, and an elevated total cholesterol/HDL-
C ratio among whites, and more diabetes and hypertension
among Filipino women. Filipinos had significantly more vis-
ceral adipose tissue at every level of waist girth.74

Asians and Asian Americans have the largest proportion
of the worldwide burden of CVD. Further, Asians include
several distinct ethnic subpopulations (South Asians, Chi-
nese, etc.), whomay differ in their lipid profiles. These differ-
ences may be the result of both genetic and environmental
factors (high-carbohydrate diets, reduced physical activity,
etc.). There is also considerable controversy regarding the
relative importance of the apoB and apoA-I) in comparison
to the conventionally measured lipid fractions in determin-
ing CVD risk; data are sparse in Asian populations.75 The
higher prevalence of hypertriglyceridemia and small, dense
LDL particles among some Asian subgroups raises the possi-
bility that lipoprotein levels will more accurately reflect the
total atherogenic profile, and consequently, CVD risk.

The INTERHEART study, an international case–control
study examining risk factors for initial MI in 52 countries
(including 12,000 cases of initial MI and 14,000 controls),
included greater than 5500 cases of first acute MI and nearly
6500 control individuals from Asia, and measured both lipo-
proteins and apos, providing an opportunity to explore the
relative importance of these markers and the risk of acute
MI in Asians compared with the rest of the INTERHEART
population. Among both cases and controls, mean LDL-C
levels were approximately 10 mg/dL lower in Asians com-
pared with non-Asians. A greater proportion of Asian cases
and controls had LDL-C greater than 100 mg/dL (25.5%
and 32.3% in Asians vs. 19.4% and 25.3% in non-Asians,
respectively). HDL-C levels were slightly lower among Asians
compared with non-Asians. A preponderance of South
Asians had low HDL-C (South Asia vs. rest of Asia: cases
82.3% vs. 57.4%; controls 81% vs. 51.6%; P <0.0001 for both
comparisons). However, despite these differences in abso-
lute levels, the risk of acute MI associated with increases
in LDL-C and decreases in HDL-C was similar for Asians
and non-Asians. Among South Asians, changes in apoA-I pre-
dicted risk better than HDL-C. The apoB/apoA-I ratio had the
strongest association with the risk of acute MI.76

SOUTH ASIANS

South Asians are people of origin from India, Pakistan, Ban-
gladesh, Sri Lanka, or Nepal. They comprise 25% of the
global population, but contribute to 60% of the global
CVD burden. Close to 4 million South Asians live in North
America (2.84 million in the United States). Lipid abnormal-
ities in South Asians are closely intertwined with the preva-
lence of insulin resistance, diabetes, and CHD. Although the
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prevalence of type 2 diabetes is growing worldwide, with the
total number of individuals with diabetes projected to rise
from 171 million in 2000 to 366 million in 2030, the predicted
increase in prevalence of 151% in the Indian subcontinent
during this period is concerning. South Asians have an
approximately twofold to fourfold increased prevalence of
diabetes compared with other native ethnic groups.77

Population-based studies that sampled South Asians from
different countries have reported an age-standardized adult
diabetes prevalence of 21% for South Asians from the United
Kingdom, 12.8% for those from Singapore, 15.3% for those
from Mauritius, 13.1% for those from Fiji, 9.8% for those from
South Africa, 9.9% for those from Tanzania, and 15.3% for
those from Canada.78–83 In the United States, a few studies
have estimated diabetes prevalence in South Asians. In
Atlanta, Georgia, 18.3% of attendees at a temple had diabetes
based on self-report; 17.4% of South Asian adults in a
national U.S. study were found to have diabetes based on
self-report and fasting glucose levels, and 29% had diabetes
based on an oral glucose tolerance test in a study from the
Bay Area, California. In a recent large population-based
study from New York City, it was noted that prevalence of
diabetes among foreign-born South Asians was nearly twice
that of other foreign-born Asians (13.6% vs. 7.4%; P¼0.001).
In multivariable analyses, foreign-born South Asians with
normal BMI had nearly five times the diabetes prevalence
of U.S.-born NHWs with normal BMI (14.1% vs. 2.9%; P
<0.001) and a 2.5 times higher prevalence of diabetes than
other foreign-born Asians with normal BMI (P <0.001).84–86

It is vital to recognize that South Asians develop CHD at a
younger age, with an increased CHD-associated mortality.
Numerous studies have demonstrated higher CHD rates
among South Asians at all ages. Prevalence of CHD in rural
South Asia is 3% to 4%, whereas the CHD prevalence among
urban South Asians and South Asian immigrants in the West
approaches 10%. The Coronary Artery Disease in Indians
study demonstrated a CHD prevalence of 10% among first-
generation South Asian immigrants to the United States,
compared with a 2.5% CHD prevalence among the general
population in the Framingham study.87 Cardiovascular mor-
tality data from multiple studies have shown a three times
higher CHD prevalence for South Asians younger than
40 years and a 1.5 times higher CHD prevalence for South
Asians older than 60 years. A 1990 WHO study showed that
the proportion of cardiovascular deaths occurring before
70 years of age was 26% in developing countries overall,
but 52% in India. Although the risk for microvascular compli-
cations among South Asians with diabetes tends to be simi-
lar to that in the white population, South Asians have a
significantly higher prevalence of CVDmanifesting at a youn-
ger age in nonobese individuals.88–90

Although total cholesterol and LDL-C levels may be similar
to those in other ethnic groups, South Asians have character-
istic lipid profiles: higher triglyceride levels, higher Lp(a)
levels, an increased apoB/apoA-I ratio, smaller HDL and
LDL particle size, and lower levels of HDL-C. Lp(a) is an
emerging independent risk factor for the development of
CHD, complementing other, traditional risk factors. Unlike
other lipids, Lp(a) levels are completely determined by
genetics. South Asians have the second highest levels of
Lp(a) after African Americans, and this may explain some
of the increased CHD risk in this ethnic group. Because of
the exponential effect of Lp(a) on other CHD risk factors,
South Asians have a higher CHD risk at any given level of

LDL-C. This results in a significant underestimation of CHD
risk in South Asians by the Framingham Risk Score.91–93

Increased CHD risk in younger South Asians can be
explained by a higher prevalence of traditional risk factors.
The INTERHEART study demonstrated that greater than 90%
of global MI risk can be attributed to nine modifiable risk fac-
tors: smoking, diabetes, lipids, central obesity, hypertension,
diet, physical activity, alcohol consumption, and psychoso-
cial factors. This was true for all populations, including South
Asians. However, South Asians presented with initial MI at
earlier ages (53 years vs. 58 years). Protective factors (mod-
erate daily alcohol consumption, regular physical activity,
daily intake of fruits and vegetables) were significantly lower
among South Asians, and deleterious factors such as diabe-
tes and an elevated apoB/apoA-I ratio were significantly
higher. Compared with other risk factors, the elevated
apoB/apoA-I ratio had the highest attributable risk. Com-
pared with other ethnic groups, certain risk factors had a
higher attributable risk in South Asians: the apoB/apoA-I
ratio, low daily consumption of fruits and vegetables, lack
of regular exercise, and a high waist/hip ratio. Overall obe-
sity rates (by BMI) were lower in South Asians.94 However,
central obesity rates were significantly higher and associated
with insulin resistance, metabolic syndrome, and a twofold
to threefold increased CHD risk. Waist circumference or
waist/hip ratios as a screening tool aremore robustmeasures
to identify risk.

In a large multiethnic population study of 126,088 adults
in Northern California that included 13,448 (10.6%) Asian
Americans, including 5951 Chinese, 1676 Japanese, 4236
Filipinos, 689 South Asians (mostly Indians), and 896 other
Asians, persons with incident CHD hospitalizations through
2008 numbered 7658, including 700 Asians. Analyses used
Cox proportional-hazards models that included age, gender,
ethnicity, smoking, alcohol, BMI, education, marital status,
and a composite of possible baseline CHD history and/or
risk factors. With whites as reference, the adjusted HR
(95% confidence interval) for all Asians was 1.0 (0.9–1.0).
In a separate model, the HRs (95% confidence intervals)
were 0.8 (0.7– 0.9; P <0.001) for Chinese, 0.9 (0.7–1.1;
P¼0.5) for Japanese, 1.2 (1.0–1.3; P¼0.02) for Filipinos,
2.4 (1.9–3.2; P <0.001) for South Asians, and 0.8 (0.5–1.1;
P¼0.9) for other Asians. Increased risk of CHD in South
Asians was present in multiple strata, with the largest HRs
in men, younger persons, heavy smokers, and persons with
CHD events in the first 10 years of follow-up. The addition of
blood pressure, total cholesterol, blood glucose, or leuko-
cyte count to the models had a minimal effect on the mag-
nitude of the increased risk in South Asians. South Asians
were at higher risk (P <0.001) in separate models with
blacks or Hispanics as the referent. In models limited to
Asians, South Asians had higher HRs than each other Asian
group (P <0.001 for each). Disparities in CHD risk among
Asian American ethnic groups include a substantially
increased risk in South Asians compared with whites, blacks,
Hispanics, or other Asian American ethnic groups.2 These
data mandate further investigation into the causes and pub-
lic health measures targeted at reducing CHD risk in South
Asians.95

The South Asian diet also predisposes toward developing
dyslipidemia, and thus, increases CHD risk. Use of whole
milk and clarified butter (ghee), deep frying, long cooking
times, and reuse of the same oil multiple times may contrib-
ute to fatty acid oxidation and increased saturated and trans
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fat consumption, leading to insulin resistance and CHD. Reg-
ular physical exercise is rare in this population, including in
women. South Asian migration to more affluent areas and
from rural to urban areas leads to significantly higher rates
of CHD, which points toward genetic and environmental
interaction. The susceptibility toward developing insulin
resistance may be partially explained by the “fetal origins
hypothesis,” which postulates that malnourished fetuses
adapt to impaired nutrition by becoming relatively insulin
resistant. However, this adaptation may persist into adult life
even when calories are abundant, thus leading to insulin
resistance and adult-onset diabetes. Although traditional risk
factors account for the majority of CHD in South Asians,
some novel risk factors are also under study: smaller coro-
nary artery diameter, higher homocysteine levels, and
higher CRP levels. CHD risk in South Asians may be
increased by a prothrombotic milieu (higher levels of homo-
cysteine, Lp[a], plasminogen activator inhibitor–1, and
smaller HDL and LDL particles) along with a proinflamma-
tory state (higher levels of high-sensitivity CRP, leptin,
interleukin-6, and tumor necrosis factor–α), and smaller
mean coronary artery diameter.96 South Asians have higher
rates of CHD, higher associated mortality, and earlier onset
of CHD because of genetic predisposition, atherogenic dys-
lipidemia, and lifestyle factors. South Asians have more tra-
ditional risk factors at an earlier age, high Lp(a) levels, a
higher waist/hip ratio, and an elevated apoB/apoA-I ratio.
The traditional risk factors should be screened for and mod-
ified in all populations, but especially in South Asians, who
have higher prevalences of these risk factors at younger ages.
It is not clear if the cutpoints for traditional risk factors should
be any lower at the present time. The authors recommend
that all South Asians older than age 30 years should be
assessed for traditional risk factors, Measurement of lipid
subfractions, including Lp(a), the waist/hip ratio, non–
HDL-C, apoB, and apoA-I levels, and aggressive manage-
ment, including weight loss and regular physical activity
(decreased central obesity and its associated atherosclerosis
risk), as well as dietary modifications with decreased intake
of saturated and trans fats, shorter vegetable cooking times,
and increased intake of raw vegetables, are recommended

for all South Asians. This will reduce the earlier onset of
the twin epidemic of diabetes and cardiovascular morbidity
and mortality.

IMPACT OF STATINS AND THE UNMET ROLE
OF HIGH-DENSITY LIPOPROTEIN

Evidence supporting the use of statin therapy to reduce LDL-
C and the subsequent risk of CHD has been significant. Over
the last decade, use of statin therapy increased 12-fold, from
2% to 25% (Fig. 42.4). The decline in total cholesterol in the
U.S. population is likely partially attributable to the
increased use of the statins.97 There is, however, disagree-
ment on the use of statins for primary prevention of CHD
in asymptomatic individuals.98,99 Moreover, not all drugs
that reduce LDL-C have been shown to reduce CHD risk,
although the benefit of statins has generally been shown
to be consistent across initial levels of LDL-C. As a result,
advocating the use of statins over a target that may be
reached with a variety of drugs should be considered,
including the use of drugs that have not been shown to
improve outcomes. Also, advocating a strategy to treat based
on patient risk rather than lipid levels is more effective
because the absolute benefit is predicated on the overall
risk, not just the lipid level,100 as recommended in the Amer-
ican College of Cardiology/American Heart Association
guidelines101 (see Chapter 17).

Lipid levels among U.S. adults are declining. In 1999 to
2000, 18.3% of men and women had a high total cholesterol
level, defined as 240 mg/dL or higher. This dropped to 13.4%
in 2009 to 2010 (Fig. 42-5).The U.S. Hispanic population has
been reported to have the highest percentage of adults
(>20 years of age) with high total cholesterol levels (see
Fig. 42-1). The percentage of adults ages 20 years and older
with high total cholesterol has declined substantially since
the data from 1999 to 2000. For 2009 to 2010, the percentage
of adults with high total cholesterol was 13.4%, thus meeting
the Healthy People 2010 target of 17% or less102 Substantial
and steady decreases in the prevalence of high total choles-
terol among men ages 40 years and older and women ages
60 and older from 1999 to 2010 resulted in achievement of
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the Healthy People 2010 objective in all gender and racial/
ethnic groups and in all gender and age groups, except for
women ages 40 and older. For 2009 to 2010, only 11.9% of
women compared with 31.4% of men ages 20 years and
older had lowHDL-C. The percentage with lowHDL-C is con-
sistently higher in men than in women within each race
and ethnicity group. Because women typically have higher
HDL-C levels than men, the percentage with low HDL-C is
expected to be lower in women than in men. The percent-
age of adult men with low HDL-C is lower in non-Hispanic
black men than in Hispanic or NHW men. During 2009 to
2010, approximately 68% of adults, including 66% of men
and 70% of women, had their cholesterol checked within
the previous 5 years. These percentages have not changed
significantly since 2005 to 2006, when 65% of men and
71% of women had their cholesterol checked within the pre-
vious 5 years. Furthermore, the Healthy People 2010 objec-
tive for cholesterol screening of at least 80% was not met.
Less than one half of Hispanic men were screened within
the previous 5 years compared with 70% of NHW men
and nearly 62% of non-Hispanic black men. Among U.S.
adults in 2009 to 2010, those with adverse concentrations
of total cholesterol (15%) and HDL-C (25%) were at greater
risk for CHD events, including heart attacks. The U.S. Depart-
ment of Health and Human Services recently announced the
Million Hearts Initiative,103 which has a goal of preventing
1 million heart attacks and strokes over the next 5 years.
Although LDL-C has been the target for most of the clinical

studies, the Framingham Heart Study in the 1980s demon-
strated that the risk of CHD was significantly lower among
persons with higher levels of HDL-C.104 A number of studies
have supported this inverse correlation between HDL-C and
CHD.104–108 An estimated 1 mg/dL higher HDL-C level is asso-
ciated with a 2% lower risk of CHD in men and a 3% lower
risk in women.109 Some guidelines recommend lowering
non–HDL-C as a secondary target after LDL-C lowering
because of the risk of CHD arising from hypertriglyceride-
mia. Traditional lipid-lowering therapy appears to lower
LDL-C and non–HDL-C similarly, and these parameters are

often not distinguished in trials. Even after LDL-C is aggres-
sively controlled to very low levels with statin therapy, low
HDL-C still remains a significant cardiovascular risk fac-
tor.110,111 As a result, there has been an increasing interest
in HDL-C as a therapeutic target.112 The prevalence of low
levels of HDL-C (e.g., <40 mg/dL) varies geographi-
cally113,114 and is particularly high in Latin American coun-
tries, where the prevalence is as high as 46% in men.114 Over
a 7-year period, this prevalence has continued to rise in Mex-
ico by 2% to 3%.115 Approximately 25% of men in the United
Kingdom have low levels of HDL-C.116 A Pan-European sur-
vey suggested that the prevalence throughout Europe is sim-
ilar to that in the United States, with low HDL-C levels in
nearly one half of the Dutch population.117 Although a signif-
icant number of the population in China have low HDL-C
levels, the prevalence is much lower than in North America,
with less than 7% of men and approximately 2% of women
having low levels of HDL-C.118 In the INTERHEART study,a
specific higher prevalence of low HDL-C levels was shown
in South Asians compared with other Asians.119 Mean total
cholesterol levels around the world are highest in high-
income countries and have been dropping since 1980.
The most drastic decreases have been in high-income coun-
tries (from 5.62 to 5.19 mmol/L [217 to 201 mg/dL]), but
modest decreases in low-income countries (from 4.46 to
4.20 mmol/L [172 to 162 mg/dL]) and in middle-income
countries (4.91–4.7 mmol/L [190 to 182 mg/dL]) have also
been seen. Nevertheless, some 39% of the global population
still has elevated cholesterol, as do more than one half of
those in higher income countries.

It remains unclear whether strategies aimed at increasing
HDL-C in addition to background statin therapy will further
reduce risk. The Atherothrombosis Intervention in Metabolic
Syndrome With Low HDL/High Triglycerides: Impact on
Global Health Outcomes (AIM-HIGH)120,121 trial, which com-
pared combined niacin and simvastatin with simvastatin
alone, failed to demonstrate an incremental benefit of niacin
among patients with atherosclerotic CVD and on-treatment
LDL-C values less than 70 mg/dL, but this study had some
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limitations. The Heart Protection Study 2–Treatment of HDL
to Reduce the Incidence of Vascular Events (HPS2–
THRIVE), a secondary prevention trial that tested the addi-
tion of extended-release niacin to statin therapy, missed its
primary endpoint and showed no clinical benefit for
extended-release niacin. After nearly 4 years of follow-up,
the combination of niacin with the antiflushing agent laro-
piprant did not significantly reduce the risk of the combina-
tion of coronary deaths, nonfatal MI, strokes, or coronary
revascularizations compared with statin therapy. The combi-
nation therapy significantly increased the risk of nonfatal but
serious side effects.

The first version of the cholesteryl ester transfer protein
inhibitors, torcetrapib, was proved to cause excess deaths.
Another version of cholesteryl ester transfer protein inhibi-
tors, dalcetrapib, was tested, but in 2012, the phase 3 clinical
trials ended, because dalcetrapib did not significantly
increase HDL-C and lower LDL-C. A new version, anacetra-
pib, has not be shown to increase the risk of cardiovascular
events, and the drug was associated with a 138% rise in
HDL-C and a 40% drop in LDL-C in one clinical trial. Based
on early data, some 30,000 patients were to receive anacetra-
pib starting in 2011 to test whether adding the drug to a statin
further reduces morbidity and mortality. At present,
although the HDL hypothesis still holds well based on epide-
miologic data, it remains unclear if impacting HDL-C levels
favorably translates to CVD risk reduction. HDL functionality
is being studied in clinical trials to assess if function of
HDL plays a more important role than the absolute levels
of HDL-C.122–124

URBANIZATION AND THE CARDIOVASCULAR
DISEASE RISK FACTOR BURDEN

There are now 21megacities (>10million population) in the
world, which because of their sheer size contribute to signif-
icant predictable hazards.125 Among those that contribute to
CVD are heavy environmental pollution, high traffic, no side-
walks, and the threat of violence outside the home; these fac-
tors are major obstacles to physical activity. In addition,
there are very few green spaces or open land for public
use, contributing to the lack of exercise and a sedentary life-
style.126 Globalization and urbanization are key factors driv-
ing the worldwide increase in obesity and diabetes mellitus
(major CVD risk factors), along with hypertension. Urbaniza-
tion has created the global nutritional transition. This transi-
tion includes an increase in consumption of animal source
foods, edible oils, and sugars, which has occurred in
high-income countries and is progressively occurring in
low- and middle-income countries. This dietary change is
influenced by the increasing numbers of supermarkets in
developing countries that tend to serve processed foods
higher in salt, fat, and added sugar. In Latin America, for
example, supermarkets’ share of food sales increased from
15% to 60% over a 10-year period (1990–2000). Another fac-
tor is the decreasing price of animal source foods and
grains.127 Low-income countries often face a double burden
of malnutrition among infants and children combined with
greater access to nutrition-poor food later in life. This has
been found to increase the risk for CVD later in life.125–128

Migrating from rural to urban areas is shown to increase
blood pressure because of changing dietary patterns.
Finally, smoking rates are also increasing among youths in

several regions of the world because of urbanization.
Tobacco manufacturers aggressively market to these mega-
cities. Unfortunately, children are most affected by these
campaigns, because they are more impressionable.126–128

Aggressive educational programs in schools regarding
health promotion and disease prevention need to be initi-
ated in all megacities to prevent CVD and the diabetes epi-
demic in the megacities throughout the world.

DISPARITIES

Even as the patient population with CVD grows increasingly
diverse in terms of race, ethnicity, age, and gender, many
cardiologists and other healthcare providers are unaware
of the negative influence of disparate care on CVD outcomes
and do not have the tools needed to improve care and out-
comes for patients from different demographic and socio-
economic backgrounds. Reviewed published reports
assessed the need for redressing CVD disparities and the evi-
dence concerning interventions that can assist cardiology
care providers in improving care and outcomes for diverse
CVD patient populations. Evidence points to the effective-
ness of performance measure–based quality improvement,
provider cultural competency training, team-based care,
and patient education as strategies to promote the elimina-
tion of disparate CVD care, which might, in turn, lead to bet-
ter outcomes. The Coalition to Reduce Racial and Ethnic
Disparities in Cardiovascular Disease Outcomes (CREDO)
has launched several initiatives built on these evidence-
based principles and will be expanding these tools along
with research. CREDO will provide the CVD treatment com-
munity with greater awareness of disparities and tools to
help close the gap in care and outcomes for all patient sub-
populations.129 The disparities and differences in heart dis-
ease and stroke among black, white, and Hispanic
populations tell a compelling and continuing story that
should drive research agendas to improve health outcomes.
With black men and women having the highest prevalence
of hypertension, black women having higher rates of CHD,
stroke, and breast cancer than white women, and blacks,
at all ages, having a greater risk for stroke mortality than
whites, researchers and healthcare providers must under-
stand the clinical appropriateness of treatment for different
states of disease among distinct populations. To eliminate
health disparities, the healthcare systems must facilitate
access to care while biases are eliminated. Importantly,
because disparate care increases mortality at a younger
age, strategies toward eliminating poorer health outcomes
among minorities must adopt a quality-focused approach
that improves the care of all patients; cultural awareness
and cultural competencies must be enhanced; barriers to
access must be removed; and education that focuses on pre-
vention to reduce CVD and improve health outcomes must
be increased.

SUMMARY

Individuals from ethnic minorities are increasing in number
in the United States and comprise a rising proportion of
the population. Epidemiologic and cross-sectional studies
in minorities in the United States and other countries
suggest an increasing prevalence of CHD. Along with this
rise, there is evidence for a positive correlation with lipid
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abnormalities. Traditional risk factors appear to confer most
of the risk for CHD. Although cholesterol levels have
decreased over the last decade in all populations, other risks
such as low HDL-C, high triglyceride levels, insulin resis-
tance, diabetes, Lp(a), dietary indiscretion, and physical
inactivity seem to be playing an important role in escalating
the risk, especially in the high-risk ethnic population.
Because lipid abnormalities are intertwined with other fac-
tors contributing to CVD risk, all of these factors should be
addressed from a multisector level. Urbanization with adop-
tion of a Westernized lifestyle in terms of nutritional transi-
tion, mixed with a genetic predisposition to CHD, may be
contributing to the mounting prevalence of CHD among cer-
tain ethnic groups. Although there are differences in risk fac-
tors by ethnic group, it is not clear whether there should be
differences in treatment strategies. Although interventional
studies have shown efficacy and safety of statins in choles-
terol reduction, minority populations have not been
included in sufficient numbers in most large-scale interven-
tional studies. Nonetheless, identification of risk factors and
aggressive risk factor modification with optimization of med-
ical therapies should be the cornerstone of management in
all ethnic groups. Although such an approach underscores
the importance of reducing the odds of a cardiovascular
event and death on a continuum, there is an ongoing need
to explore the differences in ethnic minorities that could
explain the disparity in CHD risk. Future research should
focus on multiple issues that include a consensual and con-
ceptual definition of race, policies for CHD prevention, and
better quantification of cultural factors, socioeconomic con-
ditions, and environmental aspects. National surveys should
oversample ethnic subgroups and ensure comprehensive
representation, including the wide range of socioeconomic
status, to focus on underserved populations. All ethnic sub-
groups should be identified on death certificates, hospital
discharge information, and population-based studies; they
should be included in National Registry of Myocardial Infarc-
tion data. A stroke registry should be established that iden-
tifies the various subgroups to determine differences in
stroke incidence and risk factors; an acculturation instru-
ment, culturally specific food-frequency questionnaires,
and physical activity instruments should be established that
can validate and expand existing self-reported data. Lower
cutpoints for cardiovascular risk factors and genetic suscep-
tibility for differences in risk should be addressed as part of
large prospective cohort studies. Interventions at the socio-
economic and political levels to alter health behavior
models to decrease risk should also be undertaken. Better
understanding and cognizance of the disparities of CHD
risks will help healthcare professionals to cultivate culturally
sensitive prevention and intervention programs targeted
toward quelling the epidemic of CVD in high-risk ethnic
groups.
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INTRODUCTION

The introduction of highly active antiretroviral therapy
(HAART) has increased survival, decreased morbidity,
and improved the nutritional status of patients infected with
human immunodeficiency virus (HIV)–1. However, these
benefits have been accompanied, in a very high proportion
of patients, by unusual body composition alterations (often
described as lipodystrophy) and lipid derangements. Lipody-
strophy is an umbrella term used to describe multiple meta-
bolic abnormalities characterized by fat accumulation in the
truncal or dorsocervical regions, loss of fat in the limbs and
face, or a combination of central fat accumulation and
peripheral lipoatrophy. The lipid metabolic abnormalities
are characteristically manifested by moderate to severe
hypertriglyceridemia with increases in low-density lipopro-
tein cholesterol (LDL-C) and modest decreases in high-
density lipoprotein cholesterol (HDL-C). Insulin resistance
is also a frequent concomitant of these alterations, and is
associated with a modest increase in the prevalence of dia-
betes, particularly with certain antiviral drugs.

The combination of lipodystrophy and dyslipidemia in
HIV patients is most aptly described as HIV-associated dysli-
pidemic lipodystrophy (HADL) (Fig. 43-1).1 HADL is associ-
ated with a striking increase in the risk of developing
cardiovascular disease (CVD)2–6; therefore, it is imperative
not to delay treatment when needed. However, current
approaches to treat both the dyslipidemia and lipodystrophy
have been challenging for various reasons. Barriers to effec-
tive therapy include limited understanding of the pathogen-
esis of HADL, the need for persisting with some antiretroviral
agents despite their propensity to induce dyslipidemia or
insulin resistance in patients who have achieved excellent
HIV control, adverse interactions between lipid-lowering
agents and antiretroviral drugs, ineffective therapeutic
responses to standard lipid-lowering drugs, a high preva-
lence of liver dysfunction that limits pharmacologic options,
and issues of medication compliance associated with
polypharmacy.

COMPONENTS OF HUMAN
IMMUNODEFICIENCY VIRUS–ASSOCIATED
DYSLIPIDEMIC LIPODYSTROPHY

HADL currently has no widely accepted and practical case
definition; lipodystrophy has been identified by clinicians
and researchers based on varying descriptions of anthropo-
morphic changes in HIV patients, using different methods to
measure total and regional body fat and self-reports of body
shape changes.7 In a case–control study in 1081 HIV-infected
outpatients from 32 sites worldwide, the HIV Lipodystrophy
Case Definition Study Group developed a multifactorial sta-
tistical model to improve diagnostic accuracy. With a
reported 79% sensitivity and 80% specificity for the diagnosis
of HIV lipodystrophy, the model incorporated multiple
objective parameters, including age, gender, duration of
HIV infection, HIV disease stage, waist/hip ratio, anion
gap, serumHDL-C concentration, and anthropometry.8 How-
ever, the model's practicability in the clinical setting has
been limited because of a lack of detecting pure lipoatrophy
or pure lipodeposition, and by the need for imaging tech-
niques to quantify fat gain or loss in varying body depots.

A practical approach to HADL is to begin with the under-
standing that it includes a combination of metabolic abnor-
malities and changes in body morphology. The metabolic
changes include a distinctive dyslipidemia and insulin resis-
tance. Changes in body morphology include a varying com-
bination of central fat accumulation and peripheral
(including facial) fat loss. A Germany-based, 3-year cohort
study and the longitudinal HIV Out-Patient Study (HOPS)
identified that the most significant risks for developing lipo-
dystrophy appear to be increased duration of HIV infection,
high viral load, a CD4 count nadir of less than 200 cells/μL
before HAART treatment, prolonged survival, and duration
of HAART.9,10 However, the risk factor studied most in the
implication of HIV lipodystrophy has been antiretroviral
drugs, including nucleoside reverse transcriptase inhibitors
(NRTIs) and protease inhibitors (PIs).
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Dyslipidemia
Abnormalities in serum lipid levels were described in HIV
patients before the advent of HAART. These abnormalities
took the form of hypertriglyceridemia and elevated free fatty
acid (FFA) levels, together with decreased plasma total cho-
lesterol (TC), HDL-C, apolipoprotein (apo) A-I, LDL-C, and
apoB-100 levels.11,12 Elevated triglyceride (TG) levels were
caused by TG-enriched LDL and HDL particles, increased
very-low-density lipoprotein (VLDL) of normal composition,
and a decrease in TG clearance.11

Because of the widespread use of HAART, TG levels in HIV
patients were increased even more significantly in multiple
studies, which noted a strong link between the use of PI ther-
apy and the development of dyslipidemia.13–15 Dyslipidemia
associated with PIs is characterized by both hypercholester-
olemia and hypertriglyceridemia. In a 5-year historical
cohort analysis in 221 HIV-infected patients, the cumulative
incidence of new-onset hypercholesterolemia, hypertrigly-
ceridemia, and lipodystrophy was 24%, 19%, and 13%,
respectively, with most of these events occurring after initia-
tion of PI therapy.16 The number of PIs in a HAART regimen
can also worsen the degree of dyslipidemia, as was shown in
the Swiss HIV Cohort Study in 1160 HIV patients, in which
patients who received a dual PI–based regimen had a signif-
icant increase in TC and TG levels compared with patients
who received a single PI–based regimen.17

Individual PIs differ in their capacity to induce lipid
changes. For instance, Periard et al. found that ritonavir, nel-
finavir, and indinavir significantly increased TC levels in PI-
treated HIV patients in comparison to non–PI-treated HIV
patients.13 However, only ritonavir was associated with sig-
nificant elevations in plasma TG levels.13 Conversely, ataza-
navir has not been associated with adverse alterations in
lipid profiles. Switching to atazanavir resulted in a 46%
decrease in TG levels and an 18% decrease in TC levels in
a small 24-week cohort study.18 HIV-negative individuals
can also develop dyslipidemia with PIs.19,20 Twenty-one
healthy, non–HIV-infected adults given ritonavir for 2 weeks
had significant elevations in plasma TGs, VLDL,
intermediate-density lipoprotein, apoB, and lipoprotein(a),
together with a decrease in HDL levels.19 The mechanism
underlying these changes was apparently not mediated by
impaired lipoprotein lipase (LPL) activity or defective
removal of remnant lipoproteins, but was believed to be
caused by enhanced formation of VLDL.19

NRTIs and non-nucleoside reverse transcriptase inhibitors
(NNRTIs) have also been implicated in the development of
HADL. Among NRTIs, stavudine has been linked with the
worst lipid profiles, causing an increase in TC, LDL-C, and
TGs.21,22 Worsening of lipid profiles has also been reported
when an NRTI was combined with a PI.23 In contrast, the
2NN study, which involved greater than 700 HIV patients,

HIV-associated
dyslipemic

lipodystrophy

Pathophysiology:
hormonal and immunologic response

↓ Adiponectin, leptin, GH, PPAR-γ
↑ TNF-α and other inflammatory cytokines

↑ Lp-PLA2, RANTES

Pathophysiology:
lipid metabolism and viral factors

↑ Lipolysis causing ↑ FFA and ↑ VLDL-TG
synthesis

↓ TG clearance
HIV-1 Vpr → inhibits PPAR-γ → insulin resistance

HIV tat protein → inflammatory cytokines

Dyslipidemia Lipoatrophy LipohypertrophyInsulin resistance

Fat redistribution

Associated factors
PIs (ritonavir, lopinavir,

indinavir), NRTI
(stavudine), visceral
adiposity, obesity,

age, non-white race,
family history of diabetes,

hepatitis C co-infection

Associated factors
PIs (ritonavir, nelfinavir,

indinavir, lopinavir), NRTI
(stavudine),

NNRTIs (efavirenz,
nevariapine), BMI, family

history of dyslipidemia

Associated factors
NRTIs (stavudine,
zidovudine), age,

caucasian ethnicity,
HIV disease severity,

hepatitis C co-infection

Associated factors
Female gender, age,
duration of HAART

Management
Lifestyle modification,

metformin, pioglitazone,
rosiglitazone, insulin

Management Management
Consider switching NRTI
(if on thymidine analogs),

injection/fillers,
silicone implants

Management
Lifestyle modification

(resistance training), GH,
GHRH [tesamorelin]
surgery/liposuction,

metformin

Lifestyle modification
For high LDL-C (TG < 500
mg/dL): statins ± ezetimibe
For TG > 500 mg/dL: fibrates,
niacin, fish oils
 See Table 1

FIGURE 43-1 Overview of HIV-associated dyslipidemic lipodystrophy pathophysiology and components. BMI, body-mass index; FFA, free fatty acids; GH, growth
hormone; GHRH, growth hormone–releasing hormone; HAART, highly active antiretroviral therapy; HIV, human immunodeficiency virus; LDL-C, low-density lipoprotein
cholesterol; Lp-PLA2, lipoprotein-associated phospholipase A2; NRTIs, nucleoside reverse transcriptase inhibitors; NNRTIs, non-nucleoside reverse transcriptase inhibitors; PPAR-
γ, peroxisome proliferator–activated receptor–γ; PIs, protease inhibitors; RANTES, regulated on activation, normal T-cell expressed and secreted; TNF, tumor necrosis factor;
TG, triglyceride; VLDL, very-low-density lipoprotein; Vpr, viral protein R.
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demonstrated that NNRTIs had partially favorable lipid pro-
file effects; nevirapine caused a significantly larger increase
in HDL-C in comparison to efavirenz (42.5% and 33.7%,
respectively). However, TC, non–HDL-C, and TG levels still
rose in both groups, but this increase occurred to a lesser
degree in the nevirapine-treated group.24

The duration of HAART exposure appears to be an impor-
tant factor in the development of lipid changes as well.25,26

The Swiss HIV Cohort Study reported increased non–HDL-C
levels with longer exposure to either PI- or NNRTI-based ther-
apy.25 Longer exposure to PI-based therapy was also associ-
ated with increased TG concentrations, whereas increased
exposure to NNRTI-based therapy was associated with
decreased TGs. Comparison of three common PI-based ther-
apies revealed that nelfinavir was associated with little
change in the lipid profile with increased exposure, the com-
bination of indinavir and ritonavir was associated with the
worst lipid profile, and the combination of lopinavir with
ritonavir was intermediate. Conversely, increased exposure
to abacavir was associated with a decrease in TG levels.25

Additional factors associated with an increased risk of
developing hypertriglyceridemia include CD4 counts and
HIV RNA levels, but the association with CD4 cell count
and HIV viral load differed between regimens. In patients
whowere naïve to HAART, in patients with previous exposure
toHAARTbut whowere not currently receiving any ART, or in
patients currently receiving NRTI alone, the risk of TG eleva-
tions increased with increasing HIV RNA levels, but not
with CD4 cell count. However, in patients treated with PIs,
NRTIs, or both, the risk of elevations in TGs increased with
both increased HIV viral titers and increased CD4 counts.26

Dyslipidemia reverses partially when HAART is discontinued;
a 7-week interruption of HAART caused a significant decrease
in TC, LDL-C, and TG levels, but no changes in glucosemetab-
olism or fat distribution in one study.27

Fat Redistribution
The lipodystrophy or “fat redistribution” characteristic of
HADL is manifested by varying degrees of fat loss and fat
accumulation in a depot-specific pattern.28 The reported
prevalence of lipodystrophy differs widely, from 13% to
84%, because of the lack of clearly defined and practicable
clinical criteria.29 This fat redistribution generally presents in
one of three forms: (1) generalized or localized lipoatrophy,
usually in the extremities, buttocks, and face; (2) lipohyper-
trophy with generalized or local fat deposition involving the
abdomen, breasts, dorsocervical region, and supraclavicu-
lar area; and (3) a mixed pattern with central adiposity
and peripheral lipoatrophy.28 Lipodystrophy is a clinical
diagnosis based on a physical examination. Although not
required for diagnosis of lipodystrophy, the degree of fat
redistribution can be assessed with anthropometry or imag-
ing (e.g., dual-energy x-ray absorptiometry, magnetic reso-
nance imaging, and computed tomography).

Several studies have noted that a significant proportion of
HIV patients develop increased abdominal fat following ini-
tiation of HAART.28,30,31 This increase in abdominal fat is
caused by excess visceral adipose tissue, with either a loss
or no change in subcutaneous adipose tissue. This is clini-
cally significant because visceral adiposity is predictive of
hepatic steatosis, CVD, and type 2 diabetes, whereas an
increase in the mass of subcutaneous fat appears to pose lit-
tle or no risk of these conditions.32

However, there is conflicting evidence for the prevalence
of fat deposition, as described in the Fat Redistribution and
Metabolic Changes in HIV Infection (FRAM) study, which
compared HIV-infected individuals with uninfected con-
trols.33 Although the FRAM study reported increased lipoa-
trophy in HIV-infected individuals, there were no
differences between these two groups in the degree of cen-
tral fat accumulation. Also, there were no correlations
between changes in central fat accumulation and peripheral
fat loss in the HIV-infected men, suggesting that the periph-
eral fat loss and central fat deposition may not be causally
linked.33 In recent years, the prevalence of clinically appar-
ent lipoatrophy appears to have decreased, partly because
of the decreased use of HAART drugs implicated in this phe-
notype, whereas the prevalence of lipohypertrophy has
been increasing.34

PIs were initially implicated as a factor related to the devel-
opment of lipohypertrophy,16 but more recent studies have
shown no difference in total or regional fat development in
individuals treated with PIs only, NRTIs only, or PI+NRTI
combination regimens.35 In contrast, accruing evidence sug-
gests that NRTIs, most notoriously, stavudine, contribute to
lipoatrophy.36 The molecular effects of these different drugs
on adipocyte function and metabolism partially explain the
body fat changes observed in HIV patients on HAART. For
example, PIs have been described in vitro to increase lipol-
ysis37 and to reduce expression of the adipocyte-specific
transcription factor sterol regulatory element–binding pro-
tein–1c (SREBP1c) (which is a master regulator of lipogen-
esis and lipid metabolism), LPL, and fatty acid synthase.38

NRTIs have been shown to cause adipocyte apoptosis,
and may act synergistically with PIs to promote lipoatro-
phy.39 However, the drug concentrations used in these
in vitro studies significantly exceeded the therapeutic con-
centrations generally achieved in patients, suggesting that
other factors may have been involved in the pathogenesis
of HADL.

Hyperglycemia, Insulin Resistance,
and Metabolic Syndrome
The prevalence of insulin resistance in HIV-positive individ-
uals is also uncertain and has been quoted to range from
12% to 35%.40–42 The frequency of glucose intolerance is
higher in HIV-infected individuals compared with HIV-
negative individuals.40,42 A large Italian study involving
greater than 1200 HIV patients and greater than 2000 control
individuals found the prevalence of impaired glucose toler-
ance (IGT) to be 12.7% and 6.7%, respectively.42 Hadigan
et al. noted a more dramatic difference in the prevalence
of IGT, which was 35% in HIV-infected individuals compared
with only 5% in age- and body mass index (BMI)–matched,
HIV-negative controls.40 The prevalence of diabetes in HIV-
infected individuals has been variably reported to range
from 3.1% in the 23,347 patients in the Data Collection on
Adverse Events of Anti-HIV Drugs (DAD) study26 to 7% in
much smaller HIV-positive cohorts.40 Ethnicity also plays a
role in the risk of developing diabetes. In a multiethnic study
of 199 HIV patients with hypertriglyceridemia, African Amer-
icans and Hispanics were found to be at increased risk of
developing diabetes in comparison to Caucasians.43 There
was also a significant interaction between ethnicity and
CD4 count noted in this study: because African Americans
with CD4 less than 300/mL and Hispanics with CD4 greater
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than or equal to 300/mL had the most impaired glucose
response following an oral glucose challenge.43

Insulin resistance in patients with HADL is likely mediated
by the direct effects of HAART and the lipotoxicity that
results from serious dysregulation of adipocyte function
and intermediary metabolism of fatty acids.44 A 4-year pro-
spective trial in 1785 HIV-infected women discovered a
threefold increased risk of incident diabetes with PI use com-
pared with nucleoside analog monotherapy or no HAART.45

PIs may induce insulin resistance in skeletal muscle by inhi-
biting the function of the insulin-sensitive glucose trans-
porter Glut4, even at therapeutic concentrations.46 Even a
short, 4-week course of indinavir in HIV-negative individuals
induced alterations of glucose metabolism, with significant
increases in fasting glucose and insulin concentrations.47

Again, individual PIs can have varying effects; atazanavir
did not affect insulin sensitivity in healthy individuals,
whereas both lopinavir and ritonavir induced insulin resis-
tance during a 10-day study.48

NRTIs, especially the thymidine analogs, may also induce
insulin resistance in muscle and in the liver. Cumulative
exposure to NRTIs in the Multicenter AIDS Cohort Study
was associated with insulin resistance, with stavudine con-
ferring the highest risk of hyperinsulinemia.49 The mecha-
nism underlying the effect of NRTIs is unclear, but it could
involve lipotoxicity resulting from the known ability of these
agents to disrupt mitochondrial oxidative phosphorylation
and to induce a defect in fatty acid oxidation.50 Thus, a com-
bination of the direct effects of PIs and NRTIs, together with
the indirect effects of dysregulated adipocyte lipolysis result-
ing in ectopic deposition of fat in viscera (e.g., liver and skel-
etal muscle) may cause the insulin resistance that develops
in HIV patients.50–52

Because the individual components of HADL and meta-
bolic syndrome are very similar, it would seem reasonable
to conclude that many patients with HADL may also have
metabolic syndrome, as defined by the National Cholesterol
Education Program Adult Treatment Panel III (ATP III) or
International Diabetes Federation (IDF). However, despite
a high prevalence of dyslipidemia and insulin resistance
in HIV patients on HAART, the prevalence of metabolic syn-
drome as defined by the previous criteria was surprisingly
lower in these patients than in the general population in mul-
tiple studies.53–55 In an international study of 788 HIV-
positive patients, the prevalence of metabolic syndrome
was 14% by IDF criteria and 18% by ATP III criteria,53 com-
pared with the 34.5% prevalence noted in the National
Health and Nutrition Examination Survey (1999–2002 data-
base).54 HIV patients who meet the criteria of metabolic syn-
drome have some unique characteristics; of the HIV patients
identified as having metabolic syndrome by either defini-
tion, greater than 70% had lipodystrophy, whereas only
53% without metabolic syndrome had lipodystrophy. Meta-
bolic syndrome was also significantly more common in
patients who received PI therapy.53 Whether having meta-
bolic syndrome and HADL together confers a higher risk
for CVD compared with HADL alone or metabolic syndrome
alone remains to be elucidated.

PATHOPHYSIOLOGY

Although pathophysiologic investigations of HADL have
focused on the role of HAART drugs, the underlying etio-
logic factors are likely to be multifactorial. Factors intrinsic

to the virus, host immune responses, and disease status, as
well as treatment duration and type, likely play key roles.56

Data from HOPS suggest that the risk factors for lipoatrophy
include drugs (especially the NRTIs stavudine and zidovu-
dine), age, Caucasian ethnicity, and disease severity based
on CD4 T-cell count and viral load.57 Risk factors for fat accu-
mulation include duration of HAART, age, amount of base-
line body fat, and female gender. Although such
epidemiologic risk factor assessments are helpful in identify-
ing the heterogeneity of potential contributors to the HADL
phenotype, they do not explain the underlying mechanisms
involved in the pathophysiology of HADL. To understand
how the various components of the HADL phenotype are
intertwined, one must be familiar with changes that occur
on a cellular level.

Intra-abdominal visceral fat accumulation is associated
with lipid deposition in skeletal muscle and the liver. This
is accompanied by increases in circulating prothrombotic
and proatherogenic factors (e.g., FFAs, tumor necrosis
factor–α [TNF-α], and interleukin-6 [IL-6]), declines in circu-
lating factors linked to insulin sensitivity (e.g., adiponectin,
leptin), and alterations of immune cell composition within
adipose tissue (e.g., macrophages).58 In summation, visceral
lipohypertrophy can cause a chronic inflammatory state
within adipose tissue that leads to insulin resistance and
the development of metabolic syndrome, which predisposes
to CVD. However, because a characteristic feature of HADL
is also peripheral lipoatrophy, a fundamental question that
arises is whether or how lipoatrophy is linked to the develop-
ment of insulin resistance and visceral fat accumulation.

Metabolic Derangements Resulting in
Human Immunodeficiency Virus–Associated
Dyslipidemic Lipodystrophy Phenotype
Data from metabolic studies reveal specific defects that
could underlie the complex lipid abnormalities, anthropo-
morphic changes, and insulin resistance in HADL.59–61

Sekhar et al. used stable isotopes, mass spectrometry, and
indirect calorimetry to study lipid kinetics in HADL patients
with dyslipidemia and centripetal fat redistribution, in both
fasted59 and fed62 states. Compared with HIV-negative con-
trols matched for age, gender, and BMI, patients with HADL
had increased resting energy expenditure and specific
defects in lipid turnover that may explain the key features
of the phenotype. Total lipolysis was significantly increased
in the fasted state in HIV-infected patients, and although this
was accompanied by a modest increase in intra-adipocyte
recycling of fatty acids, there was a net increase in FFA
release into the plasma. There was no proportionate
increase in plasma fatty acid oxidation, which caused
increased delivery of FFAs to the liver for re-esterification
and VLDL-TG synthesis. Concomitantly, fasting serum con-
centrations of both FFAs and VLDL-TG were profoundly ele-
vated, and HDL-C concentrations were low in the HADL
patients.59 The fundamental defect in the regulation of fast-
ing lipolysis has been corroborated by other investiga-
tors.60,63 Despite wide variation in other etiologic factors
linked to HADL (e.g., age, duration and composition of
HAART therapy, duration and severity of HIV disease),
patients with HADL seem to have a consistent pattern of
increased total lipolysis, which could be the commonmech-
anistic pathway that leads to many of the metabolic and
anthropomorphic defects.
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To identify defects in the disposal of dietary fat,
chylomicron-TG concentrations were measured in HADL
patients and healthy controls. After consuming a standardized
meal and then fasting for 14 hours, HADL patients had a five-
fold higher plasma chylomicron-TG concentration compared
with HIV-negative controls, which indicates a severe defect in
dietary lipid clearance. This was associated with a marked
retardation in postprandial nonoxidative disposal of orally
administered labeled TG from the chylomicron pool.62

The specific defects in lipid kinetics in both fasted and fed
states are sufficient to explain the occurrence of severe
hypertriglyceridemia; these defects in lipid metabolism
could lead to the HADL phenotype as follows. If lipolysis
was elevated markedly in peripheral adipose depots (e.g.,
the femoral–gluteal region), the result would be peripheral
lipoatrophy. With blunted plasma fatty acid oxidation, fatty
acid flux to the liver would be increased, resulting in
increased production and secretion of TG-rich VLDLs, as
well as ectopic deposition of fat in metabolically active tis-
sues, such as muscle and visceral adipocytes.51,52

Fat deposition in muscle and visceral compartments can
cause insulin resistance by various mechanisms. For
instance, the immune cell composition of visceral adipose
tissue propagates an inflammatory milieu that alters signal-
ing downstream of the insulin receptor, attenuating insulin
action and causing insulin resistance.58 Also, despite
blunted plasma fatty acid oxidation, HADL patients appear
to have increased oxidation of fat derived from nonplasma
sources, such as intramyocellular and intrahepatic lipid
depots. Abnormal oxidative products of intravisceral lipid
deposits have also been strongly associated with insulin
resistance because of impaired insulin signaling.64,65

Increased plasma FFA concentrations can also inhibit the
activity of adipocyte LPL,66 which could impair clearance
of both the TG-rich VLDL particles hypersecreted by the liver
and the TG-rich chylomicrons transporting dietary fat,
which, in turn, exacerbates hypertriglyceridemia.

Observations from the recent Heart Positive study noted
only a modest decrease in HDL-C in patients with moderate
to severe hypertriglyceridemia.67 In a multivariate analysis
that adjusted for multiple factors including TG levels, Vu
et al. noted that the HDL-C levels were significantly different
among hypertriglyceridemic HIV patients on stable HAART,
normal individuals, and type IV hyperlipidemia patients.
HDL-C levels in HIV patients on HAART were intermediate
between those of the normal individuals and the patients
with type IV hyperlipidemia.67 Cholesteryl ester transfer pro-
tein (CETP) activity is generally proportional to CETP mass,
and variation in CETP mass and/or activity is closely associ-
ated with lipoprotein phenotype, and notably, HDL-C levels
in both normolipidemic and dyslipidemic individuals. In the
HIV patients on HAART, CETP mass was elevated, but its
activity was not proportionally increased. Total CETP activity
in normal individuals and HIV patients was not different;
therefore, the altered relationship between HDL-C and TG
in the HIV patients onHAARTwas not the result of this factor.
CETP activity was also not significantly correlated with HDL-
C in HIV patients on HAART, suggesting that unique mech-
anisms underlie the elevated VLDL-TG.67 Moreover, aberrant
HDL-C composition, stability, and function were also noted
by Gillard et al. in HIV patients on HAART in the Heart
Positive study.68 At baseline, LDL in HIV patients on HAART
was more TG rich, and HDL was more TG and cholesteryl
ester rich than the corresponding lipoproteins from

normolipidemic individuals. VLDL, LDL, and HDL were
larger than the corresponding lipoproteins from normolipi-
demic individuals. The HDL of HIV patients on HAART
was also less stable and less receptor-competent compared
with that of normal individuals.68 Overall, the molecular
mechanisms responsible for the lipid alterations and the
putative metabolic outcomes are likely to be heterogeneous,
including various HAART agents, factors expressed by HIV
per se,69,70 and factors related to the immune response.58

Cytokine and Hormonal Alterations
Proinflammatory cytokines are increased in fat depots of HIV
patients, likely as a concomitant of the fundamental adipo-
cyte dysfunction, which may influence the development of
HADL. Many studies have noted increased inflammatory
cytokine levels within visceral adipose tissue.58,71 However,
individuals with HADL also have elevated inflammatory
cytokines in lipoatrophic subcutaneous tissues.71 Although
HIV patients with lipodystrophy had 1.5-fold less subcutane-
ous tissue mass compared with HIV patients without lipody-
strophy, the lipodystrophic group had more than a twofold
increase of inflammatory markers (e.g., TNF-α, integrin-αM,
and C–C chemokine ligand [CCL]�2 and�3) within subcu-
taneous tissues.71 HADL patients also have increased sys-
temic levels of inflammatory cytokines, including IL�6
and TNF receptor�1 and�2, which are correlated with both
insulin resistance and cardiovascular risk.72

Many adipocyte-secreted hormones, such as adiponectin,
leptin, and resistin, have been implicated in HADL as well.
Adiponectin is an important insulin sensitizer that reduces
gluconeogenesis in the liver and increases fatty acid oxida-
tion in muscle. HADL patients are uniformly deficient in adi-
ponectin, and this deficiency is correlated with
hypertriglyceridemia, central obesity, low HDL-C, and
decreased peripheral fat mass.73,74 HIV infection per se
may contribute to an abnormal regulation of adiponectin
secretion.75 HADL patients with lipoatrophy also have low
levels of leptin, which is another hormone that has insulin-
sensitizing effects similar to adiponectin in addition to pro-
moting satiety.76 Leptin deficiency predisposes to increased
lipid accumulation in nonadipose sites, and leptin resis-
tance has been described in other forms of lipodystrophy
as well.77 Genetic variations in resistin have been associated
with metabolic complications from HAART.78 Treatment-
naïve HIV patients who developed significant body compo-
sition changes, peripheral lipoatrophy, and elevated lipid
levels with initiation of HAART were found to have a single
polymorphism in the gene encoding resistin, a gene previ-
ously implicated in obesity and insulin resistance.78

Partial or complete growth hormone (GH) deficiency is
present in approximately a third of patients with HADL.79

Functional assessment of the GH axis showed diminished
GH pulse amplitude and GH concentrations despite appar-
ently normal GH pulse frequency and insulin-like growth fac-
tor–1 (IGF-1)levels in these patients; the manifestations of
GH deficiency were associated with increased visceral
fat.79 Of note, when HADL patients with GH deficiency
received physiologic replacement with GH, they had a
decrease in lipolytic activity, which is a key defect in the
lipid kinetics in HADL patients.80 Consistent with this finding
were the salutary effects on both lipid levels and visceral fat
of a growth hormone–releasing hormone agonist that raises
circulating levels of GH to physiologic concentrations.81
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Viral Factors
Because lipodystrophy and metabolic derangements can
occur in therapy-naïve patients who have associated viral
burden, it has been suggested that a factor intrinsic to the
virus might also contribute to these derangements.82 HIV-1
encodes an accessory protein, viral protein R (Vpr), which
has several functions in pathogenesis, including arresting
of the host cells in the G2/M phase to facilitate replication
and to induce apoptosis. Vpr is also a transcriptional activa-
tor of viral and cellular promoters, and has been implicated
in the HADL phenotype and metabolic dysfunction by act-
ing as a co-repressor of peroxisome proliferator–activated
receptor–γ (PPAR-γ) in adipocytes and a coactivator of
the glucocorticoid receptor in adipose tissue and liver.70

PPAR-γ stimulates transcription of genes involved in regulat-
ing adipose differentiation and lipid metabolism, as well as
insulin sensitivity of fat and muscle, whereas the glucocorti-
coid receptor transduces signals to metabolic pathways that
are regulated by circulating cortisol. Recently, strong sup-
port for Vpr in the pathophysiology of HIV-associated adi-
pose and liver metabolic defects was demonstrated by the
presence of Vpr in the circulation of patients with sup-
pressed plasma viral loads and by the transcriptional and
metabolic effects of Vpr in two mouse models (a transgenic
mouse expressing Vpr in adipocytes and the liver, and a
pharmacologic model with infusions of synthetic Vpr).83

HIV-1 Tat protein has also been implicated in propagating
the inflammatory milieu by impairing adipogenesis in
human adipocytes and increasing the expression and
release of proinflammatory cytokines.84

COMPLICATIONS
AND CARDIOVASCULAR RISK

Patients with HADL have multiple risk factors for acceler-
ated CVD, including elevated plasma levels of insulin, TC,
LDL-C, non–HDL-C, and TGs; decreased HDL-C; and visceral
adiposity. Not only are these multiple metabolic derange-
ments risk factors for CVD, but HAART has also been asso-
ciated with increased CVD. The DAD study group reported
an increased incidence of myocardial infarction (MI;
adjusted relative risk 1.26 per year of exposure) in patients
exposed to combination HAART, with no effect of age or
gender.2 The adjusted relative risk was 1.16 per year of
exposure to PIs and 1.05 per year of exposure to NNRTIs.3

Other studies have also found an association between the
use of PIs and MI.4–6

Measurable differences in markers of atherosclerosis and
CVD have also been found between HIV-positive and
-negative individuals, as well as in those with or without
lipodystrophy. In comparison to HIV patients without lipody-
strophy, those with lipodystrophy have increased carotid
intima–media thickness,85 which is a well-established
marker of atherosclerosis that is correlated with an increased
risk of MI and stroke in the general population.86

Lipoprotein-associated phospholipase A2 (Lp-PLA2) is an
enzyme that is predominantly bound to LDL, and to a lesser
extent, to HDL. Lp-PLA2 hydrolyzes oxidized phospholipids
in cell membranes and lipoproteins, and is involved in the
development of atherosclerosis and CVD. Regulated on acti-
vation, normal T-cell expressed and secreted (RANTES)/
CCL5 is deposited on inflamed or atherosclerotic endothe-
lium, and is also involved in the pathogenesis of CVD.

Compared with age- and BMI–matched healthy controls,
both Lp-PLA2 (+38%) and RANTES/CCL5 (+95%) were
increased in a multiethnic HIV-positive group of patients.87

With the increased risk of CVD in HALD patients, it is imper-
ative not to delay treatment that aims to ameliorate both the
metabolic disturbances and the pathologic changes in fat
redistribution.

THERAPEUTIC STRATEGIES

General Approach: Lifestyle Modification
Diet and Nutritional Therapy
Although there are no dietary guidelines for HADL, it is rea-
sonable to use the ATP III dietary recommendations for this
subset of patients. ATP III guidelines identify hypertriglycer-
idemia as a contributor to cardiac risk and specify dietary fat
reduction as a means of lowering both LDL-C and TGs.
Hypertriglyceridemia in HADL patients is partially caused
by impairment of dietary TG disposal,62 suggesting that
restriction of dietary fat intake may significantly reduce
TGs in these individuals.

Recent evidence proposed that the Mediterranean diet
may benefit individuals with HADL.87 The principal aspects
of the Mediterranean diet include high consumption of
legumes, unrefined cereals, olive oil, fruits, and vegetables;
moderate consumption of fish, dairy products, and wine;
and low consumption of red meat and saturated fat. A
cross-sectional study in greater than 200 HIV patients found
that those on the Mediterranean diet had improvement in
insulin resistance and a significant increase in HDL-C.88 In
terms of modifying other CVD risk factors, smaller studies
have noted that a high-fiber diet in HIV patients was associ-
ated with a lower risk of developing fat deposition,89

whereas supplementation with vitamin E was noted to
decrease blood pressure.90

Exercise
Exercise has been shown to benefit patients with HADL, with
trials showing that resistance training may be slightly more
beneficial than aerobic training. In a 16-week study of 20
HADL patients, aerobic exercise alone did not significantly
change anthropometry, whereas resistance training alone
increased lean mass and significantly decreased total, trun-
cal, and limb fat mass.91 Both types of exercise improved
insulin sensitivity, increased HDL-C, and reduced inflamma-
tory cytokines, but only resistance training decreased TGs.91

Overall, a systematic review noted that increased physical
activity of any kind was beneficial in improving lipodystro-
phy and certain metabolic parameters, and should be used
to augment pharmacologic therapy.92

Interventions Targeting Dyslipidemia
Treatment of dyslipidemia in HADL patients can be quite
challenging for various reasons. For instance, many classes
of lipid-lowering drugs (e.g., statins and fibrates) are contra-
indicated in the presence of liver dysfunction, which is
highly prevalent in HIV patients because of the adverse
effects of antiretroviral agents, high frequency of drug or
alcohol abuse, and co-infection with the hepatitis C virus
(HCV). HCV co-infection rates in HIV patients are as high
as 80% among urban intravenous drug users93,94 and as high
as 25% among patients at risk of infection from sexual con-
tact.95 In one series of unselected patients with HIV, the
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prevalence of HCV co-infection was 45.7%.96 The HIV Med-
ical Association of the Infectious Disease Society of America
supports managing HIV-associated dyslipidemia by using
ATP III guidelines, with lifestyle modifications as the neces-
sary first step. The choice of lipid-lowering drugs is guided by
the type of dyslipidemia (Table 43-1) and includes the fol-
lowing classes.

Statin Monotherapy
Statins inhibit hydroxymethylglutaryl coenzyme A, which is
the rate-limiting step in endogenous cholesterol synthesis. Sta-
tins are first-line therapy for patients with elevated LDL-C, or
elevated non–HDL-C when TG concentrations range from
200 to 499 mg/dL (Table 43-2). However, because some sta-
tins share the cytochrome P450 (CYP) 3A4 hepatic isoenzyme
pathway for excretion with numerous antiretroviral agents,
there is a potential for severe increases in the serum concen-
trations of these drugs, which can lead to an increased risk of
rhabdomyolysis and renal failure in HADL patients. In a study
that evaluated pharmacokinetic interactions between PIs and
statins in HIV-negative individuals, the combination of ritona-
vir and saquinavir increased concentrations of simvastatin
more than 30-fold and doubled atorvastatin concentrations.97

Because lovastatin is also metabolized via CYP3A4, similar
effects can be expected. Interestingly, the converse is not true;
statins have not been found to alter concentrations of HAART
medicines.97,98 For these reasons, in the setting of PI therapy,
simvastatin is contraindicated, lovastatin should be avoided,
and atorvastatin should be restricted to small doses. Con-
versely, the NRTI efavirenz was found to decrease levels of
simvastatin, atorvastatin, and pravastatin.98

Statins excreted by a different isoenzyme pathway
include pravastatin, fluvastatin (CYP2C9, and a smaller

contribution through 3A4), and rosuvastatin (CYP2C9
and CYP2C19).99–101 These statins are safer to use in the set-
ting of HAART. Pravastatin can be used at a starting dose of
20 to 40 mg/day and can be titrated up to achieve lipid
goals. However, most PIs have been shown to decrease
concentrations of pravastatin by half and may result in
diminished antilipid efficacy at the usual doses.97

The one exception is darunavir, which can increase prava-
statin levels up to fivefold.97 The PI combination drugs
lopinavir–ritonavir102 and ritonavir–fosamprenavir103 can
also increase rosuvastatin levels by fivefold and sixfold,
respectively.

Pravastatin has been the most frequently used statin in
dyslipidemia intervention trials in HIV patients, and it has
shown fairly consistent reductions in TC concentrations
of 17% to 19%, a 19% reduction in LDL-C, no change in
HDL-C, and a modest (9%) fall in TGs.104–106 Similar
changes in TC levels were noted with fluvastatin; however,
fluvastatin was noted to decrease LDL-C twice as much as
pravastatin in a small cohort of HIV patients.99,107 Although
few head-to-head statin trials have been conducted in
HADL, some trials have shown a slight superiority of rosu-
vastatin compared with pravastatin and atorvastatin. In a
cohort of 83 HADL patients on PI-based therapies, rosuvas-
tatin 10 mg and pravastatin 40 mg led to reductions in LDL-
C of 37% and 19%, respectively, and reductions in TGs of
19% and 7%, respectively.108 A 12-month trial comparing
all three drugs noted that the decrease in TC was signifi-
cantly greater with rosuvastatin (25%) compared with prav-
astatin (17%) and atorvastatin (19%).109 Regardless of the
statin used, patients with HIV should be monitored with
renal and liver function tests and measurements of muscle
enzymes at follow-up visits.

TABLE 43-1 Dyslipidemia Management in HIV-associated Dyslipemic Lipodystrophy
MEDICATION DRUG INTERACTIONS WITH HAART LIPID EFFECTS REFERENCE

LDL-C HDL-C TG TC

Statins Simvastatin and lovastatin contraindicated in setting of PI
therapy.

97

Pravastatin Darunavir increases statin concentration, other PIs decrease
statin concentration; NNRTI (efavirenz) decreases statin
concentration

## — # ## 104-106, 108

Fluvastatin NNRTI (etravirine) increases statin concentration. ### — — ## 99, 107

Atorvastatin PIs increase statin concentration; NNRTIs (efavirenz, etravirine)
decrease statin concentration.

## — ## ## 109,

Rosuvastatin Ritonavir–lopinavir and ritonavir–fosamprenavir increase
statin concentration.

### — ## ### 108

Ezetimibe
monotherapy

## — — ## 113

Fenofibrate
monotherapy

"/# "" ### ## 106, 111

Niacin
monotherapy

— "" ### — 115

Fenofibrate
+niacin

NR "" #### ## 117

Fish oil
monotherapy

"" — ### # 118-119

Fenofibrate
+fish oil

"" " ### — 120

HAART, highly active antiretroviral therapy;HDL-C, high-density lipoprotein cholesterol;HIV, human immunodeficiency virus; LDL-C, low-density lipoprotein;NNRTIs, non-nucleoside
reverse transcriptase inhibitors; NR, not reported; PI, protease inhibitor; TC, total cholesterol; TG, triglyceride. #, decrease of 5% to 10%; ", increase of 5% to 10%; ##, decrease of
11% to 24%; "", increase of 11% to 24%; ###, decrease of 25% to 50%; ####, decrease greater than 50%; —, no change or change less than 5%.
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TABLE43-2RecommendationforCo-AdministrationofStatinsandAntiretrovialTherapy
ATORVASTATINFLUVASTATINLOVASTATINPITAVASTATINPRAVASTATINROSUVASTATINSIMVASTATIN

ProteaseInhibitors

Atazanavir
nd

(unboosted)

(ritonavir
boosted)

Rosuvastatin
AUC"213%

andCmax"
600%

Darunavir/
Ritonavirnd

Pravastatin
AUC"

81%-500%

Fosamprenavir
ndnd

Mayneed
to"

pravastatin
dosage

Indinavir
nd

Lopinavir/
Ritonavir

Atorvastatin
AUC"
488%

nd
Rosuvastatin

AUC"
108%,Cmax"

466%

Nelfinavir
ndndnd

Ritonavir
ndndnd

Continued

51
1

43 Special Patient Populations: HIV Patients



TABLE43-2RecommendationforCo-AdministrationofStatinsandAntiretrovialTherapy—cont'd
ATORVASTATINFLUVASTATINLOVASTATINPITAVASTATINPRAVASTATINROSUVASTATINSIMVASTATIN

Saquinavir
ndnd

Saquinavir
+ritonavir:
Mayneed

to"
pravastatin
dosage

nd

Tipranavir

Atorvastatin
AUC"
836%

ndnd

NonnucleosideReverseTranscriptaseInhibitors

Efavirenz

Mayneedto
"

atorvastatin
dosage

nd
Mayneed

to"
fluvastatin
dosage

Mayneed
to"

lovastatin
dosage

nd
Mayneed

to"
pravastatin
dosage

nd

Etravirine

Mayneedto
"

atorvastatin
dosage

nd
Mayneed

to"
fluvastatin

levels

Mayneed
to"

lovastatin
dosage

ndnd

Rilpivirine
ndndndndndnd

Legend:

Generallysafetobegintreatmentwithusualstartingdose

Caution;startwithlowdosage,monitoreffects

Co-administrationiscontraindicated

ndNodata

AUC,areaunderthecurve;Cmax,maximumconcentration
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Fibric Acid Derivative Monotherapy
Fibrates have been used to treat hypertriglyceridemia asso-
ciated with HADL and should be first-line therapy, rather
than statins, when TGs are greater than 500 mg/dL. In a ret-
rospective study, Rao et al. noted a 37% drop in plasma TG
concentrations when fenofibrate was titrated up to a maxi-
mal dose of 162 mg/day.110 Other studies have found a sim-
ilar improvement in TGs, with associated elevations in both
HDL-C (12%) and LDL-C (8%).106 Fenofibrate therapy also
improved the atherogenic lipid profile of HADL patients.
In addition to beneficial changes in plasma concentrations
of TGs (�40%), improvements were also seen in the levels of
apoC-III (�21%), TC (�14%), apoB (�17%), non–HDL-C
(�17%), HDL-C (+15%), and apoA-I (+11%). Fenofibrate
increased LDL particle size and enhanced the resistance
of LDL to oxidation.111 Because of limited drug interactions
with HAART, fenofibrate is the most commonly prescribed
fibrate in HADL patients with elevated TGs.112

Ezetimibe
Monotherapy with the cholesterol absorption inhibitor ezeti-
mibe has been found to lower LDL-C by up to 20% in HIV-
infected patients with dyslipidemia,113 and it is a good
option for patients who do not achieve lipid goals with sta-
tins alone or who are intolerant of higher doses of statins.
Unlike certain statins, ezetimibe does not increase the risk
of toxicity or pharmokinetic interactions with HAART.112

In a 24-week study of HADL patients unable to achieve
LDL-C goals with pravastatin, 61.5% achieved plasma LDL-
C levels of less than 130 mg/dL when ezetimibe 10 mg was
added to their therapy.114

Niacin Monotherapy
Because niacin can induce insulin resistance and cause hep-
atotoxicity, limited data have been published on the use of
this drug, especially as monotherapy, in the HADL popula-
tion. The largest study of niacin monotherapy in HIV patients
with dyslipidemia was conducted by the AIDS Clinical Trials
Group. They examined the effects of extended-release niacin
in 33 nondiabetics with well-controlled HIV infection on
HAART and with TGs of greater than 200 mg/dL. Up to
70% of the participants were able to take the full 2000 mg/
day dose of niacin. Significant improvements in TGs
(�32%), HDL-C (+14.6%), and non–HDL-C (�8.7%) were
reported. Additional improvements were also found in large
HDL and large VLDL particle concentrations measured by
nuclear magnetic resonance spectroscopy. Glycemic
parameters initially worsened, but these changes were not
sustained and tended to be transient.115

Combination Therapy
Dual statin–fibrate therapy can be effective in improving ath-
erogenic lipid profiles; however, this combination may not
necessarily result in additional improvements in TG levels.
For instance, Fichtenbaum et al. noted a robust decrease
in TGs with fibrate therapy (�35%), but the addition of prav-
astatin did not result in a further decrease in TG levels.116 In a
recently published study by Balasubramanyam et al. involv-
ing 191 multiethnic HADL patients, combination therapy
with fenofibrate and niacin was found to cause the largest
decline in TG levels.117 Participants were randomized to five
arms: (1) usual care (control group); (2) diet and exercise;
(3) diet and exercise plus fenofibrate 145 mg/day; (4) diet
and exercise plus niacin (with gradual increase to full dose

of 2000 mg/day); and (5) diet and exercise plus fenofibrate
and niacin. The 24-week study found that the combination of
both drugs, together with a low–saturated fat diet and regu-
lar exercise, was most effective in significantly lowering TGs
(�52%), increasing HDL-C (+12%), and lowering non–HDL-
C (�18.5%). Combination therapy also produced the lowest
TC/HDL-C ratio, which is a measure that is highly correlated
with cardiovascular risk. Furthermore, not only did adipo-
nectin levels double in niacin-treated patients,117 but Lp-
PLA2 mass was also noted to decrease significantly in the
groups that received diet and exercise only, diet and exer-
cise plus fenofibrate, and diet and exercise plus niacin.87

Other Treatment Approaches
Fish oils not only lack drug interactions with HAART, but
they also possess antiinflammatory properties and can be
used safely in HADL patients. The American Heart Associa-
tion recommends 2 to 4 g/day of eicosapentanoic acid
(EPA) and docosahexanoic acid (DHA) for patients with ele-
vated TGs. In a large randomized, placebo-controlled study
in 122 HIV patients with hypertriglyceridemia treated with
omega-3 fatty acids (18% EPA and 12% DHA) for 8 weeks,
22.4% of patients on omega-3 fatty acids had normalized
serum TGs, compared with 6.5% of individuals in the pla-
cebo group.118 The beneficial effects of fish oils may also
be comparable to those of lifestyle modifications, as noted
by Wohl et al., who studied 53 HIV patients with hypertrigly-
ceridemia and found that those treated with omega-3 fatty
acids showed a significant fall in TGs (�25%) by week 4.
However, the differences between the fish oil treatment
arm and the lifestyle modification arm (diet+exercise) were
not statistically significant by week 16.119 Adding fish oil sup-
plements to fibrate therapy can offer an additional decline in
TG levels. In a study of 100 individuals with HADL, fish oil
monotherapy, fenofibrate monotherapy, and the combina-
tion of the two led to reductions in TGs of 46%, 58%, and
66%, respectively.120

Another antilipolytic drug, acipimox, has also been eval-
uated in HIV patients with dyslipidemia. In a randomized,
placebo-controlled study using acipimox (250 mg three
times daily) in 23 patients for 3 months, the acipimox-treated
group had a significant fall in lipolytic rate, accompanied by
significant lowering of TGs and improved glucose
homeostasis.121

Small or nonrandomized studies of HADL patients sug-
gested that leptin replacement improves glucose metabo-
lism, but its role in lipid metabolism is less certain. A
randomized, double-blinded, placebo-controlled trial of
metreleptin (a recombinant leptin) in 17 HADL patients
showed that although metreleptin did improve glycemia
and non–HDL-C, it did not improve abnormal fasting lipid
kinetics or levels of TGs or HDL-C in these patients.122 Treat-
ment with 0.02 to 0.04 mg/kg/day of metreleptin did not sig-
nificantly change total lipolysis, net lipolysis, adipocyte or
hepatic re-esterification, or fatty acid oxidation.122

Interventions Aimed at Insulin Resistance
Because insulin resistance is an important component of
HIV lipodystrophy, screening for diabetes is currently recom-
mended before the initiation of HAART, at 3 to 6 months
after initiation of HAART, and annually thereafter.34 Manage-
ment of type 2 diabetes and IGT should follow American Dia-
betes Association recommendations, starting with lifestyle
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modifications. If diet and exercise are ineffective, the first-line
pharmacotherapy is metformin, if no contraindications exist.
Not only did metformin significantly improve insulin sensitiv-
ity in nondiabetic HIV patients,123 it also significantly
decreased weight and diastolic blood pressure, and was asso-
ciated with decreased visceral adiposity.123 It also appears to
improve cardiovascular risk factors such as plasminogen acti-
vator inhibitor–1 (PAI-1) and tissue plasminogen activator
levels.124 However, metformin should be used in caution in
patients who primarily have lipoatrophy because it has been
shown to worsen peripheral fat loss.125

The thiazolidinediones (TZDs), rosiglitazone and pioglita-
zone, have also been studied in HADL patients. Rosiglitazone
has repeatedly been shown to improve insulin sensitiv-
ity,126,127 and it may also improve lipoatrophy128 and adipo-
nectin levels.129 However, some studies have also noted
that rosiglitazone promotes a more atherogenic lipid profile
in HADL patients by increasing LDL-C and decreasing HDL-
C.126 Pioglitazone may therefore show more promise than
rosiglitazone. Pioglitazone treatment for 12months was found
to improve blood pressure, lipid profile, and insulin resistance
in HADL patients.130 Nonetheless, use of TZDs may be limited
in this population because of the known side effects of periph-
eral edema, CVD (particularly rosiglitazone), and bone loss;
the latter two adverse effects are usually increased in HIV
patients without TZD use. If comorbidities prohibit use of
TZDs or metformin, insulin is a safe and effective option for
treating diabetes in HADL patients.

No large trials have explored the use of sulfonylureas,megli-
tinides, GLP-1 agonists, or dipeptidyl peptidase–4 (DPP4)
inhibitors in HIV patients on HAART. However, it should be
noted that the DPP4 inhibitor saxagliptin is metabolized by
CYP3A4 and should be avoided in PI-treated patients.34

Interventions Aimed at Improving Body
Morphology
Reversal of lipoatrophy and lipohypertrophy is challenging
because of the limitations in understanding of the underly-
ing mechanisms. The current approaches involved in
improving body morphology are aimed at manipulation of
HAART, pharmacologic therapy, and surgical interventions.

Modifying HAART regimes by substituting implicated
drugs (e.g., stavudine, zidovudine) with those with fewer
side effects (e.g., abacavir) has been shown to have an
impact on arresting lipoatrophy.131,132 However, such
approaches carry the potential complication of loss of viro-
logic control. Surgical approaches for facial lipoatrophy,
such as silicone implants133 or injection of fillers,134 can
improve quality of life and decrease anxiety and depressive
symptoms.34 Metreleptin, has had positive results in the treat-
ment of congenital lipoatrophy34 and has also been studied
in HIV-associated lipoatrophy. In two small pilot studies,
HIV-positive patients with lipoatrophy who received recom-
binant leptin therapy had a 32% reduction in visceral adipos-
ity,135 as well as increased insulin sensitivity and reduced TG
levels.135,136

Therapy for HIV-related lipohypertrophy is equally com-
plex. Approaches include lifestyle modification with partic-
ular emphasis on resistance training because it has been
shown to decrease truncal fat.91 As mentioned previously,
metformin also decreased visceral abdominal fat in
placebo-controlled trials in HIV patients, but metformin
may also worsen lipoatrophy.123 Supraphysiologic doses of

recombinant GH in HIV-positive individuals have also been
studied and were shown to reduce visceral adiposity by 17%
to 20% and to improve lipid profiles compared with pla-
cebo.34 However, these improvements were at the expense
of increased glucose intolerance and arthralgias. Visceral
adipose tissue also reaccumulated after cessation of
the drug.

In 2010, the first U.S. Food and Drug Administration–
approved treatment for HIV lipodystrophy became avail-
able; tesamorelin is a synthetic GH-releasing factor that is
administered as a daily injection. Tesamorelin was shown
to reduce truncal and visceral fat in randomized, double-
blinded, placebo-controlled trials in HIV patients.137,138 After
26 weeks of therapy, visceral adipose tissue decreased by
15.4%, whichwas a significant difference comparedwith pla-
cebo; no significant changes were observed in abdominal
subcutaneous adipose tissue.137,138 Patients treated with
tesamorelin also had significant decreases in TG levels
(�12.3%) and in the TC/HDL-C ratio (�7.2%) comparedwith
placebo. A significant improvement in the abdominal profile
was noted by both the patients using the drug and their phy-
sicians. Although IGF-1 levels increased significantly, no
changes in glucose parameters were noted. Tesamorelin
was generally well tolerated, and the positive effects on lipid
parameters and body profile were maintained for up to
52 weeks during the course of therapy.137

If medical therapy fails or is not possible, surgical
approaches to improve lipohypertrophy (e.g., liposuction)
are an option, but long-term results are disappointing because
of the tendency for the fat deposition to reappear.139

CONCLUSIONS

There is a high prevalence of dyslipidemia, insulin resis-
tance, fat redistribution, and metabolic syndrome among
HIV patients on HAART, and there is a pressing need to effec-
tively treat these conditions because of their increased risk of
CVD. Because the underlying HIV disease itself is complex
and associated with various comorbidities, treatment of
the individual HADL components can be challenging. The
pathophysiologic mechanisms underlying the heteroge-
neous manifestations of HADL are complex, with some
aspects remaining unclear because many of the data have
been acquired from human epidemiologic and metabolic
studies.

Important future developments should include a more
thorough understanding of the molecular pathogenesis of
HADL, which could offer more targeted treatment options.
Until then, clinicians should continue to use current practice
guidelines for the treatment of dyslipidemia, insulin resis-
tance, and metabolic syndrome, and for reduction of other
cardiovascular risk factors, by utilizing both lifestyle and
pharmacologic approaches. The latter must be based on a
comprehensive knowledge of various drug interactions with
HAART agents and other metabolic effects common in
patients with HIV infection.
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BACKGROUND

Because of the strong inverse association between plasma
levels of high-density lipoprotein cholesterol (HDL-C) and
the risk of coronary artery disease (CAD), novel therapies
to raise HDL-C have long been of great interest. However,
a succession of negative studies, including three random-
ized, placebo-controlled intervention trials1–3 and a large
genetic association analysis,4 calls for a careful re-
examination of the approach to HDL-directed therapies. In
May 2011, the Atherothrombosis Intervention in Metabolic
Syndrome with Low HDL/High Triglycerides: Impact on
Global Health (AIM-HIGH) trial was stopped early because
of futility.1 In the setting of mildly reduced HDL-C levels
(mean baseline 35 mg/dL), the addition of extended-release
niacin at a daily dose of 1500 to 2000 mg raised HDL-C by
10 mg/dL (28%) from baseline, or 5 mg/dL (13%) compared
with the control group. Despite the observed increase in
HDL-C, niacin use was not associated with a lower incidence
of cardiovascular events among 3414 patients with stable
CAD who were treated to aggressive low-density lipoprotein
cholesterol (LDL-C) targets (mean baseline 71 mg/dL, mean
on-treatment 65 mg/dL). A larger study (n¼25,673), the
Heart Protection Study 2–Treatment of HDL to Reduce the
Incidence of Vascular Events (HPS2-THRIVE), also showed
no incremental benefit of niacin–laropiprant above and
beyond statin monotherapy in high-risk patients treated to
low LDL-C levels (mean baseline 63 mg/dL).3 The 6-mg/dL
increment in HDL-C observed with niacin was expected to
translate into a 10% to 15% reduction in vascular events,
but the primary endpoint of first major vascular events
was similar in both treatment groups. The dal-OUTCOMES
trial had a similar fate in May 2012, after the interim analysis
failed to demonstrate a benefit of dalcetrapib, an inhibitor of
cholesteryl ester transfer protein (CETP), on hard cardiovas-
cular endpoints in patients with acute coronary syndrome
(ACS) who were on optimal medical therapy.2 In phase 2
studies, dalcetrapib 600 mg/day, the dose used in the out-
comes trial, increased HDL-C by an average of 25% to 31%
and did not exhibit adverse off-target hemodynamic or hor-
monal effects. In addition to these disappointing clinical tri-
als, a large Mendelian randomization analysis published
in May 2012 highlighted the potential for inconsistency

between higher HDL-C levels and a lower risk of myocardial
infarction (MI).4 Carriers of a single nucleotide polymor-
phism (Asn396Ser) in the gene encoding endothelial lipase
(LIPG) exhibited HDL-C levels 6 mg/dL higher than noncar-
riers, with no significant difference in LDL-C or other lipids.
Observational cohort studies suggest that this modest incre-
ment in HDL-C would confer a 13% reduction in MI risk.
However, analysis of 20,913 MI cases and 95,407 controls
demonstrated no association between LIPG Asn396Ser and
MI (odds ratio [OR] 0.99, 95% confidence interval [CI]
0.88–1.11; P¼0.85). Several other variants associated with
HDL-C were also found to have no clear association with
MI, unless they were also associated with triglyceride or
LDL-C levels.

The principal lesson from these recent findings lies in the
complexity of the relationship between HDL-C and cardio-
vascular disease. A wealth of data from traditional epidemi-
ologic studies and statin trials support an independent
inverse relationship between HDL-C and CAD, a powerful
association incorporated into most global risk equations,
including the Framingham Risk Score.5 However, despite
the popularly ingrained concept of HDL-C as the “good” cho-
lesterol, evidence indicates that higher levels of HDL-C are
not necessarily synonymous with improved outcomes.
HDL-C has limitations intrinsic to its static, mass-based mea-
surement.6 First, as a snapshot of the steady-state cholesterol
pool, HDL-C does not directly assess the rate of centripetal
cholesterol flux from peripheral foam cells to the liver, which
is influenced by many factors beyond the mass of HDL-C
alone. Second, circulating HDL-C values fail to convey infor-
mation regarding the antiinflammatory, antioxidant, anti-
thrombotic, and endothelial function–promoting benefits
of HDL, despite evidence supporting the potential clinical
significance of these pleiotropic functions (Fig. 44-1).

Promotion of cholesterol efflux from macrophages and its
return to the liver, bile, and feces, which completes the path-
way of reverse cholesterol transport, is arguably themost crit-
ical antiatherogenic function of HDL7 (Fig. 44-2). To review,
apolipoprotein (apo) A-I, the predominant apo in HDL, is
synthesized by the liver and the intestine, and acquires phos-
pholipid to form nascent pre-β-HDL. The adenosine triphos-
phate (ATP)–binding cassette (ABC) transporter ABCA1
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initiates the first step of reverse cholesterol transport, which
facilitates the efflux of free cholesterol from the peripheral
cells to nascent pre-β-HDL. Lecithin:cholesterol acyltransfer-
ase (LCAT) esterifies the cholesterol molecules to form
cholesteryl esters, which migrate to the core of the HDL par-
ticle, resulting in formation of α-HDL. These mature HDL
particles can acquire additional lipid via efflux mediated
by ABCG1 and scavenger receptor class B type I (SR-BI).
CETP mediates exchange of cholesteryl esters for triglycer-
ides with very-low-density lipoprotein (VLDL) or LDL, which
effects depletion in cholesteryl esters and enrichment in tri-
glycerides of HDL. The resulting HDL particles can be either
taken up by the liver via SR-BI or modified by hepatic lipase
and endothelial lipase. Metabolism by the latter releases
lipid-poor apoA-I, which can be filtered by the glomeruli
and degraded by cubilin and/or megalin in the proximal
renal tubule.

Recent publications shed light on promising measures
that assess reverse cholesterol transport and
antiinflammatory activity. One study utilized a validated
ex vivo system to quantify cholesterol efflux capacity using
incubation of macrophages with apoB-depleted serum.8

Healthy participants exhibited an inverse relationship
between efflux capacity and carotid intima–media thickness
before and after adjustment for HDL-C. In patients who
underwent coronary angiography for clinically suspected
CAD, efflux capacity remained a strong inverse predictor
of coronary disease status after adjustment for traditional risk
factors and HDL-C (adjusted OR for CAD per 1-SD increase in
efflux capacity 0.75, 95% CI 0.63–0.90) and apoA-I (OR 0.74,
95% CI 0.61–0.89). A second study demonstrated an associ-
ation between CAD status and HDL inflammatory index;
HDL inflammatory index was quantified as the ratio of
in vitro LDL oxidation of a fluorescein substrate incubated

Antiinflammatory
effects

Cholesterol efflux
and RCT

Antiapoptotic
effects

Antioxidant
effects

NO-promoting and
endothelial function
enhancing effects

HDLAntithrombotic
effects

FIGURE 44-1 Mechanisms by which HDL may be antiatherogenic. HDL, high-density lipoprotein; NO, nitric oxide; RCT, reverse cholesterol transport.
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FIGURE 44-2 HDL metabolism and reverse cholesterol transport. A-I, apolipoprotein A-I; A-II, apolipoprotein A-II; ABC, adenosine triphosphate–binding cassette; BA, bile
acid; CE, cholesteryl ester; CETP, cholesteryl ester transfer protein; EL, endothelial lipase; FC, free cholesterol; HDL, high-density lipoprotein; HL, hepatic lipase; LCAT, lecithin:
cholesterol acyltransferase; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; LXR, liver X receptor; PLTP, phospholipid transfer protein; TG, triglyceride;
VLDL, very-low-density lipoprotein.
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with and without participant HDL.9 Among 193 symptomatic
patients who underwent angiography, HDL inflammatory
index was significantly higher (less antioxidant capacity)
in those with ACS than in those without CAD (1.57 vs.
1.17; P¼0.005) or with stable CAD (1.57 vs. 1.11;
P¼0.006). Association with ACS remained significant after
adjusting for traditional risk factors (OR 3.8; P¼0.003).
This chapter discusses novel HDL-targeted therapeutics in

light of the recent developments that highlight the limitations
of HDL-C and the importance of HDL functionality. The drug
candidates reviewed in the following have been broadly
classified into three groups (Table 44-1) according to their
effect on reverse cholesterol transport (see Fig. 44-2): (1)
experimental therapeutics that increase acceptors for cho-
lesterol efflux, including full-length apoA-I infusion, oral
apoA-I upregulators, and apoA-I mimetics; (2) drug candi-
dates that stimulate cellular efflux pathways, such as liver
X receptor (LXR) agonists, microRNA (miRNA) inhibitors,
and apoE mimetics; and (3) pipeline compounds that
enhance cholesterol esterification, namely, activators of
LCAT. Nicotinic acid and CETP inhibitors are reviewed else-
where (Chapters 24 and 29, respectively).

INCREASING ACCEPTORS FOR CHOLESTEROL
EFFLUX

Lipid-poor apoA-I, also termed nascent HDL, or pre-β-HDL,
initiates reverse cholesterol transport by activating macro-
phage ABCA1 and accepting effluxed cholesterol.
Approaches to augment circulating levels of these acceptors
include infusing full-length apoA-I, upregulating endoge-
nous apoA-I production, and utilizing short synthetic pep-
tides to mimic apoA-I function.

Infusing Full-Length Apolipoprotein A-I
From a pharmacodynamic standpoint, direct augmentation
of lipid-poor apoA-I concentration represents the most vali-
dated HDL-related therapeutic approach in terms of anti-
atherogenic potential. Lipid-poor apoA-I–phospholipid
complexes have been studied extensively in animals and
in preliminary studies in humans. Preclinical studies have
demonstrated that the administration of apoA-I is associated
with the inhibition or regression of atherosclerosis,10–12 as
well as with a variety of antiatherogenic properties of HDL
in vivo,13,14 including enhanced macrophage-specific
reverse cholesterol transport,15 endothelial adhesion mole-
cule expression,16 phospholipid oxidation,17 endothelial
nitric oxide production,18 and, in general, the inhibition of

vascular inflammatory pathways.19 These findings support
the therapeutic potential of intravenous apoA-I infusion.

CSL-112
CSL-112 and its predecessor, CSL-111, consist of complexes
of native apoA-I and phosphatidylcholine; the former is iso-
lated from precipitates obtained by cold ethanol fraction-
ation of human plasma, and the latter is derived from
soybeans.20,21 Development of CSL-111 was discontinued
because of treatment-associated hepatotoxicity. Data are
reviewed in the following to provide a historical perspective
of the ongoing efforts of the CSL-112 clinical program.

The Effect of rHDL on Atherosclerosis–Safety and Efficacy
(ERASE) trial was a randomized, placebo-controlled study of
CSL-111 in which serial intravascular ultrasonography
(IVUS) was used to assess 145 patients with ACS. Changes
in lipids or lipoproteins were not reported. The study
revealed that administration of four weekly 40-mg/kg infu-
sions of CSL-111 reduced atheroma volume by 5.3 mm3 com-
pared with baseline (3.4%; P <0.001).21 No statistically
significant difference in atheroma volume was observed
when comparing patients who received placebo and those
who received CSL-111 (P¼0.48). In contrast, quantitative
coronary angiography demonstrated that CSL-111 use was
associated with attenuated progression of coronary athero-
sclerosis compared with placebo (�0.039 and �0.071 mm,
respectively; P¼0.03) as measured by the coronary score
(per-patient mean of the minimum lumen diameter for all
lesions measured) among patients with less severe stenoses
at baseline.21 Lower coronary scores have been associated
with an increased risk of incidence of coronary events.22

By comparison, 40-mg/day doses of pravastatin or 40- to
80-mg/day doses of lovastatin administered for 2 years atten-
uated coronary atherosclerosis progression as assessed by
the coronary score to a similar degree as only 4 weeks of
CSL-111 treatment, suggesting a particularly potent effect
of this HDL-directed therapy.23,24 However, one third of
patients randomly assigned to receive 80 mg of CSL-111
had reversible alanine aminotransferase elevations exceed-
ing 10 times the upper limit of normal. The mechanism of
transaminasemia remains uncertain. More participants ran-
domly assigned to receive 40 mg/kg of CSL-111 exhibited
hypotension compared with those who received placebo
(13.8% and 7.1%, respectively). Further details regarding
the observed changes in blood pressure were not provided
in the original publication.21

A possible antiatherogenic effect of CSL-111 was further
supported by a study in 20 patients with lower extremity
peripheral artery disease. Treatment with a single CSL-111
infusion (80 mg/kg) was associated with a 62% reduction
in lipid content (P <0.05; assessed by oil red O staining)
and a 44% decrease in endothelial adhesion molecule
expression (P<0.05; assessed by vascular cell adhesionmol-
ecule–1 expression) in plaque excised by atherectomy.25

These changes were observed 5 to 7 days following CSL-
111 infusion, at the time of percutaneous superficial femoral
artery revascularization, indicating a rapid onset of action of
the drug. Treatment with CSL-111 yielded an increase in
HDL-C and in vitro macrophage cholesterol efflux of approx-
imately 15%; effects on apoA-I were not reported. Interest-
ingly, treatment with CSL-111 yielded increases in LDL-C
and triglycerides of approximately 15% compared with base-
line. CSL-111 infusion has also been evaluated in the context
of type 2 diabetes mellitus. A randomized, crossover study in

TABLE 44-1 Novel Approaches to HDL–Targeted
Therapies Grouped According to Effect on Reverse
Cholesterol Transport
MECHANISM EXAMPLE(S)

Increasing acceptors for cholesterol efflux Full-length apoA-I infusion
Oral apoA-I upregulators
ApoA-I mimetics

Stimulating cellular efflux pathways LXR agonists
miRNA inhibitors
ApoE mimetics

Enhancing cholesterol esterification LCAT activators

apo, apolipoprotein; HDL, high-density lipoprotein; LCAT, lecithin:cholesterol
acyltransferase; LXR, liver X receptor; miRNA, microRNA.
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13 patients with diabetes demonstrated decreased expres-
sion of inflammatory markers and increased macrophage
cholesterol efflux in vitro after a single 80-mg/kg infusion
of CSL-111.26 HDL-C levels among CSL-111–treated patients
rose to 50% and 55% above placebo at 4 and 72 hours post-
infusion, respectively (P<0.001 for both comparisons). Sim-
ilarly, CSL-111 infusion was associated with apoA-I levels of
126% and 61% higher than placebo at 4 and 72 hours
postinfusion, respectively (P <0.001 for both comparisons).
No changes in liver function tests were observed in these
single-dose studies in peripheral artery disease or
diabetes.25,26

Evidence suggesting a potential atheroprotective benefit
of CSL-111 led to efforts to identify a native apoA-I–phospho-
lipid formulation with an improved hepatic safety profile.
The lead candidate, designated CSL-112, appears to mimic
the beneficial properties of nascent pre-β-HDL without exert-
ing an adverse effect on the liver. In a placebo-controlled,
randomized, single-dose study, infusion of CSL-112 achieved
dose-related elevations in apoA-I and pre-β-HDL of up to
3600%, and in in vitro cholesterol efflux capacity from mac-
rophages of up to 270%.27 A multiple-dose study in 36
healthy individuals demonstrated dose-proportional
increases in apoA-I, pre-β-HDL, HDL-C, and in vitro choles-
terol efflux capacity with administration of CSL-112.28,29

Pre-β-HDL levels peaked at the end of infusion at up to 20-
fold and returned to baseline at 24 hours. Increases in
HDL-C followed those in pre-β-HDL, peaking at 24 to 48 hours
after infusion and remaining elevated up to 72 hours after
infusion. No differences in adverse events or safety labora-
tory parameters were observed between CSL-112 and pla-
cebo. In addition to its effects on surrogate measures for
reverse cholesterol transport, CSL-112 demonstrated potent
antiinflammatory properties in in vitro assays using rabbit
or human whole blood stimulated with phytohemaggluti-
nin.30 CSL-112 inhibited expression of adhesion molecules
on monocytes and neutrophils and secretion of inflamma-
tory cytokines and chemokines. These results were
extended to an animal model in which CSL-112 infused into
rabbits attenuated increases in inflammatory cytokines in
rabbit blood stimulated by phytohemagglutinin ex vivo.
The effects of CSL-112 on total apoA-I levels were not
reported in the previously described studies.27–30 A clinical
study evaluating the effect of CSL-112 on surrogate athero-
sclerosis imaging endpoints has not yet been announced.

Apolipoprotein A-IMilano

ApoA-IMilano is a naturally-occurring mutation in apoA-I that
differs from wild-type apoA-I by a cysteine to arginine substi-
tution at amino acid 173. The apoA-IMilano mutation was first
identified in a number of Italian individuals with very low
levels of HDL-C (10–20 mg/dL).31 It was initially reported that
carriers of this mutation may have decreased atherosclerosis
despite the low HDL-C levels,31 although this has never been
definitively proven. Subsequent research indicated that car-
riers of the apoA-IMilano variant have similar carotid athero-
sclerosis as age- and gender-matched controls drawn from
the same families.32 Nevertheless, the concept that recombi-
nant apoA-IMilano could be a therapeutic approach to athero-
sclerosis has been of interest for decades.33

The effects of apoA-IMilano complexed with a phospholipid
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), which
was previously called ETC-216 and is now called MDCO-

216, have been extensively studied in animals. Infusions
of ETC-216 in rabbit and mouse models of atherosclerosis
were associated with considerable reductions in the lipid
and macrophage content of plaque.34–36 A dose-ranging
study in a rabbit model demonstrated regression of carotid
plaque volume by 6.8% with the highest dose of ETC-216
(150 mg/kg), which resulted in a 33.3% difference in ather-
oma burden compared with placebo (P <0.001).37 Signifi-
cant differences in atherosclerosis were also observed at
lower doses of ETC-216; 5 to 10 mg/kg achieved a reduction
in carotid atheroma of 10% to 20% compared with controls
(P <0.05). Dose-dependent effects of ETC-216 on apoA-I
levels were not reported. In a subsequent experiment in rab-
bits, two infusions of ETC-216 (75 mg/kg) increased apoA-I
more than threefold after 24 to 48 hours and induced signif-
icant aortic plaque regression (�4.1% vs. pretreatment; P
<0.001).38 Compared with wild-type HDL, ETC-216 achieved
greater reductions in plaque macrophage density (�50% vs.
�25%; P <0.05) and levels of monocyte chemoattractant
protein–1 and matrix metalloproteinase–2, which are fea-
tures associated with a more stable plaque phenotype. How-
ever, these studies did not involve wild-type apoA-I as a
comparator, and the superiority of apoA-IMilano over wild-
type apoA-I is doubtful. Although one study reported the
superiority of apoA-IMilano using engineered hematopoietic
cells,39 a series of other head-to-head comparative studies
found no superiority of apoA-IMilano expression in promoting
cholesterol efflux,40 macrophage-specific reverse choles-
terol transport in vivo,41 or atherosclerosis.42,43

The effect of apoA-IMilano infusion on atherosclerosis was
studied in one small trial in humans. In a clinical study of 47
stable patients with a history of ACS, five weekly doses of
15 mg/kg or 45 mg/kg of ETC-216 significantly reduced total
atheroma volume by 14.1 mm3 (4.2%) compared with base-
line (P <0.001), but not compared with the placebo group,
asmeasured by coronary IVUS.44 Total atheroma volume did
not change significantly with the administration of placebo
(�0.2 mm3; P¼0.97). The effects on HDL-C and apoA-I
levels were not reported. Two of 15 patients (9%) in the
high-dose ETC-216 group withdrew from the study because
of adverse events, one because of a hypersensitivity reaction
and the other because of symptomatic cholelithiasis; no
patients exhibited an elevation in transaminases.44

Clinical development of ETC-216 was halted for several
years because of production difficulties.33,45 Clinical devel-
opment of this product, now named MDCO-216, resumed
in 2011 following completion of a technology transfer to a
different pharmaceutical company and development of an
improved manufacturing process.46 In a multiple-dose study
in cynomolgus monkeys, sera obtained after MDCO-216 infu-
sion significantly increased the global and ABCA1-mediated
cholesterol efflux from foam cells.47 MDCO-216 was associ-
ated with decreases in HDL-C and apoA-I of 50% to 60%, con-
sistent with the finding of low HDL-C and apoA-I levels in
carriers of the apoA-IMilano mutation. The drug was well tol-
erated, with no adverse effects on anatomic, histologic, or
chemical parameters.47 To date, no further clinical trials
examining the effects of MDCO-216 on atherosclerosis or car-
diovascular outcomes have been announced.

CER-001
CER-001 is a synthetic HDL comprised of recombinant
human apoA-I derived from a novel Escherichia coli expres-
sion system that secretes apoA-I in a highly purified form.48
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To synthesize CER-001, apoA-I is complexed with various
phospholipids, namely, dipalmitoylphosphatidylcholine,
dipalmitoylphosphatidylglycerol, and sphingomyelin.49,50

Several studies suggest that HDL enriched with sphingomye-
lin promotes cholesterol efflux,51 and levels of HDL-
sphingomyelin may be associated with an inverse relation-
ship with CAD.52 According to unpublished in vitro studies,
CER-001 demonstrated highly potent cholesterol efflux
capacity that appeared to exceed that achieved with recom-
binant apoA-IMilano.

48 In LDL receptor–knockout mice, intra-
venous administration of CER-001 for 10 weeks yielded
significant reductions in aortic plaque size, lipid content,
and macrophage density (32%, 23%, and 80%, respec-
tively).53 In a phase 1 randomized crossover study in 32 dys-
lipidemic volunteers, a single intravenous dose of CER-001
increased plasma apoA-I levels and cholesterol in the HDL
fraction in a dose-related manner compared with placebo.54

The magnitude of the increase in apoA-I was not reported in
the available abstract. The adverse event profile and safety
parameters, including transaminases, were described as
being similar between CER-001 and placebo. Results are
expected soon from two phase 2 studies that are examining
the effects of CER-001 on atherosclerotic plaque as assessed
by serial magnetic resonance imaging in patients with het-
erozygous55 or homozygous56 familial hypercholesterol-
emia. A phase 2 study, Can HDL Infusions Significantly
Quicken Atherosclerosis Regression? (CHI-SQUARE), found
no effect of CER-001 on coronary plaque as measured by
IVUS or quantitative coronary angiography compared with
placebo in 500 patients with ACS.57

Autologous Delipidated High-Density Lipoprotein
Lipid-poor apoA-I, sometimes referred to as pre-β-HDL, is
the preferred acceptor of cholesterol effluxed from cells
via the ABCA1 pathway, and it is believed to be among
the most important pathways of cholesterol efflux and
reverse cholesterol transport.58 When HDL is delipidated,
apoA-I comes off the particle, and lipid-free apoA-I is
generated. A novel HDL-directed pharmacotherapeutic
approach capitalizes on this concept and involves the
ex vivo delipidation of autologous HDL and reinfusion of
this material.59 The Plasma Delipidation System–2 (PDS-
2), made by HDL Therapeutics (Vero Beach, Florida),
involves the collection of 1 L of plasma by apheresis over
1.5 to 2.0 hours, followed by the selective removal of lipids
from HDL particles by using organic solvents; the lipid-poor
apoA-I is subsequently reinfused over 1 hour. Preclinical
evaluation of selective delipidated HDL in a nonhuman
primate model of dyslipidemia achieved a significant
6.9% reduction in aortic atheroma volume, as assessed
by IVUS.60

In a small proof-of-concept clinical study (Lipid Sciences
Selective Delipidation Trial), 28 patients with a history of
ACS underwent IVUS at baseline and then were randomized
to receive either weekly infusions of autologous delipidated
HDL (n¼14) or weekly control plasma apheresis and reinfu-
sions (n¼14) for 7 weeks.61 In the patients who received
delipidated HDL, pre-β-HDL levels were increased approxi-
mately 30-fold following the completion of reinfusion, but
no changes in total apoA-I levels, HDL-C, or other lipids were
observed. Total atheroma volume as assessed by IVUS was
decreased by 15 mm3 in the treated group compared with
the control group (P¼0.268). As in the previously discussed
studies of intravenous apoA-I therapy, no statistically

significant differences were observed between actively trea-
ted patients and control groups. Autologous delipidated
HDL infusions did not induce transaminasemia or hypersen-
sitivity reactions; however, apheresis resulted in hypotension
in a third of the participants who underwent this treatment.
The trial was completed in 2008, and results were published
in 2010; however, to date, no larger clinical trial of autolo-
gous delipidated HDL evaluating atherosclerosis has been
announced.

Stimulating Endogenous Apolipoprotein
A-I Production
The size of full-length apoA-I complicates the preceding ther-
apeutic approaches. Consisting of 243 amino acids in 10
amphipathic α-helices, full-length apoA-I is costly to synthe-
size and requires parenteral administration. Oral agents that
stimulate endogenous apoA-I production may overcome
these hurdles while preserving the atheroprotective effective
of apoA-I. A small synthetic molecule (termed RVX-208)
belonging to the quinazoline family, which is known primar-
ily for its antimalarial properties, was reported in cellular
screening assays to raise apoA-I production.62 RVX-208 is
thought to increase apoA-I through a novel epigenetic mech-
anism, disruption of the function of bromodomain contain-
ing–4 (BRD4) and other members of the bromodomains and
extraterminal protein family.63,64 Binding of RVX-208 to the
acetyl-lysine recognition site antagonizes the interaction
between the bromodomains and acetylated histone pep-
tides, thus promoting transcription of the gene encoding
apoA-I.

In a nonhuman primate model of atherosclerosis, adminis-
tration of RVX-208 at 60 mg/kg once daily over approximately
2 months increased plasma apoA-I and HDL-C levels by 38%
and 58%, respectively, compared with placebo (P <0.05 for
both comparisons).62 Monkeys treated with RVX-208 had
enhanced cholesterol efflux from macrophage foam cells
ex vivo. A doubling in the levels of triglycerides was observed
with the highest dose of the drug; however, the mid-range
dose led to a 43% increase in apoA-I concentration without
affecting triglyceride levels. No effect on apoB or LDL-C levels
was observed with any dose of RVX-208.

A short exploratory study of RVX-208 in humans demon-
strated increases in total plasma apoA-I and pre-β-HDL levels
(10% and 42%, respectively), as well as augmentation of
ABCA1-mediated cholesterol efflux, following the adminis-
tration of RVX-208 at daily doses of 2 to 8 mg/kg in 18 healthy
volunteers.62

In the phase 2 ApoA-I Synthesis Stimulation Evaluation in
Patients Requiring Treatment for Coronary Artery Disease
(ASSERT) trial, 299 statin-treated patients with CAD were
randomized to receive RVX-208 (50–150 mg twice daily)
or placebo for 12 weeks.65 Treatment-associated increments
in apoA-I, HDL-C, and large HDL particles weremodest, up to
5.6% (P¼0.035 for trend), 8.3% (P¼0.02 for trend), and 21%
(P¼0.003 for trend), respectively. Dose-dependent eleva-
tions in alanine aminotransferase occurred with RVX-208
administration, with values exceeding 3 times the upper
limit of normal observed in 18 (8%) of treated individuals.
A longer term phase 2 study, Study of Quantitative Serial
Trends in Lipids with Apolipoprotein A-I Stimulation (SUS-
TAIN), examined the effect of RVX-208 (100 mg twice daily)
in 172 statin-treated patients with low HDL-C levels.66 After
24 weeks, RVX-208 significantly increased HDL-C
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(P¼0.001), apoA-I (P¼0.002), and large HDL particles
(P¼0.02).67 Transaminasemia was reportedly infrequent
and transient.

The phase 2 ApoA-I Synthesis Stimulation and Intravascu-
lar Ultrasound for Coronary Atheroma Regression Evalua-
tion (ASSURE) trial was designed to assess the effects of
RVX-208 on coronary atherosclerosis. ASSURE randomized
323 statin-treated patients with low HDL-C and CAD, who
had a target coronary artery for IVUS with less than 50% ste-
nosis, to receive RVX-208 100 mg (n¼244) or placebo
(n¼80) twice daily for 26 weeks.66 Top-line results reported
a failure to meet the primary endpoint of a 0.6% decrease in
percent atheroma volume; the RVX-208 group had a 0.4%
reduction (P¼0.08).68 Greater detail regarding the findings
of SUSTAIN and ASSURE will likely be forthcoming. Cur-
rently, it is unclear whether RVX-208 has an adequate mag-
nitude of effect on apoA-I and pre-β-HDL levels to effect
important changes in atherosclerosis or cardiovascular risk.

The general concept of apoA-I transcriptional upregula-
tion remains appealing. Other small molecule inhibitors of
the BET family bromodomains that upregulate apoA-I tran-
scription have been identified, including GSK525762A and
I-BET151.69,70 The latter was shown to increase transcription
of apoA-I in HepG2 cells and to downregulate circulating
levels of proinflammatory cytokines in a mouse model.70

To date, no clinical studies of these compounds have been
reported.

Apolipoprotein A-I Mimetic Peptides
Another approach involves delivering short peptides that
recapitulate the atheroprotective properties of apoA-I.71,72

These apoA-I mimetics do not bear sequence homology with
apoA-I, but rather replicate key secondary structural motifs.
Early efforts prioritized the antiinflammatory capacity of
apoA-I mimetics, and few studies reported their effects on
cholesterol efflux and macrophage-specific reverse choles-
terol transport. Different structural characteristics optimize
different dimensions of HDL functionality. In a study of 22
apoA-I mimetic peptides, cholesterol efflux capacity was
influenced by hydrophobicity, charge, size of the hydropho-
bic face, and the angle of the link between helices. The
antiinflammatory potential was affected by charge and size
of the hydrophobic face, and antioxidant activity was deter-
mined by the presence of cysteine and histidine residues.73

The relative contribution of these putatively beneficial
mechanisms on the observed effects on atherosclerosis, as
detailed in the following, remains uncertain.

4F
The first apoA-I mimetic was an 18-mer peptide synthesized
to form a class A amphipathic helix, which is the structural
domain of apoA-I that mediates lipid binding.74 Incubation
of cholesterol-loaded mouse fibroblasts with the peptide,
designated 18A, promoted cholesterol efflux to a similar
extent as lipid-poor apoA-I and HDL.75 Neutralizing the ter-
minal charges of 18A, by “capping” the amino and carboxyl
ends with acetyl and amide groups, respectively, enhanced
stability and lipid binding.76 The resulting peptide was
called Ac-18A-NH2, or 2F, because of the presence of two
phenylalanine (F) residues (primary sequence Ac–D–W–
L–K–A–F–Y–D–K–V–A–E–K–L–K–E–A–F–NH2). Despite its
ability to stimulate cholesterol efflux, in a mouse model of
diet-induced atherosclerosis, administration of 2F failed to
inhibit the development of aortic atherosclerosis.77

Replacing several nonpolar amino acids of 2F with addi-
tional phenylalanine residues enhanced in vitro chemical
and biologic properties thought to be desirable in an
apoA-I mimetic, namely, lipid binding, LCAT activation,
and inhibition of LDL-induced monocyte chemotactic activ-
ity.77,78 In one study, 4F, 5F, and 6F exhibited optimal profiles
with regard to these three surrogate measures.77 5F became
the first apoA-I mimetic shown to inhibit atherogenesis; an
intraperitoneal injection in mice resulted in smaller aortic
atherosclerotic lesions in the absence of concomitant
changes in plasma HDL-C.79

Peptides administered orally are generally recognized
and cleaved by gut peptidases, and therefore are not orally
bioavailable but require parenteral injection. Natural amino
acids exist almost exclusively in the L-form, and most mam-
malian enzymes recognize only L–amino acids. 4F was syn-
thesized from D–amino acids to create a peptide that might
be orally bioavailable.80 As a result, it was hypothesized that
D-4F would largely escape the proteolytic digestion that com-
plicates the oral route. Radiolabeled D-4F administered by
gavage to LDL receptor–knockout mice remained intact in
the circulation, whereas L-4F did not.80 Oral delivery of the
apoA-I mimetic improved measures of reverse cholesterol
transport. D-4F given orally to apoE-knockout mice aug-
mented the capacity of mouse sera to promote cholesterol
efflux from human macrophages in vitro, and stimulated
in vivo reverse cholesterol transport from intraperitoneally
injected macrophages to the plasma, liver, and feces.81

The study revealed redistribution of apoA-I to pre-β–migrat-
ing particles with no change in total circulating apoA-I levels.
Oral administration of D-4F in cynomolgus monkeys
similarly promoted the ability of HDL to efflux cholesterol
from human macrophages.71

Animal studies have suggested that these effects on
reverse cholesterol transport may translate into an athero-
protective benefit of D-4F. LDL receptor–knockout mice
given oral D-4F developed a 79% reduction in atherosclerotic
lesion area after 6 weeks, with no significant effect on cho-
lesterol levels; apoA-I levels were not reported.80 In apoE-
knockout mice, oral administration of D-4F attenuated the
development of atheroma by 43% in vein grafts, but did
not induce regression of established plaque in the aortic
sinus.82 Concomitant therapy with oral D-4F and pravastatin
for 6 months decreased atherosclerotic lesion formation in
young apoE-null mice by 79% and induced regression of
established aortic plaque in old apoE-null mice by 38%.83

Unlike monotherapy with either drug, the combination
increased HDL-C and apoA-I by 30% and 13%, respectively.

The first study of oral D-4F in humans demonstrated
improvements in antiinflammatory indices following oral
administration of the highest doses tested, with no changes
in HDL-C or apoA-I levels.84 A single dose of 300 or 500 mg
inhibited LDL-induced monocyte chemotactic activity.
Lower doses proved ineffective when delivered orally, but
improved HDL inflammatory indices when added directly
to plasma in vitro. Pharmacokinetic analysis revealed lim-
ited bioavailability of oral D-4F, with mean maximum
plasma concentrations reaching 8 to 16 ng/mL. These levels
were 90% lower than those observed in preceding in vivo
animal studies and in vitro human plasma assays.81 Based
on the hypothesis that higher plasma concentrations
would achieve greater efficacy, L-4F was administered by
intravenous infusion or subcutaneous injection to patients
with CAD.85 Surprisingly, despite achieving plasma levels
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(395–2907 ng/mL) that equaled or exceeded those that
proved effective in preclinical models, L-4F failed to improve
antiinflammatory measures of HDL functionality in this
human study. To probe this paradoxical result, multiple
doses of D-4F administered either orally or subcutaneously
were compared in apoE-knockout mice.86 Regardless of
the route of administration, doses of 4.5 and 45 mg/kg
improved antiinflammatory indices, and lower doses of
0.15 and 0.45 mg/kg did not; the 45-mg/kg dose attenuated
aortic atherosclerosis formation by 50% after 8 weeks. Effi-
cacy was determined by the delivered dose, not the
achieved plasma concentrations, which differed 1000-fold
between subcutaneous and oral administration. Similar
amounts of D-4F were recovered in the feces of mice, regard-
less of the route of administration, which together with the
efficacy analyses, suggested that the intestine was a major
site of action for the apoA-I mimetic. A follow-up study dem-
onstrated similar D-4F levels in the small intestine of LDL
receptor–knockout mice administered the peptide orally
or subcutaneously, despite the 300-fold and 100-fold higher
plasma and liver levels in the latter group.87 In addition,
delivery of D-4F via either route significantly reduced levels
of free oxidized metabolites of intestinal arachidonic and
linoleic acids, which have been previously correlated with
atherosclerosis. As a result, one current hypothesis is that
the intestine, which in mice contributes 30% of the plasma
HDL-C pool, may play a critical role in modifying HDL func-
tionality, and that therefore, apoA-I mimetics may exert their
antiinflammatory, and perhaps other atheroprotective,
effects through the small intestine.88

In addition to the previously described positive effects on
measures of reverse cholesterol transport and inflammation,
preclinical experiments and clinical studies have demon-
strated other putatively antiatherothrombotic effects of 4F.
4F reduced levels of oxidized phospholipids and fatty
acids,89 inhibited platelet aggregation in hyperlipidemic
mouse models,90 and promoted human endothelial progen-
itor cell proliferation.91 Administration of 4F corrected vas-
culotoxic pathways in diabetes,92–94 kidney disease,95,96

and transplant vasculopathy,97 and attenuated inflammation
in septic states,98,99 asthma,100 and lupus.101

6F
A substantial challenge to the production of 4F as a thera-
peutic is the requirement for end-blocking groups (Ac–
and –NH2) to stabilize the class A amphipathic helix.102 In
the absence of these groups, 4F is 25,000-fold less potent
based on antiinflammatory measures. Capping the termini
requires chemical synthesis, which is an additional step
beyond recombinant expression in a cell line. 4F was ini-
tially chosen among a series of homologous peptides
because of its increased solubility, because achieved
plasma concentrations were initially thought to be a critical
determinant of efficacy.77 In light of the preceding discover-
ies that suggest the role of the intestine and the importance
of delivered dose as opposed to achieved plasma levels, a
different apoA-I mimetic, 6F, was tested in the absence of
end-blocking groups. Previous studies demonstrated the
antiinflammatory activity of 6F in vitro.77

When administered to apoE-knockout mice, 6F, which is
constructed from L–amino acids and without end-blocking
groups, decreased plasma serum amyloid A levels and inhib-
ited the development of aortic atherosclerosis. Similar find-
ings were observed after feeding mice transgenic tomato

plants expressing 6F.102 After 13 weeks, LDL receptor–null
mice fed 6F-tomatoes exhibited lower levels of systemic
and intestinal inflammation (serum amyloid A and intestinal
lysophosphatidic acid), higher levels of HDL-C (30%–40%; P
<0.001), and smaller aortic atheroma. Effects on circulating
levels of apoA-I were not reported. Transgenic tomatoes
expressing 6F were effective without the need for isolation
and purification of the peptide, providing an inexpensive
method to deliver and test an oral apoA-I mimetic.

Other Apolipoprotein A-I Mimetics
Numerous other apoA-I mimetics have been developed
and are in the early stages of investigation. Reverse–D-4F, a
peptide consisting of the same amino acids as D-4F, but in
reverse order, inhibited intimal hyperplasia after vascular
injury in a mouse model of carotid artery ligation.103 ETC-
642 (also called RLT peptide), a 22-mer peptide–phospho-
lipid complex, promoted cholesterol efflux from macro-
phages104 and reduced inflammatory markers
in vitro.105,106 It also inhibited the progression of atheroscle-
rosis in hyperlipidemic rabbits.104 Effects on HDL-C or apoA-I
were not reported.

Although the previously described mimetics consist of a
single helix, tandem amphipathic α-helices may more
closely approximate the structure of native apoA-I. A biheli-
cal peptide consisting of two 4F repeats linked by a proline
residue (4F-–P–4F) was associated with greater in vitro cho-
lesterol efflux107 and in vivo antiinflammatory capacity108

compared with monomeric 4F. In apoE-knockout mice, a
bihelical mimetic (designated 5A) increased HDL-C by
149% after 24 hours, stimulated ABCA1-mediated cholesterol
efflux, and augmented reverse cholesterol transport in vivo.
These changes were associated with a significant 29% reduc-
tion in aortic plaque surface area.109

ENHANCING CELLULAR EFFLUX PATHWAYS

A second approach to promoting reverse cholesterol trans-
port focuses on optimizing cellular cholesterol efflux rather
than prioritizing higher circulating levels of cholesterol
acceptors. Representative experimental therapeutics
include LXR agonists, miRNA-33 (miR-33) inhibitors, and
apoE mimetics.

Liver X Receptor Agonists
LXRs, which are members of the nuclear receptor–like sub-
family 1, serve as critical sensors to maintain cellular choles-
terol homeostasis.110 LXRs respond to the potentially
cytotoxic accumulation of oxysterols, which are oxidized
derivatives of cholesterol, by upregulating the transcription
of genes that ultimately reduce intracellular cholesterol
levels.111 In macrophages, activation of LXR upregulates Nie-
mann–Pick C1 (NPC1) and NPC2, which are endosomal pro-
teins that enhance cholesterol trafficking to the plasma
membrane112; increases expression of the cholesterol efflux
transporters ABCA1113,114 and ABCG1115,116; and stimulates
secretion of apoE,117 which promotes the incorporation of
cholesterol into lipid-poor HDL. The net effect is a significant
increase in cholesterol efflux from macrophages with LXR
overexpression118 or pharmacologic agonism,113,114 and
conversely, the formation of foam cells in the setting of
genetic deletion of LXR.119 Intestinal LXR activation has been
demonstrated to downregulate Niemann–Pick C1–like 1
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(NPC1L1) expression on the brush border membrane,
thereby decreasing cholesterol absorption from the intes-
tine,120,121 and to stimulate ABCA1 expression on the baso-
lateral membrane to promote cholesterol efflux into the
intestinal blood supply.122 LXR activation also enhances
transintestinal cholesterol efflux,123 a bile-independent route
of cholesterol elimination from the body,124,125 via upregula-
tion of ABCG5/8 expression on the luminal mem-
brane123,126,127 and other, as yet unidentified, pathways.128

In the liver, activation of LXR upregulates expression of
ABCG5/8 on the canalicular membrane, driving cholesterol
transport into bile126; induces hepatic expression of CYP7A1,
the gene that encodes the rate-limiting enzyme in bile acid
synthesis in mice,129 but apparently not in humans130; and
activates expression of sterol regulatory element–binding
protein 1c (SREBP-1c)131,132 and carbohydrate response
element–binding protein (ChREBP)133,134 to increase fatty
acid synthesis. Hepatic lipogenesis via activation of
SREBP-1c and ChREBP may help decrease cholesterol accu-
mulation by providing the triglycerides required for VLDL
assembly and the phospholipids needed for HDL produc-
tion, thereby supporting two pathways to secrete cholesterol
from hepatocytes. Alternatively, LXR-mediated upregulation
of lipogenesis may protect hepatocytes from the accumula-
tion of toxic free cholesterol by increasing the production of
oleoyl–coenzyme A, the preferred substrate for cholesterol
esterification.135 The role of LXR in regulating de novo
hepatic cholesterol synthesis remains uncertain; some stud-
ies demonstrated inhibition of SREBP-2 and several of its tar-
get genes, including those encoding hydroxymethyl
glutaryl–coenzyme A synthase and squalene synthase,
with activation of LXR in mice,131 whereas other rodent stud-
ies reported a neutral effect with genetic LXR deletion,129

and experiments in human hepatoma lines revealed an
increase in cholesterol biosynthesis following the adminis-
tration of an LXR agonist.136 In summary, LXR activation
upregulates the transcription of genes that coordinate the
reduction in cellular cholesterol overload or protect against
its associated toxicity; the specific pathways vary among
cell types.

Systemic activation of LXR has consistently stimulated
reverse cholesterol transport pathways and inhibited athero-
sclerosis in animal studies. Administration of the synthetic
LXR ligands T0901317 and GW3965 significantly increased
cholesterol efflux from macrophages in vitro137,138 and stim-
ulated in vivo macrophage-specific reverse cholesterol trans-
port.139 In parallel with these findings, LXR agonists
attenuated the development of atherosclerosis by approxi-
mately 60% to 70% in mice137,138,140,141 and rabbits,142 and
induced the regression of plaque by approximately 50% to
60% in various mouse models.138,140,141 Further develop-
ment of LXR agonism as a therapeutic approach to athero-
sclerotic cardiovascular disease, however, has been
hindered by hepatic steatosis and hypertriglyceridemia that
were reported in preclinical studies.120,142,143

Dissociating the benefits and harms of LXR agonists may
be possible because of the differential effects of LXR activa-
tion by receptor isoform and by tissue. Two isoforms of LXR
have been identified—LXR-α (NR1H3) and LXR-β (NR1H2).
These isotypes share substantial homology (>70%) in their
lipid-binding regions and differ in tissue distribution.134

Expression of LXR-α is restricted to the liver, macrophages,
intestine, kidney, and adipose tissue, whereas LXR-β has
been found in most cell types and tissue systems.134

LXR-α132,144—specifically, hepatic LXR-α145,146—mediates
hepatic lipogenesis and attendant steatosis and plasma
hypertriglyceridemia. LXR-α also appears to play the domi-
nant role in the inhibition of atherosclerosis. Greater macro-
phage cholesterol accumulation, which is diminished
in vivo reverse cholesterol transport, and increased aortic
atherosclerosis were observed in mouse models of systemic
gene deletion of LXR-α compared with LXR-β.144,147 In addi-
tion, administration of the systemic dual LXR-α/β agonist
T0901317 failed to decrease atherosclerosis in systemic
LXR-α/LDL receptor–knockout mice.144 Fortunately, activa-
tion of LXR-α does not appear essential to promote reverse
cholesterol transport or inhibit atherosclerosis. Hepatic-
specific LXR-α activation in a transgenic mouse model did
not affect macrophage-specific reverse cholesterol trans-
port.145 Moreover, although hepatic-specific deletion of the
gene encoding LXR-α increased atherosclerosis in a double
LXR-α/LDL receptor–knockout mouse model, administra-
tion of the systemic dual LXR-α/β agonist T0901317 attenu-
ated atherosclerosis development to a similar extent as
that in mice expressing LXR-α.146 These data support selec-
tive LXR-β and nonhepatic LXR-α agonists as potential thera-
peutic approaches to promoting reverse cholesterol
transport and inhibiting atherosclerosis while avoiding
hepatic lipogenesis.

Most,148,149 but not all,144 studies suggest a contribution of
LXR-β activation to atheroprotective pathways, although the
effect appears quantitatively less than that of LXR-α activa-
tion. In apoE-knockout mice, systemic gene deletion of
LXR-β was associated with increased atherosclerosis com-
pared with controls,147 and administration of the dual sys-
temic LXR-α/β agonist GW3965 to mice that expressed
LXR-β, but not LXR-α, attenuated atherosclerosis develop-
ment.148 In contrast, in LDL receptor–knockout mice, sys-
temic gene deletion of LXR-β did not affect atherosclerosis
development,144 and the systemic LXR-α/β agonist
T0901317 failed to reduce atherosclerosis in LDL receptor–
knockout mice that systemically expressed LXR-β and not
LXR-α.144 Several selective LXR-β agonists have completed
preclinical studies with encouraging results. Administration
of the selective LXR-β agonist K-20950 increased in vitro cho-
lesterol efflux and inhibited the development of atheroscle-
rosis in LDL receptor–knockout mice and high cholesterol
diet–fed hamsters without affecting triglyceride levels in
the liver.149 In mouse and primate models, another selective
LXR-β agonist, designated VTP-4, enhanced reverse choles-
terol transport and exhibited a neutral effect on triglycerides
in the plasma and the liver.150

Another strategy to leverage the atheroprotective effect of
LXR agonists while avoiding hepatic lipogenesis involves
macrophage- and/or intestine-selective LXR-α or LXR-α/β
activation. Bone marrow transplantation experiments
demonstrated that macrophage LXR interferes with the
development of atherosclerosis. In apoE- and LDL recep-
tor–knockout mice, bone marrow transplantation from
LXR-α/β–expressing mice resulted in attenuated atheroscle-
rosis compared with bone marrow transplantation from
LXR-α/β–knockout mice.151,152 One study of pharmacologic
LXR activation suggested that macrophage LXR is required
for mediating an atheroprotective effect of the dual systemic
LXR-α/β agonist T0901317.152 LDL receptor–knockout mice
transplanted with bone marrow from LXR-α/β–
knockout mice, as opposed to LXR-α/β–expressing mice,
failed to exhibit an increase in ABCA1 and ABCG1
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expression and showed no change in atheroma progression
following administration of T0901317.152

Most, but not all experiments, suggest that LXR-α may be
the principal isoform mediating the atheroprotective pheno-
type of macrophage LXR activation. Administration of the
dual LXR-α/β agonist T0901317 to LXR-α–knockout mouse
macrophages failed to increase ABCA1 and ABCG1 expres-
sion, whereas this activity was preserved in LXR-β–knockout
macrophages.144 Similarly, selective LXR-α, but not LXR-β,
knockdown in human macrophages using small interfering
RNAs significantly attenuated induction of ABCA1 and
ABCG1 gene expression following administration of a
dual LXR-α/β agonist. Two transgenic mouse models de-
monstrated enhanced cholesterol efflux and decreased
atherosclerosis with macrophage-specific LXR-α over-
expression.118,153 In contrast to these data, two in vitro
experiments demonstrated no difference between selective
LXR-α and LXR-β knockout in upregulation of macrophage
ABCA1, ABCG1, or cholesterol efflux in response to dual
LXR-α/β agonists,132,147 which suggests a role for LXR-β in
mediating the atheroprotective phenotype observed in
macrophages.
Although studies support an important role ofmacrophage-

specific LXR activation in antiatherosclerotic pathways, most
experiments also point to macrophage-independent mecha-
nisms. In mice injected with cholesterol-loadedmacrophages
obtained from the bone marrow of LXR-α/β–knockout mice,
administration of the systemic dual LXR-α/β agonist GW3965
stimulated macrophage-specific reverse cholesterol trans-
port.154The increase in tracerdistribution in feceswas less than
that observed following administration of GW3965 to mice
expressing LXR-α/β, indicating that macrophage LXR-α/β
contributes to, but is not essential for, the increase in reverse
cholesterol transportmediatedby systemicLXR-α/β activation.
Consistent with these findings, transplantation of LDL
receptor/LXR-α–knockout mice with LXR-α–expressing bone
marrow cells (selective hematopoietic expression) resulted
in decreased atherosclerosis, but not to the extent of
that in LDL receptor–knockout mice systemically expres-
sing LXR-α.144 Conversely, a selective hematopoietic
LXR-α–knockout model was constructed by transplanting
bone marrow from LXR-α–knockout mice to LDL receptor–
knockout mice.144 This mouse model exhibited increased
atherosclerosis compared with LDL receptor–knockout
mice expressing LXR-α, although not to the extent of LDL
receptor–knockout mice with systemic gene deletion of
LXR-α, which again suggests a role for macrophage-
independent LXR pathways.
A third therapeutic approach involves intestine-specific

LXR activation. In a transgenic mouse model, LXR-α overex-
pression in enterocytes reduced intestinal cholesterol
absorption, induced ABCG5/8 expression, increased pre-β-
HDL, and stimulated macrophage-specific reverse choles-
terol transport.145 In parallel with these findings, selective
intestinal LXR-α overexpression decreased atherosclerosis
in LDL receptor–knockout mice without affecting hepatic tri-
glyceride content.145 The intestine-specific LXR-α agonist
GW6340 promoted in vivo macrophage-specific reverse cho-
lesterol transport.154 No studies reported to date have evalu-
ated the effect of GW6340 on the development of
atherosclerosis. In addition to the intestine-specific LXR
agonist GW6340, other LXR agonists have been developed
that activate LXR-mediated pathways in macrophages
and enterocytes, but not hepatocytes. Administration of

ATI-829 at a dose of 5 to 10 mg/kg/day for 12 weeks to
LDL receptor–knockout mice inhibited the development
of atherosclerosis and enhanced ABCA1 expression in mac-
rophages and ABCA1 and ABCG8 expression in the small
intestine.155 No changes in the expression of SREBP-1c or
other lipogenic pathways were observed.155 In apoE-
knockout mice, N,N-dimethyl-3β-hydroxy-cholenamide
(DMHCA) at 8 mg/kg/day for 11 weeks reduced atheroscle-
rosis progression and increased ABCA1 expression in mac-
rophages in the absence of liver steatosis or
hypertriglyceridemia.156 WAY-252623 in LDL receptor–
knockout mice decreased atherosclerosis and upregulated
macrophage expression of ABCA1 and ABCG1 without caus-
ing hepatic lipogenesis.157 In summary, intestine- and
macrophage-specific LXR agonists or LXR-β–specific activa-
tion may enhance reverse cholesterol transport and exert
antiatherogenic effects while avoiding the toxicity associ-
ated with hepatic LXR activation. Further research is needed
to clarify the relative atherogenic contribution of selective
isoform and/or tissue LXR activation.

MicroRNA-33 Antagonists
Elucidation of posttranscriptional pathways of HDL metabo-
lism has identified additional targets for pharmacotherapeu-
tic intervention. Short noncoding sequences of RNA, termed
miRNAs, inhibit gene expression by binding to complemen-
tary 30 untranslated regions of messenger RNAs (mRNAs)
and causing translational repression and/or mRNA destabi-
lization.158 Genome-wide screening in mice identified miR-
33a, encoded within intron 16 of SREBP-2, from a subset
of differentially expressed miRNAs modulated by cellular
cholesterol content.159,160 In vitro and in vivo murine studies
demonstrated, in the setting of miR-33a overexpression, sup-
pressed macrophage and hepatocyte expression of ABCA1,
reduced circulating HDL-C levels, and attenuated efflux to
apoA-I. Conversely, silencing of miR-33a was associated with
greater macrophage and hepatocyte expression of ABCA1
and increased HDL-C levels.159,160

In LDL receptor–knockout mice, subcutaneous adminis-
tration of an antisense oligonucleotide (ASO) to miR-33 at
a dose of 10 mg/kg for six doses over 4 weeks significantly
increased HDL-C by 35% and promoted macrophage-
specific reverse cholesterol transport, which augmented
hepatic and fecal delivery of radiolabeled tracer by 42%
and 82%, respectively (P <0.05 vs. controls for all compari-
sons).161 Changes in plasma apoA-I were not reported.
Importantly, these favorable changes in HDL parameters
were accompanied by regression of established atheroma
(35% reduction in aortic sinus lesion area compared with
baseline and controls) and histologic evidence of remodel-
ing toward a more stable plaque phenotype (28% decrease
in lipid accumulation, 35% reduction in macrophage con-
tent, and twofold increase in collagen content).161 Support-
ing a direct effect of anti–miR-33 therapy on macrophages
within atheroma, the ASO co-localized with the macrophage
marker CD68 in aortic plaque, and treatment was associated
with a 66% increase in lesional macrophage ABCA1 expres-
sion. A longer term study examined subcutaneous injection
of anti–miR-33 oligonucleotides at a dose of 10 mg/kg
weekly for 12 weeks in LDL receptor–knockout mice.162

Anti–miR-33 therapy was associated with enhanced macro-
phage efflux capacity in vitro and a 25% reduction in
aortic atheroma progression (P <0.05 vs. controls).
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Interestingly, no changes in circulating HDL-C levels were
observed; apoA-I levels were not reported. Genetic defi-
ciency of miR-33 in apoE-knockout mice demonstrated sim-
ilar findings in terms of an atheroprotective effect of
decreasing miR-33.163 Compared with controls, approxi-
mately 30% to 50% and 15% to 20% higher levels of HDL-
C and apoA-I, respectively, were observed (P <0.05 vs.
controls), accompanied by enhanced serum cholesterol
efflux capacity. At age 22 weeks, miR-33–knockout mice
exhibited an 18% reduction in aortic plaque area
and lipid content (P <0.05 vs. controls), decreased accu-
mulation of macrophages and T cells, and attenuated
apoptosis.163

Not all animal studies support an atheroprotective effect
of anti–miR-33 therapy. In LDL receptor–knockout mice,
intraperitoneal injection of a different anti–miR-33 oligo-
nucleotide at a dose of 7 mg/kg weekly for 14 weeks
decreased hepatic levels of miR-33 by 75%, but failed to
produce sustained increases in HDL-C levels or changes
in the size or composition of aortic atheroma.164 The rea-
son for the conflicting results between the two experi-
ments of anti–miR-33 therapeutic agents in the same
mouse model of atherosclerosis remains unclear, but it
may be because of differences in the vascular activity of
ASOs and/or the dietary cholesterol content.162 In particu-
lar, the macrophage-specific activity of the miR-33 ASO
used in the latter study has not been described. Limited
availability and/or activity to regulate gene expression
within the atherosclerotic plaque may contribute to the
observed findings. Alternatively, the higher dietary choles-
terol content used in the negative experiment (1.25% vs.
0.3%) may have attenuated a potential benefit of miR-33
inhibition.

Mouse models of miR-33 inhibition are limited in their
applicability to humans because of the presence of a single
miR-33 isoform, miR-33a, in rodents, and two isoforms, miR-
33a and miR-33b, in primates.165 miR-33b differs from miR-
33a in only 2 of 19 nucleotides and is encoded within intron
17 of SREBP-1, which is a key regulator of fatty acid synthe-
sis. However, a study of dual miR-33a/b antagonism in
cynomolgus monkeys appeared to extend the beneficial
results of miR-33 ASOs observed in most mouse experi-
ments to nonhuman primates, at least with regard to
HDL.166 Subcutaneous delivery of an anti–miR-33 ASO at
5 mg/kg/week over a 12-week period increased HDL-C
and apoA-I levels by up to 50% (P <0.05 vs. controls for
both comparisons). Greater macrophage cholesterol efflux
was observed following incubation of foam cells with
serum obtained from treated monkeys compared with
equivalent volumes of serum isolated from control mon-
keys, which correlated with the HDL-C levels in the two
groups. Monkeys administered the anti–miR-33 also exhib-
ited attenuated expression of genes involved in fatty acid
synthesis, enhanced expression of genes involved in fatty
acid oxidation, and a decrement in VLDL-triglycerides of
up to 50%. These findings suggest that in miR-33b–expres-
sing organisms, dual miR-33a/b inhibition may confer addi-
tional therapeutic potential for metabolic derangements
associated with insulin resistance, presumably because of
downregulation of SREBP-1–mediated pathways.166 The
effect of anti–miR-33 treatment on atherosclerosis in nonhu-
man primates has not yet been reported. The translation of
this novel therapeutic approach to humans is awaited with
great interest.

Apolipoprotein E Mimetics
ApoE is a polypeptide of 299 amino acids that mediates
clearance of chylomicrons and VLDLs by binding to hepatic
receptors.167 Although the effect of apoE on atherogenic
lipoproteins is well understood, its role in reverse cholesterol
transport remains less clear. In vitro experiments support the
capacity of apoE to stimulate cholesterol efflux.168–172 Anal-
ysis of helical fragments of apoE identified the C-terminal
domain, encompassing residues 222 to 299, as the critical
mediator of cholesterol efflux from macrophages.173 To test
the therapeutic potential of an apoE mimetic, a 26-mer pep-
tide, designated ATI-5261, was engineered from the major
lipid-binding region of this domain and investigated
in vitro and in vivo.174 In vitro mouse macrophage experi-
ments demonstrated greater cholesterol efflux capacity of
ATI-5261 compared with equivalent concentrations of
apoA-I. Intraperitoneal injection in apoE-null mice aug-
mented macrophage-specific reverse cholesterol transport,
which increased recovery of macrophage-derived radiola-
beled sterol in feces. Daily and alternate-day intraperitoneal
administration of ATI-5261 at 30 mg/kg for 6 weeks was asso-
ciated with 30% reduced plaque formation in mouse models
of atherosclerosis. Changes in HDL-C or apoA-I were not
reported, and antioxidant and antiinflammatory potential
were not studied. The total dose of ATI-5261 was lower than
the dose of parenteral 4F in several,86,175 but not all,82 of the
studies that demonstrated reductions in aortic atheroma.
To date, no apoE mimetic has progressed to clinical devel-
opment, although there is an intent to do so.

ENHANCING CHOLESTEROL ESTERIFICATION

LCAT esterifies cholesterol, enabling its incorporation into
the hydrophobic core of the HDL particle and transforming
nascent HDL into spherical mature HDL in the process. The
importance of LCAT in HDL metabolism is clear, because
genetic or acquired decreases in the activity of this enzyme
lead to lower HDL-C levels in both animals176–178 and
humans.179,180 However, the role of LCAT in macrophage
reverse cholesterol transport and in protection from athero-
sclerosis has been controversial.181 For example, a cross-
sectional examination showed that homozygous and
heterozygous carriers of mutations associated with LCAT
deficiency had no increase in carotid intima–media thick-
ness despite low HDL-C levels (homozygotes: 9 mg/dL; het-
erozygotes: 39 mg/dL).182 Similarly, a cross-sectional
analysis of the Carotid Intima–Media Thickness (IMT) and
IMT Progression as Predictors of Vascular Events in a High
Risk European Population (IMPROVE) study revealed no
association between plasma LCAT concentration and mean
andmaximum carotid intima–media thickness.183 In a case–
control analysis of the European Prospective Investigation of
Cancer–Norfolk (EPIC-Norfolk) study population,184 low
plasma levels of LCAT were not associated with the develop-
ment of incident CAD, in contrast to results from a previous
cross-sectional study by the same group that examined fam-
ilies with LCAT gene mutations and associations with preva-
lent CAD.185 Perhaps the most striking data on this issue are
those from the Prevention of Renal and Vascular Endstage
Disease (PREVEND) study,186 in which high LCAT activity,
despite promoting elevated HDL-C levels, independently
predicted an increased risk of cardiovascular events. These
findings are consistent with mouse studies of LCAT
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overexpression, which demonstrated attenuated
macrophage-specific reverse cholesterol transport in vivo
and attenuated ABCA1-mediated macrophage cholesterol
efflux ex vivo.187 These aggregate data call into question
the relevance of LCAT in the development of atherosclerosis
and cast some doubt on the therapeutic potential of
stimulating LCAT activity as a strategy for reducing
cardiovascular risk.
Despite these uncertainties, LCAT activation remains an

interesting potential therapeutic target because of its ability
to raise HDL-C levels and its theoretical benefits in reverse
cholesterol transport. Thus far, a handful of drug candidates
are in early-stage development. A small molecule activator
of LCAT, which was identified through high-throughput
screening,188 significantly increased LCAT activity in vitro
in plasma from mice, hamsters, rhesus monkeys, and
humans.189 Mice and hamsters that were administered the
LCAT activator demonstrated significant increases in HDL-
C; levels of apoA-I were not reported. Intravenous adminis-
tration of recombinant human LCAT, called ACP-501, in a
mouse model of LCAT deficiency increased HDL-C
twofold compared with control. Serum obtained following
ACP-501 infusion significantly increased cholesterol
efflux.190 A phase 1 single ascending dose study in 16 volun-
teers with stable atherosclerosis reported substantial eleva-
tions in HDL-C.191 Details regarding the clinical trial,
including the magnitude of changes in lipids and lipopro-
teins, have not yet been published.

CONCLUSION

In conclusion, recent developments suggest the need for a
revised approach to the evaluation of novel HDL-directed
therapies. Therapeutic elevation of HDL-C does not neces-
sarily mitigate atherothrombotic risk. Assessment of HDL
functionality, particularly cholesterol efflux capacity and
reverse cholesterol transport, is important to characterize
the potential antiatherogenic activity of new compounds;
however, validation of emerging HDL assays remains critical
before their use as surrogate measures. Experimental thera-
peutics can be broadly grouped according to their principal
effect on reverse cholesterol transport, namely, increasing
circulating cholesterol acceptors, stimulating cellular cho-
lesterol efflux, and enhancing cholesterol esterification. This
classification scheme does not exclude the capacity for drug
candidates to exert effects onmultiple steps in the chain, but
rather focuses on the putatively most important mechanism
of action. Activation of LXR, for example, increases both cho-
lesterol efflux and acceptors. However, cellular efflux
appears to be the dominant driver of enhanced reverse cho-
lesterol transport and its associated atheroprotective pheno-
type; therefore, efflux drives the classification of LXR agonists
herein. Of note, it is mechanistically appealing to consider
simultaneous activation of sequential steps in the pathway
as a means to synergistically enhance reverse cholesterol
transport and inhibit atherosclerosis. Concurrent administra-
tion of both an LXR agonist and full-length apoA-I infusion,
for example, may be a particularly potent antiatherogenic
strategy by coupling a drug that stimulates cellular choles-
terol efflux with an agent that provides plasma cholesterol
acceptors. Such intensive therapy may be more appropriate
for specific types of patients, perhaps in the very-high-risk
period shortly following an ACS. Time will tell whether the

coming decade will witness the rise of the HDL-targeted
approach or whether the promise of HDL as a viable therapy
for atherosclerotic disease will remain unfulfilled.

References
1. AIM-HIGH Investigators, Boden WE, Probstfield JL, et al. Niacin in patients with low HDL cho-

lesterol levels receiving intensive statin therapy. N Engl J Med 2011;365:2255–67.
2. Schwartz GG, Olsson AG, Abt M, et al. Effects of dalcetrapib in patients with a recent acute cor-

onary syndrome. N Engl J Med 2012;367:2089–99.
3. HPS2-THRIVE Collaborative Group. Effects of extended-release niacin with laropiprant in high-

risk patients. N Engl J Med 2014;371:203–12.
4. Voight BF, Peloso GM, Orho-Melander M, et al. Plasma HDL cholesterol and risk of myocardial

infarction: a mendelian randomisation study. Lancet 2012;380:572–80.
5. Cooney MT, Dudina AL, Graham IM. Value and limitations of existing scores for the assessment

of cardiovascular risk: a review for clinicians. J Am Coll Cardiol 2009;54:1209–27.
6. deGoma EM, deGoma RL, Rader DJ. Beyond high-density lipoprotein cholesterol levels evalu-

ating high-density lipoprotein function as influenced by novel therapeutic approaches. J AmColl
Cardiol 2008;51:2199–211.

7. Rosenson RS, Brewer Jr. HB, Davidson WS, et al. Cholesterol efflux and atheroprotection:

advancing the concept of reverse cholesterol transport. Circulation 2012;125:1905–19.
8. Khera AV, Cuchel M, de la Llera-Moya M, et al. Cholesterol efflux capacity, high-density lipopro-

tein function, and atherosclerosis. N Engl J Med 2011;364:127–35.
9. Patel PJ, Khera AV, Jafri K, et al. The anti-oxidative capacity of high-density lipoprotein is

reduced in acute coronary syndrome but not in stable coronary artery disease. J Am Coll Cardiol
2011;58:2068–75.

10. Badimon JJ, Badimon L, Fuster V. Regression of atherosclerotic lesions by high density lipopro-

tein plasma fraction in the cholesterol-fed rabbit. J Clin Invest 1990;85:1234–41.
11. Rubin EM, Krauss RM, Spangler EA, et al. Inhibition of early atherogenesis in transgenic mice by

human apolipoprotein AI. Nature 1991;353:265–7.
12. Tangirala RK, Tsukamoto K, Chun SH, et al. Regression of atherosclerosis induced by liver-

directed gene transfer of apolipoprotein A-I in mice. Circulation 1999;100:1816–22.
13. Barter PJ, Nicholls S, Rye KA, et al. Antiinflammatory properties of HDL. Circ Res 2004;95:764–72.
14. Mineo C, Deguchi H, Griffin JH, et al. Endothelial and antithrombotic actions of HDL. Circ Res

2006;98:1352–64.
15. Zhang Y, Zanotti I, Reilly MP, et al. Overexpression of apolipoprotein a-I promotes reverse trans-

port of cholesterol from macrophages to feces in vivo. Circulation 2003;108:661–3.
16. Dimayuga P, Zhu J, Oguchi S, et al. Reconstituted HDL containing human apolipoprotein A-1

reduces VCAM-1 expression and neointima formation following periadventitial cuff-induced

carotid injury in apoe null mice. Biochem Biophys Res Commun 1999;264:465–8.
17. Nicholls SJ, Dusting GJ, Cutri B, et al. Reconstituted high-density lipoproteins inhibit the acute

pro-oxidant and proinflammatory vascular changes induced by a periarterial collar in normo-

cholesterolemic rabbits. Circulation 2005;111:1543–50.
18. Yuhanna IS, Zhu Y, Cox BE, et al. High-density lipoprotein binding to scavenger receptor-BI acti-

vates endothelial nitric oxide synthase. Nature Med 2001;7:853–7.
19. Baker PW, Rye KA, Gamble JR, et al. Ability of reconstituted high density lipoproteins to inhibit

cytokine-induced expression of vascular cell adhesion molecule-1 in human umbilical vein

endothelial cells. J Lipid Res 1999;40:345–53.
20. Lerch PG, Fortsch V, Hodler G, et al. Production and characterization of a reconstituted high

density lipoprotein for therapeutic applications. Vox Sang 1996;71:155–64.
21. Tardif JC, Gregoire J, L'Allier PL, et al. Effects of reconstituted high-density lipoprotein infusions

on coronary atherosclerosis: a randomized controlled trial. JAMA 2007;297:1675–82.
22. Mack WJ, Xiang M, Selzer RH, et al. Serial quantitative coronary angiography and coronary

events. Am Heart J 2000;139:993–9.
23. Waters D, Higginson L, Gladstone P, et al. Effects of monotherapy with an HMG-CoA reductase

inhibitor on the progression of coronary atherosclerosis as assessed by serial quantitative arte-

riography. The Canadian Coronary Atherosclerosis Intervention Trial. Circulation
1994;89:959–68.

24. Jukema JW, Bruschke AV, van Boven AJ, et al. Effects of lipid lowering by pravastatin on pro-

gression and regression of coronary artery disease in symptomatic men with normal to moder-

ately elevated serum cholesterol levels. The Regression Growth Evaluation Statin Study

(REGRESS). Circulation 1995;91:2528–40.
25. Shaw JA, Bobik A, Murphy A, et al. Infusion of reconstituted high-density lipoprotein leads to

acute changes in human atherosclerotic plaque. Circ Res 2008;103:1084–91.
26. Patel S, Drew BG, Nakhla S, et al. Reconstituted high-density lipoprotein increases plasma high-

density lipoprotein anti-inflammatory properties and cholesterol efflux capacity in patients with

type 2 diabetes. J Am Coll Cardiol 2009;53:962–71.
27. Gille A, Easton R, Wright S, et al. Abstract 11855: Csl112, a novel formulation of human apolipo-

protein A-I, dramatically increases cholesterol efflux capacity in healthy subjects: a, placebo-

controlled, double-blinded, randomized single ascending dose study. Circulation 2012;126,
A11855.

28. Easton R, Tremper L, Shear C. Abstract 11892: safety and pharmacokinetics of a novel formula-

tion of human apolipoprotein A-I (CSL112) in healthy subjects: results of a placebo-controlled,

randomized multiple ascending dose study. Circulation 2012;126, A11892.
29. Gille A, Easton R, Wright S, et al. Abstract 11851: CSL112, a novel formulation of human apoli-

poprotein A-I, provides sustained increases in biomarkers of cholesterol transport following

repeat dosing: a placebo-controlled, randomized multiple ascending dose study in healthy sub-

jects. Circulation 2012;126, A11851.
30. Diditchenko S, Schenk S, Pragst I, et al. Abstract 11838: CSL112, a novel formulation of apolipo-

protein A-I exhibits potent anti-inflammatory activity in whole blood. Circulation 2012;126,
A11838.

31. Franceschini G, Sirtori CR, Capurso A II A, et al. A-IMilano apoprotein. decreased high density

lipoprotein cholesterol levels with significant lipoprotein modifications and without clinical ath-

erosclerosis in an Italian family. J Clin Invest 1980;66:892–900.
32. Sirtori CR, Calabresi L, Franceschini G, et al. Cardiovascular status of carriers of the apolipopro-

tein A-I(Milano) mutant: The Limone Sul Garda Study. Circulation 2001;103:1949–54.
33. Nicholls SJ, Uno K, Kataoka Y, et al. ETC-216 for coronary artery disease. Expet Opin Biol Ther

2011;11:387–94.
34. Ameli S, Hultgardh-Nilsson A, Cercek B, et al. Recombinant apolipoprotein A-I milano reduces

intimal thickening after balloon injury in hypercholesterolemic rabbits. Circulation
1994;90:1935–41.

35. Shah PK, Nilsson J, Kaul S, et al. Effects of recombinant apolipoprotein A-I(milano) on aortic

atherosclerosis in apolipoprotein E-deficient mice. Circulation 1998;97:780–5.
36. Shah PK, Yano J, Reyes O, et al. High-dose recombinant apolipoprotein A-I(milano) mobilizes

tissue cholesterol and rapidly reduces plaque lipid and macrophage content in apolipoprotein

E-deficient mice. Potential implications for acute plaque stabilization. Circulation
2001;103:3047–50.

37. Parolini C, Marchesi M, Lorenzon P, et al. Dose-related effects of repeated etc-216 (recombinant

apolipoprotein AImilano/1-palmitoyl-2-oleoyl phosphatidylcholine complexes) administrations

527

44Th
erap

eu
tic

Targ
etin

g
o
f
H
ig
h
-D

en
sity

Lip
o
p
ro
tein

M
etab

o
lism



on rabbit lipid-rich soft plaques: in vivo assessment by intravascular ultrasound and magnetic

resonance imaging. J Am Coll Cardiol 2008;51:1098–103.
38. Ibanez B, Giannarelli C, Cimmino G, et al. Recombinant HDL(milano) exerts greater anti-

inflammatory and plaque stabilizing properties than HDL(wild-type). Atherosclerosis
2012;220:72–7.

39. Wang L, Sharifi BG, Pan T, et al. Bone marrow transplantation shows superior atheroprotective

effects of gene therapy with apolipoprotein A-I Milano compared with wild-type apolipoprotein

A-I in hyperlipidemic mice. J Am Coll Cardiol 2006;48:1459–68.
40. Weibel GL, Alexander ET, Joshi MR, et al. Wild-type ApoA-I and the Milano variant have similar

abilities to stimulate cellular lipid mobilization and efflux. Arterioscler Thromb Vasc Biol
2007;27:2022–9.

41. Alexander ET, Weibel GL, Joshi MR, et al. Macrophage reverse cholesterol transport in mice

expressing apoA-I Milano. Arterioscler Thromb Vasc Biol 2009;29:1496–501.
42. Parolini C, Chiesa G, Gong E, et al. Apolipoprotein A-I and themolecular variant apoA-I(Milano):

evaluation of the antiatherogenic effects in knock-in mouse model. Atherosclerosis
2005;183:222–9.

43. Lebherz C, Sanmiguel J, Wilson JM, et al. Gene transfer of wild-type ApoA-I and apoA-I milano

reduce atherosclerosis to a similar extent. Cardiovasc Diabetol 2007;6:15.
44. Nissen SE, Tsunoda T, Tuzcu EM, et al. Effect of recombinant apoA-I milano on coronary ath-

erosclerosis in patients with acute coronary syndromes: a randomized controlled trial. JAMA
2003;290:2292–300.

45. Herper M. As companies abandon cholesterol, an old player re-emerges. Available at:http://www.
forbes.com/sites/matthewherper/2013/04/25/emerging-cholesterol-pill-could-compete-with-

amgen-aegerion; 2013. Accessed September 05, 2014.

46. Tardif JC. Emerging high-density lipoprotein infusion therapies: fulfilling the promise of epide-

miology? J Clin Lipidol 2010;4:399–404.
47. Kempen HJ, Gomaraschi M, Bellibas SE, et al. Repeated administration of dimeric apoA-Imi-

lano/POPC to cynomolgusmonkeys has drastic sustained effects on lipids, lipoproteins and apo-

protein levels, and on Abca1-mediated ex-vivo cholesterol efflux capacity, and induces

formation of large particles enriched in apoE. J Lipid Res 2013;.
48. Kastelein JJ. High density lipoprotein: Treatment target. Available at: http://spo.escardio.org/

eslides/view.aspx?eevtid=48&fp=1302. Accessed September 05, 2014.

49. Patents US. Method of treating dyslipidemic disorders. Available at: http://www.google.com/

patents/WO2003096983A2; 2004. Accessed September 05, 2014.

50. Platform WHOICTR. Effect of Cer-001 on blockage of arteries (plaque) in subjects with homozy-
gous familial hypercholesterolemia. Available at: http://clinicaltrials.gov/show/NCT01412034;

2012. Accessed September 05, 2014.

51. Martinez-Beamonte R, Lou-Bonafonte JM, Martinez-Gracia MV, et al. Sphingomyelin in high-

density lipoproteins: structural role and biological function. Int J Mol Sci 2013;14:7716–41.
52. Horter MJ, Sondermann S, Reinecke H, et al. Associations of HDL phospholipids and paraoxo-

nase activity with coronary heart disease in postmenopausal women. Acta Physiol Scand
2002;176:123–30.

53. Goffinet M, Tardy C, Bluteau A, et al. Abstract 18667: anti-atherosclerotic effect of CER-001, an

engineered HDL-mimetic, in the high-fat diet-fed LDLr knockout mice. Circulation 2012;126,
A18667.

54. Keyserling CH, Hunt TL, Klepp HM, et al. Abstract 15525: CER-001, a synthetic HDL-mimetic,

safely mobilizes cholesterol in healthy dyslipidemic volunteers. Circulation 2011;124, A15525.
55. Cerenis. 2013. Exploratory study of plaque regression (EXPRESS). Available at: http://

clinicaltrials.gov/ct2/show/NCT01515241. Accessed September 05, 2014.

56. Cerenis. 2013. Effect of CER-001 on plaque volume in homozygous familial hypercholesterol-

emia (HoFH) subjects (MODE). Available at: http://clinicaltrials.gov/ct2/show/NCT01412034.

Accessed September 05, 2014.

57. Tardif J-C, Ballantyne CM, Barter P, et al. Effects of the high-density lipoprotein mimetic agent

CER-001 on coronary atherosclerosis in patients with acute coronary syndromes: a randomized

trial. Eur Heart J 2014; [Epub ahead of print].

58. Rader DJ, Alexander ET, Weibel GL, et al. The role of reverse cholesterol transport in animals

and humans and relationship to atherosclerosis. J Lipid Res 2009;50(Suppl):S189–S194.
59. Larach DB, deGoma EM, Rader DJ. Targeting high density lipoproteins in the prevention of car-

diovascular disease? Curr Cardiol Rep 2012;14:684–91.
60. Sacks FM, Rudel LL, Conner A, et al. Selective delipidation of plasma HDL enhances reverse

cholesterol transport in vivo. J Lipid Res 2009;50:894–907.
61. Waksman R, Torguson R, Kent KM, et al. A first-in-man, randomized, placebo-controlled

study to evaluate the safety and feasibility of autologous delipidated high-density lipoprotein

plasma infusions in patients with acute coronary syndrome. J Am Coll Cardiol
2010;55:2727–35.

62. Bailey D, Jahagirdar R, Gordon A, et al. Rvx-208: a small molecule that increases apolipoprotein

A-I and high-density lipoprotein cholesterol in vitro and in vivo. J Am Coll Cardiol
2010;55:2580–9.

63. Resverlogix. 2012. Resverlogix' Rvx-208 is the first BET bromodomain inhibitor in clinical trials.

Available at: http://www.resverlogix.com/media/press-release.html?id¼471. Accessed Septem-

ber 05, 2014.

64. European Atherosclerosis Society. 2012. Highlights from ISA 2012: new focus: targets, treatments

and models of care. Available at: http://www.eas-society.org/highlights-from-isa-2012.aspx.

Accessed September 05, 2014.

65. Nicholls SJ, Gordon A, Johansson J, et al. Efficacy and safety of a novel oral inducer of apolipo-

protein A-I synthesis in statin-treated patients with stable coronary artery disease a randomized

controlled trial. J Am Coll Cardiol 2011;57:1111–9.
66. Nicholls SJ, Gordon A, Johannson J, et al. ApoA-I induction as a potential cardioprotective

strategy: rationale for the SUSTAIN and ASSURE studies. Cardiovasc Drugs Ther
2012;26:181–7.

67. Resverlogix. 2012. Resverlogix's BET protein inhibitor RVX-208 meets primary endpoint in sus-

tain clinical trial in patients with high risk cardiovascular disease. Available at: http://www.

resverlogix.com/media/press-release.html?id¼475. Accessed September 05, 2014.

68. Resverlogix. 2013. Resverlogix reports top-line results from assure clinical trial. Available at:

http://www.resverlogix.com/media/press-release.html?id¼487. Accessed September 05, 2014.

69. Chung CW, Coste H,White JH, et al. Discovery and characterization of small molecule inhibitors

of the BET family bromodomains. J Med Chem 2011;54:3827–38.
70. Mirguet O, Lamotte Y, Donche F, et al. From apoa1 upregulation to BET family bromodomain

inhibition: discovery of I-Bet151. Bioorg Med Chem Lett 2012;22:2963–7.
71. Navab M, Ananthramaiah GM, Reddy ST, et al. The oxidation hypothesis of atherogenesis: the

role of oxidized phospholipids and HDL. J Lipid Res 2004;45:993–1007.
72. Van Lenten BJ, Wagner AC, Anantharamaiah GM, et al. Apolipoprotein A-I mimetic peptides.

Curr Atheroscler Rep 2009;11:52–7.
73. D'Souza W, Stonik JA, Murphy A, et al. Structure/function relationships of apolipoprotein A-I

mimetic peptides: implications for antiatherogenic activities of high-density lipoprotein. Circ
Res 2010;107:217–27.

74. Anantharamaiah GM, Jones JL, Brouillette CG, et al. Studies of synthetic peptide analogs of the

amphipathic helix. Structure of complexes with dimyristoyl phosphatidylcholine. J Biol Chem
1985;260:10248–55.

75. Mendez AJ, Anantharamaiah GM, Segrest JP, et al. Synthetic amphipathic helical peptides that

mimic apolipoprotein A-I in clearing cellular cholesterol. J Clin Invest 1994;94:1698–705.
76. Venkatachalapathi YV, Phillips MC, Epand RM, et al. Effect of end group blockage on the prop-

erties of a class a amphipathic helical peptide. Proteins 1993;15:349–59.
77. Datta G, Chaddha M, Hama S, et al. Effects of increasing hydrophobicity on the physical-

chemical and biological properties of a class a amphipathic helical peptide. J Lipid Res
2001;42:1096–104.

78. Palgunachari MN,Mishra VK, Lund-Katz S, et al. Only the two end helixes of eight tandem amphi-

pathic helical domains of human apo A-I have significant lipid affinity. implications for HDL

assembly. Arterioscler Thromb Vasc Biol 1996;16:328–38.
79. Garber DW, Datta G, Chaddha M, et al. A new synthetic class a amphipathic peptide analogue

protects mice from diet-induced atherosclerosis. J Lipid Res 2001;42:545–52.
80. NavabM, Anantharamaiah GM, Hama S, et al. Oral administration of an apo A-I mimetic peptide

synthesized from D-amino acids dramatically reduces atherosclerosis in mice independent of

plasma cholesterol. Circulation 2002;105:290–2.
81. Navab M, Anantharamaiah GM, Reddy ST, et al. Oral D-4f causes formation of pre-beta high-

density lipoprotein and improves high-density lipoprotein-mediated cholesterol efflux and

reverse cholesterol transport from macrophages in apolipoprotein E-null mice. Circulation
2004;109:3215–20.

82. Li X, Chyu KY, Faria Neto JR, et al. Differential effects of apolipoprotein A-I-mimetic peptide on

evolving and established atherosclerosis in apolipoprotein E-null mice. Circulation
2004;110:1701–5.

83. Navab M, Anantharamaiah GM, Hama S, et al. D-4f and statins synergize to render HDL antiin-

flammatory inmice andmonkeys and cause lesion regression in old apolipoprotein E-null mice.

Arterioscler Thromb Vasc Biol 2005;25:1426–32.
84. Bloedon LT, Dunbar R, Duffy D, et al. Safety, pharmacokinetics, and pharmacodynamics of oral

ApoA-I mimetic peptide D-4f in high-risk cardiovascular patients. J Lipid Res 2008;49:1344–52.
85. Watson CE, Weissbach N, Kjems L, et al. Treatment of patients with cardiovascular disease with

L-4f, an apo-A1 mimetic, did not improve select biomarkers of HDL function. J Lipid Res
2011;52:361–73.

86. Navab M, Reddy ST, Anantharamaiah GM, et al. Intestine may be a major site of action for the

apoA-I mimetic peptide 4f whether administered subcutaneously or orally. J Lipid Res
2011;52:1200–10.

87. Navab M, Reddy ST, Anantharamaiah GM, et al. D-4f-mediated reduction in metabolites of ara-

chidonic and linoleic acids in the small intestine is associated with decreased inflammation in

low-density lipoprotein receptor-null mice. J Lipid Res 2012;53:437–45.
88. Navab M, Reddy ST, Van Lenten BJ, et al. High-density lipoprotein and 4f peptide reduce sys-

temic inflammation by modulating intestinal oxidized lipid metabolism: novel hypotheses

and review of literature. Arterioscler Thromb Vasc Biol 2012;32:2553–60.
89. Van Lenten BJ, Wagner AC, Jung CL, et al. Anti-inflammatory apoA-I-mimetic peptides bind oxi-

dized lipids with much higher affinity than human apoA-I. J Lipid Res 2008;49:2302–11.
90. Buga GM, NavabM, Imaizumi S, et al. L-4f alters hyperlipidemic (but not healthy) mouse plasma

to reduce platelet aggregation. Arterioscler Thromb Vasc Biol 2010;30:283–9.
91. Zhang Z, Qun J, Cao C, et al. Apolipoprotein A-I mimetic peptide D-4f promotes human endo-

thelial progenitor cell proliferation, migration, adhesion through ENOS/NO pathway. Mol Biol
Rep 2012;39:4445–54.

92. Morgantini C, Imaizumi S, Grijalva V, et al. Apolipoprotein A-I mimetic peptides prevent athero-

sclerosis development and reduce plaque inflammation in amurinemodel of diabetes.Diabetes
2010;59:3223–8.

93. Morgantini C, Natali A, Boldrini B, et al. Anti-inflammatory and antioxidant properties of HDLS

are impaired in type 2 diabetes. Diabetes 2011;60:2617–23.
94. Vecoli C, Cao J, Neglia D, et al. Apolipoprotein A-I mimetic peptide L-4f prevents myocardial and

coronary dysfunction in diabetic mice. J Cell Biochem 2011;112:2616–26.
95. Vaziri ND, Moradi H, Pahl MV, et al. In vitro stimulation of HDL anti-inflammatory activity and

inhibition of LDL pro-inflammatory activity in the plasma of patients with end-stage renal disease

by an apoA-1 mimetic peptide. Kidney Int 2009;76:437–44.
96. Vaziri ND, Bai Y, Yuan J, et al. ApoA-1 mimetic peptide reverses uremia-induced upregulation of

pro-atherogenic pathways in the aorta. Am J Nephrol 2010;32:201–11.
97. Hsieh GR, Schnickel GT, Garcia C, et al. Inflammation/oxidation in chronic rejection: apolipo-

protein A-I mimetic peptide reduces chronic rejection of transplanted hearts. Transplantation
2007;84:238–43.

98. Zhang Z, Datta G, Zhang Y, et al. Apolipoprotein A-I mimetic peptide treatment inhibits inflam-

matory responses and improves survival in septic rats. Am J Physiol Heart Circ Physiol 2009;297:
H866–H873.

99. Dai L, Datta G, Zhang Z, et al. The apolipoprotein A-I mimetic peptide 4f prevents defects in vas-

cular function in endotoxemic rats. J Lipid Res 2010;51:2695–705.
100. Nandedkar SD, Weihrauch D, Xu H, et al. D-4f, an apoA-1 mimetic, decreases airway hyperre-

sponsiveness, inflammation, and oxidative stress in a murine model of asthma. J Lipid Res
2011;52:499–508.

101. Woo JM, Lin Z, Navab M, et al. Treatment with apolipoprotein A-1 mimetic peptide reduces

lupus-like manifestations in a murine lupus model of accelerated atherosclerosis. Arthritis
Res Ther 2010;12:R93.

102. Chattopadhyay A, Navab M, Hough G, et al. A novel approach to oral apoA-I mimetic therapy. J
Lipid Res 2013;54:995–1010.

103. Du L, Qu X, Zheng H, et al. Reverse apolipoprotein A-I mimetic peptide R-D4f inhibits neointimal

formation following carotid artery ligation in mice. Am J Pathol 2013;182:1932–9.
104. Iwata A, Miura S, Zhang B, et al. Antiatherogenic effects of newly developed apolipoprotein A-I

mimetic peptide/phospholipid complexes against aortic plaque burden in Watanabe-heritable

hyperlipidemic rabbits. Atherosclerosis 2011;218:300–7.
105. Di Bartolo BA, Nicholls SJ, Bao S, et al. The apolipoprotein A-I mimetic peptide Etc-642 exhibits

anti-inflammatory properties that are comparable to high density lipoproteins. Atherosclerosis
2011;217:395–400.

106. Di Bartolo BA, Vanags LZ, Tan JT, et al. The apolipoprotein A-I mimetic peptide, Etc-642, reduces

chronic vascular inflammation in the rabbit. Lipids Health Dis 2011;10:224.
107. Wool GD, Reardon CA, Getz GS. Apolipoprotein A-I mimetic peptide helix number and helix

linker influence potentially anti-atherogenic properties. J Lipid Res 2008;49:1268–83.
108. Wool GD, Vaisar T, Reardon CA, et al. An apoA-I mimetic peptide containing a proline residue

has greater in vivo HDL binding and anti-inflammatory ability than the 4f peptide. J Lipid Res
2009;50:1889–900.

109. Amar MJ, D'Souza W, Turner S, et al. 5a apolipoprotein mimetic peptide promotes cholesterol

efflux and reduces atherosclerosis in mice. J Pharmacol Exp Therapeut 2010;334:634–41.
110. Zhao C, Dahlman-Wright K. Liver X receptor in cholesterol metabolism. J Endocrinol

2010;204:233–40.
111. Rader DJ. Liver X receptor and farnesoid x receptor as therapeutic targets. Am J Cardiol

2007;100:n15–n19.
112. Rigamonti E, Helin L, Lestavel S, et al. Liver X receptor activation controls intracellular choles-

terol trafficking and esterification in human macrophages. Circ Res 2005;97:682–9.
113. Costet P, Luo Y,Wang N, et al. Sterol-dependent transactivation of the Abc1 promoter by the liver

X receptor/retinoid X receptor. J Biol Chem 2000;275:28240–5.

528

III

TH
ER

A
PY



114. Venkateswaran A, Laffitte BA, Joseph SB, et al. Control of cellular cholesterol efflux by the

nuclear oxysterol receptor Lxr alpha. Proc Natl Acad Sci U S A 2000;97:12097–102.
115. Kennedy MA, Venkateswaran A, Tarr PT, et al. Characterization of the human ABCG1 gene: liver

X receptor activates an internal promoter that produces a novel transcript encoding an alterna-

tive form of the protein. J Biol Chem 2001;276:39438–47.
116. Wang N, Ranalletta M, Matsuura F, et al. LXR-induced redistribution of ABCG1 to plasma mem-

brane in macrophages enhances cholesterol mass efflux to HDL. Arterioscler Thromb Vasc Biol
2006;26:1310–6.

117. Laffitte BA, Repa JJ, Joseph SB, et al. LXRs control lipid-inducible expression of the apolipopro-

tein E gene in macrophages and adipocytes. Proc Natl Acad Sci U S A 2001;98:507–12.
118. Teupser D, Kretzschmar D, Tennert C, et al. Effect of macrophage overexpression of murine liver

X receptor-alpha (LXR-Alpha) on atherosclerosis in LDL-receptor deficient mice. Arterioscler
Thromb Vasc Biol 2008;28:2009–15.

119. Schuster GU, Parini P, Wang L, et al. Accumulation of foam cells in liver X receptor-deficient

mice. Circulation 2002;106:1147–53.
120. Repa JJ, Liang G, Ou J, et al. Regulation of mouse sterol regulatory element-binding protein-1c

gene (SREBP-1c) by oxysterol receptors, LXRalpha and LXRbeta. Gene Dev 2000;14:2819–30.
121. Duval C, Touche V, Tailleux A, et al. Niemann-Pick C1 like 1 gene expression is down-regulated

by LXR activators in the intestine. Biochem Biophys Res Commun 2006;340:1259–63.
122. Brunham LR, Kruit JK, Pape TD, et al. Tissue-specific induction of intestinal ABCA1 expression

with a liver X receptor agonist raises plasma HDL cholesterol levels. Circ Res 2006;99:672–4.
123. van der Veen JN, van Dijk TH, Vrins CL, et al. Activation of the liver X receptor stimulates trans-

intestinal excretion of plasma cholesterol. J Biol Chem 2009;284:19211–9.
124. Temel RE, Sawyer JK, Yu L, et al. Biliary sterol secretion is not required for macrophage reverse

cholesterol transport. Cell Metab 2010;12:96–102.
125. Brufau G, Groen AK, Kuipers F. Reverse cholesterol transport revisited: contribution of biliary

versus intestinal cholesterol excretion. Arterioscler Thromb Vasc Biol 2011;31:1726–33.
126. Repa JJ, Berge KE, Pomajzl C, et al. Regulation of ATP-binding cassette sterol transporters ABCG5

and ABCG8 by the liver X receptors alpha and beta. J Biol Chem 2002;277:18793–800.
127. Yu L, York J, von Bergmann K, et al. Stimulation of cholesterol excretion by the liver X receptor

agonist requires ATP-binding cassette transporters G5 and G8. J Biol Chem
2003;278:15565–155670.

128. Tietge UJ, Groen AK. Role the TICE?: Advancing the concept of transintestinal cholesterol excre-

tion. Arterioscler Thromb Vasc Biol 2013;33:1452–3.
129. Peet DJ, Turley SD, MaW, et al. Cholesterol and bile acid metabolism are impaired in mice lack-

ing the nuclear oxysterol receptor LXR Alpha. Cell 1998;93:693–704.
130. Chiang JY, Kimmel R, Stroup D. Regulation of cholesterol 7alpha-hydroxylase gene (Cyp7a1)

transcription by the liver orphan receptor (LXRalpha). Gene 2001;262:257–65.
131. Schultz JR, Tu H, Luk A, et al. Role of LXRs in control of lipogenesis.Genes Devel 2000;14:2831–8.
132. Quinet EM, Savio DA, Halpern AR, et al. Liver X receptor (LXR)-beta regulation in LXRalpha-

deficient mice: implications for therapeutic targeting. Mol Pharmacol 2006;70:1340–9.
133. Cha JY, Repa JJ. The liver X receptor (LXR) and hepatic lipogenesis. The carbohydrate-response

element-binding protein is a target gene of LXR. J Biol Chem 2007;282:743–51.
134. Im SS, Osborne TF. Liver X receptors in atherosclerosis and inflammation. Circ Res

2011;108:996–1001.
135. Zhang Y, Mangelsdorf DJ. Luxuries of lipid homeostasis: the unity of nuclear hormone receptors,

transcription regulation, and cholesterol sensing. Mol Interv 2002;2:78–87.
136. Aravindhan K, Webb CL, Jaye M, et al. Assessing the effects of LXR agonists on cellular choles-

terol handling: a stable isotope tracer study. J Lipid Res 2006;47:1250–60.
137. Terasaka N, Hiroshima A, Koieyama T, et al. T-0901317, a synthetic liver X receptor ligand,

inhibits development of atherosclerosis in LDL receptor-deficient mice. FEBS Lett
2003;536:6–11.

138. Dai XY, Ou X, Hao XR, et al. The effect of T0901317 on ATP-binding cassette transporter A1 and

Niemann-Pick Type C1 in Apoe-/- Mice. J Cardiovasc Pharmacol 2008;51:467–75.
139. Naik SU, Wang X, Da Silva JS, et al. Pharmacological activation of liver X receptors promotes

reverse cholesterol transport in vivo. Circulation 2006;113:90–7.
140. Joseph SB, McKilligin E, Pei L, et al. Synthetic LXR ligand inhibits the development of atheroscle-

rosis in mice. Proc Natl Acad Sci U S A 2002;99:7604–9.
141. Verschuren L, de Vries-van der Weij J, Zadelaar S, et al. LXR agonist suppresses atherosclerotic

lesion growth and promotes lesion regression in apoe*3leiden mice: time course and mecha-

nisms. J Lipid Res 2009;50:301–11.
142. Honzumi S, Shima A, Hiroshima A, et al. Synthetic LXR agonist inhibits the development of ath-

erosclerosis in New Zealand white rabbits. Biochim Biophys Acta 2011;1811:1136–45.
143. Grefhorst A, Elzinga BM, Voshol PJ, et al. Stimulation of lipogenesis by pharmacological activa-

tion of the liver X receptor leads to production of large, triglyceride-rich very low density lipo-

protein particles. J Biol Chem 2002;277:34182–90.
144. Bischoff ED, Daige CL, Petrowski M, et al. Non-redundant roles for LXRalpha and LXRbeta in

atherosclerosis susceptibility in low density lipoprotein receptor knockout mice. J Lipid Res
2010;51:900–6.

145. Lo Sasso G, Murzilli S, Salvatore L, et al. Intestinal specific LXR activation stimulates reverse cho-

lesterol transport and protects from atherosclerosis. Cell Metab 2010;12:187–93.
146. Zhang Y, Breevoort SR, Angdisen J, et al. Liver LXRalpha expression is crucial for whole body

cholesterol homeostasis and reverse cholesterol transport in mice. J Clin Invest
2012;122:1688–99.

147. Hong C, Bradley MN, Rong X, et al. LXRalpha is uniquely required for maximal reverse choles-

terol transport and atheroprotection in apoe-deficient mice. J Lipid Res 2012;53:1126–33.
148. Bradley MN, Hong C, Chen M, et al. Ligand activation of LXR beta reverses atherosclerosis and

cellular cholesterol overload in mice lacking LXR alpha and apoe. J Clin Invest
2007;117:2337–46.

149. Shigemi W, Watanabe Y, Yamazaki H, et al. Abstract 13576: Highly selective LXRbeta selective

agonist prevents progression of atherosclerotic lesion without elevation of triglyceride. Circula-
tion 2012;126, A13576.

150. Vitae. 2012. Vitae pharmaceuticals announces promising data for VTP-4, drug candidate advanc-

ing toward clinical testing for the treatment of atherosclerosis. Available at: http://vitaepharma.

com/wp-content/uploads/2014/06/Frontiers-in-Lipid-Biology-Conference-Draft-Release.pdf.

Accessed September 05, 2014.

151. Tangirala RK, Bischoff ED, Joseph SB, et al. Identification of macrophage liver X receptors as

inhibitors of atherosclerosis. Proc Natl Acad Sci U S A 2002;99:11896–901.
152. Levin N, Bischoff ED, Daige CL, et al. Macrophage liver X receptor is required for antiatherogenic

activity of LXR agonists. Arterioscler Thromb Vasc Biol 2005;25:135–42.
153. Li G, Biju KC, Xu X, et al. Macrophage LXRalpha gene therapy ameliorates atherosclerosis as well

as hypertriglyceridemia in LDLr(-/-) mice. Gene Ther 2011;18:835–41.
154. Yasuda T, Grillot D, Billheimer JT, et al. Tissue-specific liver X receptor activation promotes mac-

rophage reverse cholesterol transport in vivo. Arterioscler Thromb Vasc Biol 2010;30:781–6.

155. Peng D, Hiipakka RA, Dai Q, et al. Antiatherosclerotic effects of a novel synthetic tissue-selective

steroidal liver X receptor agonist in low-density lipoprotein receptor-deficient mice. J Pharmacol
Exper Ther 2008;327:332–42.

156. Kratzer A, Buchebner M, Pfeifer T, et al. Synthetic LXR agonist attenuates plaque formation in

apoe-/- mice without inducing liver steatosis and hypertriglyceridemia. J Lipid Res
2009;50:312–26.

157. Quinet EM, Basso MD, Halpern AR, et al. LXR ligand lowers LDL cholesterol in primates, is lipid

neutral in hamster, and reduces atherosclerosis in mouse. J Lipid Res 2009;50:2358–70.
158. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell 2009;136:215–33.
159. Najafi-Shoushtari SH, Kristo F, Li Y, et al. MicroRNA-33 and the SREBP host genes cooperate to

control cholesterol homeostasis. Science 2010;328:1566–9.
160. Rayner KJ, Suarez Y, Davalos A, et al. Mir-33 contributes to the regulation of cholesterol homeo-

stasis. Science 2010;328:1570–3.
161. Rayner KJ, Sheedy FJ, Esau CC, et al. Antagonism of Mir-33 in mice promotes reverse cholesterol

transport and regression of atherosclerosis. J Clin Invest 2011;121:2921–31.
162. Rotllan N, Ramirez CM, Aryal B, et al. Therapeutic silencing of microRNA-33 inhibits the progres-

sion of atherosclerosis in LDLr-/- mice–brief report. Arterioscler Thromb Vasc Biol
2013;33:1973–7.

163. Horie T, Baba O, Kuwabara Y, et al. MicroRNA-33 deficiency reduces the progression of athero-

sclerotic plaque in apoe-/- mice. J Am Heart Assoc 2012;1:e003376.
164. Marquart TJ, Wu J, Lusis AJ, et al. Anti-Mir-33 therapy does not alter the progression of athero-

sclerosis in low-density lipoprotein receptor-deficient mice. Arterioscler Thromb Vasc Biol
2013;33:455–8.

165. Brown MS, Ye J, Goldstein JL. Medicine. HDL Mir-Ed down by SREBP introns. Science
2010;328:1495–6.

166. Rayner KJ, Esau CC, Hussain FN, et al. Inhibition of Mir-33a/B in non-human primates raises

plasma HDL and lowers VLDL triglycerides. Nature 2011;478:404–7.
167. Bennet AM, Di Angelantonio E, Ye Z, et al. Association of apolipoprotein E genotypes with lipid

levels and coronary risk. JAMA 2007;298:1300–11.
168. Hayek T, Oiknine J, Brook JG, et al. Role of HDL apolipoprotein E in cellular cholesterol efflux:

studies in apo E knockout transgenic mice. Biochem Biophys Res Commun 1994;205:1072–8.
169. Mazzone T, Reardon C. Expression of heterologous human apolipoprotein E by J774 macro-

phages enhances cholesterol efflux to HDL3. J Lipid Res 1994;35:1345–53.
170. Smith JD, Miyata M, Ginsberg M, et al. Cyclic amp induces apolipoprotein E binding activity and

promotes cholesterol efflux from a macrophage cell line to apolipoprotein acceptors. J Biol
Chem 1996;271:30647–55.

171. Zhang WY, Gaynor PM, Kruth HS. Apolipoprotein E produced by human monocyte-derived

macrophagesmediates cholesterol efflux that occurs in the absence of added cholesterol accep-

tors. J Biol Chem 1996;271:28641–6.
172. Dove DE, LintonMF, Fazio S. Apoe-mediated cholesterol efflux frommacrophages: separation of

autocrine and paracrine effects. Am J Physiol Cell Physiol 2005;288:C586–C592.
173. Vedhachalam C, Narayanaswami V, Neto N, et al. The C-terminal lipid-binding domain of apo-

lipoprotein E is a highly efficient mediator of ABCA1-dependent cholesterol efflux that promotes

the assembly of high-density lipoproteins. Biochemistry 2007;46:2583–93.
174. Bielicki JK, Zhang H, Cortez Y, et al. A new HDL mimetic peptide that stimulates cellular cho-

lesterol efflux with high efficiency greatly reduces atherosclerosis in mice. J Lipid Res
2010;51:1496–503.

175. Navab M, Ruchala P, Waring AJ, et al. A novel method for oral delivery of apolipoprotein

mimetic peptides synthesized from all L-amino acids. J Lipid Res 2009;50:1538–47.
176. Hoeg JM, Santamarina-Fojo S, Berard AM, et al. Overexpression of lecithin:cholesterol acyltrans-

ferase in transgenic rabbits prevents diet-induced atherosclerosis. Proc Natl Acad Sci U S A
1996;93:11448–53.

177. Foger B, Chase M, Amar MJ, et al. Cholesteryl ester transfer protein corrects dysfunctional high

density lipoproteins and reduces aortic atherosclerosis in lecithin cholesterol acyltransferase

transgenic mice. J Biol Chem 1999;274:36912–20.
178. Mertens A, Verhamme P, Bielicki JK, et al. Increased low-density lipoprotein oxidation and

impaired high-density lipoprotein antioxidant defense are associated with increased macro-

phage homing and atherosclerosis in dyslipidemic obese mice: LCAT gene transfer decreases

atherosclerosis. Circulation 2003;107:1640–6.
179. Santamarina-Fojo S, Lambert G, Hoeg JM, et al. Lecithin-cholesterol acyltransferase: role in lipo-

protein metabolism, reverse cholesterol transport and atherosclerosis. Curr Opin Lipidol
2000;11:267–75.

180. Rader DJ. Lecithin: cholesterol acyltransferase and atherosclerosis: another high-density lipo-

protein story that doesn't quite follow the script. Circulation 2009;120:549–52.
181. Kunnen S, Van Eck M. Lecithin:cholesterol acyltransferase: old friend or foe in atherosclerosis? J

Lipid Res 2012;53:1783–99.
182. Calabresi L, Baldassarre D, Castelnuovo S, et al. Functional lecithin: cholesterol acyltransferase

is not required for efficient atheroprotection in humans. Circulation 2009;120:628–35.
183. Calabresi L, Baldassarre D, Simonelli S, et al. Plasma lecithin:cholesterol acyltransferase and

carotid intima-media thickness in European individuals at high cardiovascular risk. J Lipid
Res 2011;52:1569–74.

184. HolleboomAG, Kuivenhoven JA, Vergeer M, et al. Plasma levels of lecithin:cholesterol acyltrans-

ferase and risk of future coronary artery disease in apparently healthy men and women: a pro-

spective case-control analysis nested in the Epic-Norfolk Population Study. J Lipid Res
2010;51:416–21.

185. Hovingh GK, Hutten BA, Holleboom AG, et al. Compromised LCAT function is associated with

increased atherosclerosis. Circulation 2005;112:879–84.
186. Dullaart RP, Perton F, van der Klauw MM, et al. High plasma lecithin:cholesterol acyltransferase

activity does not predict low incidence of cardiovascular events: possible attenuation of cardi-

oprotection associated with High HDL cholesterol. Atherosclerosis 2010;208:537–42.
187. TanigawaH, Billheimer JT, Tohyama J, et al. Lecithin: cholesterol acyltransferase expression has

minimal effects on macrophage reverse cholesterol transport in vivo. Circulation
2009;120:160–9.

188. Zhou M, Fordstrom P, Zhang J, et al. Novel small molecule LCAT activators raise HDL levels in

rodent model. Arterioscler Thromb Vasc Biol Annual Conference 2008;174:A174.
189. Chen Z, Wang SP, Krsmanovic ML, et al. Small molecule activation of lecithin cholesterol acyl-

transferase modulates lipoprotein metabolism in mice and hamsters. Metabolism: Clini Exper
2012;61:470–81.

190. Rousset X, Vaisman B, Auerbach B, et al. Effect of recombinant human lecithin cholesterol acyl-

transferase infusion on lipoprotein metabolism in mice. J Pharmacol Exper Therap
2010;335:140–8.

191. AlphaCore. 2012. Alphacore reports positive phase 1 results for ACP-501 (Rhlcat) in patients with

stable atherosclerosis. Available at: http://www.reuters.com/article/2012/10/09/idUS147761+09-

Oct-2012+BW20121009. Accessed September 05, 2014.

529

44Th
erap

eu
tic

Targ
etin

g
o
f
H
ig
h
-D

en
sity

Lip
o
p
ro
tein

M
etab

o
lism


